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Abstract

Multiple Sclerosis (MS) is a debilitating degenerative disease characterized by an immunological 

attack on the myelin sheath leading to demyelination and axon degeneration. Mesenchymal stem/

stromal cells (MSCs) and secreted extracellular vesicles (EVs) have become attractive targets as 

therapies to treat neurodegenerative diseases such as MS due to their potent immunomodulatory 

and regenerative properties. The placenta is a unique source of MSCs (PMSCs), demonstrates 

‘fetomaternal’ tolerance during pregnancy, and serves as a novel source of MSCs for the 

treatment of neurodegenerative diseases. PMSCs and PMSC-EVs have been shown to promote 

remyelination in animal models of MS, however the molecular mechanisms by which modulation 

of autoimmunity and promotion of myelination occurs has not been well elucidated. The current 

review will address the molecular mechanisms by which PMSC-EVs can promote remyelination 

in MS.
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1. Introduction

Multiple sclerosis (MS) is a central nervous system (CNS) disorder that gives rise to chronic 

neurological deficits. MS is caused by immunological attack on the myelin sheath leading 

to demyelination, axonopathy and neurodegeneration. MS is an extremely heterogenous 
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disease and typically manifests as a progressive loss of motor function, with most cases 

involving relapsing flare-ups throughout disease progression. An estimated 2.5 million 

individuals are affected by MS, with the disease more commonly presenting in young 

adults and females.[1] The etiology of MS is not fully understood, but several factors may 

contribute to disease onset including genetics, vitamin D, and Epstein-Barr virus infection.
[2,3] Current treatments for MS typically involve long-term use of disease-modifying drugs 

(DMDs), with most aiming to suppress or modulate the inflammatory component of the 

disease.[4] Long-term administration of anti-inflammatory medications can have detrimental 

effects to patients including risk of infection and malignancy from suppression of anti-

microbial and anti-tumor immunity.[5] While these therapies can reduce the incidence of 

flare-ups, they do not prevent progressive axonal and neurological degeneration associated 

with MS pathology. Therefore cell-based therapies using mesenchymal stem/stromal cells 

(MSCs) have recently been under investigation in clinical trials for the treatment of 

neurogenerative diseases including MS.[6,7]

Therapeutically administered MSCs can migrate to sites of injury and interact with the 

inflammatory niche through cell-cell contact and/or paracrine signaling mechanisms.[8] 

Early gestational MSCs, including placenta-derived MSCs (PMSCs), preserve features 

from primitive embryonic layers and have been characterized by immunophenotyping and 

multipotency assays.[9] This unique cell subset has the potential to differentiate into various 

tissue types, has greater proliferative and immunomodulatory properties, and causes less 

immunogenicity than adult derived MSCs.[9] However, cell-based therapies are limited 

by several safety concerns including, teratoma formation and the possibility of eliciting 

immune responses or rejection of donor cells.[10] Increasingly, studies have shown that 

MSC survival and integration within the host after transplantation are usually poor, and 

that MSCs exert their therapeutic functions mainly via paracrine signaling mechanisms.[11] 

MSCs can release extracellular vesicles including exosomes, which are small nanovesicles 

that can carry protein, mRNA and microRNA and have been shown to play a key role in 

CNS inflammation.[12] Additionally, MSC-derived extracellular vesicles (EVs) are stable 

under long term storage conditions compared to freely secreted proteins and may serve as a 

superior source for cell-free therapy.[13]

MSC-derived EVs readily cross the BBB and deliver therapeutic cargo to reduce the effects 

of neuropathologic diseases such as MS.[14] It has been suggested that MSCs secrete 

multiple categories of EVs, which are involved in differing cellular processes.[15] A recent 

report demonstrated that MSC-derived EVs exhibit systemic immunomodulatory effects 

and can facilitate neurological recovery in vitro.[16] PMSC-derived EVs (PMSC-EVs) 

contain numerous proangiogenic, immunomodulatory and neuroprotective proteins.[17,18] 

In an experimental autoimmune encephalomyelitis (EAE) model of MS, it was demonstrated 

that PMSCs and PMSC-EVs could mitigate motor deficits in treated animals, likely by 

promoting oligodendrocyte precursor cells (OPC) to a mature myelinating phenotype.[19] 

While this pre-liminary data is promising, the molecular mechanisms by which PMSC and 

PMSC-EVs elicit these effects on central nervous system damage is not fully characterized. 

The current review addresses the molecular mechanisms by which PMSC and PMSC-EVs 

can promote remyelination in MS.
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2. Multiple Sclerosis Pathology

The primary characteristic of MS pathology is autoreactive lymphocytes crossing the BBB 

into the CNS. Activation of peripheral myelin-specific T cells home to the CNS, where 

they can become reactivated by antigen presenting cells (APCs). Within the CNS, resident 

immune cells will become activated and secrete pro-inflammatory mediators that lead to 

the degeneration of myelinated axons. It has been suggested that human leukocyte antigen 

(HLA)-DR15 modulates homing of autoreactive CD4+ T cells, proliferation and infiltration 

of pro-inflammatory T helper cell (Th)-1 subsets into the CNS.[20] Integrin α4β1, also 

known as very late activation antigen (VLA)-4, has been implicated in mediating adhesion 

and migration of immune cells into the CNS through the interaction with integrin specific 

ligand vascular cell adhesion molecule (VCAM)-1 which in turn has been shown to be 

critical in mediating Th-1 cell migration in MS.[21][22] Activated peripheral T cells will enter 

circulating cerebral spinal fluid (CSF) through the subarachnoid space, which is mediated by 

constitutively expressed selectins and adhesion molecules.[22]

Evaluation of CSF obtained from MS patients showed presence of stimulated CD4+ Th-1 

cells that secrete cytokines including interferon gamma (IFNγ), interleukin (IL)-2 and tumor 

necrosis factor alpha (TNFα).[23] These pro-inflammatory cytokines create a feedback loop 

signaling pathway which will in turn activate microglia and further drive a pro-inflammatory 

M1-like phenotype leading to upregulation of major histocompatibility complex (MHC)-II, 

driving reactivation of Th-1 cells.[24]

Th-17 cells can also mediate autoimmunity through expression of chemokine receptor 

(CCR)-6 which binds to chemokine ligand (CCL)-20 on vascular endothelium, allowing 

migration into the CNS.[25] Th-17 cells secrete IL-17A, which has been shown to inhibit 

proteins associated with tight junctions of the BBB, leading to increased permeability 

and entry of inflammatory cells and mediators into the CNS.[26] Th-1 and Th-17 cell 

responses will result in production of the inflammatory mediators IL-17 and IFNγ which 

can directly contribute to disease pathogenesis.[27] In the EAE model of MS, Th-17 

cells producing IFNγ were shown to be enriched in myelin oligodendrocyte glycoprotein 

(MOG)-specific T cells, and can drive inflammatory responses in the CNS independent of 

Th-1 responses and have been shown to be effective in regulating astrocytic responses.[28] 

Astrocytes exist between the BBB and neurons, regulate interactions of the periphery with 

the CNS, and are responsible for neurogenesis and tissue repair. Astrocytes express an 

IL-17A receptor and can upregulate inflammatory cytokines and chemokines.[29] Therefore, 

reducing IL-17 signaling by astrocytes has been shown to ameliorate symptoms in the EAE 

model of MS.[29,30] Th-17 cells producing IL-17 have been shown to inhibit maturation 

and survival of oligodendrocyte lineage cells (OLs)[31] and cause apoptosis of myelinating 

cells.[32] Neurodegeneration and apoptosis of OLs is caused through direct cytotoxicity from 

antigen-specific T cells, autoantibodies, and T cell -mediated pro-inflammatory cytokines 

that activate resident microglia populations.[33] Overall, products of Th-17 cells, such as 

IFNγ and IL-17, can exacerbate inflammatory responses in astrocytes, oligodendrocytes and 

microglia. Regulating these inflammatory products that produce detrimental effects in CNS 

cells provides direction for future therapies.
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T regulatory cells (Tregs) are another subset of T cells involved with MS pathology that 

can regulate Th-1, Th-17 and Th-2 responses. Tregs are involved in the maintenance of 

peripheral immunotolerance and modulate CD4+CD25+ T cell subsets and can suppress 

effector T cell responses to maintain self-tolerance. It has been reported that Treg 

populations are reduced in MS patients but are not functionally impaired.[34] It has also been 

demonstrated that severity of EAE can be mitigated by transfer of Treg cells.[35] Tregs can 

inhibit proliferation and function of inflammatory T cell subsets and can decrease migration 

into target organs. Tregs have been shown to facilitate remyelination through the secretion 

of cellular communication network factor 3 (CCN3), which promotes oligodendrocyte 

differentiation and myelination in mice.[36] Tregs are typically classified as CD8+/CD25+/

FOXP3+ cells however, CD8+ Tregs have been presented as a novel subset of cells that 

can regulate self-reactive CD4+ T cells, and disruption in these processes may lead to 

autoimmune response induction.[37] [38,39]Effective Treg functions have been suggested 

to promote remyelination through direct mechanisms, but reduced Treg numbers in MS 

patients suggests the role of Tregs in the demyelinating pathology of MS.[40]

CD8+ effector T cells are typically referred to as cytotoxic T cells and target cells that 

present MHC I on their surface. Most resident CNS cells present MHC I in inflammatory 

conditions and thus can be targeted by CD8+ T cells. MHC I has been shown to be 

upregulated in macrophages in actively demyelinating lesions in early onset of MS, 

which suggests a direct role for activated macrophages and microglia in demyelination.[41] 

Additionally, the perivascular space around actively demyelinating MS lesions was found 

to contain CD8+ cells expressing IL-17.[42] [43]It is unclear whether CD8+ T cells play 

a pathogenic or regulatory role in MS because it has been suggested that CD8+ T cells 

can be both pro and anti-inflammatory immune mediators.[44] CD8+ T cells can suppress 

activity of myelin-specific CD4+ T cells, and MS relapses have been shown to correlate 

with reduced CD8+ T cell numbers.[45,46] However, it has also been shown that increases in 

CD8+ T cells can correlate with axon damage,[47] and polarize near demyelinated axons.[48] 

Functional Tregs have been suggested to promote remyelination through direct mechanisms, 

but reduced Tregs numbers in MS patients suggests the role of Tregs in disease pathology.
[40] While the exact role of T cells is not fully understood, it appears that disruption of T cell 

subset expression and homeostasis leading to inflammatory responses is directly involved in 

the demyelinating component of MS pathology.[42] [43–48]

In MS, interactions between T lymphocytes and B lymphocytes are also likely disrupted. 

One study demonstrated that in 90% of patients, oligoclonal immunoglobulin (Ig) existed 

in CSF, suggesting a pathologic role of B cells in MS.[49] B cells can produce antibody 

responses that can target antigens including MOG and myelin basic protein (MBP), both 

of which are expressed in mature myelinating oligodendroglia cells.[50] Peripheral B cells 

may become autoreactive due to impaired or chronically exhausted Tregs, thus allowing B 

cells to interact with Th effector cells in lymphoid organs.[51] These interactions can lead 

to pathogenic cell infiltration through the BBB and allow activated CD8+ T cells to become 

reactivated in the CNS.[51]

Local inflammatory responses in the CNS will lead to disruptions in homeostasis and 

cause resident immune cell subsets to become activated. Microglia are APCs that 
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can promote myelin regeneration by expressing anti-inflammatory mediators, removing 

debris, and facilitating tissue repair. Chronic T cell and microglia activation can lead 

to accompanying demyelination and neurodegeneration associated with MS.[52] Chronic 

inflammation in the CNS can result in several pathogenic molecular processes including 

oxidative stress, mitochondrial injury and ion channel dysfunction.[53] T cells and microglia 

have been shown to co-localize in demyelinating sites in MS patients,[54] thus suggesting 

interactions between these two cell types could occur through cell-cell contact or through 

the secretion of bioactive factors. Microglia express MHC molecules and can secrete 

several pro-inflammatory and anti-inflammatory mediators including TNFα, IL-10, and 

co-stimulatory molecules ICAM-1, B7–1 and B7–2.[55] Activation of microglia to an M1 

inflammatory phenotype can support T lymphocyte homing and reactivation in the CNS. It 

was demonstrated that TNF secreted by microglia was induced by T cells, in part through 

interactions between VCAM-1 on microglia and α4β1 on T cells.[56] The interactions of 

encephalitogenic T cells with microglia can lead to further reactivation and inflammation, 

thus leading to cellular toxicity to neuronal cell populations leading to demyelination and 

degeneration. Clearly, interactions between activated microglia and T cells drive the immune 

component of MS pathology and require further mechanistic studies for understanding their 

role in molecular processes.

Micro-RNAs (miRNAs) have been proposed as key modulators of OPC maturation and 

differentiation. Mice lacking miRNA-processing enzyme Dicer demonstrated significant 

deficits in myelination.[57] Moreover, blocking studies demonstrated a critical role of 

miR-219 and miR-338 for oligodendrocyte differentiation and maturation.[58] In MS, 

deficits in OPC maturation have been observed.[59] OPCs express receptors for the pro-

inflammatory mediators IFNγ,[60] IL-17[61] and TNFα,[62] all of which have been shown 

to be associated with MS pathology. Furthermore, IFNγ has been shown to induce a pro-

inflammatory M1 microglia phenotype, and act on oligodendrocytes to cause endoplasmic 

reticulum stress, demyelination and degeneration.[60] It has been reported that OPC 

maturation can also be inhibited by effector T cell functions and overexpression of IFNγ.
[63] In addition, IFNγ primed OPCs presented to CD8+ T cells resulted in OPC death, 

suggesting that inhibiting inflammatory process can directly result in remyelination.[63]

Understanding the interaction between inflammatory responses and accompanying 

demyelination and neurodegeneration associated with MS pathology is critical in developing 

intervention strategies that can promote remyelination. The process of remyelination 

has been described as beginning with proliferation of OPCs, then OPC migration to 

demyelinating axons, followed by OPC maturation and then myelination of premature 

oligodendrocytes with axons.[64] Cellular therapeutics that can protect and promote 

myelinating oligodendrocytes, axons and neurons, in addition to targeting the inflammatory 

component of MS, will provide a novel approach to treat the complex and heterogenous 

nature of MS.
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3. Placenta-derived mesenchymal stem/stromal cells novels are a novel 

source of MSCs for the treatment of MS

Cell-based therapies using MSCs have been recently investigated in clinical trials for 

neurogenerative diseases including MS.[7,65] MSCs display potent immunomodulatory 

and regenerative capabilities through the secretion of bioactive factors, such as proteins, 

cytokines, chemokines as well as the release of EVs. It has been reported that MSCs reduce 

B cell proliferation and maturation,[66] regulate natural killer (NK) cell activities[67] and 

direct macrophage polarization.[68] Moreover, MSCs have the potential to suppress activated 

CD4+ and CD8+ T lymphocyte proliferation and promote the induction of Tregs, all of 

which are directly involved with MS pathology.[69–71] This unique T cell subset can reduce 

inflammatory immune response and plays an important role in peripheral immunity.[69] 

These functional properties of MSCs make them ideal candidates for treating degenerative 

and inflammatory diseases, including MS.[69–71]

The placenta is a unique source of MSCs that possesses robust immunomodulatory 

properties and has been reported to be beneficial in graft verse host diseases mouse 

models.[8,65] PMSCs have been suggested to have advantages in terms of proliferation and 

plasticity as compared to adult derived tissue sources.[72] It has been reported that PMSCs 

have the capability to differentiate towards neural lineages including oligodendrocytes and 

neurons.[73] Compared to adult sources of MSCs, PMSCs have been shown to have superior 

doubling times, easily expanded,[74] and are more homogenous.[75] Additionally, homing 

of PMSCs to sites of injury may be superior due to higher expression of VLA-4 which 

aids endothelium adherence.[76] PMSCs exert their therapeutic functions through cell-cell 

contact coupled with paracrine signaling factors. In addition, PMSCs have been shown to 

express programmed death ligand (PDL)-1 which can directly interact with PD-1 inhibitory 

molecule on T cells, inducing apoptosis and modulating Th-1, Th-17 and Th-2 responses.[77] 

Overall, PMSCs are an attractive therapeutic approach in comparison to other adult sources 

of MSCs.

PMSCs may be a more appropriate cell source for pediatric diseases given during pregnancy 

the placenta demonstrates “fetomaternal tolerance”, which is attributed to the expression 

of human leukocyte antigen-G (HLA-G), a non-classical MHC class I molecule that 

inhibits natural killer cell (NK) function.[78] Unlike bone marrow derived MSCs (BM-

MSCs), PMSCs express HLA-G on their surface in response to IFNγ,[79] which is a key 

inflammatory mediator involved with the onset of MS.[80] Currently, a clinical trial is 

underway using term PMSCs for adult MS and no paradoxical worsening of MS lesion 

counts has been noted.[81]

Interestingly, pregnancy in MS patients has been known to effectively attenuate disease 

activity.[82] This suggests a possible unique role the placenta may play in modulating MS 

symptoms. A study by Vukusic et al. assessed the role of pregnancy on immunosuppression 

in MS patients and compared CD4+ and CD8+ T cell subsets in peripheral blood and the 

decidua. This study demonstrated elevated CD4+ T cells in peripheral blood of non-pregnant 

MS patients compared to non-pregnant healthy controls. CD4+ T cell populations increased 

in pregnant healthy controls in the second trimester of pregnancy, but in MS patients there 
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was no increase or changes noted, thusCD4+ T cell levels were then comparable to controls. 

No changes in CD8+ T cell populations were noted in the peripheral blood. Tregs have been 

shown to be reduced and/or impaired in MS patients, and this study also showed decreased 

Tregs in peripheral blood of non-pregnant MS patients compared to non-pregnant controls. 

Once pregnant, Treg levels declined in healthy women, but in MS patients Treg levels 

were not altered through gestation. This data suggests that pregnancy can alter the function 

of Tregs and allow for more immunological tolerance. Furthermore, there is physiological 

immune regulation that occurs at the fetal-maternal interface that can act regardless of 

the pathological features of MS.[83] Another group demonstrated that pregnancy allows 

for the expansion of Treg clonotypes that can recognize EAE-associated antigen and can 

regulate autoreactive T cells.[84] These findings suggest that the placenta may have key 

features that innately modulate immune responses in MS, and suggest that the placenta is an 

advantageous source of MSCs for the treatment of MS.

Not only is the placenta a unique source of MSCs, but it has also been shown that 

placenta derived EVs are involved in biological processes during pregnancy. Placenta-EVs 

can interact with several cell types and can inhibit NK cell cytotoxicity,[85] inhibit T cell 

proliferation,[86] and drive monocyte and macrophage polarization[87]. Placenta-EVs can 

be detected in maternal circulation at 6 weeks of pregnancy.[88] Placenta-EVs have been 

shown to mediate immunosuppression via transfer of exosomal proteins to T cells, which 

lead to T cell apoptosis, inhibition of T cell proliferation, induction of Treg population and 

reduction of T cell cytotoxicity.[89] This data further demonstrates a unique role the placenta 

can play in mediating immune responses, and further shows a role for EVs in modulating 

inflammatory responses and demyelination associated with MS.

Cell-based therapies can be limited by potential immune rejection of donor cells and lack of 

cellular homing to sites of injury.[10] Increasingly, studies have shown that MSC survival and 

integration within the host after transplantation are usually poor and that MSCs exert their 

therapeutic functions mainly via paracrine signaling mechanisms.[11] Recently, conditioned 

media of BM-MSCs was shown to protect neurons from apoptosis, activate macrophages 

and be pro-angiogenic.[90] However, the use of MSC conditioned media is limited in that the 

secreted protein factors are unstable, which creates technical difficulties for “off-the-shelf” 

clinical use. MSC derived EVs alternatively, are stable under long term storage conditions 

compared to freely secreted proteins and may serve as a superior source for cell-free therapy.
[13]

4. Potential mechanism of action by PMSC-EVs for myelin regeneration

Growing evidence suggests that MSCs exert their therapeutic functions through the secretion 

of EVs. EVs are small nanovesicles, which can play an important role in intercellular 

communication by transporting various functional molecules, including proteins, lipids, 

microRNAs, and mRNAs, all of which can regulate the behaviors of cellular targets.[91] 

MSC-derived EVs readily cross the BBB and deliver therapeutic cargo to reduce the effects 

of neuropathologic diseases, such as MS.[14] Several reports have demonstrated that MSC-

derived EVs from adult tissue sources exhibit systemic immunomodulatory effects and can 

facilitate neurological recovery in vitro.[16,92] The functional properties of EVs are largely 
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dependent on the parent cells from which they are produced. EVs can be derived from 

various tissues and cell types including but not limited to urine, plasma, saliva, tissues, 

cerebrospinal fluid and synovial fluid under physiological or pathological conditions.[93] 

EVs interact with target cells through internalization by endocytosis, direct membrane fusion 

or receptor-based induction of intracellular signaling pathways.[94] Target cell regulation can 

occur through the presence of certain surface proteins on EV membranes, or EV cargo such 

as miRNA which can modulate transcriptional activity of genes associated with biologic 

activity. Soluble factors packaged in EVs can play an important role in cell-cell interactions 

that lead to immune modulation and neuronal regeneration.[95] Moreover, EVs can also 

regulate mitochondrial transfer. Morrison et al. demonstrated that MSC-EVs promote an 

inflammatory phenotype in a lung injury model by mediating mitochondrial transfer to 

macrophages and promoting oxidative phosphorylation.[96] EVs are not only versatile in 

their composition but also immensely diverse in their mechanism of action.

The role of miRNA content in MSC-EVs has been suggested to be key modulators of 

myelin regeneration. miRNAs are small non-coding RNAs that can silence gene expression 

by inhibiting post-transcriptional activity or by inducing mRNA degradation.[97] Therefore, 

miRNAs can regulate cellular proliferation, differentiation and apoptosis in target cells, 

and have been shown to modulate inflammatory immune responses.[98] Dysregulation of 

miRNAs can lead to disrupted immune responses resulting in disease pathology. MSC-EV 

miRNAs taken up into target cells can regulate gene activity through gene silencing leading 

to downregulation of protein secretion by immune cell subsets. The miRNA content in 

MSC-EVs can also promote remyelination by modulating inflammatory responses or by 

directly promoting oligodendrocyte differentiation and maturation. Specifically, human 

BM-MSC-EVs stimulated by IFNγ have been shown to improve motor function scores 

in EAE animals, reduce demyelination and neuroinflammation, as well as upregulate 

Treg populations in the spinal cord of EAE mice. Priming MSCs with IFNγ led to 

the identification of miR-467f and miR-466q as modulators of inflammatory responses 

in microglia cultures as they downregulate TNF and IL-1β expression.[98] These were 

among several other differentially expressed miRNAs in MSC-derived EVs, indicating the 

role of MSC-EVs in affecting neuroinflammation in EAE mice. MSC-EVs enriched in 

the miR-17–92 cluster exhibited enhanced oligodendrogenesis, neurogenesis and neuron 

remodeling, indicating the role of native miR-17–92 in promoting these myelination-related 

processes.[99] MSC-EVs were also shown to transfer miRNA-133b, which lead to increased 

branch length and number to primary cultured astrocytes and neurons.[100] Additionally, 

miRNA-133b from human umbilical cord MSCs can augment trophoblast cell proliferation 

and migration, thus suggesting a critical role in trophoblast development.[101] Interestingly, 

the miRNA profile from MSCs derived from differing tissue sources including umbilical 

cord,[102] bone marrow and adipose tissues is altered.[103] These findings suggest that 

the source of MSC-EVs and miRNA transfer will have unique interactions on target 

cells and potentially different clinical impacts.[104] These MSC-EVs were found to reduce 

inflammatory responses by changing gene expression in activated macrophages. PMSCs-

EVs also contain miRNA-138,[17] which has been suggested to play a key role in maturation 

of OPCs to OLs.[105] However, many of these findings were made in models of stroke and 

diabetes, and the role of miRNA content in MSC-EVs has not yet been explored in the 
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context of MS. Altogether, these findings attribute the immunomodulatory and neurotrophic 

effects of MSC-EVs at least in part to their native miRNA content. Identification and 

subsequent enrichment of these miRNA represent a viable research direction for treating MS 

through the reduction of demyelination and promotion of remyelination.

PMSCs also contain numerous proangiogenic, immunomodulatory and neuroprotective 

proteins, that can play a critical role in promoting myelination in CNS disorders. Hepatocyte 

growth factor (HGF) is a pleiotropic factor shown to have neuronal and oligodendrocyte 

protective properties.[17,18,106] In the EAE rodent model of MS, overexpression of HGF 

by neurons conferred neuroprotection by reducing inflammation in the CNS and activation 

of Tregs.[106] HGF is secreted both in soluble form from MSCs and is also contained in 

exosomes; however, the effects of each form could lead to different cellular responses. 

It has been suggested that MSCs secrete multiple categories of exosomes, which are 

involved in differing cellular processes.[15] BM-MSC-EVs have been shown to modulate 

inflammatory responses, by increasing IL-10, TGFβ, PGE2 and IL-6 secretions and driving 

a Treg phenotype and thus switching to a Th-2 responses in a murine model of diabetes.[107] 

Engineered Tregs in the EAE model of MS effectively localized to brain tissue and were 

able to reduce IL-12 and IFNγ mRNAs in the brain and reduce inflammatory markers 

resulting in diminished symptoms in treated animals.[108] Furthermore, MSC-EVs have been 

shown to inhibit immunoglobulin production of B cells,[109] and co-cultures with various 

immune cell subsets demonstrated that B lymphocytes preferentially take up MSC-EVs.[110]

Galectin-1 (gal-1) is another soluble protein expressed in PMSC-EVs that may play a critical 

role in modulating inflammation and neurodegeneration.[17] Recent reports have suggested a 

critical role for gal-1 in chronic inflammatory diseases.[111] Gal-1 is a multifunctional ~14 

kDa monomeric protein, which can dimerize and is involved in many cellular functions, 

such as cell growth and migration regulation, adhesion, angiogenesis and embryonic and 

adult tissue development.[112] Interestingly, this protein also plays many key functions in the 

immune system,[113,114] and has been shown to facilitate anti-inflammatory processes and 

modulate the adaptive immune system.[113] Gal-1 has the potential to activate T lymphocyte 

apoptosis and induce the differentiation Tregs.[113,114] Moreover, studies have also reported 

that gal-1 can promote phenotypic and functional changes after binding to microglia in vitro.
[115] The mammalian protein can downregulate M1 microglia activation via the regulation 

of p38-, CREB- and NF-κB-dependent pathways and induce differentiation toward an M2 

phenotype.[114] Macrophages are also involved in MS pathology as they contribute to tissue 

damage via the production of pro-inflammatory cytokines (TNF-α, IL-6, and IL-23).[116] 

Although no studies have assessed the effect of gal-1 on macrophage polarization, many 

publications have shown that those leukocytes respond to the same signals as microglia since 

they also undergo polarization toward an M2 or M1 phenotype in the presence of IL-4/13 

or IFNγ/ lipopolysaccharide (LPS) respectively.[115] Overall, gal-1 expression on MSCs 

is a mediator of inflammation as it binds to microglia and downregulates M1 microglia 

activation. Further studies are needed, namely as it pertains to secreted MSC-EVs that share 

the same surface protein expression profile as their parent cells.

In the EAE model of MS, it was shown that murine BM-MSC-EVs express gal-1, PD-L1, 

and TGFβ which lead to reduced lymphocyte proliferation and induced secretion of IL-10 
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and TGFβ.99 Using the BV-2 microglia cell line, it has been shown that BM-MSC-EVs 

modulate microglia activation through the MAPK signaling pathway, which will lead to 

reduction in pro-inflammatory gene expression, thus modulating CNS inflammation.[109,117] 

It was also demonstrated that MSC-EVs can polarize microglia to an M2 phenotype and 

upregulate modulatory proteins including IL-10 and TGFβ in the EAE model, which lead 

to resolution of clinical scores.[118] Additionally, priming of MSCs can result in altered 

cargo loading or expression to EVs, and is a valuable tool to evaluate the translational 

applications of PMSC-EVs in a diseased environment. Priming MSCs with IFNγ led to 

the identification of miR-467f and miR-466q as modulators of pro-inflammatory responses 

in microglia cultures by downregulating TNF and Il-1β expression.[98] Lipopolysaccharide 

stimulated umbilical cord MSC-EVs immunomodulatory properties have been shown to be 

mediated by miRNA let-7b.[119] Human BM-MSC-EVs stimulated by IFNγ have been 

shown to improve motor function scores in EAE animals, reduce demyelination and 

neuroinflammation, upregulated Treg cells in the spinal cord of EAE mice.[120] Additionally, 

this group showed that BM-MSC-EVs reduced activated peripheral blood monocular cell 

proliferation and reduced Th-1 and Th-17 cytokines in vitro.[120] These studies are critical 

for mimicking the disease environment and can provide insights into alterations of molecular 

signaling mechanisms by MSC-EVs when used for disease intervention.

MSC-EV mediated anti-inflammatory properties are largely mediated by immunoregulatory 

miRNAs and immunomodulatory protein delivery in inflammatory immune cells (M1 

macrophages, dendritic cells (DCs), CD4+Th-1 and Th-17 cells), enabling their phenotypic 

conversion into immunosuppressive M2 macrophages, tolerogenic DCs, and Tregs, 

respectively.[5] The placenta represents a novel source of MSCs that have unique properties 

for clinical applications to MS. PMSC-EVs have been shown to be neuroprotective, 

immunomodulatory and pro-angiogenic.[17,18,121] It was recently demonstrated that PMSCs 

and PMSCs-EVs could lead to symptom improvements in the EAE model of MS, which 

was due to the promotion of remyelination by the maturation of OPCs to mature OLs.[19] 

The promotion of remyelination by PMSC-EVs is due to interactions with multiple cellular 

targets that can modulate inflammatory responses preventing further reactivation of immune 

cell subsets and damage to myelin, as well as interactions with myelinating cells promote 

differentiation into mature phenotypes. While the multifunctional properties of PMSC-EVs 

make them a promising therapeutic agent to promote remyelination in MS, limitations exist 

on the use of native EV sources. Namely, in vivo EV biodistribution studies revealed that 

after systemic administration, a significant amount of EVs accumulated in the spleen and 

liver, while very few were detected in the CNS.[122] Therefore, while PMSC-EVs are a 

promising new approach to address the inflammatory and neurodegenerative component of 

MS, additional, new strategies can be employed for superior targeting and delivery of EV 

cargo to pathological target cells to promote remyelination.

5. Bioengineering Approaches for EVs to promote remyelination for MS

Recent work has been done to apply engineering principles to the design of EVs for 

increased therapeutic potential. These techniques can be categorized broadly into three 

approaches: parent cell engineering, miRNA loading, and surface targeting modifications. 

The role for these strategies and current practices of engineering MSC-EVs as they apply 
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to MS and CNS disorders, as well as highlighted potential avenues for future studies are 

discussed below.

5.1. Parent cell engineering approaches

A variety of methods have been applied to alter the state of parent cells to induce specific 

EV features through canonical EV biogenesis pathways. One such method involves gene 

editing of parent cells by transfection. A range of cell types (BV2 microglia, HEK293T) 

have been infected with lentiviral plasmids to overexpress either surface proteins or miRNAs 

internally, which are similarly expressed on EV surfaces as well internally.[123] This 

method of cell engineering takes advantage of natural EV biogenesis pathways to generate 

engineered EVs for various applications. For example, miR-219a-5p has been overexpressed 

in HEK293T cells to obtain EVs that induced OPC differentiation for remyelination 

applications.[123]

Another method to engineer EVs through modifications to their parent cells is 

preconditioning. Parent cells are subjected to modified culture conditions to promote or 

suppress the expression of certain proteins in the subsequently produced EVs. This was 

done in the context of ischemic stroke in which BV2 microglia were polarized using IL-4 to 

differentially express angiogenin and therefore promote angiogenesis in C57BL/J mice.[124] 

Currently, no studies have been performed to precondition cells to obtain EVs for treating 

other CNS disorders including MS and Alzheimer’s. Microglia have been preconditioned 

with stimulants such as LPS for the study and treatment of CNS disorders through their 

secreted EVs, which are implicated to regulate many of their neuroinflammatory functions.
[125] Hypoxia preconditioning has been used MSCs to stimulate secretion of EVs promoting 

bone fracture healing, indicating the feasibility of such an approach.[126] Additionally, 

hypoxic preconditioning of MSCs has shown to improve MSC-EV immunomodulatory 

properties, which can promote an anti-inflammatory phenotype and in turn preserve or 

promote myelination.[123] This represents a potential direction for future work, where 

preconditioned cells can secrete EVs with increased myelinating or neuromodulatory 

capabilities.

5.2. EV surface targeting modification approaches

EV surface engineering has also been heavily studied to develop targeted drug delivery 

vehicles for the treatment of several diseases. For example, many groups have successfully 

used Click chemistry to conjugate functional ligands of interest onto EVs. Click chemistry 

refers to a class of covalent reactions used in bioconjugation that is both procedurally simple 

and high yield. It has previously been shown that conjugation of the integrin ligand LLP2A 

to an electrospun scaffold for the recruitment of PMSC-EVs improves vascularization.[127] 

In the context of CNS disorders, Click chemistry has been used to conjugate peptides onto 

MSC-derived EVs to treat cerebral ischemic stroke.[128] This type of surface modification 

generally allows for improved targeting and increased uptake by cells of interest. It 

has already been established that the autoimmune component of MS pathology involves 

several cell types including T cells, B cells, astrocytes, oligodendrocytes and microglia. 

Pathogenetic cell types all represent viable targets for engineering of targeting ligands to EV 

surfaces.
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Glycosylation of EV surface represents another active area of study, especially in the context 

of CNS disorders. Glycoproteins naturally present on cell and EV membranes and facilitate 

a variety of functions, such as cell-cell interactions and the immune response. By altering 

the composition of glycoproteins on the cell or EV surface, biodistribution and targeting 

behaviors can be changed. For instance, modification of surface glycosylation through 

neuraminidase treatment resulted in increased accumulation of EVs in the brain.[129] This 

allows EVs to more efficiently perform their naturally functions maintaining homeostasis, 

or to promote remyelination through their engineered material.[129,130] While parent cell 

engineering represents a top-down approach for generating EVs, taking advantage of natural 

EV biogenesis pathways to promote remyelination, synthetic EV production involves a 

bottom-up method of creating EVs. Essentially, components are combined to create a well-

defined synthetic EV, allowing for control over membrane protein expression. Microfluidic 

platforms have previously been used for characterization and isolation of EVs, but now 

have been shown to be viable platforms for the generation of synthetic EVs. PDMS 

microfluidic chips specifically have successfully created synthetic surface engineered EVs 

expressing tumor peptides as candidates for cancer immunotherapy.[131] These EVs lack 

the compositional complexity of native EVs, but can be decorated with specific targeting 

moieties and cargo to induce OPC differentiation or promote remyelination.

An alternate method for synthetically engineering EV surfaces is through fusion of distinct 

membranes. Combining two separate membranes provides the benefit of increased cellular 

uptake due to the unique expression of surface proteins on the fused membrane. Membrane 

fusion has been done via extrusion to create synthetic EVs with a hybrid lipid membrane 

structure. For example, a library of lipids was fused with EVs using a membrane extrusion 

technique to generate synthetic EVs with significantly increased cellular uptake to lung 

cancer cells with subsequent gene silencing.[132] This represents a novel approach in 

which multiple combinations of lipid and cellular membranes can be performed to produce 

EVs with increased targeting potential. This platform technology has the potential to 

promote downstream myelination processes for MS through improved EV biodistribution. A 

summary of these approaches is shown in Figure 1.

5.3. Cargo loading into EVs

In addition to and often alongside surface modification of EVs, loading of exogenous 

cargo represents an increasingly studied method for engineering EVs to improve therapeutic 

outcomes. Of the several types of cargo used for loading EVs, miRNAs stand out as a 

commonly researched approach with the potential to promote various molecular processes to 

modulate inflammation and remyelination.

Loading miRNA in EVs represents a promising approach for the treatment of 

neurodegenerative diseases such as MS. As previously mentioned, neuroinflammation is a 

prominent component of MS pathology, and is mediated in part by microglia. Therefore, 

regulating the immune response via microglia modulation can potentially restore the 

immune cell homeostasis in the CNS. In one study, dendritic cell EVs were loaded 

with miR-124 and were able to reduce the expression of inflammatory markers by 

microglia.[133] miRNA was loaded into the EVs through incubation and lead to decreased 
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microglial activation in mice.[133] Due to the role of neuroinflammation in driving MS 

disease progression, the neuromodulatory behavior of miRNA-loaded EVs demonstrates the 

potential of miRNA loading for treatment of MS.

To date, loading miRNA into EVs to treat MS has not been performed; however, 

studies have shown the effects of miRNA delivery in promoting myelination and other 

pathological processes. EVs loaded with miR-210 successfully promoted angiogenesis and 

increased mice survival rate in a model of cerebral ischemia.[58] Parent MSCs have been 

transfected with the miR-17–92 cluster to produce EVs that promote oligodendrogenesis 

and neurogenesis.[99] These EVs were shown in a rat model to promote neurite remodeling, 

neural plasticity, and functional recovery. Many other miRNAs have been identified to 

promote remyelination, representing future research avenues loading them into EVs for 

efficacy studies. These include miR-219 and miR-338, which have been found to promote 

both myelin repair and myelination in the CNS.[134] This avenue of research has not been 

investigated in the context of myelination and MS but can allow for an alternative technique 

for EV engineering.

As a result, current engineering techniques allow for modification of EV surfaces and the 

contents inside EVs. This results in a cell-free drug delivery platform that can specifically 

target certain cells or tissues. In the context of MS, PMSC-EVs can be modified to exhibit 

increased targeting and uptake by cell types of interest, such as activated T cells, microglia, 

and oligodendrocytes.

6. Conclusion

In summary, MS is an autoimmune disorder of the CNS, largely characterized by an 

attack on the myelin sheath and subsequent loss of motor function. Recent studies have 

elucidated many of the processes contributing to and driving MS disease progression. As 

an autoimmune disease, lymphocytes have been heavily implicated in MS, specifically 

with increased pro-inflammatory T cell behavior, reduced T regulatory cell behavior, and 

disrupted T cell and B cell interactions. Leukocyte invasion and resident immune cell 

activation leads to reduced oligodendrocyte viability and ultimately the loss of protective 

myelin sheaths. Innate immune responses were found to be primarily driven by activated 

microglia, which in turn induce endoplasmic reticulum stress on oligodendrocytes to 

promote demyelination and degeneration.

In this immune-dominated environment, PMSCs represent a promising novel therapeutic 

agent because of their intrinsic immunomodulatory functions during fetal development. 

Furthermore, secreted PMSC-EVs have been shown to play a significant role in 

neuroinflammation and myelin regeneration processes in the CNS. The mechanism of action 

has been proposed to involve specific components of secreted EVs, namely their surface 

protein expression and interior miRNA content. Not only have MSC-EVs been found 

to directly induce remyelinating processes such as neurogenesis and oligodendrogenesis, 

but both miRNA and proteins have been shown to be critical mediators of MSC-EVs 

inflammatory, neuroprotective and neuroregenerative properties. This involves driving an 

immuno-regulatory phenotype in immune cell subsets as well as promoting the secretion 
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of anti-inflammatory cytokines. Recent studies have also shown strong potential for PMSC-

EVs to be applied to MS research. Understanding the role of PMSC and native PMSC-

EVs on CNS cell populations and the interface of oligodendroglia-axonal interactions and 

accompanying neuronal degeneration will be warranted in future studies. These studies 

demonstrate the potential of PMSC-EVs in both modulating upstream immune responses as 

well as promoting remyelinating processes.

Currently, many MSC and MSC-EV studies employ the intravenous administration strategy 

to treat MS. While optimization of intervention strategies is warranted, engineering 

approaches can serve as advantageous tools for superior targeting to pathologic cell types 

and lesions associated with neurodegenerative disease. Multiple engineering techniques 

previously established for EV engineering in different disease applications represent 

promising avenues of future research applying engineered PMSC-EVs for MS treatment. 

In tandem with the therapeutic properties of PMSCs and the native content of PMSC-

EVs, bioengineered PMSC-EVs could allow for the development of novel MS treatments 

affecting a significant and therapy-lacking population.
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Figure 1. 
(A) Summary of bioengineering strategies to modify PMSC-EVs. One popular method 

of EV engineering is loading EVs with miRNA or protein cargo using techniques like 

electroporation, sonication or extrusion. Another approach is to genetically modify the 

parent cells to release customized EVs. Creating synthetic EVs using microfluidic devices 

is a more recent technique for engineering and customizing EVs. (B) EV modification 

approaches to promote remyelination. EV surfaces can be functionalized with biomolecules 

through membrane fusion or chemical modifications for targeting applications. Exogenous 

cargo, including remyelination drugs, miRNA and proteins can be loaded for remyelination 

applications.
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