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Abbreviations

AP, amyloid-beta; ac-tau, acetylated tau; AD, Alzheimer’s disease; AD-MSCs, adipose tissue-derived mesenchy-
mal stromal cells; ALS, amyotrophic lateral sclerosis; AQP4, aquaporin-4; ASOs, antisense oligonucleotides;
ATP, adenosine triphosphate; BACE1, beta-site amyloid precursor protein-cleaving enzyme 1; BBB, blood-brain
barrier; BDNF, brain-derived neurotrophic factor; BM-MSCs, bone marrow-derived mesenchymal stromal cells;
BRB, blood-retinal barrier; ceRNA, competing endogenous RNA; CNS, central nervous system; CSF, cerebro-
spinal fluid; CXCR4, C-X-C chemokine receptor type 4; DMN, default mode network; EDSS, Expanded Disa-
bility Status Scale; EVs, extracellular vesicles; FDA, U.S. Food and Drug Administration; fMRI, functional mag-
netic resonance imaging; GDNF, glial cell line-derived neurotrophic factor; GMP, Good Manufacturing Practice;
HDACA4, histone deacetylase 4; HIE, hypoxic-ischemic encephalopathy; HIF-1a, hypoxia-inducible factor 1-al-
pha; hPSCs, human pluripotent stem cells; I/R, ischemia/reperfusion; ICH, intracerebral hemorrhage; IDE, insu-
lin-degrading enzyme; IDO, indoleamine 2,3-dioxygenase; IFN-y, interferon-gamma; IL-1, interleukin-1 beta;
IL-4, interleukin-4; IL-6, interleukin-6; IL-10, interleukin-10; IL-18, interleukin-18; IRAK1, interleukin-1 re-
ceptor-associated kinase 1; ISCT, International Society for Cell & Gene Therapy; ISF, interstitial fluid; iMSCs,
induced pluripotent stem cell-derived mesenchymal stromal cells; iPSCs, induced pluripotent stem cells; IVH,
intraventricular hemorrhage; LC3-I1, microtubule-associated protein 1A/1B-light chain 3-1I; IncRNA, long non-
coding RNA; MAPK, mitogen-activated protein kinase; miRNA, microRNA; miR, mature microRNA designa-
tion; Miro1, mitochondrial Rho GTPase 1; MMP-2/MMP-9, matrix metalloproteinase-2/matrix metalloprotein-
ase-9; mRNA, messenger RNA; MRI, magnetic resonance imaging; MS, multiple sclerosis; MSC-EVs, mesen-
chymal stromal cell-derived extracellular vesicles; MSCs, mesenchymal stromal cells; NAD+, nicotinamide ade-
nine dinucleotide; NAMPT, nicotinamide phosphoribosyltransferase; NEP, neprilysin; NF-kB, nuclear factor
kappa B; NIHSS, National Institutes of Health Stroke Scale; NLRP3, NOD-, LRR- and pyrin domain-containing
protein 3; OPC, oligodendrocyte precursor cell; PD, Parkinson’s disease; PGE2, prostaglandin E2;
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PI3K/Akt/mTOR, phosphoinositide 3-kinase/protein kinase B/mechanistic target of rapamycin; PTEN, phospha-
tase and tensin homolog; RhoA, Ras homolog family member A; ROS, reactive oxygen species; rTBI, repetitive
traumatic brain injury; RVG, rabies virus glycoprotein; SCI, spinal cord injury; SDF-1, stromal cell-derived factor
1; siRNA, small interfering RNA; SIRT1, sirtuin 1; SMI, severe mental illness; SNCA, synuclein alpha gene;
Sox9, SRY-box transcription factor 9; TBI, traumatic brain injury; TGF-f, transforming growth factor-beta; Thl,
T helper 1 cell; Th17, T helper 17 cell; TLR4, toll-like receptor 4; TNF-a, tumor necrosis factor-alpha; TNTS,
tunneling nanotubes; TRAF6, TNF receptor-associated factor 6; Treg, regulatory T cell; TSG-6, tumor necrosis
factor-stimulated gene-6; UC-MSCs, umbilical cord-derived mesenchymal stromal cells; VEGF, vascular endo-
thelial growth factor
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Figure 1: Graphical abstract: Mesenchymal stromal cell-mediated paracrine modulation of neuroplas-
ticity in the central nervous system. On the left, mesenchymal stromal cells (MSCs) are represented as
modulators of the neural microenvironment through MSC-derived extracellular vesicles (MSC-EVs),
miRNA cargo delivery, mitochondrial transfer via tunneling nanotubes (TNTs), and efferocytosis of apop-
totic MSCs by host phagocytes, favoring anti-inflammatory and reparative responses. In the center,
these mechanisms are linked to major categories of central nervous system (CNS) disorders, including
cerebrovascular and ischemic/hemorrhagic disorders, neurodegenerative proteinopathies, neuro-
trauma, autoimmune/inflammatory conditions, and retinal diseases, which are classified as CNS-related
sensory disorders. Downstream tissue-level effects include vascular and blood-brain barrier (BBB) re-
pair, neural plasticity and remyelination, and functional glymphatic clearance. On the right, the transla-
tional pathway is represented by the need to overcome barriers related to GMP-compliant manufactur-
ing, ISCT reporting guidelines, and the development of engineered MSC-EV-based cell-free therapeutic
strategies. The graphical abstract was created using the Al-assisted image generation tool Gemini and
subsequently edited and scientifically reviewed by the authors in Adobe Photoshop. Abbreviations:
BBB, blood-brain barrier; CNS, central nervous system; CSF, cerebrospinal fluid; GMP, Good Manu-
facturing Practice; ISCT, International Society for Cell & Gene Therapy; ISF, interstitial fluid; miRNA,
microRNA; MSC, mesenchymal stromal cell; MSC-EVs, mesenchymal stromal cell-derived extracellular
vesicles; TNTs, tunneling nanotubes.

ABSTRACT

Mesenchymal stromal cells (MSCs) have been widely investigated in regenerative medicine because of their im-
munomodulatory, anti-inflammatory, and reparative properties. Current evidence indicates that many of their ef-
fects are mediated by paracrine and intercellular mechanisms rather than sustained engraftiment or direct neural
replacement. This narrative review synthesizes how MSCs and MSC-derived extracellular vesicles (MSC-EVs)
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may modulate neuroplasticity in the central nervous system (CNS). MSC-mediated effects include trophic and
immunomodulatory signaling, mitochondrial transfer via tunneling nanotubes (TNTs), efferocytosis of apoptotic
MSCs by host phagocytes, blood-brain barrier stabilization, and secondary modulation of glymphatic and intersti-
tial fluid clearance. MSC-EVs additionally deliver proteins, lipids, microRNAs, and long non-coding RNAs that
regulate inflammatory and reparative gene-expression programs through well-supported post-transcriptional and
emerging epigenetic mechanisms. These processes may promote neurite remodeling, angiogenesis, mitochondrial
recovery, and attenuation of neuroinflammation, and may support the clearance of neurotoxic proteins. The evi-
dence is organized into five CNS disorder macrocategories defined by shared pathophysiological processes and
overlapping therapeutic targets: cerebrovascular and ischemic/hemorrhagic disorders; neurodegenerative pro-
teinopathies and related disorders; neurotrauma and acute lesions; autoimmune, inflammatory, and emerging dis-
orders; and retinal diseases as CNS-related sensory disorders. Although substantial preclinical evidence and en-
couraging early clinical signals support continued investigation, adequately powered confirmatory trials are still
needed to establish whether MSC-based therapies can produce durable disease-modifying effects in neurodegen-
erative disorders. Translation is further limited by variability in cell sources, manufacturing procedures, doses,
delivery routes, potency assays, and patient stratification by disease stage and biological phenotype. A cohesive
translational roadmap should therefore combine Good Manufacturing Practice (GMP)-compliant production and
mechanism-relevant potency testing with the 2025 International Society for Cell & Gene Therapy (ISCT) reporting
framework. Finally, engineered MSC-EVs with modified surfaces or defined cargo may enable more targeted and
controllable cell-free strategies for CNS repair.

Keywords: Mesenchymal stromal cells, extracellular vesicles, paracrine signaling, neuroplasticity, glymphatic
system, central nervous system disorders

1. INTRODUCTION

Neuroplasticity, or brain plasticity, refers to the ability of the nervous system to reorganize
its structural and functional connections in response to stimuli, injury, and experience, thereby
supporting adaptation to the environment, learning, and functional recovery (Mateos-Aparicio
and Rodriguez-Moreno, 2019). For decades, the adult brain was regarded as a largely static
structure with limited regenerative capacity. This view was progressively challenged by evi-
dence demonstrating adult neurogenesis in specific brain regions, particularly the hippocampus
(La Rosa et al., 2020; Owji and Shoja, 2020). Although neuroplasticity is primarily adaptive,
dysregulated plastic responses may also contribute to the pathophysiology of neurological and
psychiatric disorders (Sweatt, 2016).

Neurodegenerative diseases, such as Alzheimer’s disease and Parkinson’s disease, acute
central nervous system (CNS) injuries such as stroke, and severe mental illnesses (SMI), in-
cluding schizophrenia and bipolar disorder, remain major challenges in contemporary medi-
cine. Although heterogeneous in etiology and clinical presentation, these conditions involve
convergent pathological processes that can impair neural plasticity and repair, including syn-
aptic dysfunction, neuroinflammation, mitochondrial impairment, cellular vulnerability, and, in
neurodegenerative proteinopathies, accumulation of misfolded or aggregation-prone proteins
(Wilson et al., 2023; Zhang et al., 2020). Current therapeutic approaches are predominantly
symptomatic and often fail to prevent disease progression, underscoring the need for new strat-
egies that can modulate the neural microenvironment and support repair mechanisms.

Stem cell-based approaches have been investigated as potential therapeutic strategies for
these conditions. Human pluripotent stem cells (hPSCs) offer broad differentiation potential.
Among them, induced pluripotent stem cells (iPSCs), first generated from adult human fibro-
blasts using defined transcription factors, have become important platforms for disease model-
ing and regenerative research (Takahashi et al., 2007). However, their clinical application has
been limited by ethical considerations, genetic instability, tumorigenic risk, and concerns about
immune compatibility (Lo and Parham, 2009; Qiao et al., 2020). More recently, iPSC technol-
ogy has been used to derive induced pluripotent stem cell-derived mesenchymal stromal cells
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(iMSCs), providing a potentially scalable and more homogeneous source that may help over-
come donor-to-donor variability commonly observed in primary tissue-derived mesenchymal
stromal cells (Buitrago et al., 2024; Lu and Allickson, 2025).

The clinical feasibility of mesenchymal stromal cell (MSC)-based therapy has been rein-
forced by the 2024 approval of remestemcel-L-rknd (Ryoncil) by the U.S. Food and Drug Ad-
ministration (FDA) for steroid-refractory acute graft-versus-host disease in pediatric patients
aged 2 months and older (Lu and Allickson, 2025; Wiest, 2025). However, translating MSC-
based approaches to CNS disorders remains investigational and requires disease-specific vali-
dation. Although these cells have historically been referred to as “stem cells,” current scientific
and regulatory consensus increasingly recommends the term “stromal cells,” reflecting the view
that their main therapeutic effects are mediated by microenvironmental modulation rather than
by direct differentiation or long-term tissue replacement (Renesme et al., 2025; Wiest, 2025).

Instead of acting primarily through direct cell replacement, MSCs are thought to influence
neuroplasticity through multiple paracrine and cell-mediated mechanisms. These include: (1)
the secretion of extracellular vesicles (EVs) carrying regulatory microRNAs, such as miR-133b
and miR-21, which may contribute to neurite remodeling and angiogenesis (Nasirishargh et al.,
2021; Xu et al., 2025); (2) mitochondrial transfer to injured neural cells, which may support
cellular bioenergetics (Mukkala et al., 2023); and (3) efferocytosis, in which apoptotic MSCs
are engulfed by host immune cells, potentially inducing sustained anti-inflammatory responses
(Hoseinzadeh et al., 2025). Beyond these direct mechanisms, MSC-based interventions may
also modulate functional CNS clearance pathways, including glymphatic activity, by affecting
astrocytic aquaporin-4 organization, blood-brain barrier integrity, neuroinflammatory signal-
ing, and interstitial fluid clearance (Li et al., 2026; Zhao et al., 2026).

This narrative review synthesizes current evidence on the therapeutic potential of MSCs
and their derivatives in the CNS, with emphasis on their paracrine modulation of neuroplastic-
ity. The novelty of this review lies in its unified framework, which integrates mechanisms me-
diated by MSCs and their extracellular vesicles across five CNS macrocategories, organized by
shared pathophysiological mechanisms and overlapping therapeutic targets. Although etiolog-
ically distinct, these conditions converge on chronic neuroinflammation, neural barrier dys-
function, and impaired neuroplasticity, supporting a conceptual shift from isolated disease-spe-
cific approaches toward broader biological repair strategies. Finally, to address the gap between
preclinical evidence and clinical translation, we discuss manufacturing and regulatory chal-
lenges, including Good Manufacturing Practice (GMP)-related requirements, and highlight the
relevance of the 2025 International Society for Cell & Gene Therapy (ISCT) clinical reporting
guidelines for improving methodological standardization and reproducibility. The conceptual
framework and principal mechanisms discussed in this review are summarized in Figure 1.

2. METHODS

We conducted a narrative literature review to synthesize experimental, translational, and
clinical evidence on the potential role of MSCs and MSC-derived products in modulating neu-
roplasticity and supporting repair mechanisms in CNS disorders. The literature search was con-
ducted in PubMed, SciELO, Scopus, Web of Science, and Google Scholar, considering publi-
cations in English and Portuguese. The search strategy used different combinations of free-text
keywords and Medical Subject Headings (MeSH terms), including “mesenchymal stromal

cells,” “mesenchymal stem cells,” “extracellular vesicles,” “exosomes,” “post-transcriptional
and epigenetic modulation,” “neuroplasticity,” “paracrine signaling,” “neuroinflammation,”
“mitochondrial transfer,” “efferocytosis,” “glymphatic system,” “blood-brain barrier,” “central

99 ¢C

nervous system,” “neurodegenerative diseases,” “Alzheimer’s disease,” “Parkinson’s disease,”
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99 ¢¢ 99 ¢

“amyotrophic lateral sclerosis,” “stroke,” “intracerebral hemorrhage,
“spinal cord injury,” “multiple sclerosis,” and “retinal diseases.”

Because this is a narrative review focused on the conceptual evolution, mechanisms of ac-
tion, and translational relevance of MSC-based approaches, no date restriction was applied.
This strategy enabled the inclusion of seminal historical articles and recent studies published
up to June 2026. Eligible publications included original experimental studies, review articles,
and clinical reports addressing MSC-based or MSC-derived extracellular vesicle-based inter-
ventions in Alzheimer’s disease, Parkinson’s disease, acute CNS injuries such as stroke, and
other CNS-related conditions.

The selected literature was then organized into three thematic domains. The first domain
addressed the mechanisms of action of MSCs and MSC-derived extracellular vesicles, includ-
ing paracrine signaling, mitochondrial transfer, efferocytosis, modulation of the glymphatic
system, post-transcriptional regulation, and emerging epigenetic mechanisms. The second do-
main addressed preclinical and clinical evidence of therapeutic application, grouped into five
CNS macrocategories according to shared pathophysiological mechanisms and common thera-
peutic targets: (1) cerebrovascular and ischemic/hemorrhagic disorders; (2) neurodegenerative
proteinopathies and related disorders; (3) neurotrauma and acute lesions; (4) autoimmune, in-
flammatory, and emerging disorders; and (5) retinal diseases as CNS-related sensory disorders.
The third domain addressed translational challenges, clinical implications, and future perspec-
tives.

29 ¢¢

traumatic brain injury,”

3. MESENCHYMAL STROMAL CELLS: SOURCES AND MECHANISMS

Although MSCs were initially investigated as candidates for tissue replacement, current
evidence indicates that their therapeutic effects depend predominantly on context-dependent
secretory, immunomodulatory, and intercellular mechanisms rather than on durable engraft-
ment or direct differentiation (Lu and Allickson, 2025; Renesme et al., 2025). Accordingly, this
section first summarizes MSC identity and tissue sources (Section 3.1), then discusses the prin-
cipal paracrine and cellular mechanisms underlying their therapeutic activity (Section 3.2), and
finally examines post-transcriptional and epigenetic modulation mediated by MSC-derived ex-
tracellular vesicles in recipient neural and immune cells (Section 3.3).

3.1. MSC identity and sources

MSCs are multipotent progenitor cells defined by a set of minimum criteria established by
the International Society for Cellular Therapy (Dominici et al., 2006). These criteria include:
(1) plastic adherence under standard culture conditions; (i1) expression of specific surface mark-
ers, including CD73, CD90, and CD105, together with the absence of hematopoietic markers
such as CD45 and CD34; and (iii) the capacity for in vitro differentiation into osteogenic, chon-
drogenic, and adipogenic lineages. Originally isolated from bone marrow (Pittenger et al.,
1999), MSCs have since been identified in several adult and perinatal tissues, including adipose
tissue, umbilical cord, and placenta. Historically, the acronym MSC has been used to refer to
both “mesenchymal stem cells” and “mesenchymal stromal cells.” However, current Interna-
tional Society for Cell & Gene Therapy recommendations support the term “mesenchymal stro-
mal cells” unless stemness has been demonstrated through appropriate functional criteria. This
terminology also reflects the growing evidence that the therapeutic effects of MSCs are medi-
ated predominantly by secretory, immunomodulatory, and microenvironmental mechanisms
rather than by direct differentiation and long-term tissue replacement (Lu and Allickson, 2025;
Renesme et al., 2025; Viswanathan et al., 2019; Wiest, 2025). Accordingly, the term “mesen-
chymal stromal cells” is used throughout this manuscript.
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MSCs can be isolated from various adult and perinatal tissues, and their biological proper-
ties may vary according to tissue source, donor characteristics, culture conditions, and manu-
facturing procedures. Bone marrow-derived MSCs (BM-MSCs) were among the first MSC
populations to be characterized, whereas adipose tissue-derived MSCs (AD-MSCs) have at-
tracted considerable interest owing to their relative accessibility and high proliferative capacity.
Perinatal sources, including umbilical cord-derived MSCs (UC-MSCs) and placental MSCs,
may offer advantages related to lower donor age, reduced senescence-associated changes, and
favorable immunomodulatory profiles. In addition, iMSCs have emerged as a potentially scal-
able and more homogeneous platform that may help reduce donor-to-donor variability, alt-
hough their clinical translation still requires further validation (Buitrago et al., 2024; Lu and
Allickson, 2025).

3.2. Paracrine and cellular mechanisms

The therapeutic paradigm of MSCs has shifted from long-term cellular engraftment and
direct tissue replacement toward paracrine and immunomodulatory mechanisms (Galipeau and
Sensébé, 2018). MSC activity is highly context-dependent and may be modulated by inflam-
matory signals in the local microenvironment, a process commonly referred to as “licensing.”
Upon exposure to pro-inflammatory cytokines, such as interferon-gamma (IFN-y), tumor ne-
crosis factor-alpha (TNF-a), and interleukin-1 beta (IL-1p), or to ex vivo preconditioning strat-
egies such as hypoxia or three-dimensional culture, MSCs may acquire an activated phenotype
characterized by increased secretion of immunomodulatory, trophic, and reparative mediators
(Hoseinzadeh et al., 2025; Schepici et al., 2022; Uccelli et al., 2008).

EVs, including exosomes when specifically characterized as such, represent an important
component of the MSC secretome. MSC-derived extracellular vesicles (MSC-EVs) can
transport proteins, lipids, regulatory microRNAs, and other molecular cargo involved in inter-
cellular communication. In experimental models, MSC-derived EVs have been reported to
cross or interact with the blood-brain barrier (BBB), supporting their investigation as cell-free
therapeutic candidates for CNS disorders (Guy and Offen, 2020; Liu et al., 2024). However,
because EV populations are heterogeneous, the term “exosomes” should be reserved for studies
in which this vesicle subtype has been specifically identified, in accordance with current EV
nomenclature and reporting recommendations (Welsh et al., 2024).

Beyond soluble factors and EV-mediated signaling, mitochondrial transfer has emerged as
another mechanism by which MSCs may support injured neural cells. Under conditions of ox-
idative stress or metabolic dysfunction, MSCs can transfer functional mitochondria to damaged
cells, thereby providing bioenergetic support and promoting cell survival (Mukkala et al., 2023;
Nair et al., 2021). This transfer may occur through tunneling nanotubes (TNTs) and has been
associated with mitochondrial trafficking regulators such as the mitochondrial Rho GTPase
(Mirol). Experimental evidence suggests that modulation of Mirol expression may affect mi-
tochondrial transfer efficiency and the metabolic recovery of recipient cells, although the rele-
vance of this mechanism in vivo and across different CNS disorders requires further investiga-
tion (Bagno et al., 2022; Mukkala et al., 2023).

Emerging evidence also suggests that the immunomodulatory effects of infused MSCs may
depend in part on their apoptosis and subsequent clearance by host phagocytes. According to
the “dying stem cell hypothesis,” apoptotic MSCs can be engulfed by macrophages through
efferocytosis, thereby contributing to macrophage reprogramming toward an anti-inflammatory
or reparative phenotype (Harrell and Volarevic, 2021; Hoseinzadeh et al., 2025; Mandl et al.,
2025). This process may help induce sustained immunomodulatory responses even after the
administered MSCs have cleared, providing a mechanistic explanation for therapeutic effects
that are independent of long-term MSC persistence.
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In addition to these direct paracrine and cell-mediated mechanisms, MSC-based interven-
tions may influence functional clearance pathways within the CNS. The glymphatic system is
an aquaporin-4 (AQP4)-dependent paravascular pathway involved in cerebrospinal fluid—inter-
stitial fluid exchange, metabolic waste clearance, and neuroimmune regulation (Zhao et al.,
2026). Aging and acute CNS injuries have been associated with AQP4 disorganization, im-
paired interstitial fluid clearance, and glymphatic dysfunction. In preclinical models, particu-
larly in intracerebral hemorrhage, AQP4-modified MSCs have been reported to improve glym-
phatic transport, reduce BBB disruption, and attenuate toll-like receptor 4 (TLR4)/nuclear fac-
tor kappa B (NF-kB)-mediated neuroinflammatory signaling (Li et al., 2026).

Accordingly, the key paracrine, cellular, and functional mechanisms underlying the thera-
peutic actions of MSCs and MSC-derived EVs in the CNS are summarized in Table 1.

3.3. Post-transcriptional and epigenetic modulation by MSC-EVs

In addition to transporting trophic and immunomodulatory proteins, MSC-EVs can deliver
regulatory RNAs that modify gene expression programs in recipient neural and immune cells.
Current evidence indicates that microRNAs (miRNAs) and long non-coding RNAs (IncRNAs)
are the best-characterized regulatory components of MSC-EVs. These molecules act predomi-
nantly through post-transcriptional mechanisms, including messenger RNA (mRNA) degrada-
tion and translational repression, but may also influence epigenetic regulators such as histone-
modifying enzymes. However, the available evidence is more robust for post-transcriptional
regulation than for direct and stable changes in DNA methylation, histone acetylation, or chro-
matin accessibility in recipient neural cells (Harrell et al., 2021; Nasirishargh et al., 2021; Vo-
larevic et al., 2025).

At the neuroimmune interface, MSC-EV-associated miRNAs may dampen inflammatory
signaling and promote a more reparative cellular environment. Giunti et al. (2021) demon-
strated that small EVs derived from IFN-y-primed MSCs were enriched for miR-467f and miR-
466q. Upon transfer to activated microglia, these miRNAs reduced the expression of Map3k§8
and Mk2, attenuated p38 mitogen-activated protein kinase (MAPK) signaling, and decreased
the expression of pro-inflammatory mediators. MSC-EV-associated miR-146a has also been
implicated in regulating the IRAK1/TRAF6/NF-kB signaling axis, thereby contributing to re-
duced inflammatory activation (Harrell et al., 2021; Krakenes et al., 2024). In addition, studies
using Wharton’s jelly MSC-derived small EVs with reduced mature miRNA content suggest
that EV-associated miRNAs collectively contribute to decreased microglial activation and im-
proved oligodendrocyte maturation after premature white matter injury (Tscherrig et al., 2024).
These findings support the role of MSC-EV cargo in modulating neuroinflammation and creat-
ing a more permissive microenvironment for neural repair.

MSC-EV-associated RNAs may also contribute to structural and synaptic plasticity. Semi-
nal experiments demonstrated that MSC-derived exosome-enriched extracellular particles can
transfer miR-133Db to neural cells, thereby enhancing neurite outgrowth in vitro and promoting
neurite remodeling and functional recovery after experimental stroke, in part by downregulating
RhoA-related signaling (Xin et al., 2012, 2013). Other regulatory miRNAs carried by MSC-
EVs have been linked to neuronal survival, axonal growth, and neural differentiation. For ex-
ample, the miR-17-92 cluster may promote neurite remodeling through PTEN/Akt/mTOR -re-
lated pathways, whereas miR-124 may support neuronal differentiation by regulating Sox9 ex-
pression (Nasirishargh et al., 2021; Reza-Zaldivar et al., 2018).
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Table 1: Key paracrine and cellular mechanisms underlying MSC and MSC-EV therapeutic actions in the Central Nervous System (CNS)

Mechanism of action

Main biological effects /
pathophysiological targets

Key mediators and
molecules involved

Key references

Paracrine signaling
and extracellular
vesicle-mediated
communication

Immunomodulation
and efferocytosis

Mitochondrial
transfer and
bioenergetic support

Protein clearance
and autophagy
modulation

Neurogenesis,
angiogenesis, and
blood-brain barrier
support

Neuroprotection and
inhibition of
apoptosis/pyroptosis
Functional

modulation of
glymphatic clearance

Supports intercellular communication within the
injured CNS microenvironment; delivers regula-
tory proteins, lipids, and microRNAs that may
modulate neuroinflammation, angiogenesis,
neurite remodeling, and cell survival

Shifts microglia/macrophages toward anti-in-
flammatory or reparative phenotypes; contrib-
utes to Th17/Treg balance; may induce sus-
tained immunomodulatory responses through
host phagocyte engulfment of apoptotic MSCs

Provides functional mitochondria to metaboli-
cally stressed neural or vascular cells; may im-
prove ATP production, reduce oxidative stress,
and support survival of injured recipient cells

May contribute to the reduction of toxic protein
aggregates, including AB, tau, and a-synuclein;
supports lysosomal/autophagic clearance path-
ways and may limit intercellular spread of mis-
folded proteins in experimental models

Promotes endogenous repair processes, vas-
cular remodeling, endothelial stabilization, and
partial restoration of BBB integrity in experi-
mental CNS injury models

Reduces neuronal vulnerability to hypoxia, oxi-
dative stress, and inflammatory injury; may at-
tenuate apoptosis, inflammasome activation,
and pyroptosis in CNS injury models

May improve CSF-ISF exchange, interstitial so-
lute clearance, edema resolution, and distribu-
tion of therapeutics in selected preclinical CNS
injury and neurodegeneration models

MSC secretome; extracellular vesicles; exo-
somes, when specifically characterized; regula-
tory microRNAs, including miR-133b, miR-21,
miR-126, miR-146a, and miR-17-92 cluster

IL-10, TGF-B, PGE2, IDO, TSG-6, apoptotic
MSCs, macrophage efferocytosis, and EV-as-
sociated microRNAs such as miR-146a and
miR-216a-5p

Tunneling nanotubes (TNTs), mitochondrial
transfer, Miro1/Rho-GTPase, and EV-associ-
ated mitochondrial components

Neprilysin (NEP), insulin-degrading enzyme
(IDE), MMP-2, galectin-1, Beclin-1, LC3-II, and
EV-associated miRNAs such as miR-29c-3p

VEGF, BDNF, GDNF, miR-133b, miR-126,
miR-17-92 cluster, tight junction-related path-
ways, and suppression of MMP-9 activity

Anti-apoptotic secretome factors, catalase,
Bax/Bcl-2 modulation, NLRP3 inflammasome
suppression, caspase-1 inhibition, IL-1(3, and
IL-18

AQP4 organization/polarity, astrocytic end-feet,
BBB integrity, TLR4/NF-kB signaling, neuroin-
flammatory mediators, and interstitial fluid
drainage

Guy and Offen, 2020; Harrell
et al., 2021; Liu et al., 2024;
Nasirishargh et al., 2021;
Welsh et al., 2024

Amin et al., 2025; Harrell and
Volarevic, 2021; Hoseinza-
deh et al., 2025; Mandl et al.,
2025

An et al., 2025; Bagno et al.,
2022; Mukkala et al., 2023;
Nair et al., 2021

Chen et al., 2021; Qin et al.,
2022; Rather et al., 2023;
Shin and Lee, 2020; Yin et
al., 2023

Liu et al., 2024; Nasirishargh
et al., 2021; Vargas-
Rodriguez et al., 2023; Xin et
al., 2013; Xiong et al., 2024

Brooks et al., 2022; Nazari et
al., 2023; Yu et al., 2020

Li et al., 2026; Wu et al.,
2020; Zayed et al., 2025;
Zhao et al., 2026
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Evidence also suggests that MSC-EV cargo can influence histone-regulating pathways.
MSC-EV-associated miR-29a has been reported to reduce histone deacetylase 4 (HDAC4) ex-
pression and restore the expression of genes related to memory and synaptic plasticity in ex-
perimental Alzheimer’s disease models (Chen et al., 2021). This finding provides a mechanistic
link between MSC-EV-delivered miRNAs and the regulation of histone-modifying enzymes.
MSC-EV-delivered IncRNAs may provide an additional layer of gene regulation by acting as
competing endogenous RNAs. In a preclinical model of autism spectrum disorder, the IncRNA
IFNG-AS1/Ifngas] acted as a molecular sponge for miR-21a-3p, thereby modulating phospho-
inositide 3-kinase/protein kinase B (PI3K/Akt) signaling, supporting neurogenesis, and attenu-
ating inflammatory responses (Fu et al., 2024).

Taken together, the available findings support post-transcriptional regulation mediated by
MSC-EV-associated miRNAs and IncRNAs as the most consistently demonstrated mechanism.
By contrast, direct effects on DN A methylation, histone acetylation, and chromatin remodeling
remain less well established in recipient neural cells and require further mechanistic investiga-
tion. The principal post-transcriptional and epigenetic mechanisms mediated by MSC-EVs are
summarized in Figure 2.
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Figure 2: Post-transcriptional and epigenetic modulation mediated by mesenchymal stromal cell-de-
rived extracellular vesicles. (A) Natural mesenchymal stromal cell-derived extracellular vesicles (MSC-
EVs) released by MSCs carry heterogeneous endogenous regulatory cargo, including microRNAs (miR-
NAs), long non-coding RNAs (IncRNAs), and proteins, and interact with recipient neurons and microglial
cells. (B) Following cellular uptake, miRNAs regulate gene expression primarily through post-transcrip-
tional mechanisms by promoting target messenger RNA (mMRNA) degradation or translational repres-
sion. (C) In parallel, IncRNAs may function within competing endogenous RNA (ceRNA) networks by
binding and sequestering miRNAs, thereby modifying the availability of these molecules to regulate their
target transcripts. (D) Emerging evidence also suggests that MSC-EV cargo may indirectly influence
chromatin-associated pathways and histone-related regulatory mechanisms, although evidence for di-
rect and stable changes in DNA methylation, histone acetylation, or chromatin accessibility in recipient
neural cells remains less well established than evidence for post-transcriptional regulation. (E) Collec-
tively, these mechanisms may support neuronal survival and neuroprotection, neurite growth or remod-
eling, attenuation of neuroinflammatory signaling, and a gradual shift toward a less infammatory and
more reparative microglial state. The figure was created using the Al-assisted image generation tool
Gemini and subsequently reviewed for scientific accuracy and edited by the authors using Adobe Pho-
toshop. Abbreviations: ceRNA, competing endogenous RNA; IncRNA, long non-coding RNA; miRNA,
microRNA; mRNA, messenger RNA; MSC, mesenchymal stromal cell; MSC-EVs, mesenchymal stro-
mal cell-derived extracellular vesicles.
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4. THERAPEUTIC EVIDENCE OF MSCS IN
CENTRAL NERVOUS SYSTEM DISORDERS

Building on the mechanisms summarized in Table 1, this section discusses the therapeutic
relevance of MSCs and MSC-EVs across CNS disorders. Rather than considering neurological
diseases as isolated entities, the evidence is organized according to shared pathophysiological
mechanisms and overlapping therapeutic targets.

Accordingly, the following sections examine MSC-based approaches across five CNS mac-
rocategories: (1) cerebrovascular and ischemic/hemorrhagic disorders; (2) neurodegenerative
proteinopathies and related disorders; (3) neurotrauma and acute lesions; (4) autoimmune, in-
flammatory, and emerging disorders; and (5) retinal diseases as CNS-related sensory disorders
(Table 2).

4.1. Cerebrovascular diseases and acute ischemic/hemorrhagic injury

In ischemic stroke, intracerebral hemorrhage (ICH), and ischemia/reperfusion (I/R) injury,
MSCs and MSC-EVs have shown therapeutic potential in preclinical models and early clinical
studies (Brooks et al., 2022; Liu and Jia, 2024; Rinendyaputri et al., 2025). Their effects appear
to depend primarily on modulation of the injured neurovascular microenvironment rather than
on direct replacement of lost neural cells. In this context, MSC-based interventions may pro-
mote angiogenesis, support endogenous repair processes, and attenuate inflammatory responses
(Wang et al., 2022).

A central target in acute cerebrovascular injury is the preservation or restoration of BBB
integrity. After ischemic or hemorrhagic injury, increased matrix metalloproteinase-9 (MMP-
9) activity contributes to tight junction disruption, vasogenic edema, and leukocyte infiltration
(Vargas-Rodriguez et al., 2023; Xu et al., 2025). MSCs and MSC-EVs have been reported to
counteract these processes by reducing MMP-9 activity, stabilizing endothelial junctions, and
modulating endothelial and inflammatory signaling pathways (Vargas-Rodriguez et al., 2023).

MSC-EVs represent a particularly relevant cell-free strategy in cerebrovascular disorders
because of their nanoscale structure and capacity to transfer regulatory molecular cargo to in-
jured neural and vascular cells. In experimental stroke models, MSC-EVs have been reported
to cross or interact with the BBB and deliver neuroprotective microRNAs to the ischemic tissue
(Guy and Offen, 2020; Xu et al., 2025). Among the regulatory miRNAs delivered by MSC-
EVs, miR-133b has been associated with reduced neuronal injury and enhanced neurite remod-
eling after experimental stroke, supporting the contribution of EV-mediated post-transcriptional
regulation to neurovascular repair (Nasirishargh et al., 2021; Xin et al., 2013; Zhou et al., 2022;
see Section 3.3). In addition, mitochondrial transfer from MSCs to injured endothelial or neural
cells has been proposed as a mechanism that may support cellular bioenergetics and improve
the resilience of the neurovascular unit after ischemic injury (Liu and Jia, 2024; Vargas-
Rodriguez et al., 2023).

In ICH, secondary brain injury is driven by hematoma expansion, oxidative stress, neuroin-
flammation, BBB disruption, and perithematomal edema (Calle and Zurita, 2025; Zhou et al.,
2022). Recent preclinical evidence has also implicated glymphatic dysfunction in the patho-
physiology of ICH. Hemorrhagic injury may disrupt AQP4 organization, impair interstitial
fluid clearance, and exacerbate edema and inflammatory damage. In a mouse model of ICH,
AQP4-overexpressing MSCs were reported to improve glymphatic transport, reduce BBB dis-
ruption, attenuate neuroinflammatory signaling, and improve neurological outcomes (Li et al.,
2026). Mechanistically, this study suggested that AQP4 may interact with TLR4, thereby con-
tributing to suppression of downstream NF-«xB signaling and reduced inflammatory amplifica-
tion after hemorrhagic injury (Li et al., 2026).
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Table 2: Pathophysiological targets, proposed MSC- and MSC-EV-mediated effects, evidence base, and translational challenges across central nervous system

disorder macro-categories

Macro-category

and representative
conditions

Main
pathophysiological
targets

Proposed MSC- and
MSC-EV-mediated effects

Evidence base

Translational
challenges and
perspectives

Key references

Cerebrovascular
and ischemic/
hemorrhagic
disorders:

Ischemic stroke,
intracerebral
hemorrhage,
ischemia/reperfusion
injury, vascular
dementia

Neurodegenerative
proteinopathies and
related disorders:
Alzheimer’s disease,
Parkinson’s disease,
amyotrophic lateral
sclerosis, Huntington’s
disease, prion disease

Neuronal death, BBB
disruption, edema, oxi-
dative stress, leuko-
cyte infiltration, neu-
roinflammation, mito-
chondrial dysfunction,
impaired vascular re-
pair, and age-related
inflammaging

Misfolded protein ac-
cumulation, AB, tau,
and a-synuclein pa-
thology, mitochondrial
impairment, oxidative
stress, synaptic dys-
function, chronic neu-
roinflammation, im-
paired autophagy, and
defective clearance
pathways

May promote angiogene-
sis, endogenous repair,
BBB stabilization, MMP-9
modulation, endothelial
junction preservation, deliv-
ery of regulatory mi-
croRNAs such as miR-
133b and miR-126, mito-
chondrial bioenergetic sup-
port, immunomodulation,
and modulation of glym-
phatic-related clearance in
selected models

May support immunomodu-
lation, trophic signaling, mi-
tochondrial homeostasis,
AR degradation through
NEP and IDE, autophagy-
related clearance, reduc-
tion of a-synuclein propa-
gation, neuromuscular
junction support, and func-
tional modulation of glym-
phatic-related clearance in
selected experimental con-
texts

Preclinical models and
early clinical studies

Mostly preclinical stud-
ies, with early and het-
erogeneous clinical ev-
idence for selected
conditions

Need for standardized
protocols regarding
MSC source, EV char-
acterization, dose, de-
livery route, therapeu-
tic window, age-related
responsiveness, and
long-term functional
outcomes

Need for disease-spe-
cific validation, im-
proved brain delivery,
standardized
MSC/MSC-EV prod-
ucts, optimized timing,
patient stratification,
and confirmation of
long-term efficacy

Brooks et al., 2022;
Calle and Zurita, 2025;
Li et al., 2026; Liu et
al., 2024; Liu and Jia,
2024; Popa-Wagner et
al., 2026; Rinendyapu-
tri et al., 2025; Vargas-
Rodriguez et al., 2023;
Wang et al., 2022; Xin
et al., 2013; Xu et al.,
2025; Zhou et al.,
2022

Chen et al., 2021;
Frawley et al., 2024;
Heris et al., 2022; Liu
et al., 2022; Qin et al.,
2022; Rather et al.,
2023; Regmi et al.,
2022; Shin and Lee,
2020; Wilson et al.,
2023; Wu et al., 2020;
Yin et al., 2023; Zayed
et al., 2025

1402



EXCLI Journal 2026,25:1392-1419 — ISSN 1611-2156
Received: June 11, 2026, accepted: July 28, 2026, published: August 24, 2026

Macro-category
and representative
conditions

Main
pathophysiological
targets

Proposed MSC- and
MSC-EV-mediated effects

Evidence base

Translational
challenges and
perspectives

Key references

Neurotrauma and
acute lesions:
Traumatic brain injury,
repetitive traumatic
brain injury, spinal
cord injury, hypoxic-
ischemic
encephalopathy,
intraventricular
hemorrhage

Autoimmune,
inflammatory, and
emerging disorders:
Multiple sclerosis,
severe mental illness,
Long COVID

Primary mechanical,
ischemic, or hemor-
rhagic injury followed
by oxidative stress, mi-
tochondrial failure, ex-
citotoxicity, BBB dis-
ruption, neuroinflam-
mation, glial activation,
inflammasome activa-
tion, pyroptosis, and
glial scar formation

Persistent neuroin-
flammation, immune
dysregulation,
Th17/Treg imbalance,
B-cell activation, de-
myelination, glial acti-
vation, synaptic
dysconnectivity, BBB
disruption, endothelial
dysfunction, and post-
infectious inflammatory
changes

May support mitochondrial
quality control, mitochon-
drial transfer through TNTs,
bioenergetic recovery,
edema reduction, BBB sta-
bilization, neurogenesis,
angiogenesis, M2-like mac-
rophage/microglial polari-
zation, NLRP3 inflam-
masome suppression, and
glymphatic/meningeal lym-
phatic clearance in se-
lected models

May modulate adaptive
and innate immunity, re-
balance Th17/Treg re-
sponses, reduce B-cell ac-
tivation, promote microglial
polarization toward repara-
tive phenotypes, support
oligodendrocyte lineage re-
sponses, deliver anti-in-
flammatory and trophic me-
diators, and modulate post-
viral inflammatory/vascular
dysfunction

Preclinical in vitro and
in vivo studies, includ-
ing some large-animal
models and early clini-
cal evaluations in se-
lected neonatal injury
contexts

Preclinical studies and
clinical studies for MS;
exploratory or early-
stage evidence for SMI
and Long COVID

Need to define optimal
delivery route, dosing,
timing after injury, cell
or EV engineering
strategies, precondi-
tioning protocols,
safety, and durable
functional recovery

Need for stronger dis-
ease-specific evi-
dence, careful distinc-
tion between estab-
lished and exploratory
indications, standard-
ized allogeneic
sources, targeted de-
livery strategies, long-
term safety data, and
controlled clinical trials

Ahn et al., 2023; Chen
et al., 2023; Chen et
al., 2026; Nair et al.,
2021; Nazari et al.,
2023; Schepici et al.,
2022; Shahror et al.,
2020; Xiong et al.,
2024

Allegretta et al., 2022;
Amin et al., 2025;
Bagno et al., 2022;
Krakenes et al., 2024;
Ledn-Moreno et al.,
2023; Mukai et al.,
2021; Norouzi-Ba-
rough et al., 2023;
Schepici et al., 2022;
Sheikhi et al., 2025;
Shokati et al., 2021;
Soares et al., 2022;
Uccelli et al., 2021;
Zhang et al., 2020
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Macro-category

and representative
conditions

Main
pathophysiological
targets

Proposed MSC- and
MSC-EV-mediated effects

Evidence base

Translational
challenges and
perspectives

Key references

Retinal diseases as
CNS-related sensory
disorders:

Diabetic retinopathy,
age-related

macular degeneration,
glaucoma, retinal
degenerative diseases

Oxidative stress, mito-
chondrial dysfunction,
vascular injury, BRB
disruption, neuroin-
flammation, photore-
ceptor degeneration,
retinal ganglion cell
loss, and apoptosis

May reduce inflammatory
signaling, oxidative injury,
apoptosis, and vascular in-
stability; may deliver regu-
latory microRNAs such as
miR-21, miR-124, and miR-
146a; may modulate NF-
kB, IRAK1, and NLRP3-re-
lated pathways; and may
support retinal mitochon-
drial function through TNT-
mediated mitochondrial
transfer

Mainly preclinical in
vitro and in vivo stud-
ies

Need for optimized in-
traocular or systemic
delivery, EV character-
ization, dosing, long-
term retinal safety, bio-
distribution studies,
and clinically meaning-
ful functional outcomes

An et al., 2025; Harrell
et al., 2021; London et
al., 2013; Mead and
Tomarev, 2017; Na-
sirishargh et al., 2021;
Yu et al., 2020

1404



EXCLI Journal 2026,25:1392-1419 — ISSN 1611-2156
Received: June 11, 2026, accepted: July 28, 2026, published: August 24, 2026

The immunomodulatory properties of MSCs are also relevant in the inflammatory micro-
environment of stroke. MSCs and MSC-EVs may promote a shift in microglia and macrophages
from pro-inflammatory phenotypes toward anti-inflammatory or reparative states, accompanied
by reduced production of cytokines such as TNF-a and interleukin-6 (IL-6), and increased ex-
pression of anti-inflammatory mediators such as interleukin-10 (IL-10) and transforming
growth factor-beta (TGF-B) (Liu and Jia, 2024; Wang et al., 2022). This immunomodulatory
effect may be particularly relevant in the aging brain, where post-stroke repair is limited by
reduced plasticity and a persistent low-grade inflammatory state often referred to as inflam-
maging. In this context, MSC-EVs may offer advantages as a cell-free strategy capable of de-
livering regulatory signals to the injured microenvironment while avoiding some of the limita-
tions associated with live-cell administration (Popa-Wagner et al., 2026).

Clinical evidence remains preliminary but generally supports the feasibility and safety of
MSC-based approaches in cerebrovascular disease. Early clinical studies and recent reviews
suggest that MSC administration through intravenous, intracerebral, or intraventricular routes
may be associated with improvements in neurological and functional outcomes, including
measures such as the National Institutes of Health Stroke Scale (NIHSS) and the Barthel Index
(Brooks et al., 2022; Calle and Zurita, 2025). However, available studies remain limited by
small sample sizes, heterogeneity in MSC source and manufacturing procedures, variability in
route and timing of administration, and differences in outcome measures. Further well-con-
trolled clinical trials are needed to define optimal cell or EV dose, delivery route, therapeutic
window, and preconditioning strategies, including hypoxia or three-dimensional culture prim-
ing (Liu and Jia, 2024; Rinendyaputri et al., 2025).

4.2. Neurodegenerative proteinopathies and related disorders

Neurodegenerative diseases such as Alzheimer’s disease (AD), Parkinson’s disease (PD),
and amyotrophic lateral sclerosis (ALS) share several convergent pathophysiological features,
including progressive neuronal dysfunction, accumulation of misfolded or aggregation-prone
proteins, mitochondrial impairment, oxidative stress, synaptic failure, and chronic neuroinflam-
mation (Wilson et al., 2023). In this context, MSCs and MSC-EVs have been investigated not
as direct neuronal replacement strategies, but as modulators of the diseased neural microenvi-
ronment, with potential effects on immunoregulation, trophic support, mitochondrial homeo-
stasis, and protein clearance (Isik et al., 2025; Regmi et al., 2022; Yin et al., 2023).

In AD, preclinical studies suggest that MSC-EVs may exert neuroprotective and immuno-
modulatory effects by influencing amyloid-beta (Ap) metabolism, tau phosphorylation, micro-
glial activation, and synaptic integrity (Chen et al., 2021; Herndndez and Garcia, 2021). MSC-
EVs have been reported to carry enzymes or regulatory molecules associated with AP degrada-
tion, including neprilysin (NEP) and insulin-degrading enzyme (IDE), and may contribute to
extracellular AP clearance in experimental models (Rather et al., 2023; Yin et al., 2023). In
addition, EV-associated miRNAs, including miR-29¢-3p and miR-146a, have been implicated
in regulating amyloidogenic processing and neuroinflammatory responses, including beta-site
amyloid precursor protein-cleaving enzyme 1 (BACEI)-associated pathways and microglial
activation (Regmi et al., 2022; Wang et al., 2023). MSC-based interventions may also influence
autophagy-related pathways, including Beclin-1 and microtubule-associated protein 1A/1B-
light chain 3-11 (LC3-II) signaling, thereby supporting lysosomal clearance of intracellular pro-
tein aggregates and reducing apoptosis-associated signaling by modulating the Bax/Bcl-2 ratio
(Qin et al., 2022). Recent bioengineering approaches, including surface modification of MSC-
EVs with brain-targeting peptides such as rabies virus glycoprotein (RVG), have been proposed
to improve CNS delivery, although their clinical relevance remains to be established (Yin et
al., 2023).
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In PD, MSCs and MSC-EVs have been investigated for their potential to reduce dopamin-
ergic neuronal vulnerability, oxidative stress, mitochondrial dysfunction, neuroinflammation,
and a-synuclein-associated toxicity (Heris et al., 2022; Liu et al., 2022; Volarevic et al., 2025).
Recent evidence focused on MSC-EVs suggests that these vesicles may suppress microglial
activation, reduce pro-inflammatory cytokine signaling, deliver neuroprotective and immuno-
modulatory molecular cargo, and support dopaminergic neuron survival in experimental mod-
els of PD (Volarevic et al., 2025). Beyond secreting neurotrophic factors such as brain-derived
neurotrophic factor (BDNF) and glial cell line-derived neurotrophic factor (GDNF), MSCs may
influence the extracellular clearance of a-synuclein. For example, MSC-derived matrix metal-
loproteinase-2 (MMP-2) has been associated with the degradation of extracellular a-synuclein
fibrils, whereas galectin-1 may interfere with mechanisms involved in a-synuclein uptake and
intercellular propagation (Heris et al., 2022; Shin and Lee, 2020). In addition, MSC-secreted
mediators and MSC-EV cargo may promote microglial polarization toward anti-inflammatory
or phagocytic phenotypes, potentially facilitating the clearance of a-synuclein-associated debris
and attenuating chronic neuroinflammation (Shin and Lee, 2020; Volarevic et al., 2025).

In ALS, MSC-based approaches have been explored as supportive strategies to protect up-
per and lower motor neurons through trophic, immunomodulatory, and anti-inflammatory
mechanisms (Frawley et al., 2024; Lewis and Suzuki, 2014). Rather than replacing lost motor
neurons, MSCs may secrete factors such as vascular endothelial growth factor (VEGF) and
GDNF that support motor neuron survival, neuromuscular junction maintenance, and local mi-
croenvironmental stability (Frawley et al., 2024). MSCs may also modulate astrocyte and mi-
croglial reactivity through TGF-B-related signaling and other immunoregulatory pathways,
thereby attenuating non-cell-autonomous mechanisms that contribute to motor neuron degen-
eration (Frawley et al., 2024). Although early clinical studies using autologous MSCs in ALS
have generally supported procedural safety, therapeutic efficacy remains variable, likely re-
flecting disease heterogeneity, differences in disease stage, MSC source, delivery route, and
manufacturing protocols (Frawley et al., 2024).

Beyond disease-specific mechanisms, impaired protein clearance and extracellular fluid ho-
meostasis are increasingly recognized as relevant features of neurodegeneration. The glym-
phatic system has been implicated in the clearance of AP, tau, a-synuclein, and other aggrega-
tion-prone proteins, and aging-related disruption of interstitial fluid dynamics may contribute
to their accumulation (Zhao et al., 2026). In this context, MSC-based interventions may influ-
ence glymphatic-related clearance indirectly through effects on astrocytic AQP4 organization,
neuroinflammation, vascular integrity, and interstitial fluid drainage. In Huntington’s disease
models, MSC administration has been associated with improved AQP4-M23 expression, re-
duced astrogliosis, and enhanced distribution of antisense oligonucleotides (ASOs), suggesting
a potential interaction between MSC therapy, glymphatic function, and delivery of disease-
modifying therapeutics (Wu et al., 2020). Similarly, the combination of adipose tissue-derived
MSCs with pharmacological glymphatic modulation has been reported to improve clearance of
pathogenic prion protein and survival in preclinical prion disease models (Zayed et al., 2025).
These findings support the hypothesis that MSC-based approaches may contribute to neuro-
degenerative disease management not only by modulating inflammation and trophic support
but also by improving functional clearance pathways in selected experimental contexts.

4.3. Neurotrauma and acute lesions

Acute CNS injuries, including traumatic brain injury (TBI), spinal cord injury (SCI), hy-
poxic-ischemic encephalopathy (HIE), and intraventricular hemorrhage (IVH), are character-
ized by primary mechanical, ischemic, or hemorrhagic damage followed by secondary injury
cascades. These include mitochondrial dysfunction, oxidative stress, BBB disruption,
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excitotoxicity, neuroinflammation, glial activation, and progressive cell death (Ahn etal., 2023;
Nair et al., 2021). In these contexts, MSCs and MSC-EV's have been investigated as modulators
of the injured CNS microenvironment, with potential effects on mitochondrial preservation,
inflammatory regulation, vascular stabilization, and endogenous repair.

In perinatal brain injuries, the immature brain is particularly vulnerable to oxidative damage
because of limited antioxidant capacity and high metabolic demand. MSCs may attenuate this
vulnerability by supporting mitochondrial homeostasis, including the transfer of functional mi-
tochondria to injured neural cells through TNTs (Nair et al., 2021). In addition, MSC-based
interventions have been associated with improved mitochondrial quality control and bioener-
getic recovery, involving modulation of mitophagy-related pathways and PI3K/Akt/mechanis-
tic target of rapamycin (mTOR)-associated survival signaling (Nair et al., 2021). In severe ne-
onatal [IVH, the delivery route appears to be a critical determinant of therapeutic response. Pre-
clinical and early clinical evidence suggest that local intracerebroventricular administration
may offer advantages over systemic delivery in selected neonatal injury contexts, with phase I
studies supporting the feasibility and preliminary safety of this approach (Ahn et al., 2023).

In adult TBI, MSC-EVs have been investigated as cell-free therapeutic candidates capable
of modulating neuroinflammation, edema, BBB integrity, and cell survival. Experimental stud-
ies, including large-animal models, suggest that MSC-EVs may reduce cerebral edema, support
vascular and junctional stability, and attenuate apoptosis after brain injury (Xiong et al., 2024).
Their therapeutic effects appear to be partly mediated by regulatory microRNA cargo. For ex-
ample, MSC-EVs enriched with the miR-17-92 cluster have been reported to enhance neuro-
genesis, angiogenesis, and functional recovery following experimental traumatic brain injury,
illustrating the relevance of EV-mediated delivery of regulatory RNAs in post-traumatic repair
(Xiong et al., 2024; see Section 3.3).

Repetitive traumatic brain injury (rTBI) may also impair glymphatic and meningeal lym-
phatic function, contributing to the accumulation of acetylated tau (ac-tau), axonal injury, and
cognitive dysfunction. In this setting, engineered MSC-EVs enriched with nicotinamide phos-
phoribosyltransferase (NAMPT) have been reported to attenuate neuroinflammation, preserve
AQP4 organization, and support meningeal lymphatic and glymphatic clearance in experi-
mental models (Chen et al., 2026). These findings suggest that selected MSC-EV engineering
strategies may improve functional clearance pathways after neurotrauma, although further val-
idation is required before clinical translation.

To increase MSC potency in the inflammatory and metabolically compromised post-injury
microenvironment, several preconditioning and engineering strategies have been explored. Hy-
poxic preconditioning may enhance the expression of hypoxia-inducible factor 1-alpha (HIF-
la) and increase the secretion of trophic and proangiogenic mediators. Chemical priming with
thrombin has been reported to enhance the paracrine potency of MSCs, increasing EV produc-
tion and enriching reparative cargo, including factors such as VEGF and BDNF (Ahn et al.,
2023; Schepici et al., 2022). Genetic modification has been used to improve MSC homing and
immunomodulatory capacity. For example, overexpression of C-X-C chemokine receptor type
4 (CXCR4) may enhance MSC migration toward stromal cell-derived factor 1 (SDF-1), a chem-
oattractant upregulated at sites of CNS injury (Shahror et al., 2020). Similarly, MSCs engi-
neered to overexpress IL-10 have been reported to promote anti-inflammatory microglial re-
sponses and improve functional recovery in experimental neurotrauma models (Nair et al.,
2021; Shahror et al., 2020).

In SCI, secondary injury is driven by Wallerian degeneration, oxidative stress, glial scar
formation, inflammatory cell infiltration, and activation of inflammasome-dependent cell death
pathways (Chen et al., 2023; Nazari et al., 2023). MSC-based therapies may attenuate these
processes by promoting macrophage and microglial polarization toward reparative phenotypes,
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supporting axonal preservation, and modulating the inflammatory milieu (Chen et al., 2023).
Recent studies also suggest that MSCs and MSC-EVs can suppress activation of the NOD-,
LRR- and pyrin domain-containing protein 3 (NLRP3) inflammasome, thereby reducing
caspase-1 activation, IL-1p and interleukin-18 (IL-18) release, and pyroptosis in injured spinal
cord tissue (Nazari et al., 2023). Together with autophagy-related clearance of cellular debris,
these effects may contribute to reduced secondary tissue damage and improved motor recovery
in preclinical SCI models (Chen et al., 2023; Nazari et al., 2023).

4.4. Autoimmune, inflammatory, and emerging disorders: Multiple sclerosis, SM1, and
Long COVID

Autoimmune, inflammatory, and emerging post-infectious CNS disorders share several
pathophysiological features, including persistent neuroinflammation, glial activation, immune
dysregulation, BBB disruption, and altered neural network function. In this context, MSCs and
MSC-EVs have been investigated as potential modulators of neuroimmune homeostasis rather
than as direct cell replacement strategies.

In multiple sclerosis (MS), MSC-based approaches have been primarily explored for their
immunomodulatory and pro-repair properties. MSCs and MSC-EVs may contribute to the reg-
ulation of adaptive immunity by promoting CD4+ regulatory T-cell (Treg) responses and re-
ducing pro-inflammatory T helper 1 (Thl) and T helper 17 (Th17) activity (Amin et al., 2025;
Shokati et al., 2021). In addition, MSCs may influence humoral immunity by modulating B-
cell activation, maturation, and autoantibody production, which are relevant to myelin-directed
immune responses (Sheikhi et al., 2025). Within the CNS, MSC-EVs enriched with specific
regulatory microRNAs, including miR-216a-5p and miR-467f, have been reported to promote
microglial polarization toward anti-inflammatory or reparative phenotypes through modulation
of TLR4/NF-xB- and PI3K/Akt-related inflammatory pathways (Allegretta et al., 2022;
Krékenes et al., 2024). This shift may facilitate myelin debris clearance and create a permissive
environment for oligodendrocyte precursor cell (OPC) maturation and remyelination (Krékenes
et al., 2024). Clinical studies have generally supported the feasibility and safety of intrathecal
or intravenous MSC administration in MS, with variable effects on clinical disability and mag-
netic resonance imaging (MRI) inflammatory activity. However, clinical efficacy remains in-
consistent, and larger controlled trials are required to define the optimal cell source, route of
administration, dose, timing, and patient selection criteria (Amin et al., 2025; Sheikhi et al.,
2025; Shokati et al., 2021; Uccelli et al., 2021).

In the neuropsychiatric field, particularly in SMI such as schizophrenia and bipolar disorder,
MSC-based strategies remain investigational. These disorders have been associated with neu-
roinflammation, synaptic dysconnectivity, oligodendroglial dysfunction, and impaired neural
plasticity (Zhang et al., 2020). Experimental evidence suggests that MSCs and MSC-EVs may
influence mechanisms relevant to these processes, including immunomodulatory signaling,
trophic support, and oligodendrocyte lineage regulation (Bagno et al., 2022; Mukai et al., 2021,
Soares et al., 2022). For example, MSC-derived mediators such as indoleamine 2,3-dioxygen-
ase (IDO), prostaglandin E2 (PGE2), and neurotrophic factors may contribute to an anti-inflam-
matory and pro-repair microenvironment, potentially supporting synaptic and myelin-related
plasticity. However, the application of MSC-based interventions to SMI remains at an early
conceptual and preclinical stage. Proposed strategies, including cell preconditioning, intranasal
delivery, and functional magnetic resonance imaging (fMRI)-guided targeting of disconnected
neural circuits such as the default mode network (DMN), should therefore be interpreted as
future translational possibilities rather than established therapeutic approaches (Schepici et al.,
2022; Zhang et al., 2020).
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Long COVID has emerged as a post-infectious condition that may involve persistent sys-
temic inflammation, endothelial dysfunction, BBB disruption, microglial activation, and cog-
nitive symptoms commonly described as “brain fog” (Davis et al., 2023; Leén-Moreno et al.,
2023). Although their mechanisms remain incompletely understood and heterogeneous among
patients, MSC-EVs have been proposed as a potential cell-free strategy to modulate the inflam-
matory and vascular components of post-viral CNS dysfunction. Compared with live-cell ad-
ministration, MSC-EVs may offer theoretical advantages, including lower risk of pulmonary
entrapment and the ability to deliver regulatory molecular cargo through less invasive routes,
such as intranasal administration (Le6n-Moreno et al., 2023; Norouzi-Barough et al., 2023).
Experimental and early translational approaches have explored EV-based formulations, hydro-
gels, and nanoparticle-assisted delivery systems to enhance nose-to-brain transport and prolong
local therapeutic effects. Nevertheless, evidence supporting MSC-EV-based interventions for
Long COVID-related neurological manifestations remains preliminary, and rigorous preclinical
and clinical studies are needed before therapeutic conclusions can be drawn (Leén-Moreno et
al., 2023; Norouzi-Barough et al., 2023).

4.5. Retinal diseases as CNS-related sensory disorders

The retina is developmentally and anatomically derived from the CNS and shares several
cellular, vascular, and neuroinflammatory features with other CNS tissues (London et al.,
2013). Retinal diseases, including diabetic retinopathy, age-related macular degeneration, glau-
coma, and other retinal degenerative disorders, are characterized by oxidative stress, vascular
dysfunction, neuroinflammation, mitochondrial impairment, blood-retinal barrier (BRB) dis-
ruption, and progressive loss of photoreceptors or retinal ganglion cells (An et al., 2025; Yu et
al., 2020). These shared pathophysiological features support the inclusion of retinal disorders
as CNS-related sensory conditions in the context of MSC-based neuroprotective strategies.

MSC-EVs can deliver regulatory miRNAs and other molecular cargo that modulate inflam-
matory and cell-survival pathways in retinal cells. These mechanisms may attenuate NF-kB-
and inflammasome-related signaling, reduce inflammatory activation, and support the survival
of retinal ganglion cells and other vulnerable retinal populations (An et al., 2025; Harrell et al.,
2021; Mead and Tomarev, 2017; Nasirishargh et al., 2021; see Section 3.3). Through these
mechanisms, MSC-EVs may contribute to reduced inflammatory activation, improved retinal
cell survival, and preservation of retinal structure in experimental models.

In addition to EV-mediated signaling, MSCs may support retinal bioenergetics through mi-
tochondrial transfer. Experimental evidence suggests that MSCs can donate functional mito-
chondria to metabolically stressed retinal cells via TNTs, potentially improving mitochondrial
function and reducing oxidative injury (An et al., 2025). Although these findings support the
therapeutic potential of MSC-based and MSC-EV-based strategies in retinal degeneration, most
evidence remains preclinical. Further studies are needed to define optimal vesicle characteriza-
tion, delivery route, dosing, treatment timing, long-term safety, and functional efficacy before
clinical translation.

Table 2 summarizes the main pathophysiological targets, proposed MSC- and MSC-EV-
mediated effects, evidence base, and translational challenges across the five CNS macrocate-
gories.

5. TRANSLATIONAL CHALLENGES:
SAFETY, MANUFACTURING, AND REGULATORY UPDATES

A critical evaluation of the current literature reveals a substantial translational gap between
preclinical promise and clinical efficacy. Although animal studies support the neuroprotective,
immunomodulatory, and plasticity-enhancing potential of MSCs, clinical efficacy remains
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unproven. Early-phase human studies have generally supported short-term safety and feasibil-
ity, with some reporting exploratory clinical, imaging, or biomarker signals (Ghasemi et al.,
2023; Isik et al., 2025; Lu and Allickson, 2025). A recent randomized phase 2a trial of
laromestrocel in mild Alzheimer’s disease reported indications of reduced brain atrophy and
possible clinical benefit at 39 weeks. However, its small sample size, safety-focused primary
endpoint, and exploratory analyses of efficacy preclude conclusions regarding disease modifi-
cation (Rash et al., 2025). More broadly, no adequately powered confirmatory trial has estab-
lished a durable disease-modifying effect of MSC-based therapy in neurodegenerative disor-
ders. This gap may reflect the limited ability of experimental models to reproduce the chronic
and heterogeneous nature of human neurodegeneration, as well as small cohort sizes, short fol-
low-up periods, and variability in cell sources, doses, delivery routes, and outcome measures.
Limited cell persistence and target-tissue exposure may also constrain efficacy, particularly
after intravenous administration, although systemic paracrine and immunomodulatory effects
may still occur (Bagno et al., 2022; Ghasemi et al., 2023; Le6n-Moreno et al., 2023).

Beyond physiological and biodistribution barriers, the systemic administration of live
MSCs presents specific safety and regulatory concerns. Culture-expanded MSCs may express
variable levels of tissue factor, which can activate coagulation pathways and contribute to the
instant blood-mediated inflammatory reaction, increasing the risk of thromboinflammatory
events in susceptible settings (Leon-Moreno et al., 2023; Lu and Allickson, 2025). Other safety
concerns include the potential for ectopic tissue formation, unwanted pro-fibrotic or pro-angi-
ogenic effects, immune incompatibility, and the theoretical risk of malignant transformation
after prolonged ex vivo expansion (Guy and Offen, 2020; Lu and Allickson, 2025).

Clinical efficacy assessment is further complicated by inadequate or insufficiently stand-
ardized potency assays, which may not adequately reflect the proposed mechanism of action or
predict relevant biological activity (Lepski and Arévalo, 2026; Lu and Allickson, 2025; Re-
nesme et al., 2025). This limitation is compounded by insufficient patient stratification accord-
ing to disease stage and biological phenotype. Clinical trials often include heterogeneous pa-
tient populations without stratification based on the stage of neurodegeneration, inflammatory
or molecular biomarkers, or other predictors of therapeutic response. Variability in dose, treat-
ment timing, and therapeutic windows may further obscure signals of efficacy across studies
(Ghasemi et al., 2023; Lepski and Arévalo, 2026; Lu and Allickson, 2025).

Manufacturing and scalability represent additional barriers to clinical implementation. MSC
properties are influenced by donor-to-donor variability, tissue source, donor age, culture media,
oxygen tension, passage number, cryopreservation, thawing procedures, and release criteria
(Anetal., 2025; Lu and Allickson, 2025). GMP-compliant production requires rigorous control
of these variables to preserve cell identity, viability, sterility, potency, and batch-to-batch con-
sistency. Extensive passaging may induce senescence and reduce immunomodulatory or
trophic activity, whereas cryopreservation and thawing can transiently impair MSC fitness and
functional responses (Giovannelli et al., 2023; Lu and Allickson, 2025; Mandl et al., 2025).
Accordingly, release testing should include standardized, mechanism-relevant potency assays
to support product comparability and regulatory evaluation.

The heterogeneity of clinical outcomes in MSC trials has also emphasized the need for har-
monized reporting and regulatory standards. The 2025 ISCT Delphi-based consensus definition
and clinical reporting guidelines provide an important framework for improving transparency
and reproducibility in MSC-based therapeutics (Renesme et al., 2025; Wiest, 2025). These rec-
ommendations emphasize detailed reporting of tissue source, donor characteristics, culture con-
ditions, manufacturing procedures, product characterization, viability at the time of administra-
tion, dose, route of delivery, timing, and functional potency testing (Lu and Allickson, 2025;
Renesme et al., 2025; Wiest, 2025). Adoption of these standards is particularly relevant for
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CNS applications, in which differences in delivery route, disease stage, inflammatory status,
and outcome measures can substantially influence therapeutic responses.

In this context, MSC-EVs have emerged as a promising cell-free alternative that may reduce
some risks associated with live-cell administration. Because MSC-EVs are acellular and non-
replicative, they are not expected to engraft, proliferate, or differentiate ectopically. They may
also have a lower risk of pulmonary entrapment and offer practical advantages in storage, en-
gineering, dosing, and product standardization (Allegretta et al., 2022; Giovannelli et al., 2023;
Guy and Offen, 2020). However, MSC-EV translation faces its own challenges, including ves-
icle heterogeneity, isolation and purification methods, cargo characterization, potency assays,
biodistribution, dosing, scalability, and long-term safety (An et al., 2025; Gimona et al., 2021;
Giovannelli et al., 2023; Welsh et al., 2024). Thus, MSC-EVs should not be viewed simply as
risk-free substitutes for MSCs, but as distinct biological products requiring dedicated manufac-
turing and regulatory frameworks.

Building on the therapeutic potential of natural MSC-EVs, bioengineering strategies are
being developed to improve targeting, cargo definition, and disease-specific activity. Natural
MSC-EVs carry a heterogeneous endogenous cargo of regulatory RNAs, proteins, and lipids,
whose composition varies according to MSC source and culture conditions. By contrast, engi-
neered MSC-EVs can be modified at both the surface and cargo levels to improve spatial and
molecular precision. Surface modifications incorporating RV G-derived peptides have been in-
vestigated to enhance brain accumulation and neural-cell targeting in preclinical models (Cui
et al., 2019; Huang et al., 2026; Yin et al., 2023). Cargo-engineering strategies may include
enrichment with miR-133b to support neurite remodeling and neuroplasticity, loading with
small interfering RNAs (siRNAs) directed against SNCA mRNA to reduce a-synuclein expres-
sion, or enrichment with NAMPT to provide metabolic support through nicotinamide adenine
dinucleotide (NAD+)/sirtuin 1 (SIRT1)-related pathways (Chen et al., 2026; Cooper et al.,
2014; Huang et al., 2026; Isik et al., 2025; Xin et al., 2013). Although the a-synuclein-targeting
study used engineered EVs derived from dendritic cells rather than MSCs, it provides proof of
concept for RVG-mediated delivery of therapeutic siRNA to the CNS (Cooper et al., 2014).
Representative routes considered for CNS delivery include intranasal, intravenous, and intrac-
erebroventricular administration, which differ in invasiveness, biodistribution, and target-tissue
exposure (Huang et al., 2026; Isik et al., 2025; Kodali et al., 2023). This transition from natural
MSC-EVs with heterogeneous endogenous cargo to precision-engineered MSC-EVs is sum-
marized in Figure 3.

These approaches may enhance the precision of MSC-EV-based therapies for CNS disor-
ders, but they also introduce additional regulatory complexity regarding product identity, re-
producibility, off-target effects, immunogenicity, and safety. Accordingly, engineered MSC-
EVs will require product-specific assessments of targeting efficiency, cargo stability, biodistri-
bution, off-target effects, immunogenicity, and long-term safety prior to clinical translation.

6. CONCLUSION AND FUTURE PERSPECTIVES

MSCs and MSC-EVs represent promising investigational approaches in regenerative neu-
rology and CNS repair. Current evidence indicates that their therapeutic potential is mediated
predominantly by paracrine and immunomodulatory mechanisms, including regulation of neu-
roinflammation, trophic support, modulation of mitochondrial bioenergetics, BBB stabiliza-
tion, and potential effects on protein and interstitial fluid clearance. Collectively, these mecha-
nisms target convergent pathological processes underlying CNS injury and degeneration, par-
ticularly neuroinflammation, barrier dysfunction, and impaired neuroplasticity. Although dura-
ble disease-modifying efficacy in humans has not yet been established, the convergence of
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mechanistic and preclinical evidence provides a strong rationale for continued translational in-

vestigation.

A Vesicle Engineering
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Figure 3: Transition from natural to bioengineered mesenchymal stromal cell-derived extracellular ves-
icles for precision central nervous system therapy. (A) Natural mesenchymal stromal cell-derived extra-
cellular vesicles (MSC-EVs), carrying heterogeneous endogenous cargo, are contrasted with bioengi-
neered MSC-EVs containing defined therapeutic cargo and surface modifications designed to improve
central nervous system (CNS) targeting. Surface engineering with rabies virus glycoprotein (RVG)-de-
rived peptides has been investigated in preclinical models to enhance brain accumulation and neuronal
targeting. Representative engineered cargo includes microRNA-133b (miR-133b) to support neurite re-
modeling and neuroplasticity, small interfering RNA (siRNA) directed against SNCA mRNA to reduce a-
synuclein expression, and nicotinamide phosphoribosyltransferase (NAMPT) to support NAD+/SIRT1-
related metabolic pathways. The SNCA-targeting siRNA example is presented as proof of concept be-
cause the corresponding experimental study used extracellular vesicles derived from dendritic cells ra-
ther than MSCs. (B) Representative CNS delivery routes include intranasal, intravenous, and intracer-
ebroventricular administration, illustrating different strategies for delivering natural or engineered MSC-
EVs to the CNS, which differ in invasiveness, biodistribution, and target-tissue exposure. Together,
these bioengineering strategies aim to improve molecular precision, CNS targeting, and therapeutic
specificity compared with natural MSC-EVs. The figure was created using the Al-assisted image gener-
ation tool ChatGPT and subsequently reviewed for scientific accuracy and edited by the authors using
Adobe Photoshop. Abbreviations: CNS, central nervous system; miR-133b, microRNA-133b; MSC,
mesenchymal stromal cell; MSC-EVs, mesenchymal stromal cell-derived extracellular vesicles; NAD+,
nicotinamide adenine dinucleotide; NAMPT, nicotinamide phosphoribosyltransferase; RVG, rabies virus
glycoprotein; siRNA, small interfering RNA; SNCA, synuclein alpha gene; SIRT1, sirtuin 1.

Clinical translation will require a cohesive roadmap that links GMP-compliant production
and mechanism-relevant potency testing to transparent clinical reporting. GMP procedures
should standardize cell sourcing, expansion, cryopreservation, batch consistency, and release
criteria for identity, sterility, viability, genomic stability, and potency (Lu and Allickson, 2025).
The 2025 ISCT Delphi-based 33-item reporting framework complements these requirements
by covering essential products, manufacturing, administration, functional assay, and patient-
related variables (Renesme et al., 2025; Wiest, 2025). Together, these measures may improve
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product comparability, trial reproducibility, and regulatory evaluation, while MSC-EV products
will require analogous product-specific standards for isolation, characterization, potency, and
release.

MSC-EVs may reduce some limitations associated with live-cell administration, whereas
engineered EVs offer opportunities for more targeted and controllable delivery of regulatory
cargo. Their development should be supported by rigorous evaluation of biodistribution, prod-
uct consistency, off-target effects, immunogenicity, and long-term safety. Future studies com-
bining mechanistically informed preclinical models with adequately powered and appropriately
stratified clinical trials will be essential to define disease-specific indications, therapeutic win-
dows, and clinically meaningful outcomes. With improved standardization and precision engi-
neering, MSC- and MSC-EV-based strategies may advance toward more reproducible and per-

sonalized approaches for CNS repair.
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