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Abstract
Posterior segment eye diseases (PSEDs) encompass a diverse group of conditions affecting the retina, choroid, optic nerve, 
and vitreous humor, often leading to progressive and irreversible vision loss. Age-related macular degeneration (AMD), 
diabetic retinopathy (DR), retinitis pigmentosa (RP), and inherited retinal diseases (IRDs) are among the most clinically 
significant PSEDs with a substantial global burden and economic impact. Conventional treatments for PSEDs have limita-
tions that necessitate the development of novel therapies that address the underlying molecular drivers of the disease. Gene 
therapy has emerged as a promising approach, offering the potential for durable and curative outcomes through precise 
genetic manipulation. Advancements in gene therapy strategies, including gene augmentation, gene editing, RNA-based 
therapies, and optogenetics, have led to significant progress in preclinical studies and clinical trials across various PSED 
subtypes. US Food and Drug Administration (FDA) approval of voretigene neparvovec (Luxturna®) for RPE65-associated 
IRDs validated the clinical viability of ocular gene therapy, while ongoing trials for AMD, DR, and other IRDs continue 
to expand the therapeutic landscape. Innovations in viral and non-viral delivery systems, such as dual AAV vectors, lipid 
nanoparticles, and novel biomaterials, have enhanced the efficiency and specificity of gene delivery to the retina. However, 
challenges persist, including immune responses to viral vectors, limited transduction efficiency in certain cell types, and 
anatomical barriers posed by the blood–retinal barrier. Future directions in ocular gene therapy include the development of 
precision genome editing techniques, such as prime editing, miRNA-based regulation, and combinatorial approaches inte-
grating gene therapy with stem cell transplantation or neuroprotective agents. As the field continues to evolve, addressing 
these challenges and optimizing gene therapy strategies will be crucial in translating the transformative potential of ocular 
gene therapy into clinical reality for patients with PSEDs.

Key Points 

Gene therapy is transforming the treatment of blinding 
eye diseases by targeting the root genetic causes, offering 
hope for long-lasting vision improvement.

Recent clinical trials show that one-time gene therapies 
can reduce or eliminate the need for frequent eye injec-
tions in conditions such as age-related macular degenera-
tion.

Ongoing research is expanding gene therapy options for 
inherited retinal diseases, with new delivery methods 
and gene editing tools under development.
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1  Introduction

Posterior segment eye disease (PSED) represents a hetero-
geneous group of conditions affecting the retina, choroid, 
optic nerve, and vitreous humor and often culminates in 
progressive and irreversible vision loss. Clinically sig-
nificant PSEDs include age-related macular degeneration 
(AMD), diabetic retinopathy (DR), retinitis pigmentosa 
(RP), and inherited retinal diseases (IRDs), each char-
acterized by distinct pathophysiological mechanisms but 
unified by their anatomical localization and potential for 
devastating functional consequences [1, 2]. The global 
burden of PSEDs is substantial, with AMD alone affect-
ing approximately 196 million individuals worldwide as 
of 2020, a figure projected to escalate to 288 million by 
2040 as populations age [2]. Similarly, DR, a microvascu-
lar complication of diabetes mellitus, impacts more than 
103 million adults globally, with prevalence rates mirror-
ing the rising incidence of diabetes itself [3]. RP, though 
less common, affects roughly 1 in 4000 individuals, often 
leading to legal blindness by mid-adulthood due to pro-
gressive photoreceptor degeneration [4]. Beyond their 
clinical impact, PSEDs impose significant economic bur-
dens, with direct healthcare costs for AMD management 
in the USA exceeding $30 billion annually, alongside 
immeasurable losses in quality of life and productivity 
[5]. These statistics underscore the urgent need for thera-
pies that not only mitigate symptoms, but also address the 
underlying molecular drivers of disease.

Conventional treatments for PSEDs, such as intravitreal anti-
vascular endothelial growth factor (anti-VEGF) injections for 
neovascular AMD or laser photocoagulation for DR, are fraught 
with limitations. While anti-VEGF agents such as ranibizumab 
and aflibercept have revolutionized care by stabilizing vision 
in many patients, their transient efficacy necessitates frequent 
and often long-term administration, invasive administrations 
at 4- to 12-week intervals, leading to high treatment burden, 
cumulative risks of endophthalmitis, and suboptimal real-world 
adherence [6]. Similarly, corticosteroid implants for diabetic 
macular edema offer only temporary relief, often accompanied 
by complications such as cataract formation and intraocular 
pressure elevation [7]. For inherited conditions such as RP or 
IRDs, no curative therapies exist, leaving patients reliant on pal-
liative low vision aids or genetic counseling. These challenges 
have catalyzed a paradigm shift toward gene therapy, a modality 
capable of delivering durable, even curative, outcomes through 
precise genetic manipulation.

Gene therapy’s promise in PSEDs lies in its ability to 
target disease mechanisms at their source. For monogenic 
IRDs caused by mutations in genes such as RPE65 or 
CEP290, adeno-associated virus (AAV)-mediated gene 
replacement strategies aim to restore functional protein 

expression in photoreceptors or retinal pigment epithelium 
(RPE) cells [8]. In complex, multifactorial diseases such 
as AMD, approaches such as CRISPR-Cas9 gene editing, 
RNA interference (RNAi), or anti-angiogenic gene deliv-
ery (e.g., sFLT1) seek to silence pathological pathways 
or confer sustained neuroprotection [7, 9]. Recent mile-
stones, including the 2017 Food and Drug Administration 
(FDA) approval of voretigene neparvovec (Luxturna®) for 
RPE65-associated IRDs, validate the clinical viability of 
ocular gene therapy, while emerging non-viral delivery 
systems (e.g., lipid nanoparticles) and optogenetic tech-
niques further expand the therapeutic arsenal [10]. Nev-
ertheless, significant hurdles persist, including immune 
responses to viral vectors, limited transduction efficiency 
in certain cell types, and the anatomical barriers posed by 
the blood–retinal barrier (BRB).

Gene therapy offers several advantages over conventional 
treatments for posterior segment eye diseases. For example, 
Luxturna (voretigene neparvovec) provides long-term resto-
ration of visual function in patients with RPE65-associated 
Leber congenital amaurosis (LCA) after a single subretinal 
injection, whereas traditional management is limited to sup-
portive care and does not halt disease progression. Clinical 
studies and real-world data show significant improvements 
in visual function, including full-field stimulus threshold 
testing, visual fields, and visual acuity, with benefits per-
sisting for at least 1 year and often longer [11, 12].

In age-related macular degeneration (AMD), gene thera-
pies such as RGX-314 and ADVM-022 have demonstrated 
a substantial reduction in the frequency of anti-VEGF 
injections required to maintain vision. Patients treated with 
RGX-314 experienced up to a 67% reduction in annualized 
injection rates, with stable or improved visual acuity over 
several years, compared with the ongoing burden and risks 
of repeated intravitreal injections in standard care [13, 14]. 
Similarly, ADVM-022 has shown that a single intravitreal 
injection can maintain therapeutic aflibercept levels and vis-
ual outcomes for over a year, with many patients remaining 
injection-free and reporting a favorable safety profile [14].

This review aims to critically evaluate the transforma-
tive advancements in gene therapy for PSEDs, with three 
overarching objectives. First, it synthesizes innovations in 
delivery platforms, including viral and non-viral vectors, 
intravitreal versus subretinal injection routes, and novel bio-
materials engineered to enhance retinal targeting. Second, 
it analyzes outcomes from landmark preclinical studies and 
clinical trials, emphasizing efficacy, safety, and translational 
challenges across diverse PSED subtypes. Third, it identi-
fies persisting obstacles—such as immune reactivity, vector 
genome size constraints, and scalability—while proposing 
future directions, including CRISPR prime editing, miRNA-
based regulation, and combinatorial approaches integrating 
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gene therapy with stem cell transplantation or neuroprotec-
tive agents. By contextualizing these developments within 
the broader landscape of precision medicine, this review 
aims to inform researchers, clinicians, and policymakers 
about the evolving potential of gene therapy to redefine 
standards of care for PSEDs.

2 � Overview of Posterior Segment Eye 
Diseases (PSEDs)

PSEDs encompasses a diverse group of conditions affecting 
the retina, choroid, vitreous, and optic nerve, representing 
the leading causes of irreversible vision loss worldwide. The 
complexity of these diseases stems from their varied etiolo-
gies—ranging from age-related degenerative processes to 
inherited genetic mutations and vascular pathologies—as 
well as the intricate anatomy and physiology of the posterior 

eye segment. Table 1 gives a summary of all the PSEDs 
discussed in this review.

2.1 � Age‑Related Macular Degeneration (AMD)

AMD is the predominant cause of central vision impair-
ment in individuals over 50 years in developed countries, 
with prevalence rising markedly with age. In the United 
States, approximately 20 million people are affected (18.34 
million with early AMD and 1.49 million with late AMD). 
Medicare data indicate an annual prevalence of 2.6% for 
early AMD and 1.6–1.7% for advanced disease. Globally, the 
number of cases is projected to reach 288 million by 2040. 
Age-specific estimates show that about 10% of Americans 
aged ≥50 years have early AMD and ~1% have late AMD, 
increasing to ~30% and ~10%, respectively, among those 
aged ≥80 years [5, 15, 16]. AMD manifests in two principal 
forms: dry (non-neovascular) and wet (neovascular) AMD, 
each with distinct pathological features and clinical courses. 

Table 1:   Overview of posterior segment eye diseases (PSEDs)

Disease Pathophysiology Clinical features Current treatments Gene therapy advancements

Age-related macular 
degeneration (AMD)

Drusen accumulation (dry)
Choroidal neovasculariza-

tion (wet)
Complement/oxidative 

stress

Central vision loss
Geographic atrophy (dry)
Hemorrhages (wet)

Anti-VEGF injections
Complement inhibitors 

(pegcetacoplan)

RGX-314 (AAV8 anti-
VEGF)

ADVM-022 (AAV.7m8 
aflibercept)

GT005 (CFI gene therapy)
Posterior vitreous detach-

ment (PVD)
Vitreous liquefaction
Vitreoretinal traction

Floaters
Photopsia
Risk of retinal tears

Observation
Vitrectomy (if complica-

tions)

Pharmacologic vitreolysis 
(ocriplasmin)

Investigational enzymatic 
agents

Retinal detachment and 
tears

Rhegmatogenous (retinal 
break)

Tractional (fibrovascular 
proliferation)

Sudden vision loss
"Curtain-like" field defect
Photopsia

Pneumatic retinopexy
Scleral buckling/vitrec-

tomy

Gene therapy targeting PVR 
(e.g., TGF-β inhibitors)

mRNA-based antifibrotics

Epiretinal membrane and 
macular hole

ILM defects → glial cell 
proliferation

Vitreofoveal traction

Metamorphopsia
Central scotoma (hole)

Vitrectomy + membrane 
peeling

ILM flap technique

Anti-fibrotic gene therapies 
(preclinical)

Vitreous hemorrhage Diabetic neovasculariza-
tion

Retinal vein occlusion
Trauma

Sudden floaters
Vision obscuration

Observation (mild)
Vitrectomy (severe)

Anti-VEGF gene therapy 
(e.g., for diabetic hemor-
rhage prevention)

Diabetic retinopathy (DR) 
and vascular diseases

VEGF-driven angiogenesis
Blood–retinal barrier 

breakdown

Microaneurysms
Macular edema
Neovascularization

Anti-VEGF injections
Laser photocoagulation

RGX-314 (suprachoroidal 
AAV8)

ADVM-022 (intravitreal 
AAV.7m8)

Diseases of the optic nerve Glaucoma: RGC apoptosis
LHON: mitochondrial 

(MT-ND4) mutations

Cupped optic disc
Visual field loss
Acute bilateral vision loss 

(LHON)

IOP-lowering drugs
Neuroprotection trials

GS010 (AAV2-ND4 for 
LHON)

BDNF/CNTF gene therapy 
(glaucoma)

Inherited retinal diseases 
(IRDs)

RPE65, RPGR, ABCA4 
mutations

Photoreceptor/RPE dys-
function

Night blindness (RP)
Childhood blindness 

(LCA)
Macular atrophy (Star-

gardt)

Luxturna® (RPE65)
Vitamin A (RP)

CRISPR editing (CEP290)
Dual-AAV for large genes 

(e.g., MYO7A)
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Dry AMD, accounting for approximately 90% of cases, is 
characterized by the accumulation of drusen—extracellu-
lar deposits between the retinal pigment epithelium (RPE) 
and Bruch’s membrane—along with progressive geographic 
atrophy (GA) of the RPE and photoreceptors [17]. The 
more visually devastating wet AMD, though less common, 
is marked by the growth of abnormal blood vessels from 
the choroid or retina into the subretinal or sub-RPE spaces, 
encompassing all types of macular neovascularization, lead-
ing to hemorrhage, exudation, and rapid central vision loss 
if untreated. The pathogenesis of AMD involves a complex 
interplay of genetic predisposition, environmental factors, 
and age-related changes. Genome-wide association studies 
have identified more than 30 genetic loci associated with 
AMD risk, with polymorphisms in complement pathway 
genes (CFH, C3, CFB) being particularly significant [18]. 
Environmental risk factors include smoking, which doubles 
AMD risk, and nutritional deficiencies in lutein, zeaxanthin, 
and omega-3 fatty acids [19]. At the cellular level, AMD 
involves chronic oxidative stress, mitochondrial dysfunction, 
and impaired protein degradation pathways in the RPE, cul-
minating in lipofuscin accumulation and drusen formation 
[20].

Recent breakthroughs in gene therapy have transformed 
treatment prospects for neovascular (wet) AMD, a leading 
cause of blindness among older adults characterized by the 
proliferation of abnormal subretinal blood vessels and fluid 
accumulation resulting in rapid, severe loss of central vision. 
Traditional anti-VEGF injections, while effective, require 
frequent administration (often monthly or bi-monthly), pre-
senting a major burden for elderly patients, and are associ-
ated with risks of endophthalmitis and undertreatment in 
real-world settings. RGX-314 (Regenxbio/AbbVie) is a gene 
therapy candidate designed for patients with active or recur-
rent wet AMD who have demonstrated prior response to 
anti-VEGF agents but require ongoing injections to main-
tain vision. It utilizes an adeno-associated virus 8 (AAV8) 
vector to deliver a gene encoding a ranibizumab-like anti-
VEGF antibody fragment directly to retinal cells. The trans-
duced cells then act as “biofactories,” providing continuous 
intraocular VEGF suppression after a single surgical admin-
istration by subretinal or—more recently—suprachoroidal 
injection. In clinical studies, RGX-314 performed strongly: 
in the pivotal bilateral “fellow eye” trial, 97% of treated eyes 
required no or only one supplemental anti-VEGF injection 
in the 9 months post-treatment, with 78% remaining fully 
injection free. Most importantly, visual acuity (VA) and cen-
tral subfield thickness were maintained or improved, and 
the safety profile was favorable, with only mild intraocular 
inflammation responding well to a short steroid course [14, 
21, 22].

ADVM-022 (Adverum Biotechnologies), now in phase 
II trials, offers another leap for wet AMD by using the 

engineered AAV.7m8 capsid for nonsurgical, office-based 
intravitreal delivery of the aflibercept gene. ADVM-022 
is intended for patients with chronic, previously injection-
dependent wet AMD. In the OPTIC trial, more than 80% of 
eyes remained free of supplementary aflibercept injections 
for up to 2.5 years, with durable control of exudation and 
median visual stability. Most adverse events were mild–mod-
erate inflammatory reactions, all resolving with topical ster-
oids and no permanent vision loss [21, 23]. Together, these 
gene therapies provide the promise of a one-time, long-
lasting therapy for patients with AMD, with the potential 
to greatly reduce treatment burden and improve both vision 
outcomes and quality of life for those with sight-threat-
ening disease. Ongoing phase III trials (ATMOSPHERE, 
ASCENT, LUNA) will determine comparative durability, 
optimal delivery route, and long-term safety, addressing 
the needs of a rapidly growing, aging population at risk for 
visual disability.

2.2 � Posterior Vitreous Detachment (PVD), Retinal 
Detachment (RD), Epiretinal Membrane (ERM), 
Macular Holes, and Vitreous Hemorrhage (VH)

PVD, retinal detachment (RD), epiretinal membrane (ERM), 
macular holes, and vitreous hemorrhage (VH) are common 
posterior segment conditions. While these disorders can 
cause significant visual morbidity, current gene therapy 
research is primarily focused on diseases with a clear genetic 
basis or major unmet therapeutic needs. For most of these 
conditions, conventional surgical and pharmacological treat-
ments remain standard, and gene therapy approaches are still 
in early preclinical stages or not yet applicable. Therefore, 
detailed clinical and surgical descriptions are omitted here 
to maintain focus on gene therapy-relevant diseases [24–27].

2.3 � Diabetic Retinopathy (DR)

DR is the most common microvascular complication of 
diabetes mellitus and a leading cause of preventable blind-
ness in working-age adults. The global prevalence of DR 
is estimated at 27% among diabetics, with 6% affected 
by vision-threatening stages such as proliferative diabetic 
retinopathy (PDR) or diabetic macular edema (DME) [3]. 
The pathogenesis of DR involves chronic hyperglycemia-
induced damage to retinal capillaries, leading to pericyte 
loss, breakdown of the blood–retinal barrier, and progressive 
retinal ischemia. The resulting hypoxia triggers upregulation 
of vascular endothelial growth factor (VEGF), promoting 
pathological angiogenesis in PDR and vascular permeability 
in DME [28]. In 2021, an estimated 9.6 million people in 
the USA (26.4% of those with diabetes) had diabetic retin-
opathy (DR), and 1.84 million (5.1%) had vision-threatening 
DR [29]. The global prevalence of DR among diabetics is 
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estimated at 27% [29, 30]. DR prevalence is higher among 
patients with type 1 diabetes (up to 68.8%) compared with 
type 2 (35.2%) [30]. Prevalence rates are higher for Black 
(8.7%) and Hispanic (7.1%) individuals than for white indi-
viduals (3.6%) [29].

DR is classified into non-proliferative (NPDR) and prolif-
erative (PDR) stages on the basis of the presence of retinal 
neovascularization. NPDR is further subdivided into mild, 
moderate, and severe on the basis of the extent of microa-
neurysms, intraretinal hemorrhages, venous beading, and 
intraretinal microvascular abnormalities (IRMA) [31]. DME, 
characterized by retinal thickening due to fluid accumula-
tion, can occur at any stage of DR and is a major cause of 
vision loss. Treatment strategies for DR have evolved sig-
nificantly with the advent of anti-VEGF therapy. Intravitreal 
injections of aflibercept, ranibizumab, and bevacizumab are 
first-line treatments for center-involving DME, with studies 
demonstrating superior visual outcomes compared with laser 
photocoagulation [32]. However, challenges such as treat-
ment burden, variable patient response, and risk of fibrosis 
in chronic DME persist. For PDR, panretinal photocoagula-
tion (PRP) remains standard, though anti-VEGF agents are 
increasingly used as adjuncts or alternatives, particularly in 
cases with vitreous hemorrhage or high-risk characteristics. 
Emerging gene therapies aim to provide sustained VEGF 
suppression (Sect. 6.2).

2.4 � Diseases of the Optic Nerve

Diagnosis relies on structural [optic nerve head assessment 
(OCT), retinal nerve fiber layer analysis] and functional (vis-
ual field testing) assessments. Recent advances in OCT angi-
ography allow for early detection of microvascular changes 
in the optic nerve head, preceding detectable visual field loss. 
Treatment focuses on intraocular pressure (IOP) reduction via 
topical medications (prostaglandin analogs, beta-blockers), 
laser trabeculoplasty, or surgical interventions such as tra-
beculectomy and minimally invasive glaucoma surgeries 
(MIGS) [33]. Non-glaucomatous optic neuropathies include 
ischemic optic neuropathy (e.g., NAION), inflammatory 
(optic neuritis), and hereditary forms [Leber hereditary optic 
neuropathy (LHON)]. LHON, caused by mitochondrial DNA 
mutations (e.g., m.11778G>A in MT-ND4), leads to acute 
bilateral vision loss in young adults. Gene therapy (GS010, 
lenadogene nolparvovec) has shown promise in clinical tri-
als, with some patients achieving partial visual recovery [34].

2.5 � Inherited Retinal Diseases (IRDs)

Inherited retinal diseases (IRDs) encompass a genetically 
heterogeneous group of disorders caused by mutations in 
more than 300 genes critical for retinal function. RP, the 
most common IRD (prevalence ~1:4000), presents with 

night blindness and progressive peripheral vision loss due 
to rod photoreceptor degeneration [4]. Late-stage RP often 
involves cone dysfunction, leading to tunnel vision and even-
tual blindness. Choroideremia, an X-linked disorder caused 
by CHM mutations, leads to progressive RPE and choroi-
dal atrophy, while Leber congenital amaurosis (LCA), the 
most severe childhood IRD, results in profound vision loss 
from birth due to mutations in RPE65, CEP290, or other 
phototransduction genes [8]. Therapeutic breakthroughs 
include FDA-approved voretigene neparvovec (Luxturna®), 
an AAV2-based gene therapy for RPE65-associated IRDs, 
which improves light sensitivity and mobility in treated 
patients [35]. CRISPR-based gene editing (e.g., EDIT-101 
for CEP290) and optogenetic therapies are under investi-
gation for previously untreatable forms of IRD. For large 
genes exceeding AAV capacity, such as ABCA4 in Stargardt 
disease, dual AAV vectors and nanoparticle delivery systems 
are in development, showing promise in preclinical models 
and early phase trials. Additionally, trials in choroideremia 
employing CHM gene replacement have reported significant 
gains in visual acuity and maintenance of retinal structure. 
Collectively, IRD gene therapy exemplifies a leading para-
digm in ocular therapeutics, addressing otherwise untreat-
able conditions with high unmet need. However, challenges 
related to vector size limitations, host immunity, and optimal 
delivery remain active areas of innovation.

2.6 � Emerging Biomarkers in PSEDs

Recent advances have identified novel biomarkers for poste-
rior segment eye diseases. In AMD, genetic variants in the 
CFH and ARMS2 loci, as well as plasma complement factor 
I, are now used to stratify risk and predict disease progres-
sion [29]. Imaging biomarkers identified by OCT, such as 
ellipsoid zone and external limiting membrane abnormali-
ties, provide strong prognostic value for progression to late 
AMD. In diabetic retinopathy, circulating microRNAs and 
retinol binding protein 3 (RBP3) are emerging as sensitive 
biomarkers for early detection and monitoring [36]. Quan-
titative imaging of peripheral nonperfusion and neovascu-
larization using ultra-widefield imaging, along with artificial 
intelligence (AI)-based screening algorithms, are transform-
ing the landscape of DR diagnosis and management.

3 � Molecular Basis And Pathophysiology 
of PSEDs

3.1 � Genetic Determinants of PSEDs

The genetic architecture of PSEDs span monogenic IRDs 
to complex, multifactorial disorders with polygenic risk 
factors. Monogenic IRDs demonstrate striking genetic 
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heterogeneity, with more than 300 identified causative genes 
accounting for varied phenotypes. For instance, mutations in 
RPGR (retinitis pigmentosa GTPase regulator) account for 
70–80% of X-linked retinitis pigmentosa cases, disrupting 
ciliary transport in photoreceptors through impaired protein 
trafficking across the connecting cilium [37]. The RPGR 
ORF15 isoform, containing a purine-rich repetitive region, is 
particularly susceptible to frameshift mutations that abolish 
interaction with structural proteins such as RPGRIP1, lead-
ing to progressive photoreceptor degeneration [38]. Stargardt 
disease, the most common inherited macular dystrophy, 
primarily results from mutations in ABCA4, which encodes 
an ATP-binding cassette transporter critical for clearing 
all-trans-retinaldehyde from photoreceptor discs. More 
than 900 pathogenic ABCA4 variants have been identified, 
with null alleles causing severe early onset disease through 
toxic bisretinoid (A2E) accumulation in RPE cells [39]. The 
molecular pathology involves defective N-retinylidene-PE 
clearance, leading to fluorescent lipofuscin deposits that pro-
mote oxidative stress and RPE apoptosis, as demonstrated by 
fundus autofluorescence imaging patterns [40].

For complex PSEDs such as AMD, genome-wide associa-
tion studies (GWAS) have identified 52 risk loci accounting 
for ~60% of disease heritability. The 1q31.3 locus contain-
ing CFH (complement factor H) and five complement genes 
shows the strongest association, with the Y402H polymor-
phism (rs1061170) increasing AMD risk 3–7-fold by reduc-
ing CFH’s ability to inhibit alternative pathway activation 
on RPE cells [41]. Epistatic interactions between CFH and 
ARMS2/HTRA1 variants on chromosome 10q26 further 
modulate risk, potentially through mitochondrial dysfunc-
tion and extracellular matrix remodeling [42].

Genome-wide association studies identify common 
genetic variants, typically single nucleotide polymorphisms 
(SNPs), which confer increased risk for complex diseases 
such as AMD, often with modest effect sizes. These com-
mon variants are widespread in the population and contrib-
ute to disease susceptibility but are not usually sufficient 
to cause disease on their own. In contrast, rare mutations 
in specific genes, such as those causing inherited retinal 
diseases, directly disrupt gene function and are typically 
sufficient to cause disease. For example, GWAS has linked 
common variants in the CFH and ARMS2 genes to AMD 
susceptibility, while rare mutations in RPE65 or ABCA4 
result in monogenic retinal dystrophies [43–46].

3.2 � Pathophysiological Mechanisms in PSEDs

3.2.1 � Photoreceptor and RPE Dysfunction

The RPE-photoreceptor metabolic ecosystem is vulner-
able to multiple insults. In AMD, oxidative modification 
of drusen components (e.g., carboxyethylpyrrole adducts 

from oxidized docosahexaenoic acid) generates damage-
associated molecular patterns (DAMPs) that activate 
NLRP3 inflammasomes in RPE cells via Toll-like recep-
tor 2/4 signaling. This triggers caspase-1-mediated IL-1β/
IL-18 secretion and pyroptotic cell death, while complement 
activation (C3a, C5a) promotes choroidal macrophage infil-
tration, creating a proinflammatory feedback loop [47]. In 
retinitis pigmentosa, mutant rhodopsin proteins (RHO muta-
tions) misfold in the endoplasmic reticulum (ER), activat-
ing the unfolded protein response (UPR) through PERK, 
IRE1α, and ATF6 pathways. Persistent ER stress leads to 
CHOP-mediated apoptosis, while defective outer segment 
phagocytosis by RPE cells exacerbates photoreceptor degen-
eration. Autosomal dominant RHO mutations (e.g., P23H) 
additionally cause gain-of-function toxicity through aberrant 
G-protein signaling, making them prime targets for allele-
specific CRISPR editing [48].

3.2.2 � Vascular Pathobiology

DR pathogenesis involves hyperglycemia-induced meta-
bolic memory through epigenetic modifications. Sustained 
PKC-β activation increases histone deacetylase (HDAC) 
activity at VEGF promoter regions, while advanced glyca-
tion end-products (AGEs) bind RAGE receptors on Müller 
cells, inducing NF-κB-mediated cytokine production. The 
resulting breakdown of the blood–retinal barrier involves 
claudin-5/ZO-1 tight junction disassembly and increased 
vesicular transport via caveolin-1 upregulation. Retinal vein 
occlusions (RVOs) demonstrate thrombotic and inflamma-
tory components. Turbulent flow at arteriovenous crossings 
promotes endothelial dysfunction with increased von Wille-
brand factor (vWF) multimer secretion and platelet adhe-
sion. Local tissue hypoxia upregulates HIF-1α, which stim-
ulates VEGF, angiopoietin-2, and platelet-derived growth 
factor (PDGF) expression, exacerbating vascular leakage 
and macular edema [49].

3.2.3 � Neurodegenerative Processes

Glaucomatous optic neuropathy involves both mechanical 
and metabolic insults. Elevated IOP distorts laminar cri-
brosa pores, impairing axonal transport of neurotrophins 
such as BDNF. Mitochondrial dysfunction in retinal gan-
glion cells (RGCs) increases ROS production, activating 
BAX/BAK-mediated apoptosis [50]. Notably, the superior 
and inferior optic nerve regions show selective vulnerabil-
ity due to reduced astrocyte coverage and higher metabolic 
demands. LHON exemplifies mitochondrial dysfunction, 
with m.11778G>A (MT-ND4), m.3460G>A (MT-ND1), 
and m.14484T>C (MT-ND6) mutations impairing complex 
I function. This reduces ATP production while increasing 
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superoxide leakage, causing preferential degeneration of 
small-caliber papillomacular bundle axons [34].

4 � Gene Therapy Strategies for PSEDs

Gene therapy has emerged as a transformative approach for 
treating PSED, particularly IRDs. These therapies aim to 
address the underlying genetic causes of retinal degenera-
tion, offering the potential to restore or modify gene function 
and improve visual outcomes. The unique characteristics of 
the eye—immune privilege, small tissue size, and accessibil-
ity—make it an ideal target for gene therapy interventions 
[51–53]. Various strategies, including gene augmentation, 
gene editing, RNA-based therapies, and optogenetics, have 
been developed to tackle these diseases (Fig. 1). Below is a 
detailed exploration of these strategies.

4.1 � Gene Augmentation Therapy

Gene augmentation therapy is one of the most established 
approaches in retinal gene therapy. It involves delivering 
functional copies of defective genes to target cells to restore 
normal protein production and cellular function. This strat-
egy has shown significant success in treating inherited 
retinal diseases such as LCA caused by RPE65 mutations. 

The mechanism of gene augmentation therapy relies on the 
use of viral vectors, predominantly AAV, which transduce 
retinal cells efficiently while minimizing immune responses 
(Fig. 2). AAV vectors are particularly suited for ocular appli-
cations due to their ability to target both dividing and non-
dividing cells such as photoreceptors and RPE cells [8, 51, 
54].

A prime example of gene augmentation therapy is Lux-
turna (voretigene neparvovec-rzyl), which was the first 
FDA-approved gene therapy for IRDs in 2017. Luxturna 
targets RPE65 mutations associated with LCA by introduc-
ing functional RPE65 genes into RPE cells via subretinal 
injection. Clinical trials demonstrated substantial improve-
ments in visual function, including enhanced light sensitivity 
and navigational ability under low-light conditions [10, 55, 
56]. Post-marketing studies confirmed long-term therapeutic 
benefits lasting up to 5 years, highlighting the potential for 
sustained visual improvement [8].

Beyond LCA, gene augmentation therapy is being 
explored for other inherited retinal diseases such as cho-
roideremia and Stargardt disease. Clinical trials targeting 
choroideremia have utilized AAV vectors to deliver CHM 
genes to restore protein production in RPE cells [51, 57]. 
Similarly, ongoing research is investigating AAV-mediated 
delivery of ABCA4 genes for Stargardt disease despite chal-
lenges posed by the large size of the ABCA4 gene exceeding 
AAV’s carrying capacity [53, 58].

Fig. 1   Gene therapy strategies for posterior segment eye diseases. An overview of key therapeutic approaches, including gene augmentation, 
gene editing, RNA-based therapies, and optogenetics, aimed at treating retinal and other posterior segment disorders
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However, gene augmentation therapy faces several chal-
lenges. The limited carrying capacity of AAV vectors (~4.7 
kb) restricts their use for larger genes such as ABCA4. Addi-
tionally, potential immune responses and inflammation due 
to viral delivery systems can complicate treatment outcomes. 
Accelerated retinal degeneration has been reported in up 
to 50% of treated eyes post-Luxturna, necessitating careful 
patient selection and monitoring [51, 58].

Emerging solutions include the development of hybrid 
vectors and non-viral delivery systems capable of accom-
modating larger genes while minimizing immunogenicity. 
These advancements aim to overcome the limitations of cur-
rent viral vectors, providing a broader range of therapeutic 
options for IRDs [51, 53].

4.2 � Gene Editing Approaches

Gene editing technologies enable precise modifications to 
the genome, offering promising solutions for inherited reti-
nal diseases caused by dominant-negative mutations or large 
genes that exceed the carrying capacity of conventional viral 

vectors. CRISPR-Cas9 is a revolutionary tool for targeted 
genome editing that uses guide RNA (gRNA) to direct Cas9 
nuclease to specific DNA sequences for correction or dele-
tion (Fig. 3). Preclinical studies have demonstrated its poten-
tial in correcting RPGR mutations associated with X-linked 
retinitis pigmentosa (XLRP), restoring photoreceptor func-
tion and improving visual outcomes [54, 59].

Advanced techniques such as base editing and prime 
editing allow single-nucleotide changes without introduc-
ing double-strand breaks. Prime editing offers higher preci-
sion and reduced off-target effects compared with CRISPR-
Cas9 [60]. Base editing has been applied successfully in 
animal models of RPE65 mutations, demonstrating restored 
visual function with minimal off-target effects [61]. These 
approaches are particularly advantageous for dominant-
negative mutations that cannot be addressed by gene aug-
mentation, offering potentially long-lasting effects through 
permanent correction of genetic defects.

Despite these advancements, gene editing faces signifi-
cant challenges. Delivery efficiency remains a major hur-
dle, especially for deep retinal layers where photoreceptors 

Fig. 2   Mechanism of AAV-mediated gene augmentation therapy in the retina. Illustrates how adeno-associated virus (AAV) vectors deliver 
functional copies of genes to retinal cells to restore protein expression in inherited retinal diseases. RPE retinal pigment epithelium



1593Can Gene Therapy Transform the Treatment Landscape of Posterior Segment Eye Diseases?

reside. Safety concerns regarding off-target effects and 
unintended genomic alterations are also critical, as these 
could lead to unforeseen complications. Recent advance-
ments include the development of lipid nanoparticles and 
polymer-based carriers for delivering CRISPR components 
into retinal cells with higher efficiency and reduced toxicity 
[62, 63].

4.3 � RNA‑Based Gene Therapy

RNA-based therapies offer transient but highly specific 
modulation of protein production by targeting messenger 
RNA (mRNA). These approaches are particularly useful 
for conditions where permanent genomic modification is 
unnecessary or undesirable. Antisense oligonucleotides 
(ASOs) are short RNA sequences that bind complementary 
mRNA strands to modulate splicing or prevent translation 
into harmful proteins [64, 65]. RNAi uses small interfering 
RNA (siRNA) molecules to form RNA-induced silencing 
complexes (RISCs) that degrade target mRNA sequences 
[65, 66]. MicroRNAs (miRNAs) regulate multiple genes 
simultaneously, offering potential for complex diseases such 
as AMD (Fig. 4) [66].

RNA-based therapies have shown promise in treat-
ing AMD, DR, and IRDs such as autosomal dominant RP 
caused by rhodopsin mutations [64, 66]. siRNA-based thera-
pies targeting VEGF have been investigated as alternatives 
to anti-VEGF injections in patients with AMD, potentially 
reducing the frequency of injections and improving patient 
compliance [65].

However, RNA-based therapies face several challenges. 
The instability and degradation of RNA molecules neces-
sitate repeated administration, which can be burdensome 
for patients. Efficient delivery into retinal cells remains 
challenging due to the BRB, which limits the penetration 
of therapeutic agents into the retina [67]. Despite these 

Fig. 3   CRISPR-Cas9 gene editing for retinal diseases. Depicts the use 
of CRISPR-Cas9 technology for targeted genome editing in retinal 
cells to correct disease-causing mutations

Fig. 4   Mechanisms of RNA-
based gene therapy. A Antisense 
oligonucleotides (ASOs) bind 
to complementary messenger 
RNA (mRNA) sequences to 
block translation or modulate 
splicing. B Small interfering 
RNAs (siRNAs) incorporate 
into RNA-induced silencing 
complexes (RISCs) to guide the 
cleavage of target mRNAs. C 
MicroRNAs (miRNAs), pro-
cessed from endogenous precur-
sors, regulate gene expression 
by binding to multiple mRNA 
targets, leading to translational 
repression or destabilization
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limitations, RNA-based therapies continue to advance, with 
ongoing research focusing on improving delivery methods 
and stability to enhance their therapeutic potential.

Although early clinical investigations of siRNA-based 
therapies for AMD and DME showed initial promise, this 
strategy has not advanced to clinical use due to limited effi-
cacy in later trials. Current gene therapy research in these 
diseases is focused on other modalities [68, 69].

4.4 � Optogenetics and Cell‑Based Gene Therapy

Optogenetic therapy represents a novel approach to restor-
ing vision in patients with advanced retinal degeneration 
by introducing light-sensitive proteins into surviving retinal 
cells. The mechanism involves delivering microbial opsins 
such as channelrhodopsins via viral vectors to convert inner 
retinal neurons into artificial photoreceptors capable of 
responding to light stimuli [70, 71].

Clinical trials have validated the potential of optogenetic 
therapy as a therapeutic option for patients with severe 
vision loss due to advanced RP. ChrimsonR opsin therapy, 
for example, has shown promise in restoring light percep-
tion in patients with late-stage retinal degeneration [72, 73]. 
Optogenetic approaches offer several advantages, including 
the ability to provide visual restoration even when photore-
ceptors are completely lost. However, they also face signifi-
cant challenges. High-intensity light activation is required, 
which may damage residual retinal tissue. Immune responses 
against microbial opsins remain a concern, potentially limit-
ing the long-term efficacy of the therapy [72, 73].

Recent advancements in optogenetics include mutation-
independent strategies such as multi-characteristic opsins 
(MCOs), which aim to overcome some of these limitations 
by providing broader light sensitivity and reducing the need 
for high-intensity light. These developments, along with 
ongoing clinical trials, offer hope for patients with severe 
vision loss, expanding the therapeutic landscape for PSED.

5 � Delivery Methods of Gene Therapy 
in Posterior Segment Eye Diseases (PSEDs)

Gene therapy delivery methods for PSED have evolved sig-
nificantly, incorporating both viral and non-viral vectors, as 
well as various administration routes.

5.1 � Viral Vectors

Viral vectors are the most commonly used for ocular gene 
therapy due to their high efficiency in transducing retinal cells:

•	 Adeno-Associated Virus (AAV): AAV is the preferred 
vector for retinal gene delivery due to its ability to pro-

vide long-term transgene expression, safety profile, and 
capacity to transduce non-dividing cells such as photo-
receptors and RPE [74, 75]. However, its cargo capacity 
is limited to approximately 4.7 kb, which restricts its use 
for larger genes [76]. AAV vectors have been success-
fully used in clinical trials for inherited retinal dystro-
phies, including the FDA-approved Luxturna therapy for 
RPE65-associated LCA [77, 78]. The vector’s ability to 
transduce both inner and outer retinal cells makes it par-
ticularly advantageous for treating a wide range of retinal 
diseases [79].

•	 Lentiviral vectors: These vectors can accommodate larger 
genes and provide sustained expression, but they carry 
risks of insertional mutagenesis, which can lead to onco-
genesis [76]. They are particularly useful for conditions 
requiring long-term gene expression, such as choroider-
emia, where the CHM gene needs to be delivered to RPE 
cells [57]. Lentiviral vectors have shown promise in pre-
clinical studies, demonstrating efficient transduction of 
RPE cells and sustained gene expression [79].

•	 Adenoviral vectors: Offering high transgene capacity, 
adenoviral vectors elicit stronger immune responses 
compared with AAVs, which can limit their use in ocu-
lar applications. They are more suited for transient gene 
expression, making them less ideal for long-term treat-
ments but potentially useful for short-term interventions 
or in cases where immune responses are not a significant 
concern [79].

A comparative study highlighted that AAV vectors 
showed the most efficient and long-lasting transduction in 
both inner and outer retinal cells, while lentivirus primarily 
transduced RPE cells and adenovirus demonstrated transient 
expression mainly in the anterior chamber [79]. This study 
underscores the importance of selecting the appropriate vec-
tor on the basis of the specific requirements of the disease 
being treated.

5.2 � Non‑viral Delivery Systems

Non-viral gene therapy systems offer several advantages 
over viral vectors:

•	 Lipid nanoparticles (LNPs) and liposomes: These syn-
thetic carriers can efficiently transfect retinal cells, pro-
viding long-term gene expression. Recent advancements 
have shown LNPs can penetrate the neural retina and 
deliver mRNA to photoreceptor cells, potentially treat-
ing blindness associated with genetic conditions [80, 81]. 
For example, ECO/pRHO-ABCA4 nanoparticles demon-
strated sustained ABCA4 expression and delayed disease 
progression in a mouse model of Stargardt disease [82].
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•	 Polymer-based vectors: Polymers such as polyethyl-
eneimine (PEI) have been modified to enhance biocom-
patibility and reduce toxicity, making them suitable for 
gene delivery in the eye. These vectors can encapsulate 
and deliver genetic material to target cells, offering a ver-
satile and scalable option [80, 82]. Polymer-based vectors 
have shown promise in preclinical studies, with some 
demonstrating long-term expression of therapeutic genes 
in the retina [81].

•	 Electroporation: This physical method uses electrical 
pulses to create temporary pores in cell membranes, 
allowing genetic material to enter. It is particularly useful 
for in vitro and in vivo gene delivery to various tissues, 
including the retina. Electroporation has been used to 
deliver plasmids encoding therapeutic genes, showing 
efficient gene transfer in animal models [83].

Non-viral vectors face challenges such as lower trans-
duction efficiency compared with viral vectors, but ongoing 
research aims to optimize these systems for clinical use [84]. 
Efforts are being made to enhance the stability of the vec-
tors, improve their targeting capabilities, and reduce poten-
tial toxicity to ensure their safe and effective use in gene 
therapy for PSED. Comparison of viral and non-viral vectors 
for PSED gene therapy is summarized in Table 2.

5.3 � Routes of Administration

•	 Subretinal injection: This method involves delivering 
vectors directly between the RPE and photoreceptor 
layers. It has been used successfully in clinical trials 
for inherited retinal dystrophies, including the FDA-
approved Luxturna therapy for RPE65-associated LCA 
[77, 78]. The procedure requires a pars plana vitrec-
tomy and is invasive, with potential risks such as retinal 

detachment. However, subretinal injection offers more 
direct targeting of affected cells compared with intravit-
real injection, making it the preferred method for many 
retinal gene therapies [85].

•	 Intravitreal injection: Less invasive than subretinal injec-
tion, intravitreal delivery faces challenges in achieving 
effective retinal transduction due to vector dilution, 
immune responses, and barriers such as the inner limiting 
membrane [86]. Pararetinal intravitreal delivery, where 
the vector is placed deep in the vitreous near the retina, 
has shown improved retinal transduction compared with 
mid-vitreous injection. However, subretinal delivery still 
demonstrates superior retinal gene transfer and a more 
favorable biodistribution profile compared with intra-
vitreal injection in nonhuman primates [87]. Ongoing 
research focuses on developing strategies to overcome 
the limitations of intravitreal delivery, including viral 
capsid modifications and non-viral vectors, to achieve 
panretinal transduction comparable to subretinal delivery 
[86].

•	 Suprachoroidal injection: An emerging method, supra-
choroidal injection involves delivering vectors into the 
space between the choroid and sclera. It offers advantages 
such as less invasiveness, potential for outpatient admin-
istration, and higher drug concentrations in the posterior 
segment [88, 89]. This technique has shown promise in 
preclinical studies, demonstrating short-term effective-
ness and ocular tolerability. However, challenges include 
ensuring vectors reach target retinal tissues and managing 
immune responses. While suprachoroidal delivery has 
the potential to provide widespread transgene expres-
sion in the retina and RPE, further research is needed 
to address long-term safety, durability of gene expres-
sion, and effective delivery to the macula before clinical 

Table 2   Comparison of viral and non-viral vectors for posterior segment eye disease (PSED) gene therapy

Vector type Advantages Disadvantages Current applications in PSED

AAV vectors Long-term transgene expression
Low immunogenicity
Retinal cell tropism

Limited cargo capacity (~4.7 kb)
Preexisting immunity in some patients

Luxturna® (AAV2-RPE65)
RGX-314 (AAV8)
ADVM-022 (AAV.7m8)

Lentiviral vectors Larger cargo capacity (~8–10 kb)
Sustained expression

Risk of insertional mutagenesis
Complex manufacturing

Choroideremia (AAV2-CHM) trials

Adenoviral vectors High cargo capacity (~30 kb) Strong immune response
Transient expression

Limited use in ocular therapy due 
to inflammation

Lipid nanoparticles (LNPs) No viral components
Larger cargo capacity
Scalable production

Lower transfection efficiency
Transient expression
Potential toxicity

Stargardt disease (preclinical)
mRNA delivery for PVR

Polymer-based vectors Customizable
Reduced immunogenicity

Variable efficiency
Unclear long-term safety

Experimental retinal delivery

Electroporation Physical delivery method
Avoids viral risks

Invasive
Limited to accessible tissues

Preclinical retinal gene editing
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implementation [90]. Table 3 presents a summary of gene 
therapy delivery routes for PSED.

6 � Gene Therapy Applications in Specific 
Posterior Segment Eye Diseases (PSEDs)

Gene therapy for PSEDs typically involves delivering 
genetic material to retinal cells via viral vectors (most 
commonly AAV) injected into or under the retina [91–93]. 
Depending on the target cells, vectors can be administered 
intravitreally, subretinally, or suprachoroidally, each route 
having advantages and limitations. The overarching goal 
is to introduce therapeutic genes or molecules to either 
replace a defective gene, silence a harmful gene, or pro-
vide a sustained source of a therapeutic protein in the eye, 
thereby addressing chronic retinal conditions with a one-
time treatment.

6.1 � Age‑Related Macular Degeneration (AMD)

The standard treatment for AMD involves anti-VEGF injec-
tions, which need to be administered frequently. Recent gene 
therapy trials for neovascular AMD, such as RGX-314 and 
ADVM-022, are designed to provide sustained intraocu-
lar anti-VEGF expression, reducing the need for frequent 
injections. RGX-314 uses an AAV8 vector for subretinal or 
suprachoroidal delivery, aiming for long-term expression in 
retinal cells. The subretinal route targets the retinal pigment 
epithelium and photoreceptors directly, while the supracho-
roidal approach offers a less invasive alternative with the 
potential for widespread retinal transduction. ADVM-022 
employs an engineered AAV2.7m8 capsid for intravitreal 

delivery, which is designed to enhance retinal penetration 
and minimize invasiveness compared to subretinal injection. 
The rationale behind these designs is to transform the retina 
into a “biofactory” for anti-VEGF proteins, thereby address-
ing the burden of repeated treatments and improving patient 
adherence. Clinical trials have demonstrated that these 
approaches can significantly reduce the frequency of anti-
VEGF injections while maintaining or improving visual out-
comes [14, 21]. Neovascular AMD typically presents with 
metamorphopsia and central vision loss driven by macular 
neovascularization. Anti‑VEGF gene therapy aims to convert 
the eye into a biofactory for sustained intraocular anti‑VEGF 
expression, lowering injection burden while maintaining 
retinal anatomy and vision. Ongoing trials of RGX‑314, 
ADVM‑022 (ixo‑vec), and 4D‑150 assess reduction in res-
cue injections, Best-Corrected Visual Acuity(BCVA), and 
OCT fluid as key endpoints [14, 91, 94–98]. Early phase and 
mid‑stage studies of RGX‑314 (subretinal; suprachoroidal in 
phase 2) show fewer rescue injections with stable vision and 
a generally favorable ocular safety profile at subretinal doses. 
ADVM‑022 (ixo‑vec) has demonstrated marked reductions 
in injection burden with steroid‑manageable inflammation, 
with dose optimization following DME experience. 4D‑150 
advanced to phase 3 (4FRONT‑1/‑2) on the basis of phase 
2 data supporting strong treatment‑burden reduction with 
maintained vision [99–101]. Notable gene therapy options 
for AMD are RGX-314, ADVM-022, and 4D-150:

•	 RGX-314 (REGENXBIO/AbbVie): This treatment 
employs an AAV8 vector to introduce a gene that 
encodes a monoclonal antibody fragment akin to ranibi-
zumab, an anti-VEGF agent [21, 102]. Delivered through 
a single subretinal injection in clinical trials or a supra-
choroidal injection in more recent studies, the transduced 
retinal cells continuously release the anti-VEGF Fab, 

Table 3   Gene therapy delivery routes for posterior segment eye diseases

AAV adeno-associated virus, AMD age-related macular degeneration, IRD inherited retinal disease, LHON Leber hereditary optic neuropathy, 
RPE retinal pigment epithelium, VEGF vascular endothelial growth factor

Delivery method Advantages Disadvantages Best for Examples

Subretinal injection Direct access to photore-
ceptors/RPE

High transduction effi-
ciency

Lower immune response

Invasive (requires vitrec-
tomy)

Risk of retinal detachment
Limited diffusion to wider 

retina

Monogenic IRDs (e.g., 
Luxturna® for RPE65)

AMD with localized targets

Voretigene neparvovec 
(AAV2)

RGX-314 (AAV8) for AMD

Intravitreal injection Minimally invasive
Outpatient procedure
Panretinal potential

Inner limiting membrane 
barrier

Higher immune response
Dilution in vitreous

Diseases targeting ganglion 
cells (e.g., LHON)

Anti-VEGF therapies

ADVM-022 (AAV.7m8 
aflibercept)

GS010 (AAV2-ND4 for 
LHON)

Suprachoroidal injection Less invasive than sub-
retinal

Targets choroid/RPE
Reduced inflammation

Variable transduction 
efficiency

Limited clinical data
Macular reach uncertain

Diffuse retinal diseases
Sustained drug delivery

RGX-314 (phase II ALTI-
TUDE trial for DR)

4D-150 (AAV anti-VEGF)
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which treats active, established macular Neovasculari-
zation (MNV) in patients with neovascular AMD [14, 
103]. In an early phase study involving 42 patients with 
wet AMD, RGX-314 was well tolerated, with no unusual 
immune reactions or significant inflammation detected in 
the treated eyes [14, 104]. Importantly, patients showed 
a decreased need for standard anti-VEGF injections; 
in one group, the yearly injection rate fell by approxi-
mately 67%, with vision remaining stable or improving 
over several years. These promising outcomes have led 
to ongoing pivotal trials, such as ATMOSPHERE [105], 
which administer RGX-314 subretinally, and phase II tri-
als, AAVIATE and ALTITUDE, which are assessing less 
invasive suprachoroidal delivery methods for wet AMD 
and diabetic retinopathy, respectively [94, 95].

•	 ADVM-022 (Adverum Biotechnologies, now called 
ixoberogene soroparvovec): ADVM-022 is a gene 
therapy administered via intravitreal injection, using 
an AAV2.7m8 capsid to enhance retinal transduction 
and carrying a gene for a protein similar to aflibercept, 
a strong anti-VEGF agent [96]. In the phase 1 OPTIC 
trial for wet AMD, a single intravitreal dose significantly 
reduced treatment burden: high-dose patients experi-
enced a 96% decrease in additional anti-VEGF injections 
during the first year, while low-dose patients saw about 
an 85% reduction [97]. Therapeutic levels of aflibercept 
protein were maintained in ocular fluids for up to 2 years 
after dosing [98]. The primary adverse event was intraoc-
ular inflammation, especially in high-dose groups, but it 
was controlled with steroid eye drops, with no severe vas-
culitis or endophthalmitis reported [23]. These findings 
support intravitreal AAV gene delivery for sustained anti-
VEGF therapy. However, in the INFINITY trial for dia-
betic macular edema, one patient experienced prolonged 
hypotony following high-dose injection, leading to early 
termination [14]. This incident highlights the need for 
dose optimization and safety monitoring in intraocular 
gene therapy. ADVM-022 continues to be investigated 
at safer doses for AMD. Other AMD gene therapies are 
being developed, such as 4D-150 (4D Molecular Thera-
peutics), which uses a proprietary AAV capsid (R100) to 
deliver dual anti-VEGF factors via intravitreal injection 
and has shown promising interim results with minimal 
inflammation.

•	 4D-150 (4D Molecular Therapeutics): 4D-150 is a 
dual-mechanism gene therapy delivered by intravitreal 
injection, currently in phase 3 trials for wet AMD. In 
phase 2b, 4D-150 reduced the need for anti-VEGF res-
cue injections by 89% at 24 weeks, with 77% of patients 
remaining injection free and with improved visual acuity. 
The therapy uses a proprietary AAV vector to deliver 
genes encoding inhibitors of multiple VEGF isoforms, 
aiming for durable, one-time treatment. Phase 3 trials 

(4FRONT-1 and 4FRONT-2) are underway as of 2025 
[100, 101, 106].

Beyond neovascular AMD, gene therapy is also being 
investigated in dry AMD (geographic atrophy). Approaches 
here target complement cascade dysregulation—e.g., GT005 
delivers a gene for complement factor I to the RPE to reduce 
complement-mediated damage, HMR59 delivers a solu-
ble CD59 to inhibit complement activation, and OCU410 
(Ocugen), all in early phase clinical trials [107–109]. These 
therapies target complement regulation, inflammation, and 
multiple disease pathways, with early results showing safety 
and potential efficacy in slowing geographic atrophy pro-
gression. Multiple companies are pursuing these approaches, 
and ongoing trials are evaluating subretinal and intravitreal 
delivery of complement factor genes and other targets. While 
not yet as advanced as the wet AMD programs, they broaden 
the scope of gene therapy’s applicability in AMD.

6.2 � Diabetic Retinopathy and Retinal Vascular 
Diseases

The RGX-314 trial, known as ALTITUDE, exemplifies this 
effort by investigating the use of suprachoroidal AAV8-
RGX314 injections in diabetic retinopathy patients to pro-
vide ongoing anti-VEGF treatment [110]. This method 
could help sustain retinal health and avert the advancement 
to proliferative DR or diabetic macular edema without the 
need for monthly injections. In a similar vein, ADVM-022 
(AAV.7m8-aflibercept) has been tested for diabetic macular 
edema; while high doses resulted in complications, lower 
doses may still offer potential benefits.

Beyond anti-VEGF treatments, gene therapies have the 
potential to address other pathways involved in DR. For 
example, diabetic retinal damage is associated with inflam-
mation and factors induced by ischemia. Current research is 
exploring the gene delivery of antiinflammatory cytokines 
or inhibitors of angiogenesis, such as endostatin or angiopoi-
etin regulators, to manage retinal vascular diseases [111]. 
Although no gene therapy for DR has been approved yet, 
these trials demonstrate the application of the “one-and-
done” treatment approach to retinal vascular disorders. The 
goal is to achieve long-term stabilization of diabetic retin-
opathy and macular edema, thereby minimizing vision loss 
in the increasing diabetic population.

6.3 � Inherited Retinal Diseases (IRDs)

IRDs are excellent candidates for gene replacement or cor-
rection therapies, as they often result from mutations in 
a single gene. The eye’s unique immune privilege and its 
compartmentalized structure make it particularly suitable 
for these types of treatments [91, 92].
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Prominent examples include RP, LCA, choroideremia, 
Usher syndrome, and Stargardt disease, each caused by dis-
tinct genetic mutations [8]. Gene therapy for IRDs mainly 
involves gene replacement or editing to restore normal gene 
function. The first successful gene replacement is voreti-
gene neparvovec (Luxturna), approved by the FDA and the 
European Medicines Agency (EMA) for biallelic mutations 
in the RPE65 gene causing LCA [8, 112]. Luxturna uses 
an AAV2 vector to deliver a functional RPE65 gene into 
retinal pigment epithelium cells, significantly improving 
visual function, especially under low-light conditions [112, 
113]. Clinical trials showed durable improvements in vision, 
including navigation abilities, maintained for more than 3 
years, illustrating the potential long-term benefit of retinal 
gene therapy [112, 113].

Gene therapy trials targeting RPGR gene mutations for 
XLRP have shown promising early results. Botaretigene 
sparoparvovec (AAV5-RPGR), delivered via subretinal 
injection, improved or stabilized visual function in patients, 
with increased retinal sensitivity and visual fields measured 
by microperimetry [114, 115]. Higher vector doses caused 
inflammatory responses, but dosage optimization and immu-
nomodulation strategies are being employed to manage these 
issues [114]. Choroideremia, another X-linked IRD caused 
by CHM gene mutations, has been addressed using gene 
replacement therapy (timrepigene emparvovec). A recent 
phase 3 trial did not meet its primary efficacy endpoint for 
visual acuity improvement in the overall population, but 
some treated patients showed significant vision preservation 
compared with untreated counterparts, indicating therapeu-
tic potential if administered early [115, 116].

Addressing IRDs from large gene mutations, such as 
Usher syndrome (MYO7A gene) and Stargardt disease 
(ABCA4 gene), is challenging due to AAV vectors’ lim-
ited capacity. Dual-AAV systems, splitting large sequences 
across two vectors, are under clinical evaluation. Recent 
advancements have enabled MYO7A gene delivery in 
patients with Usher syndrome type 1B, potentially overcom-
ing gene size constraints [117]. Genome-editing techniques 
such as base editing and prime editing show promise preclin-
ically for correcting point mutations in large genes linked to 
IRDs. Base editing corrected ABCA4 mutations in Stargardt 
disease mouse models, reducing retinal toxic byproducts and 
partially restoring visual function, showing potential for 
clinical translation [59]. Precision editing techniques offer 
hope for developing treatments for IRDs previously beyond 
therapeutic reach due to genetic complexity. In conclusion, 
gene therapy has significantly progressed in addressing vari-
ous inherited retinal diseases, highlighted by the success of 
Luxturna for RPE65-related LCA and ongoing clinical trials 
in RPGR-associated XLRP and choroideremia. Innovations 
such as dual-AAV vectors and genome editing approaches 
continue to expand the therapeutic landscape, demonstrating 

great promise for treating large-gene IRDs such as Usher 
syndrome and Stargardt disease [8, 117].

6.4 � Glaucoma and Optic Neuropathies

Glaucoma is a leading cause of irreversible blindness glob-
ally, characterized by progressive degeneration of RGCs and 
their axons within the optic nerve. Traditional therapies for 
glaucoma primarily focus on reducing IOP but often fail 
to halt the underlying neurodegeneration completely [118]. 
Gene therapy has emerged as a promising approach to pro-
vide sustained neuroprotection by delivering genes encoding 
neurotrophic factors such as brain-derived neurotrophic fac-
tor (BDNF), ciliary neurotrophic factor (CNTF), and neu-
rotrophin-3 (NT-3) to retinal cells. Preclinical studies have 
shown that intravitreal AAV-mediated delivery of BDNF or 
CNTF significantly enhances RGC survival and preserves 
visual function in animal glaucoma models, highlighting the 
potential clinical utility of neuroprotective gene therapies 
[119, 120]. However, clinical translation faces challenges, 
including potential intraocular inflammation or aberrant 
nerve growth induced by continuous neurotrophic factor 
expression.

Optic neuropathies such as LHON, caused by mitochon-
drial ND4 gene mutations, benefit from gene therapy. Recent 
trials used intravitreal AAV vectors to deliver a functional 
ND4 gene to affected retinal ganglion cells. Clinical stud-
ies with patients with LHON showed that gene therapy 
improved visual acuity in treated eyes compared with 
untreated controls, marking one of the first successful gene 
therapy interventions for optic neuropathy [121–123]. These 
successes support the feasibility and safety of targeting optic 
nerve pathologies via intravitreal delivery. Future gene ther-
apies for glaucoma and optic neuropathies may combine 
neuroprotective strategies with IOP-lowering treatments for 
comprehensive disease management. Continued trials and 
research are essential to optimize vector delivery, control 
transgene expression, and mitigate inflammatory risks, trans-
lating promising laboratory successes into clinical therapies 
for glaucoma and other optic neuropathies [122, 123].

6.5 � Retinal Detachment and Vitreoretinal Interface 
Disorders

Retinal detachment and vitreoretinal interface disorders, 
such as proliferative vitreoretinopathy (PVR), constitute 
significant complications in ophthalmology, often result-
ing in severe visual impairment despite surgical interven-
tions. PVR, the leading cause of retinal detachment repair 
failure, involves the pathological proliferation and migra-
tion of RPE cells, glial cells, and fibroblasts, resulting in 
fibrotic scar formation and retinal traction [124]. Current 
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therapeutic approaches involve surgical membrane removal 
combined with pharmacological agents, yet recurrence 
remains common. Gene therapy presents a novel strategy 
to prevent fibrosis and scarring by modulating the expres-
sion of key fibrogenic molecules. For instance, experimental 
AAV-mediated gene delivery of soluble TGF-β inhibitors or 
platelet-derived growth factor (PDGF) receptor sequestrants 
significantly reduces fibrosis and membrane contraction in 
animal models, highlighting potential therapeutic efficacy in 
mitigating PVR progression post-surgery [125, 126].

Recent innovations have explored mRNA-based gene 
therapy to address retinal scarring. A preclinical study 
showed that intraocular injection of modified mRNA encod-
ing dominant-negative RUNX1 suppressed fibrotic mem-
brane formation in animal models of PVR, highlighting the 
potential of transient genetic modulation [127]. A total of 
38 gene therapies using apoptosis-inducing genes target-
ing proliferative retinal cells involved in fibrotic membrane 
formation have shown promise in reducing tractional reti-
nal detachment in experimental models [124, 125]. While 
these approaches have not advanced to human trials, their 
preclinical successes underline the potential of gene-based 
interventions to prevent or minimize fibrovascular compli-
cations in retinal detachments. Optimizing vector design, 
transgene selection, and controlled expression will be crucial 
to translating these promising laboratory outcomes into safe, 
effective treatments for patients with complex vitreoretinal 
interface disorders.

7 � Clinical Trials and Approved Gene 
Therapies

Significant progress in ocular gene therapy has translated 
from preclinical success into clinical applications, marked 
notably by the approval of voretigene neparvovec (Luxturna) 
for treating LCA and other retinal dystrophies associated 
with RPE65 mutations. Luxturna, developed by Spark Ther-
apeutics, was approved by the FDA and EMA as the first 
retinal gene therapy based on robust clinical data demon-
strating sustained visual improvements in treated patients. 
Clinical outcomes highlighted significant functional gains in 
low-light mobility, visual acuity, and visual field sensitivity 
maintained for over 3 years post-treatment [8, 112]. Despite 
high treatment costs, its approval set a regulatory and thera-
peutic precedent for future gene therapies targeting other 
inherited retinal conditions.

Several other promising gene therapies targeting PSED 
have entered advanced clinical trials. These include RGX-
314 and ADVM-022, which utilize AAV vectors to deliver 
genes encoding anti-VEGF molecules to treat neovascu-
lar AMD. Both therapies showed significant reductions in 

anti-VEGF injection frequency in treated patients, demon-
strating prolonged therapeutic efficacy and supporting con-
tinued development in larger trials [96, 128]. Similarly, gene 
therapies for inherited conditions such as XLRP, choroider-
emia, Usher syndrome, and Stargardt disease have shown 
early indications of efficacy and manageable safety profiles, 
with ongoing trials expected to confirm clinical benefits and 
optimize therapeutic strategies [114–117].

Table 4 presents a curated selection of prominent gene 
therapy candidates for major PSED indications, emphasiz-
ing FDA-approved therapies, late-phase clinical trials, and 
notable early clinical candidates with published data. This 
table is not an exhaustive listing of all ongoing gene therapy 
studies but serves to illustrate important advances and rep-
resentative modalities in the field.

In conclusion, ocular gene therapies have shown sub-
stantial clinical progress, demonstrating both therapeutic 
promise and the potential to fundamentally alter treatment 
paradigms for inherited and acquired retinal diseases. Lux-
turna’s success paved the way for numerous trials targeting 
various posterior segment eye diseases. While challenges 
persist in vector optimization, dose-related inflammation, 
and cost management, ongoing and upcoming clinical trials 
continue to refine these therapies, offering hope for signifi-
cant advancements in preventing and potentially reversing 
vision loss associated with retinal pathologies [8, 112, 115].

8 � Challenges and Limitations of Gene 
Therapy in Posterior Segment Eye 
Diseases (PSEDs)

Despite the exciting progress, significant challenges remain 
before gene therapy is widely adopted for posterior eye dis-
eases. An overview of challenges and limitations are shown 
in Fig. 5. Key limitations include biological hurdles, safety 
concerns, and practical/economic issues:

•	 Immune responses and inflammation: The eye is often 
termed “immune privileged,” indicating its ability to han-
dle antigens without triggering a full immune response. 
However, gene therapy in the eye can still provoke 
immune reactions, impacting safety and effectiveness 
[91]. AAV vectors may face preexisting neutralizing 
antibodies, potentially hindering transduction or caus-
ing inflammation. Intravitreal delivery is generally more 
immunogenic than subretinal delivery: in trials with 
intravitreal AAV, inflammation in the anterior chamber 
was a common adverse effect varying with dosage [23]. 
In one instance, severe inflammation after injection led to 
hypotony and vision loss, suspending a trial [129]. Intra-
vitreal AAV encounters the inner limiting membrane and 
resident immune cells, potentially provoking inflamma-
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tion, especially at high vector doses. Subretinal delivery 
typically results in less vector dispersion and reduced 
immune exposure. Nonetheless, subretinal gene therapy 
can still cause vitritis or chorioretinitis if the patient 
develops a T-cell response to the AAV capsid or newly 
expressed protein. This risk increases if the transgene is 
a novel protein perceived as foreign. Strategies to reduce 
immunogenicity include using the lowest effective vec-
tor dose, short-term immunosuppression, and design-
ing new AAV capsids to avoid preexisting antibodies. 
Second-generation vectors often show reduced immune 
recognition and can achieve transduction at lower doses. 
Immune responses can cause short-term inflammation, 
damaging the eye and potentially eliminating transduced 
cells, reducing long-term treatment benefits [99, 130]. 
Research focuses on identifying biomarkers to predict 
individuals at risk for inflammation and adjusting immu-
nosuppression accordingly. While most ocular gene ther-
apy trials have not encountered severe systemic immune 
events, managing ocular inflammation remains a primary 
concern for safe gene therapy.

•	 Limited vector carrying capacity: The most commonly 
used vectors in retinal gene therapy are AAVs, with a 
cargo limit of around 4.7 kb of DNA [99]. This suffices 
for many genes, but several important retinal disease 
genes are larger (ABCA4, MYO7A, USH2A, CEP290, 
etc., exceeding 5 kb) [99]. Delivering such large genes 
requires splitting across two vectors or using alterna-
tives. Lentiviral vectors can carry ~8–10 kb and adeno-
viral vectors up to ~30 kb, but these have issues: lentivi-
ruses integrate into the genome, raising concerns about 
insertional mutagenesis and oncogenic risk, while first-

generation adenoviruses can cause immune reactions 
and transient expression. AAV remains preferred for 
safety, but its small capacity is a bottleneck. Dual AAV 
systems address this limit, showing success in animal 
models and entering clinical trials [131]. However, dual 
AAV approaches have lower efficiency and recombina-
tion may not be fully accurate. Non-viral vectors or RNA 
approaches offer alternatives [131]. Nanoparticles carry-
ing mRNA could bypass the DNA size issue, but expres-
sion is transient, requiring repeated dosing. Non-viral 
delivery methods such as electroporation, liposomes, or 
polymer nanoparticles have been tested in retina with 
some success, but struggle with low efficiency and dura-
tion of expression [132]. The field is actively working to 
stretch AAV’s capacity or find alternatives, as the inabil-
ity to package large genes limits treating many IRDs.

•	 Off-target effects and safety concerns: Gene therapy 
raises concerns about unintended effects. For AAV 
gene replacement, ectopic expression is a worry—the 
gene might express in unintended cells, causing toxic-
ity [133]. Cell-specific promoters can help (e.g., RPE-
specific promoter for RPE65). AAV rarely integrates into 
the genome, which is safer, but low-frequency integra-
tion can disrupt host genes [99]. In systemic AAV stud-
ies, some liver cell integration events raised theoretical 
cancer risks, but this is minimal in post-mitotic retinal 
cells [134–138]. More relevant to the retina is off-target 
transduction of the optic nerve if vectors diffuse—careful 
injection and improved vectors have managed this. For 
CRISPR gene editing, off-target DNA cuts are a concern; 
however, the eye’s confined nature allows for local deliv-
ery, reducing systemic exposure. In the ongoing EDIT-

Fig. 5   Overview of challenges 
and limitations in ocular gene 
therapy. Summarizes the key 
barriers to effective gene 
therapy for posterior segment 
eye diseases, including vector 
delivery, immune responses, 
anatomical constraints, and 
long-term safety considerations
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101 CRISPR trial, no significant off-target issues have 
been reported, but deep sequencing analyses are under-
way. Long-term safety is another unknown: how long 
will therapy last? AAV-transduced non-dividing cells 
could express the gene for years (Luxturna’s 3–5-year 
data suggest persistent benefit). Could protein overex-
pression stress cells or trigger immune clearance? Could 
a patient’s immune system attack the eye upon later 
exposure? These questions require prolonged follow-up 
of trial participants. No serious late-onset adverse effects 
have emerged in ocular gene therapy trials up to 5–7 
years. Another issue is vector shedding—does any vector 
escape the eye after injection? Studies have found mini-
mal AAV in blood or saliva after intraocular injection, 
indicating low risk of unwanted gene transfer beyond the 
eye. When treating inherited diseases, secondary effects 
must be considered: saving photoreceptors could stress 
downstream neurons. Restoring input to a long-deprived 
visual cortex might cause neuroplasticity issues (though 
no evidence yet; fMRI in Luxturna patients showed vis-
ual cortex re-activation) [139]. Ensuring gene therapy 
safety involves robust preclinical testing for off-target 
effects, cautious dose escalation, and long-term vigi-
lance in clinical studies. Regulatory agencies require up 
to 15 years of follow-up on gene therapy trial subjects. 
Responsible development means monitoring and report-
ing potential rare risks (such as insertional mutagenesis, 
off-target editing, and immune-mediated delayed toxic-
ity).

•	 High cost and accessibility: Gene therapies are costly 
to develop and purchase, highlighted by Luxturna’s 
$850,000 per treatment price [140]. It is justified as a 
potential lifetime cure for a blinding disease, and pos-
sibly cost-effective compared with long-term low-vision 
care. However, such prices burden healthcare systems 
and insurers, limiting access for patients, especially in 
low- and middle-income countries. Manufacturing viral 
vectors is complex and expensive—AAV is produced 
in cell cultures, purified, and tested extensively. Unlike 
mass-produced pills, each gene therapy lot requires sig-
nificant biotechnology infrastructure. Innovative payment 
models are proposed to address costs [141]. Luxturna’s 
maker offered rebates to insurers if efficacy benchmarks 
were not met and some payment-over-time options. 
Surgical delivery is another factor—therapies such as 
Luxturna or RGX-314 require a vitreoretinal surgeon for 
subretinal injection, adding procedural cost and limiting 
therapy to specialized centers. General anesthesia adds 
further cost and complexity. Access issues also involve 
infrastructure: many regions lack retinal specialists 
trained in gene therapy delivery or diagnostic facilities 
for identifying genetic mutations. A genetic diagnosis of 
retinal disease is needed, which can be costly or unavail-

able. Efforts to improve accessibility include companies 
sponsoring genetic testing programs or distributing surgi-
cal training simulators. Without substantial cost reduc-
tions, gene therapies risk widening healthcare disparities, 
being available only to wealthier systems. Some patients 
might not meet treatment criteria (e.g., too advanced dis-
ease—Luxturna requires sufficient viable retina). Those 
who qualify might face insurance hurdles. In Europe, 
some national health services negotiated lower prices or 
declined coverage, delaying availability. As more gene 
therapies enter the market, manufacturing efficiencies 
could improve, and competition may reduce costs. The 
one-time nature means upfront but not recurring cost. 
Health economists are analyzing these tradeoffs. Devel-
opers and regulators are pressured to ensure pricing does 
not make treatments inaccessible. Logistical challenges 
(travel to specialized centers, follow-up) also limit acces-
sibility. A child from a rural area with LCA may travel 
to a city gene therapy center and stay for monitoring—
burdensome for families. Overcoming these challenges 
requires health system preparedness, including training 
more surgeons, setting up centers of excellence, and 
developing less invasive delivery methods for outpatient 
clinics.

In summary, while ocular gene therapy has clear poten-
tial, it faces significant challenges: immune/inflammatory 
issues that must be controlled, vector design limitations for 
large genes, ensuring precision and safety of gene delivery, 
and making treatments affordable and accessible. Each of 
these areas is an active focus of researchers. For instance, 
newer immune-suppression regimens and capsids are reduc-
ing inflammation; dual vectors and base editors are address-
ing gene size; careful trial design is assuaging safety con-
cerns; and health policy innovations are starting to tackle 
cost. Recognizing and surmounting these limitations is cru-
cial for gene therapy to fulfill its promise for PSEDs.

9 � Future Perspectives and Emerging 
Technologies

Gene therapy targeting diseases of the eye’s posterior seg-
ment is advancing swiftly, propelled by significant break-
throughs in gene editing, enhanced vectors, and personal-
ized medicine. Cutting-edge editing methods such as base 
editing, prime editing, and epigenetic editing offer remark-
able precision by directly correcting harmful mutations in 
retinal cells without causing damaging double-stranded 
DNA breaks. Base editing has already shown success in 
preclinical models for conditions such as Stargardt dis-
ease and Leber congenital amaurosis, providing an effec-
tive means to fix single-nucleotide mutations, potentially 
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leading to long-lasting and safe one-time treatments. 
Prime editing further extends these capabilities, enabling 
precise insertion, deletion, or replacement of short DNA 
sequences, and holds significant promise for addressing 
genetic disorders once deemed untreatable. Additionally, 
epigenetic editing techniques such as CRISPR interfer-
ence (CRISPRi) or activation (CRISPRa) can adjust gene 
expression without permanently changing DNA sequences, 
offering reversible and finely adjustable therapies for com-
plex retinal diseases such as AMD or glaucoma.

One significant advancement in ocular gene therapy is the 
improvement of delivery systems. Although AAV vectors 
are commonly used due to their safety and effectiveness, 
their limited capacity poses challenges for delivering large 
genes associated with conditions such as Usher syndrome 
or Stargardt disease. To address this issue, innovative meth-
ods such as dual-AAV vectors, nanoparticle-based delivery 
systems, and lipid nanoparticles (LNPs) are being actively 
investigated. These alternatives facilitate the safe and effec-
tive delivery of larger therapeutic genes or complex gene-
editing tools directly into retinal cells. Moreover, personal-
ized medicine is becoming increasingly important, allowing 
for customized treatments on the basis of the unique genetic 
profiles and disease characteristics of patients. This precision 
approach, enhanced by advanced artificial intelligence algo-
rithms for genetic and phenotypic analysis, ensures optimal 
therapeutic results by providing the right treatment at the 
right time to the most appropriate candidates. Additionally, 
combining gene therapies with other modalities such as stem 
cell transplantation, pharmacotherapy, or visual prosthetics 
may improve therapeutic effectiveness, enabling clinicians 
to comprehensively address retinal diseases. Together, these 
innovations hold the promise of significantly broadening the 
therapeutic landscape, transforming previously untreatable 
conditions into manageable, and potentially curable, visual 
disorders within the next decade.

10 � Conclusions

Gene therapy for posterior segment eye diseases has made 
remarkable strides, offering hope for patients with previ-
ously untreatable conditions. The FDA approval of Luxturna 
and promising clinical trial results for various retinal disor-
ders demonstrate the potential of this approach. Advance-
ments in viral and non-viral delivery systems, gene editing 
technologies, and optogenetic approaches have expanded the 
toolkit for addressing diverse eye diseases. However, signifi-
cant challenges remain, including immune responses, vec-
tor limitations, long-term safety concerns, and accessibility 
issues. As research progresses, focus areas include refining 
gene editing techniques, exploring combinatorial therapies, 

and developing personalized treatment strategies. These 
efforts aim to overcome current limitations and broaden the 
scope of treatable posterior segment eye diseases, potentially 
revolutionizing ophthalmology and improving the lives of 
millions affected by vision loss.

Acknowledgements  This work was supported by the National Science 
and Technology Council (NSTC), Taiwan, under grant numbers NSTC-
114-2314-B-567-002 and NSTC-113-2314-B-567-001.

Funding  No specific funding was received from any funding bodies in 
the public, commercial, or not-for-profit sectors to conduct the work 
described in this manuscript.

Declarations 

Ethics approval  Not applicable. This study does not involve human 
participants, human data or human tissue.

Consent for publication and to participate  Not applicable. This study 
does not involve individual data.

Conflict of interest  The authors (Kai-Yang Chen, Hoi-Chun Chan, and 
Chi-Ming Chan) declare that they have no competing interests.

Author contributions  K.-Y. C. contributed to conceptualization, meth-
odology, software, investigation, validation, writing the original draft, 
visualization, and formal analysis. H.-C. C. was responsible for concep-
tualization, methodology, and software. C.-M. C. handled methodol-
ogy, investigation, validation, supervision, and project administration. 
All authors reviewed the manuscript.

Data availability  The data that support the findings of this study are 
available from the corresponding author upon reasonable request.

Code availability  Not applicable.

Open Access   This article is licensed under a Creative Commons Attri-
bution-NonCommercial 4.0 International License, which permits any 
non-commercial use, sharing, adaptation, distribution and reproduction 
in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Com-
mons licence, and indicate if changes were made. The images or other 
third party material in this article are included in the article's Creative 
Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article's Creative Commons 
licence and your intended use is not permitted by statutory regula-
tion or exceeds the permitted use, you will need to obtain permission 
directly from the copyright holder. To view a copy of this licence, visit 
http://​creat​iveco​mmons.​org/​licen​ses/​by-​nc/4.​0/.

References

	 1.	 Pennington KL, DeAngelis MM. Epidemiology of age-related 
macular degeneration (AMD): associations with cardiovascular 
disease phenotypes and lipid factors. Eye Vis (Lond). 2016;3:34. 
https://​doi.​org/​10.​1186/​s40662-​016-​0063-5.

	 2.	 Wong WL, et  al. Global prevalence of age-related macular 
degeneration and disease burden projection for 2020 and 2040: 
a systematic review and meta-analysis. Lancet Glob Health. 

http://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1186/s40662-016-0063-5


1605Can Gene Therapy Transform the Treatment Landscape of Posterior Segment Eye Diseases?

2014;2(2):e106–16. https://​doi.​org/​10.​1016/​s2214-​109x(13)​
70145-1.

	 3.	 Teo ZL, et al. Global prevalence of diabetic retinopathy and 
projection of burden through 2045: systematic review and meta-
analysis. Ophthalmology. 2021;128(11):1580–91. https://​doi.​org/​
10.​1016/j.​ophtha.​2021.​04.​027.

	 4.	 Fahim AT, Daiger SP, Weleber RG. Nonsyndromic retinitis 
pigmentosa overview. In: Adam MP, Feldman J, Mirzaa GM, 
Pagon RA, Wallace SE, Amemiya A, editors. GeneReviews(®). 
Seattle (WA): University of Washington, Seattle. Copyright © 
1993-2025, University of Washington, Seattle. GeneReviews is 
a registered trademark of the University of Washington, Seattle. 
All rights reserved. 1993.

	 5.	 Rein DB, et al. Prevalence of age-related macular degeneration 
in the US in 2019. JAMA Ophthalmol. 2022;140(12):1202–8. 
https://​doi.​org/​10.​1001/​jamao​phtha​lmol.​2022.​4401.

	 6.	 Schmidt-Erfurth U, et al. Intravitreal aflibercept injection for 
neovascular age-related macular degeneration: ninety-six-week 
results of the VIEW studies. Ophthalmology. 2014;121(1):193–
201. https://​doi.​org/​10.​1016/j.​ophtha.​2013.​08.​011.

	 7.	 Campochiaro PA, et al. Adenoviral vector-delivered pigment 
epithelium-derived factor for neovascular age-related macular 
degeneration: results of a phase I clinical trial. Hum Gene Ther. 
2006;17(2):167–76. https://​doi.​org/​10.​1089/​hum.​2006.​17.​167.

	 8.	 Russell S, et al. Efficacy and safety of voretigene neparvovec 
(AAV2-hRPE65v2) in patients with RPE65-mediated inherited 
retinal dystrophy: a randomised, controlled, open-label, phase 3 
trial. Lancet. 2017;390(10097):849–60. https://​doi.​org/​10.​1016/​
s0140-​6736(17)​31868-8.

	 9.	 Xu CL, Park KS, Tsang SH. CRISPR/Cas9 genome surgery for 
retinal diseases. Drug Discov Today Technol. 2018;28:23–32. 
https://​doi.​org/​10.​1016/j.​ddtec.​2018.​05.​001.

	 10.	 Pierce EA, Bennett J. The status of RPE65 gene therapy tri-
als: safety and efficacy. Cold Spring Harb Perspect Med. 
2015;5(9):a017285. https://​doi.​org/​10.​1101/​cshpe​rspect.​a0172​
85.

	 11.	 Deng C, et al. Real-world outcomes of voretigene neparvo-
vec treatment in pediatric patients with RPE65-associated 
Leber congenital amaurosis. Graefes Arch Clin Exp Oph-
thalmol. 2022;260(5):1543–50. https://​doi.​org/​10.​1007/​
s00417-​021-​05508-2.

	 12.	 Gardiner KL, et al. Long-term structural outcomes of late-stage 
RPE65 gene therapy. Mol Ther. 2020;28(1):266–78. https://​doi.​
org/​10.​1016/j.​ymthe.​2019.​08.​013.

	 13.	 ROCKVILLE, REGENXBIO announces additional positive 
long-term and interim phase I/IIa trial update for RGX-314 for 
the treatment of wet AMD, ed, 2020.

	 14.	 Campochiaro PA, et al. Gene therapy for neovascular age-related 
macular degeneration by subretinal delivery of RGX-314: a phase 
1/2a dose-escalation study. Lancet. 2024;403(10436):1563–73. 
https://​doi.​org/​10.​1016/​s0140-​6736(24)​00310-6.

	 15.	 Saundankar V, et al. Annual prevalence of geographic atrophy 
and wet age-related macular degeneration among Medicare 
Advantage enrollees in a US health plan. J Manag Care Spec 
Pharm. 2025;31(1):88–94. https://​doi.​org/​10.​18553/​jmcp.​2025.​
31.1.​88.

	 16.	 Macular degeneration facts & figures, ed, 2024.
	 17.	 Chung H, Kim C. Nutlin-3a for age-related macular degenera-

tion. Aging (Albany NY). 2022;14(14):5614–6. https://​doi.​org/​
10.​18632/​aging.​204187.

	 18.	 Fritsche LG, Fariss RN, Stambolian D, Abecasis GR, Cur-
cio CA, Swaroop A. Age-related macular degeneration: 
genetics and biology coming together. Annu Rev Genomics 
Hum Genet. 2014;15:151–71. https://​doi.​org/​10.​1146/​annur​
ev-​genom-​090413-​025610.

	 19.	 Merle BMJ, et al. Mediterranean diet and incidence of advanced 
age-related macular degeneration: the EYE-RISK Consortium. 
Ophthalmology. 2019;126(3):381–90. https://​doi.​org/​10.​1016/j.​
ophtha.​2018.​08.​006.

	 20.	 Kaarniranta K, et al. Mechanisms of mitochondrial dysfunction 
and their impact on age-related macular degeneration. Prog Retin 
Eye Res. 2020;79:100858. https://​doi.​org/​10.​1016/j.​prete​yeres.​
2020.​100858.

	 21.	 Khanani AM, et al. Review of gene therapies for age-related 
macular degeneration. Eye (Lond). 2022;36(2):303–11. https://​
doi.​org/​10.​1038/​s41433-​021-​01842-1.

	 22.	 Bellingrath JS, Li KV, Aziz K, Izzi JM, Liu YV, Singh MS. Large 
animal model species in pluripotent stem cell therapy research 
and development for retinal diseases: a systematic review. Front 
Ophthalmol (Lausanne). 2024;4:1377098. https://​doi.​org/​10.​
3389/​fopht.​2024.​13770​98.

	 23.	 Busbee B, et al. Phase 1 study of intravitreal gene therapy with 
ADVM-022 for neovascular AMD (OPTIC trial). Investig Oph-
thalmol Vis Sci. 2021;62(8):352–352.

	 24.	 Steel DH, Donachie PHJ, Aylward GW, Laidlaw DA, Williamson 
TH, Yorston D. Factors affecting anatomical and visual outcome 
after macular hole surgery: findings from a large prospective UK 
cohort. Eye (Lond). 2021;35(1):316–25. https://​doi.​org/​10.​1038/​
s41433-​020-​0844-x.

	 25.	 Kuhn F, Aylward B. Rhegmatogenous retinal detachment: a reap-
praisal of its pathophysiology and treatment. Ophthalmic Res. 
2014;51(1):15–31. https://​doi.​org/​10.​1159/​00035​5077.

	 26.	 Fung AT, Galvin J, Tran T. Epiretinal membrane: a review. Clin 
Exp Ophthalmol. 2021;49(3):289–308. https://​doi.​org/​10.​1111/​
ceo.​13914.

	 27.	 Bond-Taylor M, Jakobsson G, Zetterberg M. Posterior vitreous 
detachment - prevalence of and risk factors for retinal tears. 
Clin Ophthalmol. 2017;11:1689–95. https://​doi.​org/​10.​2147/​
opth.​S1438​98.

	 28.	 Das A. Diabetic retinopathy: battling the global epidemic. 
Indian J Ophthalmol. 2016;64(1):2–3. https://​doi.​org/​10.​4103/​
0301-​4738.​178155.

	 29.	 Lundeen EA, et al. Prevalence of diabetic retinopathy in the 
US in 2021. JAMA Ophthalmol. 2023;141(8):747–54. https://​
doi.​org/​10.​1001/​jamao​phtha​lmol.​2023.​2289.

	 30.	 Zlatarova Z, et al. Prevalence of diabetic retinopathy among 
diabetic patients from northeastern Bulgaria. Diagnostics 
(Basel). 2024. https://​doi.​org/​10.​3390/​diagn​ostic​s1420​2340.

	 31.	 Wells JA, et al. Aflibercept, bevacizumab, or ranibizumab for 
diabetic macular edema: two-year results from a compara-
tive effectiveness randomized clinical trial. Ophthalmology. 
2016;123(6):1351–9. https://​doi.​org/​10.​1016/j.​ophtha.​2016.​
02.​022.

	 32.	 Nguyen QD, et al. Brolucizumab: evolution through preclinical 
and clinical studies and the implications for the management of 
neovascular age-related macular degeneration. Ophthalmology. 
2020;127(7):963–76. https://​doi.​org/​10.​1016/j.​ophtha.​2019.​12.​
031.

	 33.	 Gedde SJ, et al. Primary open-angle glaucoma preferred prac-
tice pattern®. Ophthalmology. 2021;128(1):P71-p150. https://​
doi.​org/​10.​1016/j.​ophtha.​2020.​10.​022.

	 34.	 Hage R, Vignal-Clermont C. Leber hereditary optic neu-
ropathy: review of treatment and management. Front Neurol. 
2021;12:651639. https://​doi.​org/​10.​3389/​fneur.​2021.​651639.

	 35.	 Russell SR, Bennett J, Maguire AM, High KA. Voretigene 
neparvovec-rzyl for the treatment of biallelic RPE65 muta-
tion–associated retinal dystrophy. Expert Opin Orphan Drugs. 
2018;6:457–64.

	 36.	 Kaushik V, Gessa L, Kumar N, Fernandes H. Towards a new 
biomarker for diabetic retinopathy: exploring RBP3 structure 

https://doi.org/10.1016/s2214-109x(13)70145-1
https://doi.org/10.1016/s2214-109x(13)70145-1
https://doi.org/10.1016/j.ophtha.2021.04.027
https://doi.org/10.1016/j.ophtha.2021.04.027
https://doi.org/10.1001/jamaophthalmol.2022.4401
https://doi.org/10.1016/j.ophtha.2013.08.011
https://doi.org/10.1089/hum.2006.17.167
https://doi.org/10.1016/s0140-6736(17)31868-8
https://doi.org/10.1016/s0140-6736(17)31868-8
https://doi.org/10.1016/j.ddtec.2018.05.001
https://doi.org/10.1101/cshperspect.a017285
https://doi.org/10.1101/cshperspect.a017285
https://doi.org/10.1007/s00417-021-05508-2
https://doi.org/10.1007/s00417-021-05508-2
https://doi.org/10.1016/j.ymthe.2019.08.013
https://doi.org/10.1016/j.ymthe.2019.08.013
https://doi.org/10.1016/s0140-6736(24)00310-6
https://doi.org/10.18553/jmcp.2025.31.1.88
https://doi.org/10.18553/jmcp.2025.31.1.88
https://doi.org/10.18632/aging.204187
https://doi.org/10.18632/aging.204187
https://doi.org/10.1146/annurev-genom-090413-025610
https://doi.org/10.1146/annurev-genom-090413-025610
https://doi.org/10.1016/j.ophtha.2018.08.006
https://doi.org/10.1016/j.ophtha.2018.08.006
https://doi.org/10.1016/j.preteyeres.2020.100858
https://doi.org/10.1016/j.preteyeres.2020.100858
https://doi.org/10.1038/s41433-021-01842-1
https://doi.org/10.1038/s41433-021-01842-1
https://doi.org/10.3389/fopht.2024.1377098
https://doi.org/10.3389/fopht.2024.1377098
https://doi.org/10.1038/s41433-020-0844-x
https://doi.org/10.1038/s41433-020-0844-x
https://doi.org/10.1159/000355077
https://doi.org/10.1111/ceo.13914
https://doi.org/10.1111/ceo.13914
https://doi.org/10.2147/opth.S143898
https://doi.org/10.2147/opth.S143898
https://doi.org/10.4103/0301-4738.178155
https://doi.org/10.4103/0301-4738.178155
https://doi.org/10.1001/jamaophthalmol.2023.2289
https://doi.org/10.1001/jamaophthalmol.2023.2289
https://doi.org/10.3390/diagnostics14202340
https://doi.org/10.1016/j.ophtha.2016.02.022
https://doi.org/10.1016/j.ophtha.2016.02.022
https://doi.org/10.1016/j.ophtha.2019.12.031
https://doi.org/10.1016/j.ophtha.2019.12.031
https://doi.org/10.1016/j.ophtha.2020.10.022
https://doi.org/10.1016/j.ophtha.2020.10.022
https://doi.org/10.3389/fneur.2021.651639


1606	 K.-Y. Chen et al.

and retinoids binding for functional imaging of eyes in vivo. 
Int J Mol Sci. 2023. https://​doi.​org/​10.​3390/​ijms2​40544​08.

	 37.	 Megaw RD, Soares DC, Wright AF. RPGR: its role in photo-
receptor physiology, human disease, and future therapies. Exp 
Eye Res. 2015;138:32–41. https://​doi.​org/​10.​1016/j.​exer.​2015.​
06.​007. ((in Eng)).

	 38.	 Hong DH, Pawlyk BS, Adamian M, Sandberg MA, Li T. A 
single, abbreviated RPGR-ORF15 variant reconstitutes RPGR 
function in vivo. Invest Ophthalmol Vis Sci. 2005;46(2):435–
41. https://​doi.​org/​10.​1167/​iovs.​04-​1065.

	 39.	 Cremers FPM, Lee W, Collin RWJ, Allikmets R. Clinical spec-
trum, genetic complexity and therapeutic approaches for reti-
nal disease caused by ABCA4 mutations. Prog Retin Eye Res. 
2020;79:100861. https://​doi.​org/​10.​1016/j.​prete​yeres.​2020.​
100861.

	 40.	 Sparrow JR, et al. The bisretinoids of retinal pigment epithe-
lium. Prog Retin Eye Res. 2012;31(2):121–35. https://​doi.​org/​
10.​1016/j.​prete​yeres.​2011.​12.​001.

	 41.	 Landowski M, Kelly U, Klingeborn M, Groelle M, Ding JD, 
Grigsby D, Bowes Rickman C. Human complement factor H 
Y402H polymorphism causes an age-related macular degen-
eration phenotype and lipoprotein dysregulation in mice. Proc 
Natl Acad Sci U S A. 2019;116(9):3703–11. https://​doi.​org/​10.​
1073/​pnas.​18140​14116. Epub 2019 Feb 11. PMID: 30808757; 
PMCID: PMC6397537

	 42.	 May A, et al. Ongoing controversies and recent insights of the 
ARMS2-HTRA1 locus in age-related macular degeneration. 
Exp Eye Res. 2021;210:108605. https://​doi.​org/​10.​1016/j.​exer.​
2021.​108605.

	 43.	 Gibson G. Rare and common variants: twenty arguments. Nat 
Rev Genet. 2012;13(2):135–45. https://​doi.​org/​10.​1038/​nrg31​
18.

	 44.	 Auer PL, Lettre G. Rare variant association studies: considera-
tions, challenges and opportunities. Genome Med. 2015;7(1):16. 
https://​doi.​org/​10.​1186/​s13073-​015-​0138-2.

	 45.	 Fletcher L. Common and rare variation both contribute to the 
onset of retinal disease, ed. 2023.

	 46.	 Currant H, et  al. Sub-cellular level resolution of common 
genetic variation in the photoreceptor layer identifies contin-
uum between rare disease and common variation. PLoS Genet. 
2023;19(2):e1010587. https://​doi.​org/​10.​1371/​journ​al.​pgen.​
10105​87.

	 47.	 Armento A, Ueffing M, Clark SJ. The complement sys-
tem in age-related macular degeneration. Cell Mol Life 
Sci. 2021;78(10):4487–505. https://​doi.​org/​10.​1007/​
s00018-​021-​03796-9.

	 48.	 Modell AE, Lim D, Nguyen TM, Sreekanth V, Choudhary A. 
Crispr-based therapeutics: current challenges and future applica-
tions. Trends Pharmacol Sci. 2022;43(2):151–61. https://​doi.​org/​
10.​1016/j.​tips.​2021.​10.​012.

	 49.	 Xin X, et al. Hypoxic retinal Muller cells promote vascular per-
meability by HIF-1-dependent up-regulation of angiopoietin-like 
4. Proc Natl Acad Sci USA. 2013;110(36):E3425–34. https://​doi.​
org/​10.​1073/​pnas.​12170​91110.

	 50.	 Pease ME, McKinnon SJ, Quigley HA, Kerrigan-Baumrind LA, 
Zack DJ. Obstructed axonal transport of BDNF and its receptor 
TrkB in experimental glaucoma. Investig Ophthalmol Vis Sci. 
2000;41(3):764–74.

	 51.	 Campa C, Gallenga CE, Bolletta E, Perri P. The role of gene 
therapy in the treatment of retinal diseases: a review. Curr Gene 
Ther. 2017;17(3):194–213. https://​doi.​org/​10.​2174/​15665​23217​
66617​11161​70040.

	 52.	 Sun S, Montezuma SR. Gene therapy for inherited retinopa-
thies: update on development progress. J VitreoRetin Dis. 
2018;2(4):219–26. https://​doi.​org/​10.​1177/​24741​26418​783934.

	 53.	 Hu ML, et al. Gene therapy for inherited retinal diseases: pro-
gress and possibilities. Clin Exp Optom. 2021;104(4):444–54. 
https://​doi.​org/​10.​1080/​08164​622.​2021.​18808​63.

	 54.	 Suh S, Choi EH, Raguram A, Liu DR, Palczewski K. Preci-
sion genome editing in the eye. Proc Natl Acad Sci USA. 
2022;119(39):e2210104119. https://​doi.​org/​10.​1073/​pnas.​22101​
04119.

	 55.	 Cideciyan AV. Leber congenital amaurosis due to RPE65 muta-
tions and its treatment with gene therapy. Prog Retin Eye Res. 
2010;29(5):398–427. https://​doi.​org/​10.​1016/j.​prete​yeres.​2010.​
04.​002.

	 56.	 Dhooge PPA, Valkenburg D, Hoyng CB. Chapter 16—gene ther-
apy for inherited retinal diseases. In: Gao XR, editor. Genetics 
and genomics of eye disease. Cambridge: Academic Press; 2020. 
p. 279–95.

	 57.	 MacLaren RE, et al. Retinal gene therapy in patients with cho-
roideremia: initial findings from a phase 1/2 clinical trial. Lan-
cet. 2014;383(9923):1129–37. https://​doi.​org/​10.​1016/​S0140-​
6736(13)​62117-0.

	 58.	 Moraru AD, Costin D, Iorga RE, Munteanu M, Moraru RL, 
Branisteanu DC. Current trends in gene therapy for retinal dis-
eases (Review). Exp Ther Med. 2022;23(1):26. https://​doi.​org/​
10.​3892/​etm.​2021.​10948.

	 59.	 Yan AL, Du SW, Palczewski K. Genome editing, a superior ther-
apy for inherited retinal diseases. Vis Res. 2023;206:108192. 
https://​doi.​org/​10.​1016/j.​visres.​2023.​108192. ((in Eng)).

	 60.	 Hansen S, McClements ME, Corydon TJ, MacLaren RE. Future 
perspectives of prime editing for the treatment of inherited retinal 
diseases. Cells. 2023. https://​doi.​org/​10.​3390/​cells​12030​440.

	 61.	 Carvalho C, Lemos L, Antas P, Seabra MC. Gene therapy for 
inherited retinal diseases: exploiting new tools in genome editing 
and nanotechnology. Front Ophthalmol. 2023;3:1270561. https://​
doi.​org/​10.​3389/​fopht.​2023.​12705​61. ((in Eng)).

	 62.	 Pulman J, Sahel JA, Dalkara D. New editing tools for gene ther-
apy in inherited retinal dystrophies. CRISPR J. 2022;5(3):377–
88. https://​doi.​org/​10.​1089/​crispr.​2021.​0141.

	 63.	 Lotfi M, et  al. Recent advances in CRISPR/Cas9 delivery 
approaches for therapeutic gene editing of stem cells. Stem 
Cell Rev Rep. 2023;19(8):2576–96. https://​doi.​org/​10.​1007/​
s12015-​023-​10585-3.

	 64.	 Chery J. RNA therapeutics: RNAi and antisense mechanisms and 
clinical applications. Postdoc J. 2016;4(7):35–50. https://​doi.​org/​
10.​14304/​surya.​jpr.​v4n7.5.

	 65.	 Moore SM, Skowronska-Krawczyk D, Chao DL. Emerging con-
cepts for RNA therapeutics for inherited retinal disease. Adv Exp 
Med Biol. 2019;1185:85–9. https://​doi.​org/​10.​1007/​978-3-​030-​
27378-1_​14.

	 66.	 Gemayel MC, Bhatwadekar AD, Ciulla T. RNA therapeutics 
for retinal diseases. Expert Opin Biol Ther. 2021;21(5):603–13. 
https://​doi.​org/​10.​1080/​14712​598.​2021.​18563​65.

	 67.	 Laina A, Gatsiou A, Georgiopoulos G, Stamatelopoulos K, Stel-
los K. RNA therapeutics in cardiovascular precision medicine. 
Front Physiol. 2018;9:953. https://​doi.​org/​10.​3389/​fphys.​2018.​
00953.

	 68.	 Bleau A-M, Jimenez AI, Gramis V, Ruz V, Segerros RA, Var-
gas B. Clinical trial for SYL1801, a new siRNA-based treat-
ment for neovascular AMD. Investig Ophthalmol Vis Sci. 
2025;66(8):697–697.

	 69.	 Sirna Therapeutics, Inc. reports final results from phase 1 study 
on its RNAi-based therapeutic for age-related macular degenera-
tion, ed. 2006.

	 70.	 Pan ZH, Lu Q, Bi A, Dizhoor AM, Abrams GW. Optogenetic 
approaches to restoring vision. Annu Rev Vis Sci. 2015;1:185–
210. https://​doi.​org/​10.​1146/​annur​ev-​vision-​082114-​035532.

https://doi.org/10.3390/ijms24054408
https://doi.org/10.1016/j.exer.2015.06.007
https://doi.org/10.1016/j.exer.2015.06.007
https://doi.org/10.1167/iovs.04-1065
https://doi.org/10.1016/j.preteyeres.2020.100861
https://doi.org/10.1016/j.preteyeres.2020.100861
https://doi.org/10.1016/j.preteyeres.2011.12.001
https://doi.org/10.1016/j.preteyeres.2011.12.001
https://doi.org/10.1073/pnas.1814014116
https://doi.org/10.1073/pnas.1814014116
https://doi.org/10.1016/j.exer.2021.108605
https://doi.org/10.1016/j.exer.2021.108605
https://doi.org/10.1038/nrg3118
https://doi.org/10.1038/nrg3118
https://doi.org/10.1186/s13073-015-0138-2
https://doi.org/10.1371/journal.pgen.1010587
https://doi.org/10.1371/journal.pgen.1010587
https://doi.org/10.1007/s00018-021-03796-9
https://doi.org/10.1007/s00018-021-03796-9
https://doi.org/10.1016/j.tips.2021.10.012
https://doi.org/10.1016/j.tips.2021.10.012
https://doi.org/10.1073/pnas.1217091110
https://doi.org/10.1073/pnas.1217091110
https://doi.org/10.2174/1566523217666171116170040
https://doi.org/10.2174/1566523217666171116170040
https://doi.org/10.1177/2474126418783934
https://doi.org/10.1080/08164622.2021.1880863
https://doi.org/10.1073/pnas.2210104119
https://doi.org/10.1073/pnas.2210104119
https://doi.org/10.1016/j.preteyeres.2010.04.002
https://doi.org/10.1016/j.preteyeres.2010.04.002
https://doi.org/10.1016/S0140-6736(13)62117-0
https://doi.org/10.1016/S0140-6736(13)62117-0
https://doi.org/10.3892/etm.2021.10948
https://doi.org/10.3892/etm.2021.10948
https://doi.org/10.1016/j.visres.2023.108192
https://doi.org/10.3390/cells12030440
https://doi.org/10.3389/fopht.2023.1270561
https://doi.org/10.3389/fopht.2023.1270561
https://doi.org/10.1089/crispr.2021.0141
https://doi.org/10.1007/s12015-023-10585-3
https://doi.org/10.1007/s12015-023-10585-3
https://doi.org/10.14304/surya.jpr.v4n7.5
https://doi.org/10.14304/surya.jpr.v4n7.5
https://doi.org/10.1007/978-3-030-27378-1_14
https://doi.org/10.1007/978-3-030-27378-1_14
https://doi.org/10.1080/14712598.2021.1856365
https://doi.org/10.3389/fphys.2018.00953
https://doi.org/10.3389/fphys.2018.00953
https://doi.org/10.1146/annurev-vision-082114-035532


1607Can Gene Therapy Transform the Treatment Landscape of Posterior Segment Eye Diseases?

	 71.	 Lu Q, Pan ZH. Optogenetic strategies for vision restoration. Adv 
Exp Med Biol. 2021;1293:545–55. https://​doi.​org/​10.​1007/​978-​
981-​15-​8763-4_​38.

	 72.	 Henriksen BS, Marc RE, Bernstein PS. Optogenetics for retinal 
disorders. J Ophthalmic Vis Res. 2014;9(3):374–82. https://​doi.​
org/​10.​4103/​2008-​322x.​143379.

	 73.	 McClements ME, Staurenghi F, MacLaren RE, Cehajic-
Kapetanovic J. Optogenetic gene therapy for the degenerate 
retina: recent advances. Front Neurosci. 2020;14:570909. https://​
doi.​org/​10.​3389/​fnins.​2020.​570909.

	 74.	 Khabou H, Dalkara D. [Developments in gene delivery vec-
tors for ocular gene therapy], (in Fre). Med Sci (Paris). 
2015;31(5):529–37. https://​doi.​org/​10.​1051/​medsci/​20153​
105015.

	 75.	 Buch PK, Bainbridge JW, Ali RR. AAV-mediated gene ther-
apy for retinal disorders: from mouse to man. Gene Ther. 
2008;15(11):849–57. https://​doi.​org/​10.​1038/​gt.​2008.​66.

	 76.	 Trapani I, Puppo A, Auricchio A. Vector platforms for gene ther-
apy of inherited retinopathies. Prog Retin Eye Res. 2014;43:108–
28. https://​doi.​org/​10.​1016/j.​prete​yeres.​2014.​08.​001.

	 77.	 Hussain RM, Tran KD, Maguire AM, Berrocal AM. Subretinal 
injection of voretigene neparvovec-rzyl in a patient with RPE65-
associated Leber’s congenital amaurosis. Ophthalmic Surg 
Lasers Imaging Retina. 2019;50(10):661–3. https://​doi.​org/​10.​
3928/​23258​160-​20191​009-​01.

	 78.	 Irigoyen C, Amenabar Alonso A, Sanchez-Molina J, Rodríguez-
Hidalgo M, Lara-López A, Ruiz-Ederra J. Subretinal injection 
techniques for retinal disease: a review. J Clin Med. 2022. https://​
doi.​org/​10.​3390/​jcm11​164717.

	 79.	 Kalesnykas G, et al. Comparative study of adeno-associated 
virus, adenovirus, bacu lovirus and lentivirus vectors for gene 
therapy of the eyes. Curr Gene Ther. 2017;17(3):235–47. https://​
doi.​org/​10.​2174/​15665​23217​66617​10031​70348.

	 80.	 Koirala A, Conley SM, Naash MI. A review of therapeutic 
prospects of non-viral gene therapy in the retinal pigment epi-
thelium. Biomaterials. 2013;34(29):7158–67. https://​doi.​org/​
10.​1016/j.​bioma​teria​ls.​2013.​06.​002.

	 81.	 Cai X, Conley S, Naash M. Nanoparticle applications in ocular 
gene therapy. Vis Res. 2008;48(3):319–24. https://​doi.​org/​10.​
1016/j.​visres.​2007.​07.​012.

	 82.	 Sun D, et al. Non-viral gene therapy for Stargardt disease with 
ECO/pRHO-ABCA4 self-assembled nanoparticles. Mol Ther. 
2020;28(1):293–303. https://​doi.​org/​10.​1016/j.​ymthe.​2019.​09.​
010.

	 83.	 Wells DJ. Gene therapy progress and prospects: electroporation 
and other physical methods. Gene Ther. 2004;11(18):1363–9. 
https://​doi.​org/​10.​1038/​sj.​gt.​33023​37.

	 84.	 Bordet T, Behar-Cohen F. Ocular gene therapies in clinical 
practice: viral vectors and nonviral alternatives. Drug Discov 
Today. 2019;24(8):1685–93. https://​doi.​org/​10.​1016/j.​drudis.​
2019.​05.​038.

	 85.	 Peng Y, Tang L, Zhou Y. Subretinal injection: a review on the 
novel route of therapeutic delivery for vitreoretinal diseases. 
Ophthalmic Res. 2017;58(4):217–26. https://​doi.​org/​10.​1159/​
00047​9157.

	 86.	 Ross M, Ofri R. The future of retinal gene therapy: evolving 
from subretinal to intravitreal vector delivery. Neural Regen 
Res. 2021;16(9):1751–9. https://​doi.​org/​10.​4103/​1673-​5374.​
306063.

	 87.	 Seitz IP, et  al. Superior retinal gene transfer and biodistri-
bution profile of subretinal versus intravitreal delivery of 
AAV8 in nonhuman primates. Investig Ophthalmol Vis Sci. 
2017;58(13):5792–801. https://​doi.​org/​10.​1167/​iovs.​17-​22473.

	 88.	 Kovacs KD, Ciulla TA, Kiss S. Advancements in ocu-
lar gene therapy delivery: vectors and subretinal, intravit-
real, and suprachoroidal techniques. Expert Opin Biol Ther. 

2022;22(9):1193–208. https://​doi.​org/​10.​1080/​14712​598.​2022.​
21216​46.

	 89.	 Wu KY, Fujioka JK, Gholamian T, Zaharia M, Tran SD. Supra-
choroidal injection: a novel approach for targeted drug delivery. 
Pharmaceuticals (Basel). 2023. https://​doi.​org/​10.​3390/​ph160​
91241.

	 90.	 Kansara V, Muya L, Wan CR, Ciulla TA. Suprachoroidal delivery 
of viral and nonviral gene therapy for retinal diseases. J Ocul 
Pharmacol Ther. 2020;36(6):384–92. https://​doi.​org/​10.​1089/​jop.​
2019.​0126.

	 91.	 Chan YK, et al. Inflammation in viral vector-mediated ocular 
gene therapy: a review and report from a workshop hosted by the 
foundation fighting blindness, 9/2020. Transl Vis Sci Technol. 
2021;10(4):3–3.

	 92.	 Gehrke M, Diedrichs-Möhring M, Bogedein J, Büning H, Micha-
lakis S, Wildner G. Immunogenicity of novel AAV capsids for 
retinal gene therapy. Cells. 2022;11(12):1881.

	 93.	 Banou L, Sarrafpour S, Teng CC, Liu J. Ocular gene therapy: an 
overview of viral vectors, immune responses, and future direc-
tions. Yale J Biol Med. 2024;97(4):491.

	 94.	 Bhandari R. Subretinal delivery of investigational ABBV-
RGX-314 for neovascular age-related macular degeneration 
(nAMD): a phase II pharmacodynamic study. Investig Ophthal-
mol Vis Sci. 2024;65(7):4903–4903.

	 95.	 REGENXBID, REGENXBIO announces positive interim data 
from phase II AAVIATE® trial of ABBV-RGX-314 for the treat-
ment of wet AMD using suprachoroidal delivery, ed. 2024.

	 96.	 Gelfman CM, et al. Comprehensive preclinical assessment of 
ADVM-022, an intravitreal anti-VEGF gene therapy for the treat-
ment of neovascular AMD and diabetic macular edema. J Ocul 
Pharmacol Ther. 2021;37(3):181–90. https://​doi.​org/​10.​1089/​jop.​
2021.​0001.

	 97.	 Grishanin R, et al. Preclinical evaluation of ADVM-022, a novel 
gene therapy approach to treating wet age-related macular degen-
eration. Mol Ther. 2019;27(1):118–29. https://​doi.​org/​10.​1016/j.​
ymthe.​2018.​11.​003.

	 98.	 Kiss S, Roller CH, Turpcu A, Chung C, Osborne A. ADVM-
022 intravitreal gene therapy for neovascular AMD-results 
from the phase 1 OPTIC study. Mol Ther. 2021;29(4):102–102.

	 99.	 Kiss S. Vector considerations for ocular gene therapy. Retin 
Physician. 2020;17:40–5.

	100.	 4DMT announces accelerated 4D-150 phase 3 development 
in wet AMD and streamlined organization to drive late-stage 
execution, ed: 4DMT. 2025.

	101.	 Harp MD. 4DMT enrolls first patient in phase 3 4FRONT-1 
evaluating 4D-150 for the treatment of wet AMD, ed. 2024.

	102.	 Siddiqui F, Aziz A, Khanani A. Gene therapy for neovascular 
AMD. Retin Physician. 2020;17:36–9.

	103.	 Wan CR, Muya L, Kansara V, Ciulla TA. Suprachoroidal deliv-
ery of small molecules, nanoparticles, gene and cell therapies 
for ocular diseases. Pharmaceutics. 2021. https://​doi.​org/​10.​
3390/​pharm​aceut​ics13​020288.

	104.	 Newswire P. REGENXBIO announces additional positive 
interim phase I/IIa and long-term follow-up data of RGX-314 
for the treatment of wet AMD.

	105.	 C. Trials.gov. Pivotal 1 study of ABBV-RGX-314 (also known 
as RGX-314) gene therapy administered via subretinal delivery 
one time in participants with nAMD (ATMOSPHERE).

	106.	 Cohen JK. 4D molecular therapeutics to start phase III trial 
for retinal disorder gene therapy in Q1 2025, ed: Precision 
Medicine Online, 2024.

	107.	 Bahadorani S, Singer M. Recent advances in the management 
and understanding of macular degeneration. F1000Research. 
2017;6:519.

https://doi.org/10.1007/978-981-15-8763-4_38
https://doi.org/10.1007/978-981-15-8763-4_38
https://doi.org/10.4103/2008-322x.143379
https://doi.org/10.4103/2008-322x.143379
https://doi.org/10.3389/fnins.2020.570909
https://doi.org/10.3389/fnins.2020.570909
https://doi.org/10.1051/medsci/20153105015
https://doi.org/10.1051/medsci/20153105015
https://doi.org/10.1038/gt.2008.66
https://doi.org/10.1016/j.preteyeres.2014.08.001
https://doi.org/10.3928/23258160-20191009-01
https://doi.org/10.3928/23258160-20191009-01
https://doi.org/10.3390/jcm11164717
https://doi.org/10.3390/jcm11164717
https://doi.org/10.2174/1566523217666171003170348
https://doi.org/10.2174/1566523217666171003170348
https://doi.org/10.1016/j.biomaterials.2013.06.002
https://doi.org/10.1016/j.biomaterials.2013.06.002
https://doi.org/10.1016/j.visres.2007.07.012
https://doi.org/10.1016/j.visres.2007.07.012
https://doi.org/10.1016/j.ymthe.2019.09.010
https://doi.org/10.1016/j.ymthe.2019.09.010
https://doi.org/10.1038/sj.gt.3302337
https://doi.org/10.1016/j.drudis.2019.05.038
https://doi.org/10.1016/j.drudis.2019.05.038
https://doi.org/10.1159/000479157
https://doi.org/10.1159/000479157
https://doi.org/10.4103/1673-5374.306063
https://doi.org/10.4103/1673-5374.306063
https://doi.org/10.1167/iovs.17-22473
https://doi.org/10.1080/14712598.2022.2121646
https://doi.org/10.1080/14712598.2022.2121646
https://doi.org/10.3390/ph16091241
https://doi.org/10.3390/ph16091241
https://doi.org/10.1089/jop.2019.0126
https://doi.org/10.1089/jop.2019.0126
https://doi.org/10.1089/jop.2021.0001
https://doi.org/10.1089/jop.2021.0001
https://doi.org/10.1016/j.ymthe.2018.11.003
https://doi.org/10.1016/j.ymthe.2018.11.003
https://doi.org/10.3390/pharmaceutics13020288
https://doi.org/10.3390/pharmaceutics13020288


1608	 K.-Y. Chen et al.

	108.	 Tan LX, Toops KA, Lakkaraju A. Protective responses to sub-
lytic complement in the retinal pigment epithelium. Proc Natl 
Acad Sci USA. 2016;113(31):8789–94.

	109.	 Ocugen clinical trial could lead to breakthrough one-time treat-
ment for advanced dry macular degeneration, ed, 2019.

	110.	 Newswire P. REGENXBIO presents positive interim data from 
and the expansion of phase II ALTITUDE® trial of RGX-314 
for the treatment of diabetic retinopathy using suprachoroidal 
delivery, ed. 2023.

	111.	 Dhawale KK, Tidake P. Advancements in therapeutic 
approaches for proliferative vitreoretinopathy: a comprehen-
sive review. Cureus. 2024;16(7):e65893. https://​doi.​org/​10.​
7759/​cureus.​65893.

	112.	 Maguire AM, et al. Efficacy, safety, and durability of voreti-
gene neparvovec-rzyl in RPE65 mutation-associated inherited 
retinal dystrophy: results of phase 1 and 3 trials. Ophthalmol-
ogy. 2019;126(9):1273–85. https://​doi.​org/​10.​1016/j.​ophtha.​
2019.​06.​017.

	113.	 Chung DC, et al. The natural history of inherited retinal dys-
trophy due to biallelic mutations in the RPE65 gene. Am J 
Ophthalmol. 2019;199:58–70. https://​doi.​org/​10.​1016/j.​ajo.​
2018.​09.​024.

	114.	 Cehajic-Kapetanovic J, et al. Initial results from a first-in-
human gene therapy trial on X-linked retinitis pigmentosa 
caused by mutations in RPGR. Nat Med. 2020;26(3):354–9. 
https://​doi.​org/​10.​1038/​s41591-​020-​0763-1.

	115.	 Fischer MD, et al. Efficacy and safety of retinal gene therapy 
using adeno-associated virus vector for patients with cho-
roideremia: a randomized clinical trial. JAMA Ophthalmol. 
2019;137(11):1247–54. https://​doi.​org/​10.​1001/​jamao​phtha​
lmol.​2019.​3278.

	116.	 MacLaren RE, et al. Subretinal timrepigene emparvovec in 
adult men with choroideremia: a randomized phase 3 trial. Nat 
Med. 2023;29(10):2464–72.

	117.	 Trapani I, et al. Effective delivery of large genes to the retina 
by dual AAV vectors. EMBO Mol Med. 2014;6(2):194–211. 
https://​doi.​org/​10.​1002/​emmm.​20130​2948.

	118.	 Pardue MT, Allen RS. Neuroprotective strategies for retinal 
disease. Prog Retin Eye Res. 2018;65:50–76. https://​doi.​org/​10.​
1016/j.​prete​yeres.​2018.​02.​002.

	119.	 Wilson AM, Di Polo A. Gene therapy for retinal ganglion cell 
neuroprotection in glaucoma. Gene Ther. 2012;19(2):127–36. 
https://​doi.​org/​10.​1038/​gt.​2011.​142.

	120.	 Nafissi N, Foldvari M. Neuroprotective therapies in glaucoma: 
I. Neurotrophic factor delivery. Wiley Interdiscip Rev Nanomed 
Nanobiotechnol. 2016;8(2):240–54. https://​doi.​org/​10.​1002/​
wnan.​1361.

	121.	 Meyerson C, Van Stavern G, McClelland C. Leber heredi-
tary optic neuropathy: current perspectives. Clin Ophthalmol. 
2015;9:1165–76. https://​doi.​org/​10.​2147/​opth.​S62021.

	122.	 Newman NJ, et al. Efficacy and safety of intravitreal gene therapy 
for leber hereditary optic neuropathy treated within 6 months of 
disease onset. Ophthalmology. 2021;128(5):649–60. https://​doi.​
org/​10.​1016/j.​ophtha.​2020.​12.​012.

	123.	 Kearns LS, Staffieri SE, Mackey DA. Leber hereditary optic neu-
ropathy: support, genetic prediction and accurate genetic coun-
selling enhance family planning choices. Clin Exp Ophthalmol. 
2025;53(3):292–301. https://​doi.​org/​10.​1111/​ceo.​14493.

	124.	 Pastor JC, Rojas J, Pastor-Idoate S, Di Lauro S, Gonzalez-Buen-
dia L, Delgado-Tirado S. Proliferative vitreoretinopathy: a new 
concept of disease pathogenesis and practical consequences. 
Prog Retin Eye Res. 2016;51:125–55. https://​doi.​org/​10.​1016/j.​
prete​yeres.​2015.​07.​005.

	125.	 Idrees S, Sridhar J, Kuriyan AE. Proliferative vitreoretinopathy: 
a review. Int Ophthalmol Clin. 2019;59(1):221–40. https://​doi.​
org/​10.​1097/​iio.​00000​00000​000258.

	126.	 Murata T, et al. Ocular gene therapy: experimental studies and 
clinical possibilities. Ophthalmic Res. 1997;29(5):242–51. 
https://​doi.​org/​10.​1159/​00026​8022.

	127.	 Kumar A, Tewari HK, Bathwal DP, Khosla PK. Experimental 
inhibition of proliferative vitreoretinopathy in retinal detachment 
using daunorubicin. Indian J Ophthalmol. 1994;42(1):31–5.

	128.	 Constable IJ, et al. Gene therapy in neovascular age-related mac-
ular degeneration: three-year follow-up of a phase 1 randomized 
dose escalation trial. Am J Ophthalmol. 2017;177:150–8.

	129.	 I. Adverum Biotechnologies, Adverum provides update on 
ADVM-022 and the INFINITY trial in patients with diabetic 
macular edema, ed. 2021.

	130.	 Wang J-H, Gessler DJ, Zhan W, Gallagher TL, Gao G. Adeno-
associated virus as a delivery vector for gene therapy of human 
diseases. Signal Transduct Target Ther. 2024;9(1):78. https://​doi.​
org/​10.​1038/​s41392-​024-​01780-w.

	131.	 Dyka FM, Molday LL, Chiodo VA, Molday RS, Hauswirth 
WW. Dual ABCA4-AAV vector treatment reduces pathogenic 
retinal A2E accumulation in a mouse model of autosomal reces-
sive Stargardt disease. Hum Gene Ther. 2019;30(11):1361–70. 
https://​doi.​org/​10.​1089/​hum.​2019.​132.

	132.	 Yee T, Wert KJ. Base and prime editing in the retina-from pre-
clinical research toward human clinical trials. Int J Mol Sci. 
2022. https://​doi.​org/​10.​3390/​ijms2​32012​375.

	133.	 Siontas O, Ahn S. Challenges in AAV-based retinal gene thera-
pies and the role of magnetic nanoparticle platforms. J Clin Med. 
2024;13(23):7385.

	134.	 Gao G, et al. Clades of adeno-associated viruses are widely dis-
seminated in human tissues. J Virol. 2004;78(12):6381–8. https://​
doi.​org/​10.​1128/​jvi.​78.​12.​6381-​6388.​2004.

	135.	 Cao X, Yung J, Mak H, Leung CKS. Factors governing 
the transduction efficiency of adeno-associated virus in 
the retinal ganglion cells following intravitreal injection. 
Gene Ther. 2019;26(3–4):109–20. https://​doi.​org/​10.​1038/​
s41434-​019-​0060-0.

	136.	 Vandenberghe LH, et  al. Dosage thresholds for AAV2 and 
AAV8 photoreceptor gene therapy in monkey. Sci Transl Med. 
2011;3(88):88ra54-88ra54.

	137.	 Allocca M, et al. Serotype-dependent packaging of large genes in 
adeno-associated viral vectors results in effective gene delivery 
in mice. J Clin Investig. 2008;118(5):1955–64.

	138.	 Lebherz C, Maguire A, Tang W, Bennett J, Wilson JM. Novel 
AAV serotypes for improved ocular gene transfer. J Gene Med. 
2008;10(4):375–82. https://​doi.​org/​10.​1002/​jgm.​1126.

	139.	 Testa F, et  al. Voretigene neparvovec for inherited retinal 
dystrophy due to RPE65 mutations: a scoping review of eli-
gibility and treatment challenges from clinical trials to real 
practice. Eye. 2024;38(13):2504–15. https://​doi.​org/​10.​1038/​
s41433-​024-​03065-6.

	140.	 Salzman R, et al. Addressing the value of gene therapy and 
enhancing patient access to transformative treatments. Mol Ther. 
2018;26(12):2717–26. https://​doi.​org/​10.​1016/j.​ymthe.​2018.​10.​
017.

	141.	 Harrison RP, Ruck S, Rafiq QA, Medcalf N. Decentralised manu-
facturing of cell and gene therapy products: learning from other 
healthcare sectors. Biotechnol Adv. 2018;36(2):345–57. https://​
doi.​org/​10.​1016/j.​biote​chadv.​2017.​12.​013.

https://doi.org/10.7759/cureus.65893
https://doi.org/10.7759/cureus.65893
https://doi.org/10.1016/j.ophtha.2019.06.017
https://doi.org/10.1016/j.ophtha.2019.06.017
https://doi.org/10.1016/j.ajo.2018.09.024
https://doi.org/10.1016/j.ajo.2018.09.024
https://doi.org/10.1038/s41591-020-0763-1
https://doi.org/10.1001/jamaophthalmol.2019.3278
https://doi.org/10.1001/jamaophthalmol.2019.3278
https://doi.org/10.1002/emmm.201302948
https://doi.org/10.1016/j.preteyeres.2018.02.002
https://doi.org/10.1016/j.preteyeres.2018.02.002
https://doi.org/10.1038/gt.2011.142
https://doi.org/10.1002/wnan.1361
https://doi.org/10.1002/wnan.1361
https://doi.org/10.2147/opth.S62021
https://doi.org/10.1016/j.ophtha.2020.12.012
https://doi.org/10.1016/j.ophtha.2020.12.012
https://doi.org/10.1111/ceo.14493
https://doi.org/10.1016/j.preteyeres.2015.07.005
https://doi.org/10.1016/j.preteyeres.2015.07.005
https://doi.org/10.1097/iio.0000000000000258
https://doi.org/10.1097/iio.0000000000000258
https://doi.org/10.1159/000268022
https://doi.org/10.1038/s41392-024-01780-w
https://doi.org/10.1038/s41392-024-01780-w
https://doi.org/10.1089/hum.2019.132
https://doi.org/10.3390/ijms232012375
https://doi.org/10.1128/jvi.78.12.6381-6388.2004
https://doi.org/10.1128/jvi.78.12.6381-6388.2004
https://doi.org/10.1038/s41434-019-0060-0
https://doi.org/10.1038/s41434-019-0060-0
https://doi.org/10.1002/jgm.1126
https://doi.org/10.1038/s41433-024-03065-6
https://doi.org/10.1038/s41433-024-03065-6
https://doi.org/10.1016/j.ymthe.2018.10.017
https://doi.org/10.1016/j.ymthe.2018.10.017
https://doi.org/10.1016/j.biotechadv.2017.12.013
https://doi.org/10.1016/j.biotechadv.2017.12.013

	Can Gene Therapy Transform the Treatment Landscape of Posterior Segment Eye Diseases? A Comprehensive Review of Recent Advancements
	Abstract
	1 Introduction
	2 Overview of Posterior Segment Eye Diseases (PSEDs)
	2.1 Age-Related Macular Degeneration (AMD)
	2.2 Posterior Vitreous Detachment (PVD), Retinal Detachment (RD), Epiretinal Membrane (ERM), Macular Holes, and Vitreous Hemorrhage (VH)
	2.3 Diabetic Retinopathy (DR)
	2.4 Diseases of the Optic Nerve
	2.5 Inherited Retinal Diseases (IRDs)
	2.6 Emerging Biomarkers in PSEDs

	3 Molecular Basis And Pathophysiology of PSEDs
	3.1 Genetic Determinants of PSEDs
	3.2 Pathophysiological Mechanisms in PSEDs
	3.2.1 Photoreceptor and RPE Dysfunction
	3.2.2 Vascular Pathobiology
	3.2.3 Neurodegenerative Processes


	4 Gene Therapy Strategies for PSEDs
	4.1 Gene Augmentation Therapy
	4.2 Gene Editing Approaches
	4.3 RNA-Based Gene Therapy
	4.4 Optogenetics and Cell-Based Gene Therapy

	5 Delivery Methods of Gene Therapy in Posterior Segment Eye Diseases (PSEDs)
	5.1 Viral Vectors
	5.2 Non-viral Delivery Systems
	5.3 Routes of Administration

	6 Gene Therapy Applications in Specific Posterior Segment Eye Diseases (PSEDs)
	6.1 Age-Related Macular Degeneration (AMD)
	6.2 Diabetic Retinopathy and Retinal Vascular Diseases
	6.3 Inherited Retinal Diseases (IRDs)
	6.4 Glaucoma and Optic Neuropathies
	6.5 Retinal Detachment and Vitreoretinal Interface Disorders

	7 Clinical Trials and Approved Gene Therapies
	8 Challenges and Limitations of Gene Therapy in Posterior Segment Eye Diseases (PSEDs)
	9 Future Perspectives and Emerging Technologies
	10 Conclusions
	Acknowledgements 
	References




