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Inherited retinal dystrophies [IRDs] are a common cause of severe vision loss resulting
from pathogenic genetic variants. The eye is an attractive target organ for testing clinical
translational approaches in inherited diseases. This has been demonstrated by the
approval of the first gene supplementation therapy to treat an autosomal recessive
IRD, RPEB5-linked Leber congenital amaurosis (type 2), 4 years ago. However, not all
diseases are amenable for treatment using gene supplementation therapy, highlighting
the need for alternative strategies to overcome the limitations of this supplementation
therapeutic modality. Gene editing has become of increasing interest with the discovery
of the CRISPR-Cas9 platform. CRISPR-Cas9 offers several advantages over previous
gene editing technologies as it facilitates targeted gene editing in an efficient, specific, and
modifiable manner. Progress with CRISPR-Cas9 research now means that gene editing
is a feasible strategy for the treatment of IRDs. This review will focus on the background of
CRISPR-Cas9 and will stress the differences between gene editing using CRISPR-Cas9
and traditional gene supplementation therapy. Additionally, we will review research that
has led to the first CRISPR-Cas9 trial for the treatment of CEP290-linked Leber congenital
amaurosis (type 10), as well as outline future directions for CRISPR-Cas9 technology in
the treatment of IRDs.
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INTRODUCTION

Inherited retinal dystrophies [IRDs] represent a diverse group of rare diseases in which genetic
mutations are the principle cause of visual dysfunction (1). The incidence of IRDs is estimated
to be 1:2000-1:3000 and IRDs are the leading cause of vision loss in those aged between 15 and
45 years (2-4). IRDs result from pathogenic variants in more than 250 genes expressed mainly in
photoreceptors, and to a lesser extent in retinal pigment epithelial cells [RPE] (1, 5-7).

Most IRDs are currently untreatable. This has prompted the development of novel therapeutic
strategies. Opportunities for gene or mutation specific clinical translation have been greatly assisted
by the increasing availability and reduced costs of high throughput, next-generation sequencing
techniques, which use targeted capture and which enable the identification of the molecular cause
of ~50-70% IRDs (8-11). Genomic editing approaches have also been greatly facilitated by the
discovery and development of the Clustered Regularly Interspaced Short Palindromic Repeats
[CRISPR] and the CRISPR-associated genes [Cas]. These achievements have been underscored by
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the award of the 2020 Nobel Prize in Chemistry to Emmanuelle
Charpentier and Jennifer Doudna for the discovery of the
CRISPR-Cas9 gene editing system. Although the CRISPR-Cas9
system has been extensively used in basic science and preclinical
studies, there has been little work on the in vivo application
of this editing tool in humans. However, recently, an IRD was
chosen as the target for the “first-in-human” in vivo clinical
trials of CRISPR-Cas9 gene editing, and while these trials raise
the possibility of its use in other clinical applications, it faces
challenges related to the need for further data to determine the
level of efficiency and safety in the clinical setting.

This review will cover the clinical translation of CRISPR-Cas9-
based gene editing and will focus on the preclinical work that
has led up to and the format of the first human CRISPR-Cas9
gene editing trials. In addition, the review will summarize the
current barriers to the wider use of CRISPR-Cas9 gene editing
in the clinic and will look to future directions in gene editing to
treat IRDs.

GENE SUPPLEMENTATION THERAPY VS.
GENE EDITING

The eye is particularly suited to clinical translation studies.
This is due to its relative immune-privilege, tight blood-ocular
barriers (12), and the ability to use non-invasive assessment of
retinal structure and function, which facilitates the monitoring
of therapeutic efficacy (13-15), and so it is perhaps unsurprising
that the eye was amongst the first organs used for gene therapy
studies. Furthermore, in the last decade, molecular biology
techniques have improved the molecular diagnosis of IRDs.
Classical gene therapy consists of gene supplementation,
which enables the restoration of defective gene function or
the supply of a missing gene by introducing a functional copy
of the gene to target cells (5, 13, 16). In 2017, the first ever
adeno-associated virus [AAV]-mediated gene supplementation
with voretigene neparvovec-rzyl therapy (Luxturna) was
approved, firstly in the United States by the FDA and later
in Europe by the EMA, to treat Leber congenital amaurosis
type 2 [LCA2], the most severe of IRDs. Research in retinal
gene therapy has been intensifying lately. Similar efforts
are currently ongoing, which are in preclinical and clinical
stage, for the treatment of many other IRDs (17), including
achromatopsia (CNGA3  [NCT02610582, NCT02935517,
NCT03758404] and CNGB3 [NCT02599922, NCT03001310]),
choroideremia  (CHM)  [NCT02341807, NCT02407678,
NCT02671539, NCT03496012 and NCT03507686], retinitis
pigmentosa [RP] (RPGR [NCT03116113, NCT03252847,
NCT03316560, NCT04671433], MERTK [NCT01482195],
RLBPI [NCT03374657] and PDE6B [NCT03328130]) and
X-linked retinoschisis (RS1) [NCT02317887, NCT02416622]
(14, 18), with successful proof-of-concept reported in at least 24
genetic forms of disease (1).

AAV is the most common delivery vector chosen for ocular
diseases due to its ability to efficiently transduce various retinal
cell types in vivo, with relatively limited immune reaction and
without the need to integrate into host DNA to express genes

TABLE 1 | Comparison of gene supplementation and CRISPR-Cas9 genome
editing strategies.

Feature Gene CRISPR-Cas9

Supplementation genome
editing

Can be used to treat autosomal v v

recessive disorders Although No restrictions of
currently gene size but
restricted by limited by gene
gene size editing loci

Can be used to treat v v

dominant-negative conditions

Can be used to treat autosomal v

dominant diseases

Can correct pathogenic variants v

Modifies disease without altering v

the genome

Causes host immune response v v

Risk of genotoxicity from v

overexpression

Potential off-target effects, such v

as cleavage or genetic
modification of DNA regions
other than the intended target
site

(Table 1) (19). The lack of integration of AAV leads to a decrease
in gene expression over time, however, a single dose of a vector
can produce a long-term expression of the transgene, even
without transgene integration (17).

Although gene supplementation therapy appears to be the
best approach for the treatment of autosomal recessive and X-
linked forms of IRDs, in which disease is the result of loss-
of-function mutations, gene supplementation may not be the
optimal solution for counteracting gain-of-function mutations
in autosomal dominant IRDs as the pathogenic mutant protein
continues to be expressed. In addition, at present, the use of gene
supplementation therapy is limited by the packaging capacity of
AAV (~4.5kb). As a result, larger genes, such as ABCA4, the
most common cause of Stargardt disease and juvenile macular
dystrophy, and USH2A, the most common cause of adult RP and
Usher syndrome, are currently not amenable for all-in-one AAV-
mediated approaches. Similarly, CEP290 (cDNA ~8kb), whose
mutations cause Leber congenital amaurosis type 10 [LCA10],
is currently too large for this approach (20). Consequently,
gene supplementation approaches have pivoted to delivery
alternatives, such as lentiviruses with a packaging capacity of 8-
10kb (i.e., for LCA type 1, 10, or 16) (21-23), and other non-viral
vectors including plasmids (24), DNA nanoparticles (25), and
antisense oligonucleotides [ASOs] (i.e., for LCA10) (26). These
techniques may be less useful for long-term gene therapy as they
require repeated injections, but plasmids and nanoparticles may
be useful for gene editing requiring shorter expression times.

Many IRDs result from a gene that codes for a structural
protein, whose expression must be regulated to be in a
proper ratio with the other components to function properly.
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Therefore, a favorable response to gene supplementation is
limited by a narrow range of gene expression, as it is the
case for photoreceptors that are sensitive to the amount of
transgene expression (22). However, exogenous gene expression
may not be regulated similarly to the endogenous gene,
since supplementation therapy vectors may include, instead of
a cell-specific promoter, a non-specific ubiquitous promoter
in the expression cassette, such as the commonly used
human cytomegalovirus [CMV] promoter. By improving gene
expression, ubiquitous promoters decrease the minimum dose
of the viral genome, although this can potentially alter cellular
homoeostasis and, in turn, worsen degeneration. For example,
Xiong et al. demonstrated photoreceptor toxicity is related to
the specificity of the promoter used in AAV vectors for gene
supplementation (27).

In order to overcome some of the limitations of gene
supplementation therapy, genomic editing approaches have
recently become of interest (28). Gene editing uses much
of the knowledge gained from gene therapy trials to deliver
gene editing machinery to cells, but it offers the potential
to permanently treat a variety of mutations through targeted
genomic modifications (6).

CLUSTERED REGULARLY INTERSPACED
SHORT PALINDROMIC REPEATS

Among the programmable site-specific nucleases for gene
editing, CRISPR-Cas9 platform has emerged as an efficient
alternative to ZFN and TALEN (17). Jinek et al. demonstrated
that the CRISPR-Cas9 immune defense system of Streptococcus
pyogenes [SpCas9] uses a crRNA and a tracrRNA to direct Cas9 to
specific DNA locations and induce a double-strand break [DSB]
(Figure 1) (29). This bacterial system has been adapted in the
laboratory for genome editing in eukaryotic cells, but both RNA
molecules (tracrRNA:crRNA) have been synthetically fused to
produce a single-guide RNA [sgRNA], which is equally efficient
at binding DNA and guiding Cas9 to specific complementary
sequences (29).

CRISPR-Cas9 specificity results from the sgRNA, which
requires 20 nucleotides that must match the target sequence in
a genomic locus (29, 30). A protospacer-adjacent motif [PAM]
is a second requirement of this system. The PAM sequence is
positioned immediately downstream of the cleavage site at the
3’ end (Figure 1). For example, the PAM sequence 5-NGG-3’
is necessary for SpCas9 enzyme, where N can be any nucleotide
and G is a guanine (6, 31). The combination of both, the sgRNA
and the PAM site, attracts Cas9 to generate a target-specific DSB
(29, 30). This easy-to-construct and highly adaptable gene editing
tool has opened up opportunities in ophthalmic translational
studies. Nonetheless, in vivo use of CRISPR-based therapies is
still in its infancy (32). Although the first clinical CRISPR gene
editing trial, described in more detail below, represents a huge
step forward, concerns remain about the efficacy and general
safety associated with this gene editing tool. Attention must be
paid in the selected delivery vector, route of administration and
issues related to the immunogenic response.

MECHANISMS OF GENE EDITING

CRISPR-Cas9 generates a DSB, which rapidly stimulates one of
two DNA repair pathways: homology-directed repair [HDR],
or the more error-prone non-homologous end-joining [NHEJ]
(Supplementary Figure 1) (6, 17, 33).

Non-homologous End Joining

NHE] is the default method of repair when a DSB is generated
by ligation of the two DNA ends at the cleavage site, and it is
active during the cell cycle in a variety of adult cells, including
proliferating and post-mitotic cells (30, 34, 35). NHE] repair
enzymes (nucleases, polymerases, and ligases) act in a flexible
manner, iteratively, randomly, and sometimes independently of
one another at each of the two DNA ends (36). As a result,
the enzymes restore DNA structure, but usually introducing
insertions or deletions [indels] of a few nucleotides at one or
both DNA ends, which facilitates end rejoining (35, 36). The
indels are generated randomly and may cause frame shifting
or exon skipping mutations in protein-coding sequences, which
results in premature stop codons for protein synthesis, non-
functional proteins, or destruction of messenger RNAs [mRNAs]
by nonsense-mediated decay pathway (34). Thus, NHE]J is
a preferred tool for gene knockout. As a proof-of-concept
for this strategy in IRDs, CRISPR-Cas9 editing approaches
have been used to generate NHEJ-mediated disruption of the
mutated rhodopsin gene [RHO]. RHO protein, which is the
most abundant in the disc membranes, is a light receptor
densely packed in the outer segments of rod photoceptors and
plays a central role in phototransduction. Most of its mutations
cause misfolding and aggregation of the apoprotein opsin (37).
Moreover, RHO mutations are responsible for 20% of dominant
RP cases. In the study by Latella et al., the CRISPR-Cas9 approach
was used for human RHO-specific editing of the most common
c.68C>A conversion, upon NHEJ-mediated repair (38). This
gain-of-function mutation results in the p.Pro23His [P23H]-
RHO mutation in the N-terminal domain, causing destabilization
of rod photoreceptor disc membranes (39). Two sgRNAs were
designed, targeting the gene and not the mutation, and combined
in a single pX330 plasmid expressing SpCas9. The generation of
two DSBs excised a DNA fragment at the P23H region in exon
1. Lentiviral-RHO transduced HeLa cells were used as an in vitro
model to validate the efficacy of sgRNA. No cytotoxicity and no
significant modifications at predicted off-target sites were noted.
For in vivo editing, a transgenic mouse model expressing only
the P23H-RHO mutant allele was used. After subretinal injection,
retinas were electroporated to induce plasmid transfection. Indel
editing (4-33%) was demonstrated in 9 out of 10 Cas9™ tested
retinas. The presence of a shorter RHO transcript corresponding
to the deletion of a fragment of exon 1 was demonstrated by RT-
PCR. Substantial decreased expression of mutant RHO protein
(56-77%) in photoreceptor cells confirmed the efficacy of this
approach (38).

Other studies have reported the selective knockout of mutant
RHO alleles. In the study by Bakondi et al., transgenic S334ter
rats were used as a model of autosomal dominant RP. In
the engineered mouse model, the S334ter mutation generates
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FIGURE 1 | CRISPR-Cas9 editing. (A) Schematic representation showing how a double-strand break is generated with the CRISPR-Cas9 system. Specificity is
brought about by the singue-guide RNA (fused tracrRNA:crRNA), associated with the Cas9 endonuclease, which recognizes its target nucleotide sequence
(protospacer). Additionally, there is a requirement for a protospacer adjacent motif [PAM] downstream of the cleavage site. (B) A double-strand break [DSB] can be
generated by Cas9 at the target locus, after the single-guide RNA forms a heteroduplex with the protospacer target sequence. (C) Alternatively, a double-strand break
can be generated by two Cas9 nickases [nCas9], which are mutant variants that create a “nick” on single target DNA strands. Instead of blunt ends, long overhangs
are produced at each of the cleaved ends (a staggered double-strand break). (D) Cas9 nickase (nCas9) is fused to cytidine deaminase (APOBEC1) and uracil
glycosylase inhibitor (UGH) for base editing without double-strand breaks. (E-G) Catalytically inactive Cas9 [dCas9)] is nuclease-defective but possesses DNA binding
ability. dCas9 is fused to epigenetic modifiers such as methyltransferases and acetyltransferases (E), transcriptional activator (VP64) (F) or repressor (KRAB) (G)
domains to achieve targeted gene regulation. lllustration created with BioRender software.

a premature stop codon and consequently protein truncation.  strategy, the toxic effect of the RHOS33* truncated protein was
Thus, the CRISPR therapy was based on the selective knockout of ~ removed, allowing normal RHOWT trafficking to outer segments,
the mutant Rho gene, sparing the wild-type [WT] gene. Using this ~ photoreceptor survival and visual acuity preservation (40). In
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the study by Giannelli et al. (39), CRISPR-Cas9 demonstrated
its translational potential as it was also efficient for the selective
inactivation of the P23H Rho mutant allele, while sparing the
WT allele. To discriminate between both alleles, the sgRNA
seed sequence included the P23H mutation, considering a PAM
site that is conserved in the human genome and specific for
the SpCas9-VQR variant. After in vitro validation of allele-
specific targeting in mouse embryonic fibroblasts, the strategy
was tested in the retina of newborn Rho™T/P?*H mice. The
intravitreal delivery of dual AAV9-PHP.B synthetic vectors
carrying a TetON-inducible promoter for Cas9-VQR and a GFP-
sgRNA allowed moderate disruption of mutant alleles (9.6% of
photoreceptor cells), without detectable indels at predicted off-
target sites. This strategy not only delayed retinal degeneration
but also rescued functional activity (39). Recently, a similar
approach was used by Patrizi et al. (41). SpCas9 or its VQRHF1
variant were each combined with allele-specific sgRNAs to target
the ¢.1039C>T mutant allele in RHO exon 5, while preserving
the WT allele. This dominant mutation encodes the p.Pro347Ser
substitution in the intracellular C-terminal domain. The in vitro
characterization of this strategy in engineered Pro347Ser HeLa
cells proved its feasibility for discriminating and inactivating
the mutant allele, with similar efficacy with either SpCas9 or its
VQRHF1 variant. Subsequently, Pro347Ser transgenic mice were
used to test the potential to translate previous in vitro findings.
P7 mice received a single subretinal injection of the CRISPR-Cas9
system, which was packed into dual AAV2/8 vectors containing
either SpCas9 or its variant, and their corresponding GFP-
tracked sgRNA. Frameshift-promoting indels were the most
common modifications in retina cells. It was therefore suggested
that the therapeutic benefit of this strategy could derive from
the destabilization of the mutant transcript, which decreased
significantly (20-60%) in 11 out of 20 retinas. This strategy led
to the rescue of retinal function as demonstrated by full field
electroretinography and pupillary light responses (41). Taken
together, the ability of CRISPR-Cas9 to discriminate among
specific alleles in vivo makes it a good choice for dominant IRDs.

Homology-Directed Repair

HDR is a less error-prone repair pathway but occurs much
less frequently than NHE]. HDR naturally occurs in the late
S and G2 cell cycle phases, when there is a DNA template
that has homology to the region encompassing the DSBs
(Supplementary Figure 1). In the gene editing context, a short
fragment of single- or double-stranded exogenous DNA can be
provided to act as a template (17, 30, 33). The HDR-based strategy
allows to knock-in genetic modifications at a certain locus,
to replace both loss-of-function and gain-of-function alleles,
recovering gene function and eliminating pathogenic effects
(42, 43). Additionally, HDR approaches have been extended to
progenitor cell types, including embryonic stem [ES] cells and
induced pluripotent stem [iPS] cells, encouraging their further
development for human and animal modeling in a broad range
of genetic conditions, and this could potentially be an approach
for ex vivo correction of mutations prior to transplant back into
patients (Supplementary Figure 2) (33).

HDR-mediated repair was previously considered restricted to
dividing cells, representing a significant limitation for in vivo
applications, such as correcting post-mitotic photoreceptors. But
later, it was found that CRISPR-Cas9-mediated HDR can be
effective in editing post-mitotic cells, such as neurons, although
with reduced efficiency (44). The first proof-of-principle of this
strategy in the visual system was demonstrated using CRISPR-
Cas9-mediated HDR to enable editing of the mutated Pde6b
gene in the retina of the “rodless” [rd1] mouse, the most
studied model of RP. A single-stranded oligodeoxynucleotide
donor template was used to repair the nonsense mutation
Y347X (C-to-A) in exon 7 that causes protein truncation. The
CRISPR-Cas9 machinery and the Pde6b donor template were
co-injected into FVB/N zygotes, generating 11 founders. HDR
events occurred in four animals, but the donor template was
precisely incorporated only in two animals in ~36% and 19% of
photoreceptors. These percentages were enough for a sustained
restoration of ERG responses, for at least 2 months, although
these responses were not comparable to the wild-type responses.
Retinal structure was also partially restored, as there was a
partial rescue of the outer nuclear layer [ONL] (76 and 50%
of normal thickness), whereas the ONL was not detectable in
rd1l mice (45). In another proof-of-principle, HDR rescued the
phenotype of the rd12 mouse model of human LCA, which
carries a disease-associated mutation in Rpe65. CRISPR-Cas9
was used to induce DNA cleavage and HDR-mediated editing to
correct the nonsense mutation causing a premature stop codon
in Rpe65. Treatment consisted in the subretinal injection into
3-week-old rd12 mice of a dual AAV system expressing CRISPR-
Cas9, a sgRNA targeting the C-to-T nonsense mutation, and a
single-stranded oligodeoxynucleotide used as an Rpe65 donor
sequence. After 4 weeks of AAV treatment, HDR events were
induced in the RPE, but not in the retina. The frequency of
gene correction was ~3%, considering HDR and in-frame NHE]J.
HDR events induced precise correction of the mutation at a
frequency of ~1.2%, thus the resulting protein sequences were
identical to wild-type Rpe65, whereas the NHE] events induced
an in-frame deletion of the pathogenic stop codon in Rpe65 at
a frequency of ~1.6%. The treatment also led to a sustained
recovery of Rpe65 expression, retinal function recovery (with
levels up to 21 and 40% for a- and b-wave amplitudes in ERG
responses), and maintenance of retinal thickness (46). These
results confirmed that CRISPR-Cas9-mediated HDR can be used
in post-mitotic cells.

Homology Independent Targeted Insertion

A new strategy emerged since HDR-based approaches are limited
by low efficiency in most primary cell types, and HDR pathway
is infrequent in non-dividing cells. Homology independent
targeted insertion [HITI] is a modification of the gene knockout
strategy, enabling the integration of exogenous DNA, via NHE]
pathway, in non-dividing cells (Supplementary Figure 1) (47).
Suzuki et al. developed this strategy to integrate, in a site-specific
manner, a corrective donor DNA, by designing a plasmid flanked
by Cas9 cleavage site sequences in reverse orientation to those
found at the genomic locus. Hence, Cas9 cleaves both the genome
and the donor plasmid. Once the donor DNA is inserted in the
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desired orientation, the Cas9 target sequence is disrupted and
there is no further cleavage. HITI demonstrated to be feasible
for targeted knock-in in dividing cell lines, with an efficiency
10 times higher than that for HDR, and predominantly error-
free (42, 43). As a proof-of-concept for in vivo application, HITI
demonstrated its efficiency in non-dividing cells using the Royal
College of Surgeons rat model of autosomal recessive RP, caused
by ~2kb deletion of the Mertk gene, from intron 1 to exon
2, leading to dysfunctional RPE and retinal degeneration. The
HITI system and the sgRNA were AAV-delivered via subretinal
injection. As the full exon 2 was knock-in into the genome,
Mertk mRNA and protein levels increased, and there were
considerable improvements in retinal morphology and rod-cone
responses; however, the rescue was not enough to fully restore
vision (42). In another study of Llado et al., HEK293 cells were
co-transfected with a plasmid expressing mouse Rho, another
plasmid expressing Cas9-GFP and a sgRNA targeting the first
exon of mouse Rho (mRHO), and a plasmid carrying dsRED as
the donor DNA. As a result, Cas9 cut the target locus and the
donor DNA. Precise integration occurred in ~70% of transfected
cells. Also, 2.5 x 10° genome copies of each of two AAVS vectors
encoding Cas9 and the donor DNA were injected subretinally
into C57BL/6 mice. One month after treatment, up to 9% of
dsRED was efficiently integrated into rod photoreceptors, but
only when the donor DNA was co-administered with the mRho
sgRNA. Lastly, 2 x 10'! genome copies of each AAVS were
injected subretinally into pigs (using a pig-specific sgRNA and
donor DNA-flanking region) and after a month, dsRED-positive
photoreceptors were observed (48). Noting that HITT is feasible
for in vivo genome editing in the retina of mice and large animal
models, the same group is adapting this system to integrate a
functional copy of the RHO coding sequence into a mouse model
of autosomal dominant RP to get its knockout and replacement at
the same time (48). Still, to translate HITT technology into clinical
treatments, higher gene-correction efficiencies will be required
which may be achieved with improved Cas9 orthologs, such as
high fidelity Cas9 (43).

Base Excision Repair Mechanism

One of the concerns of traditional CRISPR-Cas9 gene editing is
the generation of unpredictable indels as a result of the NHE]
repair after the generation of DSBs, which are then permanently
introduced into the genome. A further, promising alternative
traditional CRISPR-mediated approach of genome editing allows
the direct and irreversible base conversion, without inducing
DSBs or exploiting HDR. To enable programmable installation
of four transition mutations (C to T, A to G, T to C, and G
to A) in genomic DNA, Liu’s group developed a fusion protein
comprising a catalytically inactive Cas9 [dCas9] or a Cas9-
D10A nickase, the rat cytidine deaminase APOBEC1 or adenine
deaminase, and an inhibitor of the cellular base excision repair
mechanism such as uracil glycosylase inhibitor (Figure 1). The
resulting base editors showed high base editing efficiency in
multiple cell lines and low indel frequency (49, 50). Additional
base editors have been engineered using Cas orthologs or variants
as effectors, with alternative PAM sequences, to increase their
editing repertoire and efficiency (49, 51). Overall, this approach

is highly promising, as it allows the potential for precise gene
editing in post-mitotic cells without the variability of indel
formation. Previously, base editing was limited to correction
of point mutations. Although ~50% of human pathogenic
variants result from point mutations, a large number of indels,
duplications, copy number loss and gain variants also result
in disease (52). Of note, the scope for editing variants other
than point mutations with base editors has increased more
recently, a “search-and-replace” genome editing approach has
been proposed to mediate all possible base-to-base transitions,
targeted insertions and deletions with small numbers of bases,
which is predicted to correct up to 89% of genetic variants
associated with human diseases (52).

Target-Specific Epigenetic Editing

In addition, although this review has focused on the use of
CRISPR-Cas9 for genome editing, recent studies have highlighted
its utility for target-specific epigenetic regulation, in a reversible
way. To this end, CRISPR uses dCas9, which lacks endonuclease
activity, and a customized sgRNA (53). The dCas9-sgRNA
complex, in combination with transcriptional effectors, can be
used for gene repression [CRISPRi] or gene activation [CRISPRa]
(54), by repositioning regulators of transcription, modifiers of
histone state and DNA methylation, and ncRNAs (Figure 1) (55).
These strategies pave the way in the research of new therapeutic
options for curing diseases.

The CRISPRi mechanism is based on steric hindrance of
dCas9-sgRNA complex at the promoter or coding region of the
target gene. DNA binding of the dCas9-sgRNA complex on its
own blocks access of transcription factors or the transcriptional
machinery preventing transcription initiation or elongation,
although its repression capacity is increased when dCas9 is fused
to repressor domains (53, 56). CRISPRi has a strong safety
profile, as off-target repression is extremely rare, and the effects
are completely reversed upon degradation of dCas9 or sgRNA
(54, 56-58). CRISPRIi could be used to regulate the expression of
genes involved in IRDs, especially those that are difficult to edit.
Since its activity is highly sensitive to sgRNA-DNA mismatches,
it can accurately discriminate and silence pathogenic alleles
(59). Thus, CRISPRi could be viable to treat gain-of-function
mutations in IRDs, such as RHO or PRPH2 mutations in
autosomal dominant RP. In Moreno et al. study (58), dCas9 was
coupled to diverse transcriptional effectors, with activating or
repressing activity. After validation of their system in vitro, it was
tested in rd10 mice, a model of autosomal recessive RP carrying
a mutation in the Pde6p gene that leads to rod degeneration.
To this end, the KRAB repressor domain was fused to dCas9
(Figure 1), resulting a more effective inhibitor than dCas9 alone,
and used to silence the Nrl gene, a master regulator of rod
photoreceptor differentiation. The simultaneous downregulation
of Nrl and upregulation of cone-specific genes in treated mice
prevented vision loss, as a result of rod reprogramming into a
more cone-like phenotype, with a thicker ONL, and improved
visual function indicated by higher visual acuity. It should be
noted that the significant rescue of cone function may reduce
rod function and number, which could lead to night blindness.
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However, the potential benefits would outweigh this acceptable
risk (58).

CRISPR is now also being used to target mRNAs by another
CRISPR associated protein, Casl3 (60). Taken all together,
this highlights the continued development of the CRISPR-
Cas system.

BARRIERS TO THE USE OF CRISPR-CAS9
IN THE CLINIC

In a similar manner to gene supplementation therapy, the most
common method for CRISPR-Cas9 delivery is with AAV vectors.
AAV vectors possess a variety of assets for use in human delivery,
including high overall safety. They infect a broad range of host
cells, including both dividing and non-dividing cells. The viral
genome does not integrate into the host genome, minimizing
the risk of insertional mutagenesis. Another advantage of AAV
vectors is the availability of at least 13 naturally occurring
serotypes that differ in the efliciency and/or specificity of gene
transfer to cell and tissue types, including retinal cells (61). In
addition, AAV pseudotyping, which consists of packaging the
genome of one serotype into capsid proteins of another serotype,
impacts on cell tropism by enabling an even more specific
targeting toward specific cell types, as in the case of the AAV2/5
serotype which transduces neurons more efficiently than the
AAV?2 serotype. Also, to increase the efficiency of transduction,
hybrid AAV serotypes have been engineered by packaging the
genome of one serotype into a mixture of capsid proteins from
multiple serotypes, such as the AAV-DJ serotype that involves a
mixture of capsid proteins from eight different serotypes (62).
AAVs were initially chosen as they generated a lower immune
response than other virus vectors such as adenovirus, within
the eye (63). However, there is increasing evidence that the
temporary increased immune response to AAV prevents gene
expression and, as a result, this is certain to also play a part
in CRISPR-Cas9 expression. Increasing evidence points to a
reaction to the viral capsid rather than by the gene expressed
(19, 64). Of note, anti-Cas9 antibodies and T cells against the
most commonly used Cas9 orthologs have been found in the
serum of healthy individuals, presumably as these nucleases
are derived from frequent pathogens in humans (65). Pre-
existing immunity could limit the outcome of therapeutic AAV-
CRISPR-Cas9, as it was observed in mouse models that after
6-12 weeks of efficient gene editing, the number of edited cells
decreased dramatically due to pre-immunity (66). However, the
immune response may be less of a barrier to CRISPR-Cas9
gene editing as only a few days of high gene expression will
likely be required to generate enough CRISPR-Cas9 to perform
enough editing with a functional benefit (67). Evidence for this
comes from studies in P12 mice targeting Vegfr2 in a mouse
model of choroidal neovascularization by Huang et al. (68).
Using AAV1-SpCas9 driven by a CMV promoter, 5 days after
intravitreal injection, sequencing confirmed about 2% of indels
around the PAM. Western blots retinal lysates also demonstrated
a reduction of ~30% in VEGFR2 and there were significantly
fewer preretinal tufts and significantly more avascular areas,

suggesting a functional benefit (68). Even more promising, Kim
et al. administered ribonucleoproteins and a sgRNA by subretinal
injection to target VegfA and found a 25 & 3% indel frequency
in RPE cells only 3 days after injection (69). Besides, these
studies showing efficacy in the targeting of VEGF-A and VEGF
receptor genes in models of neovascularization lead to potential
treatments for retinal diseases in which the pathology is primarily
VEGEF-driven, e.g., age-related macular degeneration or diabetic
retinopathy, which are not IRDs but rather multifactorial diseases
in which progressive visual impairment occurs, or lesions such as
macular edema and ischemic retinal vein occlusions.

The immune response is particularly dependent on the route
of administration, with intravitreal administration inducing a
stronger immune response than subretinal delivery (70). This has
hampered efforts for pan-retinal delivery of AAV. This may be
especially limiting for the use of CRISPR-Cas9 to treat IRDs. The
majority of IRDs, including RP, are pan-retinal. Large subretinal
blebs carry the risk of macular hole formation. A way around
intravitreal immune uses multiple smaller subretinal blebs
targeted to regions with the target cell. However, the number
of blebs and CRISPR-Cas9 will have to be carefully titrated to
induce a functional effect as all target cells are unlikely to be
treated in these smaller subretinal blebs due to in vivo CRISPR-
Cas9 editing efficiency, reducing the total area of functional cells
after treatment. Another approach may be to treat areas multiple
times. As CRISPR-Cas9 will only target unedited cells, multiple
treatments to the same region may increase the total number
of edited cells. It is hoped that problems concerning intravitreal
immune response will be solved with the next-generation of
evolved AAVs, which are also able to reliably penetrate the
outer retina thus removing the need for multiple subretinal
injections (https://www.4dmoleculartherapeutics.com).

As a result of the potential problems with AAV immune
response reducing gene expression, non-viral vector delivery
methods are being investigated. Alternative approaches harness
the potential of non-viral vectors (71), including lipids (72),
polymers (73), and nanoparticles (74) for carrying Cas9, its
sgRNA, and donor DNA. Although there has been substantial
progress made for CRISPR-Cas9-mediated gene knockout (75,
76) and knockdown (77) using non-viral vectors along the
NHE] pathway, relatively limited results have been obtained
for CRISPR-Cas9-mediated knock-in (78, 79), especially for
the integration of a full-length gene. Chou et al. employed
supramolecular nanoparticle [SMNP] vectors for co-delivery of
DNA plasmids, CRISPR-Cas9 and the Retinoschisin 1 [RS1] gene,
using the HITT strategy (80). These SMNP vectors were employed
for CRISPR-Cas9 knock-in of RSI/GFP genes into the mouse
Rosa26 safe-harbor site in vitro and in vivo. The in vivo study used
an intravitreal injection approach, providing two SMNP vectors
into the mouse eyes. The gene was expressed in the retinas,
demonstrating effective knock-in of RSI1/GFP gene (80). This
proof-of-concept study highlights the potential of the combined
use of the SMNP vectors with the HITI strategy to achieve in vivo
CRISPR-Cas9-mediated knock-in of a therapeutic gene. CRISPR-
Cas9-mediated knock-in of the RSI gene in the retinas of X-
linked retinoschisis patients, via either intravitreal or subretinal
injection of the SMNPs, would offer a novel therapeutic solution
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which may circumvent the immune system activation associated
with viral vectors.

Long-term Cas9 expression in post-mitotic cells, raises
concerns about the likelihood of oncogenicity, with the
development of off-target mutations and their potential harmful
effects, for example chromosomal translocations, as a result of
the induction of DSBs (81, 82). So, one of the potential benefits
of reduced long-term Cas9 expression may be the reduction of
this risk.

Another limitation of AAVs is the restrictive cargo capacity
(~4.5kb). This presents an obstacle for packaging the SpCas9
(4.2kb) and its sgRNA in a single vector; leaving little room
for customized expression and control elements (83). Recent
developments have overcome this obstacle. SpCas9 can be split
into two fragments, enhancing its compatibility with AAV size
capacity (61), which can form a functional full-length nuclease
when reassembled in the cell (61, 84). Split-Cas9 maintains the
cleavage activity for genome editing, albeit at a reduced level
relative to native Cas9 (85) since co-delivery of two AAV vectors
is less efficient than the delivery of a single AAV vector in
vivo (86).

Recently, Cas9 has been discovered in other bacteria.
Staphylococcus aureus Cas9 [SaCas9] was found to be capable of
in vivo genome editing with similar levels of efficiency to SpCas9
(83). SaCas9 coding sequence (3.16 kb) is more than 1 kb shorter
than SpCas9, so SaCas9 and its sgRNA can be packaged into a
single AAV vector (83, 87). Since the discovery of SaCas9, other
Cas9 orthologs and variants have been discovered or generated
that are not only small enough to be packaged in a single AAV,
but also provide other targets in the genome with the variety of
PAM sites and help overcome Cas9 size as a barrier to clinical
translation (86, 88, 89). For example, the variant KKH SaCas9
that requires the 5-NNNRRT-3" PAM site for efficient genome
editing not only expands the selection of target sequences, but
also increases the targeting range of SaCas9 to 2-fold or more
(88). Also, one of the smallest Cas9 orthologs derived from
Campylobacter jejuni [CjCas9] (2.9kb) induces targeted editing
with high specificity in vitro and in vivo, with frequencies of indel
formation comparable to SaCas9 (86). Besides, its PAM sequence
(5-NNNNACAC-3’) increase the options of target sequences
for in vivo genome editing (86). Of note, non-viral vectors
are another attractive option as they have no size limitations,
however thus far, none have been tested in clinical trials of retinal
diseases (20).

Another current challenge is Cas9 specificity. One of the
concerns is the generation of off-target editing, which can
be potentially deleterious or, in the worst instances, lead to
changes in gene expression and tumor formation. This issue is
particularly important as off-target editing increases with long-
term Cas9 expression (17). Recent efforts have focused on finding
CRISPR-Cas9 orthologs or variants, with a high on-target activity
but minimal off-target effects (90, 91). High fidelity SpCas9
variants, such as enhanced specificity SpCas9 [eSpCas9(1.1)]
(92), Cas9-High Fidelity [SpCas9-HF1] (93), HypaCas9 (94),
and SniperCas9 (95) were developed to decrease non-specific
interactions with DNA and to diminish the frequency of oft-
target mutations.

In another approach to increase specificity, Cas9
endonucleases have been converted into nickase mutants
[Cas9n] (96) by inactivation of one of its two conserved nuclease
domains. Using this method, two nickases must bind nearby
to opposite DNA strands, guided by two different sgRNAs, to
generate a DSB, thus increasing specificity without giving up
efficiency (Figure 1) (97). Another strategy to increase specificity
and to evade immune response consists of a reduction of
long-term Cas9 exposure by using a self-limiting Cas9 (98, 99).
However, the insertion of an additional sgRNA targeting Cas9
itself into a gene editing vector carries the risk of additional
off-target effects and a decrease in editing efficiency compared
to conventional CRISPR (100). To optimize this strategy, one or
two recognition sites for the sgRNAs designed to target a gene
sequence can be added into the plasmid, so that the sgRNAs will
not only edit the target locus, but also cleave the Cas9 plasmid
and, in doing so, prevent long-term Cas9 expression without
increasing the risk of off-target editing (100).

As previously mentioned, DSBs generated by Cas9 and a
sgRNA at a specific target sequence are repaired by either
endogenous DNA repair pathway, however the results of the
repair events are not predictable. Point mutations, random indels
and deletions extending over many kilobases can be introduced
as a result of imprecise NHE]. Also, the targeted locus can
be restored using a template for HDR, yet a major challenge
consists in achieving its precise integration. Deep profiling
reveals that there are heterogeneous outcomes in CRISPR knock-
in experiments, varying between cell-types or the form of DNA
donor template used. In addition to the expected integration of
donor DNA, which accounts for a minority of events in most
cases, the delivery of new DNA may also generate indels and mis-
integrations events, including incomplete or incorrect insertions,
rearranged or concatemerized donor integration, or extended
integration of plasmid backbone sequence (101). An unforeseen
risk of using CRISPR-Cas9 for therapeutics has been addressed
in Brunner’s work, showing that Cas9-mediated editing in
Drosophila often leads to germline-transmitted recombination of
genetic chromosome arms (39% of CRISPR-Cas9 events), with
no indels in most of the cases (102).

PATHWAY TO THE CLINIC FOR IRDS

LCA10 is a rare condition that causes photoreceptor dysfunction,
degeneration, and severe visual impairment from early infancy.
LCA10 is an autosomal recessive disorder caused by mutations
in the centrosomal protein 290 kDa [CEP290] gene (67, 82, 103),
which makes it an important therapeutic target. CEP290 is a
vital structural and regulatory protein expressed in the transition
zone of the connecting cilium, including the photoreceptor cilia,
with a significant role in regulating both ciliogenesis and ciliary
trafficking (22, 104, 105). Although CEP290-associated LCA10
patients retain some cone photoreceptors in the central foveal
region, these photoreceptors have abnormal inner and outer
segments leading to, in most cases, significant vision loss (22,
106). The most frequent mutation associated with LCA10 is
€.299141655A>G (intervening sequence in intron 26 [IVS26])
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in CEP290. The resulting mRNA encodes a premature stop
codon (p.C998X) that generates a truncated protein (Figure 2),
retaining only partial activity (67, 82, 103).

The large size of the CEP290 gene (coding sequence of ~8 kb)
precludes AAV-mediated gene supplementation therapy. Also,
in many retinal degenerative conditions related to defects in
protein trafficking or cilia function, the cell tolerates only a
certain amount of protein product (20), as a previous study
demonstrated that the alternative lentiviral-mediated CEP290
overexpression results in photoreceptor cytotoxicity (22), which
also makes gene supplementation unattractive. Additionally,
there are at least 11 transcripts for CEP290, most of which
encode proteins with unknown tissue expression and function.
Therefore, it would be preferable to restore the normal
configuration of CEP290 by correcting its aberrant splicing (107).
Ruan et al. (67) proposed a CRISPR-Cas9-based approach for
the treatment of IVS26-related LCA10. Their strategy excised
the intronic fragment containing the IVS26 splice mutation
in CEP290. The authors first developed an in vitro model of
LCA10 using CRISPR-Cas9-mediated HDR to edit in the CEP290
mutation into human HEK293FT cells. Analyses confirmed
that the efficiency of targeted IVS26 deletion was 60-70% in
mutant cells, resulting in an increase in normal CEP290 mRNA
and full-length CEP290 protein. In addition, there was no
detectable off-target editing. The authors used wild-type mice
(C57BL/6]) to test the efficacy of in vivo retinal editing with
CRISPR-Cas9, using a pair of sgRNAs and a dual AAV5 system
(67). As there were no animal models expressing the IVS26
mutation, sgRNAs were designed to target murine intron 25,
which is homologous to intron 26 of human CEP290 (108). The
dual vectors, co-delivered by subretinal injection, demonstrated
successful editing as 7.5-26.4% of sequences from the retina had
truncated DNA (67).

More recently, Maeder et al. assessed the specificity and
tolerability of their construct named EDIT-101, which included
a pair of highly specific sgRNAs to create two DSBs on each side
of the IV26 mutation of CEP290, along with SaCas9 under the
control of a photoreceptor-specific GRK1 promoter, packaged
into an AAV5 vector, in order to remove the cryptic splice site and
restore normal splicing. A retinal explant culture system using
control post-mortem retina was developed to demonstrate the
construct efficacy in mature human photoreceptors. Although
the spectrum of CRISPR-Cas editing events in the photoreceptors
(average editing rate of ~42%) included small indels, large
deletions, sequence inversions, and insertions of AAV vector
sequences, productive CEP290 edits (~17%) occurred with large
deletions or inversions of the intervening sequence, which
corrected the splicing defect of CEP290, and thereby restored
its normal mRNA and protein expression (82). Subsequently,
HuCEP290 mice (human CEP290 IVS26 knock-in mouse model)
were treated with two different dose concentrations of the
EDIT-101 construct to confirm the on-target editing in vivo
in a humanized system. Based on published clinical data, the
authors considered that the functional rescue of at least 10%
of foveal cones was necessary to achieve therapeutic efficacy
(109). Accordingly, 94% or more of treated eyes reached the
minimal productive CEP290 editing rate. Their results suggested

that EDIT-101 at a dose ranging from 3 x 10! to 3 x 10!2
vgml~! may lead to clinical benefit (82). Since mouse retina not
only lack macula but also 97% of their photoreceptor cells are
rods (110), Cynomolgus monkeys were used as a non-human
primate [NHP] model to determine the level of productive
editing in a retina anatomically similar to that of humans. For this
purpose, AAV5 NHP vectors were constructed similar to EDIT-
101 and delivered via subretinal injections within the perifoveal
region of NHPs. CEP290 editing rates of 16 and 28% were
reached, which exceeded the minimum predicted therapeutic
threshold, using vector concentrations of 7 x 10! and 1 x 10'2
vgml~!, respectively. These findings were similar to those for
mice, thus supporting dose extrapolation to the first-in-human
trial (82).

In early 2020, an open-label, single ascending dose study
started to enroll LCA10 patients to test the CRISPR-Cas9
gene editing method to correct the disease [NCT03872479]
delivering the same construct, EDIT-101 (Figure 2), by subretinal
injection. The study will enroll up to 18 participants aged 3
years or older, who harbor at least one mutation including the
€.2991+1655A>G in CEP290, and with vision worse than 0.4
LogMAR (Snellen equivalent 20/50). Participants will receive
a single dose of EDIT-101. Up to 5 cohorts across 3 doses
will be enrolled in this study. Primary outcome measures
will be identified over a 1 year time frame and will include
primary outcome measures of frequency of adverse and toxic
events with secondary outcome measures, including changes in:
visual mobility course score, LogMAR measurement of BCVA,
pupillary response, dark adapted visual sensitivity using full field
light sensitivity threshold testing, macular thickness, contrast
sensitivity, macular sensitivity measured by microperimetry,
kinetic perimetry, color vision and quality of life scores. This
phase I study is expected to be completed in 2024. The results
obtained from this study will be indicative of how applicable
CRISPR-Cas treatment may be for other IRDs.

Furthermore, the use of CRISPR-Cas9 in somatic therapies
and tissue engineering is likely to increase. For example,
in a recent research CRISPR-Cas9 editing was used in
the production of retinal cells derived from human ES
cells for replacement therapy. The editing consisted in
the knockout of beta-2-microglobulin [B2M], of class II
major histocompatibility complex transactivator [CIITA] or
of both, for the generation of RPE cells lacking surface
presentation of human leukocyte antigen class I [HLA-I]
or/and HLA-II. These modifications helped cells to evade
the immune system and reduce their rejection in a rabbit
model (111).

FUTURE PERSPECTIVES IN THE CLINIC

Successful demonstration of safety in the first trial with CRISPR-
Cas9 is likely to lead to other studies targeting a wider range
of diseases. Treatment trials for other IRDs are already in the
research development pipeline, including diseases caused by RP4
gene mutations (RP4) and the more common Usher syndrome
resulting from USH2A gene mutations (EDIT-102) (112-114).
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FIGURE 2 | Gene editing approach targeting the cryptic splice site in CEP290. The pathogenic variant ¢.2991+1655A>G leads to the generation of a cryptic splice
site in the intron between exon 26 and 27. This variant results in the translation of a non-functional mutant protein. Targeted gene editing on each side of the cryptic
splice site aims to the removal of this mutation. Successful editing results in either deletion of the DNA segment containing the mutation or its inversion, which similarly
results in the loss of the cryptic splice site. This enables the normal translation of functional CEP290 from wild-type full-length mRNA. lllustration created with
Biorender software.

At present, in our view, CRISPR-Cas9 is likely to only fill a  editing site. The variability in efficiency may also require larger
niche role in the treatment of IRDs. The currently variability of =~ numbers of patients to show treatment efficacy. This would
editing efficiencies at each locus, potential for off-target changes  limit the scope of target editing to those which are relatively
with each new construct, and the continued concerns around  more common, those in which mutations result ideally in non-
permanently editing the genome in an unpredictable manner  coding regions and those diseases which are not amendable to
with knockout strategies will likely prevent its wholesale use.  gene therapy, such as autosomal dominant diseases. Another
The variability at each target site also mean that CRISPR-Cas9  shadow also looms over CRISPR-Cas9 and its use to treat IRDs.
gene editing will require expensive clinical trials for each target  Trials using ASOs have also begun and progressed rapidly. ASOs

Frontiers in Medicine | www.frontiersin.org 10 October 2021 | Volume 8 | Article 698521


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Hernandez-Juarez et al.

CRISPR Gene Editing in IRDs

are single-stranded chains of nucleic acids, between 8 and 50
nucleotides in length, which are synthetically generated, that
bind to RNA through standard Watson-Crick base pairing.
They can prevent translation of a region of mRNA or the
translation of mRNA altogether from a mutant allele slowing
the progression of a disease. ASOs offer the advantage that
they are reversible, have pan-retinal effect from intravitreal
injection and appear to have a limited immune response, but
may require its continuous delivery every certain time. Three
splice-switching ASOs, nusinersen, golodirsen and eteplirsen
have already been FDA approved to treat other diseases. The first
of the steric block ASO IRD trials, targeting exon 13 of USH2A is
currently preparing for phase III trial with early limited release of
promising preclinical data and early clinical data [NCT03780257]
(115). More concerns for the development of CRISPR-Cas9 trials
is that ASO trials appear to be targeting the same loci as the early
CRISPR-Cas9 trials (26, 116). This not only means that there is
direct competition for treatment but may also limit the pool of
patients required to complete larger phase III studies in a timely
manner for these rare diseases. ASOs however, also show marked
variability in specificity at RNA loci. So, it may be that CRISPR-
Cas9 is more suitable at some loci and ASOs may be a better tool
to treat other diseases at other loci. More human clinical trial data
will be required to assist in informing these decisions.

Despite CRISPR-Cas9 gene editing system was discovered
less than a decade ago, the system is now widely used by
scientists, with a significant impact in the biomedical area.
Although its unpredictability presents some challenges for its
clinical application, robust safety, and ultimately efficacy data,
from the early clinical trials will be essential to support the
benefits of its wider implementation. Whether CRISPR-Cas9 will
be commonly used to treat not only IRDs, but also other human
diseases, is yet to be seen.
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