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Abstract
Gene therapies have emerged as promising treatments in clinical development for various retinal disorders, offering hope to 
patients with inherited degenerative eye conditions. Several gene therapies have already shown remarkable success in clinical 
trials, with significant improvements observed in visual acuity and the preservation of retinal function. A multitude of gene 
therapies have now been delivered safely in human clinical trials for a wide range of inherited retinal disorders but there are 
some gaps in the reported trial data. Some of the most exciting treatment options are not under peer review and information 
is only available in press release form. Whilst many trials appear to have delivered good outcomes of safety, others have 
failed to meet primary endpoints and therefore not proceeded to phase III. Despite this, such trials have enabled researchers 
to learn how best to assess and monitor patient outcomes, which will guide future trials to greater success. In this review, we 
consider recent and ongoing clinical trials for a variety of potential retinal gene therapy treatments and discuss the positive 
and negative issues related to these trials. We discuss the treatment potential following clinical trials as well as the potential 
risks of some treatments under investigation. As these therapies continue to advance through rigorous testing and regulatory 
approval processes, they hold the potential to revolutionise the landscape of retinal disorder treatments, providing renewed 
vision and enhancing the quality of life for countless individuals worldwide.
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Key Points 

Gene therapy development for inherited retinal disease is 
a highly active area of research.

Delivery of gene therapies to the retina is well tolerated 
across multiple human trials.

Completed trials can guide future trial planning with a 
better understandining of appropriate endpoints.

1  Introduction

Inherited retinal diseases (IRDs) arise in various forms 
with causative mutations reported in 289 genes (RetNet, 
accessed May 2024). Despite the varied genetic origins, 
gene therapy development and application for IRDs has 
been at the forefront of translational medicine. In the 
early 2000s, recombinant adeno-associated vectors were 
developed to enable efficient gene delivery with serotype 
and transgene variants showing encouraging pre-clinical 
results in animal models [1]. Autosomal recessive and 
X-linked disorders were identified as being ripe for gene 
supplementation therapy and over the last two decades 
these have advanced to clinical trials with one now avail-
able as an approved treatment. Therapeutic approaches 
have since evolved to encompass more complex strategies 
than single gene supplementation, such as expression of 
factors to stimulate retinal health, optogenetic activation to 
convert cells to become light sensitive, and the most mod-
ern strategy of genome editing. In this review, we discuss 
the current state of gene therapies for IRDs and consider 
their future potential to become approved treatments. We 
have included as up-to-date information as possible at the 
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time of writing but are aware this is an ever-advancing 
field. To the best of our knowledge, all relevant ongoing 
trials as of May 2024 are discussed.

2 � Gene Supplementation

2.1 � Rod‑Cone Dystrophies

Retinitis pigmentosa (RP) worldwide prevalence is esti-
mated at 1 in 4000–5000 and describes a condition in 
which visual function is lost in the peripheral retina, 
also referred to as rod-cone dystrophy. The mechanism 
of this loss is dependent on the genetic origin, which is 
highly varied with numerous genes and mutation types 
responsible for this condition. Roughly 30% of autosomal 
dominant RP cases are caused by dominant mutations in 
the rhodopsin (RHO) gene. More than 150 dominant RHO 
mutations have been identified and implicated in autoso-
mal dominant RP and these mutations can be classified 
into eight different groups depending on the molecular 
pathogenesis [2]. Photoreceptor toxicity can be induced 
by misfolded proteins that result in excessive endoplasmic 
reticulum stress and eventual apoptosis following activa-
tion of the unfolded protein response [3]. Consequently, 
it is insufficient to simply deliver the wild-type coding 
sequence: the existing deleterious protein and its toxic 
effects need to be addressed. Moreover, gene supplementa-
tion therapies (particularly in dominant diseases) can lead 
to protein levels exceeding physiological values, result-
ing in additional toxic gain-of-function mechanisms [4]. 
Rhodopsin mutations are therefore challenging to treat and 
have yet to be addressed in clinical trials but approval is 
being sought, for example, by Opus Genetics who acquired 
the rights from Iveric Bio in 2023 to develop an AAV.RHO 
vector that knocks down native rhodopsin and provides 
replacement. Gene therapies for autosomal recessive RP 
caused by mutations in other genes have been investigated 
in trials summarised below.

2.1.1 � CPK850 (Novartis Pharmaceuticals)

This drug delivers the coding sequence for retinaldehyde 
binding protein 1, RLBP1, a crucial component of the visual 
cycle in rod and cone photoreceptors. A self-complementary 
transgene in AAV8 (scAAV8-RLBP1) is being investigated 
using a short RLBP1 promoter to drive RLBP1 expression 
in an ongoing phase I/II clinical trial (NCT03374657) to 
identify the maximum tolerated dose of CPK850 in addi-
tion to assessing the impact on visual function. No data are 
currently available on this trial.

2.1.2 � CTx‑PDE6B/HORA‑PDE6B (Coave Therapeutics)

Rod cGMP phosphodiesterase 6B (PDE6B) provides the 
beta subunit for a specialised complex important in the 
light response of rod photoreceptor cells. Coave Therapeu-
tics have developed an AAV5 vector to deliver the PDE6B 
coding sequence under the photoreceptor-specific rho-
dopsin kinase (GRK1) promoter and are providing this to 
adults aged 18 years and older in a phase I/II clinical trial 
(NCT03328130). A press release in May 2023 [5] and data 
presented at ARVO 2024 indicated that at 12 months, the 
gene therapy was well tolerated in 17 patients. It was high-
lighted that in a subgroup of six patients with less advanced 
disease that microperimetry sensitivity in the central four 
loci improved compared with the untreated eyes.

2.1.3 � AAV.PDE6A (STZ eyetrial)

Retinitis pigmentosa can also result from mutations in the 
alpha subunit of the rod phosphodiesterase complex and the 
phase I/II PIGMENT trial (NCT04611503) has provided 
supplementary PDE6A under the GRK1 promoter in an 
AAV8 vector by subretinal delivery. Preliminary data of 
safety and vision outcomes were presented at ARVO 2023 
[6], indicating that whilst the gene therapy was generally 
well tolerated, in two patients (one receiving 1 × 1011 and 
the other receiving 5 × 1011 vector genomes), a severe loss 
of visual acuity occurred that did not resolve 12 months 
post-injection.

2.1.4 � rAAV2‑VMD2‑hMERTK (STZ eyetrial)

The MER proto-oncogene tyrosine kinase (MERTK) is 
expressed in the retinal pigment epithelium, but the loss of 
activity leads to incorrect processing of photoreceptor outer 
segments, which causes RP. A phase I study (NCT01482195) 
was initiated in 2011, in which an AAV2 vector was pro-
vided by a subretinal injection to provide supplementation 
of MERTK under the control of the RPE-specific vitelliform 
macular dystrophy 2 (VMD2) promoter. The data from six 
patients have been published [7] and whilst indicating no 
severe adverse events, the results have not led to a follow-
up study.

2.2 � X‑Linked RP (XLRP)

X-linked RP (XLRP) is one of the most severe forms of 
inherited retinal degeneration, characterised by the progres-
sive loss of function of photoreceptors that begins with night 
vision and peripheral vision loss and leads to legal blind-
ness. The major contributor to this aggressive form of RP is 
the RP GTPase regulator (RPGR) gene, whose pathogenic 
variants are responsible for approximately 70% of all XLRP 
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cases [8]. RPGR-related retinal degeneration is a geneti-
cally and clinically heterogeneous disease that affects male 
individuals, although female carriers can also be severely 
affected because of skewed X chromosome inactivation. The 
RPGR clinical phenotype reflects the type and severity of the 
photoreceptor class affected and, depending on the location 
of the pathogenic variant within the gene, can be manifested 
as a classic RP in which rods are primarily affected or a 
cone-dystrophy phenotype restricted to cones [9].

There is currently no approved treatment for RPGR-
related retinal disease and the clinical management of 
patients remains supportive. Several gene therapy candi-
dates are being assessed in clinical trials to study the safety 
and efficacy of delivering a functioning copy of the retina-
specific isoform, RPGRORF15, to supplement the mutant gene 
in surviving photoreceptors.

2.2.1 � Botaretigene Sparoparvovec (MeiraGTx and Janssen 
Pharmaceuticals, Inc.)

Botaretigene sparoparvovec (AAV5-RPGR) is an investi-
gational gene therapy that consists of a shortened form of 
the human RPGRORF15 coding sequence, expressed under 
the control of the GRK1 promoter, packaged in AAV5. The 
human RPGRORF15 sequence administered with this vector 
contains an in-frame deletion of 378 base pairs in the ORF15 
region, which results in the absence of 126 amino acids and 
two point mutations in the distal end of the gene: c.3396C>T 
(p.N1132N) and c.3430G>A (p.V1144I) [10]. The deletion 
within ORF15 makes the sequence less prone to mutations 
during the DNA manipulation and the generation of the gene 
therapy vector. However, an additional truncated form of the 
RPGR protein is expressed from this vector [11], probably 
due to abnormal splicing. The long-term effects of a gene 
replacement therapy using a human RPGRORF15 sequence 
containing a deletion that generates two truncated proteins 
unable to be completely glutamylated are unpredictable [12]. 
To date, there is no rationale as to why an RPGR protein 
with such a large deletion in a critical region for post-trans-
lational modification should be used when the full length 
wild-type protein can be stably expressed from a codon-
optimised transgene.

The phase I/II MGT009 clinical trial (NCT03252847) 
provided botaretigene sparopavovec to adults and children 
with XLRP caused by variants in the RPGR gene. Patients 
received a subretinal injection of varying bleb size (0.3–0.8 
mL) in the worse-seeing eye of either: 2 × 1011 vector genomes 
per millilitre (vg/mL), 4 × 1011 vg/mL, or 8 × 1011 vg/mL. 
Results obtained at 6 months were presented at the American 
Academy of Ophthalmology Annual and ARVO Meetings in 
2022 [13, 14] and indicated an acceptable safety profile. No 
differences in efficacy were observed between patients who 
received the low or intermediate dose—data pooled from both 

cohorts showed an improvement in mean retinal sensitivity, 
measured by static perimetry in the central 10-degree area of 
the retina, in treated eyes compared with untreated eyes. Func-
tional vision, assessed using a visual mobility maze without 
obstacles and maintaining the same course in the baseline and 
after treatment tests, seemed to increase with AAV5-RPGR as 
the walking time improved in treated eyes of the low-dose and 
intermediate-dose cohorts compared with the untreated eyes 
in the control arm [13]. It should be noted however that some 
patients were excluded from this analysis and no peer-reviewed 
publication is yet forthcoming.

Further development of this therapy has continued with 
the phase III LUMEOS trial (NCT04671433). Botaretigene 
sparoparvovec has been granted Fast Track and Orphan 
Drug designations by the US Food and Drug Administration 
and PRIority MEdicines (PRIME), and Advanced Therapy 
Medicinal Product and Orphan designations by the European 
Medicines Agency.

2.2.2 � AGTC‑501 (AGTC, Now Beacon Therapeutics)

AGTC-501 (AAV2tYF-coRPGR) carries a codon-opti-
mised human RPGRORF15 coding sequence that maintains 
the amino acid sequence of the protein, expressed under the 
control of the GRK1 promoter and packaged in an AAV2 
capsid variant with three tyrosine to phenylalanine mutations 
(AAV2tYF). The phase I/II HORIZON trial (NCT03316560) 
began in April 2018 with 29 male adults receiving a sin-
gle dose of AGTC-501 in one eye. The interim analysis 
at month 24, presented in the 23rd EURETINA Congress 
[15], showed that AGTC-501 has a favourable safety profile, 
with no serious adverse event linked to the investigational 
product. Subretinal administration of AGTC-501 resulted 
in a significant treatment effect in visual sensitivity, an 
improvement in retinal sensitivity assessed by microperim-
etry, which continued to correlate with improvements in the 
retinal structure, as observed in the spectral domain optical 
coherence tomography. Best-corrected visual acuity data 
indicated evidence of a biological response. These positive 
and promising results led to the phase II SKYLINE trial in 
which two doses of AGTC-501 are being tested in paediatric 
and adult male patients. AGTC-501 is now the lead clinical 
asset of Beacon Therapeutics, an ophthalmic gene therapy 
company that is planning a phase II/III VISTA multi-centre 
trial (NCT04850118), evaluating the safety, efficacy and 
tolerability of two doses of AGTC-501 compared to an 
untreated control group.

2.2.3 � Cotoretigene Toliparvovec (BIIB112) [Nightstar/
Biogen]

Cotoretigene toliparvovec (BIIB112/AAV8-coRPGR) was 
developed by Nightstar Therapeutics Ltd. (later acquired by 



578	 M. E. McClements et al.

Biogen Inc.) and the University of Oxford and was the first 
gene therapy candidate to enter clinical trials for RPGR-
associated RP (NCT03116113). The gene therapy com-
bined an AAV8 vector with a stable transgene containing 
the GRK1 promoter and a codon-optimised version of the 
human RPGRORF15 [16]. As with the codon-optimised vector 
developed by AGTC, silent substitutions were introduced in 
the RPGRORF15 coding sequence to stabilise the sequence 
whilst additionally preventing synthesis of truncated RPGR 
proteins, or RPGR proteins with large in-frame deletions.

The XIRIUS study (NCT03116113) combined dose esca-
lation (phase I) and dose expansion (phase I/II) evaluating 
the safety, tolerability and efficacy of a single subretinal 
injection of BIIB112 in male adults with mutations in the 
RPGR gene. Promising results were achieved, including no 
notable safety concerns, and visual field improvements in 
treated eyes beginning at month 1 and sustained at month 
6 of follow-up [17] but this study did not meet its primary 
endpoint [18]. A post-hoc analysis of 18 participants in the 
XIRIUS study, and 103 participants in the Natural History 
of the Progression of XLRP (XOLARIS) trial, showed an 
early and sustained improvement in retinal sensitivity among 
the 12 participants who received the four highest doses of 
BIIB112 compared with untreated individuals in the XOLA-
RIS trial. No dose-limiting toxic effects were observed [19].

2.2.4 � 4D‑125 (4D Molecular Therapeutics)

4D Molecular Therapeutics also developed a vector carry-
ing a codon-optimised version of the human RPGRORF15. 
This optimised transgene was packaged into an engineered 
capsid, R100, designed to reduce immunogenicity and to 
increase transgene expression [20]. Unlike the other studies 
discussed above, 4D-125 is administered through an intravit-
real route. There is however no data in the literature to sup-
port the notion that intravitreal AAV can transduce primate 
photoreceptors of the outer retina effectively. To do this, the 
vector would need to penetrate the full retinal thickness and 
potential barrier of the internal limiting membrane as well 
as diffuse against the gradient of the fluid flow of aqueous 
from the ciliary body. Vector transduction will be depend-
ent on the concentration in contact with receptors on the 
cell surface. Even excluding the retinal barriers, a simple 
application of Fick’s Law, in which diffusion is inversely 
proportional to concentration, suggests that a typical subreti-
nal volume of 40–50 μL of vector will be two log units more 
efficacious than when diluted into the 4.2-ml volume of the 
vitreous cavity. Achieving therapeutic levels is unlikely to 
be achieved without significant inflammation.

The phase I/II trial (NCT04517149) is a multi-centre 
study with two parallel parts: an observational natural his-
tory cohort and an interventional trial in male individu-
als with RPGR-associated retinal dystrophy. The safety, 

tolerability and efficacy of a single intravitreal injection of 
4D-125 at two dose levels (3 × 1011 vg/eye and 1 × 1012 vg/
eye) in one or both eyes are being evaluated. At the 2021 
American Society of Retina Specialists meeting, interim 
data were presented indicating 4D-125 was well tolerated 
and a dose expansion with the 1 × 1012 vg/eye ongoing [21]. 
4D-125 was granted Fast Track Designation by the Food and 
Drug Administration.

2.2.5 � FT‑002 (Frontera Therapeutics)

FT-002 is a recombinant AAV designed to deliver RPGR 
currently being tested in patients in China (NCT05874310). 
At the time of writing this review, no details about the gene 
therapy vector or the design of the clinical trial are available.

2.3 � Leber Congenital Amaurosis

The retinal pigment epithelium supports the visual cycle and 
mutations in the retinal pigment epithelium‐specific 65‐kDa 
protein (RPE65) lead to Leber congenital amaurosis (LCA). 
Clinical trials assessing gene supplementation of RPE65 
have successfully led to an approved treatment.

2.3.1 � Luxturna/Voretigene Neparvovec (Spark 
Therapeutics)

Luxturna® (voretigene neparvovec), authorised for patients 
with confirmed biallelic loss-of-function RPE65 mutation-
associated retinal dystrophy, is currently the only approved 
ocular gene therapy. Food and Drug Administration approval 
was granted on 19 December, 2017 and on 23 November, 
2018, approval was granted for use in all European Union 
member states. In a landmark phase III clinical trial con-
ducted by Spark Therapeutics using a dose of 1.5 × 1011 vec-
tor genomes, 31 patients were treated with the AAV2 vector 
containing the RPE65 coding sequence under the control of 
the ubiquitous hybrid promoter containing cytomegalovirus 
enhancer and chicken beta actin promoter [22]. Patients were 
aged between 4 and 44 years and the worse-seeing eye was 
treated first, followed by the fellow eye 6–18 days later. A 
novel primary endpoint was chosen, the multi-luminance 
mobility test [23], in an effort to generate a single quantifi-
able test to be utilised to assess visual function changes in 
patients with rod-dominant inherited retinal dystrophies.

Voretigene neparvovec treatment has resulted in signifi-
cant visual function improvement and no serious adverse 
events after 1 year and durability of improvement after 
3–4 years follow-up [22, 24, 25]. Improvements in ambu-
latory navigation, light sensitivity and visual fields were 
consistent in both intervention groups. Average sensitivity 
changes of <− 2 log units (cd.s/m2) (i.e. around a 100-fold 
improvement in sensitivity), nearly maximal by 30 days, 
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were maintained for at least 4 years. The safety profile was 
consistent with pars plana vitrectomy and the subretinal 
injection procedure and was similar between intervention 
groups, with no product-related serious adverse events or 
deleterious immune responses.

However, in 2022, in addition to the chorioretinal 
atrophy around the retinotomy site, it was reported that 
a subset of patients undergoing a subretinal voretigene 
neparvovec injection developed progressive perifoveal 
chorioretinal atrophy after surgery despite a good func-
tional outcome [26]. Although an immunological cause 
has been postulated, clinical examinations at follow-ups 
have not revealed any distinct clinical signs of inflamma-
tion. A second hypothesis put forward is that photorecep-
tor rescue in a degenerate tissue with decreased metabolic 
activity may result in a sudden increase in metabolic and 
oxygenation demand, leading to cell death. The case may 
be that RPE-related gene therapies are more difficult to 
fine tune compared with photoreceptor-related gene ther-
apies. Long-term observations of patients treated with 
voretigene neparvovec will help elucidate the reactive 
processes that occur in the retina in response to newly 
increased metabolic activity, and aid in the improvement 
of gene therapies for the RPE-related genes.

2.3.2 � AAV‑miniCEP290 (Iveric Bio)

In addition to RPE65, mutations in the cilia-centrosomal 
protein CEP290 are frequently observed in LCA cases, 
accounting for approximately a quarter of patients with 
LCA [27]. CEP290 is located in the ciliary transition zone 
of photoreceptors and is vital for the formation and sta-
bility of primary cilia. It acts as a molecular gatekeeper, 
regulating the ciliary trafficking of proteins and lipids from 
the photoreceptor inner segment to the outer segment [28]. 
At ~ 7.4 kb, CEP290 cDNA is larger than the maximum 
cargo capacity of AAV, therefore providing the complete 
coding sequence is not possible.

In 2019, Iveric Bio announced a minigene programme 
to treat LCA10, with a truncated CEP290 transgene that 
could be packaged in AAV. To date, only pre-clinical data 
are available but an optimised transgene design achieved 
improved photoreceptor structure and function in a mouse 
model of the disease [29]. Developing a long-lasting and 
efficacious strategy for CEP290 gene therapy and other 
large gene disorders is a challenge in the field but mini-
gene therapies may be a viable option, although as yet 
there are no clinical trials planned. Genome editing offers 
another strategy for the treatment of large gene disorders 
and has been applied to CEP290 mutations, discussed in 
a later section.

2.4 � Choroideremia

Mutations in the gene encoding Rab escort protein 1 (REP1) 
lead to choroideremia, a rare X-linked disorder that presents 
at a young age and leads to progressive and severe chori-
oretinal degeneration. Trial data have been well reported 
but owing to a current lack of consensus in what constitutes 
appropriate outcomes of success, trials have failed to meet 
designated primary endpoints, although this does not reflect 
that, in many cases, positive outcomes were achieved.

2.5 � Timrepigene Emparvovec (BIIB111/AAV2‑REP1) 
[Biogen, acquired by Beacon Therapeutics 
in 2023]

This vector has been through phase I/II trials and, more 
recently, the phase III STAR clinical trial, which have con-
firmed this treatment (AAV2.CAG.REP1) to be well tol-
erated at 1 × 1011 vector genomes in 69 male individuals 
and 1 × 1010 vector genomes in 34 male individuals [30]. 
The primary endpoint of a 15-letter gain in best-corrected 
visual acuity from baseline was not achieved because there 
were only four responders in the treated groups (none in the 
control group). With regard to the secondary endpoint; nine 
of 65 high-dose patients and six of 35 low-dose patients 
achieved a ≥ 10-letter ETDRS improvement from baseline, 
compared with one of 62 in the control cohort (p < 0.007). 
Such outcomes highlight the need to re-consider primary 
endpoints that determine a trial’s ultimate success.

2.6 � AAV2‑REP1 (Spark Therapeutics)

Using an equivalent vector design to BIIB111, the phase I/II 
trial sponsored by Spark Therapeutics (NCT02341807) has 
also observed good tolerance of the vector with limited signs 
of improvement compared to untreated eyes at the 2-year 
follow-up [31].

2.7 � AAV2‑REP1 (University of Alberta)

A further AAV2 vector for delivering REP1 under the con-
trol of the CBA promoter by subfoveal delivery has been 
assessed in a phase I/II trial (NCT02077361), with 5-year 
results recently published [32]. Unlike the other REP1 trials 
that had larger cohorts, this trial only reported data on five 
patients and no impact of the treatment was evident in the 
patients recruited who all had late-stage CHM.

2.8 � 4D‑110 (4D Molecular Therapeutics)

In contrast to the other CHM trials, the 4D Molecular 
Therapeutics approach delivers the treatment by an intra-
vitreal injection using their novel AAV capsid variant 
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4D-R100. Press releases from the ongoing phase I/II trial 
(NCT04483440) have to date indicated the product is well 
tolerated in the low-dose cohort with severe adverse events 
occurring in the high-dose cohort [33]. This unfortunately 
is to be expected as intravitreal AAV above 1 × 1011 vg is 
likely to cause severe inflammation.

2.9 � X‑Linked Retinoschisis (XLRS)

X-linked retinoschisis (XLRS) affects 1 in 5000–20,000 
male individuals and results from mutations in the RS1 gene, 
which encodes the 224-amino acid protein retinoschisin, 
expressed in bipolar and photoreceptor cells [34, 35]. RS1 
is secreted into the extracellular space and considered to 
be important for cell-to-cell adhesion, maintaining retinal 
structural integrity, and for signal transduction between pho-
toreceptors and bipolar cells [36]. Two gene therapy clinical 
trials have provided AAV by intravitreal delivery with a third 
alternative in the pipeline planning a subretinal injection.

2.9.1 � rAAV2tYF‑CB‑hRS1 (AGTC, Acquired by Beacon 
Therapeutics in 2023)

A phase I/II dose escalation study (NCT02416622) spon-
sored by Applied Genetic Technologies Corporation used 
the triple mutant AAV2 capsid to deliver the RS1 coding 
sequence under the CBA promoter. Twenty-two adults and 
five children were enrolled and rAAV2tYF-CB-hRS1 was 
delivered at 1 × 1011, 3 × 1011, or 6 × 1011 vg/eye. One-
year trial data revealed that the most common ocular adverse 
events were related to ocular inflammation that, except in 
three participants in the highest-dose group, responded to 
corticosteroid therapy [37]. No functional improvements 
(visual acuities, visual fields, microperimetry or full-field 
electroretinogram) were observed in any of the dose groups. 
Because of a lack of efficacy and inflammation concerns, the 
decision was taken to terminate the product [38]. A study on 
the baseline immune function of patients with XLRS sug-
gested that patients may exhibit a proinflammatory pheno-
type, which may further increase the risk of post-operative 
inflammation and hence, transduction efficiency [39], which 
may indicate an intravitreal delivery route as less suitable 
for this condition. A lack of efficacy may also be a result of 
inadequate penetration of the vector through the internal lim-
iting membrane to transduce retinal cells, a problem that is 
being countered by development of new capsid types (such 
as with 4D Molecular Therapeutics).

2.9.2 � AAV.RS1 (National Eye institute, VegaVect Inc.)

An ongoing, single-centre, phase I/II clinical trial 
(NCT02317887) sponsored by the National Eye Institute 
provided AAV8 with a modified human RS1 promoter 

augmented by an interphotoreceptor retinoid-binding protein 
enhancer element. Twelve adults with XLRS were enrolled 
and scAAV8-RS1-hRS1 was delivered at 1 × 109, 1 × 1010, 
1 × 1011 or 3 × 1011 vg/eye. Although preliminary data at 
the 18-month follow-up suggested safety of the vector, no 
significant improvement in visual acuity was seen in treated 
versus untreated eyes in all but one patient (injected with 
the high dose 1 × 1011 vg), who showed a transient closure 
of the schitic cavities in the study eye, which occurred at 2 
weeks post-injection [40].

2.9.3 � ATSN‑201 (Atsena Therapeutics)

The limitations associated with intravitreal injections may be 
overcome by the more recent clinical programme announced 
by Atsena Therapeutics. This will use a novel AAV capsid, 
AAV-SPR, which is thought to spread laterally beyond the 
injection site after a subretinal injection and should enable 
better targeting of photoreceptors [41].

2.10 � Achromatoposia

Achromatopsia is caused by loss-of-function mutations in 
the cyclic nucleotide-gated channels involved in the pho-
totransduction cascade. Being inherited in an autosomal 
recessive manner, it is an attractive target for gene supple-
mentation therapy.

2.10.1 � AAV8.CNGA3 (STZ eyetrial)

The clinical trial sponsored by the STZ eyetrial evaluated 
the effect of three escalating doses (1 × 1010–1 × 1011 total 
vector genomes per eye) of AAV8.CNGA3 under the con-
trol of the cone-specific arrestin-3 promoter (ARR3) in nine 
patients with CNGA3-associated achromatopsia and 1-year 
and 3-year data have been reported [42, 43].

The treatment was well tolerated and resulted in two 
adverse events that resolved with corticosteroid treatment 
and without sequelae. Unlike the progressive chorioreti-
nal atrophy observed in patients who received voretigene 
neparvovec, retinal changes observed after treatment with 
AAV8.CNGA3 consisted of hypopigmentation around the 
retinotomy site and a hyperpigmentation delineating the 
lower border of the retinal bleb raised during the subretinal 
injection. These changes were visible in the early post-
operative period and did not progress with time. Provision 
of AAV8.CNGA3 resulted in consistent improvements 
in visual acuity and contrast sensitivity against baseline 
in all nine treated patients [42], for at least 3 years after 
treatment [43]. However, as the fellow eye demonstrated 
simultaneous improvement in visual acuity, there was no 
statistical significance difference between the treated and 
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untreated eye. The small sample size limited the statisti-
cal power of efficacy analyses, but the trial results offer 
potential endpoints for future clinical trials.

A phase IIb clinical trial (randomised, observer masked) 
targeting treatment of the second eye of the first patients 
and treatment of children aged 6–12 years is ongoing with 
14 patients anticipated to be enrolled to receive 1 × 1011 
vector genome particles in each eye at different timepoints. 
The cohort in whom the first eye has received treatment 
will only receive one injection in the second eye. The 
study is anticipated to be completed in April 2027, which 
will be of particular interest to identify whether earlier 
intervention in younger patients results in greater func-
tional gains by avoiding the development of amblyopia.

2.10.2 � AGTC‑401 (CNGB3) and AGTC‑402 (CNGA3) [AGTC, 
Acquired by Beacon Therapeutics 2023]

AGTC initiated phase I/II trials for CNGB3-related 
(AGTC-401, NCT02599922) and CNGA3-related (AGTC-
402, NCT02935517) achromatopsia. Both vectors used the 
triple-mutant AAV2 capsid (AAV2tYF) and a cone-photo-
receptor specific promoter (PR1.7) delivered by a macular 
subretinal injection. Interim safety data were presented at 
ARVO 2022 from both trials, which combined included 37 
adults and 18 children [44]. Three serious adverse events 
were observed in children at the highest dose of 3.2 × 1012 
vg/mL (two from CNGA3 treatment and one from CNGB3 
treatment). At lower doses, the drugs were well tolerated 
and had favourable safety profiles in adults and children. 
Despite the encouraging safety profile, since acquiring 
AGTC in 2023, Beacon Therapeutics have stated they are 
currently not pursuing the development of either of these 
drugs, but the clinical trials will continue to conclusion.

2.10.3 � AAV.CNGB3 and AAV.CNGA3 (MeiraGTx)

MeiraGTx is conducting phase I/II tr ials with 
AAV.CNGB3 (NCT03001310) and AAV.CNGA3 
(NCT03758404) vectors, of which, data have been pub-
lished for the CNGB3 trial [45]. The AAV8 vector carries 
a transgene with the CNGB3 coding sequence driven by a 
0.4-kb fragment of the human promoter. Eleven adults and 
12 children received the vector at 0.1 × 1012, 0.6 × 1012 
or 1 × 1012 vg/mL. Adverse events were as expected for a 
study of this type and manageable with no improvements 
in visual function assessments achieved from treated eyes 
compared to untreated eyes at week 24. This drug received 
Fast Track designation in 2021 and the medicine has been 
registered as entacingene turiparvovec and is awaiting 
approval.

3 � Secreted Factors

As evidenced by the therapies discussed so far, single-gene 
disorders, particularly autosomal recessive and X-linked 
forms, are achieving encouraging outcomes from clinical 
trials. However, the leading cause of irreversible sight loss 
amongst the aging population across the developed world 
is age-related macular degeneration (AMD). This is a com-
plex disorder resulting from genetic and environmental fac-
tors that is most common in the form of dry AMD, which 
progresses slowly over many years with development of 
geographic atrophy [46]. In many patients, wet AMD (or 
neovascular AMD) can develop, when blood vessels grow 
incorrectly in the retina and lead to further significant dam-
age. Gene therapy strategies have been developed to target 
both forms of AMD and make use of secreted factors to 
induce prevention of inflammation and atrophy, thereby pro-
viding a general regulation of the condition.

3.1 � Dry AMD

Genetic risk factors for dry AMD predominantly occur in 
genes associated with the complement system, a complex 
system that forms a critical part of the innate response and 
plays a key role in AMD pathogenesis [47]. It has been con-
sidered that provision of inhibitors of complement activation 
may offer a viable strategy to prevent geographic atrophy in 
dry AMD.

3.1.1 � GT005/PPY988 (Novartis)

Originally developed by Gyroscope Therapeutics, this 
was acquired by Novartis in 2022 with a phase I/II 
FOCUS trial (NCT03846193) and two additional phase 
II trials (EXPLORE, NCT04437368 and HORIZON, 
NCT04566445) initiated. GT005 uses AAV2 to deliver 
complement factor I using the ubiquitous CAG promoter 
(cytomegalovirus enhancer, CBA promoter plus rabbit 
beta-globin intron), a protein that downregulates comple-
ment activation. Dose escalation and expansion was per-
formed with patients undergoing surgery either by a sub-
retinal transvitreal delivery or using the Orbit™ subretinal 
delivery system. Data from 31 patients identified no serious 
adverse events and whilst RPE changes were observed in 
some patients, these were limited to the bleb area and did 
not cause significant changes to vision [48]. Immunogenic-
ity data were encouraging with no significant association 
of immune responses or adverse events, vitreous samples 
were extracted at baseline then again post-treatment at weeks 
4–25 and 29–56 with increasing levels of complement factor 
I detected at each timepoint. Vitreous samples also showed 
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a reduction in complement system factors Ba, C3b/iC3b 
and C3. However, despite the preliminary data indicating 
the vector was well tolerated in patients with geographic 
atrophy, the FOCUS, EXPLORE and HORIZON trials were 
terminated in 2023 with Novartis announcing it would dis-
continue GT005 [49].

3.1.2 � HMR59 (Hemera Biosciences)

HMR59 is an AAV2 vector for expression of soluble CD59 
under the CAG promoter following an intravitreal injection. 
CD59 is expressed on cell membranes and responds to the 
complement cascade by forming the membrane attack com-
plex, the final step in the complement cascade. It is hoped 
that provision of soluble CD59 circulating throughout the 
retina will reduce the complement activity that is a hallmark 
of AMD. The HMR-1001 phase I trial (NCT03144999) was 
a dose-escalation study to identify the maximum tolerated 
dose of HMR59 in patients with dry AMD. However, the 
trial was reported as inactive as of January 2020. Data have 
been discussed online but not in a formal peer-review pub-
lication. Online reports have disclosed that 17 patients with 
dry AMD with geographic atrophy received HMR59 intra-
vitreally at three doses and that these were well tolerated 
[50]. No further information seems to be publicly available.

3.2 � Wet AMD

Wet AMD is less common than the dry form and can 
develop suddenly, leading to significant and irreversible 
damage in the macular region. Current treatments require 
patients to receive regular intravitreal injections of anti-
vascular endothelial growth factor (VEGF) to control the 
unwanted blood vessel growth that leads to neovascularisa-
tion. Patients with wet AMD receive regular injections of 
anti-VEGF throughout a given year as and when it is neces-
sary to control the neovascularisation. The primary intention 
of gene therapy strategies for wet AMD is to use the cells of 
the eye as factories to produce secreted anti-VEGF to enable 
long-term treatment with just a single injection.

3.2.1 � ADVM‑022 (Adverum Biotechnologies)

This product is delivered by an intravitreal injection and uses 
an AAV2.7m8 vector and the immediate-early cytomegalovi-
rus enhancer and promoter to achieve anti-VEGF (aflibercept) 
expression. Preliminary 3-year results from the phase I OPTIC 
trial (NCT03748784) were presented at the 2022 Retina Soci-
ety meeting with the presentation available on the Adverum 
website [51]. Two serious adverse events were reported but 
other adverse events were deemed to be mild to moderate. 
Aqueous aflibercept expression was detected across the 3 
years with trial patients further considered for their need of 

supplemental aflibercept injections. In the low-dose cohort (2 
× 1011 vg/eye), there was a 53% reduction in the requirement 
of supplemental injections 2 years after receiving ADVM-022 
and in the high-dose cohort (6 × 1011 vg/eye) the rate of reduc-
tion was 80% (n = 15 per cohort). Visual acuity was main-
tained at both doses. A phase II LUNA trial (NCT05536973) 
is ongoing, continuing with the 2 × 1011 vg/eye dose and an 
additional lower dose of 6 × 1010 vg/eye.

3.2.2 � ABBV‑RGX‑314 (Regenxbio and AbbVie)

As with ADVM-022, ABBV-RGX-314 is designed as a sin-
gle-delivery anti-VEGF therapy. In this case, subretinal and 
suprachoroidal delivery routes of AAV8 are being assessed, 
with the vector expressing a monoclonal antibody fragment 
to neutralise VEGF-A using a CAG promoter. Data from the 
phase I NCT03066258 study were recently published [52]. 
Doses of the ABBV-RGX-314 vector below 2.5E+11 vg/
eye were well tolerated with no drug-related inflammation 
or serious adverse events. Visual acuity reduced in nine of 
46 study eyes with three of these events potentially linked 
to RGX-314. Providing ≥6E+10 vg/eye enabled sustained 
anti-VEGF-A protein expression and it was identified that 
the subretinal delivery route provided better outcomes and 
will be used in the ongoing phase II/III ATMOSPHERE and 
AAVIATE trials (NCT04704921 and NCT04514653) and 
the phase III ASCENT trial (NCT05407636). Patients are 
undergoing a long-term follow-up but 4 years post-injection, 
available cohorts appear to show improved or stable best-
corrected visual acuity and as with ADVM-022, annual 
injection rates for supplemental anti-VEGF reduced by 
59–85% in cohorts that received ≥6E+10 vg/eye.

3.2.3 � 4D‑150 (4D Molecular Therapeutics)

4D-150 uses the evolved AAV vector R100 for intravit-
real delivery of a transgene that expresses both anti-VEGF 
(aflibercept) and a VEGF-C targeting microRNA for knock-
down of VEGF-C. The safety and efficacy of 4D-150 are 
being assessed in a phase I/II PRISM trial (NCT05197270) 
in 50 patients. Preliminary data from 15 patients were pre-
sented at ARVO 2023 and released on the company website 
[53]. Three doses were described as being well tolerated 
with patients showing a reduction in follow-up anti-VEGF 
injections. The 3 × 1010 vg/eye showed the most encourag-
ing signs with 80% of patients not requiring supplemental 
anti-VEGF injections 24 weeks after receiving 4D-150.

3.2.4 � rAAV.sFLT1 (Avalanche Biotechnologies) and AAV.
sFLT1 (Genzyme/Sanofi)

FLT1 encodes Fms-related receptor tyrosine kinase 1, a 
VEGF receptor that binds VEGF-A and VEGF-B. An AAV2 
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vector carrying a transgene to express soluble FLT1 was pro-
vided either by an intravitreal (NCT01024998) or subretinal 
(NCT01494805) injection. Following an intravitreal injec-
tion at four doses (2 × 108, 2 × 109, 6 × 109 or 2 × 1010 vg/
eye), ocular inflammation was observed in the highest dose 
group. Levels of sFLT1 aqueous humour levels were variable 
between patients, which was considered to be related to pre-
existing antibodies against AAV2 in some patients [54]. It was 
observed that six of 11 patients who presented with subretinal 
intraretinal fluid at baseline showed an improvement in fluid 
after the intravitreal injection with four of these six patients 
maintaining this response at 52 weeks. However, the other 
five patients who presented with fluid at baseline showed no 
significant changes.

Subretinal delivery of rAAV.sFLT1 (Avalanche) was pro-
vided to a cohort of six patients at either 1 × 1010 or 1 × 1011 
vg. No drug-related adverse events were reported and in the 
year following treatment, four patients did not require sup-
plemental anti-VEGF injections and two required one sup-
plemental injection of anti-VEGF [55]. Three-year follow-up 
data for combined phase I/II cohorts further supported this 
treatment was safe and well tolerated when provided by a sub-
retinal injection [56, 57]. The small cohort numbers used did 
not enable efficacy to be evaluated and though the subretinal 
approach was well tolerated, an intravitreal injection is easier 
to apply in the clinic and less stressful for patients. These trials 
were some of the earliest gene therapies for wet AMD and new 
vectors have since become available that may make intravit-
real delivery of these worth attempting again as there are now 
more potent serotypes available that enable effective transgene 
expression.

3.2.5 � HMR59 (Hemera Biosciences)

Unlike the HMR-1001, which has seen no follow-up to date, 
the HMR-1002 phase I trial assessed outcomes in patients with 
wet AMD who received intravitreal delivery of an anti-VEGF 
medication followed by an intravitreal injection HMR59 7 
days later. Long-term safety was scheduled for 24 months 
with supplemental anti-VEGF injections provided to patients 
as needed. As with other trials, data have not been formally 
published or peer reviewed but it has been reported online 
that 24 patients received either 3.56 × 1011 or 1.07 × 1012 vg/
eye with three patients experiencing inflammation that was 
resolved with a course of topical and/or oral corticosteroids. 
After 6 months, four of 22 patients did not require supplemen-
tal anti-VEGF injections [50].

3.3 � Other

3.3.1 � SPVN06 (Sparing Vision)

This treatment uses subretinal delivery of an AAV8 vector 
to induce expression of a proprietary neurotrophic factor 
known as rod-derived cone viability factor and an enzyme 
for reducing oxidative stress (rod-derived cone viability 
factor long form). Combined, these factors are intended to 
slow retinal degeneration, regardless of the genetic muta-
tion causing the disease. A phase I/II PRODYGY trial 
(NCT05748873) is ongoing, assessing SPVN06 in patients 
with advanced rod-cone dystrophy due to mutations in rho-
dopsin or phosphodiesterase alpha and beta. Press releases 
in 2023 reported encouraging safety data in the first three 
patients injected but dose escalation is ongoing with a total 
33 patients intended to be recruited [58].

4 � Optogenetics

The intent of most treatment strategies is to apply them 
at a stage when sight loss can be prevented, stalled or 
improved, but there will always be patients in whom the 
disease has progressed to such an advanced stage whereby 
these strategies will be of no benefit. In such cases, 
optogenetics may offer treatment potential. A variety of 
optogenetic approaches exist that share a similar strategy: 
to provide a light-sensitive protein (an opsin) to surviv-
ing cells of the retina and induce them to become light 
sensitive. The opsins used for such an approach vary and 
whilst pre-clinical studies have used human opsins such 
as rhodopsin, cone opsins and melanopsin, others have 
used microbial-derived opsins [59]. These opsins vary 
in their light sensitivity and in the nature of the down-
stream cellular response to light activation, for example 
depolarising forms of channel-rhodopsin or hyperpolaris-
ing halorhodopsin. Opsins are typically expressed on cell 
membrane surfaces for optimal light exposure and micro-
bial opsins carry the risk of inducing immune responses 
post-transduction, which will need to be carefully moni-
tored. Vertebrate opsins may therefore offer safer alterna-
tives; however, the downstream components that enable 
active signalling pathways for these opsins may need to be 
co-delivered to enable light responses. Regardless of the 
opsin used, an optogenetic treatment strategy requires the 
visual system to adapt to the new form of signalling with 
data so far indicating this is a viable approach for patients 
who have lost the ability to sense light. Current clinical 
trials are using microbial-derived enhanced opsins and are 
discussed below.
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4.1 � RST‑001 (AbbVie)

Because of the loss of photoreceptor cells, trials of optoge-
netic gene therapies use an intravitreal delivery route to tar-
get the surviving cells at the ganglion cell and inner cell 
layers. RST-001 is an AAV2 vector carrying a form of chan-
nelrhodopsin (ChR2) that was originally developed by Ret-
rosense Therapeutics, which was then acquired by Allergan 
(2016), later acquired by AbbVie 2020. Fourteen patients 
with advanced-stage RP were recruited for a phase I/II trial 
(NCT02556736) and received a single intravitreal injection 
of RST-001, no serious adverse events have been reported 
but other outcomes have yet to be published.

4.2 � GS030 (GenSight Biologics)

The GenSight PIONEER trial (NCT03326336) began in 
2018 and uses intravitreal delivery of a ChrimsonR opsin 
delivered in an AAV2 7m8 vector under the control of the 
CAG promoter. ChrimsonR is algal derived and sensitive to 
red light (590 nm), so GS030-DP gene therapy is paired with 
GS030-MD stimulating glasses to enhance ChrimsonR exci-
tation. The vector additionally carries a fluorescent reporter 
tdTomato, included to increase expression of ChrimsonR 
at cell membranes. A single study case has been reported 
[60], involving a 58-year-old patient with visual acuity 
limited to light perception prior to the trial. When wearing 
the goggles, the patient was able to use the treated eye to 
locate objects with corresponding object recognition activity 
detected by electroencephalographic recordings. No safety 
concerns have been reported and further patient recruitment 
is ongoing.

4.3 � BS01 (Bionic Sight)

BS01 delivers a more light-sensitive form of channel rhodop-
sin using the CAG promoter, ChronosFP, and also requires 
an additional device for opsin stimulation. A phase I/II trial 
began recruiting in 2020 and is ongoing (NCT04278131). 
A press release has indicated that no safety concerns have 
been identified and four patients have been able to detect 
light and motion 2–3 months post-treatment [61]. As with 
other trials, peer-reviewed publication of data will be critical 
to determining the viability of this strategy relative to other 
approaches.

4.4 � Sonpiretigene Isterparvovec (vMCO‑010) 
[Nanoscope Therapeutics]

A multi-characteristic opsin (MCO) was designed using a 
web-based structure predictor, RaptorX, from which a novel 
gene was synthesised and fused to an mCherry fluorescent 
reporter, which was shown to be activated at bright ambient 

light levels [62]. This optogenetic approach differs from the 
previous therapies as it uses the mGluR6 promoter enhancer 
for bipolar cell expression. A phase I/II dose-escalation 
study involving intravitreal delivery of AAV2 vMCO-1 in 
patients with advanced RP began in 2019 (NCT04919473). 
In 2021, a Nanoscope press release claimed safety and effi-
cacy results from 11 patients, including improvements in 
visual acuity in the high-dose group [63]. A phase II study 
to evaluate the safety and efficacy of MCO-010 in patients 
with advanced RP was initiated in 2021 (NCT04945772). A 
press release in March 2024 indicated MCO-010 was well 
tolerated with best-corrected visual acuity improving in the 
treatment groups [64], which were maintained at 52 weeks 
in the high-dose group (1.2E+11 vg/eye). Patients in these 
trials were diagnosed with advanced RP of different genetic 
origins. A further trial has been completed delivering MCO-
010 to six patients with Stargardt disease (NCT05417126).

5 � Genome Editing

The gene therapies discussed so far reflect the range of treat-
ment potential in retinal gene therapy. However, they lack 
applicability when mutations occur in large genes exceeding 
the 4.7kb AAV packaging limit and for dominant gain-of-
function mutations. Gene editing offers hope for patients 
who fall into these groups but permanent off-target effects 
induced by gene editing technologies are a potential sig-
nificant drawback that will require careful monitoring and 
consideration. This is the least developed gene therapy form 
but is rapidly advancing and likely to overtake other strate-
gies in the coming years.

5.1 � EDIT‑101 and EDIT‑102 (Editas Medicine)

The EDIT-101 phase I/II BRILLIANCE trial (NCT03872479) 
is for the treatment of LCA type 10 caused by the common 
CEP290 mutation c.2991+1655A>G in intron 26 that pro-
duces an aberrant splice donor site and truncated protein. 
Both trials directed by Editas use the GRK1 promoter to drive 
CRISPR/Cas9 expression with the EDIT-101 therapy excising 
the CEP290 deep intronic mutation [65], whereas EDIT-102 
makes two intronic incisions to eliminate exon 13 from the 
USH2A gene. It has been shown that exon 13 may be dispen-
sable to usherin protein function, attributable to the repetitive 
structure of the gene [66]. EDIT-101 trial data were recently 
published, showing an encouraging safety profile with six 
of 14 patients achieving an improvement in cone-mediated 
vision [67]. This represents a significant milestone in gene 
therapy but despite these encouraging results, Editas will not 
progress the programme further, largely owing to the small 
patient population that might benefit from the gene therapy. 
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However, it will prove a valuable trial in the advancement of 
future CRISPR-based treatments for IRDs.

5.2 � EDIT‑103 (Editas)

A third trial by Editas (EDIT-103) will address the gain-of-
function problem caused by rhodopsin mutations by simulta-
neously knocking down the aberrant rhodopsin with CRISPR/
Cas9 in addition to providing a CRISPR-resilient codon-opti-
mised replacement gene [68]. Dominant rhodopsin mutations 
are considered highly prevalent, affecting ~7500 patients in the 
USA and ~12,100 patients across the European Union and UK. 
The vector uses a mini rhodopsin promoter to keep transgene 
activity within rod photoreceptor cells, thereby limiting risks 
of unwanted off-target effects in other retinal cell types.

Genome interacting approaches include anti-sense oli-
gonucleotide gene therapy treatments, which are showing 
highly encouraging data from clinical trials. The mechanism 
of action means they are ideal for silencing mutant transcripts 
and blocking unwanted splicing. Given the lack of requirement 
of a viral vector and the intravitreal delivery route, these are an 
exciting class of gene therapy.

5.3 � Sepofarsen (QR‑110) [ProQR Therapeutics]

The RNA antisense oligonucleotide targeting the com-
mon CEP290 mutation c.2991+1655A>G was assessed by 
intravitreal delivery in the phase II/III ILLUMINATE trial 
(NCT03913143). Trial data have been published, presenting 
a highly encouraging safety profile with significant improve-
ments in visual acuity and retinal sensitivity observed at 12 
months [69].

5.4 � QR‑1123 and QR‑421a (ProQR Therapeutics)

QR-1123 is an RNA antisense oligonucleotide for target-
ing autosomal dominant rhodopsin caused by the common 
P23H mutation, assessed in 11 patients in the phase I/II 
AURORA trial (NCT04123626). QR-421a (Ulterversen) tar-
gets USH2A mutations in exon 13. The STELLAR phase I/
II trial (NCT03780257) was followed by initiation of phase 
II/III parallel studies CELESTE (NCT05176717), SIRIUS 
(NCT05158296) and HELIA (NCT05085964). However, 
CELESTE and HELIA have since been terminated and for 
business reasons ProQR have suspended their ophthalmology 
pipeline. Sepofarsen and Ultevursen have been acquired by 
Laboratories Théa.

6 � Conclusions

Gene therapy development for retinal diseases has 
expanded rapidly in the last 20 years and continues to 
accelerate. Trials are ongoing employing an array of thera-
peutic strategies, which are modernising as new molecular 
tools develop (Table 1). Whilst there is a general trend 
of these gene therapies to show good tolerance follow-
ing ocular delivery, outcomes of efficacy are less often 
observed. In certain patients, there are significant barri-
ers to achieving persistent transgene expression follow-
ing viral delivery. Transcript levels can sharply decline 
according to the antibody library of the individual: pro-
duction of neutralising antibodies by B cells excludes any 
patient with pre-existing immunity from treatment [70]. 
Moreover, T-cell responses can lead to complete rejec-
tion of virally transduced cells, limiting the duration of 
a treatment effect [71]. Patient immunity carries impli-
cations where a treatment effect declines over time, and 
repeated treatments are required. Robust and persistent 
expression levels have been reported years following injec-
tion of AAV gene therapy vectors, likely owing to their 
stable episomal configuration but it is not known how long 
this will persist. Future strategies such as DNA editing 
offer an advantage from this perspective: as the edit is 
permanent, persistent transgene expression is not required 
or even desirable.

Genome editing is likely to dominate the future of gene 
therapy, which will require extensive considerations of the 
risks associated with such an approach. Even when applied 
to intronic mutations, the safety of the CRISPR/Cas9 system 
is not as robust as it could be for therapeutic use; preclini-
cal assessment of the EDIT-101 vector observed off-target 
events [65, 72]. EDIT-101 and EDIT-103 both use Staphy-
lococcus aureus Cas9 in their constructs, for which up to 
three mismatches are tolerated between the spacer and tar-
get DNA, increasing the likelihood of guide-dependent off-
target events [73, 74]. A multitude of algorithms now exists 
to predict the position of off-target sites. Some of these are 
extremely comprehensive with deep learning capabilities 
and account for numerous factors including epigenetic fea-
tures, mismatch position within the sgRNA and mismatch-
PAM site distance [75–77]. However, these algorithms are 
guide dependent and do not account for guide-independent 
off-target edits. Furthermore, standard amplicon sequencing 
does not detect more drastic events such as chromosomal 
truncations and extensive rearrangements termed ‘chromo-
thripsis’ [78, 79]. These events raise concerns over carcino-
genicity, and double-stranded breaks can directly activate 
the p53-mediated DNA damage pathway [80].

The strategies utilised by the Editas trials offer broad 
applicability, but the financial toll of clinical trials means 
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Table 1   Summary of gene therapy clinical trials for inherited retinal diseases (as of May 2024)

Gene therapy product Sponsor Start date End date Trial Status Available results

Rod-cone dystrophies
 CPK850, scAAV8.

RLBP1
Novartis Pharmaceu-

ticals
2018-08-22 2026-05-11 NCT03374657, phase 

I/II
Active None

 CTx-PDE6B/HORA-
PDE6B, AAV5.
PDE6B

Coave Therapeutics 2017-1106 2029-12 NCT03328130, phase 
I/II

Active [5]

AAV.PDE6A STZ eyetrial 2019-09-24 2027-07 NCT04611503, phase 
I/II

Active [6]

 AAV.MERTK STZ eyetrial 2011-08 2013-08 NCT01482195, phase I Completed [7]
 SPVN06, AAV8.

RdCVF
Sparing Vision 2023-04-12 2029-03 NCT05748873, phase 

I/II
Active [58]

X-linked retinitis pigmentosa
 Botaretigene sparo-

parvovec,  AAV5.
RPGR

MeiraGTx and Janssen 
Pharmaceuticals, Inc.

2017-07-14
2020-12-04

2021-11-18
2024-09-20

NCT03252847, phase 
I/II

NCT04671433, phase 
III

Completed
Active

[13, 14]

 AGTC-501, AAV-
2tYF.coRPGR

AGTC, acquired by 
Beacon Therapeutics

2018-04-16
2024-03-14

2023-11-09
2025-08

NCT03316560, phase 
I/II

NCT04850118, phase 
II/III

Active
Active

[15]

 Cotoretigene toli-
parvovec, AAV8.
coRPGR

Nightstar then Biogen 2017-03-08 2020-11-18 NCT03116113, phase 
I/II

Completed [17, 18]

 4D-125, AAVR100.
coRPGR

4D Molecular Thera-
peutics

2020-06-09 2026-06 NCT04517149, phase 
I/II

Active [21]

 FT-002, AAV.RPGR Frontera Therapeutics 2023-02-01 2023-10-21 NCT05874310, early 
phase I

Active None

Choroideremia
 Timrepigene empar-

vovec, AAV2.REP1
Biogen, acquired by 

Beacon Therapeutics
2017-11-29
2017-12-11

2022-06-29
2020-12-01

NCT03507686, phase 
II

NCT03496012, phase 
III

Completed
Completed

[30]

 AAV.REP1 Spark Therapeutics 2015-01-15 2022-10-12 NCT02341807, phase 
I/II

Completed [31]

 AAV.REP1 University of Alberta 2015-04 2017-08-30 NCT02077361, phase 
I/II

Completed [32]

 4D-110, AAVR100.
REP1

4D Molecular Thera-
peutics

2020-06-02 2024-06 NCT04483440, phase 
I/II

Active [33]

X-linked retinoschisis
 AAV2tYF.RS1 AGTC, acquired by 

Beacon Therapeutics
2015-05 2019-04 NCT02416622, phase 

I/II
Completed [37, 38]

 AAV.RS1 National Eye Institute, 
VegaVect Inc.

2015-02-11 2025-07-31 NCT02317887, phase 
I/II

Active [40]

Achromatopsia
 AAV8.CNGA3 STZ eyetrial 2015-11 2027-06 NCT02610582, phase 

I/II
Active [42, 43]

 AGTC-402, AAV.
CNGA3

AGTC, acquired by 
Beacon Therapeutics

2017-08-03 2026-08 NCT02935517, phase 
I/II

Active [44]

 AAV.CNGA3 MeiraGTx 2019-08-12 2021-06-10 NCT03758404, phase 
I/II

Completed None

 AGTC-401, AAV.
CNGB3

AGTC, acquired by 
Beacon Therapeutics

2016-04-11 2026-07 NCT02599922, phase 
I/II

Active [44]

 AAV.CNGB3 MeiraGTx 2017-01-16 2019-10-25 NCT03001310, phase 
I/II

Completed [45]
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Table 1   (continued)

Gene therapy product Sponsor Start date End date Trial Status Available results

Age-related macular degeneration
 GT005/PPY988, 

AAV2.CFI
Gyroscope Therapeu-

tics, acquired by 
Novartis

2018-12-17
2020-07-14
2020-09-28

2024-12-17
2024-03-29
2024-05-31

NCT03846193, phase 
I/II

NCT04437368, phase 
II

NCT04566445, phase 
II

Terminated
Terminated
Terminated

[48]

 HMR59, AAV2.
sCD59

Hemera Biosciences 2017-03-29
2021-07-31
2018-09-13

2019-12-09
2023-09-01
2022-01-18

NCT03144999, phase I
NCT04358471, phase 

II
NCT03585556, phase I

Completed
Withdrawn
Completed

[50]

 ADVM-022, 
AAV2.7m8.anti-
VEGF

Adverum Biotechnolo-
gies Inc.

2018-11-14
2022-08-23

2022-06-22
2028-11

NCT03748784, phase I
NCT05536973, phase 

II

Completed
Active

[51]

 ABBV-RGX-314, 
AAV8.anti-VEGF

REGENXBIO Inc. and 
AbbVie

2017-03-29
2020-12-29
2020-08-25
2021-12-28

2021-06-17
2026-05
2024-01
2025-12

NCT03066258, phase I
NCT04704921 and 

NCT04514653, 
phase II/III

NCT05407636, phase 
III

Completed
Active
Active
Active

[52]

 4D-150,AAVR100.
antiVEGF and 
VEGF-C micro-
RNA

4D Molecular Thera-
peutics

2021-12-09 2025-11 NCT05197270, phase 
I/II

Active [53]

AAV.sFLT1 Genzyme/Sanofi 2010-01-11 2018-07 NCT01024998, phase I Completed [54]
 AAV.sFLT1 Lions Eye Institute, 

Avalanche Biotech-
nologies

2011-12 2017-08 NCT01494805, phase 
I/II

Completed [56, 57]

Optogenetics
 RST-001, AAV2.

ChR2
AbbVie 2015-12-14 2024-09-23 NCT02556736, phase 

I/II
Active None

 GS030, AAV2.7m8.
ChrimsonR

GenSight Biologics 2018-09-26 2025-12 NCT03326336, phase 
I/II

Active [60]

BS01, AAV.ChronosFP Bionic Sight 2020-02-06 2029-12-30 NCT04278131, phase 
I/II

Active [61]

 Sonpiretigene ister-
parvovec, AAV2.
vMCO-1

Nanoscope Therapeu-
tics

2019-10-23
2021-07-13
2022-07-05

2020-10-31
2024-01-18
2023-09-28

NCT04919473, phase 
I/II

NCT04945772, phase 
II

NCT05417126, phase 
II

Completed
Completed
Completed

[63, 64]

Genome editing
 EDIT-101 Editas Medicine 2019-09-26 2025-05-23 NCT03872479, phase 

I/II
Active [66]

 Sepofarsen, QR-110 ProQR Therapeutics 2019-04-04 2023-03 NCT03913143, phase 
II/III

Completed/suspended [68]

 QR-1123 ProQR Therapeutics 2019-10-07 2022-06-07 NCT04123626, phase 
I/II

Completed/suspended None

 Ulterversen, QR-421a ProQR Therapeutics 2019-03-06
2021-12-15
2021-12-08
2021-09-16

2021-10-14
2022.08.02
2024-12
2022-10-18

NCT03780257, phase 
I/II

NCT05176717, phase 
II/III

NCT05158296, phase 
II/III

NCT05085964, phase 
II

Completed
Terminated
Active
Terminated

None
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that rare disorders are not yet an economically viable 
target for investors. Despite demonstrating efficacy, the 
EDIT-101 trial has been paused because the therapy has 
a patient population of only 300 people in the USA. Fur-
thermore, although intronic deletions reduce the potential 
for interrupting the coding sequence, rigorous testing for 
each genomic scenario will likely be required to ensure 
unidentified binding/enhancer sequences are not affected. 
Additionally, exon excision (applied in EDIT-102) lacks 
applicability where the gene is placed out of frame or 
where the skipped exon has a crucial role.

Other exciting developments in the field include deliver-
ing circular DNA using electroporation rather than relying 
on AAV vectors. Eyevensys has an ongoing phase II clinical 
trial (NCT04207983) for non-infectious uveitis, which will 
pave the way for future clinical trials in which non-viral 
circular DNA vectors can be delivered by electroporation 
for the treatment of IRDs [81].

Optogenetics is a bold approach for recovering sight loss 
in patients with advanced stages of degeneration and trials 
show encouraging signs that the visual system can adapt to 
the introduction of light-sensitive opsins in remaining cell 
types. The requirement of additional devices for some strate-
gies may become unnecessary in the future as trial data from 
gene therapies employing ambient-light sensitive opsins 
become available.

Currently, many trials have only provided press releases 
of data, which make it difficult to review and consider the 
outcomes. Whilst press releases offer indications of safety 
and efficacy, a large number of trials discussed in this review 
cannot be fully appreciated until more thorough reporting 
is available.

The retinal gene therapy clinical trials reviewed have 
highlighted the successes, particularly in AAV safety pro-
files, but also the difficulties in providing gene therapies for 
inherited retinal conditions. Combined, they offer lessons 
learned regarding how to design and deliver a successful 
vector and how to get the most from a clinical trial. Similar 
vectors have been designed independently to treat the same 
condition. In some cases, these are so highly similar (e.g. 
choroideremia vector options) that trial outcomes may be 
complementary to each other whereas in other cases, varying 
vector designs may be more polarising and highlight con-
cerns with particular options, as in the case of the mutated 
RPGR vector or in the application of intravitreal viral vector 
delivery in patients with XLRS.

Study design and outcome measures need to be reviewed 
and further discussed between researchers and governing 
bodies to ensure trials are not considered unsuccessful for 
failing to reach primary endpoints. The trials conducted 
to date have enabled a much greater understanding of the 
inherited retinal disease they aim to treat and how best to 
assess them and these data should be used to guide future 

trial designs. As genome editing continues to develop, it 
will likely overtake other forms of gene therapy and become 
the primary mechanism for the treatment of IRDs. In the 
meantime, pre-clinical development and clinical assessment 
of gene therapies for inherited retinal disorders continues to 
expand. Despite the encouraging research outputs, pharma-
ceutical companies funding such studies are dropping their 
support for treatment options because of a lack of financial 
reward. Trials are expensive to run and when only small 
patient populations are identified as beneficiaries, this has 
led to companies terminating promising pipelines. This is 
often not a reflection on the treatment potential and high-
lights that considerations need to be made for how best to 
fund future clinical trials and ultimately achieve investment 
to progress promising gene therapies to treatments.
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