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Abstract: Neurological disorders such as Alzheimer’s disease (AD), Parkinson’s disease (PD), ischemic stroke, multiple scler-
osis (MS), neuropathic pain (NP), and temporal lobe epilepsy (TLE) pose major healthcare challenges due to their progressive
nature and limited treatment options. Stem cell-based therapies have been emerging as a promising approach to repair or replace
damaged neural tissues and restore functions. This review discusses types of stem cells and their therapeutic applications in neur-
ological diseases. Special focus is given to emphasize the cellular microenvironment and immune system interactions that influ-
ence stem cell behavior and treatment outcomes. Advances in gene-modified stem cells, synthetic biology, and the development
of organoids, brain-on-a-chip, and 3D models have improved preclinical evaluation and safety testing. Furthermore, the use of
biomaterials and scaffolds has further enhanced cell delivery and integration and is also included in this review. Personalized and
precision medicine approaches are also explored, along with current clinical trial outcomes. Despite advances, significant chal-
lenges, including limited cell survival and integration, immune rejection, risks of tumorigenicity or inappropriate differentiation,
lack of standardized protocols, ethical considerations, and insufficient long-term clinical data, remain. Addressing these limita-
tions will be essential for improving success in translation and advancing stem cell-based therapies toward routine clinical applic-

ation in neurological disorders.

Keywords: Stem cell; Stem cell therapy; Neurologic disorders; Neuroregeneration; Personalized medicine.

Introduction

The human nervous system, a marvel of biological complexity,
controls our thoughts, movements, memories, and emotions.
However, when affected by disease or injury, this complex net-
work often shows its vulnerability and limited ability to repair it-
self). Neurological disorders, which include conditions like
Alzheimer’s disease (AD), Parkinson’s disease (PD), amyotroph-
ic lateral sclerosis (ALS), multiple sclerosis (MS), spinal cord in-
jury (SCI), and traumatic brain injury (TBI), are among the most
difficult to treat™. These disorders impact millions around the
world, causing progressive disability, loss of independence, and
significant societal and economic challenges.

Despite significant progress in neurobiology and pharmaco-
logy, managing most neurological disorders remains mostly palli-
ative®. Current treatments typically aim to relieve symptoms or
slow disease progression but often cannot stop or reverse neuron-
al loss and disruption of neural circuits, which are key features of
many neurodegenerative and neuroinflammatory diseases. The
adult central nervous system (CNS) has limited natural ability to
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regenerate after injury, and therapies that can cross the blood-
brain barrier (BBB) and target complex, multifactorial diseases
are rare!"l. Therefore, there is a pressing need to develop interven-
tions that not only protect neurons but also replace or repair dam-
aged neural tissue.

In this context, stem cell-based therapies have become one of
the most promising areas in regenerative neurology'™”. Stem
cells, having the ability to self-renew, differentiate, and release
paracrine signals, provide a flexible toolkit for tackling both cel-
lular and molecular aspects of neurological diseases. From em-
bryonic stem cells (ESCs) and neural stem cells (NSCs) to adult-
derived mesenchymal stem cells (MSCs) and induced pluripotent
stem cells (iPSCs), different cell types have been studied for their
capacity to reduce neuroinflammation, replace lost neurons and
glia, and activate the body’s natural repair processes. Positive res-
ults from preclinical studies have shown improved functional re-
covery, neurogenesis, and synaptic integration after stem cell
transplantation'”*].

Additionally, advances in gene editing, biomaterial scaffolds,
and cell delivery techniques are improving the effectiveness and
safety of these therapies”. Gene-modified stem cells, nano-
particle-assisted targeting, and hydrogel encapsulation systems
are actively being developed to address challenges like immune
rejection, limited engraftment, and the difficult post-injury envir-
onment of the CNS. As stem cell therapies move from research to
clinical application, early-phase trials are beginning to offer im-
portant insights into their feasibility, tolerability, and potential

benefits for various neurological conditions!”.
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Despite the promise of stem cell therapies, the translation from
bench to bedside remains complex and multifaceted®. In basic
research, significant advances have been made in elucidating the
molecular and cellular mechanisms by which stem cells exert
neuroprotective, immunomodulatory, and regenerative effects.
These include paracrine signaling pathways, mitochondrial trans-
fer, exosome-mediated intercellular communication, and modula-
tion of neuroinflammation. Such insights have deepened our un-
derstanding of how stem cells interact with the neural microenvir-
onment and have guided the design of preclinical studies. Trans-
lational research has bridged the gap between laboratory findings
and human application by refining cell sourcing, manufacturing
protocols, and delivery strategies. However, clinical implementa-
tion continues to face substantial hurdles, including variability in
cell behavior, limited survival and engraftment after transplanta-
tion, immune compatibility concerns, and risks of tumorigenicity
or ectopic tissue formation'. Additionally, regulatory, ethical,
and logistical challenges further complicate large-scale, standard-
ized therapeutic deployment. Rigorous clinical trials are ongoing,
yet heterogeneity in patient selection, disease stage, outcome
measures, and trial design has made it difficult to establish defin-
itive efficacy and safety profiles. Addressing these barriers will
require an integrated, multidisciplinary approach involving clini-
cians, basic scientists, and regulatory agencies to refine stem cell
interventions and translate their potential into safe, effective, and
scalable treatments for patients with debilitating neurological dis-
orders.

This review aims to provide a comprehensive and critical syn-
thesis of current research on stem cell-based therapies for neuro-
logical disorders. We will explore the biological properties and
therapeutic mechanisms of various stem cell types, review pre-
clinical and clinical evidence, and discuss emerging strategies
that aim to overcome translational hurdles. By highlighting both
the promise and the limitations of this rapidly evolving field, we
seek to inform and inspire further interdisciplinary collaboration
in the quest to restore neural function and improve outcomes for
patients suffering from neurological disease.

Stem cell classifications and therapeutic applications

Stem cells are undifferentiated cells that can self-renew and dif-
ferentiate into various specialized cell types!'”. Based on their
origin and differentiation capacity, stem cells are classified into
four main types: ESCs, NSCs, mesenchymal stem cells (MSCs),
and induced pluripotent stem cells (iPSCs).

Embryonic stem cells

ESCs are derived from the inner cell mass of the blastocyst and
are pluripotent, meaning they can differentiate into cells of all
three germ layers: ectoderm, mesoderm, and endoderm!. Con-
sequently, they become the subject of studies as a remedy for
various neurological disorders. Post-transplantation, they can de-
velop into neurons and glial cells, demonstrating long-term stabil-
ity that enables them to merge with the neurological circuitry.
ESCs have been used in models of spinal cord injury, Parkinson’s
disease, and macular degeneration due to their high regenerative
capacity®. However, ethical concerns and the risk of teratoma

formation limit their clinical use!'.

Neural stem cells

NSCs are multipotent cells found in the developing and adult
brain. Primarily arise from the subventricular zone and sub-gran-
ular zone of the hippocampal dentate gyrus. During the embryon-
ic development of the central nervous system, NSCs produce
neurons, astrocytes, and oligodendrocytes. Furthermore, derived
neurons can be sustained for extended culture with the assistance
of growth factors like epidermal growth factor, fibroblast growth
factor-2, and brain-derived neurotrophic factor (BDNF). They
give rise to neurons, astrocytes, and oligodendrocytes! > NSCs
have shown promise in treating CNS injuries and neurodegener-
ative diseases like Alzheimer’s and multiple sclerosis"®. For ex-
ample, NSC transplantation in animal models has improved mo-
tor and cognitive function after brain damage''”.

Mesenchymal stem cells

MSCs are adult stem cells typically isolated from bone marrow,
adipose tissue, and umbilical cord"®. They are multipotent and
can differentiate into bone, cartilage, and fat cells. MSCs are
widely studied for their immunomodulatory and anti-inflammat-
ory properties'' ). Researchers found that MSCs are capable of
differentiating into cell types from all three germ layers. This po-
sitions MSCs as a treatment option for multiple neurological dis-
orders. Their properties related to neurogenesis and immune
modulation render them an appropriate treatment for various
neurological conditions. Certainly, MSCs offer numerous bene-
fits: readily available, no tumor development, and no ethical con-
cerns about their clinical application. Additional significant bene-
fits include the ability of MCSs to not only draw in other MSCs
and move towards the site of brain lesions, but also to trigger sig-
naling pathways that enhance the paracrine release of cytokines
and growth factors. Additionally, because of their immune-sup-
pressing properties, one should not anticipate any immunological
rejection, along with their capacity to be transplanted across the
allogeneic barrier. Clinically, MSCs are being used in trials for
osteoarthritis, graft-versus-host disease, myocardial infarction,
and Crohn’s disease™. Their low immunogenicity makes them
suitable for allogeneic transplantation®. Moreover, bone mar-
row MSCs play a role in anti-inflammation and immunomodula-
tion. Nonetheless, there is presently no proof that transplanted
MSCs, even when transdifferentiated into neurons, can assimil-
ate into the neuronal networks of the recipient nervous system.

Induced pluripotent stem cells

iPSCs are generated by reprogramming adult somatic cells into a
pluripotent state through the expression of transcription factors
such as Oct4, Sox2, KIf4, and c-Myc®. Although iPSCs have
many characteristics in common with ESCs, they are distinct.
iPSCs behave like ESCs and can differentiate into any cell type.
They are being used for disease modeling, drug testing, and po-
tential regenerative therapies without the ethical concerns associ-
ated with ESCs™. iPSC-derived cardiomyocytes, neurons, and
retinal cells are under clinical investigation™”. The availability of
iPSCs from individuals with a specific neurological disorder is
currently enhancing the creation of improved disease models. A
model utilizing iPSCs for neurodegenerative disorders like
Alzheimer’s disease has been created, and iPSC derivatives have
been employed to explore the mechanisms behind retinal degen-
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erative diseases. However, safety issues like genetic instability
and tumorigenesis still need to be addressed™.

Emerging tools and applications

Extracellular vesicles (EVs) derived from stem cells gained atten-
tion for their ability to mediate tissue repair and cell signaling
without the risks of cell transplantation-mediated
complications™. Stem cell-based therapies are also being en-
hanced by combining biomaterials, scaffolds, and gene editing
technologies, like clustered regularly interspaced short palin-
dromic repeats- CRISPR-associated protein (CRISPR-Cas9)"**.
These strategies aim to improve the safety, efficiency, and preci-
sion of regenerative interventions.

Microenvironment-targeted stem cell therapies

The therapeutic efficacy of stem cells depends not only on their
intrinsic properties but also on the tissue microenvironment™’,
The microenvironment, often referred to as the ‘stem cell niche’,
comprises the extracellular matrix (ECM), soluble factors, im-
mune cells, endothelial cells, and mechanical cues that regulate
stem cell survival, migration, differentiation, and integration™”.
Injury or disease disrupts this niche, creating a hostile environ-
ment that can impair stem cell function®"). Therefore, targeting or
modifying the microenvironment has emerged as a promising
strategy to enhance the outcomes of stem cell therapy”~.

The success of the hematopoietic stem cell (HSC) transplanta-
tion largely depends on the bone marrow microenvironment. Pre-
conditioning the niche using agents like granulocyte colony-stim-
ulating factor (G-CSF) or by modulating chemokine receptor type
4 (CXCR4)/ C-X-C motif chemokine ligand 12 (CXCL12) sig-
naling improves HSC homing and engraftment™”. Mesenchymal
stem cells (MSCs) have also been co-transplanted to restore niche
support®. MSCs are highly sensitive to inflammatory cues. In
inflamed or fibrotic tissues, the secretion of tumor necrosis factor-
alpha (TNF-a), interferon-gamma (IFN-vy), and interleukin-1 beta
(IL-1B) can impair their survival®™. Strategies such as precondi-
tioning MSCs with hypoxia or growth factors, including trans-
forming growth factor beta (TGF-B) and platelet-derived growth
factor (PDGF), help them better adapt and restore damaged
niches?®). Additionally, MSCs modulate the immune microenvir-
onment through paracrine signals, which is critical in treating
graft-versus-host disease (GVHD) and autoimmune disorders”.
In neurodegenerative diseases, the brain microenvironment often
contains elevated reactive oxygen species (ROS), glial scarring,
and proinflammatory cytokines that limit NSC integration””. An-
tioxidant preconditioning and the use of biomaterials mimicking
brain ECM have been shown to improve NSC survival and differ-
entiation in such settings. When iPSC-derived cells are trans-
planted, they often encounter fibrotic or hypoxic microenviron-
ments. This can reduce their function or lead to aberrant differen-
tiation. Microenvironmental support using scaffolds, ECM pro-
teins, or oxygen-releasing biomaterials helps improve therapeut-
ic integration and stability®®. Co-transplantation with supportive
stromal cells is found to create a favorable microenvironment. In
cancer therapy, targeting the cancer stem cells (CSC) microenvir-
onment is crucial to prevent recurrence. Stromal signals, hypoxia,
and immune evasion support CSC survival™*. Therapies com-
bining stem cells with inhibitors of tumor ECM components or

immune checkpoint blockers aim to remodel this microenviron-
ment for better outcomes!*'’. Stem cell-derived EVs carry bioact-
ive molecules that can modulate the tissue microenvironment
without the risks of whole-cell transplantation®. EVs influence
immune responses, reduce fibrosis, and promote angiogenesis,
especially in cardiac and renal injury models™”. Biomaterials
such as hydrogels, decellularized matrices, and nanofibers mimic
native ECM and provide mechanical and biochemical cues that
recreate favorable niches*”. These scaffolds are used to deliver
stem cells more efficiently and improve retention, especially in
orthopedic and neural applications'™™. Microenvironment-tar-
geted approaches are critical to enhancing stem cell survival,
function, and therapeutic efficiency. By modifying or mimicking
the stem cell niche using preconditioning, biomaterials, co-trans-
plantation, or EVs, hostile environments can be changed to pro-
mote better regeneration.

Dynamic crosstalk with the immune system in neurolo-
gical diseases

The CNS was long considered immune-privileged; however, it is
now clear that dynamic crosstalk exists between the CNS and the
immune system, especially during neurological diseases™*"!. This
interaction involves resident immune cells (like microglia), peri-
pheral immune cells, cytokines, and signaling pathways that af-
fect disease onset, progression, and healing!”. Microglia are the
brain's resident macrophages and provide the first line of im-
mune defense. They play a key role in synaptic pruning, debris
clearance, and surveillance!**°. In diseases like Alzheimer's, mi-
croglia become chronically activated and release inflammatory
mediators, such as IL-1p and TNF-a, contributing to neurodegen-
eration”’. Although BBB restricts immune cell entry to the brain,
its integrity is often compromised during pathogenesis. This al-
lows T cells, B cells, and monocytes to infiltrate the CNS™. In
multiple sclerosis (MS), autoreactive CD4 " and CD8 * T cells
cross the BBB, triggering demyelination and axonal damage™”.
Cytokines such as IL-6, IFN-y, and IL-17 are elevated in neuroin-
flammatory diseases and amplify immune activation and glial cell
responses”™”. Chemokines like CXCL10 and C-C motif
chemokine ligand 2 (CCL2) promote leukocyte migration into the
CNS, as seen in MS and viral encephalitis®". In AD, amyloid-p
(AP) aggregates activate microglia and astrocytes via Toll-like re-
ceptors (TLRs), leading to sustained inflammation and neuronal
injury®™. NLR family pyrin domain-containing 3 (NLRP3) in-
flammasome activation in microglia also promotes the release of
IL-1B, exacerbating disease pathology™. In PD, o-synuclein ag-
gregates stimulate microglia and infiltrating T cells, creating a
pro-inflammatory environment™. This leads to the loss of
dopaminergic neurons in the substantia nigra area, as elevated
TNF-o and IFN-y levels were frequently observed in patient
brains®™). After ischemic stroke, damage-associated molecular
patterns (DAMPs) released from dying neurons activate mi-
croglia and infiltrating immune cells™. This secondary immune
response can expand the injury if not properly regulated. Target-
ing immune cells post-stroke is now being evaluated in clinical
trials®”. Emerging evidence shows that gut microbiota shape
neuroimmune responses. Short-chain fatty acids (SCFAs) from
gut microbes modulate microglial function, while dysbiosis can
exacerbate inflammation in diseases like MS and PD™". Experi-
mentally, it was shown that the germ-free mice show impaired
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microglial maturation, suggesting a strong gut-immune-brain
connection™”. Regulatory T cells (Tregs) also play an important
role in limiting CNS inflammation and promoting healing. In
stroke and MS models, Tregs suppress effector T cells and modu-
late microglial activity to reduce damage’™. Enhancing Treg

function is being considered as a potential therapeutic strategy'®".

The immune system plays both damaging and protective roles in
neurological diseases. A deeper understanding of immune-CNS
interactions is essential for developing therapies that modulate in-
flammation without impairing defense or repair mechanisms (Fig. 1).
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Fig. 1. The dynamic crosstalk between the immune system and neurological diseases.

Neurodegenerative and neuroinflammatory diseases including
Alzheimer’s disease, Parkinson’s disease, multiple sclerosis, and
stroke, induce microglial activation through the accumulation of
pathological proteins (amyloid-B plaques, tau tangles, a-synuc-
lein aggregates), demyelination, and ischemic injury. Activated
microglia orchestrate both anti-inflammatory and pro-inflammat-
ory signaling cascades. The anti-inflammatory response, medi-
ated by cytokines such as TGF-f and IL-10, promotes osteoblast
activity and tissue homeostasis. Conversely, microglial-driven
BBB disruption facilitates peripheral immune cell infiltration, in-
cluding Th1/Th17 T cells and M1-polarized macrophages, which
release pro-inflammatory cytokines (TNF-a, IL-1f, IL-6), con-
tributing to osteoclast activation and neuroinflammatory damage.
This integrated network highlights the bidirectional interaction
between neuroinflammation and bone remodeling pathways.

Stem cell therapy in Alzheimer’s Disease

AD is a progressive neurodegenerative disorder marked by cog-
nitive decline, formation of amyloid-beta (Af) plaques, hyper-
phosphorylation of tau protein, synaptic loss, and development of
neuroinflammation. Stem cell therapy is emerging as a prom-
ising approach to counteract the pathology associated with AD
and restore cognitive function. Preclinical studies have demon-
strated that neural stem/progenitor cells (NSPCs) can reduce the

formation of amyloid plaques and accumulation of tau protein
while promoting synaptic density and expression of neurotrophic
factors such as BDNF. Transplanted NSPCs also integrate into
damaged regions, support endogenous neurogenesis, and im-
prove memory performance in animal models of AD™*1. MSCs,
derived from bone marrow or umbilical cord, are also extens-
ively studied in AD models. These cells also reduce AP plaque
burden and tau hyperphosphorylation by activating microglial
phagocytosis and secreting anti-inflammatory cytokines™ %"
MSC transplantation has been shown to enhance the expression
of synaptic proteins such as synapsin-1 and dynamin-1, leading to
improved learning and memory in APP/PS1 mice. Combining
MSCs with immune regulatory cells, like Tregs, further aug-
ments AP clearance and modulates neuroinflammation. Early
clinical studies involving intrathecal or intravenous administra-
tion of MSCs have shown safety and potential benefits in slow-
ing cognitive decline in patients with mild AD. Human neural
stem cells (hNSCs) derived from fetal or pluripotent sources have
shown therapeutic effects when transplanted into the hippocam-
pus of AD mouse models. These hNSCs promote synaptic repair,
enhance neuronal connectivity, and partially reverse metabolic
deficits'®>*"). In some studies, they also activate microglia to clear
AP deposits, although effects on tau pathology are less consistent.
Importantly, patient-derived iPSCs allow for personalized neural
models and potential autologous therapy. iPSC-derived neural
progenitors transplanted into triple-transgenic AD mice lead to
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reduced amyloid pathology, improved synaptic function, and bet-
ter cognitive outcomes. Recently, induced neural stem cells (iN-
SCs), reprogrammed directly from somatic cells, have shown
promise in AD models. These cells differentiate into neurons and
glia, integrate into the host brain, restore synaptic function, and
enhance memory performance. EVs derived from MSCs or
hNSCs are also gaining attention as a cell-free therapeutic
strategy. EVs carry neuroprotective factors and microRNAs, re-
duce AP deposition and inflammation, and improve cognition in
preclinical models®*”. Overall, stem cell therapy addresses mul-
tiple aspects of AD pathology through cell replacement, neuro-
trophic support, immunomodulation, and stimulation of endogen-
ous repair. While preclinical data are encouraging, human stud-
ies remain in early stages”"”). NSPCs transplanted into AD ro-
dent models reduce AP and tau burdens, increase synaptic dens-
ity, and elevate BDNF, leading to improved learning and
memory™™. In vitro co-cultures of NSPCs with Ap-exposed
neurons reveal enhanced neuronal survival and decreased apop-
tosis, demonstrating neuroprotective paracrine effects”®!. Bone
marrow-derived MSCs added to microglia neuron cultures re-
duce inflammatory cytokines, such as IL-1p and TNF-a, and pro-
mote AP clearance’*”. Similarly, MSCs increase synaptic pro-
teins like synapsin-1 and dynamin-1 in neuron cultures, a change
linked to improved synaptic function””. Small-scale human trials
using intrathecal or intravenous MSC administration in early-
stage AD patients have reported safety, tolerability, and potential
slowing of cognitive decline. A phase-I study of intravenous
MSCs showed stabilization of Mini-Mental State Examination
(MMSE) scores at 6 months post-treatment, with no serious ad-
verse events!’”. Ongoing clinical trials are also evaluating MSC-
derived exosomes as a cell-free approach, aiming to harness im-
munomodulatory and neuroprotective effects®”"">™ Key chal-
lenges include optimizing delivery methods, selecting the most
effective cell type (NSPCs, MSCs, iPSC derivatives), ensuring
long-term survival and integration, and minimizing risks such as
tumor formation and immune rejection. Optimization of delivery
methods, cell sources, and long-term safety assessment is critical
for translating these therapies into clinical practice.

Stem cell therapy in Parkinson’s Disease

Stem cell therapy offers a promising approach to address dopam-
inergic neuron loss, the hallmark of Parkinson’s disease (PD). /n
vitro studies using patient-derived iPSC models have generated
dopaminergic (DA) neurons exhibiting PD-related phenotypes,
such as oxidative stress and dopamine synthesis deficits, which
are useful for disease modeling and drug screening””. Preclinical
studies in rodent models show that neural NSPC transplantation
consistently improves motor function and increases tyrosine hy-
droxylase-positive dopaminergic neurons in the substantia nigra
and striatum region of the animals®™”. A meta-analysis confirmed
significant reductions in rotational behavior and enhancements in
limb function and dopaminergic cell density when using unmodi-
fied NSPCs. MSCs also show beneficial effects in rats and mon-
keys, where MSC administration reduced neuroinflammation,
promoted neuro-regeneration, differentiated into dopaminergic-
like neurons, and enhanced motor performance™ . Nonhuman
primate studies using iPSC-derived DA neurons demonstrated
functional integration into the striatum region of the animal, lead-

ing to sustained motor improvement and increased dopamine up-
take over periods up to more than a year, without evidence of tu-
mor formation or inflammatory rejection[83]. In particular, auto-
logous iPSC-derived grafts outperform allogeneic ones, high-
lighting the importance of immune compatibility. Clinically, the
first-in-human trial where 2.4 million DA neurons derived from
iPSCs were transplanted into a PD patient in 2018, with no seri-
ous adverse effects observed during initial follow-up™!. A separ-
ate autologous iPSC-based trial reported robust graft survival and
stabilization of motor symptoms at 18—24 months post-transplant,
without immunosuppression™**!, Additionally, clinical trials us-
ing fetal DA neuron grafts and MSC therapies have shown var-
ied motor response benefits and modest improvement of total
symptoms; however, dyskinesia and dopamine dysregulation re-
main potential side effects™. Together, these findings indicate
that stem cell therapies can significantly restore dopaminergic
functions; however, mechanisms such as neuronal replacement,
trophic factor release, immune modulation, and synaptic rein-
nervation remain to be defined. Still, key challenges remain, in-
cluding ensuring graft purity, avoiding teratoma formation, op-
timizing delivery methods, and scaling up manufacturing under
GMP standards.

Recent advances in Huntington’s disease (HD) highlight the
therapeutic promise of stem cell-based approaches aimed at repla-
cing lost medium spiny neurons and modulating the neuroinflam-
matory microenvironment. Preclinical studies using iPSC-de-
rived neural progenitors, MSCs, and gene-corrected patient-spe-
cific iPSCs have demonstrated improved motor function, re-
duced striatal degeneration, and enhanced synaptic connectivity,
supporting the feasibility of regenerative and personalized stem
cell therapeutic strategies for HD™".

Stem cell therapy in ischemic stroke

MSCs have consistently shown improved outcomes for ischemic
stroke using various animal models. /n vitro, MSCs enhance an-
giogenesis, synaptogenesis, and neuronal survival by releasing
cytokines and growth factors that modulate apoptosis and inflam-
mation while improving BBB integrity. Rodent and other prim-
ate models reveal that MSC transplantation reduces infarct size,
enhances neurogenesis, promotes vascular remodeling, and im-
proves sensorimotor function. Meta-analyses of preclinical data
confirm large effect sizes, supporting the translation potential of
MSC therapy for stroke. Additionally, comparisons with brain-
derived injury-activated stem cells suggest even greater function-
al recovery and promotion of endogenous neural stem/progenitor
cell activation in murine stroke models™ ", Clinically, random-
ized controlled trials (RCTs) and non-randomized studies in-
volving MSCs, bone marrow mononuclear cells (BMMNCs), and
other progenitors have enrolled over 1,200 patients. Meta-ana-
lyses show that stem cell therapy modestly improves neurologic-
al deficits (NIHSS), daily living activities (modified Rankin scale
and Barthel Index), and reduces mortality without increasing ad-
verse events'”. Phase I/II trials demonstrate safety for both auto-
logous and allogeneic MSC treatments. One intravenous study in
chronic stroke patients found significant gains in the Barthel In-
dex at six and twelve months, with only mild side effects like
fever and headache. Intracerebral transplantation of modified
MSCs (SB623) into chronic stroke patients also showed no cell-
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related serious adverse events over a two-year follow-up
period®*!. Timing of administration appears crucial; earlier
(within 1 month) stem cell delivery is associated with better out-
comes, highlighting the importance of addressing inflammation
and engraftment early. However, an RCT using intravenous bone
marrow stromal cells in the subacute phase showed safety but no
significant neurological improvement, emphasizing the influence
of timing, dose, and patient selection. Cell-free approaches are
also emerging, while MSC-derived EVs show promise in preclin-
ical models by modulating inflammation and promoting repair,
and early clinical trials are underway. Overall, this body of evid-
ence indicates that stem cell therapies in ischemic stroke are safe
and show functional benefit. However, heterogeneity in cell
types, delivery methods, timing, and small sample sizes limits
definitive conclusions.

Stem cell therapy in Multiple Sclerosis

MS is an autoimmune disease in which the immune system at-
tacks the myelin sheath of nerve fibers, leading to neurological
symptoms, progressive disability, and demyelination. Stem cell-
based therapies offer a new frontier for treating by modulating
the immune response and promoting nerve repair. Studies show
that the MSCs derived from bone marrow or umbilical cord
demonstrate immunomodulatory properties, such as reducing in-
flammatory T-cell activity, suppressing cytokine release, and sup-
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porting the survival of neural support cells such as microglia and
oligodendrocytes”™. In animal models of MS, these MSCs im-
prove motor function, reduce immune cell infiltration into the
spinal cord, and stimulate endogenous repair of myelin, even
without direct differentiation into nerve cells”. Early-stage clin-
ical trials, using both intravenous and direct spinal (intrathecal)
infusion of MSCs or MSC-derived neural progenitors (MSC-
NPs), demonstrate excellent safety with only mild side effects
such as headache or fever. In progressive MS patients, those re-
ceiving MSC-NPs showed sustained improvements in mobility,
bladder function, and reductions in neurodegeneration biomark-
ers (CCL2, MMP9) over periods of up to two years”*’”. A com-
prehensive meta-analysis showed that about 40% of treated pa-
tients improve, 32% remain stable, and fewer than 20% worsen,
with no major safety concerns®. Autologous hematopoietic stem
cell transplantation (aHSCT), a more aggressive approach that re-
sets a patient’s immune system, has shown profound benefits in
relapsing-remitting MS, with up to 83% remaining free of dis-
ease activity for two years, and many experience long-term re-
mission®>**!%!. Stem cell therapies, particularly MSCs and MSC-
derived neural progenitors, show promise for progressive MS by
modulating inflammation and supporting repair without major
risks. Meanwhile, aHSCT offers a potent immune reset in ag-
gressive relapsing-remitting MS. However, larger, controlled tri-
als are needed to define optimal cell type, delivery route, dosing,
and long-term effectiveness before these treatments can become
mainstream options (Fig. 2).
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Fig. 2. The therapeutic potential of stem cells and the proposed mechanisms for Alzheimer’s disease, Parkinson’s Disease, stroke, and Multiple Sclerosis.
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Stem cell therapy in temporal lobe epilepsy

Epilepsy is a neurological condition that impacts around 70 mil-
lion individuals globally. Temporal lobe epilepsy (TLE) is the
most common form of epilepsy, marked by recurrent seizures ori-
ginating in the temporal lobe structures, including the amygdala
and hippocampus. TLE often resists drug treatment, with persist-
ent seizures and cognitive decline. Stem cell therapy offers prom-
ise for restoring inhibitory neural circuits and reducing seizure
activity. NSPCs, expanded as neurospheres, differentiate into
neurons, glia, and GABAergic interneurons in culture. When
grafted into the hippocampus of rodent TLE models, these cells
release gamma-aminobutyric acid (GABA), significantly redu-
cing seizure duration and frequency'’”. Similarly, iPSC-derived
medial ganglionic eminence (MGE) interneuron progenitors en-
graft into the hippocampus and restore inhibitory signaling. They
markedly reduce spontaneous seizures, abate aberrant neurogen-
esis and mossy fiber sprouting, and improve cognition and
mood"™. Adipose-derived mesenchymal stem cells (ADSCs)
have also demonstrated therapeutic efficacy in kainic-acid-in-
duced TLE models. Intracerebral or intrathecal ADSC transplant-
ation reduced seizure frequency, preserved blood-brain barrier in-
tegrity, and improved cognitive function. These benefits were
mediated via secretion of neurotrophins such as BDNF, neuro-
trophin-3 (NT-3), neurotrophin-4 (NT-4), and reduction of in-
flammatory cytokines™'*. Moreover, reprogramming reactive
glial cells into interneurons via gene delivery, like achaete-scute
homolog 1 (Ascll) and distal-less homeobox 2 (DIx2) expression,
reduced seizure burden in mice with chronic TLE and integrated
new GABAergic neurons into existing hippocampal circuits''*".
Clinical experience remains limited. A few small trials using
autologous bone marrow mononuclear cells or MSCs in children
and adults with drug-resistant epilepsy have demonstrated safety
and feasibility, with minimal reductions in seizure frequency"*".
However, these were non-controlled studies, and rigorous ran-
domized trials are still lacking. In early phase human regenerat-
ive studies, embryonic stem cell-derived interneurons are being
implanted intracerebrally in patients with unilateral mesial TLE.
Preliminary results from clinical-research efforts (such as NRTX-
1001) indicate seizure reduction of up to 95% in two treated indi-
viduals without serious adverse effects"””). Preclinical studies
across species consistently demonstrate that stem cell therapies,
whether NSPCs, iPSC-derived interneurons, MSCs, or glia to
neuron reprogramming, can reduce seizures, restore inhibitory
circuitry, and support cognitive recovery in TLE models. Clinic-
al translation is still in early stages, with promising safety data
but limited efficacy evidence.

Stem cell therapy in neuropathic pain

Neuropathic pain (NP) is very common and typically arises in
diabetic individuals, with a higher prevalence in females. Regret-
tably, existing pharmacological treatments for neuropathic pain
are primarily symptomatic, not entirely effective, and come with
numerous side effects. Medications such as pregabalin (Lyrica),
tricyclic antidepressants, and opioids are included in this group.
Stem cell therapy, including MSCs and their secretome, sup-
presses pro-inflammatory cytokines and microglial activation

while enhancing anti-inflammatory signaling"®'®. They also

promote neurotrophic support, angiogenesis, and modulation of
endogenous opioid signaling. Conditioned medium derived from
MSCs demonstrates acute antinociceptive effects in pain models,
comparable to standard analgesics'”. Bone marrow-derived
MSCs (BM-MSCs) reduce mechanical allodynia in rodent mod-
els of neuropathic pain, though their effect on thermal hyperal-
gesia is seen only when administered within days of injury!'”. In
peripheral nerve injury models, MSCs consistently alleviate both
mechanical and thermal pain regardless of timing or route of ad-
ministration. Genetic enhancement with factors such as fibro-
blast growth factor and glial-derived neurotrophic factor signific-
antly enhances efficacy''". Exosomes from BM-MSCs carrying
miR-150-5p reduce pain in spinal nerve ligation models by inhib-
iting microglial neurogenic locus notch homolog protein 2
(NOTCH?2) signaling and neuroinflammation ', Umbilical cord
MSCs (UC-MSCs), administered intrathecally after nerve injury,
also reduce mechanical allodynia and thermal hyperalgesia by
suppressing activated microglia and astrocytes, reducing IL-1B
and IL-17A, and increasing IL-10""!, Multilineage-differentiat-
ing stress-enduring cells also demonstrate analgesic effects in
chronic neuropathy models through the secretion of anti-inflam-
matory mediators like TGF- and IL-10""*. An early open-label
study of autologous adipose-derived MSCs injected into trigem-
inal nerve pain fields showed safety and reduced pain scores at
six months, where average pain dropped from 7.5 to 4.3, and the
need for medication decreased!'”). Patients experienced no seri-
ous adverse events. Human studies remain limited, and larger
randomized controlled trials are needed to confirm efficacy and
long-term safety.

Preclinical evidence strongly supports MSC-based therapies
and MSC-derived exosomes as effective for reducing mechanical
allodynia and, in some cases, thermal hyperalgesia in neuropath-
ic pain models. These therapies act via anti-inflammatory, neuro-
trophic, and immunomodulatory mechanisms. Clinical data are
promising but preliminary, emphasizing the need for well-de-
signed trials to establish optimal cell types, administration proto-
cols, and long-term outcomes before broader clinical adoption.

Modified stem cell therapy

Gene editing tools like CRISPR/Cas9, transcription activator-like
effector nucleases (TALENS), and zinc-finger nucleases enable to
precise integration or correction of genes in stem cells''. Hema-
topoietic stem and progenitor cells (HSPCs) edited with CRISPR
can correct monogenic disorders like sickle-cell disease and B-
thalassemia in preclinical models"'”. However, long-term en-
graftment remains challenging, as persistence of edited HSPCs
often declines after transplantation!"'®], Designer stem cells with
synthetic gene circuits have been created to deliver anti-inflam-
matory proteins in response to disease signals!'"”. For example,
iPSCs engineered to express IL-1 receptor antagonist under in-
flammatory control have shown therapeutic efficacy in arthritis
models''"”. MSCs have been modified to secrete therapeutic cy-
tokines (IL-2, IL-12, IL-21, IFN-a, TRAIL), enabling targeted
cancer immunotherapy in preclinical studies. These engineered
MSCs can home to tumors and deliver cytokines locally, effect-
ively suppressing tumor growth in mice!"*”. Gene-modified epi-
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dermal stem cells have been used to correct genetic skin dis-
orders such as recessive dystrophic epidermolysis bullosa
(RDEB) and junctional epidermolysis bullosa (JEB) by restoring
key proteins like collagen type VII alpha 1 chain (Col7A1) and
laminin subunit beta 3 (LAMB3)"*'l. Prime editing in pluripotent
stem cells allows precise placement of disease mutations, such as
Parkinson’s and their reversal, enabling accurate disease model-
ing!"**, Synthetic biology approaches have generated ‘smart’ cells
such as chimeric antigen receptor T-cell (CAR-T) and chimeric
antigen receptor-natural killer (CAR-NK) cells equipped with lo-
gic circuits to improve targeting and safety in cancer therapy'*”.
CAR-NK-92, an off-the-shelf cell line engineered with chimeric
antigen receptors, is advancing through clinical trials for solid tu-
mors'"*, Synthetic gene circuits can program cells to sense bio-
markers and release therapeutic proteins in a controlled, spati-
otemporal manner'"*”). Delivery of CRISPR components via plas-
mids, viral vectors, or ribonucleoprotein particles (RNPs) influ-
ences editing efficiency and safety, with RNPs offering lower off-
target risks!'?. Stem-cell therapies for diseases like hemophilia
use MSCs edited to express clotting factors (e.g., coagulation
factor IX and coagulation factor VIII) from safe loci in the gen-
ome!"*. Despite progress, challenges remain, such as off-target
editing, immunogenicity, engraftment variability, and manufac-
turing complexity!*”. Future directions include improving gene
circuit design, enhancing in vivo control of cell therapies, and
scaling production for clinical use!'”*.,

Stem cell-based models for preclinical evaluation

Brain organoids, derived from human pluripotent stem cells, self-
organize into 3D structures resembling developing brain architec-
ture and are used to model neurological disorders!*"'"**], Perfus-
able organ-on-a-chip systems enhance organoid development
through fluid mechanics, improving neural differentiation and
cortical layer formation"”"]. Organoids have replicated key dis-
ease hallmarks such as amyloid-f and tau accumulation in
Alzheimer’s disease and dopaminergic neuron loss in Parkinson’s
disease!"””. Patient-specific iPSC-derived organoids allow model-
ing of genetic disorders like Timothy syndrome and autism, facil-
itating personalized drug testing!?”'*’). Brain-on-a-chip platforms
combine microfluidics and 3D cultures to model the BBB, neur-
ovascular interfaces, and shear stress effects. These systems en-
able high-throughput drug screening, evaluating toxicity, and bio-
marker discovery under conditions closer to in vivo
physiology!*”!. Vascularized organoids created by co-culturing
endothelial cells show improved cell viability and offer more
realistic disease models. 3D bioprinting of iPSC-derived neural
tissue permits precise patterning for modeling diseases such as
multiple sclerosis'™'!. Fused organoid systems, including neur-
omuscular junction models, successfully replicate motor neuron
pathology and are used to evaluate candidate therapeutics!”.
Preclinical studies using organoid-grafted animal models demon-
strate functional integration and potential therapeutic efficacy in
epilepsy and schizophrenia'*®. Despite fetal-like immaturity,
these models are advancing through maturation protocols and
computational tools like Al-assisted structural design™”.
However, limitations remain, including a lack of full BBB com-
ponents, immune cells, and adult-level functional maturity!*"),
Overall, these 3D stem cell platforms provide powerful tools for

mechanistic studies and drug evaluation in neurological dis-
orders, bridging the gap between 2D cultures and animal
models'?”'*!. Beyond therapeutic applications, advances in ana-
tomical and experimental modeling are increasingly influencing
stem cell research and translational neuroscience. Studies focus
on the growing use of alternative anatomical teaching and experi-
mental models, as well as refined animal-based platforms, to im-
prove biological understanding, reproducibility, and ethical com-
pliance in biomedical education and preclinical research!**"*,
These approaches complement stem cell-based neurological re-
search by supporting accurate anatomical interpretation and en-
hancing translational relevance to reduce the use of animals in re-
search.

Biomaterials in stem cell therapy

Biomaterial scaffolds mimic the ECM and provide structural, bio-
chemical, and mechanical support to transplanted stem cells. Nat-
ural polymers like collagen, hyaluronic acid, fibrin, chitosan, and
urinary bladder ECM hydrogels enhance survival, differentiation,
and integration of neural progenitors after CNS injury'*?’. Porous
collagen-based scaffolds carrying NSCs promote neuronal differ-
entiation, axon growth, reduced gliosis, and restore motor func-
tion in spinal cord injury models. Porous collagen-glycosa-
minoglycan scaffolds deliver embryonic NSCs, improve neuron-
al integration, and restore locomotion in mice. Covalent immobil-
ization of neurotrophins (BDNF, GDNF) onto electrospun nan-
ofiber scaffolds supports long-term neural progenitor survival and
enhances differentiation in vitro and in vivo. Injectable thermo-re-
sponsive hydrogels (methylcellulose, chitosan/GP) conform to le-
sion cavities, deliver NSCs, and improve cell adhesion while
minimizing inflammation. Implantable scaffolds with anisotropic
porosity and conductive properties help guide axonal alignment
and transmission, aiding regeneration after stroke, TBI, and spin-
al cord injury. Combinatorial scaffolds (collagen/heparin with
vascular endothelial growth factor, gelatin + polydopamine +
GDNF) modulate inflammation, promote M2 microglial pheno-
type, neuronal survival, and myelination. 3D bio-printed scaf-
folds (Gelatin methacryloyl, collagen/silk fibroin) allow precise
cell placement, reduce scarring, and restore function in spinal
cord injury. Nanofiber scaffolds patterned with laminin or
graphene oxide direct neurite extension and glial differentiation,
improving tissue guidance and integration. Hybrid scaffolds com-
bining stem cells, exosomes, nanoparticles, and growth factors
such as MSC-derived exosomes enhance neural regeneration and
immunomodulation in TBI. Meta-analysis shows combined scaf-
folds and MSCs outperform individual treatments, improving
motor recovery in preclinical spinal cord injury models"*”"**,
Biomaterial scaffolds greatly enhance stem cell therapies for
neurological disorders by providing structural support, localized
delivery of cells and bioactive cues, and immune modulation*",
These combinatorial approaches consistently improve cell surviv-
al, integration, and functional recovery in preclinical models, rep-
resenting a promising translational strategy.

Personalized and precision stem cell therapies

Personalized stem cell therapies use a patient’s own cells to min-

8 Diseases & Research, 2026, vol. X: X—X



Diseases & Research

imize immune rejection and maximize specificity”*”. iPSCs are
commonly generated from patient somatic cells and repro-
grammed to develop personalized neural cells for therapy and
disease modeling"*". Patient-derived iPSC models have been
used to replicate genetic neurological diseases like Parkinson’s,
Alzheimer’s, amyotrophic lateral sclerosis (ALS), and ischemic
stroke in vitro""'"*}. For example, iPSC-derived dopaminergic
progenitors were implanted in patients with Parkinson’s disease,
demonstrating safety and stable graft survival in a phase I or II
trial'™. Autologous iPSC-derived neural cell therapies are advan-
cing through investigational new drug application (IND) clear-
ance and early-stage clinical studies”™'*!. Brain-on-a-chip plat-
forms with patient-specific iPSC neurons provide personalized
drug screening under physiologically relevant conditions!*"!. ESC
and iPSC-derived neural grafts in spinal cord injury show im-
proved motor function and integration in preclinical rodent mod-
els!">'1 MSCs, harvested from a patient’s bone marrow or
adipose tissue, are used for personalized immunomodulatory
therapies in multiple sclerosis and stroke. Gene editing (CRISPR)
in patient-specific iPSCs enables correction of disease mutations
before neural differentiation and transplantation'*”. Biomarkers
and omics profiling of patient-derived stem cells allow stratifica-
tion of subpopulations and tailoring of therapeutic cell batches.
Challenges include iPSC heterogeneity, genetic/epigenetic drift
during culture, tumorigenicity risk, scalability, and high produc-
tion costs. Precision approaches such as sorting dopaminergic
precursors (CORIN sorting) reduce tumor risks and improve
treatment specificity!*. Deep phenotyping and Al in personal-
ized stem cell therapies help to predict differentiation fate and
therapeutic potential. Future directions focus on integrating gene
correction, microenvironment engineering, and bioengineering to
enhance the safety and efficacy of personalized neural cell ther-
apy"**'**]. Recent advances in single-cell transcriptomics and
spatial omics have further refined patient-specific stem cell char-
acterization, enabling the identification of responder versus non-
responder cell populations before transplantation. In addition, the
development of cell-free personalized therapies, such as patient-
matched stem cell secretomes and extracellular vesicles, offers a
precision alternative that retains therapeutic efficacy while redu-
cing immunogenicity and tumorigenic risk!"*!. Future directions
focus on integrating gene correction, microenvironment engineer-
ing, and bioengineering to enhance the safety and efficacy of per-
sonalized neural cell-based therapy.

A first-in-human study conducted in Japan demonstrated the
feasibility of personalized stem cell therapy using autologous
iPSCs. In this study, patient-derived iPSCs were differentiated in-
to dopaminergic progenitor cells and transplanted into the puta-
men of individuals with PD. The treatment showed long-term
graft survival, no tumor formation, and sustained dopamine pro-
duction with improvement in motor symptoms, confirming both
safety and therapeutic potential of autologous iPSC-based preci-
sion therapy!*”'**!. This trial highlighted the advantage of person-
alized approaches in minimizing immune rejection while main-
taining functional integration. Patient-derived iPSC neurons from
individuals with familial and sporadic AD have been used to re-
capitulate disease-specific phenotypes, including amyloid-f accu-
mulation, tau hyperphosphorylation, and synaptic dysfunction.
These personalized therapies enabled screening of candidate
therapeutics under patient-specific genetic backgrounds, reveal-

ing differential drug responsiveness and emphasizing the need for

precision  medicine  approaches in  neurodegenerative
. 149,1

disorders™**"*,

Clinical trials

Clinical trials of stem cell therapy in neurological disorders have
shown encouraging but varied outcomes. In MS, studies using
MSCs or neural progenitor cells demonstrated safety and modest
improvements in mobility, inflammation, and brain atrophy™”'*".,
Meta-analyses of randomized trials also reported improved scores
of disabilities and reduced lesion volumes in MS patients'*”. ITn
ischemic stroke, trials involving intravenous infusion of MSCs or
bone marrow cells in over 700 patients revealed functional gains
and reduced disability with minimal side effects!™. In
amyotrophic lateral sclerosis (ALS), a phase III trial using MSCs
engineered to release neurotrophic factors did not meet primary
efficacy endpoints but showed benefit in patients with milder dis-
ease!™". Overall, these therapies appear to be safe, and early-
phase trials support their biological activity. However, most tri-
als remain small, and early-stage and large-scale phase III trials
are still needed to confirm long-term efficacy, optimize cell
types, and define standardized delivery protocols!'*. As of 2023,
over 500 clinical trials in neurological disorders are registered
globally, reflecting the growing interest and potential of stem cell-
based interventions.

Limitations and challenges

Despite its potential, stem cell therapy for neurological disorders
faces several limitations and challenges. One major issue is the
limited survival and integration of transplanted cells into the host
brain due to the hostile inflammatory environment and scar form-
ation®. Immunological rejection remains a concern, especially
with allogeneic transplantation, requiring immunosuppression
that can pose health risks and side effects!*®. Another challenge
is the risk of tumor formation or inappropriate differentiation,
particularly with pluripotent stem cells!"*"). Standardizing proto-
cols for cell sourcing, preparation, and delivery remains a chal-
lenge, which affects reproducibility and scalability across clinic-
al centers. Additionally, ethical concerns and the long-term safety
and efficacy of therapies further complicate clinical
translation'”", Limited large-scale clinical trials with long follow-
up periods also hinder definitive conclusions about therapeutic
benefits. Moreover, regulatory, financial, and logistical barriers
continue to slow progress toward routine clinical use in neurolo-
gical diseases.

Conclusion and future directions

Stem cell-based therapies offer transformative potential for the
treatment of neurological disorders, many of which lack curative
options. This review explored the wide range of roles of stem
cells, spanning from their classifications to their therapeutic ap-
plications in complex disorders such as AD, PD, stroke, MS, NP,
and TLE. Emerging approaches that target the neuroinflammat-
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ory microenvironment, as well as the dynamic crosstalk between
stem cells and the immune system, underscore the importance of
personalized and precision interventions. Innovations like gene-
modified stem cells, synthetic biology tools, brain organoids, and
3D culture models have significantly enhanced understanding of
disease mechanisms and improved the fidelity of preclinical eval-
uation. The integration of biomaterials and scaffolds further sup-
ports cell survival and functional recovery. In the context of cur-
rent literature, this review consolidates emerging evidence that
the therapeutic benefits of stem cell-based interventions in neuro-
logical disorders are driven less by direct cell replacement and
more by paracrine signaling, immune modulation, and microen-
vironmental remodeling. While earlier studies emphasized neur-
onal engraftment as the primary mechanism, recent preclinical
and clinical findings increasingly support secretome-mediated
neuroprotection, anti-inflammatory signaling, and vascular stabil-
ization as dominant contributors to functional recovery. Our stud-
ies highlight a paradigm shift toward acellular and precision-
based stem cell strategies, aligning with growing reports advocat-
ing secretome-, exosome-, and biomaterial-assisted approaches to
overcome limitations of cell survival, immune rejection, and
scalability. Importantly, by integrating data across multiple neur-
ological disorders, this review identifies convergent molecular
pathways such as oxidative stress regulation, mitochondrial
homeostasis, and neuroimmune crosstalk that represent shared
therapeutic targets across disease contexts. Despite the progress,
several challenges remain, including poor engraftment, limited
cell survival, immune rejection, and safety concerns in clinical
applications. Future investigations need to be focused on improv-
ing delivery strategies, optimizing host-graft interactions, and en-
hancing in vivo tracking of the transplanted cells. Additionally,
expanding well-controlled, long-term clinical trials and integrat-
ing omics-based data for better patient stratification will be critic-
al. With continued interdisciplinary collaboration, stem cell ther-
apy holds promise to revolutionize the landscape of neuro-regen-
erative medicine and will lead to more effective, individualized
precision therapy for debilitating neurological diseases.
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