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Gene therapy for retinitis pigmentosa
Niloofar Piri*, Jacob D. Grodsky, Henry J. Kaplan

Abstract:
Rhodopsin-mediated autosomal dominant retinitis pigmentosa (RP) is the most common cause of 
RP in North America. There is no proven cure for the disease, and multiple approaches are being 
studied. Gene therapy is an evolving field in medicine and ophthalmology. In this review, we will go 
over the basic concept of gene therapy and the different types of gene therapy that are currently 
being studied to treat this disease.
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Introduction

Retinitis pigmentosa (RP) includes a 
group of heterogeneous inherited 

retinal degenerations that are a major cause 
of hereditary blindness.[1] RP affects 1 in 
3000–7000 people in the United States.[2] 
The disease is initially characterized by 
night blindness and early loss of the 
peripheral visual field, which is the 
result of rod photoreceptor loss. As the 
disease progresses, late loss of central 
vision occurs, which is the result of cone 
photoreceptor degeneration. It is at this 
late stage that patients experience profound 
functional vision loss and blindness. Cone 
photoreceptor loss has been shown to be 
secondary to rod photoreceptor demise and 
is likely due to either oxidative stress or the 
lack of neighborhood trophic effects such as 
glucose transport.[1,3‑5]

Rods are responsible for vision in dim 
light as well as peripheral vision, while 
cones are specifically designed for precise 
central acuity and color vision. It has 
been recently shown that the loss of rod 
photoreceptor outer segment contact with 
the retinal pigment epithelium (RPE) 
ultimately results in cone starvation and 
loss.[1]

The disease progresses slowly, and loss 
of photoreceptors occurs gradually and 
continuously. It has been shown that there 
can be up to 90% loss of rods before the 
patient noticing any visual changes, and, 
therefore, patients are often diagnosed only 
in advanced stages of the disease.[6]

RP is most frequently the result of 
genetic mutations in rod photoreceptors. 
More than 70 genes with more than 
3000 mutations phenotypically present as 
RP.[7] Rhodopsin (RHO) was the first gene 
mutation identified as a cause of RP.[8] It 
is located on the long arm of chromosome 
3 (3q22.1), has 5 exons, and is 6.7 kb[2] 
in length. More than 150 different RHO 
mutations are associated with 25% of 
autosomal dominant (adRP) cases. The 
pro23His (P23H) RHO mutation is the most 
common cause of adRP in North America, 
although it is rare in other parts of the 
world.[9]

Two phenotypes of RHO‑mediated adRP, 
Class A and Class B, have been described 
in the literature.[10] Class A patients present 
early in life with severe progressive loss 
of rod photoreceptors resulting in early 
night blindness. In this group, there is 
severe loss of rods; therefore, any potential 
treatments need to be targeted toward 
cone rescue. Class B patients, however, 
demonstrate milder manifestations with 
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slowly progressive disease and more well‑preserved 
rod function throughout the disease course. In this class, 
potential treatments can be focused on rod preservation, 
which would conceivably provide the opportunity for 
much better outcomes given that the preservation of rods 
will ultimately rescue cones and prevent central vision 
loss. The P23H mutation results in class B disease. In this 
review, we will focus on the potential of gene therapy 
for RHO‑mediated adRP.

The RHO gene transcribes the RHO protein, which 
is the major visual pigment in the outer segment 
of rod photoreceptors. It absorbs light photons at 
495 nm[11] and helps with vision in dim light. RHO 
is a G‑protein‑coupled receptor that is covalently 
bound to 11‑cis retinal (a derivative of Vitamin A) in 
rod outer segment discs. Light absorption results in 
photoisomerization of 11‑cis‑retinal to all‑trans retinal, 
which activates RHO and initiates a cascade of chemical 
reactions that create electrical signals. These signals are 
transmitted to the brain where they are interpreted as 
vision.[12]

The RHO molecule has 3 loops; the P23H mutation is 
where proline is substituted by histidine in location 
23.[11] There is no proven treatment for P23H RP at this 
time. Multiple approaches, including gene therapy, are 
actively being studied.

Gene therapy is a therapeutic technique designed to 
either replace a gene of interest within a cell that lacks 
it or correct an abnormal gene of interest.[13] Over the 
years, gene therapy has shifted to deliver therapeutic 
genes to a group of target cells rather than individual 
cells.[13] Among ocular diseases, routes of delivery 
include intravitreal, subretinal, and/or suprachoroidal 
inoculations depending on the target cells. The 
intravitreal route is generally used to treat the inner 
retina, while the subretinal and suprachoroidal routes 
are generally used to treat the outer retina and RPE.[13,14]

There have been recent advances in gene therapy for 
the treatment of Leber’s Congenital Amaurosis (LCA) 
type 2 (LCA2; NCT00999609), which is the result of a 
null mutation or biallelic loss of function in the RPE65 
gene. The treatment has been promising and is easily 
studied, as it functions to replace the null mutation 
(i.e., a nonexisting gene) via subretinal injection of an 
adeno‑associated virus (AAV) vector carrying a human 
RPE65 gene. This resulted in the first and only Food and 
Drug Administration (FDA) approved gene therapy for 
retinal degeneration to date (voretigene neparvovec‑rzyl: 
Luxturna).[15]

In contrast to a disease with a null mutation such as LCA, 
autosomal dominant P23H RP requires a more complex 

approach to treat. It is the result of the patient having one 
copy of a wild type (WT) or functional gene and one copy 
of a mutated gene, which results in a misfolded protein 
and ultimately leads to rod photoreceptor degeneration.

There are two proposed methods of treatment for P23H 
RP ‑ a targeted approach and nonselective inhibition. 
The concept behind the targeted approach is to inhibit 
the expression of the mutant RHO. However, since 
there are more than 150 mutations of RHO, it is difficult 
to selectively target and inhibit each mutation. On the 
other hand, nonselective inhibition of RHO involves two 
steps. The first, is to simultaneously downregulate both 
the WT and mutant RHO variants; the second, similar 
to the method described above, an exogenous WT or 
functional RHO gene is employed to restore the RHO 
WT gene function.[13,16] In this technique, AAV is used 
to initially deliver an RNA interference (RNAi)‑based 
gene suppressor to knock down and inactivate the target 
mutated gene; then a separate AAV‑vector, which is 
resistant to the RNAi, is used to deliver the functional, 
replacement gene.

Other methods that are being studied to achieve the 
above goal, are summarized below.

Anti‑sense oligonucleotide‑based therapy
Anti‑sense oligonucleotide (ASOs) are single‑stranded 
DNA molecules complementary to targeted mRNAs. 
These ASOs bind to mutated mRNA resulting in their 
degradation by recruiting a ribonuclease.[2,17] ASO 
remains intact and can inhibit additional targeted 
mRNAs.

P1123 is an ASO that targets the P23H mutation in 
the human RHO gene. This ASO knocks down the 
mutant gene without affecting the functional allele.[2] 
Experimental studies in mice and rats were promising 
and demonstrated a 40% decrease in the expression of the 
mutant gene without affecting WT gene expression after 
intravitreal injection.[18] One advantage to P1123 is that it 
can be delivered intravitreally, rather than subretinally. 
The small size of the molecule allows it to reach the outer 
retina when administered intravitreally.

P1123 received orphan drug and fast track designation 
for P23H‑adRP by the FDA in 2019. ProQR therapeutics 
has sponsored a Phase I/II clinical trial with 
35 participants and is estimated to be completed in 
October 2021 (ClinicalTrials.gov: NCT04123626).

Short hairpin RNA‑based therapy
Short hairpin RNA (shRNAs) are small RNA molecules 
that form hairpin structures within the cell. They are 
processed within the cell by RNase to active small 
interference RNAs (siRNA). siRNA then binds to the 
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target mRNA, as explained above, and degrades it by 
recruiting a ribonuclease.

This has been tested in dual AAV suppression and 
replacement therapy of experimental mice models 
of P23H adRP in 2011.[16] An AAV‑shRNA targeted 
RHO in an independent location from the mutation 
resulted in cleavage of both mutant and WT RHO. 
An AAV‑shRNA‑resistant RHO was then replaced by 
another vector, which resulted in expression of WT RHO. 
Both variants were delivered via subretinal injection. 
About 68% reduction in mutant variant expression 
was observed. Rod electroretinogram (ERG) b‑wave 
amplitudes were also shown to significantly improve.

This dual vector shRNA suppression and replacement 
therapeutic strategy for P23H‑adRP was named 
RhoNova and received orphan drug designation in 
Europe in 2010 and in the US in 2013. Roche has owned 
RhoNova since December 2019 with no further clinical 
updates.[2]

More recently, a gene therapy candidate for RHO‑adRP 
composed of a single AAV2/5 vector expressing both 
an shRNA targeting human RHO and a healthy copy 
of the RHO gene‑modified to be resistant to the shRNA 
has been developed. Iveric Bio has the license to 
commercialize this product candidate for the treatment 
of RHO‑adRP, now named IC‑100. The start of Phase I/II 
currently is delayed as they are evaluating the preclinical 
safety results further.

Correction of the Mutant Allele or 
Genome‑Editing Gene Therapy

This more direct approach couples genome‑editing 
technologies with homologous recombination to 
specifically correct mutations at the DNA level.[19] The 
latest and most promising tool for genome editing is 
the Clustered Regularly Interspaced Short Palindromic 
Repeats (CRISPR) and CRISPR‑associated gene (Cas) 
system.[20] The innovative CRISPR technology has the 
ability to “cut” and remove the target cell’s mutant gene 
and simultaneously add the desired functional gene with 
precision, affordability, and relative ease.[13,21]

CRISPR technology has the potential advantage 
of correcting the mutant genome permanently in 
non‑dividing cells in vivo.[2] Promising experimental 
studies have recently inspired several clinical trials to 
utilize CRISPR to target a variety of retinal diseases, 
including CEP290‑associated LCA (LCA10). Editas 
Medicine has started a Phase I/II nonrandomized clinical 
trial (ClinicalTrials.gov NCT03872479) for LCA10. It is 
planned to enroll 18 participants and to be completed 
in 2024.

Mega‑Nuclease Gene‑Editing Techniques

Meganucleases are “molecular DNA scissors” that can 
be used to replace, eliminate, or modify sequences in a 
highly targeted way. This genome editing technology, 
named ARCUS by Precision BioSciences, has since 
been applied in many preclinical studies of different 
liver diseases.[2] This approach requires that at least one 
copy of the WT gene is expressed in the targeted cell so 
that removal of the mutant protein is replaced by WT 
protein – i.e., a cell with a biallelic mutation would not be 
corrected by mega‑nuclease gene editing per se. McCall 
et al. recently reported the therapeutic efficacy of ARCUS 
meganuclease in a transgenic mini‑swine model of 
human P23H RHO‑adRP.[22] A single subretinal injection 
of an AAV5 vector expressing P23H RHO‑targeting 
ARCUS meganuclease was performed in unilateral eyes. 
Sustained reduction in mutant RHO expression, modest 
improvement in rod ERG response compared to untreated 
control eyes, as well as preserved histopathology of the 
outer retina were observed.

Optogenetics

Optogenetics is a novel gene therapy approach to address 
the limitations of traditional gene therapy options. Unlike 
most other retinal gene therapies, this approach can be 
used in diseases with significant photoreceptor loss, as 
seen in the early clinical trial using channelrhodopsin‑2 to 
treat advanced RP.[23] In this technology, light‑activating 
“optogenes” that convert the remaining bipolar 
cells and retinal ganglion cells into photosensitive 
cells are delivered, essentially behaving as artificial 
photoreceptors. Furthermore, this approach is gene 
independent, and can, therefore, be used for a variety 
of retinal degenerations. RST‑001 Phase I/II Trial for 
Advanced RP has enrolled 14 participants (ClinicalTrials.
gov NCT02556736) and is estimated to be completed in 
2035. Safety data reported in June 2021 have not shown 
significant concerns.

Conclusion

The field of gene therapy has made extensive progress 
in medicine, including ophthalmology, in recent years. 
Gene therapy strategies are searching for the option that 
is simple, does not need to be repeated frequently, has 
the best efficacy results, least safety concerns, and least 
financial burden on patients and healthcare systems. 
Physicians should remain up to date on underlying 
disease pathophysiology and current developments 
in gene therapy, as it may very well be the answer to a 
once‑incurable, blinding RP.
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