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Advances in Gene Therapy for Neurologic Disorders. This abstract illustrates the relation- Gene therapy for neurologic disorders
ship between genetic mutations leading to neurological disorders such as Alzheimer’s has significantly progressed in devel-
and Parkinson’s diseases and the potential of gene therapy approaches to address these oping advanced delivery systems and

conditions. The left section highlights genetic mutations and their connection to neurode-
generative diseases. The center compares a neurodegenerative disease-affected brain
and a healthy brain. The right section outlines various gene therapy approaches, including

targeted approaches. Utilizing ade-
no-associated virus (AAV) serotypes,

viral and non-viral vectors, novel vectors and targets, and transgenic delivery methods. especially AAV2, has shown promise
The bottom caption emphasizes the challenges and advancements in gene therapy for in achieving sustained gene expres-
neurodegenerative diseases. sion in neurons. Various mechanisms,

including viral vectors, antisense oli-
gonucleotides (ASOs), gene editing

Highlights (CRISPR-Cas9), RNA interference

(RNAi), and stem cell therapy, are

e Over 100 AAV variations, including 13 serotypes (AAV1-13), are used to being explored to address neurodegen-

enhance targeted gene delivery. erative diseases such as Alzheimer’s,

* AAV2 is known for its safety and sustained expression in neurons; it has Parkinson’s, and Huntington’s dis-

been extensively studied. eases. Despite the advancements, chal-

¢ Advanced mechanisms such as ASOs, CRISPR-Cas9, RNAI, and stem cell lenges like delivery efficiency, safety,
therapy are being utilized for gene therapy. and ethical concerns remain.

* The focus is on neurodegenerative targets, specifically Alzheimer’s,
Parkinson’s, and Huntington’s diseases.

* Key challenges include addressing delivery methods, long-term safety, and
ethical considerations.
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Advances in Gene Therapy for Neurologic
Disorders: An Overview

Pallavi Chand'*

Abstract

Neurologic disorders currently affect approximately 100 million people worldwide. Neurologic disorders
most often occur due to inherent genetic mutations, which lead to numerous types of functional disruptions
in nervous system development. Neurologic disease-related events, such as genetic and epigenetic changes,
cause inflammatory processes in the area which may enhance the disease cycle. Gene therapy has progressed
to a compelling therapeutic approach for various neurodegenerative disorders. Several efforts to enhance
gene therapy rely on discovering novel vectors, recent curative targets, and the dependability of transgenic
delivery paths. These viral and non-viral vectors techniques are carefully screened through preclinical and
clinical levels and eventually render patients with effective therapies. This review addresses gene therapy
developments and obstacles for neurodegenerative diseases and discusses emerging strategies, goals, and

prospects.
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Introduction

Gene therapy has made substantial
advances in the treatment of neurodegen-
erative illnesses, such as Alzheimer’s dis-
ease (AD), progressive supranuclear palsy,
Huntington’s disease (HD), Parkinson’s
disease (PD), ataxia, motor neuron dis-
ease, multiple system atrophy, and etc.
Discerning pathogenetic pathways with a
deeper understanding of these disorders has
driven numerous advances in converging
essential technologies, including discov-
ering newer beneficial targets and vectors
[1]. Broad knowledge has led to ground-
breaking targeting of single and com-
plex gene etiologies by various genomic
treatments of the core reasons regarding
neurodegenerative disorders. Gene therapy
facilitates prolonged and enduring thera-
peutic potentials specifically for localized
actions in organs, like the eye and cochlea,
gene therapy exhibits prolific results in the
central nervous system (CNS). Gene ther-
apy produces an alternate treatment for
agents that fail to penetrate numerous phys-
iologic barriers [2—4]. In addition, precise
genetic targets unyielding to conventional
therapy are theoretically pliable by gene
therapy, gene silencing capable of han-
dling function mutation advantages, and
gene overexpression to manage function

mutation losses. Figure 1 shows the basic
workings of gene therapy.

The problem to be solved in gene ther-
apy for neurologic disorders is the need
for effective treatments that can address
the underlying genetic causes of these
conditions. Current treatments often have
limited efficacy and are plagued by side
effects. Gene therapy offers a promising
approach by directly targeting the genetic
mutations responsible for these disorders
[2-4]. However, significant challenges
remain, including the development of safe
and efficient delivery methods, the ability
to regulate transgene expression, and the
need for more effective animal models to
guide human clinical trials. The manuscript
highlights the significance of gene therapy
in treating neurological disorders. Gene
therapy offers a promising approach to
addressing the underlying genetic causes of
these conditions, which are often incurable
by conventional methods [2—4]. The man-
uscript emphasizes the potential of gene
therapy to restore missing gene function,
overcome the blood-brain barrier (BBB),
and provide a humane and cost-effective
alternative to traditional treatments. It
also discusses the challenges and future
directions in gene therapy, including the
delivery methods and the effective animal
models to guide human clinical trials [2—4].
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Figure 1 Basic gene therapy.

Our study aimed to understand the mechanisms and molec-
ular basis of cognitive and motor impairment in neurologic
disorders, exploring gene therapy as a potential treatment
approach. It discusses the current techniques, challenges,
and recent developments in gene therapy for neurologic dis-
orders, including PD, AD, and HD. Existing knowledge on
gene therapy for neurologic disorders includes advances in
adeno-associated virus (AAV) vectors, conditional expres-
sion strategies, and preclinical research for various condi-
tions. However, challenges persist in optimizing safety and
efficacy, and more effective animal models are needed to
guide human clinical trials [2—4].

Current gene therapy approaches face limitations, such
as the need for improved AAV capsids, regulation of trans-
gene expression, and the lack of effective animal models.
Additionally, the BBB and immune responses pose signifi-
cant challenges for gene therapy delivery and efficacy [2—4].
Our study will benefit individuals suffering from neurologic
disorders, such as PD, HD, and AD. Its implications include
the potential for gene therapy to become a viable treatment
option for these conditions, offering a humane and cost-ef-
fective alternative to conventional treatments.

Our study contributes to the advancement of gene therapy
for neurologic disorders by the following:

» Exploring the potential of gene therapy in treating various
neurologic conditions;

» Discussing the current techniques, challenges, and recent
developments in gene therapy;

 Highlighting the need for improved AAV capsids, regulation
of transgene expression, and effective animal models; and

e Providing insights into the mechanisms underlying and
molecular basis for cognitive and motor impairment in
neurologic disorders.

Viral and non-viral-based gene
therapy

Human and animal vectors efficaciously regulate transgenes
that manifest therapeutic antibodies, small interfering (si)
RNA, and mRNA in unhealthy cells. AAVs are among the
most frequently used vectors in neurodegenerative condi-
tions. In addition to several astrocyte concerns, oligodendro-
cytes are successfully targeted with a broad range of capsids
[5-8]. Further evolution of non-viral delivery systems and
advances in AAVs and gene therapies have portrayed safe
profiles and extensive transgene expression. Moreover,
recent experimental findings revealed significant outcomes
for several diseases, such as neurodegenerative disorders
[9-12].

Viral vectors

Vectors based on AAVs have been functional for neuro-
degenerative disorders, specifically in clinical phases.
Serotypes belonging to AAVs are the primary determining
factor of several critical features of active gene therapy
based on AAVs, with tissue tropism, biodistribution, and
exposure to in vivo-induced antibody neutralization [10-12].
Understanding how various serotypes transport genes to their
target tissues for vector administration is crucial in building
a successful and reliable approach to gene therapy. Over 100
AAV variations have been documented, including 13 sero-
types (AAV1-13) derived from non-human primates and
humans. AAV2, known for its relative safety and sustained
expression in neurons, has been extensively researched in
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many clinical studies and is considered a potential vector for
gene therapy targeting neurodegenerative diseases [13, 14].

It has been recommended that AAV2-NGF abides by
intracerebral administration and displays a significant ther-
apeutic effect on cognitive impairment in Alzheimer-related
dementia. Remarkably, AAV4 tends to transfect ependymal
cells that account for the epithelial neuroblast lining and lat-
eral ventricles after processing into cerebral ventricles. The
BBB is the most significant barrier in transmitting the utmost
vectors to the CNS. AAV9 and AAVrhl10 effectively over-
come this obstacle [15, 16].

It has been reported that a newly developed AAV capsid
(AAV-PHPB) can transduce >50% of neurons and astro-
cytes, which delivers AAV genomes 40 times higher than
other capsids to CNS post-intravenous injection, illustrating
the essential worth of capsid engineering [17]. However,
extensive cell-type scrutiny of various AAV capsid librar-
ies has shown that AAV capsids accompany extensive
tropisms. Adenovirus (Adv) is an icosahedral capsid virus
approximately 70—100 nm in size [18]. Adv is incompetent
in transfecting its gene into the genome, following relative
ephemeral transgene expression in an admirable protection
profile. The innate immune stimulus to Adv limits the scope
of the Adv therapeutic effect on CNS gene therapy [19].
Although specific studies were carried out using Adv for
treating neurodegenerative disorders, the studies reveal Adv
borne with few side effects.

In contrast to Adv and AAV capsids, retroviruses and len-
tiviruses (LVs) potentially incorporate complete DNA via
reverse transcription into the host genome, providing more
stable and prolonged in vivo transgenes. These insertions
must be regulated under rigorous conditions to prevent geno-
toxicity and insertional mutagenesis. To date, there has been
one significant clinical trial using a LV vector that proficiently
delivers greater PD DNA loads. The records showed that
ProSavin, a gene therapy dependent on LV vectors expected
to restore the development of dopamine, enhance motor
activity and establish safety in all patients with advanced
PD. Further research into gene therapy of neurodegenerative
diseases induced by Adv and LVs is urgently needed, despite
the existing inadequate clinical evidence [20].

Non-viral vectors

Clinical trials have studied AAVs, Adv, LV, and retrovirus vec-
tors to deliver therapeutic genes. However, several drawbacks
are associated with these vectors, with large tropism, limited
loading potential, difficulties related to vector manufacture,
and inflammatory responses in the host. Gene therapies with
non-viral vectors may avoid many drawbacks, especially safe-
ty-related issues [21, 22]. Therefore, although few of these
strategies have been used clinically, the exploitation of new
vectors, predominantly nanoparticles, and lipid-carrier sys-
tems, is highly significant. Non-viral transmission vectors
are classified into lipidic polymeric vectors dependent on
the carrier material composition. The most frequently used
non-viral gene carriers are vectors that are lipid-dependent.
Cholesterol, dioleoylphosphatidylethanolamine (DOPE) and
1,2-distearoyl-sn-glycero-3-phosphorylethanolamine (DSPE)

are neutral lipids that have been utilized as the “helper
lipids” (liposomal components) to improve system stabil-
ity and transfection capability. Cationic lipids are highly
suitable for gene therapy, such as 1,2-dioleoyl-3-trimeth-
ylammoniumpropane (DOTAP) and N-[1-(2,3-dioleyloxy)
propyl]-N,N,N-trimethylammonium  (DOTMA). These
lipids contain three main domains (linking groups, hydro-
phobic tails, and cationic caps). The primary constraints of
cationic lipids are the suboptimal pharmacokinetic biodistri-
bution caused by non-specific binding and rapid clearance,
as well as cytotoxicity [23-27]. Cationic lipids with suitable
pKas have successfully resolved these drawbacks. In addi-
tion to lipidoids, exosomes, and magnetic nanoparticles have
been established as potential gene carriers for neurodegener-
ative disorders [28-30].

Recent research has demonstrated that Fe,O, magnetic
nanoparticles, which are covered with N-isopropyl acryla-
mide derivatives and oleic acid molecules and carry shRNA-
a-syn have a significant therapeutic effect in alleviating PD
in mice. Cationic polymers deliver a different type of non-
viral vector, which is enormously effective in gene therapy
because of its ability to escape endosomes and lysosomes due
to the sponge-proton effect, well-globular architecture, and
enormous chemical diversity [31, 32]. Further acumen into
the connection amid the structural function of gene delivery
material and more thorough knowledge of essential factors
that inhibit effective gene delivery probably improves clini-
cal care for neurodegenerative disorders. Figure 2 describes
the types of indirect and direct delivery methods used in
gene therapy, which includes acquiring genetic material that
alters endogenous or exogenous gene expression [33]. Gene
therapy methods can be utilized to contain a transgene to
improve cellular functions. Generally, a sequence is given
that encodes the wild-type human isomers of an enzyme.
This therapeutic technique can be used in patients with a
defective non-functional gene to have a working gene. This
practice is applied to produce proteins (growth factors) for
enhancement of cell survival [34].

Multiple sclerosis

Multiple sclerosis (MS) is one of the foremost progres-
sive impairments in young adults that is triggered by CNS
inflammation, demyelination, and axonal failure. MS faces a
rigorous hindrance in designing novel therapies because the
etiology remains uncertain, the pathogenesis is only partly
understood, and the entire cycle is multifocal, recurrent,
and occurs across anatomic boundaries, making it challeng-
ing to supply potentially therapeutic molecules. Therefore,
gene therapy is a practical option for ensuring sustained
and site-specific therapy delivery. Recent developments in
understanding the immunopathologic mechanisms that con-
tribute to inflammation of the CNS, and the development of
new gene therapy techniques, such as RNA-interference, are
increasingly leading to a wide range of intervention possi-
bilities [35].

While the precise pathogenesis of MS has not been estab-
lished, the highly significant pathogenic traits have been
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Figure 2 Methods of gene therapy administration, including both direct and indirect approaches.

suggested for CD4+ T-cell-mediated autoimmunity. The
effector helper T cells responsible for resolving the patho-
physiology underlying MS and experimental autoimmune
encephalomyelitis (EAE) were the T-helper type 1 (Thl)
cells that express interferon-gamma (IFN-y). This study
demonstrated that the T-helper subset, namely Th17 cells,
has a pivotal function in chronic and autoimmune inflamma-
tion. Additional studies have shown that inhibiting IL-17 in
mice may ameliorate several autoimmune disorders, such as
EAE. Furthermore, brain tissue damage in individuals with
MS has been shown to include T cells that produce IL-17
[36, 37].

Mammalian non-coding micro-RNAs (miRNAs) have
been proposed to participate in the development of the
immune system. We observed a strong link between the level
of miR-155 expression and the severity of the illness humans
with MS and mice with EAE. There are low numbers of
Thl and Th17 cells that downregulate miR-155. This link
resulted in a weak form of EAE. In contrast, increasing miR-
155 leads to more Thl and Th17 cells, which makes EAE
worse. MiR-155 encouraged the growth of Th17 and Thl
cells, which cause inflammation. These results showed that
miR-155 makes people more susceptible to EAE by chang-
ing how T cells react to inflammation. MiR-155 could also
serve as a new target for treating MS [38].

A review of the current small non-coding (snc)RNAs
in MS showed significant differences between the results
expected from heterogeneity at the level of cohorts, sam-
ples, and procedures used. However, the findings suggested
that dysregulation of miRNAs intracellularly and circulat-
ing offer prospects of miRNAs for alleviating MS. MiRNAs
suggest control cell activities and reveal essential roles in
the immune and CNS tissue of MS patients. SncRNA and
miRNA studies can enhance our knowledge of phenotypic
variation linked to developing the disease, subtype, or clini-
cal parameters and elucidate mechanisms underpinning MS.
In addition, sncRNA and miRNA profiling may provide
robust biomarkers for enhanced diagnosis, prognosis, and
response prediction. The often-charged use of RNS-based
treatments could be a promising method for personalized
medicine in the long term. Future work in translating results
from sncRNA research with clinical practice for patients
with MS is instrumental [39].

The movement of inflammatory immune cells, such as
Th17 and Thl, into the CNS has been shown to contrib-
ute to the demyelination of the sheath of the neurons, thus
inducing neuro-inflammation and neurodegeneration. Long
non-coding RNAs (IncRNAs) are non-protein-coding tran-
scripts longer than 200 nucleotides (nts). LncRNAs have a
crucial role in regulating large genes and pathways involved
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in cell growth, specialization, cell death, and cell develop-
ment, especially in the differentiation of immune cells and
the activation of the adaptive immune system. LncRNAs are
linked with other IncRNAs Based on MS studies, IncRNAs
have lower expression and more specificity in tissues, cell
types, and developmental stages compared to protein-cod-
ing genes. This finding suggests that IncRNAs may have a
role in the progression of specific diseases. Dysregulation
is believed to be a significant factor in the development of
several autoimmune disorders (AIDs) according to multiple
studies [39-42].

Linc-MAF-4

Linc-MAF-4 was initially identified in 2015 as a regulator
of CD4+ T cell development through control of MAF tran-
scription and chromatin modifier transcription. Zhang et al.
conducted a microarray investigation to examine the expres-
sion of IncRNAs in peripheral blood mononuclear cells
(PBMCs) of six MS patients and five healthy controls. The
study revealed that linc-MAF-4 is significantly increased in
MS patients [43]. Subsequently, the levels of linc-MAF-4
were artificially increased and decreased in CD4+ T cells
obtained from an additional 28 MS patients to demonstrate
variations in the characteristics and activities of different
subsets of CD4+ T cells [43, 44]. Linc-MAF-4 was shown to
enhance the differentiation of Thl cells, while inhibiting the
differentiation of Th2 cells. Linc-MAF-4 was also shown to
be a crucial factor in the differentiation of Thl cells and the
production of IFN-y. Furthermore, linc-MAF-4 induced the
activation of CD4+ T cells in individuals with MS without
impacting proliferation. Subsequently, a correlation study
was conducted that revealed the level of linc-MAF-4 expres-
sion was linked to the yearly frequency of relapses in patients
with MS. These findings indicated that linc-MAF-4 has a
role in the development of MS, primarily by regulating the
encephalitogenic activity of Th1 cells. Linc-MAF-4 governs
the process of CD4+ T cell development by regulating the
transcription of chromatin modifiers. Linc-MAF-4 exhibits a
notable increase in expression in individuals with MS, hence
facilitating the development of Thl cells and diminishing
the differentiation of Th2 cells. Additionally, linc-MAF-4
induces activation of CD4+ T cells without impacting prolif-
eration. The expression of linc-MAF-4 has a correlation with
the yearly recurrence rate in patients with MS, suggesting
involvement in the development of MS by regulating Th1
cells [44].

HOTAIR

Antisense transcript intervened RNA (HOTAIR), an IncRNA
a2148 nts in length, is reproduced from the HoxC gene group
into chromosome 12 in an antisense fashion. Numerous stud-
ies have established HOTAIR pathogenesis in a variety of
malignancies and inflammatory diseases [45]. The HOTAIR
role in MS pathogenesis has recently been investigated con-
cerning vitamin D levels using in vivo, in vitro, and silico
findings. The findings found that higher levels of HOTAIR

disease have been detected in MS patients than controls
before treating vitamin D [46]. A trend toward low levels
of HOTAIR with treatment has been shown with vitamin D,
which also reached levels close to those of controls. In addi-
tion, the regulatory function of HOTAIR was examined in
vivo and the monocytic THP-1 cells of humans in MS-like
EAE mice [47]. HOTAIR expression differs in the CNS of
EAE mice; specifically, HOTAIR is decreased in the cortex
and spinal cord and elevated in the cerebellum. However, for
the cell-based functions of HOTAIR, no changes in HOTAIR
expression were found in the in vitro THP-1 cells analysis,
vitamin D treatment, or inflammation induction. Overall, our
findings suggest that HOTAIR is probably implicated in the
development of MS and pathways associated with HOTAIR
will be modified based on the impact on gene expression,
inflammation, and vitamin D. Further investigation is needed
to explore this association in greater detail [48, 49].

1700040D17Rik IL23R-CHR

An extracellular domain, truncated IL23R, can block in
vitro cellular signals in-between IL-23 endogenous IL23R
and Th17 [50]. Furthermore, in vivo analysis in EAE mice
showed IL23R-CHR exhibits efficacy for treating EAE by
suppressing CNS inflammation and generating pro-inflam-
matory cytokines. To recognize the pharmacologic activity
of the IL23R-CHR, the profiling IncRNA-1700040D17Rik
between the normal and EAE mice is designated IncR-
NAs [51]. After IL23RCHR treatment, a mouse intergenic
IncRNA (1700040D17Rik) near the RORyt gene, is signif-
icantly increased in EAE mice. When 1700040D17Rik is
over-expressed, the level of RORyt expression is decreased
significantly and the development of Thl7 cells is also
reduced in vitro in the mice. The above results indicated the
association between the biological role of 1700040D17Rik
and the separation of Thl7 cells due to control of RORyt
expression. Considering that 1700040D17Rik has a poten-
tial role in the pathogenesis of EAE, the IL23R-CHR effects
may be attributable to the response balancing of the immune
response [52].

Huntington’s disease

HD is a severe neurologic disorder that is inherited in an
autosomal dominant manner. HD often begins in early adult-
hood and is characterized by a range of symptoms affect-
ing mental health, movement, and cognitive function [53].
The condition is attributed to a mono-allelic mutation that
involves an abnormal increase in the number of CAG trinu-
cleotide repeats in the HTT gene, which is responsible for
encoding the huntingtin protein (HTT) [54]. The occurrence
of this condition exhibits regional variation, with rates rang-
ing from 0.40 per 100,000 individuals in Asian communities
to 13.7 per 100,000 individuals in some Western groups [55].
The diagnosis of HD has traditionally been based on the
presence of a motor phenotype that seems normal clinically
either through a family history suggestive of the disease or
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by confirmation of a specific genetic mutation [56]. HD is
caused by a malfunctioning repetition of three nucleotides
(CAGQG) on the shorter section of the fourth chromosome, spe-
cifically in exon 1 of the HTT gene [57]. HD is an ideal
candidate for genetic therapy due to its high penetrance as
a monogenic illness with an extended pre-manifestation
period and a single mutation that results in the production of
a single rogue protein with cellular consequences [58].

In a study conducted by Sava and colleagues, a transgenic
YACI128 mouse model of HD was utilized to administer
enriched chitosan-based nanoparticles containing anti-HTT
siRNA directly from the nose to the brain. A set of chi-
tosan-based nanoparticles (NPs) was developed to enclose
anti-HTT siRNA and safeguard anti-HTT siRNA from deg-
radation during transportation to the intended destination.
Factors contributing to the enhancement of effective anti-
HTT siRNA nano-carrier production were discovered and
evaluated in a YAC128 mouse model of HD. The study con-
ducted by Sava et al. investigated the use of chitosan-based
NPs loaded with anti-HTT siRNA for delivering the treat-
ment directly from the nose to the brain in a YAC128 mouse
model of HD. The main objectives were to safeguard the
siRNA from degradation and determine the key parameters
necessary for the effective administration of the anti-HTT
siRNA nano-carriers [59].

In a gene therapy study, Kacher et al. demonstrated that
targeting the delivery of CYP46A1, the enzyme responsible
for regulating cholesterol breakdown in the brain, has a dura-
ble neuroprotective effect in HD. This approach effectively
counteracts various harmful effects caused by the mutated
huntingtin protein [60].

Spronck et al. administered AAV5-miHTT by injection
into the striatum of Q175 HD mice. The administration of
AAVS5-miHTT resulted in a decrease in the HTT protein that
was dependent on the dosage and persisted over time. This
reduction effectively suppressed the formation of mutant
HTT aggregates in both the striatum and cortex. Zinc finger
protein transcription factors (ZFP-TFs) inhibit the repetition
and specifically reduce the pathogenic CAG of mHTT as a
therapeutic strategy [61]. Experiments employing fibroblasts
and neurons obtained from patients showed that ZFP-TFs
effectively suppress >99% of alleles that cause HD over a
wide range of doses, while still preserving >86% of normal
gene expression. Other genes that include CAG are only
slightly affected. Zinc finger protein transcription factors
(ZFP-TFs) given by viral means exhibit sustained activity
and are readily absorbed by HD neurons in a laboratory set-
ting for >100 days. Furthermore, ZFP-TFs remain active in
the mouse brain for a minimum of 9 months [62]. Verma
et al. investigated the effects of glucose-dependent insu-
linotropic polypeptide (GIP) receptor agonists on the neu-
robehavioral consequences of quinolinic acid-induced HD
in rats. Administering 300 nmol/4 pL of quinolinic acid to
the rat striatum bilaterally caused the rat to exhibit abnormal
locomotive activity, impaired motor control, compromised
neuromuscular coordination, and short-term episodic mem-
ory deficits. Treatment with a continuous GIP receptor ago-
nist, capable of penetrating the brain, for 14 days [63].

Pfister et al. employed AAV9 to specifically transport
an engineered miRNA that targets exon 48 of the human

HTT mRNA to the striatum of HD sheep. This delivery was
achieved by utilizing two different promoters or CRA. At
both 1 and 6 months following the injection, the treatment
resulted in a reduction of human mutant (m) HTT mRNA
and a 50%-80% decrease in protein levels in the striatum.
Measurable silencing occurred in both the caudate and
putamen. The amounts of endogenous sheep HTT protein
have remained constant. There was no significant decrease
in the number of neurons tagged with DARPP32 or NeuN
6 months after diagnosis. Microglia expressing Ibal were at
normal levels [64].

Yang et al. discovered that by using CRISPR/Cas9-
mediated inactivation, the production of mutant hunting-
tin (mHTT) was permanently decreased in the striatum
of HD140Q-knock-in mice. This method efficiently elim-
inated the accumulation of HTT aggregates and reduced
early neuropathology. Manipulating the expression of
mHTT in the striatal neuronal cells of adult HD140Q-
knock-in mice did not have an impact on survival but it
did alleviate motor impairments. The results suggest that
non-allele-specific CRISPR/Cas9-mediated gene editing
can be used to efficiently and permanently eliminate poly-
glutamine expansion-induced neuronal toxicity in the adult
brain [65]. Yang et al. also devised gene-silencing strategies
that concentrate on the development of cassette-optimized
artificial miRNAs (miHTTs). The original approach suc-
cessfully achieved full suppression of both the wild-type
and mtHTT genes by specifically targeting exon 1. In this
strategy, allele-specific silencing was achieved by specif-
ically targeting the heterozygous single-nucleotide pol-
ymorphism (SNP) rs362331 in exon 50 or 67 rs362307,
which is connected to mtHTT. The miHTT expression cas-
sette was enhanced by including target anti-HTT sequences
into 10 primiRNA scaffolds and evaluating effectiveness in
reducing HTT levels in vitro. This evaluation specifically
focused on allele selectivity, passenger strand function, and
processing patterns. Furthermore, three scaffolds encoding
miH12, which specifically targets exon one, were incor-
porated into an adeno-associated viral serotype 5 (AAVS)
vector [66]. The efficacy in reducing HTT expression and
controlling pre-miHTT was assessed in the Hul28/21 HD
mouse model, which is a transgenic mouse model that has
been humanized [73].

Alzheimer’s disease

AD is a prevalent neurodegenerative disorder linked to aging.
This condition is marked by the deterioration and irreversible
loss of brain cells and connections, leading to a substantial
decline in memory and cognitive abilities. Possible expla-
nations for the development of AD involve oxidative stress,
the buildup of AP plaques, disruption of the BBB, excessive
movement of plasma proteins (e.g., fibrinogen into empty
spaces in the brain), abnormal interactions between A} and
fibrinogen, abnormalities in cholinergic neurotransmission,
natural contamination, excessive phosphorylation of tau pro-
teins, genetic factors (e.g., mutations in the amyloid precur-
sor protein and presenilin genes), toxic effects of mutated
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RNA transcripts, and abnormal responses of microglia and
the immune system [67].

Current AD treatments are aimed at alleviating symptoms
by inhibiting acetyl-cholinesterase, which breaks down ace-
tylcholine, or by blocking abnormal N-methyl-D-aspartic
acid (NMDA) receptors, which are involved in glutamate
signaling. Unfortunately, there are currently no available
treatments that can alter the progression of the disease.
While genetic proof, such as mutations in A} precursor pro-
tein (APP), presenilin 1 (PS1), PS2, and the enzymes that
cleave A} from APP, is significant for the contribution of A3
in the pathogenesis of AD, multiple shortcomings involving
AP immunotherapies pose inquiries whether single Af-
reducing treatment is sufficient for efficient treatment of AD.
A immunotherapies underline the need for target selection
abroad [68]. Higher levels of AP are correlated through both
family AD (FAD) and sporadic AD (SAD), suggesting that
it will be helpful to reduce AP levels. Several clinical trials
have been conducted over recent decades aimed at lower-
ing levels of A by immunotherapy with antibodies guided
to other types of AP or secretase inhibitors (BACEI and
y-secretase) with a focus on the generation of Af from APP.
Although the immunotherapy approach has not been adopted
in the clinic setting, the consequences on cognitive function
have been minimal. The cause for the repeated failure can
be attributed to cohort design, intervention period, or poor
targeted engagement performance because of negligible
passage of antibodies through the BBB. Therefore, immu-
notherapies will be costly and inaccessible to a substantial
portion of the human population [69, 70]. An alternative is
anti-Af} aggregation compounds, in which the expression of
recombinant proteins can form. The secretase inhibitor prob-
lems involve the secretases that target other proteins than
APP. The y-secretase modulator, which reduces the produc-
tion of toxic AB42 and increases the production of the less
toxic AP40, is a class of molecules that can substitute for
complete inhibition of y-secretase. Reducing APP rates will
be another option. SIRNA mediates downregulation of APP
by herpes simplex virus (HSV)-short hairpin RNA (shRNA)
in APP overexpressing mice, which decreases AP} pathology
[71]. APP has various biological roles, the complete absence
of which affects locomotive and cognitive dysfunctions
[72]. Total deletion of APP is not possible, but rates of APP
need to be evaluated with care. The use of AAV to deliver
gene therapy targeting a specific proteolytic fragment of the
APP, known as sAPPa, has shown potential neurotrophic
effects. This treatment successfully restores spine density
and improves working memory in mice with the APP/dE9
mutation [73].

BACE1

BACE1 reduces siRNA, cleaning Af from APP at the
N-terminal, reducing pathology of AP, and decreasing
behavioral deficiencies in an AD mouse model via LV dis-
charge [74]. Targeted delivery of independent exosomes on
a dendritic cell to reduce immunogenicity and effectively fill
with BACE siRNA also decreases levels of BACEL. BACE1-
affected mice exhibit hypomyelination and have elevated

seizures, which is a significant factor for gene therapy and
established BACE1 will require dosage with proper care [75].

PPAR gamma coactivator 1 alpha

PPAR gamma (PPARY), a transcription factor that controls
the metabolism of fatty acids and glucose, may be activated
by delivering viral genes with the help of PPARY coactivator
one alpha (PGC-1a). This activation leads to a decrease in
the level of BACEI expression, resulting in a reduction in
Ay deposition. This leads to improved spatial and memory
recognition in a mouse model of AD. Additionally, abnor-
mal gene expression of PGC-1a raises neprilysin expression,
which leads to AP pathology. Remarkably, there is also an
increase in brain-derived neurotrophic factor (BDNF), which
could significantly preserve survival of pyramidal neurons.
PPARY has a vital role in elevating liver X receptors (LXRs),
a group of nuclear receptors that oxidize to the form of cho-
lesterol (oxysterols) and promote lipid transportation of
genetic material, like ApoE and ABCAT1 [76]. Administration
of LXR in AD-induced mice enhances cognitive entrapment,
although termination leads to extreme amyloid pathology
[77, 78]. The downstream activity of LXR shows higher in
vivo neurogenesis in the brain. Taken together, gene therapy
based on PPARy has many advantages, including reducing
and clearing Ay, improving the survival of neurons, lipid
metabolism (except for carriers like ApoE4), and neurogen-
esis [79].

Anti-Ap} aggregation — BRICHOS

BRICHOS, which is comprised of “Bri2, chondromodulin-I,
and SP-C,” is a strong chaperone that stops A from forming
amyloid. Bioinformatics methods have been used to explain
what BRICHOS is and how BRICHOS works. For example,
an intramolecular region that might work like a chaperone
was used [80]. The domain was identified from Bri2 pro-
tein sequence alignments associated with family dementia
(chondromodulin), which is correlated with C (pro-SP-C)
prosurfactant protein and the chondrosarcoma and demen-
tia families. The BRICHOS domain can be found in 12 cor-
related families of proteins and has been suggested to be
elaborated in the pro-protein post-translational processing.
While biosynthesis of the BRICHOS domain occurs in the
regions of precursor protein with high -sheet propensities,
the formation and aggregation of amyloid are prevented [81,
82]. In vitro and in vivo analysis showed that human Bri2
and pro-SP-C, products of recombination of BRICHOS,
suppress the toxic oligomer, which occurs due to prevent-
ing residues of AB40-42. Amyloid formation is significantly
below the stoichiometric ratio [83]. Furthermore, BRICHOS
viral expression in AD mouse models facilitates the homeo-
stasis of proteins and decreases brain AP pathology. In vivo
experiments of transgenic mice model and Drosophila mel-
anogaster have also shown that the BRICHOS domain pre-
vents neurotoxicity and cognitive loss induced by A3, which
is correlated with decreased learning and memory induced
y-oscillations [84—86].
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Furthermore, BRICHOS, which are derived from Bri2
protein, is more flexible and effective than pro-SP-C in pre-
venting neurotoxicity mediated by AB42 and in fibrillation
and aggregation pathways. The Bri2-derived BRICHOS is
also highly effective in preventing locomotive abnormality
caused by AP42 and reducing longevity [87]. In the end,
regarding the above analysis, BRICHOS can be consid-
ered a possible way to manage AD, with further exploration
requirements for its anti-amyloidogenic activity on Af.

Protein homeostasis - autophagy

Autophagy can be considered as a highly preserved cata-
bolic pathway that controls the recycling and digestion of
the damaged organelles, and also possibly toxic proteins,
which include those that are implicated in TAR DNA-
binding protein 43 (TDP-43), AP, polyglutamine-expanded
HTT, tau, and a-synuclein, which are various neurodegen-
erative diseases [88]. The cytosolic cargo is sequestered in
the preliminary phase of autophagy by an autophagosome
(a de novo double-membrane vesicle). This mechanism is
highly altered, including protein-linked autophagy (ATG),
like Atg6 and Atg8, are well-known as Beclin 1 and LC3.
Subsequently, goals for degradation are taken into consid-
eration for autophagosomes through polyubiquitin-binding
adaptor proteins, such as p62/SQSTM1 [89].

The buildup and clustering of improperly folded proteins
within cells, which are broken down by the autophagy-lyso-
somal system, have been noted in different clinical manifes-
tations of the majority of neurodegenerative illnesses [88].
In basal neuronal autophagy, neurodegenerative diseases
decline with age. Atg5 or Atg7 are genetically deleted in
mice caused by aggregopathic phenotype-like neurodegen-
eration, including the absence of unique pathogenic pro-
teins [90]. In addition, abnormal changes in the A7g5 gene
have been identified that prevent autophagy in congenital
ataxia and cause developmental delay [91]. Frontotemporal
dementia (FTD) and ALS are linked to mutations of P62/
SQSTMLI. PD is linked to mutations of Parkin and Pink1 [92,
93]. Additionally, AD patients perturb autophagy markers in
post-mortem human brains. Ironically, degradation of auto-
phagy mediates the secretion of various molecules impli-
cated in neurodegenerative diseases. For example, in APP
transgenic mice the deletion of Arg7 has been reported in the
downfall of AP secretion and the formation of plaque [94].

Parkinson’s disease (PD)

PD is characterized by the degeneration of dopaminergic
neurons in the basal ganglia, which is a result of complicated
pathophysiologic processes. The involvement of excitatory
glutamatergic and y-aminobutyric acid (GABA) inhibition
pathways is present in basal ganglia movement regulation
[95]. Such changes contribute to the disinhibition of the
output subthalamic nucleus (STN), which elevates the excit-
atory projections toward the substantia nigra pars reticula-
ris (SNpr) and internal globus pallidus (GPi). The average

effect is advancing the discharge of inhibition effect from
SNpr and GPi to further basal ganglia nuclei, thalamus,
and cortex, resulting in the peculiar characteristics of PD.
Specific strategies, including high-frequency stereotactic
lesion, pharmacologic silencing, and deep brain stimulation
for the treatment of PD and targeting STN or GP1i, have been
applied to enhance motor control in PD [96-98].

Complex pathophysiology has been demonstrated in PD,
which is not entirely understood and includes various brain
structures and signaling pathways. Gene transfer is a rel-
atively novel method of treating PD. This method is very
flexible and multiple strategies for treating this disease have
been explored [99]. The selection of a therapeutic target is
based on three different approaches. Raising dopamine lev-
els in the basal ganglia and transgenic enzymes are encoded
by the cell signaling proteins present in the production or
controlling the dopamine in the first and direct approach.

Enzymes that are involved in the metabolism of dopamine
are GTP-cyclohydrolase-1 (GCH-1), tyrosine hydroxylase
(TH), and aromatic amino acid decarboxylase (AADC).
Experiments involving this method have shown successful
results, whereas in humans, phase I/II studies are underway,
having all three main enzymes (ProSavin) in an LV vector
[100]. When the percentage of GABA preventing the excess
activity of the STN is determined, the second approach can be
considered for modulating the basal ganglia affected by PD. If
successful, these strategies will provide symptomatic relief to
the patients instead of altering the progression of the disease.
Modified viruses (MVs) are used as the most common deliv-
ery vector in gene therapy. All the MVs will have incredibly
limited viral DNA to bear agencies or genes of concern [101].
A minimal quantity of viral DNA from the MVs generates
modified viral particles and does not express the viral protein.

In human studies various viruses are utilized as thera-
peutic gene therapy vectors, such as adenovirus, LV, AAV,
and herpes virus [102-104]. Every virus has pros and cons
with respect to therapeutic gene therapy. Pathogenic viruses,
such as adenovirus and herpesvirus, can induce immune
responses following transmission. Such vectors are widely
used as an anti-tumor substance, which can potentially
improve the treatment of cancer. LV and AAV have shown
long-term expression for many years, despite being immuno-
genic [105]. These types of properties of viruses can be taken
as suitable vectors for applications in other diseases.

The immunogenic viruses, LV and AAV, have been used in
recent years for PD therapy. LV, a single-stranded RNA ret-
rovirus, combines its genetic cargo with the present genome.
LV has the ability for transgene or exogenous gene expres-
sion for an extended period. The combination of the host
genome is a significant risk factor that disrupts an endog-
enous gene. Like LV, AAV is a single-stranded DNA virus
that will not combine with the host genome. The virus intro-
duces extra-chromosomal DNA, which does not disrupt the
endogenous gene. Although the virus does not integrate into
the host genomes, AAV still enables prolonged term gene
expression owing to its stable extra-chromosomal construc-
tion. These two vectors have different carrying capacities of
genetic materials. The carrying capacity of LVs is up to 8-9
kB, whereas AAV can accommodate <5 kB. Therefore, size
limits may prohibit AAV use [106].
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Improvement of dopamine
synthesis

As previously discussed, L-DOPA has become a pharmaco-
logic cornerstone for the management of PD. Dopamine levels
are reduced in PD patients due to a deficiency in SNc¢ dopa-
minergic neurons. L-DOPA has become an intermediate in the
synthesis of the dopamine pathway [107]. The stories of dopa-
mine levels can be raised by elevating the levels of L-DOPA.
Keeping this in mind, some researchers used gene therapy to
raise the rates of dopamine [108, 109]. The strategy involves
provision of genes that help in coding the enzymes in the bio-
synthesis of the dopamine pathway. The most popular method
is administering L-amino acid decarboxylase (AADC), which
is aromatic, in the final stages of the synthesis of the dopamine
pathway. The AADC transforms L-DOPA into dopamine. All
groups that use this technique target the striatum/putamen for
the transmission of the genes. Expression of AADC in the
striatum/putamen can convert L-DOPA into dopamine at the
location where AADC is typically produced [110].

Christine et al. recently used a skull compatible with MRI
targeting systems to inject AAV-AADC bilaterally into the
putamen [111]. Dissimilar to the studies mentioned above,
which involved the conventional stereotactic method, the
approach applied by the Voyager Therapeutics community
provides a visualization of vector infusion because an MRI
scanner is used for the construction of the injections of gado-
linium contrast agent was mixed with the vector [112].

Delivery of trophic factors

The loss of dopaminergic neurons is an extremely critical fac-
tor in PD. Some groups tend to explore the delivery of growth
factors of PD treatment. Gene expression with the growth fac-
tor increases neuron survival. Neurotrophic factor (GDNF)
obtained from the glial cell line is an excessively investigated
growth factor for treating PD. Initially, experiments were per-
formed using a direct intracerebral infusion of the protein,
GDNEF. Preclinical studies in PD models of rodents and pri-
mates demonstrated excellent efficacy of direct GDNF protein
infusion. Human phase 1 research has shown therapy effec-
tiveness, which opens up further investigation [113]. However,
randomized controlled trials of direct infusion of GDNF pro-
tein into the ventricular system were clinically unsuccessful
[111, 114]. More experiments indicated that the trial failures
might be due to the relatively small tissue distribution of the
protein [114]. A recent intra-putamen randomized clinical trial
involving GDNF focused on the restriction of tissue distribu-
tion through intermittent enhanced convection delivery via
implanting a novel system. Scientists from the study inserted
gadolinium into the system to assess the distribution of tissue.
Randomization was used in patients with approximately 40%
coverage of motor putamen MRI after administration through
injection. Improvement in the motor putamen by UPDRS
was noted after 40 weeks in the treatment and control groups.
Although there was a tendency toward more significant
change in the treatment community, the difference between
the groups was not crucial statistically. The effect was appar-
ent for the lower GDNF dose given safety concerns and an

inadequate 40-week care/follow-up period, which is higher
than predictable results in the control group for the possible
placebo care of lesion effects and limited size of the sample.
A subgroup of patients reported an increment of >10 points in
the “off” UPDRS motor score in group therapy but not in the
control group. This subgroup consisted primarily of patients
aged between 60 and 75 years, with a moderate to severe stage
of PD, typically having had the condition for over 10 years.
Although the subgroup study cannot be revealed, the results
can support further studies. In addition, an open-label exten-
sion study, which was not placebo-controlled, demonstrated
continuation of clinical progress for 40 weeks of additional
therapy, thereby endorsing a clinical trial with an endpoint
of 80 weeks or <40 weeks as clinical trials related to gene
therapy in Table 1, which shows a list of patents undergoing
various gene therapies [115].

Neuromodulation through gene
therapy

The SNc is responsible for dopamine production, which is
released in the striatum [116]. In a simplistic view of the
circuit of basal ganglia, D1 neurons are excited in the pres-
ence of dopamine in the striatum on the “forward path.”
As a result, the GPi is blocked by these neurons activat-
ing the cortex and disinhibiting the thalamus, which gives
a “go signal” for motion. The “indirect pathway” for D2
neurons is activated by dopamine and disinhibits the exter-
nal globus pallidus (GPe). GPe disinhibition contributes to
the STN. Diminished STN activity results in reduced GP
inactivity, which promotes movement by thalamus disin-
hibition. In the SN state, the dopaminergic neurons degen-
erate and dopamine levels decline in the PD state. This
results in a reduction of immediate pathway excitation and
reduces inhibition of the secondary pathway. The aver-
age effect reduces the excitation of the cortical thalamus,
which predicts hyperactivity of the STN in the PD state.
The STN hyperactivity is the presumed target of ablative
case methods and DBS [117].

Gene transfer is a better method that enables almost any
gene to be delivered. One researcher has developed a clever
approach to gene therapy for modulating the activity of STN.
Glutamatergic neurons are usually included in the STN.
Glutamate is converted to GABA by glutamate decarbox-
ylase (GAD). GAS expression is suggested in the STN to
convert glutamate to GABA-type neurons and change STN
production from the excitant to the repressive phase [118].

For the same reason, an AAV vector that carries GAD
genetic material has been developed. Because the micro-
dialysis test has been carried out, preclinical research results
showed that the administration of AAV-GAD to the STN
outcomes elevates the percentage of GABA in the produc-
tion region of SN. The STN targeted structures have been
inhibited and recorded in electro-physiologic tests. Although
the GABA-transporter (vGaT) vesicular gene is not dis-
pensed with GAD, the above-mentioned methods were
successful, which may occur for the lower level expression
of endogenous vGaT or for the induction of vGaT expres-
sion that occurs during GAD development. However, the

10

P. Chand et al.: DOI: 10.15212/bioi-2024-0060



BIOI 2025

2L
©
c Qo o
= [=2) ~
Olg ms a « © o
=N ™ O < 3%
9a I 8a .
rAke} O ol S O o 0
g|N N o~ ISRV S
= = [ = O = ©
o~ o @ o O O N O ®
Oy o 9o o 9o o6 28 o
> 3 S SNE E AN EQ
S| 0O L O o @ 0O o 9
5|2 o > > O > 2 O >
2|0 ® O o o o5 05
nO oz zao z3a3
° ° °
o (=)} o o O o
= = 9 2 = 29 =
w2 E£98 DB E £EE 9 E
5|3 S o [SR=] S 3 a s
I~ 2 I~ 2 o 2
=l o o £ E o o o £ o
S| 0 o O S @ ® & 0 O
(Gl c O [GX ' o oo
— - = - ™ N —
Qo [OR) [OR) (ORI )
AR7] 17, ) o 9 17 7 )
®| c ® s ® c @ ®
£ | c c c c c c c c<
oo o o o o oo 2

Gene transfer clinical trial for spinal muscular atrophy Type 1
Gene therapy development and validation for Huntington’s

Gene therapy for APOE4 homozygote of Alzheimer’s disease
disease fibro TG-HD (FibroTG-HD)

Pivotal 2 Study of RGX-314 gene therapy in participants with
GDNF Gene therapy for Parkinson’s disease

Gene replacement therapy clinical trial for patients with spinal

A clinical trial of AAV2-BDNF Gene therapy in early Alzheimer’s
muscular atrophy Type 1 (STR1VE)

disease and mild cognitive impairment
Gene therapy for APOE4 homozygote of Alzheimer’s disease

Gene therapy for Alzheimer’s disease

9
® a
2 |2 z
=
o =
g |k =z
<
£
(0]
= z z
- g - S o
o @ = &8 §QEO
2118 §C 53 §8°:3
- -
2 2 98 ©3 ©3s82
[a IS T = T EcT B 3 ©°
Qo o o o
T |50 o 3 O T8V 0 p
(= 5 3 3T 5 S 3 o
Tlel2 2E 2x523ES
on|wE E£EZ £ E2=-D
+ | 8| D o ®© o v 5T E TS
I8l £ < o5L< X EE
2 L& N N g N oo N c & >
S8BT T <o <aaI
(0]
< = == = s ==
o 8§ 8 88 ©8 888G
o E EE EE EEEE
@ T T E ®E ® IR
Q S L9 ©9 9999
S £ E£EE E£E£E E£EtE£ECE
8 e Q00 Q00 Q0LoQLQ
S T T O T®O ® O T
o c c C cC C c C C C
<|o|S © 96 ©96 o966 9o
clE EE 28 2 EEE
>,>C = = = = = = = =
Q_l_ﬂ.) (O] o O O O O O
® |[=|2 c c == = 2 2 2
o |2 e L Qe L0 2200
S
C|ElE £t £t £ccc&c
'_
(0]
= .|~ N~ O~ o © N O o~
Oligln Q@8 T2 Q¥ o=
oz(\l o o o © o n o o
o < © ~ << N A
= | <t ™ O - O M O N I
[N e) O ™ o < © ~ +~ <
‘_'ELD @m ™ o N < A ©
o |=|2 o O o O o O O O
LIl FEFE FEFE FEEE
2 |86l0 OO VO 0OOOO
gEz z Z z =z zZ2zzz

October 20272

Recruiting

Phase 1

A clinical trial of AAV2-BDNF Gene therapy in early Alzheimer’s
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Interventional (Clinical Trial)

NCT05040217

aThe “estimated” study completion date is the date that the experts think the study will end. °The moment that the last person in a clinical study was checked or given an intervention or treatment so that

all the data could be collected.

micro-dialysis test is not tested directly in preclinical studies.
Indeed, recent work has shown that single neurons release
neurotransmitters diversely [119]. Evidence also suggests
that neurons can give the vesicular glutamate transporters
and vGaT in the STN. Despite the correct mechanism, the
reported preclinical study showed an increase in the inhibi-
tion of STN targets [120].

Side effects and administration
methods

While gene therapy offers promising avenues for treating
neurologic disorders, it is essential to consider potential
side effects. Side effects can include immune responses to
the viral vectors used for gene delivery, which may lead
to inflammation or other adverse reactions in the CNS.
Additionally, the long-term effects of gene therapy are still
being studied and there is a need for ongoing monitoring
of patients to assess any delayed side effects that may arise
from the treatment [121].

The method of administration is critical in determining the
efficacy of gene therapy, especially in overcoming the BBB
and the blood-cerebrospinal fluid barrier. Various delivery
methods are being explored, including intracerebral admin-
istration, intrathecal injections, and direct injections into the
spinal cord and brain [122]. Each method has advantages
and challenges, and the choice of administration route can
significantly impact the distribution and effectiveness of the
therapeutic agents [123].

The BBB presents a significant challenge for gene ther-
apy because the BBB restricts the passage of many ther-
apeutic agents into the CNS. Recent advances in vector
design, such as the development of AAV capsids that can
effectively cross the BBB, are promising. However, further
research is needed to optimize these vectors and ensure
safe and efficient delivery of gene therapies to target cells
within the CNS [124].

Amyotrophic lateral sclerosis
(ALS)

ALS is a chronic neurodegenerative disease with a rapid
decline in health conditions and a gradual sudden synapse
loss. Patients with ALS characteristically have a loss of
motor neurons in the region of the brain, spinal cord, and
motor cortex [120, 125]. ALS is the most common muscle
disease worldwide. ALS is a neurologic disease that affects
motor nerves and progresses over time. Symptoms include
muscle weakness, trouble swallowing, and problems with
breathing. People with a family history of ALS or FALS are
an average of 40 years old, while people without a family
history are 50 years old. People 60-69 years of age are most
likely to have ALS or FALS [126].

Recabarren-Leiva and Alarcon carefully looked at sev-
eral genes (DSCRILI, PCP4, UCHLI, MTIX. GABRAI,
EGRI, PCP4, SLCI4A1, OLFM1, AQPI, and VSNLI) that
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Table 2 List of Patents Issued for Several Gene Therapy Applications [133]
Application Title Publication Applicants
Number Date
W02021076941A1 Gene therapy for Alzheimer’s disease 22.04.2021 Cornell University
EP3887396A4 Gene therapies for neurodegenerative disease 07.09.2022 Prevail Therapeutics, Inc.
US20230405148A1 Gene therapy for Alzheimer’s disease 21.12.2023 Cornell University
WO02023198745A1 Nucleic acid regulation of APOE 19.10.2023 uniQure Biopharma B.V.
CA3157864A Gene therapy for Alzheimer’s disease 22.04.2022 Cornell University
W02024011237A1 Methods and pharmaceutical compositions for the 11.01.2024 Cornell University
treatment and the prevention of Alzheimer’s disease
AU2021200242B2 AAV vectors for retinal and CNS gene therapy 21.09.2023 Genzyme Corp
US20230330194A1 Methods of cytotoxic gene therapy to treat tumors 19.10.2023 Candel Therapeurtics Inc.
EP3193944B1 Methods of treating cells containing fusion genes 07.04.2021 University of Pittsburgh
US20230332156A1 Compositions'and methods of treating amyotrophic 19.10.2023 Voyager Therapeutics
lateral sclerosis (ALS) Inc.

are controlled in parts of the spinal cord and motor cortex
and are linked to the risk of ALS. The risk of acquiring ALS
may be linked to these genes in different ways. These factors
are connected with Cytoscape in a network that helps find
pathways linked to ALS so that the miRNA and drugs can
be identified. The most important route that is changed is
PI3K-Akt signaling. As possible parts of the treatment, 13
micro-RNAs have been named (miRNA-328, miRNA-124-
1, miRNA-19B2, miRNA-29B2, miRNA-107, miRNA-9-3,
miRNA-124-2, miRNA-29A, miRNA-124-3, miRNA-15A,
miRNA-9-2, miRNA-19B1, and miRNA-9-1). Four new
active drugs have also been named (estradiol, acetami-
nophen, resveratrol, and progesterone) [127].

The TBKI gene was analyzed by Tohnai et al., which
revealed the occurrence and features of gene variants of
TBKI in Japanese irregular ALS patients, with the help of
exome sequencing in 713 sporadic ALS patients and 800
controls. Variants of the TBK1 gene, which are rarely toxic,
were found in 9 patients (1.26%) with sporadic ALS, which
included four new missense variants, such as p.R358C,
p.-H322R, p.V23l, and p.T478I, and three other variants
with loss-of-function, such as p.P378_I379del, p.R357X,
and p.T419_G420del. The average ratio of odds between
the sporadic ALS patients and controls was 10.2 (95% CI =
1.67-62.47; P = 0.008). Those outcomes encourage the
involvement of TBK1 in Japanese patients in the etiology of
sporadic ALS [128].

Nusinersen, an antisense oligonucleotide (ASO),
represents a significant advance in the field of gene therapy
for neurologic disorders, particularly because nusinersen
was the first drug approved by the FDA for the treatment
of spinal muscular atrophy (SMA) in both children and
adults [129]. This milestone not only highlights the poten-
tial of gene therapy to address genetic disorders but also
sets a precedent for future therapies targeting similar con-
ditions [130].

SMA is a genetic disorder characterized by the loss of
motor neurons in the spinal cord, leading to progressive
muscle weakness and atrophy. Nusinersen works by modi-
fying the splicing of the SMN2 gene, which is crucial for the
production of the survival motor neuron (SMN) protein. By
increasing the levels of functional SMN protein, nusinersen

helps slow progression of the disease and improve motor
function in patients [129, 131].

The approval of nusinersen has opened new avenues for
research and development in gene therapy, demonstrating
that targeted genetic interventions can lead to meaningful
clinical outcomes. This success story emphasizes the impor-
tance of continued investment in gene therapy research
because of the promise to transform the treatment landscape
for various neurodegenerative disorders [132, 133].

In summary, the role of nusinersen as the first FDA-
approved ASO for SMA underscores the potential of gene
therapy to provide effective treatments for genetic disorders,
paving the way for future innovations in the field.

Future prospects

The field of gene therapy for neurologic disorders is poised
for significant advances in the coming years, driven by ongo-
ing research and technological innovations. As we look to
the future, several key areas hold promise for enhancing the
efficacy and applicability of gene therapy in treating condi-
tions, such as PD, HD, and AD.

* Improved Delivery Mechanisms: One of the primary
challenges in gene therapy is the effective delivery of ther-
apeutic agents across the BBB. Future research will likely
focus on developing novel delivery systems, including
advanced viral vectors and non-viral methods, to enhance
the precision and efficiency of gene transfer to target cells
in the CNS.

* mRNA Technology: The recent success of mRNA vac-
cines in combating infectious diseases has opened new
avenues for utilizing mRNA technology in gene therapy.
This approach could allow for the transient expression of
therapeutic proteins, reducing the risk of long-term genomic
integration and associated complications. Future studies
may explore the application of mRNA-based therapies for
neurologic disorders, potentially offering a safer and more
flexible treatment option.

* Personalized Medicine: Advances in genomics and
biomarker discovery are paving the way for personalized
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gene therapy approaches. By tailoring treatments
based on individual genetic profiles, researchers can
enhance the effectiveness of therapies and minimize
adverse effects. Future clinical trials may increasingly
incorporate personalized strategies to optimize patient
outcomes.

¢ Regulatory and Ethical Considerations: As gene ther-
apy continues to evolve, it will be essential to address the
regulatory and ethical implications associated with these
innovative treatments. Establishing clear guidelines and
frameworks will be crucial for ensuring patient safety and
fostering public trust in gene therapy.

¢ Collaboration and Multidisciplinary Approaches: The
complexity of neurologic disorders necessitates collabo-
ration across various fields, including molecular biology,
neurology, and bioengineering. Future research initiatives
will benefit from interdisciplinary partnerships that lever-
age diverse expertise to tackle the multifaceted challenges
of gene therapy.

The future of gene therapy for neurologic disorders is bright,
with numerous opportunities for innovation and improve-
ment. By addressing current challenges and embracing
new technologies, the field can move closer to realizing
the full potential of gene therapy as a transformative treat-
ment option for patients suffering from these debilitating
conditions.

Conclusion

Gene therapy has become an essential and emerging strat-
egy in treating neurodegenerative disorders and is suitable
for highly supported genetic targets but not suitable for
conventional treatments. In clinical trials for several indi-
vidual neurodegenerative diseases involving ALS, HD, PD,
and AD, this method has been well-tolerated and demon-
strated as a long-lasting effect. Additionally, distribution
enhancements, like the administration of drugs directly to
the CNS, and the carriers are being refined and investigated
intensively, such as AAV9 and liposomes. While gene ther-
apy based on non-viral vectors has not been accepted for
treating neurodegenerative diseases, recent developments
have been generated in clinical trials, which have excited
researchers to find new therapies. For the onset and devel-
opment of neurodegenerative disease, a better understand-
ing method should be promoted for timely detection and
selection of targets, allowing early treatment for some of
these conditions. The scenarios of gene remedy for neu-
rodegenerative disease would inevitably develop much
brighter as development in improving transgene design and
vectors. ICV, intrathecal, and direct injection into the spinal
cord and brain are some of the delivery ways that are being
investigate and made better. These are the patents and clin-
ical studies of different gene therapies that have been stud-
ies recently as possible treatments for neurologic diseases
(Tables 1 and 2).
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