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The emergence of fundamentally novel technological solutions in the field of 
gene therapy today, the formation of the priority and the development of genetic 
technologies create serious prerequisites for the beginning of a new Fusion era 
in ophthalmology in the near future. This review, in its second part, presents 
the results of fundamental and clinical studies on the use of genetic therapeutic 
strategies – gene replacement, gene suppression, genomic editing using CRISPR 
/ Cas9 technology which have been used in ophthalmology over the past several 
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Gene replacement strategy
Ali and colleagues (2000) [1] used the approach of 

replacement of the mutated Prph2 gene for the treatment of 
autosomal dominant retinitis pigmentosa in mice. The gene 
PRPH2 encodes for the peripherin-2 protein, is involved 
in cell interaction with the extracellular matrix and other 
cells, and stabilizes membrane discs of photoreceptor 
outer segments. Mutations in Prph2 cause failures of 
photoreceptor formation and arrangement, and have been 
shown to result in a variety of retinal degenerative diseases 
like macular degeneration, Stargardt disease, Leber’s 
amaurosis, and punctata albescens retinopathy. Subretinal 
injection of recombinant adeno-associated virus (AAV) 
encoding a Prph2 transgene resulted in restoration of 
photoreceptor structure and function, but the duration of 
functional improvement was not long.

Mutation of a receptor tyrosine kinase gene, Mertk, 
in the Royal College of Surgeons (RCS) rat results in 
defective phagocytosis of photoreceptor outer segments 
by the retinal pigment epithelium (RPE). MER tyrosinase 
kinase protooncogene (MERTK) is a member of the Tyro3, 
Axl, and MerTK (TAM) family of receptors. Subretinal 
injection of a recombinant replication-deficient adenovirus 
encoding rat Mertk in the RCS rat  resulted in restoration 
of RPE phagocytosis at sites adjacent to the injection site 
as well as a delay in photoreceptor degeneration [2].

Other studies reported on AAV-mediated [3] and LV-
mediated [4] MERTK gene transfer, with restoration of 
both photoreceptors and phagocytic capacity of the RPE 
and increased electroretinographical (ERG) activity for 
9 weeks after AAV-mediated treatment and 4 months 
after LV-mediated treatment for the RCS rat model of 

retinitis pigmentosa. There have been several reports on 
gene replacement approach to the treatment of congenital 
Leber’s amaurosis. Subretinal injections of AAV.RPE65 
were performed for RPE65 gene replacement in Rpe65 
knockout (Rpe65−/−) mice, resulting in functional 
restoration and delay in degeneration of photoreceptors. 
Optimized AAV2-mediated gene transfer through 
subretinal injection of AAV2.RPE65 resulted in increased 
ERG activity and improved visual acuity in Rpe65 
knockout mice for at least 3 months, with no report 
on degeneration of photoreceptors [5]. The findings 
of the study led to the development of Luxturna (Spark 
Therapeutics, Philadelphia, PA), a pharmaceutical for 
treating congenital Leber’s amaurosis (see the first part of 
the review for more details).

Mutations in the ABCA4 gene cause Stargardt's disease 
(STGD), a form of autosomal recessive juvenile macular 
degeneration. Subretinal delivery of rAAV2/5-CMV-
Abca4in a murine model of STGD resulted in significant 
correction of lipofuscin levels, RPE abnormalities, and 
retinal function for a period of up to 5 months [6]. 

Gene silencing strategy
Gene silencing can occur at the transcription level 

or post-transcription level. Gene silencing at the 
transcription level is a result of histone modification in 
heterochromatin, leading to unavailability of particular 
DNA loci for transcriptional apparatus (RNA-polymerase) 
and transcription factors. Gene silencing at the post-
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transcription level is a result of degradation of mRNA 
of particular genes. Degradation of mRNA inhibits 
the translation to the complementary protein. RNA 
interference (RNAi) is a widely used post transcriptional 
silencing mechanism for suppressing expression of the 
target gene. Various antisense inhibitors (ribozymes, 
miRNA inhibitors, and antisense oligonucleotides) are 
employed for this purpose.

Ribozymes
Ribozymes (Rz) are small RNA structures with high 

catalytic activity and specificity. In recent years, there 
have been advances in the development of ribozymes 
with improved characteristics and their applications for 
inhibiting gene expression. The ribozymes designed to 
cleave the P23H and S334Ter mutant RNA selectively 
were employed for treating autosomal–dominant 
retinitis pigmentosa (adRP) [7, 8]. In addition, mutation-
independent hammerhead ribozymes targeting rhodopsin 
and peripherin have been screened in vitro, and a number 
of extremely efficient ribozymes identified subsequent to 
detailed kinetic analyses, suggesting that these ribozymes 
may provide mutation-independent methods of treating 
adRP [9, 10].

Gorbatyuk and colleagues [11] reported that 
subretinally injected AAV2-Rz397 led to significant 
(greater than or equal to 50%) reduction of rhodopsin 
mRNA and protein in rhodopsin knockout hemizygous 
(RHO+/-) mice [11]. In another study by Gorbatyuk and 
colleagues [12], a ribozyme targeting dog, mouse, human 
but not rat RHO mRNA was designed and tested in vitro. 
Rz525 driven by the mouse opsin proximal promoter 
was inserted in plasmids with AAV 2 terminal repeats 
and packaged in AAV serotype 5 capsids. AAV-Rz525 
was injected subretinally into the right eyes of P23H rat 
pups.  Left eyes were injected with virus expressing GFP 
from the identical promoter. RT-PCR analysis revealed 
46% reduction of transgenic (mouse) RHO mRNA in 
right eyes relative to left eyes and no change in rat RHO 
mRNA. Before they can be used for human gene therapy, 
ribozymes such as Rz525 may need to be coupled with 
a ribozyme resistant RHO gene as a replacement for 
endogenous rhodopsin. It is probably prudent to deliver 
the ribozyme and the replacement gene in one package, 
i.e., using the same AAV vector.

Short interfering RNAs (siRNAs)
Short interfering RNAs (siRNAs) are 20–25 nucleotide 

double-stranded RNA (dsRNA) molecules that target genes 
at expression level and inhibit the synthesis of pathological 
proteins [13, 14, 15]. An RNA-mediated mechanism for 
inhibiting the expression of specific genes — the RNA 
interference (RNAi) pathway — is especially promising 
for retinovascular disorders, and relevant clinical trials 
are underway. In a phase II clinical trial (MONET)  
[16] evaluating treatment for neovascular AMD, the 
combination of intravitreal siRNA PF-04523655 (Quark; 

licensed to Pfizer) with ranibizumab led to an average 
gain in BCVA that was more than with ranibizumab 
monotherapy, and no safety concerns were identified.

Antisense oligonucleotide therapy
Of the various gene therapies currently available, 

antisense oligonucleotide (AON) therapy is increasingly 
being developed in ophthalmology and of special interest. 
The rationale of the antisense strategy is to inhibit synthesis 
of deleterious proteins by blocking the function of their 
corresponding mRNA. Antisense oligonucleotides are 
short strands of synthetic nucleic acid which bind target 
RNA by complementary base pairing.

In recent years, numerous preclinical studies on AON 
therapy for inherited retinal disorders, retinoblastoma, 
corneal dystrophy and neovascularization [17, 18, 19, 20, 
21, 22, 23, 24, 25, 26, 27] have being conducted. GS-101 
is eye drops of aganirsen, a novel AON preventing insulin 
receptor substrate-1 (IRS–1) mRNA expression, with a 
completed phase III clinical trial. The drug has been shown 
to inhibit corneal neovascularization after keratoplasty and 
stromal keratitis and to prevent neovascular glaucoma in 
ischemic central vein occlusion (a phase II/III clinical trial 
for the Study of a Topical Treatment of Ischaemic Central 
Retinal Vein Occlusion to Prevent Neovascular Glaucoma 
- the STRONG study) [28, 29]. A first-in-human phase 
I study of ISTH0036, an antisense oligonucleotide 
selectively targeting transforming growth factor beta 2 
(TGF-β2) has been conducted in subjects with open-angle 
glaucoma undergoing glaucoma filtration surgery [30].

CRISPR/Cas9–mediated genome editing
The clustered regularly interspaced short palindromic 

repeats/CRISPR-associated proteins (CRISPR/Cas9) 
technology evolves from a bacterial immune system and 
represents a new generation of targeted genome editing 
technology. The basis for this technology is segments of 
bacterial DNA called CRISPRs interspaced by fragments 
of foreign DNA (spacers) with remnant viral traces. 
The CRISPR arrays allow the bacteria to "recollect" the 
viruses. If a virus attacks again, the bacteria produce RNA 
segments from the CRISPR arrays to specifically target the 
virus' DNA.

Studies on genome editing in cells using the CRISPR/
Cas9 system began in 2013. Jennifer Doudna and 
Emmanuel Charpentier demonstrated that CRISPR RNA 
could be сonstructed, with a particular DNA fragment 
replaced by the sequence specified by the researcher. The 
Cas9 protein recognizes and binds to the trans-activating 
crRNA, and the crRNA functions as a guide so that Cas9 
can recognize and cleave the DNA target sequence. This 
system enables cutting out a ‘pathologic’ genome locus 
and replacing it by a ‘healthy’ genome locus.  The cell 
will not die from DNA break, as it will be corrected by a 
healthy copy of the mating chromosome due to the natural 
process of DNA repair. 

A number of studies using the CRISPR/Cas9 genome 
editing tool have been performed in ophthalmology in 
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recent years. CRISPR/Cas9 mediated knockout animal  
models of retinitis pigmentosa and retinoblastoma [31, 32] 
have been presented, and gene therapy strategies for the 
treatment of inherited diseases such as corneal dystrophy, 
congenital Leber’s amaurosis, X-linked  retinoschisis, 
and wet age-related macular degeneration, developed 
[33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44]. Of note 
are studies employing CRISPR/Cas9-mediated genome 
editing for CRISPR-based suppression of VEGF-A, 
blocking VEGF-R2 and angiogenesis in animal models of 
oxygen-induced retinopathy and laser-induced choroidal 
neovascularization [45, 46, 47]. Findings of a study on 
CRISPR/Cas9-mediated gene replacement in the fungal 
keratitis pathogen, Fusarium solani var. petroliphilum give 
promise that genome editing can be used for the treatment 
of persistent ocular surface infection [48].

Safe delivery of CRISPR/Cas endonucleases remains 
one of the major barriers to the widespread application 
of in vivo genome editing.  With adeno-associated virus 
(AAV)-mediated CRISPR/Cas genome editing in the 
retina, the CRISPR/Cas construct will be maintained in 
the retina for an extended period, impede cell function 
and induce immune responses. Nanodiamonds (NDs) 
are considered to be relatively safe carbon nanomaterials 
used for the transmission of DNA, proteins and drugs 
[49]. Yang and colleagues [49] used nanodiamonds as 
the carriers of CRISPR-Cas9 components designed to 
introduce the mutation in RS1 gene associated with 
X-linked retinoschisis (XLRS). Rs1 gene editing in mouse 
retinas resulted in several pathological features typical for 
XLRS. Li and colleagues [50] designed a self-destructing 
"kamikaze" CRISPR/Cas system that disrupts the Cas 
enzyme itself following expression. Their data suggested 
that a self-destructive "kamikaze" CRISPR/Cas system 
could be used as a robust tool for genome editing in the 
retina, without compromising on-target efficiency.

Another barrier to the widespread application of 
CRISPR-mediated genome editing is the large size of 
Cas9 endonuclease. The commonly used Streptococcus 
pyogenes Cas9 is large and may impose packaging 
problems for delivery by a single AAV, but delivery using 
a combination of two AAV vectors has been reported to 
be less efficient than delivery by a single AAV vector. One 
solution to the carrying capacity issue is to use smaller 
Cas9 orthologs, and orthologs from the CRISPR systems 
in Campylobacter jejuni (CjCas9) and Staphylococcus 
aureus (SaCas9) are being considered for this purpose.

Unexpected off-target mutations after CRISPR–Cas9 
editing are the most serious limitation for applications of 
CRISPR–Cas9 systems. Schaefer and colleagues [51] used 
CRISPR-Cas9 for sight restoration in blind rd1 mice by 
correcting a mutation in the Pde6b gene. They found that 
CRISPR gene correction introduces an unexpectedly high 
number of mutations in a mouse model of gene therapy.

In 2019, the BRILLIANCE trial became the first 
clinical trial to deploy the CRISPR–Cas9 technique 
directly in the body. In BRILLIANCE, gene editing is used 

to delete a mutation in the gene CEP290 that is responsible 
for Leber’s congenital amaurosis 10 (LCA10).

The conventional СRISPR–Cas9 genome-editing 
system has turned out to be not perfect for every situation, 
and one limitation of the system is the potential for off-
target modifications, i.e., the modification of sequences 
similar to the intended target sequence. Therefore, the 
genome-editing technology continues to evolve, with the 
main aim of excluding off-target effects.

Novel genome-editing technologies (prime editing, 
transposon genome editing and DNA shredder technique)

Prime editing 
A prime editing complex consists of a prime editor 

protein fused to a reverse transcriptase domain and 
complexed with a prime editing guide RNA (pegRNA) 
[52]. Unlike CRISPR edits, the prime editing Cas9, a 
nickase, cuts a single DNA strand. The precise character 
of the editing method reduces the off-target effects seen 
with CRISPR-Cas9. 

DNA transposons, or "jumping genes," always move 
on their own, inserting or excising themselves from the 
genome by means of a so-called "cut and paste" mechanism. 
An RNA molecule is formed during transcription; 
the transposase is built in the ribosome using RNA 
instructions, returns to the nucleus, recognizes a particular 
DNA sequence (the transposone), cleaves the ends of the 
transposon and also cleaves target sites where the element 
is to be inserted. Once the transposon is bound into its 
new position, gaps that are left in the DNA sequence are 
filled through the synthesis of nucleotides. Hernandez and 
colleagues [53] evaluated the effect of ex-vivo cell-based 
gene therapy using the Sleeping Beauty transposon system 
in laser-induced choroidal neovascularization (CNV), 
with transfected primary cells injected into the subretinal 
space. There was a significant increase in human pigment 
epithelium-derived factor (PEDF) and the PEDF/VEGF 
ratio with transfected RPE cells and a reduction in CNV 
area.

Conclusion
Therefore, advanced gene therapy strategies like 

gene suppression using RNA interference, antisense 
oligonucleotides, CRISPR/Cas9-mediated genome 
editing, and, especially, novel technologies like prime 
editing and transposon editing offer wide opportunities for 
applications in ophthalmology.
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Table 1. Clinical trials of gene therapy drugs for ocular diseases

Drug Mechanism 
of action Developer Route

Clinical trial 
phase/ reg. 

number 
(Clinicaltrials.

gov) 

 Ocular disease Comments

PF–
04523655

siRNA Pfizer Intravitreal 2
MONET

NCT00713518

   Neovascular 
AMD

Favorable safety profile
The PF–04523655 1 mg + 
ranibizumab 0.5 mg combination 
group achieved numerically 
greater improvement in mean 
BCVA from baseline (9.5 letters) 
than the ranibizumab group (6.8 
letters). The difference was not 
statistically significant.

GS–101 
(Aganirsen)

   AON Gene Signal Topical 2/3
STRONG

NCT02947867

   Ischaemic 
central retinal 
vein occlusion    
Neovascular 
glaucoma

The final results have not been 
presented as yet.

ISTH0036    AON Isarna 
Therapeutics 

GmbH

Intravitreal 1
NCT02406833

   POAG after 
trabeculectomy

Favorable safety profile
Single-dose ISTH0036 
administration of 67.5 μg or 225 
μg at the time of TE resulted 
in IOP values persistently < 10 
mmHg over the three month 
postoperative observation 
period.

AGN–
151587 
(EDIT–101)

   CRISPR Allergan Subretinal 1/2а
NCT03872479

   Leber’s 
amaurosis

The final results have not been 
presented as yet.

Notes: AMD, age-related macular degeneration; AON, antisense oligonucleotides; siRNA, small interfering RNA; BCVA, best-
corrected visual acuity; CRISPR, clustered regularly interspaced short palindromic repeats; POAG, primary open-angle glau-
coma


