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Rhodopsin-mediated autosomal dominant retinitis pigmen-
tosa (RHO-adRP) is a hereditary degenerative disorder in
which mutations in the gene encoding RHO, the light-sensitive
G protein-coupled receptor involved in phototransduction in
rods, lead to progressive loss of rods and subsequently cones
in the retina. Clinical phenotypes are diverse, ranging from
mild night blindness to severe visual impairments. There is
currently no cure for RHO-adRP. Although there have been
significant advances in gene therapy for inherited retinal dis-
eases, treating RHO-adRP presents a unique challenge since
it is an autosomal dominant disease caused by more than 150
gain-of-function mutations in the RHO gene, rendering the es-
tablished gene supplementation strategy inadequate. This re-
view provides an update on RNA therapeutics and therapeutic
editing genome surgery strategies and ongoing clinical trials
for RHO-adRP, discussing mechanisms of action, preclinical
data, current state of development, as well as risk and benefit
considerations. Potential outcome measures useful for future
clinical trials are also addressed.

Retinitis pigmentosa (RP) is a group of rare inherited disorders with
phenotypes ranging from mild night blindness (nyctalopia) to total
blindness, affecting 1 in 3,000–7,000 individuals.1,2 Aberrations in
photoreceptors (rods and cones) and the retinal pigment epithelium
cause progressive vision loss. In the initial stages of the disease pro-
cess, rod photoreceptors start to die, and this causes night blindness.
Affected individuals begin to experience difficulty seeing in dim light
and adapting to changes in light sensitivity, leading to difficulties with
driving at night or entering darkened rooms. Following the loss of rod
photoreceptors, cone photoreceptors (which produce high acuity,
bright light vision) are progressively lost. The cone degeneration in
RP is considered secondary to rod death, possibly due to neighbor ef-
fects of decreased trophic factors, nutrient shortage, and oxidative
stress.3,4 The progression of RP is slow and involves the continuous
loss of photoreceptors, leading to loss of peripheral vision termed
“tunnel vision,” whereby only the central vision is preserved. RP pa-
tients also report experiencing continuous flashes of light (photopsia).
In late stages of the disease central vision is lost, resulting in total
blindness. Patients may lose up to 90% of rod cells before vision
changes are detected, resulting in initial diagnosis at advanced stages
of disease.5 An electroretinogram (ERG) evaluating rod and cone
functions can detect changes in rod function during initial stages of
the disease before significant visual dysfunctions occur.6,7

The rhodopsin (RHO) gene was the first identified gene causing RP.8,9

Human RHO contains five exons and is 6.7 kb, and it is located on
chromosome 3q22.1.10 More than 150 different mutations in RHO
are associated with 25% of autosomal dominantly inherited RP
(adRP) cases. Patients with RHO-mediated adRP have discernible dif-
ferences in the pattern of retinal dysfunction between families with
different mutations.11 Two classes of RHO-adRP have been described
in the literature based on clinical observations. Class A patients (pos-
sessing mutations R135G, R135L, R135W, V345L, and P347L) lose
rod function over the entirety of the retina and experience onset of
night blindness earlier in life.12 There is a catastrophic loss of rod
function, which may not be corrected, and therefore therapies should
be focused on cone preservation in these patients. Class B patients
demonstrate a milder phenotype, including normal rod activation ki-
netics and preserved rod outer segment length with abnormalities in
the rod visual cycle that are mutation specific. Among subclass B1
(T17M, P23H, T58R, V87D, G106R, and D190G) patients, photore-
ceptor degeneration is heterogeneous and patients show an inferior
to superior disease progression. Subclass B2 patients (G51A,
Q64ter, and Q344ter) show no regional retinal predisposition for dis-
ease. In class B patients, rods have the potential to be rescued, and rod
preservation should be a target in order to protect cones. Of note, the
P23H mutation is the most prevalent RHOmutation in North Amer-
ica, accounting for 10% of adRP cases because of a founder effect.
P23H is not found elsewhere, including Europe and Asia. Individuals
possessing the P23H mutation have significantly better visual acuity
and larger electroretinographic amplitudes.13

Multiple mechanisms underlie RHO-mediated retinal degenera-
tion.14 RHO is the visual pigment of retinal rods, which facilitates
vision in dim light and absorbs light at 495 nm.15 It is a 348-aa G pro-
tein-coupled receptor protein with seven transmembrane domains,
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with a luminal N terminus and a cytoplasmic C terminus.16 The cyto-
plasmic face of RHO is made of three loops with catalytic sites that
prompt guanosine triphosphate (GTP)-guanosine diphosphate
GDP exchange by transducing GNAT1 and sites for light-dependent
phosphorylation by RHO kinase. It also contains sites sites for N-
glycosylation, and the site lys296 is where retinal attachment occurs.
The vast majority of pathogenic mutations in RHO cause retinal
degeneration by way of gain-of-function mutations leading to
adRP. Of note, a few RHOmutations have been associated with auto-
somal recessive RP, but they are relatively uncommon.14 Further de-
tails regarding the molecular and cellular basis of RHO-mediated RP
are beyond the scope of this review and can be found in the excellent
review by Athanasiou et al.14

There is no universally effective treatment or cure for RHO-RP, and
multiple approaches are being studied. Stem cell or retinal tissue
transplantation, nutritional supplementations, retinal implants, as
well as targeted and non-targeted gene therapies have been proposed
and tested. Transplantation of stem cells or retinal tissue by the use of
retinal progenitor cells may provide beneficial effects. In studies that
tested the effect of transplanted newly born rods, responses to dim
light were restored in blind mice.17 Nutritional supplementation for
RP with nutrients such as vitamin A, docosahexaenoic acid (DHA),
and lutein have produced limited and controversial results.18 Retinal
implants and prostheses have been investigated as potential interven-
tions in the treatment of advanced RP, including the Argus II retinal
prosthesis system and the Alpha IMS from Retina Implant. Clinical
trials showed improvement in various visual function tests but several
serious adverse events.19,20 Optogenetics delivered as non-targeted
gene therapy for advanced RP are also being tested. Channelrhodop-
sins (ChRs), when expressed in the retina, depolarize in response to
light-generating signals, which are then transmitted to the brain.
There are two ongoing current clinical trials using optogenetics in
RP patients, RST-001 (ClinicalTrials.gov: NCT02556736) and
GS030 (ClinicalTrials.gov: NCT03326336). Targeted gene therapy
holds great promise for RHO-adRP and is the focus of this review.

Gene Therapy for RHO-adRP

There have been recent advances in gene replacement therapies for
autosomal recessive and X-linked inherited retinal disorders. In these
cases, since the genes of interest have loss-of-function mutations
(both copies in autosomal recessive disorders and the only copy in
X-linked disorders), a straightforward replacement approach by
gene supplementation is appropriate. The first, and currently only,
US Food and Drug Administration (FDA)-approved gene therapy
for a retinal disease is voretigene neparvovec-rzyl (Luxturna), a
gene replacement therapy targeting RPE65 enzyme deficiency in
Leber congenital amaurosis (LCA) and RP. Subretinal injection of
the adeno-associated viruses (AAVs)-hRPE65 vector expressing
RPE65 restores its production in the transduced RPE cells, resulting
in functional visual improvements measured by navigational ability
and light sensitivity.21 In addition, there are many ongoing clinical
trials with gene supplementation therapies for X-linked RP caused
by RP GTPase regulator (RPGR) mutations, autosomal recessive RP
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caused by PDE6B andMERTKmutations, autosomal recessive achro-
matopsia caused by CNGA3 and CNGB3mutations, X-linked choroi-
deremia caused by REP1 mutations, as well as X-linked retinoschisis
caused by RS1 mutations (https://clinicaltrials.gov/).

In contrast, treating autosomal dominant diseases with gain-of-func-
tion mutations such as RHO-adRP requires a substantially different
approach and has been traditionally difficult. The goal for targeted
gene therapy of RHO-mediated adRP is to inhibit expression of the
mutant RHO protein and to increase the ratio of wild-type (WT)-
to-mutant RHO in order to reduce the rate of retinal degeneration.
One approach is to design therapeutics with high specificity that
can differentiate between a single point mutation between the
diseased and WT RHO alleles in order to selectively decrease expres-
sion of toxic protein from mutant RHO. Although it is preferable to
leave the WT RHO intact, gene therapy strategies that offer such a
high level of allele selectivity have to be designed specifically for
each of the 150+ mutations in RHO, making it impractical. An alter-
native approach involves disrupting both copies of endogenous RHO
genes, mutant and WT, and replacing them with an exogenous RHO
gene. Such a strategy can be mutation-independent and bypass the
need to design unique therapy for each RHO mutant, offering a
simplified treatment strategy for all RHO-adRP patients.

Herein, we provide a review of both mutation-specific and mutation-
independent gene therapy strategies currently under development for
RHO-adRP (Figure 1; Table 1). For the purpose of this review, gene
therapy is defined as delivering nucleic acids in vivo and covers
both RNA and DNA targeting therapeutics.

RNA Targeting Therapeutics

AntisenseOligonucleotides (ASOs)-Based Therapy. ASOs are single-
stranded DNA molecules complementary to mRNA targets. Upon
hybridization with target RNA through specific nucleotide pairing,
ASOs induce target RNA degradation by recruiting cellular enzyme
ribonuclease H1 (RNase H1), which cleaves the target RNA.22

ASOs remain intact through this process and therefore can be active
for additional targets. This approach has been routinely used in basic
research to achieve downregulation of gene expression. Due to recent
advances in ASO technology, it is now possible for second-generation
ASOs to selectively target a mutant allele with a single base pair dif-
ference from the WT allele, significantly expanding their potential
as disease-modifying therapeutics for autosomal dominant genetic
disorders in vivo.23 Three ASO medications have been successfully
commercialized to date, including Spinraza/nusinersen for spinal
muscular atrophy, Tegsedi/inotersen for hereditary transthyretin-
mediated amyloidosis, and Waylivra/volanesorsen for familial chylo-
micronemia syndrome. Dozens more ASO drug candidates are
currently under clinical development covering a broad range of dis-
ease areas.

PR1123 (previously named ION357) is an ASO drug in a gapmer
configuration targeting the P23H mutation in the human RHO
gene. It has been shown to knock down expression of P23H mutant
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Figure 1. Gene Therapy Strategies for Autosomal Dominant Diseases

Top: in autosomal dominant disorders such as RHO-adRP, one mutated copy of gene encodes the abnormal mRNA and protein (red) sufficient to cause disease. The wild-

type copy is shown in green. Middle: allele-specific therapeutics target the mutated RHO gene or its mRNA product without affecting the wild-type copy. Bottom: mutation-

independent therapeutics disrupt both the mutated and wild-type RHO genes or their RNA products and replace them with an exogenous copy of the codon-modified

CRISPR or RNAi resistant RHO gene (blue).
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Table 1. Comparison of Gene Therapy Candidates Currently under Development for RHO-adRP

Developer
Drug
Name

Targeted
Mutation Mechanism of Action

Preclinical Model and
Efficacy Data

Route of
Administration/
Frequency

Current Stage of
Development

RNA targeting

ProQR Therapeutics/
Ionis Pharmaceuticals

PR1123/
ION357

P23H
antisense oligonucleotides
targeting mutated RHO
mRNA

d murine/rat
d intravitreal
injections

d phase 1/2 started
October 2019

d 40% knockdown of
RHO expression; ONL
18% thicker; ERG
amplitude 181% higher
(scotopic a-wave)

d expected to need
repeat injections

d target to enroll 35
patients

d expected to conclude in
October 2021

IVERIC Bio IC-100
mutation-
independent

shRNA suppression of
endogenous RHO
expression + replacement
with codon-modified
shRNA-resistant RHO
delivered by a single AAV
vector

d canine

single subretinal
injection

plan to initiate a phase 1/2
clinical trial during the
fourth quarter of 2020

d >97% knockdown of
RHO expression;
qualitative ONL and ERG
improvement

d estimated equivalent
human years of useful
vision gain: 8a

Roche/Spark
Therapeutics

RhoNova
mutation-
independent

shRNA suppression of
endogenous RHO
expression + replacement
with codon-modified
shRNA-resistant RHO
delivered by dual AAV
vectors

d murine

single subretinal
injection

d preclinical

d 68% knockdown of
RHO expression; ONL
35% thicker; ERG
amplitude 244%–429%
higher (rod-isolated
response)

d received orphan drug
designations in Europe
(2010) and in the US
(2013)

d estimated equivalent
human years of useful
vision gain: 11a

Alnylam/Regeneron – –
RNAi molecule targeting
RHO

– – d preclinical

Therapeutic
editing genome
surgery

Editas Medicine –
mutation-
independent

CRISPR-based knockout
of endogenous RHO
genes + replacement RHO
cDNA delivered by dual
AAV vectors

d in vitro (preliminary)
single subretinal
injection
(presumed)

d preclinical

d 70% knockdown of
RHO expression

d declared development
candidates May 2020

Precision Bio – P23H

ARCUS meganuclease-
medicated knockout of
mutant RHO delivered by
a single AAV vector

d swine (preliminary)

single subretinal
injection

d preclinical

d qualitative rescue of
outer retinal morphology
and ERG rod response

d estimated equivalent
human years of useful
vision gain: 14.5a

aEstimation based on extrapolation of original data from preclinical studies. There is significant variability in the models and outcome measures used across studies.
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mRNA specifically without affecting theWT RHO RNA expression in
cell lines and mouse models.24 Unilateral intravitreal injection of
PR1123 caused a 40% reduction in the RHO mRNA level compared
to the contralateral eye in P23H mice while no significant change in
RHO level was observed in WT mice. Moreover, PR1123 treatment
led to ERG improvement and structural preservation in P23H mouse
and rat models.24,25 Improved scotopic a-wave response amplitude at
all stimulus intensities were observed via ERG on P23H rats following
treatment. Treated eyes of P23H mice and rats had increased outer
nuclear layer (ONL) thickness, a measurement of photoreceptor
2142 Molecular Therapy Vol. 28 No 10 October 2020
cell number. Additionally, a safety study was performed in primates
that showed that QR-1123 did not affect levels of WT RHO mRNA
in cynomolgus monkeys after single intravitreal injections.

Initially developed by Ionis Pharmaceuticals, PR1123 was in-licensed
to ProQR Therapeutics in 2018. It received orphan drug and fast track
designations for P23H-adRP by the FDA in 2019. ProQR Therapeu-
tics is currently sponsoring a phase 1/2 study that started recruitment
in October 2019 (ClinicalTrials.gov: NCT04123626). The study in-
tends to enroll up to 35 adult P23H-adRP patients followed for
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12 months. An open label single-dose cohort as well as a double-
masked multiple-dose escalation cohort are planned with repeat uni-
lateral intravitreal injection of QR-1123 every 3 months compared to
unilateral sham procedures. In addition to evaluating safety and toler-
ability as primary outcome measures, multiple modalities will be used
to evaluate efficacy by measuring structural and functional improve-
ments. The phase 1/2 study is scheduled to conclude in October 2021.

Short Hairpin RNA (shRNA)-Based Therapy. shRNAs are short RNA
molecules that spontaneously form hairpin structures. shRNAs are
recognized by the intracellular RNA interference (RNAi) pathway,
such as RNase III enzyme Dicer, and are processed to active small
interfering RNAs (siRNAs). Subsequently, the siRNAs bind to target
mRNAs through base pairing facilitated by the RNA-induced
silencing complex, resulting in cleavage and degradation of target
mRNAs. shRNAs are expressed by DNA vectors in contrast to their
synthetic siRNA counterparts.26 In vivo delivery of DNA vectors ex-
pressing shRNAs often requires viral vectors such as AAV and
lentiviruses.

A dual AAV vector strategy of suppression with shRNA and replace-
ment was tested in a murine model of RHO-adRP, Rhop347s/+, byMill-
ington-Ward et al.27 in a proof-of-concept study.28 One AAV2/5 vec-
tor, AAV-shRNA, expresses an shRNA targeting human RHO gene at
nucleotides 254–274, a site independent of known mutations. There-
fore, it is designed to knock down expression of all endogenous RHO
genes, mutant and WT, in a mutation-independent way.29 An
shRNA-resistant human RHOwith codonmodification at wobble nu-
cleotides is expressed by a second AAV2/5 vector as replacement
(AAV-RHO). Of note, the endogenous murine Rho gene is naturally
resistant to the shRNA due to mismatches at the RNAi target site be-
tween the two species and was continuously expressed in this model.
Both vectors were delivered together through subretinal injections to
Rhop347s/+ mice. An AAV vector expressing non-targeting control
RNAi was used as a control. A 68% ± 2.4% reduction in the ratio of
RHO/Rho mRNA was observed in transduced retinal cells after
AAV-shRNA injection, suggesting an efficient knockdown of RHO
gene expression. As for replacement, AAV-RHO injection in WT
mice resulted in RHO/Rho ratio of 31% ± 5% at the mRNA level.
The authors argued that since only 40% of the retina was transduced
but the whole retina was analyzed, the true expression level of AAV-
RHO in transduced cells could be much higher. To evaluate func-
tional improvement, rod-mediated ERG responses were analyzed.
Rod b-wave amplitudes were 184.5 ± 65.4 mV in treated eyes at
6 weeks post-injection (wpi) compared to control eyes at 34.9 ±

16.8 mV. The improvement was still significant at 20 wpi (58.1 ±

19.8 mV in the dual vector group versus 16.9 ± 12.6 mV in the control
vector group). The control single vector injections did not result in
improvement in rod responses. Histologically, ONL thickness was
17.9 ± 3.4 mm in dual vector-injected eyes compared to 13.3 ±

2.0 mm in sections from control eyes at 6 wpi. At 20 wpi, ONL thick-
ness was 8.9 ± 1.2 mm in treated eyes, whereas in control eyes the ONL
had almost completely disappeared and was no longer measurable
due to disease progression. Additionally, electron microscopy re-
vealed preservation of rod photoreceptor outer segments with
correctly formedmembrane disks in treated eyes compared to control
eyes, which exhibited degenerating outer segments and disorganized
membrane disks. This dual vector shRNA suppression and replace-
ment therapeutic strategy for RHO-adRP was named RhoNova and
received orphan drug designation in Europe in 2010 and in the US
in 2013. Genable Technologies, the original owner of RhoNova, was
acquired by Spark Therapeutics in 2016, which was subsequently ac-
quired by Roche in 2019. There has been no publicly available update
on RhoNova’s clinical development.

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.30 The shRNA targets a part of human
RHO unaffected by any known mutations, similar to RhoNova. A
codon-modified human RHO gene resistant to shRNA is expressed
by the same vector as replacement. Cideciyan et al.30 performed pre-
clinical studies in a naturally occurring canine model of RHO-adRP
(RHOT4R/+) sensitive to acute light-induced retinal degeneration
with single subretinal injections. One of the shRNA candidates,
shRNA820, caused a near-complete knockdown of RHO mRNA and
protein in WT and RHO mutant retinas. When the shRNA-resistant
human RHO gene, named RHO820, was supplemented in addition to
shRNA820 by a single AAV2/5 viral vector, the resistant RHO was ex-
pressed at 118%–132% at the mRNA level and 31%–33% at the pro-
tein level compared to untreated retinas. There was some evidence
that this suppression and replacement strategy could rescue the
light-induced retinal degeneration in RHO mutant retina. ERG mea-
surements showed greater rod and cone responses in AAV-
shRNA820-RHO820-injected retinas compared to those injected with
balanced salt solution. There were also qualitative data suggesting
retention of ONL thickness, photoreceptor cell bodies, and rod and
cone outer segments in AAV-shRNA820-RHO820-injected retinas.
More recently, a separate study showed that subretinal injection of
the same vector preserved the ERG response and the ONL thickness
in P23H Rho transgenic mice.31

In 2018, IVERIC bio licensed the right to develop and commercialize
this gene therapy product candidate for RHO-adRP, now named IC-
100, from the University of Florida Research Foundation and the Uni-
versity of Pennsylvania. Currently, further preclinical studies and
investigational new drug (IND)-enabling activities for IC-100 are be-
ing conducted by IVERIC bio, with a phase 1/2 clinical trial expected
to begin in the near future.

Other siRNA-Based Therapies. As discussed above, siRNAs are syn-
thetic RNA molecules that are recognized by cellular RNAi pathways
and cause degradation of target mRNAs. Recently, siRNAs have been
successfully developed into medications for the treatment of genetic
diseases. Onpattro/patisiran, an RNAi therapeutic developed by Al-
nylam Pharmaceuticals, is the first in class and received FDA approval
in 2018 for the treatment of hereditary transthyretin amyloidosis with
polyneuropathy by targeting transthyretin mRNA. Another RNAi
Molecular Therapy Vol. 28 No 10 October 2020 2143
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therapeutic Givlaari/givosiran was approved by the FDA in 2019 for
adult acute hepatic porphyria, and several others RNAi therapeutics
are in late-stage development for other hepatic diseases. Alnylam
Pharmaceuticals has since expanded its clinical programs to extra-he-
patic diseases and signaled its interest in developing RNAi therapeu-
tics for eye diseases, including RHO-adRP, in collaboration with
Regeneron. No preclinical data have been published to date, and no
development timeline is publicly available.

Genome Editing Therapeutics

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-

Based Therapies. CRISPR-based genome editing technology has
rapidly advanced since the first demonstration of its use.32,33 Short
RNA sequences are used to guide CRISPR-associated (Cas) nucleases
to their DNA targets through base pairing, leading to increased spec-
ificity compared to previous DNA editing techniques.34 After a tar-
geted double-stranded break is created, DNA sequence alterations
can be introduced through cellular DNA repair mechanisms such
as homology-directed repair (HDR) and non-homologous end
joining (NHEJ). The development of the homology-independent tar-
geted integration (HITI) strategy was a milestone in the advancement
of CRISPR-based technology since it enables gene editing in post-
mitotic cells by utilizing NHEJ rather than HDR.35 In the landmark
study the HITI method was used to correct the genetic defect in the
Mertk gene in a rat model of human RP leading to anatomical and
functional visual improvements.35 More recent developments in
CRISPR technology include prime and base editing techniques that
enable changing single nucleotides in a predictable manner.34,36

Prime and base editors as well as other CRISPR strategies with
improved specificity for target sites can potentially discriminate be-
tween mutant and WT alleles of target genes. Updated sequencing
analysis tools such as CRISPResso2 have since been developed with
improved alignment algorithms for validation and characterization
of accurate indel analysis and precise genomic changes.37 CRISPR-
based gene editing technologies are now increasingly being developed
as therapeutics for inherited genetic diseases to permanently correct
the underlying mutations in adult non-dividing cells in vivo.

Mutation-Independent CRISPR Strategies for RHO-adRP. In 2018,
Tsai et al.38 used dual AAV vectors to deliver CRISPR-based ablate-
and-replace gene therapy in mouse models of RHO-adRP. One vec-
tor, AAV-Cas, encodes the codon-optimized Streptococcus pyogenes
Cas9 (SpCas9). The second vector encodes two guide RNAs (gRNAs)
targeting murine Rho (mRho) gene exon 1, as well as a copy of human
RHO cDNA as replacement (AAV-GR). Delivering the gRNAs in the
same vector as the replacement RHO gene instead of in the AAV-Cas
vector means that gene disruption will occur only in cells receiving the
replacement gene, which is a significant safety feature. This mutation-
independent CRIPSR strategy aims to disrupt all endogenous murine
Rho genes, including both the mutated and WT copy.

In vitro and in vivo studies showed effective ablation of mRho genes
with this CRISPR-based gene therapy.38 The double gRNA strategy
led to 90% ± 7.8% ablation of the mRho gene due to truncations
2144 Molecular Therapy Vol. 28 No 10 October 2020
in vitro, whereas the traditional single gRNA strategy resulted in
60.0% ± 9.9% ablation of the mRho gene. Subretinal injection of the
dual vectors (AAV-Cas+AAV-GR) inWTmice also resulted in effec-
tive ablation ofmRho. Whole-retinamRhomRNA analysis revealed a
25% decrease in mRho mRNA and detectable xenogeneic human
RHO mRNA expression. Historical analysis revealed retention of
ONL layers in all adRP mouse models examined (RhoP23H/P23H,
RhoD190N/+) at 3 months after treatment. AAVs-Cas9+GR treatment
resulted in six- to eight-layer-thick ONLs compared to three to four
layers for the control PBS treatment in RhoP23H/+ mice. In addition,
the ERG of maximal responses with mixed rod-cone components re-
vealed significant increases in a- and b-wave amplitudes after AAVs-
Cas9+GR treatment.

A similar dual vector CRISPR-based knockout and replacement
strategy for RHO-adRP has been proposed by Editas Medicine,39

a company with expertise in application of CRISPR-based gene ed-
iting technologies in ocular diseases that is currently conducting a
phase 1/2 study of first-in-human CRISPR-based therapeutic
EDIT-101 in another hereditary retinal disease, LCA-10. The first
AAV5 vector encodes Staphylococcus aureus Cas9 (SaCas9)
cRNA under a minimal RHO promoter. The second vector encodes
gRNAs as well as codon-optimized RHO cRNA under the minimal
RHO promoter. In preclinical studies presented in May 2020, lead
gRNA candidates were shown to knock down RHO expression in
cell lines in a dose-dependent fashion and were highly specific
based on sequencing assays. In human retinal explants, the two
lead gRNA candidates predominantly generated frameshifting de-
letions. Additionally, the optimized RHO replacement vector was
shown to express RHO mRNA 8-fold higher than the previously
published one from Cideciyan et al.,30 and the expression level
was comparable to endogenous RHO expression in human retinal
explants.

Allele-Specific CRISPR Strategies for RHO-adRP. Allele-specific
CRISPR gene therapies for RHO-adRP have been explored by several
preclinical studies in vitro and in vivo aiming to disrupt the dominant
negative allele while leaving the WT allele intact. In a RhoS334/+ rat
model of RHO-adRP, Bakondi et al.40 used Cas9 and a gRNA comple-
mentary to a protospacer-adjacent motif (PAM) site unique to the
RhoS334 locus delivered by electroporation, resulting in cleavage of
only the mutant allele. Morphological preservations of photorecep-
tors and their synapses were also observed. Additionally, preferential
editing of the P23H allele over the WT Rho allele in P23H mouse
models was demonstrated using either a variant SpCas9 paired with
truncated single gRNA37,41 or SaCas9 with conventional 20-nt
gRNA.42 Similarly, specific knockdown of the P347S RHO mutant
with little effect on WT RHO using SpCas9 or its high-fidelity variant
SpCas9 VQR (D1135V/R1335Q/T1337R) paired with specific gRNAs
was shown in cell lines.43

Meganuclease Gene Editing Technique. Meganuclease is an I-CreI
(chloroplast-encoded homing endonuclease I)-based endonuclease
originally discovered in Chlamydomonas reinhardtii. WT I-CreI
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recognizes a specific 22-bp DNA sequence within the chloroplast ri-
bosomal RNA23S gene and causes a double-strand break at this site.44

Meganucleases are developed by engineering the I-CreI DNA-recog-
nition surface using structure-based redesign in order to alter the
target DNA sequences.

The potential of meganuclease as in vivo gene editing therapeutics was
first demonstrated in 2018 when the PCSK9 gene was successfully tar-
geted and knocked out in the livers of rhesus macaques by an
engineered meganuclease expressed by the AAV vector leading to
sustained reduced levels of low-density lipoprotein (LDL) choles-
terol.45 This genome editing technology, named ARCUS by Precision
BioSciences, has since been applied in many preclinical studies of
different liver diseases. A potential cure of hepatitis B infection by
permanently eliminating hepatitis B viral genome from liver cells is
currently being co-developed between ARCUS and Gilead with a tar-
geted IND submission in 2021.

Therapeutic efficacy was recently reported in a transgenic swine
model of human P23H RHO-adRP using ARCUS meganuclease.46

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 was observed.
Additionally, ERG showed modest improvements in rod responses
of up to 42 wpi as well as preserved cone function after 42 wpi
compared to no rod responses in untreated eyes. Furthermore, the
outer retinal morphology including rod photoreceptors and cone
morphology were rescued by the treatment.

Discussion

Risk versus Benefit Comparison of Gene Therapy Strategies

Mutation-Specific versus Mutation-Independent. By design, ASO
therapeutic QR1123 and ARCUS meganuclease target the specific
P23Hmutation in RHO-adRP, limiting their use to the approximately
10% of all RHO-adRP cases in North America.8,47 Similarly, the
emerging allele-specific CRISPR strategy targets P347S RHO, which
comprises an even smaller subpopulation of RHO-adRP.48

In contrast, IC-100, RhoNova and the ablation strategy using
CRISPR from Editas Medicine are mutation-independent, making
them suitable for all RHO-adRP patients. However, because the mu-
tation-independent strategies inevitably disrupt the endogenous WT
allele, an exogenous RHO replacement has to be provided to main-
tain sufficient levels of RHO expression in the treated retinas. It is
difficult to compare the RHO replacement strategies and attempt
to predict their efficiency in human retina given different ratios of
mutant transgene to endogenous RHO copy numbers used in
various preclinical models. The optimized RHO replacement vector
from Editas Medicine appears to have the strongest preclinical data
so far, expressing at the highest mRNA level comparable to endog-
enous expression in human retinal explants. The expression level of
exogenous RHO should be carefully titrated in future studies since
excessive expression above the physiological level could also be
harmful.
RNAi versus Genome Editing. RNAi therapeutics such as QR1123,
IC-100, and RhoNova target the defective mRNA products produced
by mutant DNA, effectively causing a knockdown rather than a com-
plete knockout. This could limit their efficacy since some level of the
mutant DNA is still expressed, causing a toxic effect. A highly effec-
tive candidate that is constantly expressed can potentially overcome
the limit of knockdown instead of the knockout effect of RNAi. For
example, IC-100 caused a near-complete knockdown of RHO
mRNA and protein in WT and RHO mutant retinas in the canine
model of RHO-adRP, compared to the 40% knockdown by QR1123
and 68% knockdown by RhoNova in RHO mRNA levels in murine
models.

Genome editing technologies such as CRISPR-Cas9 and ARCUS
meganuclease permanently disrupt mutant (and WT) RHO genes at
the DNA level, leading to knockout of mutant RHO and promising
a potential cure. Clinical safety is a concern for applying genome edit-
ing technologies and requires careful risk and benefit consider-
ations.49 There is ongoing discussion in the literature on the fre-
quency of off-target effects in vivo by CRISPR-Cas9, including
translocation events, off-target effects caused by AAV vector insertion
versus CRISPR-Cas9 by itself, immunogenicity of Cas9 protein, and
the best strategies to decrease these effects moving forward.50–55

The National Institute of Standards and Technology has set the limit
for an acceptable CRISPR off-targeting rate in patients at 25%.56–59

The increasing use of high-fidelity CRISPR-Cas9 variants such as
SpCas9-HF1, -HF2, or -HF4 further increases the specificity of
genome editing and reduces the off-target rate.60 Additionally, a
wide variety of on-target editing events can occur and are difficult
to predict from preclinical studies. Long-term follow-up after admin-
istration of gene therapy products past the active follow-up period of a
clinical trial has been recommended by the FDA to monitor long-
term safety and delayed adverse events of gene therapy products.57

Delivery System, Route of Administration, and Frequency of Adminis-

tration. ASO therapeutic QR1123 is synthetic, does not require a
separate delivery vehicle, and can be delivered directly to the retina
via intravitreal injections as routine office procedures. It was devel-
oped on the same prolific ASO platform that has resulted in several
FDA-approved therapeutics with excellent safety profiles. Elimi-
nating subretinal injections for drug delivery reduces the risk of asso-
ciated surgical complications. However, given that defective RHO
mRNA is constantly expressed, it is likely that QR1123 needs to be
given chronically over a lifetime in the form of repetitive intravitreal
injections. This will not only pose significant financial and logistical
hurdles for patients receiving treatments but also increase risks for
side effects, most notably infection risk associated with repeated intra-
vitreal injections.

All of the other gene therapy candidates require AAV as a delivery
vector and subretinal injections as a delivery method. AAV-mediated
gene delivery in vivo is an attractive choice and is widely used given
the vector’s ability to infect non-dividing cells, non-pathogenicity,
low host immune response, and long-term stable expression.34 The
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packaging capacity of 4.7 kb has been a long-standing limitation of
AAV viral vectors. Given that Cas9 genes themselves are approaching
the size limit of AAV vectors, usage of long promoters to increase
specificity and expression level is prohibited. gRNAs and replacement
genes have to be delivered via a second vector in the ablate-and-
replace strategies developed by Tsai et al.38 and Editas Medicine,
potentially limiting gene editing efficacy. Although lentivirus vectors
have a larger packaging capacity approaching 9.7 kb, present-day
lentivirus vectors do not infect photoreceptor cells efficiently, limiting
their clinical use. ARCUS meganuclease is much smaller (�300 aa)
and does not require gRNAs, making it easier to deliver via a single
AAV vector. Another concern with AAV-mediated gene delivery is
the unknown long-term effect of persistent expression of a gene edit-
ing system, including xenogeneic Cas9. Inducible AAV expression,
self-cleaving AAV-CRISPR, and other non-viral delivery methods
are currently being explored.

Potential Outcome Measures for Clinical Trials of RHO-adRP

The only ongoing clinical trial for RHO-adRP evaluating QR-1123
has proposed outcome measures of best-corrected visual acuity
(BCVA), low-luminance visual acuity, dark-adapted chromatic
perimetry, static visual field, microperimetry, spectral-domain optical
coherence tomography (SD-OCT), full-field light sensitivity
threshold (FST), full-field ERG, fundus autofluorescence, contrast
sensitivity, and color vision, all of which are mentioned in this section.
Since traditional outcomes measures for eye diseases are not always
helpful in quantifying severely impaired vision,61 we also discuss
new outcome measures developed to evaluate changes in low vision
as well as tests that assess functional changes in vision rather than
structural or anatomic changes in order to evaluate clinically relevant
parameters.

BCVA is a commonly reported endpoint in clinical trials of ocular in-
terventions. However, this methodology may not be sensitive enough
for inherited retinal diseases such as RHO-adRP given that the disease
primarily affects rods and peripheral vision with late effects on visual
acuity.62 BCVA assigning the logarithm of the minimum angle of res-
olution for off-chart visual measurements should be performed. Low-
luminance visual acuity may be a better alternative to evaluate
reduced visual acuity associated with dim lighting.63 It is measured
by placing a neutral density filter over the best correction for each
eye and having the subject read the normally illuminated Early Treat-
ment Diabetic Retinopathy Study (ETDRS) chart. Low-luminance vi-
sual acuity is a stable measure over time and is simple and rapid to
perform.

The multi-luminance mobility test (MLMT) was developed specif-
ically to assess functional vision in patients with inherited retinal dys-
trophies.64 MLMT objectively evaluates functional vision in patients
with low vision and nyctalopia by measuring their ability to follow
a marked path while avoiding obstacles, handling raised steps, and
identifying a door at different illumination levels. Patients may be
evaluated by MLMT at up to nine different standardized light levels.
Positive changes in MLMT scores indicate that subjects have passed
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the test at lower light levels. Although visual acuity is typically used
as a primary endpoint in clinical trials of ocular interventions,
MLMT was used successfully in clinical trials on inherited retinal dis-
eases primarily affecting rods and peripheral vision with late effects
on visual acuity.62 This test of functional vision and the ability to carry
out vision-dependent daily life activities is important because such ac-
tivities are linked to quality of life. MLMT performance also correlates
with visual acuity and visual field assessments.

FST testing was developed to evaluate clinical efficacy of gene therapy
in patients with LCA due to RPE65mutations since it was challenging
to use traditional efficacy outcomes to quantify the severely impaired
vision with nystagmus in LCA patients.61 FST utilizes white light
stimuli to determine the lowest illumination perceived, or light sensi-
tivity, over the complete visual field. FST measures underlying phys-
iological functions of the rod photoreceptors that are primarily
affected by RP. FST is a particularly useful tool, as results are unaf-
fected by nystagmus and the test may be used over variable levels
of visual impairment among RP patients.

Visual field testing should be performed to assess the functional area
of the light-sensitive retina. In a phase 3 study of voretigene neparvo-
vec-rzyl, in subjects who could see, cumulative visual field calcula-
tions were performed across 24 meridians in both eyes separately.
Higher sum total degrees correlated to a greater area of functional
light-sensitive retina, indicating a greater field of vision for the sub-
ject. In order to monitor changes in visual function over time, visual
field sensitivity or microperimetry are more accessible and accurate
tests. Microperimetry is fundus-tracked perimetry that measures
luminance increment sensitivity at specific retinal locations by using
a laser ophthalmoscope to visualize the retina through the entirety of
the examination.65 Microperimetry has been used more frequently as
an outcome measure in clinical trials and is being used to a greater
degree in observational studies as well.

Dark-adapted chromatic perimetry quantifies rod-mediated vision
and addresses the lack of rod-focused outcome measures.66 This
perimeter utilizes a protocol involving a commercial static perimeter
under dark-adapted conditions with a stimulus wavelength near the
peak of scotopic sensitivity. This technique records rod sensitivity
to a cyan wavelength stimulus through comparisons with the
maximum theoretical sensitivity of cones at testing points throughout
the visual field. Another technique quantifies rod sensitivity through
two-color perimetry where sensitivity to cyan is compared to sensi-
tivity to a red stimulus in the same location. The usefulness of
dark-adapted chromatic perimetry in clinical trials involving RP pa-
tients is still being determined.

Contrast sensitivity is the ability to distinguish an object from its
background and may be evaluated using the Pelli-Robson charts at
2 m with the assessment in letters and converted to LogMar (loga-
rithm of the minimum angle of resolution).67 Color vision may be
quantitatively measured using the computerized Cambridge color
test and the low vision color Cambridge color test, which are currently
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been investigated as possible outcome measures in inherited retinal
degeneration (ClinicalTrials.gov: NCT01878032).

Full-field ERGs may be conducted to assess intervention outcomes, as
they provide a global assessment of photoreceptor function.68 An
ERG was completed in the phase 1 portion of the clinical trial for vor-
etigene neparvovec-rzyl, but it did not show significant change. Due
to the difficulties performing the test in pediatric patients as well as
patient discomfort, ERGs were not performed in later trials. Of
note, some RHOmutations such as T17M lead to increased suscepti-
bility to light.69 In these patients, bright light flashes may be damaging
and, as a result, ERGs at high light intensity (and fundus photog-
raphy) should be avoided if possible.

Changes in retinal structures may also be assessed from the baseline
during clinical trials. SD-OCT has been used to visualize retinal layers
and evaluate the integrity of the external limiting membrane, ellipsoid
zone, and ONL thickness.70 SD-OCT may also be used to detect cys-
toid macular edema. Fundus autofluorescence using blue-light excita-
tion may provide information on the metabolic activity of the RPE by
observing fluorophores such as A2E in photoreceptor outer segments
and lipofuscin granules that aggregate in the RPE as a byproduct of
phagocytosis of shed photoreceptor outer segments. SD-OCT and
fundus photography were used as inclusion criteria in the RPE65 trials
to determine whether patients had sufficient viable retinal cells as
determined by retinal thickness, but they were not used in a compar-
ative manner to draw meaningful conclusions on treatment
efficiency.

Novel outcome measures are being developed to more easily assess
functional vision changes in subjects with severe visual impairment
following treatment. As an example, the Institut de la Vision is devel-
oping a set of new objective behavioral measures using an artificial
street named “StreetLab.”71 A motion capture system with passive
markers, eye-tracking, inertial sensors, and surveillance cameras is
used to evaluate motion behaviors. The evaluation of locomotion
(obstacle avoidance, walking among others) in RP patients under
different lighting conditions may be performed. Additionally, gaze
behavior may be measured using eye-head coordination, fixation
location, and gaze sampling strategy. StreetLab diverges from clas-
sical, highly precise, and standardized clinical tests. It provides real
world evaluations of a therapeutic intervention’s ability to make a dif-
ference in the patients’ lives with performance-based tests.

Conclusions

There are many promising gene therapy candidates for RHO-adRP,
with the first-in-human phase 1/2 trial initiated in late 2019, another
clinical trial expected to enroll later in 2020, and several other candi-
dates in early development. Well-designed clinical studies with
outcome measures suitable to detect moderate changes in low func-
tional vision are critical for the successful development of novel treat-
ments for RHO-adRP. Although only gene therapy candidates for
RHO-adRP are covered in this review, the therapeutic strategies dis-
cussed herein are applicable to all autosomal dominant ophthalmic
disorders and potentially autosomal dominant disorders in other or-
gan systems.
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