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Abstract: Gene therapy using recombinant adeno-associated virus (AAV) vectors has emerged as a promising approach for treating
genetic disorders, including Leber congenital amaurosis 2 (LCA-2) induced by RPE65 mutation, a severe form of inherited retinal
dystrophies (IRDs). This review provides recent advancements, methodological strategies, and therapeutic aims related to AAV vector-
mediated retinal gene therapy for LCA-2 induced by RPE65 mutation. The literature search was performed using the PubMed, Scopus,
and Web of Science databases, focusing on studies that examine gene therapy as a potential therapeutic strategy for LCA-2 by
introducing functional copies of the RPE65 gene into affected cells. Due to their ability to efficiently deliver therapeutic genes without
significant immune responses or mutagenesis events, AAV vectors have shown efficacy in restoring retinal and visual functions in
animal models of LCA-2. Advancements in molecular biology and retinal surgery have enabled clinical studies and trials for gene
therapy in LCA-2, providing a foundation for further research and improving treatment outcomes. While there is currently no known
cure for IRDs, treatments such as vitamin supplementation, gene therapy, and assistive devices can help manage symptoms and slow
disease progression. Ongoing clinical trials are investigating novel therapies, including stem cell therapy and gene editing technol-
ogies, to expand treatment options for IRDs. The favorable safety profile and proven efficacy of AAV vectors, combined with their
capacity for sustained transgene expression, position them as ideal vehicles for ocular gene therapy applications. However, immune
responses and off-target effects must be addressed carefully.
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Introduction

Gene therapy is a promising field of medicine that aims to treat genetic disorders by modifying or replacing defective
genes. This approach has the potential to cure diseases that were previously considered untreatable, such as cancer, cystic
fibrosis, heart disease, diabetes, hemophilia, AIDS, and muscular dystrophy.' As a durable treatment strategy, gene
therapy corrects disease-causing mutations at their source, enabling long-term restoration of cellular function via precise
insertion of therapeutic transgenes into affected tissues. While still in its early stages, gene therapy has already shown
remarkable success in clinical trials and offers hope for millions of people around the world who suffer from genetic
disorders.” However, gene therapy has its challenges. One major concern is the potential for unintended consequences,
such as triggering an immune response or causing mutations in other genes. Furthermore, the substantial cost of gene
therapy treatments and the complexity of delivering genes to specific cells in the body continue to be significant hurdles.’
Despite these challenges, researchers are persistently making progress in developing safer and more effective gene
therapies. Rapid progress in genetic and molecular sciences has positioned gene therapy as a transformative medical
paradigm, offering unprecedented opportunities to address previously untreatable hereditary disorders.* Gene therapy
encompasses three main aspects: gene silencing through the use of siRNA, shRNA, and miRNA; gene replacement,
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where the desired gene is directly administered in the form of plasmids (Non-viral delivery) and viral vectors; and gene
editing-based therapy, which involves modifying mutations using specific nucleases such as zinc-finger nucleases
(ZFNs), transcription activator-like effector nucleases (TALENSs), and clustered regulatory interspaced short tandem
repeats (CRISPR)/CRISPR-associated protein (Cas)-associated nucleases.” One common approach is viral vectors,
modified viruses that can enter cells and deliver the therapeutic gene. Viral delivery involves using a modified virus to
carry the desired gene into the patient’s cells. While this method is highly efficient, it can also be risky since viruses can
trigger an immune response or cause unintended mutations.® Non-viral delivery involves using other types of carriers,
such as liposomes, electroporation, and nanoparticles, to deliver the gene into the patient’s cells. While this method is
generally safer than viral delivery, it is also less efficient and may require multiple treatments. Another promising
approach is CRISPR-Cas9 gene editing, which allows for precise modifications to the genome.”*® However, each method
has limitations and challenges, such as immune responses to viral vectors or off-target effects with gene editing.
Therefore, it is important to carefully consider the most appropriate method for each patient and disease before
proceeding with gene therapy.” There are two main types of gene therapy: somatic and germline. Somatic gene therapy
involves modifying the genes in a patient’s body cells, such as skin or muscle cells, to treat a specific disease. This type
of therapy does not affect the patient’s offspring since it only modifies the patient’s cells.'® Germline genetic engineering,
encompassing modifications to gametic cells that become inheritable by progeny, occupies an ethically contentious
position in biomedical research, given the permanence of interventions and their unpredictable phenotypical manifesta-
tions across generational lineages. Gene therapy is a promising field that has the potential to revolutionize the way we
treat diseases.'' Gene therapy has shown great promise in treating various genetic disorders and diseases. One of the
most successful applications of gene therapy is treating inherited retinal diseases, such as Leber congenital amaurosis 2
(LCA-2), which can cause blindness. In these cases, gene therapy involves delivering a functional copy of the mutated
gene to the patient’s retina using a viral vector.'> This approach has resulted in significant improvements in vision for
some patients. Clinical applications of gene therapy now include the treatment of select cancers through engineered
immune cells with enhanced tumor-targeting capabilities. While there are still challenges to overcome in developing safe
and effective gene therapies, the potential benefits for patients with genetic diseases are immense.'? This review aims to
provide an overview of the current advancements, strategies, and goals in ocular gene therapy using AAV as a vector for
treating LCA-2 induced by RPE65 mutation. Our research methodology included a systematic search of PubMed, Google
Scholar, and Scopus using keywords such as RPE65, LCA-2, AAV, IRDs, gene therapy, and gene editing.

Inherited Retinal Dystrophies: A Group of Genetic Disorders

Inherited retinal dystrophies (IRDs) are a group of genetic disorders that impact the retina, leading to progressive vision
loss and eventually blindness. There are over 260 genes associated with IRDs, with each mutation resulting in a unique
variant of the disorder. Symptoms often include night blindness, diminished peripheral vision, loss of central vision,
issues with color perception, and an increased sensitivity to bright light. The progression of IRDs can vary widely, even
among family members carrying the same genetic mutation.'* IRDs cause blindness in approximately 1 out of every
3000 individuals. These disorders exhibit significant genotypic and phenotypic heterogeneity, with roughly 300 genes
and loci involved. IRDs can be inherited through autosomal recessive, autosomal dominant, or X-linked patterns, making
them one of the most genetically diverse groups of inherited disorders.'> LCA-2 and severe early childhood onset retinal
degeneration (SECORD) are inherited, genetically heterogeneous forms of retinal dystrophy that initially present as
blindness or severe vision impairment.'® Retinal cells deteriorate progressively in childhood, which continues over the
following few decades.'” Numerous eye tissues directly influence how well the eye’s visual acuity and are frequently
associated with both inherited and acquired ocular diseases.'® Approximately 4000 diseases have already been identified
as mutated-related, with a documented case-cause association with the mutation.'” In the context of LCA-2 management,
viral vector-mediated RPE65 gene correction targets the underlying mutation with high precision. AAV vectors are small
DNA viruses that efficiently deliver therapeutic genes into the target cells without causing significant immune responses
or mutagenesis events. Their ability to infect both dividing and non-dividing cells makes them suitable candidates for
long-term transgene expression.”’ Recent research suggests that gene therapy may now be able to treat several heritable
and non-heritable ocular disorders, including age-related macular degeneration, color blindness, optic neuropathies, and
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corneal diseases.?' Preclinical studies have demonstrated the efficacy of AAV-mediated gene therapy in animal models of
LCA-2 disease. These studies have shown that AAV vectors carrying the RPE65 gene can restore retinal and visual
functions, improving mobility and light sensitivity.'> One of the most notable advancements in gene therapy has been
treating the retinal condition known as LCA-2, one of the most severe forms of inherited retinal degeneration. Clinical
studies for gene therapy have become feasible due to advancements in molecular biology and retinal surgery. These
studies serve as a foundation for further research and testing, which could improve LCA-RPE65 gene therapy and
explore the potential of gene therapy in treating other retinal diseases.”> Currently, there is no known cure for IRDs, but
there are available treatments that can slow the disease’s progression and help manage its symptoms. These treatments
may include vitamin supplements, gene therapy, and assistive devices such as magnifiers or telescopes.”> Clinical trials
are ongoing to test new therapies for IRDs, including stem cell therapy and gene editing technologies. Genetic testing and
counselling are also important aspects of managing IRDs. They can help patients and their families understand their risk
for the disease and make informed decisions about family planning.?* Gene therapy stands at the forefront of biomedical
innovation, employing precise genetic modifications to directly intervene in disease-causing DNA sequences, thereby
offering curative solutions for inherited disorders. Gene therapy has shown promise in treating various genetic diseases,
including LCA-2, an inherited retinal disease. AAV vectors have also gained attention due to their safety and efficacy.”

LCA-2 Genetic Deficiency

As previously mentioned, LCA-2 is a rare ocular disorder typically inherited through an autosomal-recessive genetic
pathway. The condition affects approximately 1 in 81,000 people, with symptoms typically manifesting within the initial
months of life.*® LCA-2/SECORD is a genetic disorder involving over 20 unique genes or loci caused by a mutation in
the RPE65 gene on chromosome 1p31. The RPE65 gene is mutated in 6-16% of cases and 1-2% of other cases. The
RPE65 gene is crucial in the retinoid cycle, which converts all-trans-retinol into 11-cis-retinol. In the absence of RPE65,
retinyl esters build up in the retina, leading to a decrease in 11-cis-retinal levels. Despite its importance, RPE65, a 65-kDa
membrane-associated protein, has exhibited little alteration over time.””*® The visual cycle, also known as the recycling
process, is vital for vision because photoreceptors need it to convert light photons into brain messages. The RPE cells
remain viable, making them a potential target for gene therapy. Interestingly, the lack of normal RPE65 causes the
adjacent photoreceptors to deteriorate.'” These mutations are believed to result from the RPE65 gene, which produces
a protein required for the isomer hydrolase activity of the retinal pigment epithelium and is associated with the LCA-2
type of disease.?*"°

In 1869, the German ophthalmologist Theodor Leber discovered LCA for the first time. He said the disorder is
marked by retinitis pigmentosa, nystagmus, and amaurotic pupils and causes substantial vision impairment that begins at
or before one month after birth. Typically, visual impairments are identified by the age of six months.>*' The clinical
diagnosis is supported by diminished pupillary light reflexes and flat or undetectable responses on the
electroretinogram.”” Understanding the function of RPE65 in the visual cycle is crucial for comprehending LCA-2
gene therapy. A summary of the retinal system is provided in Figure 1.'® Retinal gene therapy is being increasingly
recognized as a novel molecular therapy with great promise for treating common causes of blindness, the majority of
which have hereditary roots.*> Numerous once-incurable diseases are now successfully treated by ocular gene therapy,
a growing discipline.'®*® Based on outstanding results in multiple animal models, rAAV has demonstrated significant
potential as a DNA-delivery vector to treat serious human diseases.”* Successful RPE65 gene replacement has increased
visual acuity, restored cone and rod sensitivity, and improved vision fields.'®**

Currently, the treatment options for LCA-2 are limited. One approach is gene therapy, which involves replacing the
mutated gene with a healthy one. However, this treatment is still experimental and has only been successful in a few
patients.®> Another alternative is retinal implants, which can help restore some vision by bypassing the damaged cells in
the retina. However, these devices are costly and not widely accessible.

Additionally, they need to provide a comprehensive solution as they can only restore a limited amount of vision and
require extensive training for effective use. Researchers continue to work towards finding new therapies that can provide
more effective solutions for individuals with this condition.’” Moreover, these treatments only offer partial vision
restoration and require extensive training to be used effectively. Therefore, researchers must continue their efforts to
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Figure | A schematic representation of the visual cycle in the vertebrate retina. This enzymatic cascade, primarily driven by retinoid dehydrogenase/reductase (RDH)
activity in both photoreceptors and retinal pigment epithelium (RPE), ensures continuous renewal of visual pigments after light-induced degradation. The process begins
when | |-cis-retinal (I |cRAL) transports from the RPE to rod outer segments, conjugating with opsin to form rhodopsin (Reaction 3). Subsequent light absorption triggers
photoisomerization of the | I-cis-retinal chromophore to its all-trans-retinal configuration (Reaction 4). The resulting all-trans-retinal then undergoes NADPH-dependent
reduction to all-trans-retinol, catalyzed by all-trans-retinal dehydrogenase (ATRDH; Reaction 5). Following its formation, all-trans-retinol (atROL) traverses to the retinal
pigment epithelium (RPE), where lecithin: retinol acyltransferase (LRAT; Reaction 6) mediates its esterification into all-trans-retinyl esters (atRE). The subsequent conversion
of atRE to | I-cis-retinol (I 1cROL) represents the rate-limiting step of the cycle, catalyzed by the RPE-specific 65 kDa protein (RPE65; Reaction I). Finally, | I-cis-retinol
dehydrogenase (RDHS5; Reaction 2) oxidizes | |cROL to regenerate | 1-cis-retinal (I IcRAL), thus completing the retinoid visual cycle.

find more effective therapies that can overcome the limitations of current treatments. With the progress of research and
technological advancements, there is optimism that more accessible and comprehensive solutions will be developed for
individuals with LCA-2.>8 In the meantime, it’s crucial to raise awareness about this condition and advocate for increased
funding for research initiatives.

Preclinical/Clinical Studies of AAV-Mediated Gene Therapy for LCA-2

Preclinical Studies in Animal Models

Extensive preclinical research has been conducted using animal models to evaluate the potential of AAV-mediated gene
therapy for LCA-2. Initial studies in RPE65-deficient dogs and mice demonstrated the therapeutic potential of this
approach. Acland et al showed that subretinal delivery of rAAV2/2-RPE65 vectors effectively restored visual function in
canines with RPE65-associated LCA.*° Similarly, Le Meur et al used an AAV serotype 4 (rAAV4-RPE65) vector to
target the RPE in RPE65-deficient Briard dogs, restoring vision.*® Several clinical trials have evaluated the safety and
efficacy of AAV-mediated gene therapy for LCA-2 in human patients.

Clinical Trials

The development of AAV-mediated gene therapy for LCA-2 has progressed to several clinical trials, which have provided
valuable insights into the efficacy and safety of this approach. One of the landmark trials was the Phase 3 clinical trial of
voretigene neparvovec (AAV2-hRPE65v2) conducted by Russell et al In this randomized, controlled, open-label study,
31 patients with RPE65-mediated inherited retinal dystrophy, including those with LCA-2, received a subretinal injection

4 https: Clinical Ophthalmology 2026:20



Owliaee et al

of the AAV vector carrying the RPE65 gene. The results showed a significant improvement in the primary endpoint of
mobility testing, with a mean change of 1.6 points on a 5-point scale, compared to the control group. Additionally, the
treated group demonstrated improvements in visual acuity, visual field sensitivity, and pupillary light reflex. The
treatment was generally well-tolerated, with no serious adverse events related to the gene therapy.*' Another notable
clinical trial was the study by Jacobson et al, which enrolled 12 patients with LCA-2 and evaluated the safety and
efficacy of subretinal injection of an AAV2 vector carrying the RPE65 gene. The results showed that the treatment was
safe and well-tolerated, with no serious adverse events. Notably, the study demonstrated improved visual function in the
treated eyes, with some patients reporting improved mobility and navigation in daily life.*?

Further clinical trials are ongoing, such as the Phase 1/2 study by Spark Therapeutics (NCT00999609) and the Phase 1/2
trial by MeiraGTx (NCT03252847), which are exploring different AAV vector designs, delivery methods, and patient
populations to optimize the gene therapy for LCA-2. Table 1 meticulously documents all relevant clinical trials published on
the clinicaltrials.gov website, and some of the human studies mentioned in the articles have been summarized in Table 2.

Comparing AAV Gene Therapy with Alternative Approaches
Stem Cell Therapy

An alternative approach to LCA-2 treatment is the use of stem cell-based therapies. Researchers have explored the potential
of using patient-derived induced pluripotent stem cells (iPSCs) or embryonic stem cells (ESCs) to generate RPE cells for
transplantation.*’ This approach aims to replace the dysfunctional RPE cells with healthy, functional cells. While stem cell
therapy holds promise, there are challenges related to cell engraftment, immune rejection, and the risk of tumor formation.*®

Photoreceptor transplantation is a potential strategy for treating broad-spectrum blinding retinal conditions and may
be the first transplanted stem cell-derived neuron. The photoreceptor, which does not divide, makes only one synaptic
connection and is located in the subretinal space, making it accessible surgically. The retina is relatively devoid of myelin
proteins, which inhibit neuronal regeneration. Early investigations focused on transplanting photoreceptor sheets or
dissociated cells into 7d mice with retinal degeneration similar to human retinopathy (RP).*’

A systematic review and meta-analysis of 21 prospective studies on stem cell therapy for IRDs found that it may be
an effective and relatively safe treatment approach. The study found that for retinitis pigmentosa (RP) patients, the best-
corrected visual acuity improvement rate was 49% and 30% at 6 and 12 months, respectively. However, the improvement
was not significant at 12 months. The authors suggest that suprachoroidal space injection of stem cells may be more
efficient for RP patients. The study also indicates that the long-term efficacy for RP patients remains uncertain and
suggests exploring suprachoroidal space injection as a promising administration route.**

Pharmacological Approaches

Pharmacological interventions, such as retinoid replacement therapy, have also been investigated for LCA-2 treatment.
This approach aims to restore the visual cycle by providing an alternative source of retinoids, which are essential for
visual function.*” While pharmacological approaches can be less invasive than gene or cell-based therapies, their efficacy
may be limited and may not address the underlying genetic defect.

In summary, AAV gene therapy, stem cell-based therapies, and pharmacological approaches represent different
strategies being explored for treating LCA-2. Each approach has its advantages and disadvantages, and the current
state of research suggests that AAV gene therapy may be the most advanced and promising option, with ongoing clinical
trials demonstrating its potential to restore visual function. However, further research is needed to optimize these
treatment modalities and address the remaining challenges to provide effective and durable therapies for patients with
this debilitating condition.

Genome Editing Technologies

CRISPR/Cas

Clustered, regularly interspaced short palindromic repeats associated protein (CRISPR) is a technique designed for
targeted modification of specific DNA or RNA sequences, often producing unwanted or unexpected changes. In bacteria
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Table | Summarized Clinical Trials in AAV Gene Therapy
Row NCT Status Interventions Characteristics Population Sponsor/ Dates Country
Number Collaborators
| NCT00999609 | Active, not | eBiological: AAV2- Study Type: Enrollment: 31| *Spark Therapeutics Study Start: October 2012 United States
recruiting hRPE65v2, Interventional Age: 3 years and older *Children’s Hospital of Primary Completion:
voretigene Phase: Phase 3 (Child, Adult, Older Philadelphia July 2015
neparvovec-rzyl Adult) *University of lowa Study Completion: July 2029
Sex: All
2 NCT01208389 | Active, not *Biological: Study Type: Enrollment:12 *Spark Therapeutics Study Start: November 2010 United States
recruiting voretigene Interventional Age: 8 years and older Primary Completion:
neparvovec-rzyl Phase: (Child, Adult, Older Adult) March 2030
*Phase | Sex: All Study Completion: June 2030
*Phase 2
3 NCT00516477 | Completed *Biological: Study Type: Enrollment: 12 *Spark Therapeutics Study Start: September 2007 United States
voretigene Interventional Age: 8 years and older Primary Completion:
neparvovec-rzyl Phase: Phase | (Child, Adult, Older March 20, 2018
Adult) Study Completion: March 20,
Sex: All 2018
4 NCT02946879 | Active, not *Biological: AAV Study Type: Enrollment: 27 *MeiraGTx UK Il Ltd Study Start: November 2016 United
recruiting OPTIRPE65 Observational Age: 3 Years to 100 Years *Syne Qua Non-Limited Primary Completion: Kingdom
(Child, Adult, Older Adult) April 2023
Sex: All Study Completion: April 2023
5 NCT02781480 | Completed *Biological: AAV Study Type: Enrollment: 15 *MeiraGTx UK Il Ltd Study Start: April 2016 United States,
RPE65 Interventional Age: 3 years and older Primary Completion: United
Phase: (Child, Adult, Older December 2018 Kingdom
*Phase | Adult) Study Completion:
*Phase 2 Sex: All December 2018
6 NCT00643747 | Completed *Biological: Study Type: Enrollment: 12 *University College, Study Start: January 2007 United
tgAAGT76 (rAAV Interventional Age: 5 Years to 30 Years London Primary Completion: Kingdom
2/2.hRPE65p. Phase: (Child, Adult) *Moorfields Eye Hospital December 2014
hRPE65) *Phase | Sex: All NHS Foundation Trust Study Completion:
*Phase 2 *Targeted Genetics December 2014
Corporation
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NCT03602820 | Active, not *Biological: AAV2- Study Type: Enrollment: 4| *Spark Therapeutics Study Start: June 2015 United States
recruiting hRPE65v2 Observational Age: Primary Completion:
Child, Adult, Older Adult March 2030
Sex: All Study Completion: June 2030
NCT03597399 | Active, not Biological: AAV2- Study Type: Enrollment:87 *Spark Therapeutics Study Start: January 10, 2019 United States
recruiting hRPE65v2, Observational Age: Primary Completion:
voretigene 12 Months and older June 2025
neparvovec-rzyl (Child, Adult, Older Study Completion: June 2025
Adult)
Sex: All
NCT03252847 | Completed Genetic: AAV2/ Study Type: Enrollment: *MeiraGTx UK Il Ltd Study Start: United States
5-RPGR Interventional 49 *Syne Qua Non-Limited 2017-07-14
Phase: Ages: *Bionical Emas Primary Completion:
Phase | 5 Years and older (Child, 2021-11-18
Phase 2 Adult, Older Adult) Study Completion:
Sex: Male 2021-11-18
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Table 2 Summary of Relevant Clinical Studies

Study Population Intervention Outcomes Limitations
Bainbridge 3 patients with RPE65- Single subretinal injection of Improved visual Small sample size, short follow-up
et al 2008, associated LCA rAAV2/2-RPE65 function, no serious period

adverse events

Jacobson 12 patients with RPE65- Single subretinal injection of Improved visual Lack of control group, variable
etal 2012, associated LCA rAAV2-PRI.7-hRPE65v2 function, no serious treatment response

adverse events

Weleber 29 patients with RPE65- Single subretinal injection of Improved visual Heterogeneity in baseline

et al 2016,%8 associated LCA rAAV2-CB-hRPE65 function, generally well- characteristics and longer-term
tolerated safety data needed

Spark 37 patients with RPE65- Single subretinal injection of Improved visual Lack of long-term follow-up data,

Therapeutics associated LCA voretigene neparvovec-rzyl function, manageable potential for immune responses

2020,* (Luxturna™) safety profile

and archaebacteria, it works as an adaptive defense against invading nucleic acids. The most well-known CRISPR system
is CRISPR/streptococcus pyogenes CRISPR associated protein 9 (spCas9), derived from the Streptococcus pyogenes
bacterium.”® The system consists of two primary components: an RNA (containing two distinct RNAs named CRISPR
RNA (crRNA) and trans-activator RNA (tractrRNA)) and the Cas9 endonuclease protein, which targets crRNA and
tractRNA. Bioinformatics methods were used to create the functional system-related RNA of this bacterium, which has
become a single guide RNA (sgRNA). The Cas9 protein identifies the region after the 5’ sgRNA ends of 20 nucleotides
bind to the target site, making a blunt-end double-strand break in DNA. The NHEJ and HDR mechanisms are the two
main processes for repairing double-stranded breaks in DNA. The knock-out method has been widely used to assess the
genes’ function in stem cell stemness and differentiation. CRISPR/Cas12 is another form of this system, first discovered
in Acidaminococcus and Lachnospiraceae bacteria. Base editing (BE) and prime editing (PE) represent the next
generation of CRISPR technology, with the latter having high potential for personalized medicine if efficiency, precision,
and specificity are improved. PE technology has been applied to create changes in DNA with the highest efficiency and
least off-target.’'>? Gene therapy approaches depend on the genetic defect and disease phenotype. Ophthalmic diseases
that preserve morphological structure are more suitable for in vivo gene therapy, including exogenous neurotrophic
factors, supplementation with the missing gene product, or gene editing. Diseases requiring cell replacement face unique
challenges, which stem cells are addressing through research and clinical trials. CRISPR/Cas9 is used for adult retinal
disease treatment but is limited to recessive and null genetic diseases. For example, RPE65 insufficiency in LCA 2
patients can be restored by providing exogenous wild-type RPE65. However, patients treated with AAV vectors with the
RPE65 gene have not maintained vision over long periods.>>

Protein-DNA interface systems such as zinc finger nuclease (ZFN) and transcription activator-like effector nucleases
(TALEN) are protein-dependent, which complicates target engineering.>* Gene editing tools like ZFN and TALEN have
been developed for genetic disease treatment. However, precision genome editing agents, like base editors and prime
editors, have enabled precise target gene correction in various therapeutic settings, including mouse models of IRDs. This
expansion of therapeutic applications is crucial, as most genetic disorders cannot be treated by gene disruption. This
article discusses progress in using genome editing to treat IRDs and emphasizes the importance of robust clinical
translation” (Figure 2).

Overview of AAV and Its Characteristics

AAV belongs to the family of parvoviruses. Parvoviruses are among the smallest DNA animal viruses, with a size of
about 25 nm in diameter, and are entirely composed of protein and DNA. AAV is categorised as a dependovirus because
it requires co-infection with helper viruses, such as adenovirus.’® This essay will provide an overview of AAV as a vector
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Figure 2 Emerging Therapeutic Strategies in Ocular Medicine: A Comparative Analysis of Gene Therapy, Stem Cell Therapy, Gene editing and Pharmacological Approaches.

for gene therapy in LCA-2 disease. It will discuss its potential use, preclinical studies, clinical trials, safety concerns, and
future directions. Recently, gene therapy has been researched to cure previously incurable inherited retinal illnesses in
animal and human models.** Recombinant AAV (rAAV) vectors for ocular gene therapy have shown promise in several
in vitro, in vivo, and ex vivo preclinical models. Extensive preclinical research led to the first successful ocular gene
therapy clinical study.'®?® Recombinant viruses are the most effective method for introducing genes into living cells. The
rAAV, safe in rats, dogs, primates, and humans, is one of the most secure and efficient gene delivery techniques.'’
Sensitivity in cone and rod has been restored, the vision fields have been improved, and the RPE65 gene has been
successfully substituted.'®*® Gene transfer technology relies on and seeks to exploit the initial replication stage while
simultaneously constructing barriers to prevent the production of infectious viruses. Transduction is a non-replicative or
terminal infection that facilitates the delivery of heterologous (non-viral) genetic information to a specific cell. As
described below, the viral genome undergoes significant rearrangement to eliminate replication and pathogenicity genes,
making room for heterologous genes. Following this transformation, the parental virus becomes a mere carrier of genetic
information, hence the viral vector.®’

AAV stands out because it requires a helper virus to replicate, which renders it safe for human use. It also has high
stability and can be engineered to target specific cells and tissues. AAV-based gene therapy entails the delivery of
therapeutic genes to the appropriate cells using AAV vector.”” This approach has demonstrated great potential for treating
genetic disorders, such as LCA-2, a rare form of blindness resulting from mutations in the RPE65 gene. AAV has
revolutionized gene therapy by providing a safe and effective means of delivering therapeutic genes to specific cells and
tissues.?” This review discusses key studies on RPE65-related retinopathy, highlighting the advancements in ocular gene
therapy and the safety of administering an AAV recombinant containing RPE65 cDNA into the subretinal space. It
focuses on human retinal disease caused by RPE65 mutations, specifically examining the degeneration and functional
loss of retinal cells resulting from these mutations.
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AAV as a Potential Vector for Gene Therapy in LCA-2

Using viruses to deliver nucleic acid into cells for replication was one of the initial approaches to artificial delivery. Some
preclinical and clinical successes have been with other artificial delivery methods, such as nanoparticles. However, these
methods have encountered undesirable safety signals that must be properly identified and handled.?® AAV is a small, non-
pathogenic virus that can be engineered to deliver functional copies of the RPE65 gene to the retina. This approach has
demonstrated promising results in preliminary clinical trials, with several patients experiencing substantial enhancements
in their visual function. Despite the promise of AAV-based gene therapy in treating LCA-2 and other genetic disorders,
we still have some hurdles to clear. These include ensuring we can deliver enough therapeutic genes to the correct cells
and sidestepping immune responses that might lessen the treatment’s effectiveness. But even with these challenges, the
potential of this therapy is immense.’®>’ Recently developed non-pathogenic AAV-based vectors can potentially be used
in cancer gene therapy.°® AAV, a member of the parvovirus family with a small, single-stranded DNA genome of about
4.8 kilobases (kb), is encased in a protein shell. AAV cannot replicate independently and requires co-infection with other
viruses.®’ AAV, a dependovirus, requires helper viruses for its replicative life cycle. It integrates into the host genome,
protecting infected cells from helper viruses and facilitating successful lytic cycles.®

The virus has three genes: Rep (Replication), Cap (Capsid), and Aap (Assembly), which produce at least nine gene
products. The expression of the Cap gene results in the production of capsid proteins, which protect the viral genome and
are involved in cell binding and internalization. The Rep gene encodes four proteins necessary for replication and
packaging.®' AAV5, AAV6, and AAV2 are growth factor receptors for treating various diseases. AAVS is being studied
for gene transfer in hemoglobinopathies and disorders. AAV1 and AAV9 have proven efficient in delivering genes to
skeletal and cardiac muscle. An engineered variant of AAV1 is under investigation for its potential use in treating heart
failure andlipoprotein lipase deficiency. These genes are currently undergoing testing in clinical trials.”® After a single
subretinal injection, TAAV2 successfully treated patients with LCA-2, which was caused by RPE65 mutations. This
treatment maintained the rescue of the retinal pigment epithelium (RPE) and photoreceptor cells.*® Several clinical trials
have recently examined the potential use of gene therapy techniques to treat LCA-2 caused by RPE65 mutations.”®* The
AAV?2 vector has proven particularly effective at targeting outer retinal layers. A single subretinal injection can deliver
a functioning copy of the human RPE65 gene into healthy RPE cells. Young people who received AAV-mediated RPE65
therapy reported an improvement in brightness perception. Clinical trials utilizing AAV vectors have commenced for
a variety of diseases, including prostate cancer, malignant melanoma, Parkinson’s disease, alphal-antitrypsin deficiency,
arthritis, Batten’s disease, Canavan’s disease, cystic fibrosis, HIV infection, LCA-2.9

AAV Viral Life Cycle and How It Relates to Gene Therapy
The replication process within the retinal cell, as depicted in Figure 3, starts with the virus attaching to host receptors and
subsequently being internalized by the host cell through clathrin-mediated endocytosis. The host endosomal membrane is
permeabilized, after which the virion is transported toward the nucleus via microtubules and enters the cytoplasm.
Subsequently, the viral ssDNA genome invades the nucleus. Cellular proteins convert the genome’s panhandle ssDNA
into dsDNA. The viral genome can occasionally be incorporated into the host chromosome, even without a helper
virus.®

The AAV viral life cycle is an essential component of gene therapy. The virus enters the host cell via receptor-
mediated endocytosis and then follows a series of steps to deliver its genetic material to the nucleus. Once inside the
nucleus, the viral DNA integrates into the host genome, which can be expressed as a therapeutic gene.®* AAV-based gene
therapy has several advantages over other methods of gene delivery. It is safe and efficient and can also be engineered to
target specific cells, making it an ideal candidate for treating genetic disorders. Its capacity to deliver therapeutic genes
directly to the affected cells ensures the treatment is highly effective and minimizes off-target effects. As research
advances, we can anticipate more innovative applications of AAV-based gene therapy in treating various genetic
diseases.””

Vectors have a significant impact on the effectiveness and safety of gene therapy. AAV vectors provide benefits such
as the ability to infect both dividing and non-dividing cells, stable integration, low immunogenicity, and long-term
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Figure 3 This schematic representation illustrates the process of gene therapy using an AAV vector. |. Specifically, it depicts the steps in packaging a therapeutic gene (such
as the RPE65 gene) into the AAV genome within a HEK (human embryonic kidney) cell. 2. The modified virus is then prepared for delivery to retinal cells. The simplified
mechanism of Adeno-associated virus replication includes the following steps: 3. Attachment to host receptors initiates endocytosis of the virion into the host cell via
clathrin. 4. The virion enters the cytoplasm using endosomal membrane permeabilization. 5. Transport of the virus towards the nucleus via microtubules. 6. The ssDNA
genome of the virus enters the nucleus. 7. Proteins within the cell convert ssDNA into dsDNA. When the host cell enters the S phase, dsSDNA transcription produces viral
mRNAs (with the RPE65 gene). 8. mRNAs are then translated into viral proteins. 9. The newly formed viruses undergo encapsulation and release upon cell lysis. Notably,
this virus can synthesize the RPE65 protein within retinal cells, thereby addressing the RPE65 deficiency.

expression. However, they can potentially infect different cell types in varying ways, and the size of the recombinant
genome can pose a major disadvantage.® Early in vitro experiments have shown that AAV can infect various human and
animal cells from different origins. Subsequently, the in vivo efficacy of AAV was demonstrated in murine and
nonhuman primate models using several candidate genes and target organs.®®®> However, despite their substantial
benefits, they do have certain drawbacks. These include limited packaging options, which restrict the size of transgenes
that can be delivered. There is also a risk of insertional mutagenesis when integrating vector seropositivity. Antibodies
against wild-type AAV are common, and humoral immune responses to the vector are inhibited. Furthermore, achieving
sufficiently high titers necessary for human clinical studies can be challenging.®®

Pros and Cons of Gene Therapy by AAV Vectors

Every form of human gene therapy carries numerous complex side effects. This meta-analysis suggests that gene therapy
only prevents the long-term loss of visual function for up to two years. Gene therapy only addresses the biochemical
chromophore deficiency, assuming some photoreceptor cells survive. A biochemical chromophore deficiency and the
progressive degeneration of photoreceptor cells cause the loss of visual function in LCA-2. Despite the initial benefits of
gene therapy, the continued loss of visual function due to ongoing retinal degeneration remains a possibility.®” Despite
the promise of AAV gene therapy for LCA-2 and other genetic disorders, several challenges and limitations must be
considered. One potential challenge is the body’s immune response, which can recognize the viral vector used in AAV
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gene therapy as a foreign invader. This immune response can lead to inflammation and damage to the targeted cells,
thereby reducing the effectiveness of the treatment.®®

Additionally, there might be an increase in the amount of genetic material that can be delivered through AAV gene
therapy, which could affect its ability to correct genetic mutations fully. Another potential limitation is the long-term
safety and efficacy of AAV gene therapy, as we still have a lot to learn about its interactions with our bodies over time.®’
Despite these challenges, continued research and development in this field are promising to improve the lives of
individuals with LCA-2 and other genetic disorders. One such limitation is the amount of genetic material delivered
through this therapy, which could affect its ability to entirely correct mutations.”® Despite these challenges, ongoing
research and development in this field offer significant potential for enhancing the lives of individuals with LCA-2 and
other genetic disorders. One limitation is the quantity of genetic material this therapy can deliver, which may affect its
ability to entirely correct mutations.”' By overcoming these limitations and advancing our understanding of AAV gene
therapy, we can strive for a future where genetic disorders no longer hinder pursuing healthy and fulfilling lives. As we
delve deeper into AAV gene therapy, we continually uncover novel methods that could benefit individuals with genetic
disorders, such as LCA-2.

Challenges, Limitations, and Breakthroughs of Gene Therapy Using AAV

Vectors
While the initial clinical trial results have been promising, there are still challenges and limitations associated with AAV-
based gene therapy for LCA-2. Immune responses: the potential for immune responses to the AAV vector remains
a concern, as it may limit the long-term safety and sustainability of the treatment.”* The immune response can be directed
against the AAV capsid, the transgene product, or both. Strategies to overcome this challenge include using capsid
variants with reduced immunogenicity, developing immune-evasive AAV vectors, and exploring immunosuppressive
regimens to suppress the immune response.’'*’> Sample size and diversity: the current clinical trial data needs to be more
extensive in terms of sample size and the diversity of the patient population, which may affect the generalizability of the
findings.”* Long-term safety and efficacy: Comprehensive longitudinal data collection remains essential for verifying
enduring safety profiles and therapeutic efficacy of AAV-mediated gene therapy in LCA-2. This innovative treatment
could transform our approach to genetic disorders such as LCA-2.”> Another concern with gene therapy is the risk of
unintended mutations. Integrating the therapeutic gene into the host genome can disrupt endogenous gene expression or
the activation of oncogenes, potentially causing adverse effects. In the case of LCA-2, AAV vectors, which typically do
not integrate into the host genome, can mitigate this risk. However, the potential for off-target effects or the integration of
the therapeutic gene into unintended genomic locations cannot be eliminated.”® To address this challenge, researchers are
exploring strategies such as using site-specific integration approaches, developing self-inactivating AAV vectors, and
implementing rigorous safety monitoring protocols.””"’®

Despite these challenges, AAV gene therapy remains a promising avenue for improving the lives of individuals with
LCA-2 and other genetic disorders. In addition to safety and efficacy, accessibility is also a crucial factor in the success of
gene therapy.”” The high cost of treatment and limited availability can prevent many individuals from obtaining the care
they require. Efforts must be made to make gene therapy more affordable and accessible to those who need it most.
Current methods involve injecting the viral vector directly into the affected tissue or organ, which can be invasive and
challenging to target accurately. Researchers are investigating new delivery methods that could be less invasive and more
precise, such as inhalation or topical application. A search on the clinicaltrials.gov website reveals four studies, two of
which have been completed.”®**®! The others are active, not recruiting, and these studies, for up to 15 years after
subretinal AAV2-hRPE65v2 administration for each subject (NCT02946879, NCT03602820) that one of them enrolled
41 people in the United States and United Kingdom and the other 27 (Table 1).

Conclusion and Future Perspective
The development of AAV gene therapy marks a critical turning point for inherited genetic disorders, offering tangible
hope for severe conditions such as LCA-2. As we learn more about AAV’s interactions with our bodies, we can develop
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more targeted and effective treatments for genetic disorders. With continued research and development, we hope for
a future where individuals with genetic disorders no longer suffer from debilitating symptoms and can live healthy and
fulfilling lives. The promise of AAV gene therapy is exciting, and its potential benefits are significant for global health
and well-being. While there are still challenges to overcome, such as ensuring the safety and efficacy of AAV gene
therapy, the progress made thus far is remarkable. The technology may also treat various conditions, including cancer and
neurological disorders like Parkinson’s.

AAV-mediated gene therapy has great potential for treating inherited retinal diseases like LCA-2, but there are ethical
concerns and questions about its long-term use. The potential for gene therapy to move beyond medical treatment into
human enhancement or modification raises concerns about exposing more human subjects to risks and ensuring patients
are fully aware of potential outcomes. The high costs of developing and delivering gene therapies also present challenges
in equitable access, as those unable to afford new treatments may face worsening health disparities. Patent restrictions on
medical innovations can limit wider availability in certain countries and populations. Increased dialogue is necessary to
promote fairness and prevent discrimination based on socioeconomic status. Researchers must consider ethical obliga-
tions, long-term impacts, and access issues alongside scientific advancements in gene therapy applications like AAV
vectors.
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