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Abstract

Background/Objectives: Neurodegenerative diseases (NDs) have a severe impact on patients’
quality of life, and effective treatments remain limited. As the focus is treating the symptoms, the root
cause of the problem e commonly not addressed. Stem cells show an emerging potential due to the
ability for self-renew combined with their capability for differentiation into various cell lines, which
makes them a strong candidate to regenerative therapies in general, and for application in
neurological issues in particular. This article provides an overview on the safety, efficacy and
challenges associated with the use of mesenchymal stem cells (MSCs), their derived
secretome/exosomes and their combination with biomaterials in clinical and preclinical models of
Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD), amyotrophic lateral
sclerosis (ALS) and multiple sclerosis (MS). Methods: A systematic search was conducted on
PubMed, Web of Science and Scopus to identify published studies providing clinical and preclinical
evidence on the use of MSCs in neurodegenerative disorders. Results: Overall, the literature
consistently indicates that MSCs and their derivatives exert disease-modifying effects across multiple
NDs. Across AD, PD, HD and ALS, preclinical studies uniformly report improvements in
behavioural outcomes, attenuation of neuroinflammation, and neuroprotective effects, largely
mediated by MSC paracrine signalling rather than direct cell replacement. Clinical studies to date
consistently support the safety and feasibility of MSC-based therapies, while efficacy signals remain
modest, heterogeneous and predominantly short-term, highlighting the need for larger, well-
controlled trials. Conclusions: Integration of genetic engineering, preconditioning, and EV
technology may represent a paradigm shift in neuroregeneration, offering a scalable and minimally
invasive frontier to improve long-term clinical outcomes in patients with AD, PD, HD, and ALS.

Keywords: biomaterials; exosomes; mesenchymal stem cells; neurodegenerative diseases;
regenerative medicine; secretome

1. Introduction

Neurodegenerative diseases such as Alzheimer’s disease (AD), Parkinson’s disease (PD),
Huntington’s disease (HD) and Amyotrophic Lateral Sclerosis (ALS) represent a significant and
growing burden on global healthcare systems, affecting millions of individuals by imposing
substantial challenges to their quality of life, functional independence, and overall mortality rates [1-
3]. This range of diseases span an acute-to-chronic spectrum and affect particularly the central
nervous system (CNS) — brain (cerebrum, cerebellum and brainstem), retina and spinal cord, the
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main organs responsible for processing all the primary body’s functions [4,5]. This system is
composed of two major cellular compartments: neurons and glial cells. Neurons are electrically active
cells, responsible for the generation and propagation of action potentials [6], creating a highly
synchronized synaptic network that ensures cognitive, motor and sensory functions. Their function
is supported by glial cells — astrocytes, microglia, oligodendrocytes and NG2 glia — which provide
metabolic balance, immune surveillance and myelination to ensure rapid conduction of nervous
impulses [7]. All these cells are fully interconnected in functional and physiological terms, and
therefore any change in one of these cells mat affect others [8].

Neurodegenerative diseases share common pathophysiological mechanisms that result in
progressive and irreversible neuronal dysfunction in different CNS regions. While the abnormal
aggregation and accumulation of misfolded proteins represents a central hallmark for NDs,
additional processes can be involved in their pathogenesis. The specific clinical phenotype derives
from the type of protein involved and the particular brain regions where the protein aggregation
predominates [9]. The accumulation of misfolded protein results in neuronal homeostasis disruption,
associated with mitochondrial dysfunction, increased production of reactive oxidative species (ROS)
and oxidative stress, ultimately damaging key cellular components such as lipids, proteins and DNA
[10]. Consequently, the gradual deterioration of neurons and glial cells in these tissues leads to a loss
of specific neurological functions, such as memory, movement and cognition [4]. Beyond the cerebral
consequences, neurodegeneration can also affect other regions of CNS, producing characteristic
functional deficits: in the cerebellum, neurodegeneration is primarily associated to motor dysfunction
as well as cognitive and affective disturbances. Even though cerebellar involvement is not considered
the main pathological feature in AD and PD, cerebellar atrophy [11,12] has been linked to motor and
cognitive impairment, including deficits in learning, working memory and emotional dysregulation
[13,14]. In the retina, this can cause vison loss and blindness [15], while in the spinal cord, it reflects
in motor, sensory and autonomic dysfunction. After injury or conditions like ALS, there is
progressive atrophy, demyelination and neuronal loss, leading to muscle weakness, paralysis and
neuropathic pain [16,17].

For AD, conventional treatments include cholinesterase inhibitors and memantine, which are
responsible for symptom attenuation but not for halting disease progression [18].

In PD cases, the gold standard therapy goes to Levodopa (L-DOPA), a metabolic precursor of
dopamine in the brain, that is commonly combined with carbidopa for an increased bioavailability
and therapeutic efficacy. Dopamine agonists or MAO-I inhibitors are also an option; however, they
do not reverse or slow down the disease progress. [19]

Tetrabenazine is one of the first drugs to be used to control involuntary and jerky movements
present in HD patients. This treatment is associated with significant side effects and does not halt
disease progression. Other drugs, such as deutetrabenazine, a tetrabenazine analogue, have been
introduced to achieve similar therapeutic goals, limiting their side effects [18], however it is still not
ideal.

While some of these conditions are congenital, aging is considered a significant risk factor to
their emergence and progress rate. Moreover, these diseases can progress to a state of dementia,
which is expected to affect 150 million people globally by 2050 [2,20].

Although existing, available treatments are mainly supportive and focus on managing the
symptoms and improving the patients’ quality of life. Effective therapies remain limited when it
comes to underlying cause of the problem. This is due, in part, to the fact that the precise etiology of
many neurological conditions remains unknown, limiting the potential to develop effective targeted
therapies [21].

Given these challenges, stem cells have emerged as a promising area of research due to their
remarkable therapeutic potential [22].

Mesenchymal stem cells (MSCs) are a promising strategy to restore homeostasis, promote
neuroregeneration, and slow disease progression across a broad spectrum of neurodegenerative
disorders, since they’re capable of healing and reducing inflammation in various tissues [23]. MSCs
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are multipotent stromal cells widely distributed in the body with good availability and ease of
collection, isolation and in vitro culture, capable of being harvested from readily available sources
such as autologous and allogenic bone marrow (BM-MSCs) and adipose tissue (A-MSCs), making
them even more clinically desirable. They can also be isolated from human umbilical cord blood
(hUCB-MSCs), dental pulp (DPSCs), placenta and peripheral blood (Figure 1) [24], among other
tissues. Despite early evidence of MSC differentiation and cell replacement, recent studies suggest
MSCs differ from other types of stem cells by their paracrine effects — extracellular vesicles (EVs),
cytokines and growth factors — migration ability and immune response modification
(immunomodulation) (Figure 1) [25]. Using autologous MSCs minimizes the risk of immunological
rejection, even though allogenic MSCs are still used, since there is not a significant risk of
immunogenicity associated with these cells [24]. MSCs and their derivates, such as the secretome and
its components have therefore gained considerable attention, as their use has demonstrated
promising results in several areas, including neurodegenerative diseases [26]. The secretome includes
a variety of molecules such as cytokines, growth factors and microRNAs (miRNAs) which, in most
cases, can be packaged into the EVs, allowing the preservation of the therapeutic characteristics of
the MSCs, including angiogenesis promotion and effective tissue repair [4]. EVs are considered
promising tools in this type of treatment, as they show an increased potential to cross blood-brain
barrier (BBB), thereby enhancing the delivery efficiency and consequently their therapeutic effect
within the CNS [27]. However, this crossing is influenced by multiple factors, such as cellular origin,
size, surface charge, molecular composition and route of administration, remaining partially
understood [28-30]. These mechanisms of action can be transferred and supported by ND models,
validating their treatment potential as MSCs’ neuroregenerative, neuroprotective, and
immunomodulatory properties are essential in the context of NDs. [4]. The main MSCs” mechanisms
within NDs encompass neuroinflammation reduction, fostering neuron survival in AD, the release
of neurotrophic and immunomodulatory factors that support dopaminergic neuron survival and
function in PD and stimulation of neurotropic, immunoregulatory, antioxidant, and antiapoptotic
pathways in HD, for example [31]. The combination of multimodal biological efficacy, favourable
safety profile, and logistical accessibility positions MSCs and their derived secretome or EVs as a
highly desirable source in the quest for effective treatments for NDs.

In this systematic review, research advances, safety, efficacy and related adverse events will be
discussed within the use of MSC therapies for NDs based on the data published in the literature.

Figure 1. Schematic representation of MSC sources and their therapeutic mechanisms in NDs. Following
administration, MSCs exert their effects predominantly through the release of a bioactive secretome, composed

of EVs, growth factors and immunomodulatory cytokines.
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2. MSC’s Therapies for Specific Neurological Disorders

Recent studies have been conducted to find effective therapeutic solutions for the treatment of
ND using stem cells, due to their self-renewal, self-replicating, regenerative and differentiation
capabilities [32].

2.1. Alzheimer’s Disease (AD)

AD is one of the most prevalent types of NDs, mostly affecting the aging population. Clinically,
AD is associated with dementia, characterized by a progressive loss of memory and impairment of
one or more cognitive domains. Degeneration primarily affects hippocampal and cortical neurons,
including glutamatergic and cholinergic populations, leading to memory loss and cognitive decline
(Figure 2) [33,34].

Current evidence from pre-clinical and clinical studies suggests amyloid-f3 peptide (AP and tau
protein) as the central contributor to AD pathophysiology [35]. Their deposition into insoluble states
in determined histopathological brain structures — senile plaques formed by extracellular Af3
(between neuronal connections) and neurofibrillary tangles (NFTs) composed of intracellular tau —
is a mark of more advanced disease. As AP aggregates into insoluble plaques between neurons,
synaptic communication is compromised by neurotransmission impairment [36]. Beyond this
mechanical disruption, AP plaques act as potent activators of the innate immune system. Microglia
and astrocytes recognize them as a danger signal and attempt to clear the plaques, but their sustained
activation leads to chronic neuroinflammation. This inflammatory state exacerbates neuronal damage
through the release of inflammatory cytokines, ROS, and other neurotoxic mediators (Figure 2). Thus,
A accumulation contributes both to synaptic failure and to a self-perpetuating inflammatory cycle
that accelerates neurodegeneration in AD [37]. Moreover, soluble and scattered forms of A and tau
— especially, their oligomer forms — can be also responsible for significant neurotoxic effects [38].
These small and mobile species can diffuse trough the extracellular space and cross neuronal
membranes and synapses [39]. Because they are soluble and not stagnant, these molecules can
interact directly with neurons and synapses, causing synaptic dysfunction through changes in
neurotransmitter release [40], disruption of neuronal membranes by increasing their permeability,
mitochondrial dysfunction within neurons [41], and neuroinflammation due to the circulation of
foreign molecules detected by microglia and astrocytes, enhancing the inflammatory response
(Figure 2) [42].

Current therapies are based on symptomatic relief rather than underlying the main root of this
neurological disorder. Attempted therapeutics aiming the reduction of AP levels have proved
unsuccessful. Similarly, tau-based clinical trials have not yet yielded positive results [43].

Studies utilizing various sources of MSCs — BM-MSCs, hUCB-MSCs and A-MSCs —
demonstrated significant therapeutic effects across multiple pathological hallmarks of AD [44-46].

Preclinical studies have shown that MSCs and their derivatives can improve cognitive function
and reduce AD pathology in animal models. For instance, MSC-derived EVs administered
intranasally to mice led to better memory performance and reduced amyloid-beta plaque burden [47].
Other animal studies in mice models confirm that MSCs can decrease neuroinflammation, modulate
autophagy and apoptosis, and improve synaptic health [48].

Clinical research has progressed from early safety trials to more advanced studies. A phase I
trial using repeated intracerebroventricular injections of human umbilical cord blood MSCs in
Alzheimer’s patients found the procedure to be well-tolerated, with only mild, transient side effects
[49]. A recent phase I/II trial evaluating intranasal administration of adipose MSC-derived exosomes
reported no treatment-related adverse events. Although the study was primarily designed to assess
safety and feasibility, involving a small cohort, exploratory secondary outcomes suggested a
cognitive improvement and less hippocampal shrinkage in the medium-dose group [46].
Additionally, a phase 2a randomized controlled trial of a BM-MSC therapy demonstrated safety and
indications of efficacy, including slowed brain and hippocampal atrophy and improved clinical
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scores [50]. While preclinical results are consistently positive, clinical trials so far confirm safety but
show only preliminary signs of efficacy. Larger and longer-term studies are needed to determine the
true therapeutic benefit of MSCs for Alzheimer’s disease.

2.2. Parkinson’s Disease (PD)

PD is the second most common ND, primarily affecting aging population. The pathophysiology
associated with this disease is related to the accumulation of misfolded a-synuclein protein inside
neurons, in the form of Lewy bodies (LBs) and Lewy neurites [51]. PD is pathologically characterized
by the loss of nigrostriatal dopaminergic innervation, although neurodegeneration is not limited to
nigral dopaminergic neurons, which are responsible for producing dopamine in the substantia nigra
and sending it to the striatum, enabling normal movement control (Figure 2). Such a widespread
pathology makes PD a very heterogeneous disorder, and a reliable diagnostic test is not yet available.
Clinical criteria, however, can only lead to a diagnosis of probable PD, while a definitive diagnosis
requires histopathological assessment, with the identification of a-synuclein-containing LBs or Lewy
neurites, suggesting that a-synuclein plays a central role in PD pathogenesis [52].

Preclinical studies highlight that both direct MSCs transplantation and administration of their
secretome have demonstrated very promising results in behavioural and histological outcomes,
highlighting the fact that their benefit is mainly determined by their secretome, which includes
soluble factors and EVs, rather than the cells themselves [53]. Molecules found in the secretome
multitarget disease-modifying effects on PD hallmarks, including a-synuclein aggregation in LBs and
Lewy neurites (Figure 2), by neurotrophic factors secretion and EVs that cross the BBB, support
dopaminergic neuron survival, and improve motor behaviour in toxin- and a-synuclein-based PD
models [54,55]. In a-synuclein overexpression models, BM-MSC secretome decreases nigral
a-synuclein levels, protects dopaminergic neurons in the substantia nigra and striatum, and
modulates microglial reactivity, directly linking MSC paracrine signalling to attenuation of LBs-
related pathology [56]. Systematic reviews of preclinical work show that MSC-EV therapy
consistently improves motor scores and lowers pro-inflammatory cytokines, with effects that appear
a few weeks after administration and last at least two months [53].

Early clinical studies have explored the safety and efficacy of MSC transplantation into PD
patients: these findings have shown to date that MSC transplantation using autologous or allogeneic
cells delivered via intravenous, intranasal, or intracerebral routes is generally safe and well-tolerated,
with only mild or transient adverse events reported [57,58].

Clinical trials with BM-MSCs, such as the Venkataramana et al. pilot study [59], showed that
autologous grafts into the subventricular zone of patients with severe PD were safe for up to 36
months and associated with subjective improvements in motor symptoms as well as reduced L-
DOPA requirements in some cases, without abnormal MRI findings [60,61]. Subsequent trials
expanded on these observations: intra-arterial delivery of dopaminergic-differentiated BM-MSCs to
53 patients demonstrated absence of immune or tumorigenic complications, and rapid post-
procedural recovery [62]; administration of BMSCs into cerebral arteries in patients with progressive
supranuclear palsy resulted in stable motor function for at least six months [63]; intravenous BMSC
infusion reduced Unified Parkinson’s Disease Rating Scale (UPDRS) scores over one year in mild-
moderate PD [64]. Parallel investigations using A-MSCs consistently reported reductions in UPDRS,
regardless of administration route, including both allogeneic and autologous protocols [65].

Altogether, these trials across diverse MSC sources reinforce the strong safety profile of MSCs
therapy and suggest a reproducible trend toward short-term clinical improvement in both motor and
non-motor PD symptoms.

2.3. Huntington’s Disease (HD)

HD is an autosomal dominant ND caused by an expanded CAG trinucleotide repeat in the
huntingtin (HTT) gene, leading to the production of mutant and toxic huntingtin protein (mHTT)
[66]. mHTT primarily affects medium spiny GABAergic neurons in the striatum (caudate nucleus
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and putamen), leading to their progressive degeneration. Cortical neurons may also be affected as
the disease progresses, contributing to cognitive decline and psychiatric symptoms [67].

The pathophysiology of HD involves multiple mechanisms: excitotoxicity, transcriptional
dysregulation, mitochondrial dysfunction, oxidative stress, impaired proteostasis and reduced
availability of neurotrophic factors. Additionally, astrocyte dysfunction and neuroinflammation
contribute to disease progression, resulting in the characteristic motor, cognitive, and psychiatric
symptoms (Figure 2) [68].

Although mutant huntingtin (mHTT) is the primary genetic driver of Huntington’s disease,
current MSC-based strategies do not aim to directly suppress or eliminate mHTT expression. Instead,
they are designed to mitigate downstream pathogenic processes triggered by mHTT, including
neurotrophic factor deficiency, neuroinflammation, mitochondrial dysfunction, and progressive
striatal neurodegeneration [69,70].

Across at least 15 rodent studies, BM-MSCs and DPSCs have demonstrated consistent functional
and structural benefits in both toxin-based and genetic models of HD [70-72]. MSC treatment was
associated with increased striatal volume, reduced ventricular enlargement, and improvements
across multiple motor outcomes, including motor coordination, muscle strength, and neuromuscular
activity. However, effects on cognitive performance were generally limited or absent [70].

Mechanistically, transplanted MSCs were shown to reduce apoptosis and neuroinflammation
while upregulating neurotrophic factors, particularly brain-derived neurotrophic factor (BDNF) [73].
These effects appear to be mediated predominantly through paracrine mechanisms rather than direct
neuronal differentiation [71,74]. Genetically engineered MSCs overexpressing BDNF (MSC/BDNF)
further enhanced therapeutic outcomes, including attenuation of striatal atrophy, increased
neurogenesis-like activity, and prolonged survival in transgenic HD mouse models [75].

Additionally, intranasal delivery has successfully targeted MSCs to the striatum, improving survival
as well as dopaminergic and inflammatory markers, and represents a promising non-invasive
administration route [76].

Clinically, human data are still limited to early-phase investigations. The PRE-CELL lead-in
study followed early-stage HD patients to characterize disease progression and establish clinical and
imaging endpoints for a subsequent Phase I intracerebral MSC/BDNEF trial [77]. In parallel, Brazilian
early-phase clinical trials are evaluating the long-term safety and potential motor and
neuroprotective effects of repeated systemic MSC infusions; however, efficacy outcomes remain
preliminary and inconclusive [78,79].

Overall, MSCs in HD are best viewed as promising but investigational, with a strong preclinical
motor and structural benefits and early clinical programs underway, especially using engineered
MSC for neurological factors” delivery.

2.4. Amyotrophic Lateral Sclerosis (ALS)

ALS is a progressive neurodegenerative disorder characterized by the selective loss of motor
neurons that normally control voluntary muscle contraction, typically leading to death within 2 to 4
years after symptom onset. Approximately 10% of ALS patients have a family history consistent with
an autosomal dominant inheritance pattern. The remaining 90% of cases are sporadic, with no
affected family members, and are classified as sporadic ALS (SALS) [80].

Although the precise mechanisms underlying motor neuron degeneration remain unclear,
studies using SOD1 mutant models and other ALS-associated genes have implicated multiple
molecular pathways. These include impaired protein degradation, RNA dysregulation, oxidative
stress, glutamate excitotoxicity, mitochondrial dysfunction, aberrant neuroinflammation, and
defective axonal transport, all contributing to motor neuron death [81,82]. Clinically, this neuronal
loss manifests as progressive muscle weakness, atrophy and fasciculations, reflecting the combined
involvement of lower and upper motor neurons (Figure 2) [83]. As the disease advances, patients
develop dysarthria, dysphagia, and respiratory muscle failure, which ultimately represent the main
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cause of death in ALS [84]. Sensory functions are typically preserved, although a subset of patients
may also exhibit cognitive and behavioural impairment, associated with frontotemporal dysfunction
[85].

A systematic review and meta-analysis of preclinical ALS studies in transgenic mice and other
rodent models found that MSC transplantation significantly delayed onset, slowed clinical
progression and extended survival. Reviews emphasize that benefits are largely mediated by
paracrine neurotrophic and anti-inflammatory actions, rather than neuron replacement [58,86].

MSCs secrete multiple neurotrophic and growth factors — Brain-Derived Neurotrophic Factor
(BDNF), Glial cell line-Derived Neurotrophic Factor (GDNF), Vascular Endothelial Growth Factor
(VEGF) [87] — and anti-inflammatory cytokines, that collectively modulate microglial and T-cell
activation, and protect motor neurons from excitotoxicity and oxidative stress [88]. These effects
contribute to the preservation of motor function and neuronal survival in ALS animal models.

Early-phase clinical trials focused on safety, feasibility and preliminary function outcomes
confirmed that intraspinal autologous BM-MSC delivery had no serious transplant-related toxicity
or tumour formation over months to years of follow-up. Also, intrathecal (IT) BM-MSC in 26 patients
was safe and associated with transient slowing of ALS Functional Rating Scale (ALSFRS) decline and
stabilization of forced vital capacity (FVC) in many patients for several months [89]. Repeated IT and
intravenous (IV) autologous BM-MSC injections, delivered in three doses, at one-month intervals,
were also safe, showing ALSERS stabilization and improved FVC over three-month period. Similar
repeated IT protocols showed acceptable safety over 12 months [90].

In clinical studies, MSC-based therapies for ALS have generated the most consistent human data
to date, although definitive disease-modifying efficacy remains unproven. A phase III randomized,
placebo-controlled trial of MSCs engineered to deliver neurotrophic factors (MSC NTF) did not meet
its primary efficacy endpoint in the overall ALS population — ALSFRS-R total score. Secondary
endpoints, such as biomarker analyses, however, revealed significant improvements in cerebrospinal
fluid markers of neuroinflammation, neurodegeneration, and neurotrophic support in MSC-NTF-
treated patients compared to placebo. In predefined subgroups of patients with less-advanced
disease (ALSFRS-R > 31-35), higher responder rates were observed. However, these groups presented
a modest ALSFRS-R benefit (~ 2.4 points at 28 weeks), concluding that these effects were nominally
significant but underpowered, indicating that clinical improvement remains limited [91].

Alzheimer's Disease (AD) Parkinson'’s Disease (PD)
Accumalation of mistokded in
mosty insido igral dopam;

Senile plaques forméd by extracelular AB and
ks formof Lowy bodies and Lowy nou

neurofibrilary tongles composed of tau protein

« Memory deficits
« Affected cognition
« Dementia

Huntington's Disease (HD)

« Excitotoxicity

mutant ond toxic huntingtin protein (mHTT)

« Motor, cognitive and psychiatric
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Figure 2. Pathophysiological mechanisms and clinical hallmarks of major neurodegenerative diseases. Side
panels delineate the progression from cellular dysfunction to specific neuronal loss and subsequent clinical

manifestations.
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3. Discussion

Across multiple NDs, MSCs have consistently demonstrated a favourable safety profile and a
broad spectrum of biological activities that target key pathogenic mechanisms shared by AD, PD, HD
and ALS. Rather than acting through direct neuronal replacement, MSCs exert their effects
predominantly via paracrine mechanisms, including the secretion of neurotrophic factors, anti-
inflammatory cytokines, and EVs [92]. This multimodal mechanism of action represents a major
advantage in diseases characterized by complex, multifactorial and not fully understood
pathophysiology.

Nevertheless, translating these biological properties into robust and sustained clinical benefit
has proven challenging. One of the principal limitations associated with MSC administration is their
limited survival [93], engraftment, and long-term persistence within the CNS. Following
transplantation, MSCs are exposed to a hostile microenvironment marked by oxidative stress,
inflammation, and ongoing neurodegeneration, which likely restricts their therapeutic durability.
Moreover, systemically administered MSCs show inefficient homing to the brain and spinal cord,
with significant cell trapping in peripheral organs and restricted passage across the BBB [94,95].

Another important challenge lies in the intrinsic heterogeneity of MSCs treatments [96].
Differences in tissue source, donor characteristics, isolation methods, and culture conditions
contribute to variability in secretory profiles and therapeutic potency, complicating direct
comparison across studies and potentially contributing to inconsistent clinical outcomes [97]. In
addition, optimal dosing, timing of intervention, and frequency of administration remain
insufficiently defined, with many clinical trials relying on empirical regimens that may not fully
capture the therapeutic potential of MSCs [98].

Despite these challenges, the overall clinical experience to date remains encouraging: MSC-
based therapies have repeatedly shown excellent safety profiles across intrathecal, intravenous, and
intracerebral administration, with minimal serious adverse events reported in early-phase clinical
trials [99,100]. Even in trials where primary clinical endpoints were not met, secondary outcomes and
biomarker analyses frequently revealed biologically meaningful effects, such as modulation of
neuroinflammation, preservation of neurotrophic support, and slowing of functional decline in
selected patient subgroups [91]. These findings suggest that the modest clinical efficacy observed thus
far may reflect suboptimal patient stratification, dosing strategies, or disease stage selection rather
than a fundamental lack of therapeutic relevance.

4. Conclusions and Future Directions

This review emphasizes the progress in MSC therapy for NDs, including AD, PD, HD and ALS.
Despite the remarkable advancements, particularly in early-phase clinical trials, the scarcity of late-
stage trials highlights the necessity for further investigation.

Emerging strategies are actively addressing these challenges: advances in MSC preconditioning,
genetic engineering, and manufacturing standardization aim to enhance cell survival, homing
capacity, and secretory potency. In parallel, growing interest in MSC-derived EVs offers a promising
cell-free alternative that retains many of the beneficial paracrine effects of MSCs while potentially
overcoming safety, scalability, and delivery limitations. Moreover, increasing emphasis on
biomarker-guided patient selection and early-stage intervention may allow future trials to better
identify populations most likely to benefit from MSC-based therapies.

Future research should focus on broadening clinical trials to encompass more NDs, also
addressing the issues of scalability and standardization in EVs production. The rising interest in EV-
based therapeutics, alongside technological progress and an enhanced comprehension of their
therapeutic potential, is anticipated to propel revolutionary treatment techniques for NDs. These
advancements may facilitate more accurate, efficient, and less invasive procedures, thereby
enhancing patient outcomes in these NDs.
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