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Abstract. The eye is considered an effective target for genetic 
therapy, as it has a privileged immune status, it is easily 
accessed for medication delivery and it is affected by a number 
of inherited disorders. In particular, the retina is considered for 
gene therapy due to the fact that it can be visualized with ease, 
it does not have lymphatic vessels, nor a direct blood network 
for the outer layers and its cells do not divide after birth, and 
thus transgene expression is not affected. As gene therapy is 
currently on a continuously progressive development trend, this 
emerging field of gene manipulation techniques has yielded 
promising results. This involves the development of treatments 
for a number of debilitating and blinding diseases, which were 
to date considered intractable. However, numerous unanswered 
questions remain as regards the long‑term efficacy and safety 
profile of these treatments. The present review article discusses 
the current research status regarding genetic manipulation tech‑
niques aimed at addressing visual impairment related to retinal 
disorders, both inherited and degenerative.
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1. Introduction

Gene therapy is currently on a continuously progressive trend 
and over the past two decades, promising advancements have 
been made in the treatment of inherited and previously intrac‑
table diseases. Gene therapy techniques have in common the 
insertion of a foreign DNA fragment into host cells, aiming to 
modify the expression of proteins by the target cells. In order 
to deliver a modified gene to the target cell, the following 
requirements are warranted: i) Beneficial effects for the host 
suffering from a genetic mutation; ii) a cloned copy of the gene 
that is linked to the particular condition; iii) a system capable 
of promoting the transcription of the gene into the targeted 
cells; and iv) a vector which will carry the DNA to the cell, 
usually a virus, the virulence characteristics of which have 
been removed (1).

The eye is an effective target for genetic therapy, as it has a 
privileged immune status, it is easily accessed for medication 
delivery and it is affected by a number of inherited disorders. 
The retina is in particular considered for gene therapy due to 
the fact that it can be visualized with ease, it does not have 
lymphatic vessels, nor a direct blood network for the outer 
layers and its cells do not divide after birth, and thus the trans‑
gene expression is not affected. Over the past two decades, 
major improvements in surgical techniques necessary for 
the delivery of modified genes to the retinal tissue have been 
achieved, thus contributing to the development of novel and 
revolutionary therapeutic strategies (1,2).

Genetic manipulation techniques include the following: 
Gene inactivation, gene augmenting and gene editing. The aim 
of gene inactivation is to block the production of an abnormal 
protein that is produced in the target cell and replace it with a 
therapeutic protein. This technique is mostly used in inherited 
retinal diseases that are associated with gain‑of‑function. 
Gene augmentation is particularly used in diseases character‑
ized by loss‑of‑function, thus aiming at replacing a ‘missing’ 
protein in the target cell. Gene editing consists of marking 
DNA in the target cell for replacement. The technique is 
known as clustered regularly interspaced short palindromic 
repeats (CRISPR) and uses RNA linked to the Cas9 enzyme, 
in order to identify, cut and remove specific portions of DNA 
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that are to be replaced (1). This technique has the disadvantage 
of possibly affecting other portions of DNA, thus creating 
novel mutations.

In order to assess the state of knowledge regarding 
genetic therapy for retinal diseases, the present study used 
MEDLINE/PubMed as the main biomedical database for 
research, using key words, such as gene therapy, inherited 
retinal diseases, retinal dystrophies, viral vectors, gene manipu‑
lation techniques and age‑related macular degeneration (AMD). 
From >800 articles, the authors selected a total of 35 studies 
for review, the majority of which were published between 2006 
and 2020. The articles were selected based on their relevance for 
each subchapter taken into discussion in the present review, and 
also based on the elements of novelty brought by each study, as 
more recent ones were preferred for inclusion.

2. Vectors

The delivery of the genetic material inside the target cell can 
be achieved by viral or non‑viral methods. As viruses natu‑
rally infect human cells and insert their genetic material into 
the host cell nucleus, they can be considered a very efficient 
vector for genetic manipulation. The pathogenic viral genes 
are removed and the virus is used to insert the therapeutic gene 
inside the target cell. Lentiviruses and retroviruses are able to 
integrate their genetic material directly into the host genome. 
Herpes viruses and adenoviruses insert their genetic material 
as extrachromosomal episomes (1).

Lentiviruses have a single strand of RNA and are able to 
integrate their genetic material inside the chromosomes of the 
host, thus being capable of replicating continuously following 
a single administration, even in dividing cells, and sustaining 
long‑term and stable transgene expression, even for large genes 
up to 10 kb. A possible disadvantage in using lentiviruses for 
gene delivery is insertional mutagenesis, which may lead to 
the alteration of different genes with either the compromising 
of the cell's viability or the continuous replication and forma‑
tion of a tumor (1).

Adenoviruses are double‑stranded DNA viruses, which 
as vectors are able to transport the largest amount of genetic 
material of any viral vectors, up to 37  kb. These viruses 
can infect dividing and non‑dividing cells as well; however, 
their genetic material remains in the episomes, and thus 
the risk of insertional mutagenesis is significantly lower. 
Adenoviruses 2 and 5 are the most frequently used serotypes, 
which are able to transduce cells of the retinal pigment epithe‑
lium (RPE) cells and in some cases, photoreceptors. However, 
the disadvantage is that due to the lack of integration of the 
genetic material into the target cell genome, the genetic infor‑
mation inside the episomes is diluted with each mitosis cycle 
of dividing cells. Another drawback is the important immune 
response stimulated by the adenoviruses inside the organism 
of the host, which is able to remove all host cells that express 
adenovirus proteins via cytotoxic T‑cell intervention, thus also 
eliminating the genetic information required for transduction. 
In order to elude the host immune response, helper dependent 
adenoviruses have been developed (2).

In ocular gene therapy, adeno‑associated viral vectors are 
currently widely used. These are small and non‑enveloped 
DNA viruses that belong to the Parvoviridae family and are 

non‑pathogenic as they require a helper virus for replication. 
Similar to adenoviruses, they can infect both dividing and 
non‑dividing cells and their genetic material remains inside 
the episomes. The capacity adeno‑associated viral vector for 
packaging genetic material is only 4.8 kb and certain large 
genes cannot be inserted inside their genome. Serotypes 1, 2, 
4, 5, 6, 7, 8 and 9 have tropism for the retinal tissues and are able 
to transduce cells of the RPE; however, the most frequently used 
serotypes in subretinal delivery are 2, 5 and 8. Recombinant 
vectors can be used, which are hybrid or pseudo‑typed 
adeno‑associated viruses (AAVs), meaning they have compo‑
nents from various serotypes. Due to this characteristic, they are 
able to elude the immune response and have a higher transduc‑
tion efficiency and an increased cellular tropism. Pseudo‑types 
2/1, 2/4 and 2/6, which recombine components from the corre‑
spondent serotypes, are efficient in transducing cells of the RPE, 
while pseudo‑types 2/5, 2/7, 2/8 and 2/9 are mostly efficient in 
the transduction of photoreceptor cells (3,4).

Over the past decade, second‑generation vectors were 
introduced to ocular gene therapy. These are viruses that have 
a modified capsid structure, in order to prevent its degradation, 
to increase tropism for specific cells or to remove the antibody 
binding sites. Another category of second‑generation vectors 
have a directed evolution, based on the accumulation of muta‑
tions, similar to natural selection, from which are selected the 
mutations that are proven to increase the transduction efficacy 
or render the vector capable of crossing biological barriers.

In order to increase cellular specificity, promoters and 
enhancers may be used. Following the integration of the 
genetic information brought to the target cell by the viral 
vectors, promoters, such as cytomegalovirus, allow the 
transcription of the desired transgene only in some specific 
cells. Thus, it is possible to target only the cells of the RPE 
or photoreceptors, while non‑target cells will not transcribe 
the genetic material inserted by the vector, in the absence of 
promoter recognition (5,6).

Non‑viral methods consist of chemical and physical tech‑
niques of introducing the DNA inside the nucleus. Although 
they are less immunogenic, they are also less efficient in 
targeting cells in vivo. However non‑viral techniques are able to 
deliver large genes into the host genome, they may be repeated 
and a larger dose may be used. Lipid‑ or polymer‑based carriers 
are used in non‑viral genetic manipulation and as these systems 
are not self‑replicating, the administration needs to be repeated.

Liposomes consist of amphiphilic molecules, such as choles‑
terol and phospholipids, which can merge with the cellular 
membrane that also has a double‑layered phospholipidic struc‑
ture. Solid lipid nanoparticles have a lipid core surrounded by 
a layer of surfactants in an aqueous dispersion and may vary 
in size between 50 and 1,000 nm, which renders it possible for 
them to be used in a subretinal injection delivery method.

Bioerodible polymers, such as, poly(lactic‑co‑glycolic 
acid) (PLGA), polyesters [poly(lactic acid); PLA], hyaluronic 
acid and chitosan are under investigation as possible carriers 
for genetic therapy (7‑10).

3. Delivery routes

The most commonly used delivery routes for the novel genetic 
information towards the retinal tissue, with the aid of viral 
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vectors are intravitreal injection, surgical subretinal injection 
and suprachoroidal administration.

The intravitreal injections are one of the safest and most 
widely used methods for therapy delivery in ophthalmology, 
particularly in the treatment of retinal diseases. When used 
to deliver genetic information to the retinal ganglion cells 
with the aid of AAVs, the intravitreal injections are not very 
efficient due to the presence of the vitreous and the internal 
limiting membrane. Vitrectomy and chemical‑induced 
vitreous detachment by microplasmin, have been proved to aid 
vector penetration in retinal tissue (11).

The need for vitrectomy transforms the procedure into a 
surgical intervention. For this reason, an intravitreal injection 
for gene delivery is used when targeting the inner retinal layers 
or the retinal ganglion cell layer, as in Leber hereditary optic 
neuropathy (12).

In order to deliver genetic information to the cells of the 
RPE or photoreceptors, a subretinal injection is preferred. 
This method became the most frequently used for genetic 
therapy in ophthalmology, particularly following the 
approval of Luxturna by the FDA (13). After a complete 
vitrectomy is performed, a 41 G soft‑tipped cannula is used 
to reach the subretinal space. The therapeutic substance may 
be injected directly or it may be injected after first creating 
a subretinal balanced salt solution (BSS) bleb, which aids in 
the hydrodissection of the subretinal space, but can dilute 
the drug. The procedure is completed by fluid‑air exchange. 
Inside the bleb, there is a high concentration of vector that 
enters the available cells, thus inducing a high expression of 
the desired transgene. However, cells situated outside the bleb 
will express a low amount of the transgene. Another possible 
disadvantage of this method of delivery may be the damaging 
of the photoreceptors due to the separation between the RPE 
and the photoreceptor outer segments, particularly in the 
foveal area. A subretinal injection may be difficult in eyes 
with subretinal fibrosis, which may lead to the appearance of 
macular holes, due to the high injection pressure (14).

The suprachoroidal administration is a less invasive proce‑
dure that delivers the therapeutic substance to a virtual space 
between the sclera and the choroid. The procedure has been 
proven to be safe and effective when using a triamcinolone 
injection, with the aid of microneedles (15).

In gene therapy, suprachoroidal delivery has been 
used in preclinical studies. In a previous study, An 
AAV8 vector that expresses a vascular endothelial growth 
factor (VEGF)‑neutralizing protein, termed RGX‑314, was 
proven efficient in suppressing the vascular leakage associated 
with vascular disease in a rat model. The transgene expression 
level was similar to that obtained with the subretinal injection. 
However, the various AAVs exhibited differential efficacy 
in inducing transgene expression, which may be an effect of 
anti‑AAV antibodies present in the host organism (16).

4. Gene therapy for inherited retinal diseases

Gene therapy for inherited retinal diseases aims to replace a 
defective gene that is causing the illness with a normal one, 
delivered either in vivo or ex vivo, through cultured cells. The 
eye is an effective target for in vivo delivery, aided by viral 
vectors, as it is an immuno‑privileged organ.

Current research on gene therapy for inherited retinal 
diseases is based on the gene augmentation technique. Following 
insertion, the normal gene is present in the episomes, inside the 
extrachromosomal DNA and the original, defective gene is still 
present. This approach is effective for inherited diseases that 
are associated with loss‑of‑function mutations (17).

The first gene therapy for an inherited retinal disease, 
approved in 2017, was voretigene neparvovec‑rzyl (Luxturna, 
Spark Therapeutics) for retinal dystrophies with RPE65 muta‑
tions (13). If both RPE65 alleles present pathogenic mutations, 
patients develop autosomal recessive Leber congenital amau‑
rosis or retinitis pigmentosa, presenting with progressive and 
severe visual loss, commencing from childhood.

The RPE65 gene is expressed in the RPE and it encodes 
for RPE‑specific 65 kDa protein, an enzyme necessary for 
converting 11‑trans‑retinil, which is not photoactive, to 
11‑cis‑retinal, used by the photoreceptors during the visual 
cycle for visual pigment synthesis and regeneration (18,19).

Luxturna is injected into the subretinal space and it involves 
the use of an AAV2 for the delivery of a human RPE65 to 
the cells of the RPE. This therapy has been shown to lead to 
an improvement in night vision, visual field and light sensi‑
tivity (20).

The clinical manifestations of pigmentary retinopathy are 
linked to the retinitis pigmentosa GTPase regulator (RPGR) 
gene mutation, which is involved in the regulation of ciliogen‑
esis in photoreceptor cells (21). The loss‑of‑function mutation 
of the RPGR gene leads to the degeneration of the photorecep‑
tors and the occurrence of either pigmentary retinopathy, cone 
dystrophy or cone‑rod dystrophy. There are three early‑phase 
clinical studies that are evaluating the efficacy of gene 
therapy in these photoreceptor dystrophies (ClinicalTrials.gov 
Identifier: NCT03116113, NCT03252847 and NCT03316560). 
The vectors used in these trials are AAV2 or AAV2/5 associ‑
ated with rhodopsin kinase promoter, or AAV8 associated to 
codon optimized RPGR (22).

Another inherited retinal disease targeted for genetic 
therapy is X‑linked retinoschisis. In this case, the trigger of 
the pathogenic mechanism is the loss‑of‑function of the reti‑
noschisis 1 (RS1) gene, expressed by the photoreceptors and 
bipolar cells, which plays an important role in the maintenance 
of retinal structural integrity. Visual loss begins in childhood 
and it is caused by macular schisis, retinal detachment and 
vitreous hemorrhage (23). Two studies have been published 
using AAV and different gene variants, which are injected into 
the vitreous cavity (24,25).

An AAV2 vector linked to a cone opsin promoter, which is 
administered via subretinal injection was used in a recent trial 
in order to induce the expression of the cyclic nucleotide‑gated 
cation channel alpha‑3 (CNG)A3 or CNGB3 gene in achroma‑
topsia. The loss‑of‑function mutations of these genes generate 
the clinical manifestations of complete or incomplete achro‑
matopsia. In complete achromatopsia, patients present with 
nystagmus, photophobia, a complete lack of color discrimina‑
tion and loss of central vision from birth. These symptoms are 
less severe in incomplete achromatopsia (26‑28).

In choroideremia, which is an X‑linked inherited retinal 
disease, the defective CHM gene encoding for Rab escort 
protein  1  (REP‑1) protein determines the loss‑of‑function 
of this protein, resulting in progressive RPE, choroidal and 
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retinal atrophy. The loss of peripheral vision and nyctalopia 
begin in early childhood. A phase 2 (NCT02341807) and a 
phase 3 study  (NCT03496012) are undergoing, both using 
AAV2 in order to deliver the CHM gene via subretinal 
injections, with both showing a good safety profile. In addition, 
a phase 1 study by 4D Molecular Therapeutics (NCT04483440) 
is being conducted and is studying the efficacy of an 
intravitreal injected AAV carrying a transgene (29).

Mutations of the ATP binding cassette subfamily A 
member 4  (ABCA4) gene stand at the base of the clinical 
features of Stargardt disease. This macular dystrophy causes 
progressive central visual loss, difficulties in dark adaptation 
and color vision loss. The ABCA4 gene, which is a large gene 
that cannot be contained in AAV vectors, encodes for both a 
membrane transporter implicated in phototransduction and for 
the removal of metabolites that result from this process. A trial 
sponsored by Sanofi uses an equine anemia lentivirus, StarGen, 
incapable of causing disease in humans, in order to transport 
the genetic material to the host cells. The results revealed that 
StarGen was well‑tolerated following a subretinal injection (30).

Usher syndrome associates pigmentary retinopathy, 
congenital hearing loss and vestibular dysfunctions, caused 
by mutations in the myosin VIIA  (MYO7A) gene. The 
MYO7A  gene is also large and cannot be transported by 
AAV vectors, which is why the same lentivirus as for the 
Stargardt disease trial is used, via subretinal injection (31).

5. Gene therapy for age‑related macular degeneration

AMD is a maculopathy resulting in the progressive degen‑
eration of the retinal cells and central visual loss due to 
either atrophy in the non‑exudative form or development of 
choroidal neovascular membranes in exudative AMD. Current 
treatments do not offer much hope for visual recovery in the 
atrophic AMD. Therapy for neovascular AMD consists of 
monthly administered anti‑VEGF agents in intravitreal injec‑
tions, being both costly and posing a burden for the patient and 
the health care system.

Gene therapy may represent an alternative to anti‑VEGF 
therapy. Ongoing trials are assessing the possibility to treat 
AMD, which is one of the most common diseases respon‑
sible for visual loss among the elderly population worldwide, 
by using gene manipulation. The aim is to introduce a gene 
encoding for an anti‑VEGF protein inside the host cells. 
Thus, RGX 314 and ADVM 022 are currently under study 
(NCT03066258 and NCT03748784).

A phase 1 trial was completed by Sanofi/Genzyme, using 
as vector an AAV2 which expresses a recombinant VEGF trap, 
FLT01 (NCT01024998). The binding domains for both VEGF 
and phosphatidylinositol glycan anchor biosynthesis class 
F protein (PIGF), the placental growth factor of the human 
VEGF receptor 1, are contained by the Fms related receptor 
tyrosine kinase 1 (FLT01) gene. A total of 19 patients were 
treated by intravitreal injections and to date, both the expres‑
sion of the FLT01 gene and the morphological and functional 
outcomes have been inconsistent (32).

RGX 314, developed by REGENXBIO uses AAV8 for 
transporting a gene which encodes for a monoclonal antibody 
fragment able to neutralize VEGF. The gene is delivered 
specifically to retinal cells. The sustained production of an 

anti‑VEGF protein by retinal cells would be able to reduce the 
number of anti‑VEGF agent intravitreal injections (33).

Another study, developed by Hemera Biosciences, is 
designed to assess the efficiency of HMR 59 (AAVCAGsCD59). 
An AAV2 vector is used, administered via intravitreal injection 
and the end point involves the inhibition of the complement 
cascade, by blocking the membrane attack complex (MAC). 
This therapy was able to reduce the proliferation of choroidal 
neovessels when injected into the eyes of mice in 60% of 
the cases and it is currently tested in treatment‑naïve eyes 
diagnosed with AMD. MAC is involved in the formation 
of both choroidal neovascular membranes and geographic 
atrophy; thus, Hemera Biosciences is sponsoring two phase 1 
studies, one for exudative AMD (NCT03585556) and one for 
non‑exudative AMD (NCT03144999) (34).

Adverum Biotechnologies has an undergoing study on 
ADVM  022 genetic therapy for neovascular age related 
macular degeneration. ADVM 022 utilizes AAV7m8 as a 
vector for genetic material encoding for aflibercept protein 
and can be administered via intravitreal injection. A phase 1 
study OPTIC enrolled patients that previously underwent 
anti‑VEGF treatment, for ADVM 022 injection. At 34 weeks 
after receiving the treatment, ADVM 022 proved to be safe 
and effective, as none of the patients included needed addi‑
tional anti VEGF intravitreal injections (35).

6. Conclusions and future perspectives in gene therapy

The majority of the current gene therapy trials asses the 
efficacy of gene augmentation in order to obtain a functional 
protein as expressed by the defective gene. However, in 
disorders that are caused by gain‑of‑function genetic errors, 
it is necessary to identify a strategy for gene inhibition. The 
CRISPR/CAS9 gene editing technique may be effective in 
achieving this goal. CAS9 nuclease and guide ARN can be 
delivered by viral vectors.

A number of eye diseases, including AMD or retinopathy 
of prematurity, are caused by polygenetic mutations. In order 
to develop an effective gene therapy for these types of diseases, 
various approaches are required. One of these may involve the 
targeting of neurotrophic factors, either by the expression of 
an anti‑VEGF protein or via the inhibition of the degenerative 
pathway.

The AAVs are currently the most commonly used vectors 
in ophthalmic gene therapy, with AAV2 and AAV8, being 
the usual choice, due to their low immunogenicity and the 
reduced rate of side‑effects as compared with other possible 
vectors. However, their capacity of genetic data transport is 
only 5 kb DNA (36).

Numerous important genes that encode functional 
and structural proteins are larger; thus, a different vector 
system is required. There are studies on animal models 
of Usher  syndrome and Stargardt disease, regarding a 
double‑vector system, each carrying a fragment of the encoded 
protein, which than suffer an intermolecular recombination in 
order to obtain the final product (37).

Another study direction in the gene therapy of retinal 
diseases is the assessment and the enhancement of the clinical 
response and the measurement of the transgene expression effi‑
ciency in the target tissue (38). The evaluation of visual function 
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is mostly achieved by measuring the visual acuity and the visual 
field; however, these investigations do not completely reflect 
the function of the entire retina. Electrophysiology testing and 
optical coherence tomography could improve the morphological 
and functional results assessment. A specific multi‑luminance 
mobility test was developed for the Leber congenital amaurosis 
patients that receive gene therapy in order to evaluate their night 
blindness (39).

In the field of gene therapy for retinal diseases, a number of 
unanswered questions remain. These are regarding the safety 
profile of the promoters, and the unanticipated side‑effects of 
gene manipulation that may develop in the long‑term, as well 
as the economical implication of this type of complex therapy. 
Nonetheless, the emerging field of gene therapy has yielded 
promising results in finding cures for a number of debilitating 
and blinding diseases, which were considered intractable to date.
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