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Abstract

Parkinson’s disease management remains heavily reliant on symptomatic treatments, which often lead to debilitating complications over time, creating a pressing
need for interventions that offer durable benefits and potentially modify disease progression. While gene therapy has emerged as a promising strategy to address
this unmet need, its clinical translation has been marked by both encouraging advances and significant setbacks. This paper therefore aims to critically evaluate
the current landscape of gene therapy for Parkinson’s disease, synthesizing evidence on its platforms, clinical outcomes, and persistent challenges. This paper
comprehensively examines molecular strategies that extend beyond dopamine replacement, including enhanced dopamine synthesis, neurotrophic support, and neural
circuit modulation. It analyzes the viral vector platforms that enable these therapies, with a focus on adeno-associated virus and lentivirus (LV) and underscores the
critical role of convection-enhanced delivery for achieving adequate distribution in the human brain. Furthermore, the paper delves into the designs and endpoint
challenges of pivotal clinical trials, synthesizes the available safety and immunogenicity data, and discusses the impact of surgical delivery precision on therapeutic
efficacy. Looking forward, the future of gene therapy for Parkinson’s disease hinges on overcoming key hurdles in vector design, immune response modulation,
and biomarker development. Success will depend on refining delivery techniques to ensure consistent target coverage and designing trials capable of definitively
demonstrating disease-modifying effects. As these innovative platforms continue to evolve, they hold the potential to fundamentally transform the therapeutic
paradigm for Parkinson’s disease, moving from symptomatic management to long-term disease modification.
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Introduction

A comprehensive evaluation of gene therapy platforms and
clinical outcomes in Parkinson’s disease reveals a rapidly evolving
landscape, with promising approaches rooted in molecular and genetic
interventions [1-4]. The current state of gene therapy for Parkinson’s
disease is characterized by strategies aimed at restoring dopaminergic
function, modifying disease progression, and improving patient quality
of life, although challenges remain in translating these approaches into
consistent clinical benefits [5-8].

One of the primary rationales for gene therapy in Parkinson’s
disease involves augmenting dopamine synthesis within affected neural
circuits. Feng and Maguire-Zeiss [9] provide an overview of ongoing
clinical trials that focus on increasing dopamine production through
direct delivery of genes involved in neurotransmitter synthesis, such
as amino acid decarboxylase, tyrosine hydroxylase, and guanosine
triphosphate cyclohydrolase 1. These approaches aim to compensate for
the loss of dopaminergic neurons characteristic of Parkinson’s disease,
with the goal of alleviating motor symptoms. The rationale is supported
by the understanding that targeted gene delivery can potentially restore
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neurotransmitter balance, thereby improving motor function.

In addition to neurotransmitter synthesis, gene therapy strategies
are exploring neuroprotective and disease-modifying avenues.
O’Connor and Boulis [10] discuss the broader scope of gene therapy for
neurodegenerative diseases, emphasizing the importance of targeting
pathogenic mechanisms and delivering therapeutic genes that can
modify disease progression. Despite these promising concepts, recent
clinical trials testing various gene therapy modalities, including adeno-
associated viral (AAV) vectors-mediated delivery of neurotrophic
factors like neurturin (NRTN), have not yet demonstrated definitive
efficacy [11]. This highlights the complexity of Parkinson’s disease
pathology and the need for refined delivery methods and target
selection.

The delivery of genetic material remains a critical challenge in
Parkinson’s disease gene therapy. Abignano et al. [12] underscore
the importance of biomarkers and innovative approaches such as
gene expression analysis to monitor disease activity and therapeutic
response. The development of reliable biomarkers is essential for
assessing the efficacy of gene therapy interventions and for tailoring
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personalized treatment strategies. Similarly, Deverman et al. [13]
reviewed advances in vector design, particularly adeno-associated
virus vectors, which are increasingly used due to their safety and ability
to sustain transgene expression in neural tissues. These vectors are
central to current clinical trials, with ongoing efforts to optimize their
targeting, transduction efficiency, and immune evasion.

Preclinical studies provide further insights into the potential of
gene therapy for Parkinson’s disease. Rhee et al. [14] demonstrate that
human induced pluripotent stem cell derived dopamine neurons can
be transplanted into rat models of Parkinson’s disease, resulting in
significant motor recovery. This approach complements gene therapy
by offering regenerative potential, although translating these findings
into human clinical trials requires overcoming immunogenicity and
ensuring long-term safety. Kefalopoulou et al. [15] report long-term
outcomes of fetal cell transplantation, which, although not gene therapy
per se, inform on the durability and safety of cell-based interventions,
providing valuable context for gene-based regenerative strategies.

The clinical translation of gene therapy for Parkinson’s disease also
involves evaluating long-term safety and efficacy. Kefalopoulou et al.
[15] present case reports indicating sustained benefits from fetal cell
transplantation, which may inform future gene therapy trials aiming
for similar durable effects. However, the variability in clinical outcomes
underscores the necessity for standardized endpoints and rigorous trial
designs. Corbacioglu et al. [16] emphasize the importance of defining
clear endpoints to assess the curative potential of gene therapies,
especially in diseases like Parkinson’s disease where symptomatic relief
is often the primary goal.

Despite the promising preclinical and early clinical data, the status
of gene therapy for Parkinson’s disease remains cautious. Oertel and
Schulz [11] review recent clinical trials that have not demonstrated
efficacy in some cases, such as those targeting neurotrophic factors,
highlighting the need for continued refinement in vector design,
target selection, and delivery methods. The challenges include
immune responses, limited transduction efficiency, and the complex,
multifactorial nature of Parkinson’s disease pathology.

In summary, gene therapy platforms for Parkinson’s disease are

advancing with innovative vector technologies, targeted gene delivery,
and regenerative approaches (Figure 1) [17]. While preclinical studies
and early clinical trials show potential, the clinical outcomes to date
have been mixed, emphasizing the need for improved biomarkers,
optimized vectors, and comprehensive trial designs. The integration of
molecular insights, such as gene expression profiling and biomarker
development, will be crucial in refining these therapies and achieving
meaningful, long-lasting benefits for Parkinson’s disease patients. As
research progresses, the hope remains that gene therapy will evolve
into a viable disease-modifying treatment, ultimately transforming the
management of Parkinson’s disease.

Molecular Targets and Therapeutic Strategies: Beyond
Dopamine Replacement

While dopamine replacement with levodopa remains the
cornerstone of Parkinson’s disease management, its long-term use is
associated with significant complications, including motor fluctuations
and dyskinesias [18, 19]. Gene therapy strategies have thus evolved
to move beyond mere symptomatic relief, aiming instead to restore
durable dopaminergic function, provide neuroprotection, and directly
modulate the dysfunctional neural circuits that underlie Parkinson’s
disease pathology (Table 1). These approaches leverage advanced
molecular tools to address the root causes of neuronal dysfunction and
death, offering the potential for disease modification. The following
strategies represent the forefront of this investigative effort, each
targeting a specific node within the complex pathophysiology of
Parkinson’s disease.

Strategy 1: Enhanced dopamine synthesis

A primary strategy to enhance dopamine synthesis focuses on
the enzyme aromatic L-amino acid decarboxylase (AADC), which
is responsible for converting levodopa into dopamine [20, 21]. In
Parkinson’s disease, the progressive loss of dopaminergic neurons
is accompanied by a significant decline in AADC activity, leading to
ineflicient conversion of oral levodopa and contributing to the ‘on-off
motor fluctuations experienced by patients. Gene therapy approaches,
such as Voyager therapeutics (VY)-AADC, seek to address this by
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Figure 1: Summary of gene therapy approaches targeting Parkinson’s disease pathophysiology [17].
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Table 1: Key gene therapy strategies for Parkinson’s disease beyond dopamine replacement.

Strategy Molecular target Therapeutic goal

Enhanced dopamine
synthesis

AADC Stabilize motor response to

levodopa

Glial cell line-derived
neurotrophic factor
(GDNF) or NRTN

Protect and restore

Neurotrophic support . .
P PP dopaminergic neurons

Rebalance motor circuit
activity

Glutamic acid

Circuit modulation decarboxylase (GAD)

using AAV vectors to deliver the AADC gene directly to the striatal
neurons that remain [22, 23]. This intervention aims to re-sensitize the
striatum to levodopa by increasing its local conversion to dopamine,
thereby providing more stable and efficient dopamine signaling from
each dose of medication.

The clinical application of AADC gene therapy involves the precise
neurosurgical delivery of the AAV vector into the putamen, a key brain
region involved in motor control that receives dense dopaminergic
input. By elevating AADC levels in this structure, the therapy creates a
localized ‘enzymatic pump’ capable of converting exogenous levodopa
into dopamine more effectively [24]. Clinical trials have demonstrated
that this approach is feasible and generally safe, with positron emission
tomography imaging confirming increased AADC expression in the
targeted putamen. Patients have shown encouraging results, including
extended ‘on’ time without troublesome dyskinesias, reduced daily
levodopa requirements, and overall improvements in motor function,
suggesting a more efficient and sustained response to their standard
medication [25, 26]. The promise of AADC enhancement lies in its
ability to optimize the existing gold-standard therapy rather than
replace it. This strategy effectively amplifies the efficacy of levodopa,
making its administration more predictable and reducing the burden
of motor complications. However, its success is inherently tied to the
continued administration of levodopa and does not directly address
the underlying neurodegeneration. Despite this limitation, AADC
gene therapy represents a crucial step towards stabilizing dopaminergic
replacement, offering a significant improvement in quality of life for
patients with advanced Parkinson’s disease who no longer respond
reliably to conventional pharmacotherapy [27, 28].

Strategy 2: Neurotrophic support

Moving beyond symptomatic management, a key therapeutic
strategy involves providing neurotrophic support to rescue dying
dopaminergic neurons and promoting the regeneration of their axonal
projections. GDNF and its relative NRTN are potent survival factors
for midbrain dopaminergic neurons [29, 30]. The rationale for their
use in gene therapy is based on the observation that these neurons
are particularly responsive to GDNF and NRTN signaling, which can
activate pathways that enhance cell resilience, stimulate dopamine
synthesis, and encourage neurite outgrowth. By delivering the genes
encoding these factors directly to the striatum, the therapy aims to
create a sustained, local source of trophic support, mimicking the
natural environment that helps sustain these vulnerable cells [31].

In practice, AAV vectors are used to deliver the GDNF or NRTN
gene (as in the CERE-120 trial for NRTN) to the striatum, where
the proteins are produced and secreted [32, 33]. The goal is for these
factors to be taken up by the terminals of the nigrostriatal neurons
and retrogradely transported back to the cell bodies in the substantia
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AAV-mediated delivery of the AADC gene to the striatum
to improve conversion of oral levodopa to dopamine,
creating a more reliable ‘enzymatic pump’
AAV-mediated delivery of GDNF or NRTN genes to the
striatum; the secreted protein is taken up by dopaminergic
terminals and retrogradely transported to cell bodies to

AAV-mediated delivery of the GAD gene to the

subthalamic nucleus, shifting its neurotransmitter output | that is independent of the dopaminergic

from excitatory (glutamate) to inhibitory (GABA),
thereby dampening pathological overactivity

Mechanism of action Key challenge(s)

Efficacy is contingent on continued
levodopa administration; does not
address underlying neurodegeneration

Achieving sufficient and uniform
coverage of the target structure to
demonstrate consistent clinical efficacy

promote survival and sprouting in trials

A standalone symptomatic treatment

system but does not directly slow
disease progression

nigra, thereby reaching the neurons most at risk in Parkinson’s disease.
Preclinical studies in Parkinsonian non-human primates and other
models have been highly promising, showing not only protection
against toxin-induced degeneration but also evidence of functional
recovery and regeneration of dopaminergic fibers, providing a strong
rationale for human trials [34, 35].

Despite the compelling preclinical data, clinical trials of GDNF
and NRTN gene therapy have yielded mixed outcomes. While the
procedures have been well-tolerated, the primary efficacy endpoints
in several phase II studies have not been consistently met, failing to
demonstrate a statistically significant superiority over sham surgery
in unified Parkinson’s disease rating scale (UPDRS) scores. The
challenges are thought to include insufficient coverage of the target
region by the trophic factor, suboptimal dosing, and the possibility
that the therapy may be most effective in earlier disease stages when a
sufficient number of neurons remains to be rescued. Ongoing research
is focusing on improving vector delivery systems, optimizing dosing
regimens, and identifying patient subgroups most likely to benefit from
this neuroprotective and potentially restorative approach.

Strategy 3: Circuit modulation

An alternative to targeting dopamine directly is to modulate the
dysfunctional neural circuits that cause Parkinson’s disease symptoms.
Parkinson’s disease is characterized by overactivity of the subthalamic
nucleus, a key node within the basal ganglia-thalamocortical motor
circuit [36, 37]. This overactivity, driven by a loss of dopaminergic
inhibition, contributes to the hallmark hypokinetic features of the
disease. Gene therapy strategies for circuit modulation aim to rebalance
this network by converting the excitatory output of the subthalamic
nucleus into inhibitory signaling, effectively providing a ‘chemical
neuromodulation’ that mimics the effect of deep brain stimulation [38].

This approach has been pioneered with AAV-mediated delivery
of the gene for GAD, the enzyme that synthesizes the inhibitory
neurotransmitter GABA. The therapy, known as AAV-GAD (e.g.,
NAB-7), involves injecting the vector unilaterally or bilaterally
into the subthalamic nucleus [39]. The subsequent expression of
GAD in subthalamic nucleus neurons enables them to produce and
release GABA, shifting their neurotransmission from excitatory
(glutamatergic) to inhibitory (GABAergic) [40]. This localized change
dampens the pathological over-excitation of the subthalamic nucleus
and its downstream targets, thereby helping to normalize the entire
motor circuit and alleviate parkinsonian motor signs.

Clinical trials of AAV-GAD gene therapy have demonstrated
its safety and provided evidence of efficacy. A landmark phase
II randomized controlled trial showed statistically significant
improvements in motor function on the side of the body contralateral
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to the treatment compared to sham surgery, as measured by the
UPDRS [41, 42]. The benefits were sustained over long-term follow-
up, suggesting a durable effect. This strategy offers a distinct advantage:
it is not dependent on the presence of dopaminergic neurons or the
administration of levodopa, making it a truly direct and independent
intervention for circuit dysfunction. By focusing on the network-level
pathology, circuit modulation via GAD gene therapy represents a
novel and promising symptomatic treatment that operates through a
mechanism entirely different from dopamine replacement [43, 44].

In summary, gene therapy strategies are advancing beyond
traditional dopamine replacement to provide more sophisticated
interventions. These approaches aim to enhance the efficiency of
levodopa metabolism, provide neurotrophic support for degenerating
neurons, and directly rebalance pathological brain circuits. While
each strategy operates through a distinct mechanism—enzymatic
enhancement, trophic factor delivery, or neuromodulation—they
share the common goal of achieving more durable and effective
symptomatic control. The continued refinement of these platforms
holds significant promise for improving long-term outcomes for
patients with Parkinson’s disease.

Viral Vector Platforms: The Engine for Gene Delivery

The successful implementation of gene therapy for Parkinson’s
disease is fundamentally dependent on the viral vectors used to
deliver therapeutic genetic material. These engineered viruses serve as
molecular vehicles, designed to transport genes into specific target cells
within the central nervous system while being stripped of their ability
to replicate and cause disease. The ideal vector must achieve efficient
transduction of neurons, sustain therapeutic levels of transgene
expression, and elicit a minimal immune response to ensure both safety
and long-term efficacy. Among the various platforms developed, adeno-
associated viruses and LV have emerged as the leading workhorses for
neurological applications, each offering a distinct set of advantages and
challenges that shape their clinical use (Table 2).

Adeno-associated virus: The gold standard for neurological
delivery

AAV has become the predominant vector for in vivo gene therapy
in Parkinson’s disease due to its favorable safety profile and strong
tropism for neurons [45]. AAV is a small, non-enveloped, single-
stranded DNA virus that is naturally replication-deficient and not
known to cause human disease [46]. Its primary safety advantage
lies in its non-integrating nature; the AAV genome typically persists
in the nucleus as a stable episome, which significantly reduces the
risk of insertional mutagenesis that has been a concern with other
viral vectors. This characteristic makes AAV particularly suitable for
disorders where long-term, but not necessarily permanent, transgene
expression in non-dividing cells like neurons is desired [47].

A key feature of AAV is its capacity to drive high levels of
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transgene expression, though this is often characterized as ‘transient’
in comparison to integrating vectors. In the context of non-dividing
neuronal cells, AAV-mediated expressions can persist for many years,
as evidenced by long-term follow-up studies in both animal models and
clinical trials [48]. However, the episomal DNA can be gradually diluted
in dividing cells, and the initial high-level expression may wane over a
period of years, which could be a consideration for lifelong diseases.
Furthermore, a significant challenge with AAV is its immunogenicity;
pre-existing neutralizing antibodies in a substantial portion of the
population can block transduction, and the capsid itself can trigger a
cell-mediated immune response that may eliminate transduced cells,
potentially limiting re-dosing options [49, 50].

The versatility of the AAV platform is greatly enhanced by its
numerous natural serotypes and engineered capsid variants, which
confer different tropisms for various tissues. For Parkinson’s disease,
AAV serotype 2 has been the most extensively studied in clinical trials,
demonstrating a strong affinity for neurons within the striatum and
substantia nigra [51]. The choice of promoter is equally critical for
targeting specific brain regions; ubiquitous promoters like chicken
B-Actin can drive strong general expression, while neuron-specific
promoters (e.g., synapsin) or synthetic promoters can be used to
restrict transgene expression to dopaminergic or GABAergic neurons,
enhancing specificity and safety [52]. This ability to fine-tune delivery
through serotype and promoter selection is a cornerstone of modern
AAV-based gene therapy design.

LV: A platform for stable, long-term expression

LV, a subclass of retroviruses, presents a contrasting profile to AAV
and offers distinct advantages for certain gene therapy strategies. LVs are
enveloped, single-stranded RNA viruses that are capable of infecting both
dividing and non-dividing cells, including post-mitotic neurons [53]. The
defining characteristic of LV is its ability to integrate its genetic payload
into the host cell’s genome. This integration facilitates stable, long-term
transgene expression, as the therapeutic gene is replicated and passed
on to all daughter cells during cell division, making it an ideal candidate
for strategies that require permanent genetic modification, such as those
involving stem or progenitor cells [54].

The integrating nature of LV provides a solution to the potential
decline of transgene expression observed with non-integrating vectors
over very long periods. For a progressive neurodegenerative disease
like Parkinson’s, this promises a ‘one-and-done’ therapeutic effect
that is sustained for the lifetime of the patient [55]. This stability is a
significant advantage, but it is counterbalanced by a more complex
safety consideration: the risk of insertional mutagenesis. While
modern, self-inactivating LV designs have greatly reduced this risk by
removing viral enhancer/promoter elements, the theoretical possibility
of disrupting a tumor suppressor gene or activating an oncogene
through random integration remains a carefully monitored aspect of
its clinical development [56].

Table 2: Comparison of primary viral vector platforms for Parkinson’s disease gene therapy.

Feature Adeno-associated virus

Virus type Small, non-enveloped, single-stranded DNA virus
Genomic integration Non-integrating (persists as episome)
Expression duration
Primary safety concern Immunogenicity (humoral and cell-mediated)
Typical clinical application Direct in vivo delivery to neurons

Key advantage
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Long-term but potentially declining over years (transient)

Favorable safety profile, strong neuronal tropism, clinical experience

Lentivirus
Enveloped, single-stranded RNA virus (retrovirus)
Integrating (stable insertion into host genome)
Stable, permanent expression due to integration
Insertional mutagenesis (theoretical risk)
Often used for ex vivo modification of cells (e.g., stem cells)

Guaranteed long-term expression in dividing cells, lower pre-existing immunity
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From a practical standpoint, LV vectors face challenges related
to manufacturing and immunogenicity. The production of high-titer,
clinical-grade LV is more complex and costlier than for AAV, due to
its larger size and enveloped structure [57]. While LV generally elicits a
lower humoral immune response against its capsid compared to AAV,
the potential for immune reactions to transgene products or residual
cellular antigens from the production process still exists. Consequently,
LV is often considered for ex vivo applications, such as engineering
patient-derived cells outside the body before transplantation, though
its use in direct in vivo central nervous system gene delivery is also
being actively explored for Parkinson’s disease [58].

Comparative profiles

When comparing AAV and LV for Parkinson’s disease gene
therapy, their contrasting genomic strategies define their clinical
applications. AAV, as a non-integrating vector, is ideally suited for
strategies requiring high-level, sustained protein expression in stable
neuronal populations, such as the continuous secretion of enzymes like
AADC or neurotrophic factors like GDNF [59]. Its relatively simple
production and strong track record in clinical trials have cemented its
role as the current vector of choice for direct in vivo delivery. In contrast,
LV’s integrating capacity makes it a powerful tool for strategies where
permanent genetic modification is essential, such as in regenerative
approaches using modified stem cells that require the transgene to be
maintained through multiple cell divisions [60].

The immuneresponse presents another critical point of comparison.
AAV’s widespread prevalence in the human population often leads to
pre-existing neutralizing antibodies, which can exclude a significant
number of patients from treatment or necessitate robust screening
[61]. The capsid-specific T-cell response can also complicate therapy.
LV, derived from human immunodeficiency virus-1 but extensively
engineered for safety, generally has lower pre-existing immunity in
humans, which is a distinct advantage [62]. However, the immune
response to the transgene product itself is a variable independent of
the vector choice and must be evaluated on a case-by-case basis for any
therapeutic strategy.

Ultimately, the choice between AAV and LV is not a matter of
superiority but of strategic alignment with the therapeutic goal. For
most current strategies aiming to modulate the function of existing
neurons in the Parkinsonian brain—be it for enzyme replacement,
neurotrophic support, or circuit modulation—AAV offers a proven,
efficient, and relatively safe platform [63]. For next-generation therapies
that involve cell replacement or require guaranteed, lifelong expression
of a therapeutic gene from a specific progenitor population, LV’s stable
integration profile may offer a more durable solution. The ongoing
refinement of both vector systems, including the development of novel
AAV capsids with enhanced tropism and reduced immunogenicity, as
well as safer LV integration systems, will continue to expand the toolkit
available for combating Parkinson’s disease.

Surgical Delivery: The Critical Role of Convection-enhanced
Delivery

The success of gene therapy for Parkinson’s disease hinges not
only on the design of the viral vector but also on the method of its
delivery into the brain. The blood-brain barrier effectively prevents the
passage of large molecules and viral particles from the bloodstream,
necessitating direct intracerebral administration [64]. However, the
human brain is a vast and complex structure, and the pathological
changes in Parkinson’s disease affect large, specific regions such as the
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striatum [65]. Simply injecting a therapeutic agent into these areas is
insufficient, as it results in a limited, unpredictable spread dependent
on diffusion, which is too slow and restricted to cover the necessary
volume of tissue for a meaningful clinical effect.

To overcome the severe limitations of simple bolus injections, the
field has adopted convention-enhanced delivery as the gold standard
for administering gene therapies. Convection-enhanced delivery is
a sophisticated neurosurgical technique that uses a positive pressure
gradient to push the infusate (the viral vector solution) directly through
the extracellular space of the brain [66]. Unlike diffusion, which is
passive and slow, convection-enhanced delivery is an active, continuous
infusion process that enables the widespread and homogeneous
distribution of therapeutic agents throughout large target structures,
making it possible to treat the extensive neuronal networks involved in
Parkinson’s disease [67].

The convention-enhanced delivery procedure is performed with
extreme precision using stereotactic neurosurgical guidance. Following
detailed magnetic resonance imaging planning, one or multiple
catheters are navigated to pre-defined coordinates within the target
structure, most commonly the post-commissural putamen, which is
the main input structure of the degenerating nigrostriatal pathway
[68]. A pump system then slowly and steadily infuses the viral vector
solution over several hours. This controlled, continuous flow ‘convects’
the therapy through the brain tissue, creating a large, predictable
volume of distribution that can be tailored to match the anatomical
boundaries of the target region.

The critical importance of widespread distribution

The need for comprehensive coverage is paramount because
Parkinson’s disease pathology affects the entire striatum. A therapy
designed to enhance dopamine synthesis, like AADC gene therapy,
must be delivered to the vast majority of putaminal neurons to
meaningfully increase the brain’s capacity to convert levodopa [69].
Similarly, a neurotrophic factor like GDNF must saturate the striatum
to be taken up by the remaining terminals of dopaminergic neurons
and retrogradely transported to their cell bodies in the substantia nigra
[70]. Incomplete coverage creates ‘therapeutic deserts’ untreated areas
where the degenerative process continues unabated, severely limiting
the potential for significant clinical improvement.

The stark consequences of inadequate delivery were highlighted in
early gene therapy trials, where post-operative imaging revealed highly
variable and often insufficient vector distribution [71]. In some cases,
only a small fraction of the intended target structure was transduced.
This variability is now understood to be a major contributor to the
inconsistent clinical outcomes observed across different trials and
individual patients. It became clear that a patient who received
robust coverage of the putamen was far more likely to show motor
improvement than a patient with patchy, limited distribution, even
when both received the same therapeutic vector dose.

Therefore, the efficacy of gene therapy is inextricably linked to the
accuracy and completeness of its surgical delivery. The therapeutic
agent, no matter how potent, can only act on the neurons it reaches.
Ensuring that the vector is distributed throughout the relevant
neuroanatomical structures is now considered as important as the
molecular design of the therapy itself [72]. This understanding has
shifted the paradigm in trial design, placing a heavy emphasis on
real-time monitoring and verification of delivery, making convection-
enhanced delivery technique a critical variable in determining success
or failure.
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Technical execution and monitoring of convection-enhanced
delivery

The practical execution of convection-enhanced delivery is
technically demanding and requires meticulous planning and
execution. The trajectory of the catheter must be carefully planned to
avoid piercing blood vessels or traversing sulci and ventricles, as these
can act as low-resistance pathways that cause the infusate to leak away
from the target tissue, a phenomenon known as ‘backflow’ [73]. To
mitigate this, stepped catheters are often used, where a larger outer
cannula is placed just short of the target, and a thinner inner catheter
is advanced through it to the final target point, creating a tight seal and
facilitating direct delivery into the parenchyma.

To address the critical challenge of ensuring accurate coverage,
the field has developed advanced real-time imaging techniques. Co-
infusing the viral vector with a contrast agent, such as gadoteridol, allows
for the infusion to be visualized using real-time intraoperative magnetic
resonance imaging [74]. This provides the surgical team with immediate
feedback on the distribution pattern, enabling them to adjust the flow rate
or even pause and reposition the catheter if backflow or leakage into non-
target areas is observed. This iterative, image-guided approach transforms
the procedure from a blind injection into a controlled, monitored delivery,
maximizing the likelihood of complete target coverage.

The impact of refined convection-enhanced delivery on clinical
outcomes is profound. Later-phase trials that have incorporated
these advanced delivery protocols, including real-time intraoperative
magnetic resonance imaging guidance, have demonstrated more
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consistent and robust coverage of the putamen [75, 76]. This technical
improvement correlates strongly with better and more reproducible
clinical results, such as significant increases in AADC enzyme activity
observed on positron emission tomography scans and corresponding
improvements in motor scores [77]. The evolution of convection-
enhanced delivery from a conceptual technique to a clinically validated,
image-guided platform represents a monumental step forward, proving
that in brain gene therapy, delivery is not just a step in the process—it is
a fundamental determinant of therapeutic efficacy.

In summary, convection-enhanced delivery has emerged as the
indispensable surgical platform for achieving the widespread and
homogeneous distribution of gene therapies required for treating
Parkinson’s disease. This sophisticated technique overcomes the
limitations of simple injections by actively perfusing large target
structures, such as the putamen. The accuracy and completeness of
this delivery are now understood to be as critical as the therapeutic
vector itself, directly influencing clinical outcomes. Consequently,
the integration of real-time magnetic resonance imaging monitoring
has become a vital component for ensuring accurate targeting and
optimizing the potential for therapeutic success.

Clinical Trials

A phase 1 trial by Christine et al. [76] (NCT01973543) of putaminal
AADC gene therapy (VY-AADCO1) for Parkinson’s disease, guided
by magnetic resonance imaging, demonstrated several key findings
regarding safety, putaminal coverage, enzyme activity, and clinical
outcomes (Figure 2). The surgical procedure for administering VY-
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Figure 2: This figure displays the motor function (UPDRS-IIT) response to low (threshold) and high (suprathreshold) doses of intravenous levodopa, both before and 6 months after treatment
with VY-AADCO1. Each row represents a different patient cohort (1, 2, and 3). The key finding is that after treatment, cohort 2’s response to a low dose of levodopa (Panel C) was as effective
as their response to a high dose was before treatment (Panel D), indicating a significant improvement in drug sensitivity. Lower scores represent better motor function [76].
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AADCO1 was generally well tolerated by the participants. Most subjects
(14 out of 15) were able to return home within two days of surgery. Only
one participant experienced a serious adverse event, which involved
deep venous thrombosis, pulmonary embolus, and subsequent atrial
fibrillation. This event was likely linked to immobility during surgery
and resolved with anticoagulation and antiarrhythmic treatment. deep
venous thrombosis prophylaxis was later added to the surgical protocol,
and no further such events occurred. No vector-related serious adverse
events were reported. The most common vector-related adverse event
observed was transient dyskinesia, which typically emerged around
one-month post-surgery when AADC expression stabilized. These
dyskinesias responded to reductions in antiparkinsonian medications.
The novel intraoperative magnetic resonance imaging guidance
technique facilitated targeted delivery of VY-AADCOI, allowing for
optimization of administration and increased putaminal coverage
compared to previous trials. This method allowed for real-time
monitoring of the infusate’s anatomic spread. Ascending doses of VY-
AADCO1 resulted in increased putaminal coverage: 21% for cohort
1, 34% for cohort 2, and 42% for cohort 3. Post-operative magnetic
resonance imaging evaluations showed volumetric coverage of 20.7%
for cohort 1, 33.5% for cohort 2, and 42.3% for cohort 3. The increased
putaminal coverage correlated strongly with dose-dependent increases
in enzyme activity, as measured by 18F-dopa positron emission
tomography scans. At 6 months, 18F-dopa uptake increased by 13% in
cohort 1, 56% in cohort 2, and 79% in cohort 3. Corresponding to the
increases in enzyme activity, there were dose-dependent reductions in
antiparkinsonian medication. At 6 months, medication was reduced
by -15% for cohort 1, -33% for cohort 2, and -42% for cohort 3. These
reductions were maintained in cohorts 2 and 3 through the last follow-
up. During the 12 months, all cohorts showed increases in patient-
reported ON-time without troublesome dyskinesia (1.6, 3.3, and 1.5
h for cohorts 1, 2, and 3, respectively). These improvements were
stable or further improved with continued follow-up. Patient-reported
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quality of life was stable or improved across cohorts. For cohorts 2 and
3, Parkinson’s disease questionnaire (PDQ-39) scores showed clinically
meaningful improvements in 12 months. Dose-related improvements
were observed in UPDRS-III scores, particularly in the off-medication
state, with reductions across all cohorts sustained through 36 months
for cohort 1. The intravenous levodopa substudy showed that after
AADC gene therapy, both threshold and suprathreshold infusions
led to more rapid and complete improvement in UPDRS-III score. In
summary, the study concluded that magnetic resonance imaging guided
delivery of VY-AADCO01 was well-tolerated and led to dose-dependent
increases in enzyme expression and significant clinical improvements,
including enhanced putaminal coverage, reduced medication needs,
and improved ON-time and quality of life for Parkinson’s patients.

A study by Nutt et al. [24] investigated the effects of AADC
gene therapy (VY-AADCO1) on levodopa response in patients with
Parkinson’s disease (Figure 3). The findings highlight significant
improvements in motor function and levodopa efficacy, albeit
with an increase in dyskinesia. Out of the 15 patients enrolled in
the Parkinson’s disease-1101 study, 13 participated in this specific
substudy. This included all 5 patients from cohort 1, all 5 from cohort
2,and 3 out of 5 from cohort 3. Two patients from cohort 3 were unable
to participate due to travel limitations. While baseline characteristics
were generally balanced across cohorts, cohort 1 had lower UPDRS
III scores, and cohort 3 had higher unified Dyskinesia rating scale
scores. VY-AADCO!L significantly improved motor responses to
intravenous levodopa under control conditions. The most prominent
effects of VY-AADCO1 were observed with threshold (lower dose)
levodopa infusions. There was a 168% increase in the mean area under
the curve (AUC) for UPDRS-III motor score responses to threshold
levodopa infusions post-VY-AADCOI. For suprathreshold infusions,
the AUC increased by 67%. The magnitude and duration of responses
to threshold levodopa increased across all cohorts after gene therapy,
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Figure 3: Graph shows how finger-tapping speed changed over time during and after low-dose and high-dose levodopa infusions, comparing performance before and after VY-AADCO01

treatment. An increase in speed indicates improvement [24].
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with more rapid onset and prolonged duration of 230% reduction
in UPDRS-III scores. An independent measure of bradykinesia,
finger-tapping speeds, also showed improvement after AADC gene
delivery. Large increases in AUC were noted for both threshold
(162%) and suprathreshold (113%) levodopa doses post-VY-AADCOLI.
As expected, dyskinesia scores were higher after gene therapy with
levodopa infusion. The mean overall AUC for dyskinesia increased by
208% for threshold levodopa conditions and 72% for suprathreshold
conditions post-VY-AADCO1. The duration of dyskinesia was longer
across all cohorts in the suprathreshold condition after VY-AADCO1
administration. After VY-AADCOI administration, there were trends
toward improvement in off-medication UPDRS-III scores and finger-
tapping speeds at baseline (i.e., when patients had been without
levodopa and other anti-parkinsonian medications overnight). This
suggests increased dopamine synthesis from endogenous levodopa.
Mild or moderate adverse events were reported in 5 participants during
pre-VY-AADCO1 levodopa challenges and in 2 participants post-VY-
AADCO1 infusions. No arrhythmias were detected. In summary, the
gene therapy significantly enhanced the motor response to levodopa,
particularly at lower doses, and improved baseline motor function in
Parkinson’s disease patients. However, this benefit was accompanied by
an increase in dyskinesia, which is a known side effect of dopaminergic
therapies in advanced Parkinson’s disease. These results support the
continued clinical development of AADC gene therapy for Parkinson’s
disease.

Clinical Trial Designs and Endpoint Challenges

The clinical evaluation of gene therapies for Parkinson’s disease
presents a unique set of methodological and ethical challenges, largely
stemming from their invasive nature as surgical interventions. Unlike
pharmaceutical trials, where placebo pills are standard, blinding
participants in a surgical trial is complex and ethically nuanced [78].
To account for the powerful placebo effects associated with brain
surgery, some trials have employed a sham surgery control arm, where
participants undergo a full craniotomy and burr hole drilling but do not
receive the actual viral vector infusion [79]. While this design provides
the highest level of evidence by controlling both the physiological
impact of the surgery and participant expectation, it raises significant
ethical concerns regarding the risks imposed on control subjects who
do not receive a potential therapeutic benefit.

The choice of primary endpoints is critical for demonstrating
efficacy and must align with the therapeutic strategy’s proposed
mechanism of action. The most widely used endpoint is the UPDRS,
specifically part III (motor examination), assessed in the practically
defined ‘off-medication state [80]. Measuring patients after
withholding dopaminergic medication for typically 12 h aims to
isolate the therapy’s effect on baseline motor function, independent
of concurrent levodopa [81]. A statistically significant improvement
in the ‘off -medication UPDRS is considered a robust indicator of a
direct biological effect, suggesting the therapy is providing a new,
sustained source of functional improvement [82]. For therapies aimed
at improving the response to levodopa, such as AADC-enhancement, a
key endpoint is the reduction in daily ‘off time, as recorded by patient
diaries. ‘Off time refers to the debilitating periods when medication
wears off, and motor symptoms return.

Successful therapy should lead to a more stable and prolonged
response to each dose of levodopa, thereby increasing ‘on’ time without
troublesome dyskinesias and reducing the total daily ‘off’ time [83]. This
endpoint directly translates to a tangible improvement in a patient’s
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daily life, making it a highly clinically relevant outcome measure
alongside the more objective motor score. Patient-reported outcomes
and quality of life measures, such as the PDQ-39, provide an essential
complement to clinician-rated motor scales [84]. These instruments
capture the therapy’s impact on non-motor symptoms, emotional
well-being, and activities of daily living from the patient’s perspective.
A therapy that shows a statistically significant improvement in motor
scores but fails to demonstrate a meaningful benefit in a patient’s
self-reported quality of life may be of limited real-world value [85].
Therefore, a comprehensive assessment requires a multi-faceted
endpoint approach that includes objective motor scores, diary data,
and validated quality of life measures.

One of the most significant challenges in Parkinson’s disease
therapeutics is definitively proving a ‘disease-modifying’ effect—
that is, demonstrating that a treatment slows or halts the underlying
progression of neurodegeneration [86, 87]. In gene therapy trials, this
is exceptionally difficult. A sustained symptomatic benefit, even over
years, does not necessarily equate to disease modification, as it could
simply represent a long-lasting pharmacological effect. Differentiating
between these possibilities requires sophisticated trial designs, such as
delayed-start or washout protocols, and the use of biomarkers that can
directly measure the integrity of the nigrostriatal system, like dopamine
transporter single-photon emission computed tomography imaging
[88, 89]. The variable and progressive nature of Parkinson’s disease
itself adds another layer of complexity to trial design and interpretation
[90]. The rate of clinical decline can differ significantly between
individuals, and the magnitude of the placebo effect can be substantial
and unpredictable. This high background noise requires large patient
cohorts and long observation periods to detect a true signal of efficacy.

Furthermore, the stage of disease at which a therapy is administered
is crucial; a neuroprotective agent may only be effective in early-stage
patients who still possess a sufficient number of neurons to rescue, a
window that may have closed for patients in advanced stages enrolled
in many current trials [91]. Long-term follow-up is paramount for
evaluating the durability of gene therapy effects and monitoring for
delayed adverse events. Given that these therapies are designed to be
a one-time intervention, it is essential to track whether the transgene
expression and clinical benefit are maintained for many years. A
decline in efficacy after several years would suggest that the chosen
vector platform or delivery method may not be sufficient for lifelong
treatment [92, 93]. Consequently, regulatory agencies now mandate
extended follow-up periods, often spanning five to fifteen years, to
fully understand the risk-benefit profile of these novel biological
interventions.

In summary, designing clinical trials for Parkinson’s disease gene
therapy requires a careful balance between scientific rigor, ethical
considerations, and clinical relevance. The use of sham surgery controls,
while contentious, remains a powerful tool for isolating true efficacy
from the placebo effect. The field continues to rely on a combination
of ‘off-medication motor scores, patient diaries, and quality-of-life
measures as primary endpoints, though there is a clear and pressing
need for validated biomarkers of disease progression. As the field
advances, future trial designs must not only demonstrate symptomatic
improvement but also develop methodological tools to convincingly
prove that these interventions can fundamentally alter the course of
the disease.

Safety and Immunogenicity Profile

The safety profile of gene therapy for Parkinson’s disease is a
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critical consideration and is broadly divided into risks associated with
the surgical procedure itself and those inherent to the viral vector
and its genetic payload. The primary surgical risks are consistent with
any stereotactic neurosurgical intervention and include intracranial
hemorrhage, infection, and perioperative complications [94]. While
these events are rare in experienced centers, they represent a significant
potential morbidity, underscoring the necessity for highly skilled
surgical teams and rigorous patient selection to minimize these
inherent procedural hazards.

Beyond surgery, vector-related safety is paramount. For AAV
vectors, the predominant platform, the primary biological concern
is the host immune response [95]. This can manifest as a humoral
response, where pre-existing or newly formed neutralizing antibodies
bind to the viral capsid and prevent cellular entry, thereby reducing
transduction efficiency. More significantly, a cell-mediated T-cell
response can be directed against the AAV capsid proteins presented on
the transduced cells, potentially leading to the elimination of those cells
and a consequent loss of transgene expression, which has been observed
in other systemic gene therapy fields [96, 97]. The immune system can
also mount a response against the newly expressed transgene product
itself, treating it as a foreign antigen. This is a particular concern for
therapies delivering non-human proteins or even modified human
proteins at supraphysiological levels. An adaptive immune response
against the therapeutic protein could not only nullify the treatment’s
benefit but also potentially lead to inflammation and damage to the
very neurons the therapy aims to protect [98, 99]. The extent of this
risk depends on factors such as the patient’s prior immune tolerance to
the protein and the specificity of the promoter driving its expression.

A direct consequence of these immune responses, particularly
the humoral response to the AAV capsid, is the challenge of re-
administration. The initial exposure often induces a robust and long-
lasting increase in neutralizing antibodies, effectively precluding a
second treatment with the same AAV serotype in the future [39]. This
‘one-shot’ nature of AAV therapy places immense pressure on achieving
a sufficient therapeutic effect from a single procedure and optimal
delivery, as the opportunity for dose adjustment or re-treatment is
severely limited [100]. Long-term follow-up data from ongoing clinical
trials, some extending beyond five to ten years, have provided reassuring
insights into the chronic safety of these intracerebral interventions. To
date, there has been no evidence of systemic malignancy or neoplastic
transformation in the brain directly linked to AAV vectors. This
supports preclinical safety data indicating that AAV’s non-integrating
nature presents a very low risk of insertional mutagenesis, a historical
concern with earlier-generation retroviral vectors [101, 102].

Similarly, for lentiviral vectors, which are integrating by design,
long-term safety data from ex vivo therapies in other diseases and
emerging in vivo data have been encouraging [103]. The use of self-
inactivating designs, which remove the viral enhancer and promoter
sequences, has substantially mitigated the risk of oncogene activation
that was associated with earlier gamma-retroviral vectors. Continued
monitoring of patients in Parkinson’s disease trials will be essential
to fully confirm the long-term safety profile of these platforms within
the central nervous system [2]. Overall, the collective experience from
clinical trials indicates that gene therapy for Parkinson’s disease, when
delivered with precision, is generally well-tolerated from a neurological
standpoint. The most commonly reported adverse events are often
related to the surgical procedure or the underlying progression of
Parkinson’s disease rather than the vector itself. The absence of serious,
widespread vector-related toxicity or tumorigenicity in long-term
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studies is a significant positive finding that supports the continued
investigation of this therapeutic modality [104, 105].

In summary, while the surgical risks and potential for
immunogenicity present clear challenges, the safety profile of AAV and
LV-based gene therapies for Parkinson’s disease has been manageable
within the context of clinical trials. The primary safety concerns remain
the one-time procedural risks and the potential for immune-mediated
attenuation of efficacy. Ongoing research is focused on developing
strategies to modulate immune responses, engineer stealthier capsids,
and employ immunosuppressive regimens around the time of surgery
to maximize both the initial success and the durability of these
promising treatments.

Conclusion

The future trajectory of gene therapy for Parkinson’s disease will
be defined by a shift from broad symptomatic strategies to precisely
targeted interventions informed by the growing understanding of the
disease’s genetic and molecular subtypes. Next-generation approaches
will likely involve combinatorial strategies, such as co-delivering a
neurotrophic factor to protect vulnerable neurons alongside an enzyme
for enhanced dopamine synthesis, offering a multi-pronged attack on
the disease’s pathology. Furthermore, the advent of novel engineered
capsids with enhanced tropism for specific neuronal populations and
reduced immunogenicity, coupled with regulatable promoter systems
that allow for external control of transgene expression, promises to
significantly improve the safety, efficacy, and controllability of these
treatments.

Ultimately, the goal remains the development of a definitive disease-
modifying therapy. Achieving this will require a concerted effort to
identify and validate biomarkers that can stratify patients, monitor
target engagement, and objectively measure disease progression.
As vector technology, delivery techniques, and clinical trial designs
continue to mature in parallel, gene therapy is poised to transition from
an experimental modality to a cornerstone of personalized neurology.
The integration of these advanced platforms holds the transformative
potential to not just alleviate symptoms but to fundamentally alter the
progressive course of Parkinson’s disease, offering renewed hope for
long-term therapeutic success.
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