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A B S T R A C T

Rapid advances in biological knowledge and technological innovation have greatly advanced the fields of stem
cell and gene therapies to combat a broad spectrum of neurologic disorders. Researchers are currently exploring a
variety of stem cell types (e.g., embryonic, progenitor, induced pluripotent) and various transplantation strategies,
each with its own advantages and drawbacks. Similarly, various gene modification techniques (zinc finger,
TALENs, CRISPR-Cas9) are employed with various delivery vectors to modify underlying genetic contributors to
neurologic disorders. While these two individual fields continue to blaze new trails, it is the combination of these
technologies which enables genetically engineered stem cells and vastly increases investigational and therapeutic
opportunities. The capability to culture and expand stem cells outside the body, along with their potential to
correct genetic abnormalities in patient-derived cells or enhance cells with extra gene products, unleashes the full
biological potential for innovative, multifaceted approaches to treat complex neurological disorders. In this re-
view, we provide an overview of stem cell and gene therapies in the context of neurologic disorders, highlighting
recent advances and current shortcomings, and discuss prospects for future therapies in clinical settings.
Introduction

The explosion of biotechnology and genetics advances in recent de-
cades has led to increased understanding of the underlying contributors
to a multitude of human diseases, including neurologic disorders. The
resulting insight into neurological disorder pathogenesis, which ranges
from single gene defects to complicated multidimensional processes, has
likewise fueled the development of new, innovative treatment strategies
based on stem cell therapeutics [1,2] or gene therapy [3,4]. Stem
cell-based therapies offer a comprehensive, multifaceted approach to-
ward complex disease mechanisms, while gene therapy offers a means to
impact precise genetic targets. Each therapeutic strategy encompasses
varying options with inherent benefits and challenges that inform their
utility, and we are just beginning to appreciate the true capacity of the
available approaches and emerging innovations. While a complete cat-
alog of stem cell-based strategies for neurologic diseases would be
impossible in a single review, this article highlights the categories of
various therapeutics explored and the characteristics that make them
amenable to certain therapeutic applications. We aim to provide a broad
conceptual overview and facilitate an entry for the reader toward the
referenced literature for more in depth study. Stem cell classes and their
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properties are reviewed, followed by a special discussion on issues
related to cell transplantation and maintenance. Current gene therapy
methodologies are also reviewed, highlighting methods utilized in pre-
clinical and clinical settings. Additionally, we discuss the potential
intersection of the two strategies using gene modified cell therapies, an
approach that is enhancing applicability for certain human diseases,
including neurologic disorders.

Stem Cell Therapeutics

Therapeutic approaches leveraging stem cells have evolved signifi-
cantly since the inception of bone marrow transplants over fifty years ago
[5]. Today, stem cells hold immense promise for treating neurologic
disorders, offering a unique and transformative approach to address the
complexities of conditions affecting the nervous system. The develop-
ment and application of therapies for neurological disorders encounter
significant hurdles due to the distinct characteristics of the nervous sys-
tem. Mature neurons in the adult nervous system are post-mitotic, which
poses a challenge in replenishing damaged neurons. Moreover, the
blood-brain barrier (BBB) is a formidable obstacle, impeding the delivery
of pharmaceuticals and biologics into the central nervous system (CNS).
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Furthermore, many neurological diseases invoke multiple pathologic
mechanisms that cannot all be effectively addressed by single pharma-
cologic agents. However, stem cell therapies can potentially overcome
these limitations comprehensively.

One of the primary benefits of stem cells comes from their remarkable
ability to differentiate into various cell types, including neurons and glial
cells, crucial for repairing and replacing damaged neural tissue [6,7].
Once introduced into the target tissue, stem cells can act as biological
factories, providing long-term benefits, even in organs with highly
regulated access like the brain's BBB. Additionally, unlike traditional
treatments that may only alleviate symptoms or target a single pathway,
stem cell therapies can potentially engage multiple mechanisms to sup-
port diseased neurons, such as secretion of macromolecules, immune
modulation, toxin scavenging, etc. In this way, stem cells may even target
the root causes of neurologic disorders, promoting regeneration and
functional recovery of native cells [8]. Additionally, the potential for
stem cells to form neurons and new synapses also allows them to inte-
grate into existing neural networks, restoring and augmenting affected
neural circuits [9]. Current research efforts focus on a variety of stem cell
classes that vary by source, availability, and capacity to differentiate,
migrate, and proliferate, thus further enhancing the ability to tailor
treatment to individual patient needs. Understanding the characteristics
of different stem cell types, as well as available means to secure and
Fig. 1. Stem cell classifications and delivery strategies for therapeutic applica
addressing neurologic diseases. After isolation, these stem cells can be immediately t
Implantation strategies include intravenous, intranasal, intracerebroventricular, int
BioRender.com.
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deliver cellular therapies, is important for appreciating their potential for
clinical use for neurologic disorders.

Stem cell classifications and therapeutic applications

Stem cells are defined by the ability to both self-renew and differ-
entiate into multiple cell types; however, the inherent properties of
each stem cell class offer unique advantages and opportunities (Fig. 1)
[10].

Embryonic stem cells
Embryonic stem cells (ESCs) possess remarkable potential, exhibiting

either totipotency, with the theoretical capacity to transform into any cell
type, or pluripotency, maintaining the ability to differentiate into cells
representing all three developmental germ cell layers. Since they can be
cultured in an undifferentiated state, ESCs hold promise in their capa-
bility to develop into a diverse array of terminal cell or tissue types upon
exposure to appropriate morphogenic signals. This versatility extends to
the realm of neurological and developmental diseases, where ESCs serve
as invaluable models for studying neuronal and glial tissue. ESCs also do
not express high levels of major histocompatibility complex (MHC)
proteins, and thus could have less risk for rejection in transplantation
paradigms [11,12].
tions. Stem cell therapies encompass a wide array of cell sources and types for
ransplanted or undergo ex vivo expansion and modification before implantation.
racerebral, intrathecal and intraneural routes of delivery. Image created using
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Despite their broad developmental potential, ESCs may be of limited
use in treating neurologic disease as the ability to form mesenchymal or
endodermal tissues is unlikely to be useful in the context of the nervous
system. Furthermore, the immature, undifferentiated state of ESCs
carries a concern for uncontrolled cell proliferation and tumor or tera-
toma formation upon implantation into a host [13,14]. Therefore, the
transplantation of truly naïve undifferentiated ESCs has seen little clin-
ical application for neurologic disorders.

Another consideration is that, while current ESC lines can be propa-
gated in culture, new ESCs would need to be sourced from the blastocyst
inner cell mass of a developing human embryo. This derivation of new
lines is highly regulated and the use of ESCs is constrained by strict
ethical and regulatory guidelines [15], thus impacting their use for
research and medical applications. Fortunately, there are several inter-
mediate cell types preceding the formation of terminally differentiated
neural tissue that maintain the advantages of stem cell therapy while
avoiding the risks associated with ESCs. These cell types will be discussed
in the following sections.

Neural stem cells and central nervous system progenitor cells
There are many stages and levels along the developmental pathway

between the earliest totipotent ESCs and the final terminal cell type of a
given organ. These intermediate populations are often broadly termed
progenitor cells or precursor cells. Progenitor cells have the benefit of
being closer to terminal differentiation, with less concern for tumor
formation andmore control of final cell phenotype [16]. In the CNS, early
stage progenitor cells are termed neural stem cells (NSCs), capable of
forming both neurons and glia [17]. Cell types that are further along in
the differentiation pathway include neuronal stem cells that only form
neurons (or only specific subtypes of neurons, such as dopaminergic or
γ-aminobutyric acid (GABA)-ergic neuron precursors) or glial precursor
cells (which may be restricted only to astrocytes or oligodendrocytes).
The unique transitional properties of progenitor cell populations in the
nervous system make them a promising therapeutic tool.

NSCs are multipotent stem cells found in the nervous system that have
a remarkable ability to self-renew and differentiate into various cell types
of the nervous system, including neurons, astrocytes, and oligodendro-
cytes [17]. During embryonic development, NSCs arise from the neural
tube, an ectodermal structure that gives rise to the entire CNS. In adult
rodents and other mammals, NSCs persist in specific regions of the brain
known as neurogenic niches, where they continue to generate new
neurons and glial cells through an individual's lifetime in response to
various stimuli, such as injury or disease. Two primary neurogenic niches
in the adult brain are the subventricular zone lining the lateral ventricles
and the subgranular zone of the hippocampal dentate gyrus. The rele-
vance of these populations in primates and humans is debated, but cell
replacement from these niches is likely to be less relevant [18].

Although harnessing inherent neurogenesis from native NSC niches
does not seem practical in humans currently, NSCs can still be propagated
as cell lines and serve a therapeutic role as allograft transplants. A sig-
nificant advantage of NSCs lies in their ability to integrate into existing
neural circuits, provide trophic support to damaged cells, promote
functional recovery, and modulate the local environment. Challenges
include potential tumorigenicity (to less of a degree than ESCs), some-
times challenging in vitro proliferation, as well as their limited differen-
tiation capabilities. Additionally, since NSC harvest and autologous
transplant is not feasible in humans at this time, immune rejection of
allogenic transplants remains a concern, as discussed in later sections.

Preclinical studies successfully demonstrate the therapeutic potential
of NSCs in multiple models of neurologic disorders. In a multiple sclerosis
mouse model, intraspinal transplant of human NSCs increases regulator T
cell levels, promotes remyelination, and decreases neuroinflammation
[19]. Human NSCs infused into the fimbria fornix of the hippocampus of
an Alzheimer's disease mouse model improve spatial memory and
normalize genes dysregulated by Alzheimer's disease [20]. Additionally,
transplantation of NSCs into the lateral ventricle of a superoxide dismutase
3

1mousemodel of ALS delays time to disease onset, prevents motor neuron
loss, and promotes proliferation in neurogenic regions of the brain [21].

Perhaps the neurological disease with the longest history of stem cell-
based therapy is Parkinson's disease. Given the defined desire to restore
dopaminergic cells in motor systems, NSCs make sense as a restorative
strategy [22]. Earliest attempts utilized tissue obtained from fetal ventral
mesencephalon [23,24], or other fetal tissues to lesser effect [25], and
survival and engraftment of donor cells were established. In one study (N
¼ 34, prospective randomized double-blind study over 24-months
including a sham surgery arm), the trial failed to meet the primary
endpoint (significant improvement in scores of the Unified Parkinson's
Disease Rating Scale, UPDRS), and over 50% of patients developed
intractable “runaway” dyskinesias that were not related to medication
side effect [26]. In another similar study (N ¼ 40, prospective random-
ized double-blind study over 1 year including sham surgery arm),
improvement was most robust in younger patients (<60 years old),
although 5 of these younger patients developed worsening dystonia and
dyskinesia over time [27]. This pioneering work led to plans for another
European trial (TRANSNEURO) using fetal-derived ventral mesence-
phalic neuronal precursors [28], although final outcomes have yet to be
reported. Despite these trailblazing studies, sourcing NSCs from fetal
donor tissue brings significant barriers, including uni-
formity/characterization of cell product, obtaining sufficient viable cell
numbers, problems with rejection/immune suppression (see below), as
well as ethical quandaries. With modern well-established stem cell cul-
ture techniques, stem cell therapies derived from established NSC lines
circumvents these issues. Indeed, many of the same investigators asso-
ciated with TRANSNEURO are also performing a trial evaluating a
dopamine neuron precursor line (STEM-PD, NCT05635409) [29,30], and
a similar dopaminergic precursor product is in early stages of evaluation
(MSK-DA01, bemdaneprocel, NCT04802733) [31].

Given the lessons learned from Parkinson's disease and positive
preclinical results in other areas, recent clinical studies are exploring
the safety and potential efficacy of NSC treatment in patients with
other neurologic diseases. In a Phase I clinical trial for individuals with
progressive multiple sclerosis (N ¼ 15), intracerebroventricular
transplantation of allogeneic neural stem cells (hNSC 03/14b) was
investigated in escalating doses (3 subjects each at 5 million, 10
million, and 16 million cells and 6 subjects receiving 24 million cells).
While not designed to assess efficacy and lacking a placebo control
group, the trial found no detrimental effects on disability or disease
progression, and no effect, either beneficial or harmful, was seen in
multiple sclerosis-related lesions on imaging. No deaths or serious
adverse events were reported related to the stem cell therapy, lending
support at least for the safety of this approach [32]. Likewise, intra-
spinal transplantation of NSCs in individuals with ALS has recently
been studied. A Phase I and Phase IIa study investigating a human NSC
line (NSI-566RSC) utilized a design of escalating risk (from 10 to 40
spinal injections, beginning with lumbar targets and escalating to
cervical targets) in addition to escalating cell dose (from 2 million to
16 million cells) in 24 subjects [33]. Two serious adverse events were
described, but neither were clearly related to the cellular therapy or
method of transplantation. Given this was not a placebo-controlled
trial, a long-term post hoc analysis compared results with
placebo-treated cohorts from prior large ALS clinical trials. This sug-
gested improvement in clinical measures and survival compared to
historical controls [34]. A similar study in ALS evaluated intraspinal
human NSC transplantation in 18 subjects with no serious adverse
events [35]. While additional research is still needed, the use of NSCs
for treating neurologic disorders represents a promising avenue that
could revolutionize the field of regenerative neurology.

NSCs give rise to both neuronal and glial progenitor cells. Neuronal
progenitor cells are committed to forming neurons while glial progenitor
cells are committed to glial cell lineages. As described above, neuronal
progenitors or specific neuron precursor cell populations arise from NSCs
during development. For glial precursor cells, endogenous sources of
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rodent glial precursor cells include the spinal cord [36,37], optic nerve
[38], and cerebral cortex [39]. In humans, endogenous glial precursor
cells have been isolated and purified from white matter [40] and the
spinal cord [41].

Current approaches aim to use neuronal progenitor cells capable of
differentiating into various neuronal cell types to replace damaged or
degenerated neural tissue in conditions like spinal cord injuries [42],
stroke [43], and Parkinson's disease [44]. For example, in a mouse model
of drug-resistant mesial temporal lobe epilepsy, single-dose intra-
hippocampal delivery of pallial GABAergic interneurons derived from
medial ganglionic eminence progenitor cells suppresses seizures and
increases lifespan [45]. These promising results led to a Phase 1/2 clin-
ical trial (NCT05135091) focused on drug-resistant mesial temporal lobe
epilepsy that is currently ongoing. Additionally, a clinical case series
reported that transplantation of human neuronal progenitor cells into the
dorsal putamina of Parkinson's disease patients enhances midbrain
dopaminergic activity and improves motor function [46]. Here, we can
see that for neurologic conditions in which particular neuronal subtypes
are affected in very specified neural circuits, a strategy using a more
defined and differentiated cellular product shows great potential.

Venturing down the other major branch of differentiation, glia,
chiefly astrocytes and oligodendrocytes, provide supportive functions for
neuronal cells in the nervous system. As such, dysregulation of glial
function contributes significantly to the pathology of neurological dis-
eases, with implications for neuroinflammation, demyelination, and
neuronal damage [47]. The ability to generate robust populations of
these cells from glial progenitor cells or astrocyte/oligodendrocyte pro-
genitor cells offers promising avenues for regenerative stem cell-based
therapies. Currently, use of glial progenitor cells as a therapeutic treat-
ment option has been investigated preclinically for ALS, multiple scle-
rosis, and spinal cord injury [48]. Trials assessing glial-restricted
precursors cells are recruiting for treatment of transverse myelitis
(NCT03887273) or in the planning phases for ALS (NCT02478450). The
safety and tolerability of a single intrathecal injection of
astrocyte-restricted progenitors was reported in 10 ALS subjects [49],
testing doses of 100 million and 250 million cells. No deaths or serious
adverse events were noted, and transient improvement in the slope of
disease progression was noted in the 3 months following injection.

Oligodendrocyte progenitors, on the other hand, could be used to
restore axon myelination in demyelinating conditions and some early
animal models show promise in this realm [50]. In autoimmune demy-
elinating diseases, such as multiple sclerosis, an additional challenge for
oligodendrocyte progenitor cells are the hostile local environments that
make transplant survival impossible [48]. Still, use of oligodendrocyte
progenitor cells has been explored for ALS and spinal cord injury [51]; a
Phase 1 trial exploring ESC-derived glial/oligodendrocyte progenitor
cells was established for participants with spinal cord injuries, but was
later closed without publication of study results (NCT01217008). While
additional research is still needed, the use of neuronal and glial pro-
genitor cells for treating neurologic disorders represents a promising
avenue that could revolutionize the field of regenerative neurology.

Mesenchymal stem cells
Mesenchymal stem cells (MSCs) are derived from mesodermal-

derived tissue, which includes adult tissues such as bone marrow, adi-
pose tissue, and peripheral blood, as well as neonatal tissues like
placenta, amnion, umbilical cord, and umbilical cord blood [52]. MSCs
are multipotent and naturally produce mesodermal lineages, although
recent studies report the ability to induce cross-lineage differentiation to
generate less directly related cell types, e.g., neurons [53]. The accessi-
bility and availability of MSCs are greater compared to ESCs. MSCs are
also thought to be less immunogenic, with evidence supporting lower
risk of rejection even with allogenic transplantation compared to other
progenitor cell types. Additionally, in contrast to NSCs, they offer a
source of stem cells that can be used for autologous cellular therapy
development, thereby decreasing the risk of rejection and avoiding the
4

need for immunosuppressive agents [54]. However, by using an autolo-
gous transplant strategy, the pathology leading to the underlying
neurologic illness may also impact the behavior of patient-derived MSCs.
For example, bone marrow-derived MSCs from ALS patients demonstrate
deficits in migration and growth factor secretion compared to those from
healthy controls [55–59].

Preclinical studies investigating the use of MSCs in neurodegenerative
diseases, such as Parkinson's disease [60] and Alzheimer's diseases [61],
indicate encouraging outcomes. These studies reveal that MSC trans-
plantation promotes neuronal survival, modulates microglial activation,
and enhances the release of neurotrophic factors, collectively contrib-
uting to neuroprotection. Targeted activation of MSCs or specific sub-
populations have also shown promise in ALS preclinical studies [62,63].

Delivery strategies of MSCs, also described in more detail below,
should be considered in light of their purported mechanisms of action.
Delivery via the vasculature (intravenous or intra-arterial) is attractive
due to the non-invasive (and potentially autologous) nature of this
approach. MSCs do appear to cross the blood-brain barrier (BBB) from
the vasculature, perhaps facilitated by compromise of tight junctions in
disease or in settings of inflammation [64,65]. However, a large pro-
portion of cells appears to remain entrapped in small vessels [66–68].
Thus, a therapeutic mechanism invoking predominantly secreted factors
(macromolecules or extracellular vesicles) or interactions with cells
outside of the CNS (e.g., immune interactions) may take a primary role
[69]. Interfaces directly with diseased neurons or strategies aimed at cell
replacement may require injection into the spinal fluid or directly into
brain/spinal cord tissue [52]. Current clinical trials are currently
exploring the application of MSCs to treat individuals with stroke [70],
Alzheimer's disease (Phase IIa, NCT02833792), Parkinson's disease
(Phase II, NCT04995081), and ALS (Phase II, NCT03268603), among
many other neurological diseases, underscoring the translation of pre-
clinical success to potential therapeutic applications.

Induced pluripotent stem cells
Finally, recent advances also support the development of pluripotent

cells from adult somatic tissue [71]. Induced pluripotent stem cells
(iPSCs) are created by genetically reprogramming patient-derived cells,
usually fibroblasts obtained from skin punch biopsy, by transducing them
with a select combination of transcription factors. These factors – the
Yamanaka factors Oct3/4, Sox2, Klf4, and c-Myc – de-differentiate the
cells to an ESC-like state [72]. Although this is a relatively new tech-
nology and long-term characterization of these cells is still in progress,
iPSCs offer a means to establish patient-specific disease models, as well as
a potential resource for autologous cellular therapy development. A chief
advantage lies in the theorized ability to embark upon personalized or
precision medicine, with ex vivo modification of underlying genetic or
epigenetic drivers of pathology (see following sections) [73]. Upon
expansion and differentiation, the modified cells can be transplanted in
an autologous fashion with decreased concern for immune rejection. The
flip side of this approach is that many undefined genetic polymorphisms
or epigenetic changes will be carried into the final cell product, imparting
a degree of variance in achieving targeted effects. Also, to create an iPSC
line for every patient could prove labor intensive. Use of a single “off the
shelf” iPSC line in an allograft paradigm would be more expedient but
may sacrifice the unique “personalized” aspect of therapy and require
immune suppression to prevent host rejection.

iPSC technology has thus thrown open a floodgate for human-
relevant investigation and holds immense promise for revolutionizing
the treatment landscape of neurologic disorders. These cells offer an
unprecedented opportunity to create patient-specific, functional neural
cells for disease modelling and transplantation. As iPSCs can be differ-
entiated into various neural cell types, including neurons and glial cells,
they provide a platform for understanding the underlying mechanisms of
neurological disorders and drug screening [74,75]. Furthermore, iPSCs
can not only model neurological disease, but can serve as a potential
therapeutic tool. Preclinical work has been performed applying



Table 1
Comparison of stem cell transplantation strategies.

Transplantation Route Strengths Limitations

Intravenous Rapid systemic distribution
Non-invasive
Easily administered in
clinical settings
Reduced risk of tissue
damage
Potential for repeated dosing

Dilution in circulation
Clearance by filtering
organs
Limited homing to target
tissues
Immune system clearance
Potential off-target effects

Intrathecal Direct access to CSF and
fluid dynamics
Enhanced targeting
Reduced systemic exposure
Less invasive than
intracerebral

Risk of complications
Immune response in the
CNS
Challenges in cell
retention
Potential off-target effects

Intracerebroventricular Direct access to CSF and
fluid dynamics
Enhanced targeting
Reduced systemic exposure
Less invasive than
intracerebral

Risk of complications
Immune response in the
CNS
Challenges in cell
retention
Potential off-target effects

Intracerebral Precise targeting
Enhanced integration
Minimized dilution and
clearance
Potential for local effects
Long-term retention

Risk of neurological
complications
Immune response in the
brain
Invasive procedure
Limited distribution
Challenges in precise
targeting

Intraneural Precise targeting
Enhanced integration
Minimized dilution and
clearance
Potential for local effects

Risk of nerve injury
Invasive procedure
Limited distribution
Immune response in the
nerve
Challenges in precise
targeting

Intranasal Non-invasive
Direct access to the brain
Rapid absorption
Minimized systemic
exposure
Enhanced patient
compliance

Variable absorption
Clearance mechanisms
Risk of inflammation
Lack of consistency in
protocols

CSF, cerebral spinal fluid.
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iPSC-based therapy in stroke, spinal cord injury, Alzheimer's disease,
Parkinson's disease, ALS, and more [76]. The first report of iPSCs applied
in human subjects was in 2020 [77]. Subsequently, a clinical trial
(NCT06145711) was initiated in October 2023 to investigate the safety
of an autologous iPSC-based therapy in three Parkinson's disease par-
ticipants. A similar trial using iPSCs in Parkinson's disease, albeit as an
allogeneic transplant and not in an autologous fashion, is underway in
Japan [78]. While challenges remain, such as the ensuring the safety and
efficacy of iPSC-derived therapies, ongoing preclinical research and
clinical trials are advancing the field, signaling a hopeful future for
harnessing the regenerative power of iPSCs to study and treat diverse
neurologic disorders.

As can be seen by this brief overview, the attributes of the varying
stem cell types, including their source of derivation, their differentiation
potential, and their availability, influence their prospective utility for
research and clinical translation.

Clinical considerations for stem cell therapy

In addition to selecting an appropriate stem cell type, establishing an
effective stem cell therapy also means ensuring cells are successfully
delivered to the proper tissue and promoting the survival and function-
ality of the cells once they reach their intended site.

Delivery of stem cell therapies
The desired outcome of stem cell therapy, whether it be cell

replacement, paracrine effects within the microenvironment, or delivery
of therapeutic factors to specific anatomical regions, requires careful
selection of an appropriate delivery strategy. Approaches for stem cell
delivery have utilized low invasive intravenous or intraarterial injection,
methods to tap into cerebrospinal fluid flow such as intrathecal or
intracerebroventricular injection, or more targeted approaches of direct
intracerebral injection into brain parenchyma or intraneural injection
into peripheral nerves (Fig. 1; Table 1). Additionally, recent experimental
approaches have explored the delivery of stem cells through nasal pas-
sages [79].

Systemic administration via intravenous injection facilitates broad
distribution of cells which allows cells to either promote global effects or
home to specific regions. Some preclinical studies suggest that in certain
cases, such as ischemic stroke, intravenous stem cell infusion may be as
effective as direct implantation due to the potential paracrine action of
stem cells and the subsequent impact on brain regeneration [80,81].
While less invasive than direct brain injections, systemic administration
faces challenges, such as the limited ability of stem cells to target specific
areas within the brain or spinal cord. Cells must navigate through the
complex circulatory system, potentially getting trapped enroute, for
instance in the lungs due to their large size [82], and then cross the BBB
to reach the affected sites. Additional research is examining methods to
open the BBB to permit the passage of infused cells [83] and enhance the
homing and engraftment capabilities of stem cells, thus, optimizing their
therapeutic use for neurologic disorders of the CNS. Approaches to in-
crease homing and engraftment include the addition of cytokines during
in vitro expansion to stimulate expression of homing molecules,
pre-treatment with various growth factors, such as granulocyte colony
stimulating-factor, and surface modifications with natural or synthetic
polymers [84]. Additionally, a peripheral approach may be ideal when
targeting effects on diseases of the peripheral nervous system. Wide-
spread geographic regions can be impacted in polyneuropathies or
multiplex mononeuropathies without a need to overcome the BBB of the
CNS [85], although human trials using this approach to target peripheral
nerves has not yet been described.

Alternatively, direct transplantation delivers a high concentration of
cells to specific sites of injury or pathology. Intrathecal and intra-
cerebroventricular injection deliver stem cells directly into the cerebro-
spinal fluid (CSF), bypassing the BBB. Specifically, intrathecal injection
introduces stem cells into the space surrounding the spinal cord, while
5

intracerebroventricular injection targets CSF-filled cavities within the
brain's ventricular system. Access to the lumbar CSF cistern is a common,
relatively low-risk procedure and is therefore a strategy that can be
implemented widely and even repeatedly, if desired. This approach has
been applied in ALS [86–90], multiple sclerosis [91], spinal cord injury
[92–94], multiple system atrophy [95], and others [96]. Intra-
cerebroventricular injection may also make use of an implanted catheter
with subcutaneous reservoir, permitting repeated injections over time
with only one pass through the brain parenchyma. This approach has
been used, for example, as a strategy to treat ALS [97]. By leveraging the
natural fluid dynamics of the CSF, these methods facilitate the distribu-
tion of stem cells throughout the CNS and to affected areas, thus
enhancing their therapeutic potential for regeneration.

For peripheral nerve injuries, transplantation frequently involves
intraneural transplantation of stem cells with bioengineered conduits,
which are artificial scaffolds that provide a physical framework to sup-
port and guide integration into the injured nerve tissue [98]. Addition-
ally, bioengineered conduits can release growth factors or other bioactive
molecules that promote stem cell survival, proliferation, and differenti-
ation, thus further enhancing therapeutic potential.

Many studies that have progressed to early clinical trials have utilized
intracerebral injection to directly deliver stem cells into specific regions
of the CNS affected by injury or disease. Direct transplantation of stem
cells is particularly relevant in traumatic or degenerative conditions
where the localized nature of the pathology requires a targeted thera-
peutic intervention. Additionally, direct administration can facilitate
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integration of transplanted cells into existing neural circuits, promoting
functional recovery. Despite its advantages, direct transplantation does
come with considerations regarding invasiveness and the need for so-
phisticated delivery techniques. Typically, intracerebral injection re-
quires stereotactic surgical techniques to precisely and accurately guide
the insertion of a needle or catheter directly into specific targets [99]. An
analogous approach for diseases of the spinal cord has required the
development of similar techniques to target motor pathways [100]. This
has enabled a Phase I and Phase IIa trial of NSCs in ALS [33,34,101].
Overall, intracerebral and intraspinal injection has the advantage of
being the most targeted method, capable of introducing millions of cells
into specific anatomic structures, but is also a more invasive approach
with attendant procedural risks.

Intranasal delivery of stem cells leverages the olfactory pathway to
bypass the BBB and transport cells directly to the brain [102]. This
transplantation method has several advantages, including minimal
invasiveness, reduced risk of complications, and rapid delivery to the
CNS. Recent preclinical studies in rodent models of Alzheimer's and
Parkinson's disease report encouraging results, as intranasally adminis-
tered stem cells survive, proliferate, and promote therapeutic effects
[79], and an interventional clinical trial (NCT02795052) that will isolate
and intranasally deliver autologous bone marrow derived stem cells to
patients with neurologic conditions is currently recruiting. However,
limitations of intranasal delivery include variation in biodistribution
across different brain regions, potential inefficiencies in cell delivery, and
a lack of consistent data on the optimal concentration of stem cells
required to achieve therapeutic effects [79].

With recent FDA approval of focused ultrasound for treatment of
movement disorders [103], there is greater momentum in applying this
modality toward BBB permeabilization in conjunctionwith gene and stem
cell therapy [104,105]. In this arena, it is low intensity, pulsed focused
ultrasound (typically with use of intravascular microbubbles) [106,107]
which mediates BBB opening and permits passage of macromolecules,
including nucleotides, exosomes, and even cells. Early preclinical efforts
have demonstrated stem cells successfully enter brain parenchyma after
focused ultrasound opening of BBB followed by intra-arterial cell injec-
tion [108]. Of the 2 � 106 cells injected, about 33 cells/mm2 were found
24 h after injection. Retention of cells could theoretically be augmented
by preloading stem cells with superparamagnetic iron oxide nanoparticles
and applying a magnetic field to the brain after administration in
conjunction with focused ultrasound BBB opening [109]. Focused ultra-
sound has also been applied in animal models in conjunction with MSC
therapy [110], with nearly twice the engraftment with intravenous MSC
administration into target regions, possibly mediated by focused
ultrasound-induced upregulation of cell adhesion molecules. Endogenous
stem cell populations are seen to be enriched with focused ultrasound in
rats [111], but as above, the significance of adult neural stem cell niches
has yet to be established in humans.

Immune suppression and modulation
Stem cell therapy success also depends on preventing adverse com-

plications due to transplantation and ensuring cell survival following
delivery. While the brain was previously, and controversially, thought to
lack a strong immune response to transplanted stem cells due to the
presence of few professional antigen-presenting cells, limited lymphatic
drainage, and a protective BBB, current perspectives raise concerns
regarding the potential rejection of stem cells [112]. Thus, immune
suppression and modulation regimens are needed to prevent stem cell
rejection by the host tissue during transplantation. Drawing from the
experience of bone marrow transplant and solid organ transplant,
immunosuppressive approaches in CNS stem cell transplants often
involve the administration of immunosuppressive drugs, such as steroids,
inhibitors of calcineurin, inosine monophosphate dehydrogenase, and
interleukins [113]. Unfortunately, the use of immunosuppressive drugs is
associated with several limitations, including varying and inconsistent
protocols, toxic side effects, and inability to sufficiently overcome host
6

immune responses. More recently, a number of approaches using
monoclonal antibody-based immune suppression demonstrates superior
cell survival and decreased toxicity [114,115]. Although aspects such as
immunosuppressive regimen and optimal duration of immunosuppres-
sion for stem cell transplants in the CNS remains under study, rejection of
cells currently remains a mandatory consideration for all allogenic
transplant paradigms.

The harsh microenvironment of the diseased or injured nervous sys-
tem, coupled with challenges such as inflammation and oxidative stress,
also poses significant hurdles to the long-term viability of transplanted
cells. We have previously mentioned this as a significant challenge in
autoimmune disease such as multiple sclerosis. This appears also relevant
in neurodegenerative diseases such as ALS. The spinal cord microenvi-
ronment in ALS is characterized by oxidative stress, excitotoxicity,
inflammation, and a paucity of neurotrophic support, which can all be
detrimental to stem cell survival. Supplemental therapies to condition the
“soil” into which the stem cell “seed” is placed may become important in
maximize the effectiveness of cellular therapy [116]. Regardless, as
previously referenced, trials of intraspinal neural progenitor cell trans-
plants have progressed for ALS [117,118]. Other innovations to address
this issue includes the incorporation of biomaterial scaffolds to provide
structural support and create a conducive niche for cell survival and
integration [119].

Nucleotide-Based Therapeutics

Like stem cell therapy, treatment strategies for neurologic disorders
targeting genes and their products have expanded considerably over the
past three decades since the first gene therapy application in 1990 [3,4].
This stems from the growing number of mutations associated with
neurological disorders, the increasing availability of genetic testing, and
the rapid pace of technological advances in gene editing and other
gene-targeting technologies. In one strategy, the objective of gene ther-
apy is to deliver genetic material and/or genome editing tools to silence,
add, replace, or repair a gene. A related strategy utilizes a defined
nucleotide sequence as a way to interfere with a target gene's expression,
using RNA-interference (RNAi) or antisense oligonucleotides (ASOs).
These approaches have shown promise in early clinical trials. Herein,
again, we will be unable to review the details of every trial, but aim to
provide a framework for general understanding and touch upon some
exemplary cases [120–122].

Gene therapy

Gene therapy approaches involve using a nucleotide-based thera-
peutic, either DNA or RNA, and introducing these sequences into the cell
for long-term alteration of gene expression [123,124]. One strategy is to
take a gene replacement approach, in which a defective or missing ge-
netic sequence is replaced or augmented by introduction of a corrected
DNA sequence. Alternatively, a strategy of pathological gene inhibition
may be employed, whereby the gene therapeutic agent may encode a
sequence that blocks the expression of a defective gene at the tran-
scriptional, translational, or post-translational level. The complete
nucleic acid payload also includes promoters, enhancers, 50- and 30-un-
translated regions, or other sequences that can influence transgene
expression levels and even cellular specificity, including neuronal cells
[125]. To deliver the nucleic acid material for gene therapy, a vehicle of
non-viral or viral vectors is often utilized. Discussion of delivery strate-
gies will be undertaken in a subsequent section, but here we will first
focus on the overall conceptual approaches taken by various gene ther-
apy products in the neurological arena.

Gene therapy is particularly appealing for neurological diseases that
involve well-characterized loss-of-function mutations or truncations in
critical proteins. As such, success has been seen with the FDA approval of
Onasemnogene abeparvovec, a self-complimentary construct to express
intact SMN protein in SMA patients [126]. Additionally, the AAV-based
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gene therapy delandistrogene - moxeparvovec-rokl increases transgenic
micro-dystrophin protein expression, and was approved by the FDA in
June 2023 as the first gene therapy treatment for Duchenne muscular
dystrophy [127], a disease often treated by neuromuscular Neurology
specialists. Consequently, investigation into gene therapy is underway for
several neurologic disorders with underlying genetic causes, including
clinical trials for muscular dystrophies (NCT03333590, NCT03368742,
NCT05096221), lysosomal storage disorders [128], Huntington's disease
[129], epilepsy [3,130], and even brain tumors [125].

Gene therapy may also still hold promise for neurologic disorders that
are less well defined as monogenic in causality, such as neurodegenera-
tive diseases [121,131]. In Alzheimer's disease, one approach is to pro-
vide trophic support for neurons in an environment of multifaceted and
incompletely understood pathophysiology. Efforts include supplement-
ing nerve growth factor (NGF) using an AAV2 vector; however, in a Phase
II study (N ¼ 49 randomized to sham injection versus 2.0 � 1011 vector
genomes of AAV2-NGF by intracerebral injection into the nucleus basalis
of Meynert), there was no significant difference detected in cognitive
outcomes [132], and limited spread of the viral vector or inaccurate in-
jections have been suspected [133]. Building from this experience, a new
trial evaluating a vector for delivering brain derived neurotrophic factor
(AAV2-BDNF) is underway (NCT05040217). In a different approach,
augmented expression of apolipoprotein E2 (AAVrh.10hAPOE2, or
LX1001) by intrathecal injection is being applied in Alzheimer's disease
patients who are homozygotes for the high-risk gene apoliporotein E4
(NCT03634007).

In Parkinson's disease, an initial strategy utilized AAV2 to overexpress
glutamic acid decarboxylase (AAV2-GAD) within the subthalamic nu-
cleus in an effort to augment inhibitory signal in this nucleus and restore
subcortical motor network function. This seemed well-tolerated [134],
with a small but statistically significant improvement in motor function
during a double-blind, sham-controlled Phase II trial (N ¼ 37) [135].
Another neurotransmitter-modulating strategy used aromatic L-amino
acid decarboxylase (AAV2-AADC) injected into the putamen to promote
greater conversion of levodopa to dopamine [136]. In an early trial, 10
subjects were enrolled and received either low-dose (n ¼ 5, 9 � 1010

vector genomes) or high-dose (n ¼ 5, 3 � 1011 vector genomes) in-
jections, with all patients demonstrating improvement in motor scores
[137] (with 4 subjects going on to receive deep brain stimulation ther-
apy, and one patient with symptomatic hemorrhage from the surgical
procedure [138]). This approach has been revived using
intraoperative-MRI guided delivery (VY-AADC01), with no serious
adverse events related to the surgical procedure or the gene therapy
product. In this Phase I study (N ¼ 15 subjects across 3 doses, open-label
without sham control), motor outcomes either remained stable or
improved slightly, with again no serious adverse events related to the
procedure or the gene therapy product [139]. Additionally, another
study which reported the first use of a lentiviral vector in humans (Pro-
Savin, carrying AADC as well as genes for tyrosine hydroxylase and
cyclohydrolase 1), enrolled 15 subjects in escalating doses by intracere-
bral injection into the putamen [140]. Significant improvements in
motor scores were seen across all subjects, with a suggestion of a
dose-response curve, and no serious adverse events related to the surgery
or the viral vector.

An alternative strategy of providing trophic support rather than direct
manipulation of neurotransmitter levels has also been tried. Previously,
trials were performed aimed at increasing levels of Neurturin (AAV2-
NTN), targeting striatum and substantia nigra by intracerebral injection
[141]. However, subsequent studies failed to show a benefit in motor
scores when compared to sham injection [142,143]. This includes de-
livery of glial-derived neurotrophic factor (AAV2-GDNF, NCT01621581).

Nucleic acid therapeutics

Aside from the strategy of gene therapy, which involves modification
to the host genome, nucleic acid sequences can also be directly used to
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alter the process of mRNA maturation/splicing, mRNA trafficking, or the
eventual translation to protein products. In the current era, these thera-
pies mostly take the form of ASOs. ASO approaches involve the use of
synthetic oligonucleotides specifically designed to bind to target RNAs in
cells through complementary base pairing, thereby impacting expression
of the target genes [124] (Fig. 2).

ASOs are short, single-stranded deoxyribonucleic acids that typically
range from ~10 to 30 nucleotides in length [144]. ASOs must be highly
specific to their target RNA to prevent off-target effects, bind target RNAs
with high efficiency, be highly bioavailable, and remain stable until they
reach their target tissue. They can be designed to promote target RNA
degradation by binding to pre-mRNAs in the nucleus or mRNAs in the
cytosol, thus invoking RNase H-mediated degradation. ASOs can also
directly inhibit translation by binding to mRNA and preventing action of
translational enzymatic processes. Additionally, ASOs can target exon
splice sites near disease mutations, resulting in alternatively spliced or
truncated protein products that, while missing exon(s), may still retain
some function and can reduce disease severity. Conversely, ASOs may
block splicing enhancer regions in pre-mRNA, and promote the formation
of mRNA containing full length regions or exons that would not other-
wise be included. This appears to be the mechanism of action for nusi-
nersen, FDA approved for treatment of SMA, which promotes inclusion of
exon 7 in SMN2 gene and thus compensates for loss of the typically
predominantly functional SMN1 gene [145,146]. Additional ASO thera-
pies are approved by the FDA for polyneuropathy associated with
transthyretin amyloidosis [147] and Duchenne muscular dystrophy
[148–150]. An even wider range of ASOs are being evaluated in pre-
clinical studies and clinical trials for neurodegenerative diseases. In
Alzheimer's disease, for example, an ASO (BIIB080) directly targeting the
accumulation of tau is being explored. Phase I data (N ¼ 46 in 4 cohorts
receiving escalating doses of drug by serial intrathecal injection) showed
no serious adverse events along with detectable reduction in tau [151,
152], and is currently enrolling in a Phase II trial (NCT05399888).

However, it is important to note that several ASOs have been aban-
doned as treatment strategies due to challenges achieving beneficial out-
comes. For example, in Huntington's disease, two ASO clinical trials were
halted due to inability to demonstrate reduction in mutant huntingtin
protein in one trial [153], and evenworsenedprogression in another Phase
III trial [154]. Additionally, trials of ASOs for ALS (tofersen, targeting
SOD1, and BIIB078, targeting C9orf72) failed to meet primary endpoints
in a Phase III [155] and Phase I trial (NCT03626012), respectively.
Nevertheless, hints at efficacy in certain outcome measures has spurred
additional future studies (e.g., NCT04768972 and NCT04494256).

A similar yet distinct approach, RNAi-based therapies, utilize double-
stranded small interfering RNAs (siRNAs), short hairpin RNAs, or
microRNAs (miRNA) to interface with and prevent translation of target
mRNAs, reducing the expression of toxic or mutant proteins [156]. This
approach leverages natural cellular mechanisms that control gene ac-
tivity. RNAi-based therapies function in the cytoplasm by promoting the
formation of a mature RNA-induced silencing complex (RISC), which
includes enzymes (an endonuclease) and an antisense siRNA strand to
induce degradation of the target mRNA. Like ASOs, RNAi-based therapies
require high specificity, stability, and bioavailability, but challenges in
this latter category have necessitated the need for siRNA delivery using
lipid, polymer, or viral carrier vectors (see below).

Preclinical studies demonstrate the feasibility of targeting specific
genes associated with neurological diseases, including ALS [157], Alz-
heimer's disease [158,159] and Huntington's diseases [160]. For
example, superoxide dismutase 1 (SOD1) mutations are implicated in a
subset of ALS patients [161]. Administering anti-SOD1 miRNA therapy
using an AAV vector was recently trialed in two patients. SOD1 protein
transiently decreased at week 8 in the cerebrospinal fluid in one subject
and did not show any change in the second subject. Interestingly, despite
the spinal fluid levels, the first subject showed highly diminished SOD1
protein expression and enzymatic activity in postmortem analysis when
compared to other ALS patients and healthy controls [162]. Following



Fig. 2. ASO and siRNA mechanisms of action. (1) Antisense oligonucleotides (ASO) present in the extracellular space cross both the cellular and nuclear membranes
to access the nucleus. Within the nucleus, ASOs can bind to various regions of target pre-mRNA: at the 50 cap to disrupt formation of the cap structure essential for
mRNA maturation, at the poly A tail to interfere with mRNA stability and processing, and at splicing sites to disrupt the splicing process and cause aberrant mRNA
formation. In each case, ASO binding creates a substrate for ribonuclease H (RNaseH), which recognizes the ASO-RNA duplex and cleaves the RNA strand, ultimately
resulting in degradation of the target pre-mRNA. ASOs may also bind to regions that promote alternative splicing of pre-mRNA, producing transcripts with truncations
or even additional favorable exons. Alternatively, (2) the ASO may cross the outer cell membrane and enter the cytosol, where it binds to the target mRNA, hindering
ribosome attachment and blocking protein translation. ASO-RNA duplex formation within the cytosol is also susceptible to RNase H degradation. (3) Small interfering
RNA (siRNA) and microRNA (miRNA) cross the outer cell membrane into the cytosol, typically using viral, lipid, nanoparticle, or other delivery systems. For siRNA,
once inside the cell, the siRNA strands separate, and one strand incorporates into the RNA-induced silencing complex (RISC). This complex then uses the siRNA as a
guide to recognize complementary sequences on the target mRNA. Upon binding, RISC cleaves the mRNA, leading to its degradation and preventing protein synthesis.
Similarly, miRNAs are processed and eventually the mature miRNA integrated into the RISC, serving as a template for targeted mRNA degradation. Image created
using BioRender.com.
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from this, a clinical trial is currently underway to assess safety, tolera-
bility, and efficacy of a single intrathecal dose of AMT-162, an AAVrh10
vector carrying a miRNA targeting SOD1 mRNA, in ALS participants
(NCT06100276). Additionally, the development of the first
FDA-approved RNAi therapeutic patisiran marks a significant milestone
in the clinical application of RNAi therapy [163]. Patisiran targets and
degrades the underlying cause of hereditary transthyretin amyloidosis
(hATTR), the transthyretin (TTR) protein, thereby reducing the accu-
mulation of amyloid deposits in various tissues. Patisiran's success paved
the way for the development of vutrisiran, another RNAi-based therapy
targeting TTR which was deemed efficacious and well-tolerated for
treatment of hATTR in a recent Phase III clinical trial [164]. The progress
made thus far underscores the promising future of RNAi-based in-
terventions in the treatment of neurologic disorders.

Human genome editing tools

Recent technological advances in genome editing tools have similarly
facilitated the alteration of DNA in a targeted, permanent, and specified
manner, providing a whole new realm of gene therapy opportunities
[124,165,166]. The premise relies on introducing a nuclease to cut
genomic DNA at a specified target site, and then harnessing natural
DNA repair mechanisms to repair the break in the double-stranded
DNA. Innate repair mechanisms of double-stranded DNA breaks
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include non-homologous end joining or homology-directed repair.
Non-homologous end joining may introduce errors at the repair site, and
these small insertions or deletions (indels) may be utilized to knockdown
a gene or sometimes restoring a wild-type sequence. Homology-directed
repair carries a higher chance of gene correction or gene insertion, by
providing a donor DNA template to influence the process of
double-strand break repair [167].

Nuclease-based targeted genome editing utilizes protein and RNA
guides to direct the nuclease to a precise genomic site (Fig. 3) [124].
Protein-guided approaches include zinc finger nucleases (ZFNs) and
transcription activator-like effector (TALE) nucleases (TALENs). ZFNs use
zinc finger DNA recognition motifs which bind with 3 base pairs in DNA.
Since the characterization of early, naturally occurring zinc finger se-
quences, a wide array of engineered sequences combined with the
modular assembly of multiple zinc finger motifs in a single polypeptide
have enabled the selective recognition of unique sequences (about 9–18
base pairs) in the genome [168–170]. These customized zinc finger do-
mains can be coupled with the FokI restriction endonuclease to generate
double stranded breaks in DNA (two FokI proteins functioning as a dimer
are required, and therefore must be guided by two separate zinc finger
binding peptides in non-palindromic sequences, see Fig. 3) [166]. Simi-
larly, TALENS use TALEs to guide the nuclease FokI to the target site and
generate a staggered double-stranded break. TALEs are 33–35 amino acid
domains that can recognize a specific, single base pair, depending on

http://BioRender.com


Fig. 3. Genome editing tools. The two major classes of genome editing tools can be either protein- (a) or RNA-guided (b). (a) Top. Each zinc finger nuclease (ZFN)
consists of a DNA-binding domains composed of zinc finger motifs, which can be engineered to recognize a desired DNA sequence, and a nuclease domain derived
from the Fokl endonuclease. When a pair of ZFNs bind to adjacent target sequences within the genome, the Fokl nuclease domains dimerize, forming an active site that
cleaves the DNA, creating a double-stranded break. Bottom. Transcription activator-like effector nucleases (TALENs) consist of a customizable DNA-binding domain
derived from transcription activator-like effectors (TALEs) fused to a nuclease domain, often derived from the Fokl endonuclease. The DNA-binding domain can be
engineered to recognize specific DNA sequences. When a pair of TALENs binds to adjacent target sites within the genome, the Fokl nuclease domains dimerize, leading
to the formation of a double-stranded break in the DNA. (b) Cas9 is an endonuclease enzyme that, guided by a short RNA molecule known as single guide RNA
(sgRNA), targets specific DNA sequences complementary to the sgRNA. When the Cas9-sgRNA complex binds to its target DNA, Cas9 introduces a double-stranded
break in the DNA. Image created using BioRender.com.
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which two amino acids are present at positions 12 and 13 in the poly-
peptide chain. Specific TALEs can then be linked together to target a
specific genomic sequence [171,172], which can then be linked to FokI
or other effector domains to implement DNA breaks in a highly targeted
fashion [173]. The highly customizable advantage of TALENs is offset by
the large peptide sequences (and therefore parental nucleic acid se-
quences) required, which may hamper delivery in in vivo settings [166].

More recently, the RNA-guided approach using the CRISPR-Cas9
(clustered regularly interspaced short palindromic repeats-CRISPR
associated protein 9) system has gained widespread popularity, where
a single guide RNA that contains the complementary nucleotide sequence
for the target directs the Cas9 nuclease, which creates a bunt-ended
double-strand DNA break [174]. The double-stranded DNA breaks are
then repaired by either non-homologous end joining or homologous
directed repair, which can introduced desired genomic manipulations as
outlined above (Fig. 4) [124].

Interest in genome editing approaches is continually expanding, and
there are several applications for neurologic disorders currently under
investigation using the strategies introduced above [175]. In preclinical
studies, ZFNs and TALENs demonstrate efficacy in modifying genes
associated with neurological disorders, such as tau for Alzheimer's dis-
ease and huntingtin for Huntington's disease, providing proof-of-concept
for their potential therapeutic applications [176–178]. Following its
discovery, CRISPR has essentially supplanted ZFN and TALEN methods
due to its simplicity, efficiency, and versatility [174]. Ababneh et al.
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[179] recently demonstrated that deleting the C9orf72 repeat region
using CRISPR-Cas9 in an iPSC line derived from an ALS patient improves
pathological phenotypes in iPSC-derived motor neurons. In a ground-
breaking development, the FDA granted approval for the first
CRISPR-based therapy for sickle cell disease in 2023, marking a historic
milestone in the field of genetic medicine and offering patients new hope
[180]. However, the application of genome editing in the clinical setting,
especially for neurological disorders, is still limited and evolving, and
most approaches apply genome editing tools ex vivo to model disease or
modify a cell therapy prior to transplantation (discussed further in the
following section). Enhanced technologies, such as base or prime editing,
which employs a catalytically impaired Cas9 protein, a reverse tran-
scriptase, and a prime editing guide RNA to facilitate targeted deletions,
insertions, or repair without the need for double-strand DNA breaks, are
also being investigated [181,182]. The base and prime editing tech-
niques are relatively new to the field, but the potential applications for
this or related approaches for precision gene therapy are enticing.

Delivery of nucleotide-based therapies

The majority of nucleotide-based approaches rely on delivery of
nucleic acids or genome editing tools via viral or non-viral delivery
systems [183]. Strategies employing a viral vector are most common in
gene therapy trials for neurologic disorders and include adenovirus,
adeno-associated virus (AAV), and lentivirus-based methods [184].
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Fig. 4. DNA repair mechanisms during genome editing. The genome editing nuclease (scissor) cleaves the target DNA, resulting in a double-stranded DNA
(dsDNA) break. Subsequently, DNA repair occurs through either nonhomologous end joining (NHEJ) or by homologous recombination (HR), provided a homologous
strand is available. In NHEJ, host repair proteins (blue ovals) are recruited to the dsDNA break, often resulting in imperfect repair and the introduction of insertions or
deletions (indels). These indels cause frameshift mutations and premature stop codons, leading to the production of truncated and inactive proteins, effectively
knocking out the gene. In the presence of donor DNA, gene insertion can also occur. Alternatively, if a complementary homologous strand (indicated by ‘X’ symbols) is
present, host HR repair proteins (pink rhombuses) are recruited to the dsDNA break. With a donor DNA template, DNA from the homologous template strand, such as a
gene of interest, can integrate into the host DNA, facilitating gene modification or insertion. Image created using BioRender.com.(For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article).
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Importantly, the loading capacity, transduction efficiency, immunoge-
nicity, stability of resulting transgene expression, and safety record of the
various systems inform their clinical utility [183]. Non-viral methods
have included various methods of protecting and introducing a genetic
payload to the nucleus, including via nanoparticles, lipid complexes, or
cationic polymers [185,186]. However, to date, these methods have not
shown wide success in persistent integration and transgene expression in
clinical settings involving neurological disorders.

As described in more detail above, nucleotide-based therapies also
face the same challenges in crossing the blood brain barrier as stem cells,
with the addition of host immune mechanisms designed to clear viral
vectors. If a wider effect is desired (e.g., ASOs or RNA-based therapy),
often intrathecal administration is chosen. Intracerebral or intraspinal
injection is utilized when neuroanatomic specificity is required. Focused
ultrasound for BBB opening has also shown promise, at least in animal
models, in enabling delivery of DNA, RNA, or viral vectors [187–193],
and has even been applied to spinal cord [194].

Viral-based vectors
Adenoviruses are a family of DNA viruses that offer several advan-

tages as viral vectors for gene therapy, including their ability to effi-
ciently transduce a wide range of cell types, both dividing and non-
dividing, making them versatile delivery vehicles [184]. They can also
accommodate large transgenes and have relatively high transduction
efficiency, making them effective for delivering therapeutic genes.
Additionally, adenoviral vectors do not integrate into the host genome,
reducing the risk of insertional mutagenesis. However, this transient
expression may necessitate repeated administrations for sustained ther-
apeutic effects. In practice, this can be a significant challenge, since ad-
enoviruses can induce significant immune responses in the host, limiting
duration of gene expression, and potentially triggering adverse reactions
[195]. As such, the pro-inflammatory nature of adenovirus has found
utility in vaccine and cancer-related applications, but has made less
progress in application for neurological disorders [196].
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In contrast, AAVs are highly studied, small viruses that carry single-
stranded DNA and depend on co-infection with a helper virus for the
machinery needed to replicate and express its own genes [128]. Short-
comings of AAVs include their limited loading capacity given their small
genomes [128]. However, AAVs carry many advantages over the larger
adenovirus; as such, they have become a favored vector in the gene
therapy/nucleotide therapy space [120,128,197]. The native AAV
genome carries replication genes (REP), capsid genes (CAP), and the
assembly-activating protein (AAP). Their ability to integrate into host
genomes (facilitated by REP proteins) has been exploited in in vitro and
preclinical studies for sustained expression of transgenes. In this context,
AAVs typically integrate in the AAVS1 locus which is considered a “safe
harbor,” as it does not disrupt normal cellular function [198,199].
However, AAV does integrate into other sites in the genome, including
functional genes (particularly studied in mouse models) [200], and there
is some concern of a link between wild-type AAV (specifically AAV2) and
hepatocellular carcinoma [201]. To date, the preponderance of data and
clinical experience in humans does not suggest an association between
AAV gene insertion and oncogenic events [202]. With these properties in
mind, the first application of an AAV vector for gene therapy in a
neurological disease was the transfer of the intact aspartoacylase gene
using AAV2 in Canavan disease via intraparenchymal injection [203,
204].

Most modern AAV vectors remove the REP- and CAP-encoding genes
in the process of inserting transgene cargo, rendering the virus replica-
tion deficient [197]. These recombinant AAV then express their genetic
cargo episomally, reducing the risk of genomic disruption. A potential
drawback with this approach is dilution/clearance of episomal genetic
material in dividing cells, or the risk of eventual attenuation of gene
expression in non-dividing cells. However, the lack of genome integra-
tion and ability to limit viral replication (and ability to insert larger ge-
netic payloads) has led to many investigative trials focusing on
recombinant AAV vectors. Additionally, some consideration may be
given to the particular AAV serotype that is employed, as this can make
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an impact on cellular tropism, intracellular behavior, and even host im-
mune response. For example, AAV9 is able to cross the BBB and has a
propensity for neurons [205], and the AAV9 capsid is utilized to carry the
self-complementary sequence used in onasemnogene abeparvovec [206],
mentioned above, as well as a predominance of current gene therapy
trials [207]. Other serotypes being explored include AAV1 in fronto-
temporal dementia and progranulin mutations (NCT04747431),
AAVrh10 in Alzheimer's disease (NCT03634007), or AAVhu68 in Krabbe
disease [208] and GM1 gangliosidosis (NCT04713475).

Lentiviruses are a type of retrovirus that have high tropism for both
dividing and non-dividing cells and can carry relatively large amounts of
DNA, thus enabling multi-gene expression [209]. They integrate into the
genome, supporting long-lasting expression, albeit with a concomitant
risk for insertional mutagenesis. However, lentiviruses have a proven
safety record, especially among newer-generation vectors, and their
application includes restoration of local dopamine production in Par-
kinson's disease patients through expression of the dopamine synthesis
enzymes tyrosine hydroxylase, aromatic L-amino acid decarboxylase,
and cyclohydrolase 1 as observed in a recent Phase I/II clinical trial [140,
210].

Additional viral vectors include those derived from herpes simplex
virus (HSV), predominantly finding applications as oncolytic viral
treatment of brain tumors which is outside the scope of this review, but
has found some early application for chronic pain [211].

Non-viral approaches
The constraints associated with viral-based gene therapy tools, such

as limited cargo capacity, immunogenicity, and potential safety concerns,
spurred extensive research into the development of non-viral gene
therapy vehicles, including polymer-, lipid-, and peptide-based delivery
methods [212]. Advantages of these non-viral delivery strategies are
their relatively low immunogenicity and cytotoxicity and a high loading
capacity. However, these approaches are limited by low transfection ef-
ficiency, low specificity, and transient transgene expression, particularly
within intricate neural networks. Direct nucleotide delivery requires an
approach to introduce the material past the cell membrane, e.g., by in-
jection or photoporation [213], while polymer- and lipid-based strategies
typically employ endocytosis [214]. Polymer-based approaches complex
negatively charged genetic material with a cationic polymer to transport
the material into the target cell [183]. Non-biodegradable polymers are
available but exhibit low specificity and can induce cytotoxicity [215].
Alternatively, synthetic or natural biodegradable polymers are more
versatile and less cytotoxic, supporting repeat administration, but require
attention to product quality and control [215]. Lipid-based delivery
vectors offer another alternative whereby negatively charged nucleic
acids bind to the positively charged lipid head groups and assemble into
liposomes or other lipid-based carrier structures [216]. Lipid-based
vectors are biodegradable, exhibit low toxicity, and can complex with
hydrophobic or hydrophilic compounds. Finally, peptide nucleic acid
conjugates and polypeptide-based complexes, including those using
poly(L-lysine) and poly(L-glutamine), are biodegradable, relatively sta-
ble, and biocompatible, facilitating transfer of large DNA molecules
[217]. While some iterations suffer from low transfection capacity, newer
versions employing different functional peptides enhance targeting effi-
ciency and transport and show preclinical promise. Collectively, these
strategies, and hybrid combination strategies using the above ap-
proaches, support the delivery of the necessary genetic materials or tools
for gene therapy development.

CNS delivery
One of the foremost challenges in gene therapy for neurological dis-

orders remains the same as for stem cell therapy (discussed above), and
this lies in overcoming the BBB. While direct administration, such as
intracerebral injection, offers a localized approach, it poses risks of tissue
damage and infection. Therefore, several strategies can be employed to
ensure transport across the BBB and targeted delivery to neural tissues
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following systemic administration. Surfacemodificationswith ligands that
exhibit affinity for specific receptors on neuronal cells or the endothelial
cells of the BBB, such as transferrin or LRP-1, enhance receptor-mediated
neuronal uptake or transcytosis [218,219]. For example, Bender et al.
[220] recently developed a liposome-siRNA-peptide complex that by-
passes the BBB in mice and targets nicotinic acetylcholine
receptor-expression neuronal cells using a modified peptide derived from
rabies virus glycoprotein. Additionally, incorporating cell-penetrating
peptides into liposomes facilitates direct penetration through the BBB,
enabling effective gene delivery to neural cells [221]. Further, the incor-
poration of stimuli-responsive materials, such as pH-sensitive polymers or
environmental-responsive nanoparticles, enables controlled release of
gene payloads within the brain microenvironment [214,222]. Lastly, the
exploitation of physical approaches like focused ultrasound, magnetic
targeting, or microbubble-assisted delivery transiently disrupt the BBB,
enhancing the penetration of non-viral vectors and improving gene de-
livery efficiency [223–225]. The combination of these mechanisms in
non-viral delivery systems demonstrates a multifaceted approach to
effectively navigate the complexities of the BBB.

Genetically Modified Cell Therapies

As discussed above, harnessing stem cells holds immense potential for
regenerating damaged tissue and leveraging the complete biological
repertoire of cells to address pathology, including protein secretion, toxin
endocytosis, and establishment of crucial cell-cell contacts, among other
essential biological processes. Applying cutting-edge advances in genetic
manipulation to stem cell products provides an added layer of benefit.
Inherent mutations or polymorphisms in patient-derived stem cells (e.g.,
MSCs, adult stem cells, iPSCs) can be corrected ex vivo using the above
editing tools, prior to autologous transplantation. Alternatively, established
stem cell lines can be augmented using genetic manipulation to produce
“off the shelf” cell lines that combat pathology or rescue native cells.

Early success has already been seen in combining cell-based therapy
with genetic modification. Elivaldogene autotemcel [226,227] is a
therapy for cerebral adrenoleukodystrophy, a demyelinating manifesta-
tion of adrenoleukodystrophy caused by mutations in the ABCD1 gene,
and can lead to inflammatory demyelination. It is based on modification
of autologous CD34þ stem cells obtained by apheresis, then genetically
modified ex vivo using a Lentiviral vector carrying wild-type ABCD1
cDNA. The modified cells are re-infused intravenously after myeloa-
blative conditioning, with the genetically corrected cells engrafting into
host bone marrow and producing cells carrying a functioning gene. A
similar approach is used with atidarsagene autotemcel, in which autol-
ogous hematopoietic stem cells are modified to express normal arylsul-
fatase A for the treatment of metachromatic leukodystrophy [228].
Similar approaches are being studied for Hurler syndrome [229] and
Sanfilippo syndrome [230], mucopolysaccharidoses which have signifi-
cant neurologic manifestations.

As demonstrated by the pioneering therapies above, genetically
modified stem cells may serve as “factories” that continually produce
enzymes, nucleic acids, extracellular vesicles, or other macromolecules
that may be difficult to administer peripherally (e.g., past a blood-organ
barrier), cannot be easily stored, or require steady exposure over pro-
longed periods. In preclinical models, researchers have successfully
modified stem cells to secrete a variety of trophic, anti-inflammatory, and
survival factors (e.g., insulin-like growth factor 1 [IGF-1], brain derived
neurotrophic factor, and vascular endothelial growth factor) [16]. The
modified cells, once introduced into the affected regions of the nervous
system, continuously produce and release these neurotrophic factors,
creating a conducive microenvironment for nerve regeneration and
protection [1]. McGinley et al. [231] successfully established an
IGF-1-expressing human cortex-derived NSC population and demon-
strated that transplantation of these cells into the fimbria fornix of the
hippocampus of Alzheimer's disease mice restores spatial memory [232].
In Parkinson's disease, accumulation of advanced glycation end
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products-albumin upregulates the receptor for AGE, triggering dopamine
neuron apoptosis [233]. However, this detrimental process is mitigated
by the soluble receptor to AGE, which umbilical cord-derived MSCs can
be engineered to secrete using CRISPR-Cas9 technology [234]. Trans-
plantation of these modified cells into the corpus striatum of a Parkin-
son's disease mouse model reduces neuronal cell death and also improves
movement, highlighting the therapeutic potential of this innovative
approach in ameliorating neurodegeneration in Parkinson's disease.

Trials using modified cell therapies have taken early steps in the
clinical realm. For example, in Alzheimer's disease, fibroblasts obtained
from 8 subjects were modified ex-vivo to express NGF using a Moloney
leukemia viral vector, then transplanted in an autologous fashion via
intracerebral injection targeting the nucleus basalis of Meynert [235].
Two subjects had severe adverse events related to the surgical procedure,
but none related to the NGF-delivering cells directly. In the realm of ALS,
a trial of neural progenitor cells modified using a lentiviral vector to
express glial-derived neurotrophic factor (CNS10-NPC-GDNF) was con-
ducted in 18 subjects by intraspinal injection (n¼ 9 in a low dose 2� 106

cells group, and n ¼ 9 in a high dose 5 � 106 cells groups, without sham
control) [236]. There was a trend toward improved motor function in the
limb ipsilateral to cell treatment, with some limitation due to suspicion
that virus may not have penetrated fully into the ventral horn as well as
one participant with strong immune response. A trial of the same cells
directed toward motor cortex is ongoing (NCT05306457).

By utilizing inducible gene expression systems, researchers have also
engineered stem cells that respond to external stimuli, allowing for
temporal and spatial control of their activities. This can then be used to
prevent incomplete/excessive therapeutic outcomes and potential side
effects. For example, a concern regarding the transplantation of
dopamine-producing stem cells into the brains of individuals with Par-
kinson's disease is the potential for dopamine overproduction, leading to
a phenomenon known as dyskinesias or increased, involuntary move-
ments [27,237]. Human pluripotent stem cells expressing both inhibitory
and excitatory DREADD (Designer Receptors Exclusively Activated by
Designer Drugs) systems, a molecular tool that uses modified G
protein-coupled receptors to selectively and temporally control neural
activity in response to specific synthetic ligands, were created using
CRISPR-Cas9 technology [238]. These DREADD-expressing human
pluripotent stem cells were then differentiated into midbrain dopami-
nergic neurons and transplanted into a mouse model of Parkinson's dis-
ease. Researchers discovered that transplanted cells effectively rescued
motor defects and graft function, including motor behaviors, which was
modifiable under DREADD control. This innovative approach could
provide targeted and adaptive therapies, minimizing off-target effects
and enhancing treatment efficacy.

Additionally, the success of stem cell transplantation is often hindered
by the risk of rejection mediated by human leukocyte antigen (HLA)
complexes. Given the diversity of HLA complexes among individuals,
transplanted stem cells may be recognized as foreign by the recipient's
immune system, leading to graft rejection [239]. Using CRISPR-Cas9
gene editing tools, researchers are modifying HLA complexes in donor
stem cells to render them immunocompatible with the recipient, thereby
promoting successful integration and minimizing the immunological
barriers associated with stem cell transplantation [240].

Finally, the holy grail of stem cell and regenerative therapy is to
reconstitute a damaged cell population, and genetic modification ex vivo
is likely required to achieve this. For instance, in diseases like Hunting-
ton's, where specific genetic mutations contribute to the pathology,
modifying stem cells ex vivo can address the underlying genetic aberra-
tions before transplantation, potentially slowing or halting disease pro-
gression. While there has been much success for this in bone marrow
stem cell transplant, hematologic diseases, and cancers, the landscape for
stem cell therapeutics for neurologic disorders remains fertile for dis-
covery and therapeutic opportunity.
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The exploration of stem cells and gene therapy, both independently
and in synergy, represents a profound frontier in the quest to address the
complexities of neurologic disorders. Superficially outlined above, cut-
ting edge concepts in stem cell biology and nucleotide based therapies
are now reaching the clinic for a variety of neurological diseases.
Notably, only a handful of Phase III placebo-controlled trials have
demonstrated success. Given the considerations given to route of
administration (with some that are more invasive and difficult to blind,
or ethical dilemmas when designing trials integrating sham surgery), the
placebo effect must be considered and temper enthusiasm when evalu-
ating early phase trials [241,242]. For example, in a number of Parkin-
son's disease stem cell trials, sham surgical groups appeared to have
equivalent improvements when compared to treatment groups [243,
244]. In one study, the subjects' perception of treatment was correlated
with improved quality of life and even influenced medical staff objective
measures, regardless of actual stem cell transplant versus sham surgery
[245]. There is even discussion of whether the neurobiological basis of
the placebo effect itself can mediate therapeutic benefit, when taken in
the context of disorders of neural circuit and neurotransmitters [246].
Ultimately, while the ethics of placebo-controlled trials in neurological
diseases remains debated and alternatives are explored especially for rare
diseases and vulnerable populations, the randomized, double-blinded,
placebo-controlled Phase III trial remains the gold standard when eval-
uating the efficacy of a clinical intervention.

As the collective knowledge in stem cell biology and gene editing
continues to expand, so does the potential for innovative therapeutic
interventions. The capacity of stem cells to propagate and differentiate,
coupled with the precision of genetic manipulation, offers a versatile
toolkit for reshaping cellular physiology and impacting the course of
neurologic disorders. From restoring damaged neural circuits to
addressing the underlying genetic anomalies, these advancements hold
promise for transforming the landscape of neurology. The intersection of
these technologies holds immense potential to deepen our understanding
of neurologic disorders as well as pave the way for novel interventions
that restore human neurological health.
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