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Abstract

Diabetic retinopathy (DR) remains a major cause of preventable vision loss world-
wide. Intravitreal anti-vascular endothelial growth factor (anti-VEGF) therapy is
first-line for vision-threatening diabetic macular edema (DME) and is effective in
randomized trials; however, it requires repeated injections and intensive follow-
up, which are difficult to sustain in routine practice, contributing to lower
treatment intensity and more modest real-world outcomes. In parallel, DR is
increasingly framed as a tissue-specific neurovascular complication: Diabetes
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disrupts the retinal neurovascular unit and the blood-retinal barrier through interrelated mechanisms, including
oxidative stress, advanced glycation end products, inflammatory signaling, and VEGF-driven vascular permea-
bility and neovascularization. These features motivate longer-acting, mechanism-informed approaches. Ocular
gene transfer has become a credible translational strategy, supported by clinical precedents in inherited retinal
disease and by “retinal biofactory” programs in neovascular age-related macular degeneration, demon-strating
sustained intraocular expression of anti-angiogenic effectors with a reduced need for supplemental injections in
selected settings. Building on these foundations, DR/DME gene-therapy development is largely centered on
durable intraocular anti-VEGF activity delivered via intravitreal, subretinal, or suprachoroidal routes. At the same
time, next-generation concepts extend toward modulation of inflammation, vascular stabilization, and
neurovascular protection based on preclinical evidence. This review synthesizes the mechanistic rationale, transla-
tional data, and emerging clinical experience in DR/DME. It critically discusses key constraints - including
intraocular inflammation risk, route, and dose-dependent tolerability, patient selection, and the long-term
durability and control of transgene expression - positioning gene therapy as a potential evolutionary complement
to current care rather than a simple replacement.

Key Words: Diabetic retinopathy; Diabetic macular edema; Gene therapy; Retinal biofactory; Adeno-associated virus;
Suprachoroidal delivery; Inflammation; Neurovascular unit; Genome editing

Core Tip: Gene therapy for diabetic retinopathy is developing as a method to diminish the want for regular intravitreal
injections by offering prolonged intraocular modulation of disease pathways. Extensive experience with age-related macular
degeneration provides compelling clinical evidence that sustained suppression of pathological vascular signaling is feasible,
while preliminary studies on diabetic retinopathy are evaluating the potential for similar durability within the inflammatory
diabetic retinal milieu. Significant obstacles to translation encompass delivery- and dose-associated intraocular inflam-
mation, ambiguity concerning long-term efficacy and the practicality of repeated dosage, as well as the necessity for
stringent patient selection and monitoring.
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INTRODUCTION

Diabetic retinopathy (DR) is a common complication of diabetes mellitus and remains a leading cause of vision loss and
blindness worldwide. Traditionally regarded as a microvascular disease, DR also involves retinal neurodegeneration and
is driven by complex, interrelated mechanisms triggered by hyperglycemia, including oxidative stress, advanced
glycation end products, inflammatory mediators, and vascular endothelial growth factor (VEGF) signaling[1-3].
Clinically, advanced disease includes proliferative DR, characterized by abnormal growth of new retinal blood vessels,
and diabetic macular edema (DME), in which exudation and edema affect the central retina; DME can occur in eyes with
nonproliferative or proliferative disease[2]. The likelihood of DR is strongly linked to longer diabetes duration, poor
glycemic control, and hypertension, making optimization of blood glucose and blood pressure central to prevention and
slowing progression[1-3].

Although classic syntheses report that approximately one-third of people with diabetes have DR, a recent systematic
review and meta-analysis of 59 population-based studies estimated a global DR prevalence of 22.27% (95% confidence
interval: 19.73%-25.03%) among individuals with diabetes and projected that the number of adults with DR will increase
from 103.12 million in 2020 to 160.50 million by 2045, based on International Diabetes Federation population projections
[2,3]. These trends underscore the ongoing public health burden of DR despite advances in awareness, screening
(including retinal photography), and established therapies such as laser photocoagulation and intravitreal anti-VEGF
treatment for DME associated with vision loss. However, anti-VEGF therapy primarily addresses later stages of disease,
requires repeated intravitreal injections, and does not provide optimal benefit for all patients, reinforcing the need for
additional therapeutic approaches - particularly those aimed at preventing progression from earlier stages and
addressing patients for whom anti-VEGEF is ineffective or inappropriate[1-3].

DR should not be viewed solely as a microvasculopathy. In diabetes, disruption of the retinal neurovascular unit
(NVU) - the tightly coupled system of neurons, glia (Miiller cells and astrocytes), immune cells (microglia/macrophages),
and vascular cells (endothelial cells and pericytes) that maintains inner blood-retinal barrier (BRB) integrity and
neurovascular coupling - emerges as an early pathogenic event[4]. Hyperglycemia-related pathways implicated in this
early dysfunction include the accumulation of advanced glycation and lipoxidation end-products with downstream glial
activation and cytokine production, alongside a pro-inflammatory milieu and oxidative stress-linked injury that can
contribute to barrier impairment and neuronal damage[4].
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Consistent with this framework, longitudinal human optical coherence tomography (OCT) data in individuals with
diabetes and no or minimal clinically detectable DR demonstrate progressive thinning of inner retinal layers (nerve fiber
layer and ganglion cell/inner plexiform complex) over time that is independent of glycated hemoglobin Alc and of DR
presence or progression. Complementary evidence from human donor eyes showed significant nerve fiber layer thinning
without a detectable reduction in retinal capillary density, and two diabetic mouse models exhibited early inner retinal
thinning and later ganglion cell loss before clear microvascular loss markers (e.g., pericyte dropout/acellular capillaries)
were observed[5]. Together, these findings support the concept that retinal diabetic neuropathy (RDN) can precede the
established clinical and morphometric microvascular changes of DR and is not simply a late, ischemia-driven
consequence of vascular damage[5]. Accordingly, contemporary perspectives increasingly frame DR as a tissue-specific
neurovascular complication in which glial activation, neuronal dysfunction/apoptosis, and microvascular abnormalities
are interdependent, and in which retinal neurodegeneration represents a clinically meaningful endpoint and potential
therapeutic target - particularly when current treatments predominantly address later, vision-threatening stages[4,5].

Intravitreal anti-VEGF therapy is widely used as first-line therapy for DME, particularly when foveal involvement is
accompanied by vision loss. In randomized clinical trials, anti-VEGF agents (ranibizumab, bevacizumab, and aflibercept),
used alone or with laser, achieved larger visual acuity improvements than laser alone under intensive follow-up
schedules that typically included frequent (often monthly) monitoring and near-monthly injections during the first year
[6-9]. In routine care, however, treatment intensity is consistently lower: In the Intelligent Research in Sight Registry, most
treatment-naive patients with a diagnosis code for DME received no therapy within 28 days of diagnosis, and those
treated promptly received a median of four injections over one year; similarly, electronic medical record (EMR)-based
cohorts show that most eyes receive three or fewer injections in the first 12 months and only a small fraction approximate
monthly dosing. Large real-world datasets likewise report that many eyes receive six or fewer injections at one year, with
relatively few receiving 10-13 injections[6-9]. Correspondingly, mean 1-year visual gains in clinical practice are modest
(roughly +4 letters to +6 letters) and meaningfully inferior to landmark trial outcomes; across real-world analyses, greater
injection intensity is generally associated with better visual improvement, underscoring how reduced monitoring, missed
visits, and lower dosing frequency can erode the benefits observed in trials[6-9].

DR reflects a highly complex retinal disorder, with diabetes affecting many retinal cell types and pathology extending
beyond visible vascular lesions; microvascular dysfunction can progress to nonperfusion/hypoxia and is closely linked to
BRB breakdown and macular edema. Despite the introduction of intravitreal VEGF inhibitors and steroids for DME,
therapeutic options remain limited, and a substantial proportion of patients do not respond to current treatments
(reported up to approximately 50% in the context of DME)[7,8]. In real-world cohorts specifically enriched for early
“refractory” DME after a standard three-injection anti-VEGF loading phase, continuing anti-VEGF therapy was
associated with minimal average functional or anatomic change at 12 months, whereas an early switch to a dexa-
methasone implant yielded superior visual and central thickness outcomes; over 24 months, the early-switch benefit was
maintained, a later switch still produced significant improvement, and a subset of eyes showed delayed response even
after prolonged anti-VEGF exposure. Together, these findings underscore biological heterogeneity in DME/DR and
support growing interest in longer-acting, mechanism-based strategies that can regulate disease activity with fewer
interventions[10-12].

In this context, intraocular gene transfer has become a credible translational strategy. In inherited retinal disease,
subretinal delivery of an adeno-associated virus (AAV) vector carrying RPE65 cDNA in patients with Leber congenital
amaurosis type 2 (LCA2) showed an acceptable local and systemic adverse-event profile, along with modest improve-
ments in subjective measures of retinal function, providing a foundation for further clinical development. In a subsequent
randomized, controlled phase 3 trial, voretigene neparvovec (AAV2-hRPE65v2) improved functional vision at 1 year (as
measured by multi-luminance mobility testing) without product-related serious adverse events or deleterious immune
responses[9,11]. Beyond inherited dystrophies, early studies in neovascular age-related macular degeneration (AMD)
tested single-administration viral vectors to drive intraocular production of anti-angiogenic proteins: An intravitreal
adenoviral vector expressing pigment epithelium-derived factor was not associated with serious vector-related adverse
events and suggested anti-angiogenic activity lasting months after one injection, while a subretinal equine infectious
anemia virus lentiviral vector (RetinoStat) was well tolerated and produced dose-related, reproducible ocular expression
of endostatin/angiostatin that remained stable through week 48 and was detectable on long-term follow-up out to several
years in sampled participants. Taken together, these data exemplify the core gene-therapy concept in the eye: One-time
intraocular delivery can enable sustained intraocular expression of therapeutic proteins, potentially reducing reliance on
repeated pharmacologic dosing[13-16].

In treatment-experienced neovascular AMD, early clinical studies indicate that a single ocular gene-therapy adminis-
tration can support sustained intraocular production of an anti-VEGF agent while maintaining functional and anatomic
outcomes and markedly reducing the need for supplemental injections[14,15]. In the 2-year phase 1 safety and efficacy of
ixoberogene soroparvovec in neovascular age-related macular degeneration in the United States (OPTIC) study, a single
in-office intravitreal injection of ixoberogene soroparvovec (ixo-vec) - designed to enable long-term expression of
aflibercept - was generally well tolerated, with no systemic treatment-related adverse events reported; ocular inflam-
mation (e.g., anterior chamber/vitreous cells) was dose-dependent and responsive to topical corticosteroids[17]. Across
dose cohorts, visual acuity and central subfield thickness remained stable over 2 years, while the annualized need for
anti-VEGF rescue injections was substantially reduced, and measured aqueous aflibercept levels were stable through
study completion in sampled participants[17].

Consistent proof-of-concept findings have also been reported with subretinal RGX-314 (AAVS), which encodes an anti-
VEGEF-A antigen-binding fragment intended for continuous VEGF-A suppression after a single administration[16,17]. In a
phase 1/2a dose-escalation study, subretinal RGX-314 was generally well tolerated with no clinically recognized immune
responses, and doses > 6 x 10" genome copies/eye were associated with sustained aqueous RGX-314 protein concen-
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trations, alongside stable or improved best corrected visual acuity (BCVA) and central retinal thickness, and few or no
supplemental anti-VEGF injections in many participants[18]. The study also documented dose-associated retinal
pigmentary changes (more common at higher doses) and reported one serious event possibly related to RGX-314 with
severe vision reduction at the highest dose level[18].

While most DR/DME gene-therapy programs currently in clinical development are designed to provide durable
intraocular anti-VEGF activity, other investigational constructs are also being explored to address additional disease
drivers - particularly retinal inflammation and vascular destabilization/BRB breakdown - with reported benefits on
neurovascular integrity and retinal function in diabetic models[19-22]. Parallel advances in genome editing - most notably
Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-Cas systems - are extending retinal gene therapy
beyond gene supplementation toward direct, potentially permanent correction of pathogenic DNA, as exemplified by in
vivo subretinal CRISPR-Cas9 editing for CEP290-associated retinal degeneration (EDIT-101)[23-25]. In the BRILLIANCE
phase 1/2 study, EDIT-101 was not associated with treatment- or procedure-related serious adverse events or dose-
limiting toxic effects, and a subset of participants showed meaningful improvements in cone-mediated function and/or
other key visual outcomes, supporting further investigation of in vivo retinal gene editing[23]. Nevertheless, these
approaches remain early-stage and require stringent safety evaluation - particularly for long-term risks such as off-target
effects and immune responses to Cas effectors, guide RNAs, and delivery vectors - which can influence both efficacy and
tolerability and are central considerations for clinical translation[24,25].

Figure 1 provides an at-a-glance overview of the rationale and translational framework for gene therapy in DR/DME,
highlighting the ‘retinal biofactory” concept, delivery routes, and key expected benefits and constraints (Figure 1). This
narrative review aims to objectively assess the current status of gene therapy for DR and DME, incorporating molecular
rationale, translational evidence, and new clinical data. This review synthesizes findings from preclinical studies, ongoing
and completed clinical trials, and insights from related retinal conditions to position gene therapy not as a substitute for
current treatments, but as an evolutionary advancement that could redefine long-term therapeutic objectives in diabetic
retinal disease.

LITERATURE REVIEW

This manuscript is a narrative review that provides a comprehensive and critical evaluation of gene therapy and genome-
editing strategies for DR and DME, with an emphasis on the mechanistic rationale, translational development, and
emerging clinical evidence. A narrative approach was selected to enable contextual interpretation across heterogeneous
sources - ranging from mechanistic and preclinical studies to early- and mid-phase clinical programs and real-world
outcome analyses - whose variability in design, endpoints, and populations limits suitability for formal meta-analytic
synthesis.

This study was conducted as a structured narrative review rather than a systematic review or meta-analysis; thus, a
Preferred Reporting Items for Systematic Reviews and Meta-Analyses-style flow reporting has not been utilized. There
was significant variability in the existing evidence, encompassing early-phase clinical trials, translational research, and
platform-specific safety reports that cannot be effectively aggregated. The objective of the review has been to integrate
mechanistic understanding with new clinical data to facilitate translational interpretation rather than statistical
aggregation. Publications have been sourced from prominent biological databases and subsequently evaluated for their
relevance to ocular gene transfer in diabetic retinal disease or to delivery systems with direct translational significance.
Sources have been ranked based on their provision of mechanistic insights, safety data, or clinically interpretable results.
This qualitative technique has been intentionally selected to prioritize interpretive significance over numerical compre-
hensiveness.

A literature search was conducted using PubMed/MEDLINE as the primary database, supplemented by targeted
searches in Scopus and Web of Science. Search terms combined Medical Subject Headings and free-text keywords related

voou

to diabetic retinal disease and gene-based interventions, including “diabetic retinopathy”, “diabetic macular edema”,
“ocular gene therapy”, “adeno-associated virus”, “AAV vectors”, “anti-VEGF gene delivery”, “retinal biofactory”, and
“genome editing/CRISPR”. Searches were restricted to English-language publications available through December 2025.
Reference lists of key reviews and pivotal primary studies were manually screened to identify additional relevant public-
ations.

Eligible sources included peer-reviewed original research, clinical trial reports, translational platform studies, and
high-quality narrative or systematic reviews addressing gene-based approaches in DR/DME or closely related retinal
vascular diseases with direct translational relevance. Evidence from neovascular AMD was included when it informed
shared vector platforms, delivery routes (intravitreal, subretinal, or suprachoroidal), durability of intraocular expression,
or clinically observed safety liabilities pertinent to diabetic retinal disease. Conference abstracts without full peer-
reviewed publication, non-indexed sources, and studies lacking a gene therapy or genome-editing component were
excluded.

Included evidence was synthesized qualitatively, focusing on therapeutic targets, vector and delivery design,
durability considerations, safety signals (particularly intraocular inflammation), and clinically meaningful outcomes such
as best-corrected visual acuity, OCT-based anatomic measures (e.g., central retinal thickness), DR severity metrics
[including DR severity score (DRSS) when applicable], and treatment-burden indicators (e.g., need for supplemental
injections). Rather than pooling outcomes statistically, studies were evaluated thematically to identify convergent
mechanisms, translational consistencies, and key uncertainties, with particular attention to how the inflammatory and
metabolic milieu of the diabetic retina may shape efficacy, tolerability, and durability.
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Figure 1 Conceptual overview of gene therapy strategies for diabetic retinopathy and diabetic macular edema. Schematic depiction of the
“retinal biofactory” paradigm in which ocular gene transfer is used to enable sustained intraocular expression of therapeutic effectors - currently centered on durable
anti-vascular endothelial growth factor activity to reduce treatment burden - while illustrating extension toward inflammation modulation, vascular stabilization, and
neurovascular protection. The figure also emphasizes clinically relevant variables that shape translation, including delivery route (intravitreal, subretinal, or
suprachoroidal) and the main constraints discussed in the manuscript, particularly route- and dose-dependent intraocular inflammation and uncertainties regarding
long-term durability and the feasibility of re-dosing. VEGF: Vascular endothelial growth factor. Image(s) provided by Servier Medical Art (Available from: https://smart.
servier.com), licensed under CC BY 4.0 (Available from: https://creativecommons.org/Licenses/by/4.0/).

PATHOPHYSIOLOGICAL JUSTIFICATION FOR GENE THERAPY IN DR

DR is increasingly understood as a complex, multifactorial disorder in which diabetes disrupts not only the retinal
microvasculature but the tightly integrated retinal NVU. Chronic hyperglycemia activates interrelated biochemical and
cellular pathways - including increased flux through the polyol pathway, mitochondria-driven oxidative stress with
reactive oxygen species generation, advanced glycation end-product formation and advanced glycation end-linked
signaling, and protein kinase C activation - alongside sustained inflammatory signaling, rather than operating through a
single isolated mechanism. Within this milieu, early pericyte loss and endothelial dysfunction/vasoregression, impaired
vascular autoregulation, and functional BRB impairment can emerge before the appearance of clinically obvious
funduscopic lesions. In parallel, retinal glial and neuronal abnormalities - including reactive gliosis, microglial activation,
and neurodegenerative changes - may be detectable when ophthalmoscopy still shows minimal or no vascular pathology.
Taken together, these observations support the view that lesion-based clinical grading captures downstream manifest-
ations of a broader, progressive neurovascular disease process, motivating therapeutic strategies aimed at durable
modulation of upstream retinal signaling, inflammation, and cell-survival pathways rather than targeting only late-stage
angiogenic endpoints[12,26].

Consistent with this framework, next-generation gene therapy approaches increasingly target NVU-relevant
mechanisms beyond VEGF inhibition, recognizing that neuronal, glial, immune, and microvascular dysfunction are
interdependent. Retinal neurodegeneration - encompassing reactive gliosis, early neuronal dysfunction, and neuroap-
optosis - has been described as an early feature in diabetes and may precede, or evolve partly independently from,
clinically visible microangiopathy; structural correlates (inner retinal/nerve fiber layer thinning on OCT) and functional
correlates [e.g., multifocal electroretinogram (ERG) abnormalities] have been reported in patients with little or no fundus-
detectable disease and may anticipate subsequent vascular change in a subset of individuals. Accordingly, neuropro-
tection is increasingly considered a clinically meaningful endpoint rather than merely a downstream consequence of
microvascular rescue[3,4].

From a translational standpoint, this broader NVU perspective aligns with the growing emphasis on quantitative
biomarkers for early phenotyping and monitoring. OCT angiography enables depth-resolved assessment of capillary
plexus integrity and can reveal microvascular alterations even when fundus photography appears normal, while OCT-
and function-based measures can capture neuroretinal injury not incorporated into traditional, lesion-driven DR grading
scales[3,4]. Together, these observations support the rationale for gene-based strategies that aim to modulate inflam-
mation, barrier stability, neuroglial signaling, and neurovascular coupling, positioning gene therapy not as a replacement
for established anti-VEGF regimens, but as a potential platform to pursue durable, multi-pathway disease modification in
diabetic retinal disease[3,4].

VEGEF is a key effector within ischemic retinal disease, linking hypoxia-driven signaling to both vascular leakage and
pathologic neovascularization. In ischemic retinopathies, stabilization of hypoxia-inducible factor 1 upregulates VEGF
together with other hypoxia-regulated mediators, and VEGF is sufficient to induce marked vascular permeability and
contributes critically to neovascular responses; accordingly, VEGF neutralization has become first-line therapy for
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macular edema and ocular neovascular complications in these settings. However, these conditions are inherently chronic,
and clinical experience indicates that sustained control often requires repeated intravitreal dosing, leaving a persistent
unmet need that has driven interest in both additional pathway targets and sustained-delivery approaches for VEGF
antagonists[27].

Real-world outcomes further illustrate the practical consequences of this chronicity in DME. In Observation and
Treatment in Adiabetic Macular Edema with Improved Nisual acuity (OBTAIN), most eyes with center-involving DME
and very good baseline visual acuity maintained vision over 12 months, yet when intravitreal anti-VEGF was used,
higher injection numbers (8-12) were associated with better visual outcomes than fewer injections, underscoring that
treatment benefit is closely tied to treatment intensity and ongoing exposure rather than a one-time, durable effect[28].
Together, these observations support the rationale for strategies designed to provide longer-lasting intraocular pathway
control compared with intermittent suppression alone[28].

From a molecular standpoint, ocular gene therapy is designed to achieve durable, intraocular expression of therapeutic
proteins by transducing retinal cells with recombinant adeno-associated virus (AAV) vectors, thereby reducing the need
for frequent re-treatment. AAV is widely used for ocular delivery because it can support long-term transgene expression
while generally eliciting relatively mild immune responses. In the retina, vector tropism depends on serotype and
delivery route; for example, AAV2 commonly transduces retinal pigment epithelium (RPE) and can also transduce Miiller
cells, ganglion cells, and photoreceptors. This sustained-expression strategy is particularly relevant for chronic, highly
prevalent retinal vascular diseases such as DR and DME, where standard care can be effective but remains burdensome
over the long term[25,27]. Importantly, AAV platforms under investigation in DR/DME are not limited to VEGF-
pathway interference; preclinical and emerging clinical efforts also explore targets and constructs aimed at vascular
hyperpermeability/BRB dysfunction, inflammation and oxidative stress pathways, and neurodegeneration-related
mechanisms, often incorporating engineered capsids, tissue-specific promoters, and regulated expression systems to
improve targeting and safety[29].

Beyond angiogenesis, diabetic retinal disease is increasingly understood as an early disruption of the retinal NVU, in
which neurons, glia, immune cells, and microvasculature are functionally interdependent. Experimental studies, human
donor data, and longitudinal imaging show that reactive gliosis and inner retinal neurodegeneration - including early
vulnerability of retinal ganglion cells and other inner retinal neurons - can be detected before, or in parallel with,
clinically evident microvascular retinopathy, with measurable structural thinning on OCT and functional abnormalities
on electrophysiology and psychophysical testing. In people with diabetes and no or minimal retinopathy, progressive
loss of inner retinal layers over time has been reported as largely independent of glycated hemoglobin Alc and
retinopathy progression, and complementary donor-eye and animal-model observations support neuroretinal
degeneration occurring without concomitant capillary loss or other early microvascular hallmarks. Mechanistically, glial
activation may contribute to subclinical inflammation and barrier dysfunction, while an imbalance between neuropro-
tective factors and proinflammatory/innate immune mediators can promote neural injury. This framework broadens
therapeutic thinking beyond late-stage anti-angiogenic interventions toward strategies aimed at preserving NVU
integrity, combining risk-factor control with approaches that target inflammation and neuroprotection, while
underscoring the need for improved early phenotyping and adequately powered long-term interventional studies[4,5,30].

RETINAL BIOFACTORIES AND ANTI-VEGF INJECTIONS

Experience with other retinal disorders has yielded significant insights on vector performance and delivery practicality;
however, diabetic retinal disease exhibits distinct biological differences in numerous crucial aspects. Chronic metabolic
stress, persistent inflammatory activation, and pre-existing vascular instability characterize the diabetic retina, potentially
affecting immune responses, tolerability, and the durability of gene-based therapies. Consequently, insights from other
retinal conditions have mostly been used to assess feasibility rather than to predict therapy outcomes in diabetes cohorts.

Intravitreal anti-VEGF therapy has become the preferred first-line treatment for vision-impairing, center-involved
DME, supported by randomized trials showing superior visual outcomes vs laser or sham/Laser-rescue strategies when
delivered with frequent monitoring and repeated dosing (e.g., RISE/RIDE; VISTA /VIVID; DRCR.net Protocol T)[7,9]. In
routine practice, however, sustaining the intensity used in trials is challenging. Large EMR-based real-world cohorts from
the United States retina care consistently report fewer injections and less intensive follow-up than in landmark trials -
commonly a median of around six injections in year 1 (with many eyes receiving < 6, and only a minority approaching
monthly dosing), and in some clinical-practice series, averages near three injections in the first year[7,8]. Corres-
pondingly, mean 12-month visual gains in these real-world datasets are modest [approximately +4 Early Treatment
Diabetic Retinopathy Study (ETDRS)-equivalent letters to +5 ETDRS-equivalent letters] and are explicitly inferior to
outcomes reported in controlled trials. Given the short intraocular durability of current agents (< 9-day half-life), lower
treatment intensity likely results in intermittent VEGF suppression and contributes to the persistent gap between real-
world and trial outcomes, with additional complexity from incomplete longitudinal follow-up and ceiling effects (and
potential vulnerability to vision loss) in eyes presenting with relatively good baseline acuity[7-9].

Requiring repeated intravitreal administration of VEGF-neutralizing agents creates important limitations that go
beyond clinic scheduling. Although these drugs can deliver strong visual and anatomic benefits, maintaining those gains
typically depends on continued, frequent dosing; when injection schedules become less intensive, outcomes can
deteriorate. From a pharmacokinetic standpoint, intravitreal anti-VEGF activity is time dependent: Maximal binding
activity occurs soon after injection and then progressively declines as drug levels fall, resulting in lower “trough” activity
before the next dose. Modeling suggests that shortening the dosing interval primarily improves trough activity rather
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than peak activity, supporting the concept that more sustained VEGF suppression may better stabilize disease control
than episodic exposure[28,30]. Together, the real-world burden of ongoing injections and the biological logic of avoiding
low-activity intervals have driven interest in longer-acting strategies that can maintain VEGF inhibition with fewer
retreatments. Gene therapy introduces a different therapeutic paradigm by enabling ocular tissues to produce a
therapeutic protein over extended periods, effectively converting the eye into a local “biofactory”. Using AAV vectors,
genes encoding VEGF-neutralizing proteins (or other biologically active factors) can be delivered so that transduced cells
become a continuing source of the therapeutic agent. In early human experience with intravitreal AAV2-sFLT01, the
VEGF-neutralizing transgene product was measurable in a subset of patients over long follow-up, illustrating the
feasibility - and variability - of durable intraocular production after a single administration. For chronic retinal vascular
diseases in which hypoxia-driven VEGF expression tends to persist and fuel permeability and neovascularization,
approaches that aim for sustained VEGF suppression are conceptually aligned with the underlying biology and are being
developed to reduce treatment burden while preserving efficacy[29,31-34].

Durable intraocular anti-VEGF expression has been demonstrated most clearly in gene-therapy programs developed
for neovascular AMD. In the phase 1/2a, dose-escalation study of subretinal RGX-314, higher doses (= 6 x 10 genome
copies/eye) produced sustained intraocular anti-VEGF Fab expression measurable in aqueous humor, with generally
stable or improved best-corrected visual acuity and central retinal thickness and, in many participants, few or no supple-
mental anti-VEGF injections over two years, without clinically evident immune responses beyond what would be
expected after vitrectomy[18]. Similarly, in the two-year OPTIC phase 1 trial, a single in-office intravitreal administration
of ixoberogene soroparvovec achieved durable intraocular aflibercept exposure, maintained visual and OCT stability, and
reduced the annualized need for rescue anti-VEGF injections, with a substantial proportion of patients remaining
injection-free at study completion[17]. Together, these results provide a practical proof-of-concept that one-time ocular
gene transfer can deliver sustained, clinically meaningful VEGF suppression with a reduced treatment burden. On this
basis, next-generation intravitreal platforms such as 4D-150 - engineered to express aflibercept while also inhibiting
VEGEF-C - have shown robust retinal transgene expression and anti-angiogenic activity in primate models and are being
advanced into clinical programs that include DME, reflecting the shared VEGF-driven biology across neovascular retino-
pathies[35,36].

This translational pivot is now being tested directly in diabetic retinal disease, including the phase 2 Adjuvant Long-
term Therapy for Improving Treatment Understanding in Diabetic Eye Disease (ALTITUDE) study evaluating a single
suprachoroidal administration of ABBV-RGX-314 in DR with and without center-involved DME, the phase 2 INFINITY
trial investigating intravitreal ixoberogene soroparvovec (ADVM-022) for DME, and the phase 2 SPECTRA program
assessing intravitreal (4D-150) vs aflibercept in adults with DME[37-39].

Gene-transfer “biofactory” strategies are being developed primarily to achieve sustained intraocular VEGF
suppression, an approach supported by the chronic, hypoxia-driven upregulation of VEGF in retinal/choroidal vascular
diseases and by the gap between excellent outcomes in clinical trials with frequent dosing and the poorer results typically
seen when injection frequency decreases in real-world practice. New sustained-delivery approaches - including long-
acting devices, injectable depots, and viral-vector-mediated expression of VEGF-neutralizing proteins - aim to maintain
more constant therapeutic exposure over time and thereby reduce the need for repeated retreatment. At the same time,
important uncertainties remain, including the long-term consequences of prolonged VEGF suppression (e.g., whether it
may influence the incidence of subretinal fibrosis or macular atrophy) and whether optimal outcomes in some patients -
particularly in a subset with DME - may require additional pathway targeting beyond VEGF. For viral-vector biofactories
specifically, immune responses represent a key barrier to durable efficacy and safety: AAV vectors can activate innate
sensing pathways (including toll-like receptor 2 and toll-like receptor 9) with downstream cytokine release, and they can
elicit capsid- and transgene-directed adaptive responses (T cells and neutralizing antibodies) that have been associated
with intraocular inflammation and/or loss of effect in retinal gene-therapy studies, despite the eye’s immune-privileged
environment[33,40].

By comparison, infectious endophthalmitis after conventional intravitreal anti-VEGF injections is uncommon (approx-
imately 0.056% across > 350000 injections), with coagulase-negative Staphylococcus and Streptococcus species most
frequently isolated; Streptococcus cases tend to have poorer visual outcomes[41].

AAV-BASED GENE THERAPY FOR DR AND DME

Clinical experience in in vivo retinal gene therapy - including AAV-mediated gene augmentation trials for RPE65-
associated Leber congenital amaurosis showing meaningful, durable visual gains with acceptable safety - provides an
important translational precedent for adapting similar approaches to acquired retinal diseases such as DR and DME[42,
43]. Recombinant AAV vectors are well-suited to ocular applications because they can be produced without viral genes
and deliver an inverted terminal repeat-flanked expression cassette that predominantly persists as episomal DNA in the
nucleus, supporting sustained transgene expression in low-turnover/ post-mitotic retinal cells. Vector performance can be
optimized through expression-cassette design within AAV packaging constraints (e.g., promoter selection) and through
capsid choice or engineering (including discovery/engineering strategies that improve retinal tropism and approaches
aimed at reducing susceptibility to neutralizing antibodies). At the same time, key challenges remain: Capsid- and
transgene-directed immune responses (often influenced by pre-existing anti-AAV immunity) can reduce efficacy and
complicate re-administration, and ocular delivery still requires continued refinement to achieve efficient, broader distri-
bution with minimal procedure-related burden[42,43].
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Early-phase clinical evidence in neovascular AMD suggests that AAV-based ocular gene transfer can enable sustained
intraocular production of anti-VEGF biologics and substantially reduce the need for supplemental injections[41-43]. In a
multicenter phase 1/2a dose-escalation study, subretinal AAV8-RGX-314 (ABBV-RGX-314) - encoding an anti-VEGF-A
Fab similar to ranibizumab - produced measurable aqueous levels of the transgene product; at doses 2 6 x 10" genome
copies/eye, many participants showed control of exudation with stable (or improved) BCVA and OCT thickness metrics
while requiring few or no rescue injections over 2-year follow-up, with safety findings that included dose-associated
retinal pigmentary changes and a single serious event deemed possibly related at the highest dose[18]. Ixoberogene
soroparvovec (ixo-vec; ADVM-022), delivered as a single intravitreal in-office administration to drive aflibercept
expression, maintained vision and central subfield thickness over two years in OPTIC while markedly lowering
annualized rescue injection frequency; intraocular inflammation was dose-dependent but generally responsive to topical
corticosteroids[17]. In parallel, 4D-150 exemplifies a shift toward multi-target designs: A retinotropic intravitreal vector
(R100) carrying an aflibercept transgene plus a VEGF-C - inhibitory microRNA produced robust retinal expression in
nonhuman primates, reduced VEGF-A/VEGF-C signaling in human retinal cells, and prevented angiogenic lesions in a
primate laser-choroidal neovascularization (CNV) model, supporting ongoing clinical development[35]. Contemporary
syntheses of the field frame these programs (RGX-314, ixo-vec, and 4D-150) as leading examples of the “biofactory”
approach aimed at lowering treatment burden while maintaining functional and anatomic stability[36].

The relevance of recent advances in retinal gene therapy to diabetic retinal disease rests on both shared and disease-
specific biology. In DR and DME, VEGF-A signaling is a key driver of microvascular leakage and, in proliferative disease,
pathological neovascularization; therefore, a sustained intraocular strategy that counteracts VEGF-mediated permeability
and angiogenesis is mechanistically well aligned with established therapeutic targets in diabetic retinal disease[3]. At the
same time, diabetes perturbs the retinal NVU and blood-retinal barrier through pericyte-endothelial dysregulation,
endothelial dysfunction, and a cytokine-rich inflammatory milieu, with hyperglycemia-related oxidative stress further
destabilizing vascular homeostasis[3]. This baseline environment could, in turn, influence vector performance and
durability by increasing innate immune sensing and inflammatory mediator release, altering barrier permeability, and
facilitating capsid- or transgene-directed adaptive responses - processes that have been implicated in ocular inflammation
and loss of efficacy across AAV retinal gene-therapy studies[40]. Consequently, while AAV-based protein-expression
approaches have been extensively developed in other retinal indications, translation to DR/DME should rely on
indication-specific preclinical and clinical evidence rather than assuming comparable efficacy and immune tolerance
across distinct retinal disease microenvironments[3,40].

Recent DR/DME-focused clinical programs underscore why indication-specific data matter. DR spans a wide clinical
spectrum from mild nonproliferative diabetic retinopathy (NPDR) to advanced PDR with sight-threatening sequelae (e.g.,
neovascular glaucoma and tractional retinal detachment), and many patients remain asymptomatic until complications
such as DME and/or PDR develop. Standard-of-care anti-VEGF therapy can be highly effective but typically demands
frequent monitoring and repeated injections, and this cumulative burden is a practical driver of reduced adherence and
worse real-world outcomes. In this context, current DR/DME gene-therapy strategies largely adopt a “retinal biofactory”
paradigm - delivering transgenes that enable sustained intraocular expression of anti-angiogenic proteins that inhibit
VEGEF. Early readouts from trials such as SPECTRA (4D-150) and ALTITUDE (ABBV-RGX-314) suggest potential for
DRSS improvement and meaningful reduction in treatment burden, whereas the INFINITY (ADVM-022/ixoberogene
soroparvovec) experience highlights the counterbalancing safety risk, with severe inflammation and hypotony prompting
discontinuation of development for DME. Together, these findings reinforce that DR/DME translation must balance
durability goals against the liabilities of inflammation within the diabetic retinal milieu[19].

The route of administration is a key determinant of performance and tolerability in ocular gene delivery, because each
approach changes (1) Where the vector distributes; (2) Which barriers it must cross; and (3) The immune milieu it en-
counters. Intravitreal injection is an in-office procedure, but conventional AAV vectors have historically faced limited
access to the outer retina because of the internal limiting membrane, and the vitreous is not an immune-privileged site;
intravitreal viral delivery has been associated with humoral immune responses in contrast to subretinal delivery, and
repeated intravitreal injections (even of biologics) carry rare but cumulative procedural risks (e.g., endophthalmitis,
retinal detachment, hemorrhage). Subretinal injection places the vector in the space between photoreceptors and RPE and
is favored for its immune-privileged compartment and targeted delivery, but it requires an operative vitrectomy
approach and tends to produce regional exposure largely confined to the bleb area, with recognized surgical complication
risks. Suprachoroidal injection expands a potential space between the sclera and choroid, can be performed as an
outpatient microneedle procedure, and has shown broad circumferential biodistribution for particles across a wide size
range; although it is not fully immune-privileged, reports describe lower humoral immune responses vs intravitreal
delivery and, in viral programs, evidence of biological activity with suprachoroidal AAV8 anti-VEGF expression.
Collectively, these delivery trade-offs matter clinically in DR/DME, where long-term reliance on frequent intravitreal
anti-VEGF therapy makes strategies that reduce injection burden particularly attractive[19,44].

Early clinical experience in DR/DME gene therapy aligns with that rationale. DR is a major cause of preventable vision
loss and is often asymptomatic until vision-threatening complications (notably DME and/or PDR) arise; current
standards (laser and intravitreal anti-VEGF) typically require ongoing monitoring and multiple injections, and treatment
burden contributes to imperfect adherence and worse outcomes. Gene-therapy trials in DR/DME have therefore focused
on retinal delivery of transgenes encoding anti-angiogenic proteins that inhibit VEGF, and preliminary updates report
improvements in the DRSS and reductions in treatment burden in programs such as SPECTRA (4D-150) and ALTITUDE
(ABBV-RGX-314). In DME, the phase 2 INFINITY study evaluates intravitreal ADVM-022 (AAV.7m8-aflibercept) as a
single-administration strategy intended to support sustained intraocular aflibercept expression; in the posted record, the
study enrolled 36 participants and, after unmasking for enhanced safety monitoring, reports (with that confounding
caveat) improved efficacy across endpoints including reduced need for supplemental aflibercept and a clinically
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meaningful delay in worsening, while noting dose-limiting toxicities in some high-dose participants and mild-to-
moderate intraocular inflammation as the most common related adverse event, generally responsive to corticosteroid
drops and without reported fellow-eye or systemic events. Overall, these signals are promising but leave key questions
open regarding patient selection, dosing, and durability /safety over long follow-up in chronic metabolic disease[19,38].
Key ongoing gene therapy programs targeting angiogenesis and related pathways in diabetic retinal disease are
summarized in Table 1.

NEUROPROTECTION, INFLAMMATION, AND VASCULAR STABILIZATION AS TARGETS FOR GENE
THERAPY

Although therapeutic progress in diabetic retinal disease has largely been driven by VEGF-A inhibition, the underlying
pathology is increasingly framed as a broader neurovascular disorder in which BRB failure, vascular degeneration, and
neural/glial dysfunction are shaped by inflammatory signaling within the retinal NVU. In diabetes, hyperglycemia-
related redox imbalance and endothelial dysfunction occur alongside increased production of inflammatory cytokines
and chemokines including tumor necrosis factor-a and interleukin (IL)-1B, with elevated interleukins such as IL-6/IL-8
and chemokines such as C-C motif chemokine ligand 2 reported in ocular fluids, derived from retinal-resident cells and
adherent inflammatory cells. These mediators promote leukocyte-endothelial interactions (for example, via adhesion
molecules such as intercellular adhesion molecule 1), disrupt endothelial junctional integrity, and contribute to inner BRB
breakdown with increased vascular permeability, edema, and - in settings of ischemia - pathological neovascularization.
Glial and immune cells participate actively: Diabetes-related Miiller glial alterations can amplify inflammatory signaling
and activate microglia, and microglial activation has been linked to neuroinflammation-driven BRB disruption. Clinically,
anti-VEGF therapy is mainly effective in later stages, requires frequent intravitreal retreatment, and a substantial
proportion of patients show incomplete responses, consistent with the contribution of VEGF-independent inflammatory
mechanisms. Collectively, these observations support therapeutic strategies that complement VEGF-A suppression by
also modulating inflammatory and barrier-regulating pathways to pursue more comprehensive and durable disease
control[3,45,46].

Microvascular degeneration and BRB dysfunction are core features of DR and shape disease progression well before
the proliferative stage. Contemporary syntheses emphasize that DR severity grading is largely based on visible vascular
lesions, but the underlying trajectory includes progressive endothelial cell and pericyte loss, subsequent capillary
closure/nonperfusion, and capillary basement-membrane thickening; together, these changes undermine barrier integrity
and promote chronic vasopermeability and retinal swelling[45,46]. Persistent BRB breakdown can culminate in DME, a
major cause of vision loss in diabetes, and - despite the availability of intravitreal anti-VEGF agents and steroids for DME
- therapeutic responses remain incomplete in a substantial fraction of patients; for proliferative DR, laser photocoagu-
lation is still widely used even though it is intrinsically destructive. Within these established mechanisms, angiopoietin-2
upregulation is highlighted as a diabetes-responsive pathway that can precede and contribute to pericyte dropout,
reinforcing the rationale for therapeutic strategies that directly address vascular cell survival, vasodegeneration, and
barrier stability rather than focusing only on late-stage angiogenic sequelae.

Beyond the VEGEF axis, the endothelial Tie receptors and their angiopoietin ligands are described as a second vascular
tissue-specific receptor tyrosine kinase system that governs vessel maturation and adult vascular homeostasis. In this
framework, constitutive angiopoietin-1 (ANGI1)-driven activation of TEK receptor tyrosine kinase (TIE2) supports a
quiescent, stabilized endothelium that is characteristically associated with peri-endothelial cell recruitment (pericytes and
smooth-muscle cells), and TIE2 signaling is dominated by phosphatidylinositol 3-kinase-protein kinase B survival
pathways[12,47]. Conversely, endothelial ANG2 - produced by endothelial cells and stored in specialized granules for
rapid availability - antagonizes baseline ANG1-TIE2 signaling and, via an autocrine-loop concept, increases endothelial
cell responsiveness to diverse external cues, including angiogenic signals (such as VEGF), permeability mediators (e.g.,
histamine and bradykinin), and inflammatory factors (e.g., tumor necrosis factor-a). Importantly for the retina, the review
also notes experimental evidence that ANG2 can destabilize established retinal vasculature, including dose-dependent
pericyte loss after direct intraocular ANG2 exposure, supporting a mechanistic link between ANG2 predominance,
pericyte dropout, and barrier fragility[12,47].

In parallel with this vasculopathy-centered model, RDN is increasingly supported as an early, progressive component
of diabetic retinal disease. In a prospective longitudinal cohort of people with diabetes and no or minimal clinically
detectable DR, Sohn et al[5] demonstrated significant, progressive thinning of inner retinal layers on OCT over four years
- specifically the nerve fiber layer and the ganglion cell/inner plexiform complex - independent of glycated hemoglobin,
age, and sex; donor-eye analyses similarly showed marked nerve fiber layer thinning in diabetes without a corresponding
reduction in retinal capillary density. In two experimental mouse models, inner retinal thinning and later ganglion-cell
loss were observed in a temporal window in which classical microvascular markers (including pericyte density
differences and acellular capillaries) were not yet detectable, supporting the interpretation that early RDN is not simply a
downstream consequence of retinal microvascular loss and may not be ischemic in origin[5].

Functionally, RDN has been associated with deficits measurable by electrophysiology and psychophysics (e.g., ERG
abnormalities, dark-adaptation and contrast-sensitivity deficits, and perimetric/ microperimetric changes), and the
authors explicitly note that there are currently no established management options to mitigate RDN; they also raise the
point that neuroprotective strategies - already explored in other neurodegenerative eye diseases - may warrant evaluation
in diabetes, particularly in the setting of anti-VEGF exposure where neurodegenerative effects have been a concern in
some rodent studies[5]. Consistent with this broader “survival signaling” perspective, the Augustin et al’s review[47]
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Table 1 Ongoing and recent gene therapy programs relevant to diabetic retinopathy and diabetic macular edema (as described in the manuscript)

Program Intended Trial phase/record
Ref. g Target indication/population Delivery route  Vector/construct mechanism (as . P . Key points reported in the manuscript
(vector) in manuscript
stated)

Odio- ABBV-RGX-314  Diabetic retinopathy with and without Suprachoroidal ~ Described as AAV8-RGX-314  Durable intraocular ~ Phase 2 ALTITUDE;  Development framed as testing whether durable anti-

Herrera  (RGX-314) center-involved DME; studies described  (single adminis-  (ABBV-RGX-314); encodes an  anti-VEGF activity via ClinicalTrials.gov VEGEF expression can be achieved in the diabetic retinal

et al[19], as enrolling moderately severe or severe  tration) anti-VEGF-A Fab a “retinal biofactory”  NCT04567550[37] milieu; preliminary updates described as suggesting DRSS

2025 NPDR (and select mild PDR) with good (ranibizumab-like) in the strategy improvement and treatment-burden reduction in

baseline vision and no recent anti-VEGF broader discussion programs including ALTITUDE
exposure

Odio- Ixoberogene DME Intravitreal Described as AAV.7m8- Sustained intraocular  Phase 2 INFINITY; Manuscript highlights the counterbalancing safety risk in

Herrera  soroparvovec (single adminis-  aflibercept (AAV2.7m8 capsid  aflibercept exposure  ClinicalTrials.gov DME: Severe intraocular inflammation and hypotony

etal[19], (ADVM-022; tration) driving aflibercept expression) (“biofactory”) to NCT04418427[38] (dose-dependent), prompting discontinuation of

2025 ixo-vec) reduce the need for development for DME; ClinicalTrials.gov record described

repeated injections as 36 participants, unmasked April 2021 for enhanced

safety monitoring after SUSAR in the high-dose arm;
inflammation often mild-moderate and responsive to
steroid drops, but dose-limiting toxicities impacted
benefit-risk

Odio- 4D-150 Adults with DME Intravitreal Engineered to express Sustained anti- Phase 2 SPECTRA; Manuscript states the translational pivot is being tested

Herrera aflibercept and also inhibit angiogenic activity ClinicalTrials.gov directly in diabetic retinal disease via SPECTRA (4D-150 vs

et al[19], VEGEF-C (via a VEGF-C - with broader NCT05930561[39] aflibercept); preliminary updates described as suggesting

2025 inhibitory microRNA); pathway coverage DRSS improvement and treatment-burden reduction in

(VEGF-A + VEGF-C
modulation)

described as a multi-target programs including SPECTRA

intravitreal platform

DR: Diabetic retinopathy; DME: Diabetic macular edema; NPDR: Non-proliferative diabetic retinopathy; PDR: Proliferative diabetic retinopathy; DRSS: Diabetic retinopathy severity score; VEGF: Vascular endothelial growth factor;
AAV: Adeno-Associated Virus; SUSAR: Suspected unexpected serious adverse reaction.

further discusses neuroprotective actions reported for ANGI through phosphoinositide 3-kinase activation (e.g., anti-
apoptotic effects and neurite outgrowth in experimental neuronal systems), while also stressing uncertainty about
whether such neuronal effects are mediated by neuronal TIE2 in vivo vs alternative mechanisms (such as integrin-
dependent interactions)[5,47].

Next-generation gene-therapy concepts for DR/DME are increasingly framed around the idea that sustained
intraocular protein expression can be used not only to suppress VEGF-driven leakage and neovascularization, but also to
address upstream processes within the diabetic retinal NVU. In this direction, multi-target vector designs are emerging as
a logical extension of the “retinal biofactory” paradigm: For example, 4D-150 combines an aflibercept transgene with a
VEGF-C - inhibitory microRNA, aiming to modulate multiple angiogenic/permeability axes with a single intravitreal
injection[35,36]. Beyond angiogenesis alone, the broader DR biology - characterized by cytokine-rich inflammation,
endothelial-pericyte dysregulation, and blood-retinal barrier fragility - supports strategies that couple anti-angiogenic
activity with barrier-stabilizing and anti-inflammatory pathway modulation, including targets within Augustin ef al’s
signaling system[47] implicated in vascular maturation, survival signaling, and vessel stability[3,45-47].

https:/ /dx.doi.org/10.12998 / wjcc.v14.i11.119413 10 April 16,2026 | Volume14 | Issuell |

JBaishideng®



Capobianco M et al. Gene therapy in diabetes

This expanded targeting logic also aligns with evidence that neuroretinal dysfunction can be an early, progressive
component of diabetic retinal disease, motivating interest in approaches that integrate vascular protection with neuronal
preservation rather than treating only visible microvascular lesions[5,12]. However, most of these platforms remain
preclinical or early translational, and the diabetic retinal microenvironment - already primed by inflammation and altered
barrier permeability - may influence vector tolerability, immune activation, and durability of expression, underscoring
the need for indication-specific evidence as these programs advance[3,40].

PROSPECTS AND SAFETY CONSIDERATIONS IN ADVANCED GENE-BASED APPROACHES AND
GENOME EDITING

Genome editing extends ocular gene therapy beyond the “biofactory” model of sustained intraocular protein expression.
However, the permanent nature of genome editing imposes a higher safety bar than reversible pharmacologic inhibition.
In adult mouse eyes, endogenous VEGF produced locally by the RPE provides trophic support for retinal homeostasis:
Conditional VEGFA deletion in adult RPE rapidly ablates the choriocapillaris and is accompanied by cone photoreceptor
dysfunction and vision loss, indicating that near-complete removal of RPE-derived VEGF can compromise outer retinal
function[48]. Consistently, experiments manipulating VEGF isoform bioavailability show that limiting RPE output to a
poorly diffusible VEGF188-only state produces age-dependent degeneration of the RPE-Bruch’s membrane-chorioca-
pillaris complex, with associated photoreceptor apoptosis and decline in visual function, reinforcing that adequate
soluble RPE-derived VEGEF signaling contributes to long-term maintenance of the choriocapillaris and outer retina[49].

Genome-editing techniques have significantly advanced ocular genetic medicine; yet, their direct applicability to
diabetic retinal disease has been constrained. In contrast to monogenic hereditary illnesses, DR is a complex, multi-
factorial process, raising questions about the safety, titrability, and long-term effects of permanent genomic modifications
of individual pathways. Concerns regarding off-target effects, immunological reactions to editing components, and the
irreversibility of genomic modifications persist as significant translational obstacles. Consequently, genome editing has
been predominantly seen as a long-term research avenue rather than an immediate therapeutic approach.

Beyond nuclease-based CRISPR editing, newer approaches such as base editing aim to correct pathogenic variants
without inducing Cas9 double-strand breaks and without relying on homology-directed repair. In adult RD12 mice,
subretinal delivery of a lentiviral vector expressing an adenine base editor and a guide targeting the Rpe65 nonsense
mutation achieved measurable on-target correction with minimal indel formation, no detectable off-target editing above
background at top candidate sites, restored RPE65 expression, and improved retinal and visual function readouts[50]. For
CRISPR strategies aimed at suppressing ocular angiogenesis by directly disrupting VEGF, proof-of-concept studies in a
laser-induced CNV model show that AAV-delivered CRISPR-Cas9 can reduce VEGF and suppress CNV, and that in vivo
outcomes can differ between Cas9 ortholog systems even when delivery is comparable[51]. More broadly, reviews of
CRISPR applications for ocular angiogenesis highlight potential advantages over conventional gene-therapy “biofactory”
approaches - including the ability to target intracellular mediators or regulatory elements and to multiplex edits - while
emphasizing key translational constraints such as uncertainty in therapeutic thresholds, challenges in cell-specific
targeting, and persistent concerns regarding off-target effects, immune responses to CRISPR components, and the risk of
permanently suppressing physiologic pathways like VEGF signaling[52].

The most clinically mature example of in vivo ocular genome editing comes from inherited retinal disease, where the
first human trial was initiated in late 2019 using EDIT-101: An all-in-one AAV5 vector that packages Staphylococcus
aureus Cas9 (SaCas9) together with a pair of CEP290 gRNAs and is delivered subretinally to generate productive edits
(notably deletions or inversions) that remove the intronic mutation-containing region and thereby restore correct CEP290
splicing and expression[52]. The preclinical development program demonstrated editing activity in mature human
photoreceptors (retinal explants), quantified on-target editing kinetics and dose-response after subretinal dosing in a
humanized CEP290 knock-in mouse, and showed on-target editing in nonhuman primate photoreceptors, alongside a
structured assessment of guide specificity and ocular tolerability - illustrating both the feasibility of retinal editing in vivo
and the practical delivery trade-offs of localized subretinal administration[52].

By contrast, neovascular retinal disease (including conditions discussed under ocular angiogenesis such as proliferative
DR and DME) is multifactorial, so CRISPR strategies are framed less as “mutation correction” and more as attempts to
permanently suppress angiogenesis by targeting extracellular effectors (e.g., VEGF) and/or upstream intracellular
mediators or regulatory elements (e.g., hypoxia-inducible factor 1-a or hypoxia-responsive control regions), potentially
with cell-specific delivery and multiplexed gRNAs. At the same time, this translation is constrained by core concerns
highlighted for ocular angiogenesis: Permanent suppression of physiologic pathways, the stochastic and hard-to-titrate
nature of editing outcomes (mosaicism and uncertain therapeutic thresholds), and safety issues including off-target
effects and immune considerations - particularly because VEGF-related signaling contributes to normal vascular and
neural maintenance, and chronic VEGF suppression has been linked to atrophic complications in clinical contexts[53].

Preclinical work supports the feasibility of attenuating VEGF-A signaling by editing VEGFA directly in ocular cell
types that contribute substantially to intraocular VEGF production[54]. In human ARPE-19 retinal pigment epithelial cells
and MIO-M1 Miiller cells, delivery of SpCas9 ribonucleoprotein (RNP) targeting exon 1 generated indels at the expected
cut site and produced a robust reduction in secreted VEGF-A protein (approximately 43% in RPE and approximately 38%
in Miiller cells), without a detectable loss in cell counts in the tested conditions[54]. Because indiscriminate editing may
expose non-target retinal compartments, cell-restricted strategies have also been explored. An RPE-selective CRISPR/
Cas9 platform was created by placing Cas9 under the RPE-specific vitelliform macular dystrophy 2 promoter, yielding
Cas9 expression and editing largely confined to the RPE in both the mouse retina and human retinal organoids.
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Using this approach, RPE-specific VEGFA knockout achieved regression of laser-induced choroidal neovascularization
while avoiding unwanted knockout in the neural retina, with efficacy comparable to ubiquitous VEGFA knockout in the
same experimental setting[55]. Delivery modality remains a central determinant of both efficacy and tolerability. Beyond
vector-based expression systems, multiple studies have pursued nonviral, “hit-and-run” editing via transient RNP
delivery to limit nuclease exposure over time. In a subretinal, lipoplex-based paradigm using SpCas9 complexed with
chemically modified sgRNAs, targeted indel formation in retinal tissue was achievable after a single administration, but
higher RNP loads were associated with signs consistent with toxicity /autofluorescence in vivo - highlighting a dose-
delivery trade-off that is critical for translation[56].

Immune recognition of editing components represents an additional translational constraint, particularly for
approaches that entail persistent nuclease expression. Preclinical work in mice has shown that, even when AAV-CRISPR
achieves initial editing, pre-existing immunity to Cas9 can precipitate a strong CD8+ T-cell response against Cas9-
expressing cells, accompanied by apoptosis and tissue injury markers, followed by loss of vector genomes and near-
complete elimination of edited cells over time, effectively erasing the intended editing effect[57]. While the eye benefits
from anatomical barriers and relative immune privilege, ocular gene therapies can nonetheless elicit innate and adaptive
immune responses that, under certain circumstances, can drive inflammation and reduce therapeutic efficacy[58].

Accordingly, mitigation strategies emphasized across the ocular gene-editing literature include minimizing duration of
Cas exposure (e.g., transient delivery formats or self-limiting designs rather than sustained expression), restricting
expression through cell-specific regulatory elements when vector expression is used, and reducing innate immune
activation triggered by nucleic acids - for example, avoiding immunostimulatory guide-RNA features and favoring guide
formats reported to be less immunogenic in mammalian cells[57,58].

In DR/DME, genome editing can be framed as a plausible next-generation strategy because it acts at the DNA level
and, in principle, enables durable suppression of pro-angiogenic programs beyond the “biofactory” model of expressing
VEGF antagonists. However, this is not simply a longer-lasting version of anti-VEGF gene therapy: The key translational
concerns are the prospect of permanently suppressing physiologic pathways, the variable and mosaic nature of editing
outcomes, and the risk of off-target changes - issues that are amplified when nucleases are delivered by viral vectors with
sustained intraocular expression and have therefore tempered enthusiasm to date. Preclinical retina work with base
editors helps explain both the promise and the bar for safety: In adult RD12 mice, subretinal lentiviral delivery of an
adenine base editor plus sgRNA corrected a pathogenic Rpe65 nonsense mutation (reported up to approximately 29% in
vivo) with low indel formation and no detectable off-target editing above background at the screened sites, restoring
RPE65 expression and near-normal retinal/visual function; at the same time, the authors explicitly note that safer
delivery approaches (e.g., alternative vector designs) and thorough, disease- and guide-specific efficacy/safety assess-
ment are necessary for translation[50,52]. In practical terms, if genome editing is ever brought early into clinical pathways
for angiogenic retinal disease, it will likely require conservative target selection and cell-restricted delivery strategies and
- where feasible - delivery formats that limit the duration of nuclease exposure (e.g., transient Cas9 RNP delivery that acts
quickly and degrades), alongside long-horizon safety follow-up focused on unwanted functional consequences of
permanent pathway disruption[50,52].

SAFETY, PATIENT SELECTION, AND DURABILITY IN CLINICAL SETTINGS

Translating gene therapy from a promising concept to routine care for DR and DME depends on three tightly linked
pillars: Ocular safety, durability of effect, and careful patient selection. In recent AAV-based programs, intraocular
inflammation has emerged as a central safety signal, particularly after intravitreal delivery. Reported events range from
anterior segment inflammation and vitritis to severe, dose-limiting reactions, and in DME, the INFINITY experience with
intravitreal AAV2.7m8-aflibercept expression included severe inflammation and hypotony, ultimately leading to discon-
tinuation of further development for DME[50-52]. Route-related differences in inflammatory phenotype have also been
described in the context of gene therapy-associated uveitis (GTAU), with intravitreal administration reported at higher
rates than subretinal or suprachoroidal delivery, and with vitritis/anterior segment inflammation being a common
manifestation after intravitreal injection. These observations reinforce that dose, vector/capsid features, and route of
delivery can materially shape ocular tolerability and inflammatory outcomes[51,52].

At the same time, the diabetic disease context is relevant to risk assessment. In DR/DME, chronic hyperglycemia is
linked to oxidative stress, inflammation, and microvascular dysfunction, and clinical comparisons across indications
suggest that a therapy/dose tolerated in neovascular AMD may not behave identically in DME. This supports a conser-
vative approach to patient selection and prophylaxis, mirroring how current programs often define eligibility by disease
stage and prior treatment behavior (e.g., DME eyes demonstrating responsiveness to VEGF inhibition; DR cohorts
without center-involved DME) and frequently incorporate corticosteroid regimens and close monitoring for inflam-
matory signs. Durability is the major appeal of AAV-mediated “biofactory” strategies - continuous intraocular production
of an anti-VEGF biologic could reduce the injection burden. In neovascular AMD gene-therapy programs, multi-year
follow-up has been reported, with substantial reductions in rescue anti-VEGF injections, including cohorts in which many
patients remained supplemental-injection-free at 2 years and subretinal anti-VEGF gene therapy showed reduced
injection frequency over 4 years, supporting the plausibility of prolonged intraocular expression[19,29,43].

However, durability is not guaranteed. Recombinant AAV genomes generally persist as episomes, and transgene
performance can be influenced by host immunity (capsid- and transgene-directed responses), pre-existing or induced
neutralizing antibodies that can reduce efficacy, and by promoter/cassette behavior (including susceptibility to silencing
in some contexts). During tissue division, episomes can also be diluted with cell replication; more broadly, immune-
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mediated elimination of transduced cells is a recognized mechanism that can shorten functional persistence. Against the
background of diabetic retinal disease, where ongoing metabolic and vascular stressors are intrinsic to the patho-
physiology, the long-term stability of transduced cell populations and the sustained expression remain important
uncertainties. Consequently, whether DR/DME gene therapy will function as a one-time intervention or eventually
require re-treatment (and whether re-dosing would be feasible given anti-AAV immunity) remains an open clinical and
regulatory question.

Long-term human follow-up of early retinal gene-augmentation trials shows that functional gains can be measurable
yet incomplete and not always durable. In a phase 1-2 open-label study of subretinal recombinant AAV 2/2-RPE65 in 12
patients (6-23 years) with RPE65-associated Leber congenital amaurosis type, retinal sensitivity improved in a subset of
treated eyes and generally peaked at approximately 6-12 months before declining during 3-year follow-up; no associated
ERG improvement was detected, and visual acuity did not show a consistent benefit. Intraocular inflammation occurred
in some participants (predominantly at the higher dose), and clinically significant visual acuity deterioration was
observed in a minority[59].

Patient selection is pivotal for balancing potential benefit against procedural and biologic risk. In current gene-therapy
development for diabetic eye disease, clinical programs have largely centered on two pragmatic populations: (1) Eyes
with DME, where standard-of-care anti-VEGF therapy typically requires close monitoring and repeated intravitreal
injections, and where reduced visit/injection frequency in real-world practice is linked to poorer long-term outcomes;
and (2) Higher-risk NPDR without center-involved DME, as exemplified by suprachoroidal ABBV-RGX-314 studies
enrolling moderately severe or severe NPDR (and select mild PDR) with good baseline vision and no recent anti-VEGF
exposure. This focus aligns with the “biofactory” rationale - durable intraocular expression of an anti-VEGF strategy
intended to reduce the cumulative injection burden - while recognizing that route of delivery is itself a key determinant of
safety and distribution (e.g., office-based suprachoroidal delivery with broad posterior biodistribution, but outside a fully
immune-privileged compartment). At the same time, the diabetic retina is increasingly understood as a neurovascular
complication in which early dysfunction of the NVU is biologically relevant and better preventive/interventional strate-
gies for earlier stages are still needed - an observation that underscores why enrollment criteria and endpoints must be
chosen with particular care in diabetic populations[4,19,44].

A further complexity is interindividual heterogeneity in disease biology and therapeutic response. Pharmacogenomic
and candidate-gene literature suggest that DR susceptibility and severity are influenced by diverse genetic factors (e.g.,
human leukocyte antigen associations and multiple single-nucleotide polymorphisms across pathways) and that response
to anti-VEGF therapy in DME shows marked variability, with evidence of molecular differences between responders and
incomplete/nonresponders (including differences in transcriptional and cytokine-related signals and VEGF-pathway
modulation). In parallel, a neurovascular framing of diabetic retinal disease emphasizes the need for improved pheno-
typing and stratification beyond nonquantitative microvascular grading, incorporating measures of microvascular
impairment and retinal function. Taken together, it is reasonable to anticipate that - because most DR/DME gene-therapy
strategies aim for sustained VEGF-pathway suppression - the same broad heterogeneity that affects conventional therapy
could also be relevant for gene-therapy effectiveness and risk; this strengthens the rationale for integrating systemic
characteristics and ocular biomarkers (and, where feasible, molecular profiling) into future trial design and eventual
clinical decision-making[4,19,60].

Overall, successful translation of gene therapy for DR and DME will depend on demonstrating durable biologic
activity with an acceptable safety profile in appropriately selected patients, alongside practical delivery approaches.
While early clinical experience is encouraging in some programs, vigilance is warranted: Severe intraocular inflammation
and hypotony have been reported in intravitreal gene-therapy development for DME, and even with alternative routes,
immune responses and inflammation remain central concerns. In addition, chronic VEGF suppression raises theoretical
safety questions because gene therapy is not readily “switchable off”, and future work has explicitly highlighted the need
to better define prophylaxis/monitoring strategies and to identify biomarkers that can detect and quantify ocular
immune responses. As longer follow-up accumulates and trials increasingly align enrollment and outcomes with the
complex neurovascular biology of diabetic retinal disease, the field will be better positioned to judge whether gene
therapy can deliver meaningful disease modification and sustained reduction in treatment burden, rather than simply re-
packaging current anti-VEGF paradigms[4,19,44,60].

DISCUSSION

The interpretation of the available findings necessitated a clear examination of methodological limitations. A significant
portion of studies on ocular gene therapy for diabetic retinal disease originated from early-phase or single-arm research,
often characterized by small cohort sizes, brief follow-up periods, and varied outcome definitions. Consequently,
evidence was evaluated with caution, and findings were assessed in terms of developmental trajectory rather than
confirmed therapeutic efficacy.

Intravitreal anti-VEGF therapy has reshaped the management of DME and advanced DR, but the outcomes achieved in
pivotal trials rely on frequent visits and repeated injections - an intensity that is difficult to reproduce in everyday care.
Real-world EMR cohorts consistently show lower treatment density and more modest vision gains. In one integrated
health-system cohort, follow-up was often irregular (only about three-fifths of eyes had at least quarterly visits, with
monthly follow-up being rare), and most eyes received no more than three injections over 12 months, with an average
gain of roughly five ETDRS-equivalent letters. In a much larger multi-site United States database, first-year treatment
averaged about six to seven injections with a mean gain of approximately 4 letters; half of the eyes received six or fewer
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injections, and fewer than one-fifth received near-monthly dosing[7,8]. Importantly, visual outcomes generally improved
as injection frequency increased (beyond the first couple of injections), while eyes starting with relatively good baseline
acuity showed ceiling effects and were more likely to lose letters over one year. Together, these datasets explain why
routine-practice outcomes often fall short of randomized trials and emphasize how visit burden and repeated injections
constrain long-term disease control in DME[7,8].

Concurrently, mechanistic and clinical evidence have reframed diabetic retinal disease as a tissue-specific neuro-
vascular complication in which endothelial cells, pericytes, neurons, glia, and immune cells function as an interdependent
retinal NVU that maintains the blood-retinal barrier and regulates retinal homeostasis. Diabetes disrupts normal cell-cell
interactions, compromises barrier integrity, and is linked to both vascular pathology and impaired neuronal function;
neuroglial dysfunction and neurodegenerative features can occur early and may relate variably across patients to
subsequent microvascular progression. While VEGF-A signaling is a central driver of vascular permeability and neovas-
cularization, and VEGF-A blockade can be highly effective in appropriate stages, the literature also highlights key
limitations: Anti-VEGEF is positioned as a late-stage strategy, requires regular intravitreal injections, and a substantial
subset of patients show incomplete or absent response, with inflammatory and other non-VEGF pathways plausibly
contributing to persistent disease activity[3,4]. This broader neurovascular framework supports the pursuit of longer-
duration intraocular strategies that can maintain consistent pathway suppression and reduce dependence on frequent
retreatment, aligning therapeutic delivery with the chronic, multifactorial biology of diabetic retinal disease[3,4].

The strongest proof-of-concept for durable intraocular anti-VEGF expression in a common retinal disease is currently
illustrated by subretinal AAV8 RGX-314 in neovascular AMD. In the open-label, multicenter phase 1/2a dose-escalation
study, doses = 6 x 10" genome copies/eye produced sustained aqueous levels of the expressed anti-VEGF antigen-
binding fragment through 2 years, with stable or improved BCVA and central retinal thickness and, in many participants,
few or no supplemental anti-VEGF injections after a single administration[18]. Safety signals included dose-related retinal
pigmentary changes (more frequent at higher doses) and one serious adverse event possibly related to the highest dose,
while investigators reported no clinically recognized immune responses and no ocular inflammation beyond that
expected after vitrectomy. Overall, the trial supports the feasibility of sustained VEGF-A suppression with a single
subretinal gene-therapy procedure, while also showing that dose and long-term tolerability matter[18].

This AMD experience is relevant for DME largely because current anti-VEGF care remains vulnerable to under-
treatment in routine practice. In a real-world analysis of 28658 DME eyes, patients received a mean of 6.4 injections in
year 1 with a mean gain of +4.2 ETDRS letters; 50% of eyes received < 6 injections, and < 20% received 10-13 injections
(monthly intensity). Visual gains showed a treatment-intensity relationship, reinforcing how treatment burden can
translate into suboptimal outcomes outside trials[8]. In that context, gene therapy for DR/DME is being developed as an
intraocular “biofactory” approach to reduce repeated injections and monitoring demands[19].

However, diabetic retinal disease cannot be assumed to mirror AMD in safety or durability. The INFINITY phase 2
program testing intravitreal ADVM-022 (ixo-vec; AAV.7m8-aflibercept) in DME illustrates this point: While fewer ixo-
vec-treated eyes required rescue aflibercept than control in early follow-up, the trial was complicated by dose-dependent
inflammation, and the 6 x 10" vg dose was associated with severe inflammation and hypotony, leading the sponsor to
discontinue development for DME[19]. The ClinicalTrials.gov record further notes that the study was unmasked in April
2021 for enhanced safety monitoring after a suspected unexpected serious adverse reaction in the high-dose arm, and that
although intraocular inflammation was often mild to moderate and generally responsive to corticosteroid drops, dose-
limiting toxicities affected the high-dose benefit-risk profile[38]. Together, these data argue that “one-and-done” is not a
default property of ocular gene therapy; it is a testable claim that must be re-established for each vector, dose, route, and
disease context[19,38].

Finally, durability and re-treatment remain legitimate questions. In the RGX-314 study, protein-expression kinetics
differed across dose cohorts (with uncertainty about why higher-dose cohorts showed a post-peak decline), and the
authors explicitly highlight the value of longer follow-up for ongoing evaluation[18]. More broadly, vector immunology
remains a practical constraint: While pre-existing anti-AAV8 immunity did not appear to reduce expression after a single
subretinal RGX-314 administration, concerns persist that pre-existing or treatment-emergent neutralizing antibodies can
reduce transduction efficiency and complicate re-administration strategies[18,19].

Patient selection will largely determine whether ocular gene therapy for DR is positioned primarily as a means to
reduce the burden of repeated intravitreal anti-VEGF injections or as an intervention intended to improve retinopathy
severity. Current clinical development has focused on eyes with DME that ordinarily require ongoing anti-VEGF
treatment and on higher-risk nonproliferative DR populations (e.g., moderately severe to severe NPDR, or mild PDR
without active center-involved DME), where clinically meaningful endpoints can be captured within conventional trial
follow-up - such as the need for rescue injections and changes in the DRSS. In this setting, interim findings from
programs such as SPECTRA (4D-150) and ALTITUDE (ABBV-RGX-314) are described as promising for both reducing
treatment burden and improving DRSS, while experience from INFINITY (Ixo-vec/ ADVM-022) underscores that severe
intraocular inflammation and hypotony can occur and may be development-limiting in DME[19].

Taken together with the broader therapeutic landscape, this supports a cautious, stepwise conclusion. In DR/DME,
targeting VEGF-driven microvascular pathology remains the only clearly successful therapeutic strategy to date, but it is
typically deployed in later stages, requires regular intravitreal injections, and does not yield optimal responses in all
patients - factors that collectively motivate the development of durable alternatives[3]. A pragmatic near-term transla-
tional role for gene therapy, consistent with current trials, is therefore the “biofactory” concept: Sustained intraocular
production of anti-VEGF (or related anti-angiogenic) effectors to reduce monitoring and injection burden while
potentially improving DR severity metrics[19]. However, the same durability that is attractive clinically also concentrates
safety expectations, because inflammatory adverse events (including gene therapy-associated uveitis) have been reported,
and chronic VEGF suppression cannot readily be “switched off”. Beyond transgene delivery, genome-editing strategies
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proposed for DR/DME (e.g., CRISPR/Cas approaches aimed at VEGF-pathway genes) introduce additional constraints
highlighted in current evidence - variable editing efficiency, practical vector-packaging limitations for commonly used
Cas9 systems, and concern for off-target mutations - making precise cell targeting and long-term safety surveillance
central prerequisites for any future expansion toward earlier, asymptomatic stages[19].

LIMITATIONS

This review has several limitations that reflect both the rapidly evolving nature of ocular gene therapy and the narrative
methodology adopted. First, the clinical evidence base for gene therapy in DR and DME remains immature, dominated
by early- to mid-phase studies, with much of the strongest human proof-of-concept derived from programs originally
developed for neovascular AMD. As a result, long-term durability and safety in diabetic retinal disease remain incom-
pletely characterized, and key practical uncertainties - such as whether therapeutic effect persists reliably over time,
whether transgene expression may wane, and whether re-dosing would be feasible in the presence of treatment-emergent
neutralizing antibodies - cannot yet be resolved with confidence. In addition, the absence of completed phase 3 trials
specifically designed for DR/DME limits the robust assessment of comparative effectiveness relative to contemporary
standards of care and precludes definitive conclusions regarding clinical positioning[17-19,38,40].

Second, substantial heterogeneity across studies restricts cross-trial interpretability and precludes meaningful
quantitative synthesis. Programs differ in capsid/vector design, expression cassettes, administration routes (intravitreal,
subretinal, suprachoroidal), dosing strategies, and prophylactic anti-inflammatory regimens - variables that materially
influence ocular biodistribution, immunogenicity, and inflammatory risk. Moreover, enrolled populations vary in disease
phenotype and stage (e.g., DME vs high-risk NPDR without center-involving DME), baseline vision, prior anti-VEGF
exposure, and systemic metabolic status, each of which may modulate both efficacy and safety in the diabetic retinal
microenvironment. These sources of variability require cautious interpretation of “positive signals” and support treating
current evidence as hypothesis-generating rather than conclusive[19,40,44].

Third, the narrative design - selected to enable contextual integration across mechanistic, translational, and clinical
domains - does not provide the structured rigor of systematic reviews or meta-analyses. Although the manuscript was
built on a defined literature search strategy and qualitative appraisal of peer-reviewed studies, selection bias and
publication bias remain possible, particularly in a field where unfavorable outcomes, terminated programs, or incomplete
datasets may be less visible in the published record. Finally, because the evidence base is moving quickly, conclusions
drawn here should be revisited as longer follow-up from ongoing DR/DME programs becomes available[19,38].

The existing literature appeared to be influenced by early-stage innovation programs, frequently supported by
industry and occasionally presented initially as intermediate datasets. In these contexts, adverse or ambiguous results
may be less likely to be published in their entirety in peer-reviewed journals, and the duration of follow-up may be
inadequate to assess durability or safety. These considerations have heightened the likelihood of selective reporting and
necessitated careful evaluation of seemingly effective signals. The outcomes of this research are thus characterized as
tentative and dependent on validation by bigger, longitudinal studies.

PROSPECTIVE OUTLOOKS

Several convergent trends are likely to shape the next phase of gene therapy development for DR and DME. Continued
optimization of AAV platforms - through capsid engineering and improved expression design - aims to enhance retinal
transduction efficiency while mitigating immune activation, a priority given that intraocular inflammation has emerged
as a defining safety constraint in multiple clinical programs, particularly after intravitreal delivery. In parallel, delivery
innovation is expected to remain central: Suprachoroidal administration is being actively explored in DR/DME because it
offers an outpatient, potentially scalable route with broad posterior-segment exposure, while also altering the immune
and barrier context encountered by the vector compared with intravitreal injection[19,40,44].

Beyond “anti-VEGF biofactory” approaches, the field is moving toward broader pathway coverage that better reflects
the neurovascular-unit framing of diabetic retinal disease. Multi-target constructs - already exemplified by platforms
combining VEGF-A inhibition with modulation of additional angiogenic or permeability mediators - represent a logical
extension of the durability paradigm and may help address VEGF-independent components of persistent disease activity
in subsets of patients. Over time, more refined patient stratification is also likely to become increasingly important. Trial
design and eventual clinical implementation will benefit from integrating quantitative ocular biomarkers and disease
phenotyping (including severity staging and imaging-based assessment of neurovascular injury) together with systemic
characteristics that influence inflammatory risk and treatment response, thereby improving the benefit-risk balance and
clarifying “where” along the DR/DME continuum durable gene-based modulation is most appropriate[35,36,44].

Genome editing remains a more distant - but conceptually transformative - frontier. The permanent nature of editing
imposes a substantially higher safety bar than reversible pharmacologic inhibition or protein-expression gene therapy,
especially for pathways with physiologic roles in retinal and choroidal homeostasis. The translational constraints
emphasized in the ocular gene-editing literature - off-target risk, mosaic/variable editing thresholds, and immune
responses to Cas effectors or other editing components - are particularly relevant when considering approaches for
multifactorial angiogenic disease rather than monogenic degeneration. Accordingly, if editing-based strategies are ever
advanced toward DR/DME, they will likely require conservative target selection, stringent cell-restricted control, and
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delivery formats that minimize duration of nuclease exposure, coupled with prolonged safety monitoring[50,52,57,58].

Gene therapy has emerged as a credible translational strategy for diabetic retinal disease, driven by the clinical need for
durability in conditions that currently demand repeated intravitreal anti-VEGF injections and intensive monitoring. The
core therapeutic premise - turning ocular tissues into sustained producers of a therapeutic biologic - offers a potential
path to reduce treatment burden while maintaining meaningful disease control, and multi-year experience in neovascular
AMD provides proof-of-concept that durable intraocular anti-VEGF expression can be achieved after a single adminis-
tration in selected settings. At the same time, DR and DME present disease-specific challenges that require indication-
tailored validation rather than simple extrapolation from neovascular AMD. Despite the potential for prolonged
intraocular therapeutic expression using gene-based methods, clinical advances in diabetic retinal disease have been
constrained. Current evidence predominantly indicates exploratory or preliminary development, with long-term safety,
durability, and generalizability still to be determined. Gene therapy should now be considered an evolving strategy, with
its definitive position contingent on the validation of satisfactory safety profiles and consistent clinical benefits across
broader diabetic populations.

The diabetic retina is characterized by chronic metabolic stress, blood-retinal barrier fragility, and a cytokine-rich
inflammatory milieu, all of which may influence vector tolerability, immune activation, and the stability of transgene
expression. Early DR/DME-focused development supports both sides of this balance: Ongoing programs have reported
encouraging signals consistent with reduced treatment burden and improvements in clinically relevant measures in some
settings, yet severe inflammation and hypotony in intravitreal DME development underscore that durability cannot be
pursued at the expense of ocular safety and that route, dose, and vector design matter decisively.

CONCLUSION

In the near term, the most defensible trajectory is incremental: Positioning gene therapy as an evolutionary complement
to established anti-VEGF paradigms, refined through improved vector engineering, safer and more scalable delivery
routes, and biomarker-informed patient selection. Longer follow-up and appropriately powered late-phase trials will be
essential to define durability, clarify long-horizon safety, and determine whether gene therapy can move beyond
sustained VEGF suppression toward broader, mechanism-based disease modification aligned with the neurovascular
biology of diabetic retinal disease.
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