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Abstract 

As the global population ages, neurodegenerative and neuroinflammatory diseases are becoming a rapidly grow-
ing public health challenge, with available interventions remaining largely symptomatic and often only modestly 
affecting long-term disease progression. Therapies involving mesenchymal stromal cells (MSCs) have attracted 
substantial attention as a potential clinical therapeutic strategy across chronic central nervous system (CNS) disorders, 
due to their multifaceted ability to modulate immune response and confer neuroprotection. While initially explored 
for their multilineage differentiation potential, MSCs are now predominantly recognized for their paracrine functions, 
including secretion of soluble factors and extracellular vesicles. These acellular mediators induce diverse neuroprotec-
tive effects by attenuating neuroinflammation, stabilizing the blood–brain barrier, reprogramming glial and lympho-
cyte activity, and delivering regulatory microRNAs that modulate neuronal apoptosis and inflammatory gene net-
works. In this review, we summarize molecular evidence from in vitro and in vivo preclinical models, and early clinical 
investigations that demonstrate how tissue source and immunobiological plasticity shape the efficacy of MSCs. We 
further highlight emerging trends toward acellular MSC-derived therapies, offering a mechanistically versatile plat-
form for therapeutic interventions for common neurodegenerative and neuroinflammatory disorders of the CNS, par-
ticularly Alzheimer’s disease, Parkinson’s disease and multiple sclerosis, a primary autoimmune demyelinating disorder.
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Graphical abstract

Introduction
Advances in medicine have markedly increased life 
expectancy [1], but this demographic shift has simulta-
neously contributed to a rise in age-associated neurode-
generative diseases (NNDs), now a major global health 
burden [2]. NNDs comprise heterogeneous disorders 
characterized by progressive and region-specific neu-
ronal degeneration within the central nervous system 
(CNS) [3]. Despite distinct etiologies and disease-specific 
pathological signatures, these conditions usually share 
some of the following convergent mechanisms: synaptic 
dysfunction, aberrant proteostasis with protein aggre-
gation, cytoskeletal disruption, metabolic imbalance, 
genomic damage, and chronic neuroinflammation [4], the 
latter of which is now recognized as a central pathologi-
cal feature [3]. Accordingly, elucidating the cellular and 
molecular underpinnings of neuroinflammatory interac-
tions is a critical step toward development of new thera-
peutic strategies [5]. Mesenchymal stromal cells (MSCs) 
are among the most compelling strategies, and their ther-
apeutic actions are now known to be largely mediated 
by their paracrine signalling [6, 7]. Acellular derivatives, 

such as the full repertoire of factors secreted by MSCs 
(secretome), or the isolated extracellular vesicles (EVs) 
[8–10], contain immunomodulatory, neurotrophic, and 
anti-apoptotic factors, enabling a multitarget interven-
tion capable of reprogramming the neuroinflammatory 
milieu [11–13]. This review will dissect the dynamic 
interplay between MSC-derived products and the neu-
rodegenerative and inflammatory environment, with an 
emphasis on the mechanistic basis for their pleiotropic 
therapeutic effects.

Neuroinflammation in CNS disorders
Neuroinflammation comprises the activation of microglia 
and astrocytes, increased secretion of pro-inflammatory 
cytokines, and infiltration of peripheral immune cells 
into the CNS, ultimately leading to localized tissue dam-
age [14]. Under physiological conditions, resident glial 
cells support CNS homeostasis by sensing perturbations, 
clearing cellular debris, and contributing to host defense. 
In contrast, persistent or dysregulated activation of these 
cells can drive chronic neuroinflammation, a common 
feature of multiple CNS disorders [3, 15]. In response 
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to inflammatory stress, neurons can also adopt a “neu-
roinflammatory” phenotype, characterized by oxidative 
stress, increased susceptibility to apoptosis, and release 
of danger-associated mediators that further recruit and 
activate glia [3, 16]. Overall, microglia, astrocytes, and 
infiltrating immune cells are the primary mediators, 
releasing cytokines and reactive oxygen species (ROS) 
[17], which in turn amplify neuronal stress responses and 
inflammation-associated neuronal dysfunction.

Glial and endothelial dynamics in the inflammatory 
CNS microenvironment
Microglia surveillance and activation states
Microglia can detect pathogen- and damage-associated 
molecular patterns through the expression of diverse 
pattern recognition receptors, especially Toll-like recep-
tors [18, 19]. They can phagocytose cell debris, infec-
tious agents, and apoptotic bodies, thereby maintaining 
CNS integrity [20]. Beyond immune surveillance, micro-
glia contribute to tissue homeostasis, synaptic remod-
eling, and myelination [21, 22]. Rather than fitting into 
rigid M1/M2 categories, microglia display a spectrum 
of activation states [23]; for clarity, we refer here to 
“M1‑like” and “M2‑like”. The M1‑like microglia, trig-
gered by interferon‑gamma or TLR engagement [24], 
produce interleukin (IL)-1β, tumor necrosis factor alpha 
(TNF‑α), IL‑6, nitric oxide (NO), and metalloprotein-
ases (MMPs) [18, 25]. Conversely, the M2-like states 
promote resolution and repair via IL-10 and transform-
ing growth factor-beta (TGF-β) [26]. Under physiological 
conditions, microglial activation is transient and resolves 
once the triggering stimulus is removed [27]. However, 
in chronic NNDs, persistent stimuli maintain microglia 
in a sustained pro-inflammatory and neurotoxic phe-
notype [28]. In Alzheimer’s disease (AD), for example, 
β-amyloid (Aβ) plaques and hyperphosphorylated tau 
induce microglial activation, with resulting tissue dam-
age releasing damage-associated molecular patterns that 
further amplify inflammation [29, 30]. Microglial activa-
tion can even promote Aβ production and aggregation 
through upregulation of IFITM3 (interferon-induced 
transmembrane protein 3) [31], or by iron release [32, 
33]. Microglial activation can also drive tau pathology, 
as microglia-derived exosomes transport hyperphospho-
rylated tau, promote prion-like propagation of neurofi-
brillary tangles and exacerbate neurodegeneration [34, 
35]. Similarly, in Parkinson’s disease (PD), α‑synuclein, 
a presynaptic protein with physiological roles in syn-
aptic and mitochondrial functions, forms pathogenic 
complexes upon misfolding and aggregation [36]. In PD 
models, aggregated α-synuclein robustly engages micro-
glia/monocytes, promoting an inflammatory response 

characterized by increased secretion of pro-inflamma-
tory mediators. Notably, the α-synuclein-induced neuro-
toxicity is markedly reduced when microglia are depleted 
or absent, indicating that microglial activation is crucial 
for neuronal injury [37–39].

Astrocyte dynamics: from support to reactivity
Astrocytes are now recognized as active participants in 
neuroinflammation, responding to CNS damage and 
stress signals [40]. While they normally support CNS 
homeostasis by maintaining the blood–brain barrier 
(BBB) integrity, modulating synaptic plasticity, regulat-
ing ion and fluid balance, clearing apoptotic bodies and 
pathogens, and forming glial scars [41–43], inflammatory 
cues can convert them into neurotoxic reactive astrocytes 
[44]. They can release IL-1β, TNF-α, NO, and the com-
plement component 3 (C3) [45, 46], and have increased 
expression of glial fibrillary acidic protein (GFAP), IL-17 
receptor, and tropomyosin receptor kinase B [47]. Con-
versely, resolution-promoting astrocytes support tissue 
repair and neurogenesis, and ameliorate inflammation 
[48] by producing anti-inflammatory cytokines such 
as IL-4, IL-10, TGF-β, and neurotrophic factors includ-
ing brain derived neurotrophic factor (BDNF) and glial-
cell derived neurotrophic factor (GDNF) [46, 49]. Signal 
transducer and activator of transcription 3 (STAT3), an 
activated downstream of BDNF signaling, is a key regu-
lator of astrocyte differentiation. Loss of STAT3 func-
tion leads to increased immune cell infiltration, neuronal 
loss, and demyelination [50]. In spinal cord injury mod-
els, STAT3 deficiency impedes glial scar formation, per-
mitting uncontrolled tissue damage [51]. Astrocytes 
and microglia engage in bidirectional communications. 
Astrocyte-derived IL-1β, complement proteins, NO, 
chondroitin sulfate proteoglycans (CSPGs), and 
chemokines like C–C motif chemokine ligand 2 (CCL2) 
and C-X-C motif chemokine ligand 10, can potentiate 
microglial neurotoxic activation [52]. Conversely, micro-
glia release TNF-α, IL-1α, and complement component 
1q, which sustain astrocyte activation [52]. In AD models, 
the expression of astrocytic marker GFAP is increased, 
indicating the emergence of disease-associated astrocytes 
(DAAs). DAAs exhibit altered expression of genes impli-
cated in inflammation and amyloid metabolism [53, 54], 
paralleled by reduced expression of genes critical for neu-
ronal support [53]. In PD models, especially the MPTP 
(1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) model, a 
significant increase of C3+ reactive astrocytes is observed 
near regions of dopaminergic neuron loss [55]. Chronic 
administration of BSSG (β-sitosterol β-D-glucoside) also 
increases the population of astrocytes co-expressing C3 
with GFAP or S100B [56, 57].
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BBB integrity in health and disease
The BBB, consisting of endothelial cells, pericytes, and 
astrocytic endfeet, forms a semi-permeable barrier 
that tightly regulates CNS exchange with the circula-
tion [58]. The integrity of the BBB is mediated by tight 
junctions connecting brain microvascular endothe-
lial cells (BMECs) [59, 60]. During neuroinflammation, 
BBB integrity is compromised (Fig.  1a). Pro-inflamma-
tory glial activation negatively regulates expression of 
tight-junction proteins, promoting barrier leakage and 
allowing circulating immune cells and soluble inflam-
matory mediators to enter the CNS, thereby amplify-
ing glial reaction and tissue injury in a self-sustained, 

harmful loop [61]. Under physiological conditions, astro-
cytes reinforce BBB impermeability by releasing GDNF, 
fibroblast growth factor (FGF), and angiopoietin-1 
(Ang-1) [62–64]. However, under oxygen and glucose 
deprivation, they upregulate MMPs, particularly MMP9, 
and vascular endothelial growth factor (VEGF), which 
degrade tight-junctions [65, 66]. Cytokines such as IL-6 
and oncostatin M elevated in multiple sclerosis (MS), 
disrupt the barrier by reducing claudin-5 expression 
[67–69] (Fig.  1b). Microglial activation also increases 
BBB permeability. Lipopolysaccharide-stimulated micro-
glia increase the permeability of the barrier [70], and this 
effect can be reversed by reducing ROS production [70, 

Fig. 1  Mechanisms of BBB disruption under neuroinflammatory conditions. a In homeostatic conditions, BBB integrity is preserved by tightly 
regulated interactions between BMECs, pericytes, and astrocytic endfeet, supported by tight junction proteins such as occludin, claudin-5, 
and ZO-1/2/3. Neuroinflammatory stimuli compromise tight junction architecture, increasing paracellular permeability. b Astrocytes modulate 
BMEC phenotype in response to oxygen availability. Under normoxia, astrocyte-derived GDNF, FGF, and Ang-1 enhance tight junction expression. 
Conversely, hypoxic or inflammatory conditions stimulate astrocytes to release VEGF, MMPs, IL-6, and oncostatin M, which weaken tight junction 
integrity and promote BBB breakdown. c Proinflammatory cytokines such as IL-1β and TNF-α disrupt tight junction expression via multiple 
intracellular signalling pathways, including PKC, MAPK, and PI3K/NF-κB. These cascades lead to oxidative stress and transcriptional repression 
of ZO-1, occludin, and claudin-5, contributing to BBB dysfunction. Image created with Biorender.com
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71] or blocking TNF-α with a neutralizing antibody [72]. 
Exposure of BMECs to IL-1β induces the phosphoryla-
tion of zonula occludens 1 (ZO-1) through activation of 
protein kinase C (PKC), which leads to its relocalization 
from the cell membrane to the cytoplasm, disrupting its 
interactions with other tight-junction proteins [73, 74]. 
Similarly, prolonged exposure to IL-1β downregulates the 
expression of claudin-5 by promoting the nuclear trans-
location of β-catenin and FOXO1 (forkhead box pro-
tein O1) [75]. It also reduces occludin expression via the 
mitogen-activated protein kinase (MAPK) signaling [76]. 
TNF-α represses claudin-5 promoter activity through 
nuclear factor kappa-light-chain enhancer of activated 
B cells (NF-κB) signaling and phosphoinositide 3-kinase 
(PI3K) pathway [77, 78]. TNF-α also lowers occludin [76] 
and ZO-1 [79, 80] expression (Fig.  1c), while indirectly 
inducing BMEC release of IL-6 [81] and SPARC (the 
secreted protein acidic and rich in cysteine), an extracel-
lular matrix remodeler that hinders the correct function 
of tight junctions [82].

Peripheral immunity involvement in CNS tissue 
damage
Neuroinflammation is not solely driven by CNS resi-
dent cells. Peripheral immune cells also play essential 
roles in initiating and amplifying the neuroinflamma-
tory processes [83, 84]. Although dissecting the exact 
contribution of each cell across NNDs is complex, MS 
may serve as a paradigmatic example due to its auto-
inflammatory nature driven by autoreactive CD4+ T 
lymphocytes targeting CNS antigens [85]. Unlike PD 
or AD, where neuroinflammation is generally consid-
ered secondary and contributory to neurodegeneration, 
MS is a primary chronic autoimmune and demyelinat-
ing disorder of the CNS. Although the exact trigger for 
the autoinflammatory cascade remains incompletely 
understood, current evidence suggests a complex inter-
play of genetic susceptibility and environmental factors 
that promotes the activation of peripheral autoreac-
tive lymphocytes, leading to loss of immune tolerance 
and subsequent breach of BBB [86]. In experimental 
autoimmune encephalitis (EAE), peripheral immuniza-
tion with myelin basic protein (MBP) triggers a CD4+ 
T cell–mediated immune response: activated cells 
migrate to the draining lymph nodes [87], differentiate 
into Th1 and Th17 subsets [88], and secrete pro-inflam-
matory cytokines, such as IFN-γ, IL-2 and TNF-α, 
which show increased cerebrospinal fluid (CSF) levels 
correlating with disease severity [89]. Recruitment of 
autoreactive T cells is facilitated by the upregulation 
of integrins, LFA-1 (lymphocyte function-associated 
antigen 1) and VLA-4 (very late antigen-4), that enable 
adhesion and transmigration across the BBB [28]. EAE 

can be induced by adoptive transfer of CD4⁺ T cells 
specific to CNS antigens, or by using transgenic mice 
expressing T cell receptors (TCRs) and human HLA 
class II molecules recognizing myelin-derived epitopes 
[90]. Th17 cells exert particularly potent neurotoxic 
effects and induce more severe EAE upon adoptive 
transfer compared to Th1 cells [91]. They produce IL-17 
and IL-22 to amplify inflammation via production of 
granulocyte–macrophage colony-stimulating factor, 
IL-6, and IL-8 [92], and can directly cause injury to 
neuronal axons through TCR-independent contact that 
disrupts intracellular calcium homeostasis [93].

CD8+ T cells specific to CNS antigens are abundant 
at demyelination sites [94, 95] and become activated 
through interactions with antigen presenting cells (APCs) 
[96]. Since neuronal axons constitutively express MHC-I, 
they are particularly vulnerable to CD8⁺ T cell-mediated 
cytotoxicity, a process exacerbated by the fact that CD8+ 
T cells often outnumber CD4+ T cells within MS lesions 
[97]. The inflammatory environment in MS further 
upregulates MHC-I on neurons and oligodendrocytes, 
enhancing their susceptibility to immune attack [98, 
99]. In addition to releasing pro-inflammatory cytokines 
[100], CD8+ T cells release perforin and granzymes A/B, 
which induce direct cytolytic damage. Finally, they can 
trigger caspase-dependent apoptosis via FAS signaling 
on neuronal membranes and axons [101]. Despite this 
cytotoxicity, CD8+ T cells can also exert regulatory func-
tions. Their depletion worsens EAE in CD28−/− mice, 
while adoptive transfer of CD8+CD28− T cells attenu-
ates MS [102]. Moreover, MOG (myelin oligodendrocyte 
glycoprotein)-stimulated CD8+ T cells can suppress EAE 
by selectively eliminating pathogenic CD4+ T cells [103].

CD4+ Tregs antagonize Th1, Th17, and cytotoxic CD8+ 
T lymphocytes. In MS, mutations in CD25 and cytotoxic 
T-lymphocytes antigen 4 (CTLA-4), along with reduced 
expression of forkhead box P3 (FoxP3) and IL-10, impair 
Treg functions [104]. Restoring Treg activity, either by 
transferring FoxP3+ Tregs into EAE mice [105], or stimu-
lating the function of CD28+ Tregs, attenuates the disease 
course, suggesting the correlation between decreased 
Treg numbers and MS symptoms [106].

B cells also contribute to the MS pathogenesis, as 
shown by the accumulation of B lymphocytes, plasma 
cells, and immunoglobulins within brain lesions and in 
the CSF [107]. B cells enhance T cell activation by pre-
senting antigens and expressing co-stimulatory factors, 
including CD40, CD80, and CD86 [108, 109]. They also 
form tertiary lymphoid structures within the meninges of 
MS patients, enabling local T cell activation and expan-
sion [110] (Fig. 2a). Autoreactive B cells exacerbate tissue 
degeneration by differentiating into plasma cells that pro-
duce antibodies targeting myelin and oligodendrocytes, 
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promoting antibody-dependent cell-mediated cytotoxic-
ity (ADCC) by natural killer (NK) and cytotoxic T cells 
[111] (Fig.  2b). Furthermore, MS switches the cytokine 
profiles of human B cells from the native pool (IL-10 pro-
duction by naïve B cells) to the memory pool (secretion 
of TNF-α by memory B cells), reducing the regulatory 
capacity [112] (Fig. 2c).

At the peripheral level, monocytes from MS patients 
display a pro-inflammatory profile, with elevated basal 
production of IL-1β, TNF-α, IL-6 and IL-8 [113]. Classi-
cal CD14+ CD16− monocytes expressing C–C chemokine 
receptor 2 (CCR2) invade the CNS along a CCL2 gradi-
ent, and genetic ablation of CCR2 in EAE models pre-
vents lymphocyte infiltration, confirming its critical role 
in early disease pathogenesis [114]. Monocyte entry into 
the meninges is one of the earliest immunological events 
in EAE, intensifying until clinical symptoms manifest 

[115]. Beyond infiltration, monocytes and myeloid cells 
act as APCs that sustain neuroinflammation by present-
ing CNS autoantigens [116]. However, mixed outcomes 
from CCR2-targeting clinical trials suggest that mono-
cytes are not exclusively pathogenic [117], but may also 
support tissue repair by replenishing macrophage popu-
lations [118, 119]. In neurodegeneration, extracellular 
iron accumulation, caused by myelin degradation and 
oligodendrocyte death and associated with worse cog-
nitive decline [120, 121], is mitigated by microglia and 
macrophages, which uniquely express transferrin recep-
tor, enabling them to scavenge iron and limit ROS pro-
duction [122].

The role of NK cells in MS pathogenesis remains 
incompletely defined, as they may exert both cytotoxic 
and protective effects. While classically involved in elimi-
nating virally infected, tumor, or stressed cells, NK cells 

Fig. 2  Pathogenic roles of B cells in MS development. a In the meninges of MS patients, ectopic tertiary lymphoid structures form and support 
local immune activation. T cell–B cell interactions via TCR–MHC-II complexes and co-stimulatory molecules, such as CD40. They also promote full 
T cell activation and local antigen presentation. b Autoreactive B cells differentiate into plasma cells that produce pathogenic antibodies targeting 
oligodendrocytes and myelin sheath, therefore contributing to NK and T cell-driven ADCC, which leads to neuron demyelination. c Imbalance 
between pro-inflammatory and regulatory B cell responses contributes to disease progression. While memory B cells secrete TNF-α and other 
pro-inflammatory cytokines, regulatory and naïve B cells release IL-10 and promote immune resolution. A skewed ratio favouring memory 
over naïve or regulatory B cells characterizes active MS lesions
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can also limit neuroinflammation by killing antigen-
presenting dendritic cells [123] and autoreactive T lym-
phocytes [124, 125]. Moreover, NK cells can restrict the 
differentiation of naïve T cells into Th1 and Th17 clones 
targeting myelin antigens [126]. This protective activity 
depends in part on CD226 (DNAX accessory molecule-1, 
DNAM-1) [127, 128]. An MS-associated risk allele 
reduces CD226 expression and impairs NK-mediated 
clearance of autoreactive T cells [129, 130]. CD56bright 
NK cells, which are less mature, highly IFN-γ-producing 
[131], and enriched for granzyme K, accumulate at T-cell 
infiltration sites in MS lesions [132]. MS skews NK matu-
ration toward the CD56bright subset, which is the major 
NK cell subset compared to CD56dim NK cells in the 
CSF [132, 133]. Also, activated T cells upregulate ligands 
for the natural killer group 2D (NKG2D) receptor. This 
makes them susceptible to NK-mediated cytotoxicity 
[134], a process in which granzyme K plays a major role 
[135]. NK cells also target microglia through NKG2D and 
the natural cytotoxicity receptor NKp46 [136], as well 
as immature myeloid-derived cells [137, 138]. Interest-
ingly, several MS therapies modulate NK cell cytotoxicity, 
enhancing their ability to eliminate antigen-presenting 
dendritic cells [123].

MSCs in CNS repair: mechanisms of action 
and therapeutic promise
MSCs have attracted significant attention for their capac-
ity to modulate the CNS microenvironment and pro-
mote functional recovery following injury [139–141]. The 
International Society for Cell & Gene Therapy (ISCT) 
defined MSCs as plastic-adherent, multipotent cells that 
express CD105, CD73, and CD90, but lack hematopoi-
etic and immune markers (CD45, CD34, HLA-DR) [142]. 
MSCs also exhibit trilineage differentiation potential, 
so they can be differentiated in vitro into bone, adipose, 
and cartilage cells [143]. They can be isolated from a 
wide range of tissues. Bone marrow-derived MSCs (BM-
MSCs) were the first to be identified, and therefore are 
the most extensively characterized, and remain the pro-
totypical source [144]. Their major limitation lies in their 
localization, as bone marrow aspiration is inherently 
invasive and limits routine sample collection. In contrast, 
adipose-derived MSCs (AD-MSCs) [145] and peripheral 
blood-derived MSCs offer advantages in terms of acces-
sibility, reduced procedural risk, and autologous applica-
tion [146]. Over time, the spectrum of harvestable tissues 
has expanded, with neural crest-derived MSC popula-
tions identified in oral mucosa [147] and dental pulp 
[148]. Particularly advantageous are perinatal tissues, 
which have rapidly emerged as a highly convenient source 
of MSCs [149]. As these tissues are normally discarded 
after birth, their use circumvents the need for additional 

invasive procedures, providing an ethically favorable and 
readily available reservoir for MSC isolation [149]. Peri-
natal MSCs exhibit high proliferative capacity and potent 
immunomodulatory activity, and produce neurotrophic 
factors such as BDNF, GDNF, and VEGF. These cells have 
shown benefit in models of ischemic stroke and Hunting-
ton’s disease [150, 151].

Attempting to choose a single source of MSCs as uni-
versally superior for the treatment of human diseases is 
considered outdated. It has become evident that each 
MSC population displays distinct advantages and limita-
tions that manifest differently depending on the patho-
logical context [152]. From a clinical standpoint, MSCs 
have demonstrated an exceptional safety profile [153, 
154]. In several phase I clinical trials aimed at the treat-
ment of NNDs, MSC infusion was associated with very 
limited graft-related reactions and a remarkably low 
incidence of adverse events [155–158]. A more in-depth 
discussion about clinical trials in NNDs is found in a sep-
arate paragraph.

Principal axis of MSC‑mediated 
immunomodulation
The promising safety profile shown by MSCs relies on 
several molecular mechanisms, with the very low immu-
nogenicity being the most prominent [159, 160]. This 
intrinsic feature prompted the hypothesis that their 
clinical utility could rely on their ability to modulate dys-
regulated immune responses [8, 11]. Current consensus 
emphasizes that MSC-mediated neurorepair arises pre-
dominantly from paracrine mechanisms rather than neu-
ronal replacement [6]. Strikingly, this regulatory function 
does not depend on cellular viability; it persists even 
when MSCs are metabolically inactivated, fragmented, 
or apoptotic, underscoring the paracrine nature of their 
bioactivity [13, 161]. Apoptotic MSCs generated ex vivo 
retain their immunoregulatory capacity. After infusion, 
they are phagocytosed by host macrophages, which 
subsequently upregulate indoleamine 2,3-dioxygenase 
(IDO), a rate-limiting enzyme in tryptophan metabolism 
critical for immunosuppression [162]. These observations 
have contributed to the development of cell-free thera-
peutics that aim to preserve the immunomodulatory and 
trophic effects of MSCs while improving the standardiza-
tion, scalability, and safety [163, 164].

MSCs exert multifaceted effects on innate immune 
cells. Through secretion of soluble mediators, such as 
Prostaglandin E₂ (PGE2) [165, 166], IDO [165, 167], 
hepatocyte growth factor (HGF) [168], TGF-β [169], 
and interleukin-1 receptor antagonist (IL-1RA) [170], 
MSCs can reprogram microglia and monocytes toward 
the neuroprotective M2-like phenotype, character-
ized by enhanced secretion of IL-10 and arginase-1, and 
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downregulation of pro-inflammatory effectors [171, 172]. 
This reprogramming also occurs at the metabolic level 
and is further supported by exosomal delivery of micro-
RNAs that modulate gene expression networks [173]. 
The M2 monocytes also downregulate co-stimulatory 
molecules, reducing pro-inflammatory T lymphocytes 
[174] and promoting the differentiation of Tregs, extend-
ing immunoregulatory effects to other immune cells 
[174, 175]. Monocytes co-cultured with umbilical cord-
derived MSCs (UC-MSCs) show reduced expression of 
HLA-DR/DP/DQ and CD86, as well as impaired anti-
gen presentation capacity and phagocytosis [176]. UC-
MSCs also reprogram monocytes to acquire the CD14+ 
CD16+CD206+ phenotype, characterized by IL-10 secre-
tion and upregulation of programmed death-ligand 1 
[177].

MSCs can also modulate adaptive immune responses. 
MSCs suppress T-cell proliferation through both contact-
dependent and -independent mechanisms. Fas ligand 
(FasL)-mediated apoptosis has been shown in co-culture 
models [178], while exosomes can arrest T-cell cycling by 
modulating expression of cyclin-dependent kinase 2 and 
cyclin-dependent kinase inhibitor 1B [179]. Interestingly, 
MSCs may also promote T-cell quiescence by downregu-
lating Fas expression, maintaining cells in the G₀ phase 
without inducing apoptosis [180]. Furthermore, MSCs 
modulate T-cell polarization by inhibiting Th1 and Th17 
differentiation while promoting Th2 and regulatory T-cell 
expansion, a shift mediated by factors such as IDO and 
HGF [181, 182]. By transferring their mitochondria via 
actin-based tunnelling nanotubes, BM-MSCs can convert 
Th17 cells into an immunosuppressive Treg phenotype, 
characterized by the expression of FoxP3, CD25, CTLA-
4, and TGF-β1 [183]. UC-MSCs can directly inhibit the 
activity of Th1 and CD8+ T cells by reducing TNF-α 
and IFN-γ [184], while simultaneously promoting IL-10 
secretion [185]. Regarding cytotoxic T cells, our group 
demonstrated that hAMSCs impede the effector differ-
entiation of naïve CD8⁺ T cells by attenuating phospho-
rylation of mTOR (mammalian target of rapamycin) and 
protein kinase B (Akt) and downregulating IL-12Rβ1/IL-
2RA (interleukin-12 receptor β1 and RA), thereby inhib-
iting the STAT4/5 signaling [186].

The effects of MSCs, or their acellular products, on T 
cells have raised concerns on potential systemic effects 
on immunity when administered systemically. Intrath-
ecal administration facilitates localized modulation of 
neuroinflammation within the CNS, whereas intrave-
nous delivery may elicit systemic consequences [187]. 
MSCs transiently localize to the pulmonary vasculature 
and secondary lymphoid organs, where they engage host 
immune populations [188]. These interactions result in 
the functional licensing of Tregs, which subsequently 

home to the CNS to suppress inflammation [189]. The 
induction of peripheral immune tolerance, rather than 
broad immunosuppression, distinguishes MSCs from 
conventional pharmacological agents [190]. Notably, 
despite their potent immunoregulatory effects, MSC 
therapies have not been associated with an increased risk 
of opportunistic infections or malignancy, underscoring a 
favorable safety profile relative to long-term immunosup-
pression [190–192].

The immunomodulatory actions of MSCs also target 
B lymphocytes. MSCs inhibit B-cell proliferation and 
plasma cell differentiation through paracrine factors that 
modulate the extracellular signal-regulated kinase 1/2 
(ERK 1/2) and p38 signaling pathways [193, 194]. Their 
secretomes, rich in TGF-β and IL-1RA, also favor a regu-
latory B cell phenotype under specific cytokine exposure, 
especially after the priming with IFN-γ [195–197]. Addi-
tionally, BM-MSC-derived EVs influence B-cell develop-
ment by modulating PI3K/Akt activity and disrupting the 
T follicular helper–B cell interactions in early immune 
responses [184, 198].

Finally, MSC interactions with NK cells remain contro-
versial. While consistently shown to suppress NK pro-
liferation via G0/G1 arrest and apoptosis [199, 200], the 
effects of MSCs on NK cytokines vary among studies. 
Some studies reported enhanced IFN-γ secretion induced 
by BM-MSCs [201], whereas others demonstrated UC-
MSC-mediated suppression through impaired STAT4/
NF-κB signaling and activin A-driven downregulation 
of T-bet, a master transcriptional regulator of IFN-γ 
[202]. Functionally, MSCs downregulate activating NK 
receptors, including NKG2D, NKp46, and CD16, while 
upregulating some inhibitory killer immunoglobulin-like 
receptors, such as CD158, thereby attenuating NK cyto-
toxicity [203, 204].

Collectively, these findings reveal that the immu-
nomodulatory properties of MSCs can influence the 
activation and phenotypes of both innate and adap-
tive immunity. This paradigm supports MSC-based 
approaches as a potentially useful, safe, and mechanisti-
cally versatile strategy in regenerative immunology and 
neurotherapeutic (Fig. 3).

Neuroprotective and revascularization capacities 
of MSCs
MSCs exhibit robust neuroprotective properties that 
enhance neuronal survival and mitigate injury-induced 
apoptosis. In a neonatal rat model of hypoxic-ischemic 
encephalopathy, UC-MSCs significantly reduced brain 
damage by modulating Beclin-2 and caspase-3 signal-
ing pathways, thereby attenuating apoptotic cascades 
and preserving motor function [205]. Complementary 
in  vitro findings corroborated that neuroprotection was 
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Fig. 3  Broad immunomodulatory effects of MSCs on innate and adaptive immunity. MSCs exert potent immunoregulatory effects by modulating 
both phenotype and function of immune cells across the innate and adaptive spectrum. In the T cell compartment, MSCs suppress Th1 and Th17 
polarization and reduce CD8⁺ T cell activation and proliferation by releasing immunoregulatory molecules such as IDO, PGE2, and HGF. They 
concurrently promote the expansion and function of Tregs, supporting the resolution of inflammation through cell–cell contact mechanisms 
involving CTLA-4 and the secretion of TGF-β and IL-10. MSCs can also impair B cell proliferation, antibody-secreting plasma cell differentiation, 
and antigen presentation, while fostering the development of IL-10⁺ regulatory B cells via IDO and IL-35. Concerning innate immunity, MSCs 
inhibit monocyte differentiation into pro-inflammatory M1 macrophages and promote M2 polarization, characterized by PD-L1, TGF-β, and IL-10 
expression. MSCs can also interfere with NK cell activation by altering the balance of activating and inhibitory receptor signals and downregulating 
IFN-γ production, primarily via molecules such as Activin A

(See figure on next page.)
Fig. 4  Neuronal and astrocytic pathways modulated by MSC-derived miRNAs. a MSC-derived EVs deliver miRNAs that regulate processes involved 
in survival, inflammation, and synaptic integrity, attenuating mitochondrial stress and apoptosis in injured neurons. miR-21-5p, miR-17–92, 
and miR-29b inhibit key pro-apoptotic and oxidative stress-related pathways by repressing PTEN, lipid peroxidation, and components of the NF-κB 
signalling. miR-138 and miR-133 preserve dendritic spine morphology by targeting APT1 and RhoA, leading to the CREB-mediated transcription 
of anti-apoptotic genes. Mir-124 suppresses SOX9, promoting neuronal maturation, while miR-130 inhibits inflammation, targeting autophagy. 
b EV-delivered miRNAs released by MSCs also regulate astrocytic processes implicated in brain injury. MiR-124 regulates glutamate homeostasis 
by increasing the exposure of EAAT1/2 at the cell membrane. By inhibiting LCN2, miR-138-5p promotes astrocytic survival and limits the release 
of pro-inflammatory cytokines. Likewise, miR-146 inhibits IRAK1-mediated activation of the NF-κB pathway, attenuating inflammation. MiR-133 
suppresses CTGF, a mediator of reactive gliosis, induces the secretion of neurotrophic factors through glial EVs, and limits CSPG-inhibition of neural 
regeneration. Finally, in mice, miR466m-5p increases the expression of antioxidant genes by inhibiting Keap1 and Bach1, both repressors of the Nrf2 
pathway. miR466q and miR467f target MAPK11, therefore reducing the expression of IL-1β and TNFα. Image created with Biorender.com
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Fig. 4  (See legend on previous page.)
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mediated via upregulation of the anti-apoptotic B cell 
lymphoma 2 (Bcl-2) protein in rat primary neuronal and 
astrocyte cultures [206]. Similarly, administration of BM-
MSCs in stroke-prone spontaneously hypertensive rats 
led to increased Bcl-2 gene expression, reduced oxidative 
stress markers such as superoxide anions and lipid perox-
idation products, and histological evidence of restoration 
of hippocampal integrity [207].

Following cerebral ischemia, BBB breakdown precipi-
tates widespread inflammation, neuronal necrosis, and 
cerebral oedema [208]. Restoration of microvascular 
perfusion is critical to re-establish oxygen and nutri-
ent supply, thereby supporting neuronal repair [209]. 
Indeed, clinical evidence has associated higher capillary 
density with improved post-stroke survival outcomes 
[210]. MSCs foster revascularization by secreting angio-
genic factors such as Ang-1, placental growth factor, and 
VEGF [211–213]. Mechanistically, MSCs activate Notch 
signalling in endothelial cells, thereby inducing auto-
crine VEGF-A production and promoting neovasculari-
zation [209]. Furthermore, conditioned medium from 
BM-MSCs protects human aortic endothelial cells from 
hypoxia-induced apoptosis and stimulates proliferation 
via the PI3K pathway [214].

MSC‑derived EVs and their miRNA cargoes
EVs released by MSCs exert many of their parac-
rine effects through their miRNA cargoes. These miRNAs 
regulate key disease mechanisms that link neurodegen-
eration to chronic neuroinflammation. As extensively 
discussed, neuronal stress and loss are partially driven 
by the direct effect of misfolded and aggregated pro-
teins, but mostly by activation of the resident glial cells 
and, in many settings, by peripheral immune infiltration 
across the BBB [3, 215]. Accordingly, MSC-EV miRNAs 
should be considered not only for direct neurotrophic 
and anti-apoptotic actions, but also for their capacity to 
reprogram glial and immune pathways that shape the 
inflammatory microenvironment. The following section 
highlights specific EV-associated miRNAs that contrib-
ute to these therapeutic effects (Fig. 4).

Among the miRNAs responsible for direct neuropro-
tection, anti-apoptotic outcomes, and neurogenesis, miR-
21-5p is the most abundant in BM-MSC-derived EVs 
[216] and targets key pro-apoptotic pathways, including 
the TRPM7 (transient receptor potential melastatin 7) 
ion channel which is involved in oxidative stress [217, 
218]. Other mechanisms rely on the downregulation of 
FasL [219] and the modulation of Bcl-2 family proteins, 
upregulating Bcl-2 protein level while downregulating the 
Bax (Bcl-2-associated X protein) level [216, 220]. MiR-
133 promotes neurogenesis and neurorepair through reg-
ulating the dopaminergic lineage specification [221, 222] 

and attenuating inhibition of the axonal growth caused 
by the connective tissue growth factor (CTGF) released 
by astrocytes [223, 224]. It also supports neuronal differ-
entiation and maturation by inhibiting the RAS homolog 
gene family member A (RhoA), thereby activating the 
ERK 1/2 pathway and the transcription profile promoted 
by cyclic adenosine monophosphate (cAMP) response 
element binding protein (CREB) [225–227]. Dendritic 
plasticity and neurogenesis are also mediated by miR-
17–92 and miR-138. The former is responsible for the 
silencing of the phosphatase and tensin homolog (PTEN) 
protein, which, in turn, activates the Akt/GSK3β signal-
ling [228, 229]. The latter represses RhoA by targeting 
acyl-protein thioesterase 1 (APT1), which antagonizes 
dendritic spine growth [230, 231]. Finally, miR-29b miti-
gates neuronal apoptosis [232] and enhances axonal 
regeneration [233, 234], while miR-124 downregulates 
SRY-box transcription factor 9 (SOX9) [235], elevating 
neuronal fate determination and expression of the neu-
ron-associated stemness markers Nestin and SOX2 [236].

Some of the miRNAs that directly enhance neuronal 
survival can also target inflammatory pathways. MiR-
21 can inhibit NF-κB signalling in neurons and astro-
cytes, hindering IκBα phosphorylation and p65 nuclear 
translocation [237]. MiR-138 can suppress the secre-
tion of Lipocalin-2 by reactive astrocytes, a potent 
neurotoxic factor and a link between glial-promoted 
inflammation and neuron vulnerability [238]. MiR-30 
downregulates autophagy-related genes, such as Atg5 
(autophagy-related gene 5), microtubule associated pro-
tein 1 light chain 3, and Beclin 1 [239–241], while limit-
ing microglial M1 polarization [239]. MiR-146a reduces 
inflammation, inhibiting interleukin-1 receptor-asso-
ciated kinase 1 (IRAK1)-mediated NF-κB activation 
in astrocytes [242, 243]. MiR-124 enhances glutamate 
uptake, thereby reducing excitotoxicity, and can shift 
microglial polarization toward the reparative M2 phe-
notype [244, 245]. Finally, studies involving murine 
BM-MSCs highlighted interesting roles in glial-driven 
inflammation. MiR-466 m-5p was shown to target repres-
sors of antioxidant gene expression that interfere with the 
nuclear factor erythroid 2-related factor 2 (Nrf2) pathway 
[246]. MiR-466q and miR-467f can inhibit TNF-α and 
IL-1β expression by repressing mitogen-activated protein 
kinase 11 (MAPK11) in astrocytes, while in microglia 
they target upstream regulators of p38 and MAPK signal-
ling [247].

Therapeutic effects of MSCs in preclinical models 
of NNDs
MSCs in PD
Despite early evidence suggesting neuronal integra-
tion, the prevailing mechanism by which MSCs enhance 
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motor function in PD remains to be paracrine modula-
tion and immunoregulation. In 2012, Yao and colleagues 
pre-conditioned NSCs with conditioned medium from 
BM-MSCs before transplantation into 6-OHDA mice. 
This approach enhanced the dopaminergic differentiation 
of NSCs and promoted their integration into host neu-
ral circuits, leading to functional recovery and increased 
survival [248]. Schwerk and colleagues utilized AD-MSCs 
to promote robust reactive neurogenesis in the subven-
tricular zone and to alleviate Parkinsonian symptoms. 
These effects were attributed to neurotrophic factors 
and anti-inflammatory cytokines released by AD-MSCs, 
which limited neuroinflammation and neuronal death, 
ultimately improving locomotor function [249].

MSCs in MS
MSCs have also shown therapeutic effects in EAE. Zap-
pia and colleagues demonstrated that intravenous admin-
istration of autologous BM-MSCs markedly improved 
disease outcomes in this model [250]. This effect was 
attributed to the prevention of demyelinating degen-
eration through reduced cell infiltration in the brain 
and spinal cord, as well as to the in vivo induction of T 
cell anergy [250]. In addition, BM-MSCs exert systemic 
immunoregulatory effects while residing in lymphoid 
tissues, but can also reach sites of CNS inflammation. 
Once in the CNS, they protect neurons from death and 
may also acquire a neuron-like phenotype, as evidenced 
by β3-tubulin expression, thereby contributing to dis-
ease amelioration [251]. However, the notion that MSCs 
can directly differentiate into neurons and replace dam-
aged cells remains controversial [252]. It is more widely 
accepted that MSCs may stimulate the endogenous 
neural stem cell pool within the CNS. Accordingly, Bai 
and colleagues assessed cellular composition in neuro-
spheres generated from subventricular NSCs of control 
and BM-hMSC-treated EAE mice. In untreated mice, 
neurospheres were predominantly composed of astro-
cytes, with minimal differentiation into oligodendro-
cytes or neurons, indicative of reactive astrogliosis. In 
contrast, neurospheres from BM-MSC-treated mice dis-
played enhanced neuronal differentiation and a higher 
proportion of mature oligodendrocytes, correlated with 
improved in  vivo myelination [253]. Multiple studies 
further showed that the immunomodulatory effects of 
MSCs rely on a shift in immune responses, suppressing 
Th1 differentiation and pro-inflammatory cytokine pro-
duction [181] while promoting a Th2-skewed response, 
characterized by anti-inflammatory cytokines such as 
IL-4 and IL-5 [253]. MSCs strongly suppress Th17 cells, 
a subset now recognized to be central to MS pathogen-
esis [254]. Inhibiting HGF or blocking its receptor, mes-
enchymal-epithelial transition factor (c-Met), almost 

completely abolished the therapeutic benefits of MSCs 
in EAE models. HGF is indeed involved in remyelination, 
oligodendrocyte and neuronal maturation, and the resto-
ration of motor function [255].

In 2018, Laso-García and colleagues demonstrated 
that EVs derived from AD-MSCs significantly attenu-
ated brain tissue degeneration and curbed the aberrant 
inflammatory response in a murine model of TMEV 
(Theiler’s murine encephalomyelitis virus)-induced 
demyelinating syndrome [256]. The treatment promoted 
neurogenesis and improved motor function. At the spinal 
cord level, the EVs mitigated pro-inflammatory micro-
glial activation and, systemically reduced the frequencies 
of Th1 and Th17 lymphocytes [256]. Clark and colleagues 
proved that EVs from chorionic villi-derived MSCs 
reduced axonal damage and neuronal death by promot-
ing oligodendrogenesis and remyelination in EAE mice. 
Riazifar and colleagues demonstrated that the intra-
venous administration of IFNγ-primed BM-MSCs not 
only decreased neuroinflammation and reduced demy-
elination, but also significantly increased the number of 
immunoregulatory CD4⁺CD25⁺FoxP3⁺ regulatory T cells 
in the spinal cords of EAE mice [257]. AD-MSCs engi-
neered for co-expressing LIF (leukemia inhibitory factor) 
and IFN-β showed similar results, with enhanced remy-
elination, increased number of Olig2⁺ oligodendrocyte 
progenitors, and higher MBP expression [258].

MSCs in AD
Recent studies have also shown therapeutic effects 
of MSCs in AD. For example, BM-MSC transplanta-
tion significantly reduced tau hyperphosphorylation 
in 3 × Tg-AD mice by reducing inflammation, includ-
ing downregulation of GFAP expression in astrocytes 
and Iba-1 (ionized calcium-binding adapter molecule 
1) expression in microglia [259]. Similarly, intracerebral 
injection of BM-MSCs led to a significant reduction in 
Aβ plaque burden and improved cognitive performance 
in APP/PS1 mice. These effects were associated with the 
modulation of defective microglia activation, favoring 
their phagocytic capacity without the neurotoxic pro-
inflammatory reaction [260]. Placenta-derived MSCs 
(PD-MSCs), isolated from the amniotic-chorionic mem-
brane, exhibited neuroprotective effects in mice infused 
with Aβ1–42, improving cognitive function as assessed 
by the Morris water maze and passive avoidance tests 
[261]. This behavioral improvement was associated with 
downregulation of amyloid progenitor precursor (APP) 
protein, BACE1 (beta-site amyloid precursor protein 
cleaving enzyme), and Aβ expression, as well as reduced 
β- and γ-secretase activity. Moreover, PD-MSC trans-
plantation significantly suppressed glial activation and 
reduced the expression of pro-inflammatory inducible 
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nitric oxide synthase and cyclooxygenase-2. PD-MSCs 
prevented neuronal loss and promoted the differentiation 
of neuronal progenitor cells into mature neurons [261]. 
UC-MSCs enhanced cognitive function of 5 × FAD mice 
by promoting hippocampal neurogenesis and attenuat-
ing tau hyperphosphorylation through secretion of galec-
tin-3 and growth differentiation factor-15 [262, 263].

Other studies supported the therapeutic effects of MSC 
EVs. Intranasally administered BM-MSC-derived EVs 
improved temporal and spatial cognitive function and 
reduced astrocytic activation [264]. EVs from BM-MSCs 
engineered to increase brain tropism in order to facili-
tate intravenous administration, showed similar effects, 
accompanied by decreased plaque deposition [265]. A 
study by Jahed and colleagues demonstrated how MSC 
plasticity may pave the way for advanced cell therapies. 
While MSCs inherently possess immunomodulatory 
properties, the levels of their physiological secretion 

of specific neurotrophins may not be sufficient to halt 
severe, progressive neurodegeneration or promote robust 
synaptic repair. To address this limitation, the research-
ers induced transdifferentiation of AD-MSCs into “neu-
rotrophic-secreting stem cells” (NTF-SCs), which are 
biologically engineered to secrete higher quantities of 
neurotrophic factors. These NTF-SCs displayed an astro-
cyte-like morphology and could secrete neurotrophic 
factors, such as BDNF and nerve growth factor (NGF). 
In experimental models, NTF-SCs were co-cultured with 
SH-SY5Y cells pre-treated with recombinant human 
Aβ1–42 to mimic AD-like conditions. Comparative analy-
ses confirmed that NTF-SCs were more effective than 
undifferentiated MSCs in increasing NGF and BDNF 
release and attenuating Aβ-induced toxicity. The results 
also showed a significant enhancement in neuronal sur-
vival, accompanied by a general reduction in neuronal 
inflammatory activation. Moreover, a decrease in tau 

Fig. 5  In vitro and in vivo neuroprotective effects of NTF-SCs in a mouse AD model. a AD-MSCs can be transdifferentiated into GFAP⁺ NTF-SCs, 
which act as a reservoir of neurotrophic factors such as BDNF and NGF. In vitro, these cells can mitigate Aβ-induced neurotoxicity in SH-SY5Y 
neurons, reducing apoptosis, inflammation, and tau phosphorylation while enhancing synaptic function and plasticity. b In vivo transplantation 
of NTF-SCs into the hippocampus of AD mice reduces Aβ burden and neural loss, promotes neurogenesis in subgranular zone (SGZ), and increases 
the numbers of Nestin⁺ and NeuN⁺ neurons, while enhancing Wnt/β-catenin signaling. NTF-SCs also show partial neuronal differentiation 
and contribute to cognitive improvements
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phosphorylation was documented, alongside the upregu-
lation of genes of proteins associated with synaptic and 
cellular plasticity in SH-SY5Y cells, such as synapsyn-1, 
synaptophysin, and NGFI-A (nerve growth factor-
induced gene A) [266] (Fig. 5a). Subsequently, Bahlakeh 
and colleagues assessed the therapeutic potential of 
NTF-SCs in Balb/c mice injected with Aβ1–42. They dem-
onstrated that the transplanted cells promoted endog-
enous neurogenesis, resulting in a marked improvement 
of memory performance [267] (Fig. 5b).

Clinical applications of MSCs in NNDs
Building on the extensive preclinical evidence elucidat-
ing the mechanisms by which MSCs promote neuronal 
survival in neurodegenerative and neuroinflammatory 
contexts, several phase I/II clinical trials have been con-
ducted to assess their safety in patients and to begin 
exploring potential efficacy on motor, cognitive, and bio-
chemical outcomes (Table  1). For PD, to date, there is 
only one completed phase I trial with published results 
[155]. Autologous BM-MSCs were administered intra-
venously at different doses, demonstrating an excellent 
safety and immunogenicity profile, even at the highest 
dose [155]. The highest tested dose appeared to reduce 
peripheral inflammation, as evidenced by the down-
regulation of several pro-inflammatory cytokines and 
consequent motor improvements. At the same time, the 
serum level of BDNF was increased, suggesting neuro-
trophic support. Based on these findings, a subsequent 
phase II trial involving a larger cohort of patients was 
designed to evaluate the impact of MSC administration 
on quality-of-life measures (NCT04506073). However, 
results from this study, as well as from another phase II 
trial using autologous AD-MSCs (NCT04928287), have 
not yet been published. In AD, results from phase I, II, 
and follow-up studies employing allogeneic UC-MSCs 
(NEUROSTEM®-AD) delivered intrathecally are already 
available [156, 268]. Despite the more invasive adminis-
tration route, the treatment was well tolerated, without 
dose-limiting toxicities, and showed promising efficacy 
in patients with mild to moderate cognitive and psy-
chiatric impairment. Notably, AD-related biomarkers, 
including Aβ1–42, total and hyperphosphorylated tau 
protein, transiently reduced in CSF samples, as well as 
leucocytosis, further support the involvement of immu-
nomodulatory and paracrine pathways as contributing 
mechanisms of action. Autologous BM-MSCs (Lomecel-
B) [269] and AD-MSCs (Astro-Stem; NCT03117738) 
have also been tested via intravenous infusion. Encourag-
ing safety outcomes have been reported for BM-MSCs, 
along with preliminary cognitive benefits attributed to 
their pro-angiogenic and immunomodulatory properties. 

Currently, the largest number of clinical results are avail-
able from phase I and II trials in MS. Most of the trials 
employed autologous BM-MSCs [157, 158, 270–278], 
in some cases engineered to act as reservoirs of neuro-
trophic factors [279] or committed toward a neural pro-
genitor-like phenotype [280, 281]. Across the different 
trials, a consistent finding is the favourable safety and tol-
erability profile of MSC administration, regardless of the 
delivery route, with adverse drug reactions generally mild 
and never severe enough to compromise clinical feasi-
bility [270, 271, 274–277]. Several studies also reported 
motor improvements [270–272, 279–281]. These were 
accompanied by changes in CSF composition, includ-
ing a decrease in neurofilament levels as a proxy of neu-
ronal damage [271, 272, 279, 281]. Moreover, paracrine 
modulation of peripheral immunity was observed, char-
acterized by a reduction in Th1 lymphocytes [274] and a 
transient increase in regulatory T cells [270, 273]. Other 
investigations described benefits at the level of demy-
elinating plaques, with stabilization of existing lesions 
and absence of new lesion formation, suggesting a lack 
of disease reactivation [157, 271, 273, 280]. Conversely, 
the MEsenchymal StEm cells for Multiple Sclerosis 
(MESEMS) trial, a large multicentre study, confirmed the 
excellent safety profile of BM-MSCs but failed to meet 
secondary efficacy endpoints, as no significant improve-
ments in disease progression or motor function were 
observed [158, 278]. Additional sources of MSCs, includ-
ing adipose tissue [282] (NCT05116540) and perinatal 
tissues [283–286], have also been tested, consistently 
achieving primary safety outcomes and, in some cases, 
providing functional benefits such as improved motor 
performance, better bladder function control, and stabi-
lization of cerebral lesion activity.

Unfortunately, no phase III clinical trials are registered 
for MSC-based treatment of NNDs due to a translational 
bottleneck stemming from critical barriers. Lack of con-
sensus on cell sourcing, processing, and standardization 
in cell manufacturing remains the major obstacle. Other 
limitations include profound variability in trial design 
and endpoints, often unreasonably hard to reach, as 
well as unresolved regulatory complexities. Uncertain-
ties about the exact mechanisms of action, and the dif-
ficulty of finding large cohorts of patients who can be 
followed for extended periods, complicate the scenario. 
Eventually, in 2024, the FDA approved Ryoncil (remes-
temcel-L-rknd), an allogeneic, BM-MSC therapy for ster-
oid-refractory acute graft-versus-host disease, marking a 
major clinical milestone for cell-based immunomodula-
tory therapies [287]. To grant future clinical applications 
in neuropathology, it is necessary to improve the meth-
odologies for MSC manufacturing, employ larger patient 
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cohorts to enhance statistical robustness, refine diagnos-
tic strategies, and deepen our knowledge of mechanisms 
through which MSCs produce benefits in NDDs patients.

Conclusions
Despite decades of research, effective disease-modifying 
treatments for most NNDs remain elusive. This therapeu-
tic void has prompted growing interest in innovative cell-
based approaches, with MSCs emerging as a particularly 
promising platform. The multifaceted biological profile 
of MSCs, including their anti-apoptotic, immunomodu-
latory, neuroprotective, and pro-angiogenic properties, 
enables them to target multiple pathogenic mechanisms 
simultaneously. Importantly, their low immunogenic-
ity enables allogeneic administration without long-term 
immunosuppression, a feature that significantly enhances 
their translational potential. Importantly, MSCs exert 
their therapeutic effects primarily through the release 
of soluble factors and EVs, rather than through cellular 
integration or transdifferentiation. These observations 
have contributed to a shift toward acellular MSC-derived 
products, such as secretomes and EVs, which offer 
advantages in terms of scalability, reduced regulatory 
burden, and improved reproducibility across manufac-
turing batches. Additionally, the context-sensitive plas-
ticity of MSCs allows them to modulate their phenotype 
in response to local environmental cues, potentially 
enhancing therapeutic precision.

Several phase I and II clinical trials, especially in the 
context of MS, have consistently demonstrated favour-
able safety profiles, a finding rarely observed with such 
reproducibility. Unfortunately, no phase III clinical tri-
als are currently registered for MSC-based treatment of 
NNDs. This translational bottleneck likely reflects sev-
eral critical barriers: lack of consensus on cell sourcing 
and processing, variability in trial design and endpoints, 
and unresolved manufacturing and regulatory challenges. 
Addressing these limitations will require scaling clinical 
efforts through harmonized methodologies and larger 
patient cohorts to improve mechanistic understanding, 
statistical robustness, and pathway-specific targeting. 
Another major limitation is the lack of long-term safety 
data. While some concerns have been raised regarding 
the tumorigenic potential of MSCs, these findings are 
frequently contradicted by an equally substantial body 
of evidence supporting their safety. Overall, the major-
ity of NNDs are either late-onset or rapidly progressive 
and fatal in younger individuals. In such contexts, the 
risk of delayed-onset adverse events may be clinically less 
relevant than the potential benefits. Eventually, the clini-
cal feasibility of MSCs was concretely attested when, in 
2024, the FDA approved Ryoncil (remestemcel-L), an 

allogeneic BM-MSC therapy for steroid-refractory acute 
graft-versus-host disease, marking a major clinical mile-
stone for cell-based immunomodulatory therapies.
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