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Abstract: Inherited retinal diseases (IRDs) are a clinically and genetically heterogeneous group of
diseases that are one of the leading causes of vision loss in young and aged individuals. IRDs are
mainly caused by a loss of the post-mitotic photoreceptor neurons of the retina, or by the degeneration
of the retinal pigment epithelium. Unfortunately, once these cells are damaged, it is irreversible
and leads to permanent vision impairment. Thought to be previously incurable, gene therapy has
been rapidly evolving to be a potential treatment to prevent further degeneration of the retina and
preserve visual function. The development of clustered regularly interspaced short palindromic
repeats (CRISPR)-CRISPR-associated protein 9 (Cas9) base and prime editors have increased the
capabilities of the genome editing toolbox in recent years. Both base and prime editors evade the
creation of double-stranded breaks in deoxyribonucleic acid (DNA) and the requirement of donor
template of DNA for repair, which make them advantageous methods in developing clinical therapies.
In addition, establishing a permanent edit within the genome could be better suited for patients with
progressive degeneration. In this review, we will summarize published uses of successful base and
prime editing in treating IRDs.
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1. Introduction

Since the advent of clustered regularly interspaced short palindromic repeats (CRISPR)
editing technologies [1], there has been an emergence in its widespread application. CRISPR
systems were originally found in bacteria and archaea to provide adaptive immunity
against invasive nucleic acids, such as viruses and plasmids. Since then, the CRISPR
system has been adapted to be used in mammalian cells for biomedical research purposes.
To accomplish this, the deoxyribonucleic acid (DNA) endonuclease CRISPR-associated
protein 9 (Cas9) can be directed by a guide ribonucleic acid (gRNA) for site-specific double-
stranded DNA cleavage. Upon cleavage, natural DNA repair mechanisms result in either
small insertions and deletions (called indels) introduced by non-homologous end joining,
or insertion of a new DNA sequence by homology-directed repair [2] (Figure 1A). Indels
are useful for the disruption of the genetic target of interest, while sequence insertion can
be used to restore or alter gene function. In the original CRISPR system, Cas9 is guided by
two separate RNA molecules—a CRISPR RNA (crRNA) that recognizes the site of interest
through complementary base pairing, and a trans-activating CRISPR RNA (tracrRNA) that
complexes with the crRNA to bind with Cas9. These two RNAs form a functional gRNA,
which together with Cas9, recognize the target site. In addition, protospacer adjacent motif
(PAM) sequences are short DNA sequences around 2–6 base pairs that serve as a binding
signal for Cas9 to direct cleavage. In some cases, the PAM sequence can be limiting due to
the dependency of its location to be nearby to the targeted edit site.
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Figure 1. Overview of the clustered regularly interspaced short palindromic repeats (CRISPR) toolbox.
(A) Illustration of the original CRISPR/CRISPR-associated protein 9 (Cas9) System. Upon recognition
of the target sequence, Cas9 will cleave both strands of deoxyribonucleic acid (DNA). This will result
in two natural DNA repair pathways—non-homologous end joining and homologous recombination,
which will lead to a small insertion or deletion, or a large insertion containing a donor DNA template,
respectively. (B) Illustration of the base editing system. A Cas9 nickase (nCas9) is fused to a cytidine
or adenine deaminase and upon nicking the single strand of DNA, the enzyme will deaminate the
cytosine or adenine, leading to a uracil or inosine, respectively. Then, DNA replication or repair will
recognize the change and lead to a permanent base pair conversion. (C) Illustration of the prime
editing system. Prime editing utilizes a Cas9 nickase fused to a reverse transcriptase and a prime
editing guide ribonucleic acid (pegRNA) that contains the spacer sequence, primer binding site, and
the template containing the intended edit. After recognition and the single-strand nick, the primer
binding site will allow for the exposed 3′-hydroxyl end of the nicked DNA strand to initiate the
reverse transcription of the template. This results in an intermediate that includes two DNA flaps: a 3′

flap that contains the desired edit, and a 5′ flap that contains the unedited strand. After equilibration
between the two flaps, cleavage, ligation, and DNA repair, the stably edited DNA sequence remains.
PAM, protospacer adjacent motif; sgRNA, single guide ribonucleic acid.

In recent years, advances in this CRISPR genome editing technology have been devel-
oped. For instance, in order to bypass the cellular toxicity that DNA double strand breaks
can introduce, additional methods were devised that could alter genetic activity without
cutting the DNA strand. First, a dead Cas9 (dCas9) [3] can be used in place of Cas9. dCas9
is a mutant form of Cas9 where the endonuclease activity is removed. Two methods using
this dCas9 are CRISPR interference (CRISPRi) [3,4] and CRISPR activation (CRISPRa) [5].
CRISPRi and CRISPRa utilize the dCas9 to form a complex with the single guide RNA
(sgRNA) that is fused with a transcription terminator derived from Streptococcus pyogenes. In
CRISPRi, the dCas9 can be fused to a Krüppel-associated box (KRAB) repressor [6] to silence
gene expression. CRISPRa [5] is like CRISPRi in that it uses a sgRNA to guide the dCas9
to its target, but instead fuses the dCas9 to transcriptional activators, such as VP64 or p65,
to increase gene expression. Another two methods being used are termed the CRISPRon
and CRISPRoff systems, acting as epigenetic editors [7]. In CRISPRon/CRISPRoff, the
dCas9 can be used to establish DNA methylation, DNA demethylation, and repressive
histone modifications. To accomplish this, the CRISPRon/off system fuses the dCas9
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with ten-eleven translocation (TET) enzymes and p65-VP64 activators (CRISPRon), and
DNA methyltransferases and KRAB domains (CRISPRoff), to epigenetically regulate gene
expression, bypassing the cellular toxicity DNA double strand breaks can introduce [8].
Lastly, there was the development of the Cas9 nickase (nCas9) [9,10]. nCas9 is an additional
variant of the Cas9 nuclease that differs by a point mutation (D10A or H840A) in the RuvC
or HNH nuclease domain, respectively, that allows it to nick single stranded DNA as
opposed to the Cas9 double stranded cleavage. This nCas9 has been incorporated into
CRISPR gene editing for base and prime editing, as described further in this review.

2. Base Editors

Base editors are a class of genome editors that can achieve a targeted conversion of a
single base pair (Figure 1B). There are two classes of base editors—cytosine base editors
(CBEs) [11] and adenine base editors (ABEs) [12], which can convert C•G to T•A and A•T
to G•C, respectively. In cytosine base editors, cytidine deaminases can be used to catalyze
the deamination of cytosine, which leads to uracil, the RNA equivalent of thymine. This is
accomplished as cytosine and uracil only differ by the presence of a methyl group, and the
uracil is then read as thymine following DNA replication or repair, and transcription. This
results in a permanent conversion to an A/T base pair instead of the original G/C pair. In
ABEs, researchers took advantage of a naturally occurring chemical change that resulted
from a spontaneous deamination of cytosine and modified this concept for deaminating
adenine. The deamination of adenine yields inosine, which is recognized as guanine by
polymerases. This results in a permanent conversion to a G/C base pair instead of the
original A/T base pair. Another key component of CBEs and ABEs is the introduction
of the D10A nCas9, which allows these base editors to introduce efficient and precise
point mutations with less off-target genome modifications and without double-strand
DNA breaks and homology-directed repair processes [11]. Recently, several efforts have
been made to improve these base editors by increasing their editing window. These new
modifications use alternative recognizable PAMs [13–15], and alternative Cas proteins
such as Cas12 [14,16]. While these have increased the editing window [15], base editors
do still have the potential for bystander effects [17] and are still only limited to 4 base
pair conversions.

3. Prime Editors

Prime editing [18] is another novel genome editing method used to rewrite DNA
without the use of double-stranded breaks or additional donor DNA templates. By using an
RNA-programmable H840A Streptococcus pyogenes (Sp)Cas9 nickase fused to an engineered
reverse transcriptase, as well as a prime editing guide RNA (pegRNA) that dually specifies
the intended edit location and encodes the desired edit, prime editing has the potential
to induce any small-sized genetic change—including insertions, deletions, and all twelve
possible point mutations at a single base pair resolution. To accomplish this, the pegRNA
forms a complex with the genomic DNA and with the spacer sequence (Figure 1C). This
binds the target site and allows only the PAM-containing strand to be nicked by nCas9.
When the targeted genomic site is nicked, a 3′-hydroxyl group is exposed and can be used
to prime the reverse transcription of the extension sequence encoding the desired edit. This
results in an intermediate containing a 3′ flap with the reversely transcribed edit, and a 5′

flap with the original non-edited sequence. Equilibration between the two flaps, cleavage,
ligation, and naturally occurring DNA repair mechanisms will incorporate the desired
editing outcome. In addition, prime editing evades the need for a PAM to be situated near
the target site, which increases editing capabilities for areas of the genome that would
otherwise not be able to be edited by the traditional CRISPR technologies [16,18].

However, there are still limitations to the prime editing technology. For instance, un-
protected nuclear RNAs are susceptible to degradation. Thus, the 3′ extension of pegRNAs
is exposed and more prone to be degraded, which can inhibit the ability to incorporate
the target edit [19]. As a result, there have been advances made to optimize the pegRNAs
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and prevent the degradation of the 3′ extension. The development of the prime editor
3 (PE3) [18] and PE3b systems introduce a second gRNA that nicks the unedited strand
after flap excision to increase preferential repair of the non-edited strand for improved
editing efficiency. In addition, enhanced pegRNAs [19] have been generated that install a
structured RNA pseudoknot at the 3′ end to protect it from exonucleases by increasing RNA
stability. Overall, prime editing not only maintains the advantages of evading a double
stranded break, but also increases versatility and allows for a broader editing range [20]
by being able to install any single base-to-base change, delete at least 80 nucleotides, and
insert at least 44 nucleotides [18,21].

4. Inherited Retinal Diseases (IRDs)

These CRISPR-based technologies have allowed for scientists to rapidly accelerate
research by creating cell lines and animal models for disease modeling, as well as testing
potential gene therapies for clinical therapeutics. CRISPR-Cas9 editing has now been tested
in several genetic diseases in various organ systems, ranging from blood diseases [22] to
cancer [23]. Inherited retinal diseases (IRDs) are a clinically and genetically heterogeneous
group of diseases that are one of the leading causes of vision loss in young and aged
individuals. They are mainly caused by a loss of the post-mitotic photoreceptor neurons
of the retina, or by the degeneration of the retinal pigment epithelium (RPE) (Figure 2).
Unfortunately, once these cells undergo damage, it is irreversible and leads to permanent
vision impairment. The time of onset, disease progression, and inheritance pattern can
vary for IRDs, making treatment options complicated, and they are currently attributed
to over 280 genes, resulting in a large amount of clinical heterogeneity [24,25]. Due to the
accessibility, the anatomical structure, and the immune privileged state of the eye [21,25,26],
treating IRDs using CRISPR technology is of special interest in the field of ophthalmology.
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Figure 2. Cartoon schematic of a healthy retina in comparison to a degenerating retina. (A) Illustration
of the retinal layers in an intact, healthy, retina. (B) Illustration of a degenerating retina with
rod photoreceptors depicted in blue, and cone photoreceptors depicted in red. The total retinal
thickness, as well as the outer nuclear layer containing the rods and cones thins upon degeneration
as photoreceptor cells shrink, lose functionality, and die. Yellow, ganglion cells; green, amacrine cells;
teal, horizontal cells; purple, bipolar cells; brown, retinal pigment epithelium.

5. Gene Therapy for IRDs

In recent years, gene therapy has been the focus for treating IRDs [27]. Commonly,
the two routes of delivery are by subretinal or intravitreal injection, which maximizes
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transduction to the target cells in the eye (Figure 3). At the end of 2017, the United States
of America Food and Drug Administration (FDA) approved Luxturna [28] (voretigene
neparvovecrzyl) for the treatment of an IRD called Leber congenital amaurosis (LCA). This
is the first in vivo gene therapy for IRDs, as well as the first in vivo gene therapy to be FDA
approved. Luxturna acts by delivering a subretinal injection of a functional copy of RPE65
packaged in an adeno-associated viral (AAV) vector to supplement the two mutant copies
of RPE65 present in LCA patients [29]. RPE65 is expressed in the RPE and is critical for the
regeneration of 11-cis-retinal from all-trans-retinal after photoreceptor activation by light.
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Figure 3. Schematic depicting the gene therapy delivery approach for inherited retinal diseases.
(A) Gene editing components, such as prime editors, will be packaged into the delivery vector,
such as an adeno-associated virus (AAV). (B) Subretinal delivery involves injection into the space
between the retinal pigment epithelium (RPE) and photoreceptors to directly target those cells,
while intravitreal injection delivers the viral vector into the vitreous body and can best target the
inner retina, optic nerve, and lens. (C) After injection, gene editing will occur in the targeted cell
(photoreceptor shown in image), and the mutated deoxyribonucleic acid (DNA) will be edited to
keep the cell healthy and functional.

6. Limitations in Gene Therapy for IRDs

While these RPE65 gene therapy trials have shown tremendous promise for the efficacy
of gene therapy supplementation approaches, there are still concerns and limitations present
to be addressed. First, there is the potential for the exogenous transgene to be silenced
over time [30,31], limiting the duration of treatment efficacy. Second, as most IRDs are
progressive, little is known about gene therapy efficacy as patients age. Third, current gene
therapy approaches supplement loss-of-function mutations with an additional copy of a
gene, providing efficacy for recessive IRDs. However, treating patients with dominant IRD
mutations requires a safe method for gene editing, or another therapeutic approach outside
of gene therapy to be used.

In addition, the AAV vectors utilized to deliver the gene supplement carry their own
limitations. For instance, the genes implicated in commonly inherited retinal degenerative
diseases are not easily treated with AAV vectors because they are limited by its packaging
size of 4.7 kb. Coding sequences often exceed the kilobase capacity of an AAV vector,
including ABCA4 in the IRD Stargardt disease, which is 6.8 kb [32]. Furthermore, AAV
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vectors can be genotoxic [33] even with their low rates of host genome integration. This pos-
sibility for the transgene to integrate into the host genome could lead to large-scale changes
in the transcriptome, either through chromatin reorganization or disrupting neighboring
genes and downstream pathways [33].

7. Base and Prime Editing for IRDs

Since many of the IRDs are monogenic and can be attributed to a single point mutation,
base and prime editors hold great promise for gene editing without the high potential for
off-target effects from the traditional CRISPR/Cas9 double-strand break methods [34]. In
particular, split-intein [35] AAV delivery is promising for the use of delivering base and
prime editors directly to the gene of interest to permanently correct the mutation. Since
gene editors are generally too large to fit into a single AAV for delivery, studies have used
dual-AAV approaches [36–38]. In these approaches, the base editor is divided into two
halves, an N-terminal and C-terminal half. Each half is fused to a small trans-splicing intein
where it will recombine and express the full-length base editor upon transduction into the
target cell [36]. In fact, since these delivery approaches show signs of success, preclinical
testing is now ongoing using base and prime editors to treat IRDs.

8. Base Editing in Leber Congenital Amaurosis (LCA)

Although it was developed recently, there have already been strides made in utiliz-
ing base editing as a potential gene therapy in IRDs to lead to long-term protection of
vision. For example, the rd12 mouse strain is a preclinical model for LCA, where the mice
present with cone photoreceptor degeneration due to RPE65 deficiency [39,40]. Using an
adenine base editor (ABE), Choi and Suh et al. show that an in vivo correction of an Rpe65
mutation restored cone-mediated visual function and preserved cone survival in these
rd12 mice [39,40]. To improve upon their base editing efficiency after subretinal delivery
to the rd12 mice, they tested additional ABE variants with expanded PAM compatibility.
They also tested various gRNAs, as well as the different ABE variants, in order to find
the optimal base editing efficiency prior to testing in vivo in the preclinical rd12 mouse
model. Once they determined the optimal ABE variants and gRNAs, they performed a
subretinal delivery of their gene editing components to distribute them into the space
between the RPE and the photoreceptor cells [41]. This was achieved by injecting a single
lentivirus vector containing the sgRNA and NG-ABE sequences into three-week-old rd12
mice. Sequencing analysis showed an average of 54% A-to-G conversion at the target
adenine, and an average of 27% of functionally rescued Rpe65 alleles [39].

However, lentivirus can integrate into the host genome and is not the best delivery
method for moving forward to clinical trials in terms of safety. They then tested delivery
in the eye using an AAV serotype 2 (AAV2) [39]. The AAV delivery was successful,
albeit they did not see phenotypic rescue until seven weeks after injection. Thus, AAV
delivery required a longer time window before therapeutic efficacy in comparison to
lentiviral delivery, where rescue was detected by three weeks post-injection. As mentioned
previously, a main limitation of AAV vectors lie in its packaging constraints. To circumvent
the packaging limitations, they had to use a dual AAV-mediated approach in which the ABE
is divided and packaged as two separate AAV2 vectors. Once transduced, the ABE can be
reconstituted and complexed with the sgRNA. While their base editing using AAV2 was still
successful, the delay in phenotypic response could be due to the requirement of two vectors
and the necessity for the base editing machinery to re-complex in the cell. However, the
efficacy after seven weeks was promising, and this same group has now tested this approach
in rd12Gnat1−/− mice, which render the mice to be cone-function dominant [39]. This
mouse model was created by crossing the rd12 mice with a Gnat1−/− strain, which lack the
α subunit of rod transducin that is required for rod photoreceptor signal transduction. This
allowed them to focus on the cone photoreceptors, and test whether their ABE approach
would prevent cone degeneration and loss of function. Similarly, in this new study, they
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observed restoration of cone-mediated visual function and improved cone survival in
base-edited mice, persisting six months post-treatment.

9. Base Editing in Retinitis Pigmentosa (RP)

Retinitis pigmentosa (RP) is the leading cause of progressive vision loss and inherited
blindness, which affects approximately 1 in 4000 people worldwide [42]. RP is a genetically
heterogeneous disease caused by mutations in more than sixty genes and follows autosomal
recessive, autosomal dominant, and X-linked inheritance patterns [43]. While RP can be
attributed to mutations in multiple genes, autosomal dominant RP [44] is largely linked
to a mutation in the rhodopsin gene, which encodes the most abundant protein in the rod
photoreceptor cells of the retina. Rhodopsin (RHO) plays a central role in the phototrans-
duction pathway, and when mutated, leads to retinal dysfunction and degeneration of the
photoreceptors in a rod-cone manner [45]. In Kaukonen et al. [45], all RHO variants were
analyzed and separated based on variant type and accessible and nearby PAM sites. This
provides a list of the RHO variants that can be targeted by gene editing approaches, such
as base and prime editing. Currently, there have not been any published results on base
editing of the rhodopsin gene, however, this is likely to be a future avenue of treatment for
patients with autosomal dominant RP caused by mutations in RHO.

Additionally, the most common form of autosomal recessive RP is associated with
mutations in PDE6, which encodes the rod cyclic guanosine monophosphate (cGMP)-
phosphodiesterase, a key enzyme required in phototransduction to hydrolyze cGMP for
channel closure [46]. In a recent bioRxiv paper [47], Yang et al. reported a base editing
approach using an AAV-mediated ABE strategy to correct a Pde6β mutation in the pho-
toreceptor cells. For this study, they used the rd10 preclinical mouse model, which carries
a mutation in Pde6β that causes an RP disease phenotype in the mouse. They performed
subretinal delivery of AAV serotype 8 (AAV8)-ABE at two weeks of age to correct the Pde6β
mutation with up to 37.41% efficiency at the DNA level. This restored PDE6β expression
with up to 91.95% efficiency at the complementary (c)DNA level. PDE6β restoration in the
treated mice was also validated by Western blot and immunolabeling experiments. The
retinas of the treated mice showed both rod and cone cell preservation via immunostaining,
almost comparable to those in wild type mice. They saw persistence of rod and cone rescue,
as well as visual function, at twelve weeks of age. While this work is promising to protect
against photoreceptor degeneration in patients with RP, this is only one gene of many, and
more preclinical studies are needed to test the safety and efficacy of base editors for IRDs
before moving forward into human clinical trials.

10. Base Editing in Stargardt Macular Dystrophy

Stargardt macular dystrophy (STGD1) is the most common form of inherited childhood
blindness worldwide with a prevalence of 1 in 8–10,000 individuals [48]. It is an autosomal
recessive disease caused by mutations in ABCA4, the gene that codes for ATP-binding
cassette transporter protein family member 4. ABCA4 has a coding sequence length of
6.8 kB, which is too large for the standard AAV packaging capacity [32]. While groups
have attempted an AAV dual vector strategy [32] as used for the LCA preclinical studies
described previously, the editing efficiency could be improved by using a single base or
prime editor. To look into this approach, Piotter et al. screened mutations in three available
databases to reveal which of the approximately 1200 known pathogenic mutations in
ABCA4 are editable by targeted DNA base editing [48]. Further studies for the safety and
efficacy of this approach are ongoing in the field of ophthalmology, and there is promise
for the use of base and prime editing technology to treat this IRD.

11. Prime Editing in LCA

Prime editing, alongside base editing, is another potential therapeutic approach for
gene editing to preserve vision in patients with IRDs. As a newer technique, studies
are just arising that utilize prime editing in the retina. Similar to base editing in LCA,



Int. J. Mol. Sci. 2022, 23, 12375 8 of 12

Jang et al. tested [49] an in vivo prime editing approach in the retinas of adult rd12 mice,
carrying a nonsense mutation caused by a C-to-T transition in the Rpe65 gene. After testing
various pegRNA efficiencies, they used AAV to deliver the prime editor 2 (PE2) with an
mCherry reporter, as well as the pegRNA encoding the target sequence. Due to PE2 being
6273 bp, they used a trans-splicing AAV2 vector to package all of the components. rd12
mice underwent subretinal injections—delivering two trans-splicing PE2-expressing AAVs,
one encoding the N-terminal half of PE2 and the other encoding the C-terminal half, as well
as a separate AAV containing the pegRNA and sgRNA—at three weeks of age. The treated
mice were analyzed six weeks post-injection. Approximately 23% of the RPE was mCherry
positive, reflecting the amount of the AAV2-PE2 that was able to transduce the RPE cells.
Subsequent sequencing of the RPE cells showed an average prime editing efficiency range
from 4.1% to 7.4%, with no detectable off-targets. Even with this lower efficiency rate,
visual function was vastly improved in the injected mice as tested by electroretinography
(ERG). Scotopic a- and b- wave amplitudes in treated mice were on average 59% and 27%,
respectively, of their wild type counterparts, with great improvement over untreated rd12
mice. These results are encouraging for the use of prime editors for clinical treatment of
LCA and other IRDs. This study shows that prime editors can be effective, similar to base
editors, in preserving visual function in preclinical models of LCA. All of these studies
in models of IRDs highlight the excitement in the field of ophthalmology for the advent
of base and prime editing technology, and the advancements already being made toward
clinical therapeutics.

12. Discussion

Researchers have seen great success with the efficiency of both base and prime editing
in somatic cells of mice, to the extent that it shows promise for future success in human
patients [50,51]. However, there are still many challenges to overcome before these gene
editing technologies will be available to treat human patients with IRDs. One challenge that
is still being addressed is having an efficient gene editing system for areas of the genome
that are difficult to access or target, as IRDs can be attributed to over 280 genes [34]. To
target them all would be costly, unfeasible, and inefficient. Some genes in retinal diseases
are not in locations that are PAM compatible, and some have mutations far too complex
for base or prime editing. For example, choroideremia has yet to be used for base and
prime editing applications. Choroideremia is an X-linked recessive disorder characterized
by a frameshift mutation in the CHM gene, which encodes Rab escort protein 1 (REP-1)
and is important for intracellular protein trafficking [52]. Patients with choroideremia
are subjected to the slow degeneration of photoreceptors, RPE, and choroid, which is the
vascular layer of the eye [52]. This manifests as peripheral visual field loss and night visual
impairment. Since the mutation is not characterized by a single base pair mutation, base
and prime editing technologies are not likely to be the best options as a treatment approach.
However, since the CHM gene is only 1.9 kb, there have been studies showing progress in
treating choroideremia using AAV gene therapy to enhance the transgene expression.

In addition, retinal degeneration pathology cannot be wholly attributed to genetic
mutations in coding regions. The need to understand mutations in the epigenetic landscape
is crucial to moving forward with additional therapies and targets for human patients.
While there are not many studies examining the effects of epigenetic mutations in IRDs [53],
many epigenetic marks play a role in the expression and variability of retinal genes involved
in phototransduction and development [54,55]. It is important to take into consideration
the potential effects that DNA or histone methylation have on the pathogenesis of IRDs
over time. In the future, it is possible to go beyond the scope of base and prime editing
to develop and test epigenetic editors, such as CRISPRon or CRISPRoff systems, for the
management of retinal gene expression during IRD progression.

Like with all genome editing technologies, the potential for off-target effects is a
challenge that remains to be addressed in therapeutic contexts. Off-target effects are
mutations resulting from aberrant cleavage at unintended target sites, as well as disruptions
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resulting from the intended edit [56]. Off-target effects can lead to genomic instability and
disruptions in other genes that are otherwise functional. For instance, a limiting factor of
base editors is the potential for “bystander” edits [57,58]. Nearby adenines or cytosines
could be deaminated and affect the precision of the targeted editing outcome. In designing
base editors, it is crucial for the variant to be able to discriminate between the desired edit
and an undesired one.

Furthermore, the introduction of any genome editing agent, whether as AAV [33] or
lentivirus, has the potential for immunogenicity [59] and genotoxicity. While scientists
are constantly optimizing delivery methods and increasing editing efficiency, the risk for
immunotoxicity and genotoxicity post-editing still needs to be monitored upon progression
into clinical trials. For example, a major concern with base and prime editing is the
immunogenicity of Cas9 and its ability to induce an inflammatory response in the host [60].
The most widely used orthologs of Cas9 are Staphylococcus aureus (SaCas9) and Streptococcus
pyogenes (SpCas9), bacterial species that are present and infect humans normally during
life [61,62]. Charlesworth et al. analyzed human serum for the presence of anti-Cas9
antibodies and detected antibodies against both SaCas9 and SpCas9 in more than half of
their donor serum samples [63]. They also found anti-SaCas9 and anti-SpCas9 T-cells in
67% of donor serum and demonstrated a Cas9-specific cytokine response. As humans can
have pre-existing adaptive immune responses to Cas9, this can pose as a risk during clinical
trials when using CRISPR-based technologies to treat diseases.

Fortunately, the eye is a relatively small and enclosed compartment, which allows
for lower doses of therapeutics to be required for delivery, and a lower risk of dispersion
to other tissues and organs [25]. The blood-retinal barrier is made up of tight junctions
between the endothelial cells of retinal microvasculature and between the RPE cells, so
the introduction of foreign material is less likely to escape the eye and cause an elevated
inflammatory response. One recent study [64] looked specifically in the eye, and tested
paired vitreous and serum samples for antibodies against SaCas9 and SpCas9 in patients
undergoing vitreoretinal surgery. They found detectable α-Cas9 in serum samples, but no
detectable α-Cas9 in the vitreous fluid, except in cases of prior bacterial ocular infection or
damage to the blood-retina-barrier. This indicates that in humans, the intraocular presence
of anti-Cas9 is low. While this data is encouraging for the future of CRISPR-Cas9 clinical
trials in the eye, further research is needed to understand the extent of the functional
consequences of delivery of these gene editing components.

Lastly, gene editors are generally too large to fit into a single AAV for delivery, so
studies use dual-AAV approaches [36–38]. In these approaches, the base editor is divided
into two halves, an N-terminal and C-terminal half. Unfortunately, editing efficiency
generally decreases with dual-AAV, due to the need for simultaneous transduction of
multiple AAVs [37]. Recently, David Liu’s group published a paper [65] where they
constructed small ABE8e variants to develop highly efficient single-AAV vectors to increase
targeting capability in the heart, muscle, and liver. They identified the minimal components
of the AAV genome, and were therefore able to package the base editor, the guide RNA, and
all necessary promoters and regulatory sequences into a single AAV. With the single-AAV
ABE construct, they saw further improvement in editing at a 33% and 22% editing efficiency
in heart and muscle, respectively. This equated to a 2.1-fold and 2.5-fold increase in editing
compared with the highest dose using dual-AAV treatment. This study shows tremendous
promise for the use of base editing in disease, as it allows for an increase in efficiency while
also bypassing the need to construct multiple AAV vectors.

13. Conclusions and Future Directions

To date, as this is a new technology being investigated in preclinical studies, there are
no ongoing clinical trials in IRD patients using either base or prime editing. However, this
technology holds potential for retinal monogenic disorders due to the increased editing
efficiency, lack of double-stranded breaks in the DNA, and the ability for a permanent and
stable genome edit. In the above studies, base and prime editing have been established as



Int. J. Mol. Sci. 2022, 23, 12375 10 of 12

strong methods for prolonging visual function and retinal cell survival in preclinical models
of IRDs. The rapid development of genome-editing technologies and their optimized
variants, alongside continued efforts to increase editing efficiency and accessibility, will
likely result in the publication of successful therapeutic testing in preclinical disease systems.
Therefore, base and prime editing approaches have the potential to lead to the development
of human clinical trials for treating IRDs, and the onset of therapeutic options for patients
suffering from visual impairment.

Author Contributions: T.Y. and K.J.W. conceived and designed the review, analyzed and interpreted
the data, and drafted the manuscript. K.J.W. obtained funding and supervised the review. All authors
have read and agreed to the published version of the manuscript.

Funding: Yee is supported by NIH grant 5T32GM131945-03 and the Hamon Center for Regenerative
Science and Medicine Fellowship Award from UT Southwestern Medical Center, Dallas, TX, USA.
Wert is supported by funds from the Van Sickle Family Foundation Inc. of Dallas, TX, USA. The
Department of Ophthalmology at UT Southwestern Medical Center is supported by NIH grant
P30 EY030413.

Acknowledgments: Figures were made using BioRender.com (Agreement #BL24IGFU6M, #UG24IGFWBE
and #TQ24IGFQYX). We thank the members of the Department of Ophthalmology at UT Southwest-
ern Medical Center and the Wert laboratory team members for their advice and discussions.

Conflicts of Interest: The authors declare no conflict of interest. The sponsors had no role in the
design, execution, interpretation, or writing of the study.

References
1. Jinek, M.; Chylinski, K.; Fonfara, I.; Hauer, M.; Doudna, J.A.; Charpentier, E. A Programmable Dual-RNA–Guided DNA

Endonuclease in Adaptive Bacterial Immunity. Science 2012, 337, 816–821. [CrossRef] [PubMed]
2. Kan, M.J.; Doudna, J.A. Treatment of Genetic Diseases With CRISPR Genome Editing. JAMA 2022, 328, 980–981. [CrossRef]

[PubMed]
3. Qi, L.S.; Larson, M.H.; Gilbert, L.A.; Doudna, J.A.; Weissman, J.S.; Arkin, A.P.; Lim, W.A. Repurposing CRISPR as an RNA-guided

platform for sequence-specific control of gene expression. Cell 2013, 152, 1173–1183. [CrossRef] [PubMed]
4. Larson, M.H.; Gilbert, L.A.; Wang, X.; Lim, W.A.; Weissman, J.S.; Qi, L.S. CRISPR interference (CRISPRi) for sequence-specific

control of gene expression. Nat. Protoc. 2013, 8, 2180–2196. [CrossRef] [PubMed]
5. Konermann, S.; Brigham, M.D.; Trevino, A.E.; Joung, J.; Abudayyeh, O.O.; Barcena, C.; Hsu, P.D.; Habib, N.; Gootenberg, J.S.;

Nishimasu, H.; et al. Genome-scale transcriptional activation by an engineered CRISPR-Cas9 complex. Nature 2015, 517, 583–588.
[CrossRef]

6. Yeo, N.C.; Chavez, A.; Lance-Byrne, A.; Chan, Y.; Menn, D.; Milanova, D.; Kuo, C.C.; Guo, X.; Sharma, S.; Tung, A.; et al. An
enhanced CRISPR repressor for targeted mammalian gene regulation. Nat. Methods 2018, 15, 611–616. [CrossRef]

7. Nuñez, J.K.; Chen, J.; Pommier, G.C.; Cogan, J.Z.; Replogle, J.M.; Adriaens, C.; Ramadoss, G.N.; Shi, Q.; Hung, K.L.; Samelson, A.J.;
et al. Genome-wide programmable transcriptional memory by CRISPR-based epigenome editing. Cell 2021, 184, 2503–2519.e17.
[CrossRef]

8. Hu, Z.; Yu, L.; Zhu, D.; Ding, W.; Wang, X.; Zhang, C.; Wang, L.; Jiang, X.; Shen, H.; He, D.; et al. Disruption of HPV16-E7 by
CRISPR/Cas System Induces Apoptosis and Growth Inhibition in HPV16 Positive Human Cervical Cancer Cells. BioMed Res. Int.
2014, 2014, 612823. [CrossRef]

9. Ran, F.A.; Hsu, P.D.; Lin, C.Y.; Gootenberg, J.S.; Konermann, S.; Trevino, A.E.; Scott, D.A.; Inoue, A.; Matoba, S.; Zhang, Y.; et al.
Double nicking by RNA-guided CRISPR Cas9 for enhanced genome editing specificity. Cell 2013, 154, 1380–1389. [CrossRef]

10. Mali, P.; Aach, J.; Stranges, P.B.; Esvelt, K.M.; Moosburner, M.; Kosuri, S.; Yang, L.; Church, G.M. CAS9 transcriptional activators
for target specificity screening and paired nickases for cooperative genome engineering. Nat. Biotechnol. 2013, 31, 833–838.
[CrossRef]

11. Komor, A.C.; Kim, Y.B.; Packer, M.S.; Zuris, J.A.; Liu, D.R. Programmable editing of a target base in genomic DNA without
double-stranded DNA cleavage. Nature 2016, 533, 420–424. [CrossRef] [PubMed]

12. Gaudelli, N.M.; Komor, A.C.; Rees, H.A.; Packer, M.S.; Badran, A.H.; Bryson, D.I.; Liu, D.R. Programmable base editing of A•T to
G•C in genomic DNA without DNA cleavage. Nature 2017, 551, 464–471. [CrossRef] [PubMed]

13. Kleinstiver, B.P.; Prew, M.S.; Tsai, S.Q.; Topkar, V.V.; Nguyen, N.T.; Zheng, Z.; Gonzales, A.P.; Li, Z.; Peterson, R.T.; Yeh, J.R.; et al.
Engineered CRISPR-Cas9 nucleases with altered PAM specificities. Nature 2015, 523, 481–485. [CrossRef] [PubMed]

14. Reshetnikov, V.V.; Chirinskaite, A.V.; Sopova, J.V.; Ivanov, R.A.; Leonova, E.I. Translational potential of base-editing tools for gene
therapy of monogenic diseases. Front. Bioeng. Biotechnol. 2022, 10, 942440. [CrossRef]

15. Nishimasu, H.; Shi, X.; Ishiguro, S.; Gao, L.; Hirano, S.; Okazaki, S.; Noda, T.; Abudayyeh, O.O.; Gootenberg, J.S.; Mori, H.; et al.
Engineered CRISPR-Cas9 nuclease with expanded targeting space. Science 2018, 361, 1259–1262. [CrossRef]

http://doi.org/10.1126/science.1225829
http://www.ncbi.nlm.nih.gov/pubmed/22745249
http://doi.org/10.1001/jama.2022.13468
http://www.ncbi.nlm.nih.gov/pubmed/36098733
http://doi.org/10.1016/j.cell.2013.02.022
http://www.ncbi.nlm.nih.gov/pubmed/23452860
http://doi.org/10.1038/nprot.2013.132
http://www.ncbi.nlm.nih.gov/pubmed/24136345
http://doi.org/10.1038/nature14136
http://doi.org/10.1038/s41592-018-0048-5
http://doi.org/10.1016/j.cell.2021.03.025
http://doi.org/10.1155/2014/612823
http://doi.org/10.1016/j.cell.2013.08.021
http://doi.org/10.1038/nbt.2675
http://doi.org/10.1038/nature17946
http://www.ncbi.nlm.nih.gov/pubmed/27096365
http://doi.org/10.1038/nature24644
http://www.ncbi.nlm.nih.gov/pubmed/29160308
http://doi.org/10.1038/nature14592
http://www.ncbi.nlm.nih.gov/pubmed/26098369
http://doi.org/10.3389/fbioe.2022.942440
http://doi.org/10.1126/science.aas9129


Int. J. Mol. Sci. 2022, 23, 12375 11 of 12

16. Anzalone, A.V.; Koblan, L.W.; Liu, D.R. Genome editing with CRISPR–Cas nucleases, base editors, transposases and prime
editors. Nat. Biotechnol. 2020, 38, 824–844. [CrossRef]

17. Wang, Q.; Yang, J.; Zhong, Z.; Vanegas, J.A.; Gao, X.; Kolomeisky, A.B. A general theoretical framework to design base editors
with reduced bystander effects. Nat. Commun. 2021, 12, 6529. [CrossRef]

18. Anzalone, A.V.; Randolph, P.B.; Davis, J.R.; Sousa, A.A.; Koblan, L.W.; Levy, J.M.; Chen, P.J.; Wilson, C.; Newby, G.A.; Raguram,
A.; et al. Search-and-replace genome editing without double-strand breaks or donor DNA. Nature 2019, 576, 149–157. [CrossRef]

19. Nelson, J.W.; Randolph, P.B.; Shen, S.P.; Everette, K.A.; Chen, P.J.; Anzalone, A.V.; An, M.; Newby, G.A.; Chen, J.C.; Hsu, A.; et al.
Engineered pegRNAs improve prime editing efficiency. Nat. Biotechnol. 2022, 40, 402–410. [CrossRef]

20. Lu, C.; Kuang, J.; Shao, T.; Xie, S.; Li, M.; Zhu, L.; Zhu, L. Prime Editing: An All-Rounder for Genome Editing. Int. J. Mol. Sci.
2022, 23, 9862. [CrossRef]

21. Newby, G.A.; Liu, D.R. In vivo somatic cell base editing and prime editing. Mol. Ther. 2021, 29, 3107–3124. [CrossRef] [PubMed]
22. Frangoul, H.; Altshuler, D.; Cappellini, M.D.; Chen, Y.-S.; Domm, J.; Eustace, B.K.; Foell, J.; de la Fuente, J.; Grupp, S.;

Handgretinger, R.; et al. CRISPR-Cas9 Gene Editing for Sickle Cell Disease and β-Thalassemia. N. Engl. J. Med. 2020, 384, 252–260.
[CrossRef] [PubMed]

23. Zhang, H.; Qin, C.; An, C.; Zheng, X.; Wen, S.; Chen, W.; Liu, X.; Lv, Z.; Yang, P.; Xu, W.; et al. Application of the CRISPR/Cas9-
based gene editing technique in basic research, diagnosis, and therapy of cancer. Mol. Cancer 2021, 20, 126. [CrossRef] [PubMed]

24. Astuti GD, N.; van den Born, L.I.; Khan, M.I.; Hamel, C.P.; Bocquet, B.; Manes, G.; Quinodoz, M.; Ali, M.; Toomes, C.; McKibbin,
M.; et al. Identification of Inherited Retinal Disease-Associated Genetic Variants in 11 Candidate Genes. Genes 2018, 9, 21.
[CrossRef]

25. Amato, A.; Arrigo, A.; Aragona, E.; Manitto, M.P.; Saladino, A.; Bandello, F.; Battaglia Parodi, M. Gene Therapy in Inherited
Retinal Diseases: An Update on Current State of the Art. Front. Med. 2021, 8, 750586. [CrossRef]

26. Zhou, R.; Caspi, R.R. Ocular immune privilege. F1000 Biol. Rep. 2010, 2, 3. [CrossRef]
27. Pennesi, M.E.; Schlecther, C.L. The Evolution of Retinal Gene Therapy: From Clinical Trials to Clinical Practice. Ophthalmology

2020, 127, 148–150. [CrossRef]
28. FDA Approves Novel Gene Therapy to Treat Patients with a Rare Form of Inherited Vision Loss. Available online:

https://www.fda.gov/news-events/press-announcements/fda-approves-novel-gene-therapy-treat-patients-rare-form-
inherited-vision-loss (accessed on 30 September 2022).

29. Russell, S.; Bennett, J.; Wellman, J.A.; Chung, D.C.; Yu, Z.F.; Tillman, A.; Wittes, J.; Pappas, J.; Elci, O.; McCague, S.; et al.
Efficacy and safety of voretigene neparvovec (AAV2-hRPE65v2) in patients with RPE65-mediated inherited retinal dystrophy: A
randomised, controlled, open-label, phase 3 trial. Lancet 2017, 390, 849–860. [CrossRef]

30. Bainbridge, J.W.; Mehat, M.S.; Sundaram, V.; Robbie, S.J.; Barker, S.E.; Ripamonti, C.; Georgiadis, A.; Mowat, F.M.; Beattie, S.G.;
Gardner, P.J.; et al. Long-term effect of gene therapy on Leber’s congenital amaurosis. N. Engl. J. Med. 2015, 372, 1887–1897.
[CrossRef]

31. Jacobson, S.G.; Cideciyan, A.V.; Roman, A.J.; Sumaroka, A.; Schwartz, S.B.; Heon, E.; Hauswirth, W.W. Improvement and decline
in vision with gene therapy in childhood blindness. N. Engl. J. Med. 2015, 372, 1920–1926. [CrossRef]

32. McClements, M.E.; Barnard, A.R.; Singh, M.S.; Charbel Issa, P.; Jiang, Z.; Radu, R.A.; MacLaren, R.E. An AAV Dual Vector Strategy
Ameliorates the Stargardt Phenotype in Adult Abca4-/- Mice. Hum. Gene. Ther. 2019, 30, 590–600. [CrossRef] [PubMed]

33. Davé, U.P.; Cornetta, K. AAV Joins the Rank of Genotoxic Vectors. Mol. Ther. 2021, 29, 418–419. [CrossRef] [PubMed]
34. Costa, B.L.D.; Levi, S.R.; Eulau, E.; Tsai, Y.-T.; Quinn, P.M.J. Prime Editing for Inherited Retinal Diseases. Front. Genome Ed. 2021,

3, 775330. [CrossRef] [PubMed]
35. Levy, J.M.; Yeh, W.H.; Pendse, N.; Davis, J.R.; Hennessey, E.; Butcher, R.; Koblan, L.W.; Comander, J.; Liu, Q.; Liu, D.R. Cytosine

and adenine base editing of the brain, liver, retina, heart and skeletal muscle of mice via adeno-associated viruses. Nat. Biomed.
Eng. 2020, 4, 97–110. [CrossRef] [PubMed]

36. Truong, D.-J.J.; Kühner, K.; Kühn, R.; Werfel, S.; Engelhardt, S.; Wurst, W.; Ortiz, O. Development of an intein-mediated split–Cas9
system for gene therapy. Nucleic Acids Res. 2015, 43, 6450–6458. [CrossRef]

37. Carvalho, L.S.; Turunen, H.T.; Wassmer, S.J.; Luna-Velez, M.V.; Xiao, R.; Bennett, J.; Vandenberghe, L.H. Evaluating Efficiencies of
Dual AAV Approaches for Retinal Targeting. Front. Neurosci. 2017, 11, 503. [CrossRef]

38. Yan, Z.; Zhang, Y.; Duan, D.; Engelhardt, J.F. Trans-splicing vectors expand the utility of adeno-associated virus for gene therapy.
Proc. Natl. Acad. Sci. USA 2000, 97, 6716–6721. [CrossRef]

39. Choi, E.H.; Suh, S.; Foik, A.T.; Leinonen, H.; Newby, G.A.; Gao, X.D.; Banskota, S.; Hoang, T.; Du, S.W.; Dong, Z.; et al. In vivo
base editing rescues cone photoreceptors in a mouse model of early-onset inherited retinal degeneration. Nat. Commun. 2022,
13, 1830. [CrossRef]

40. Suh, S.; Choi, E.H.; Leinonen, H.; Foik, A.T.; Newby, G.A.; Yeh, W.-H.; Dong, Z.; Kiser, P.D.; Lyon, D.C.; Liu, D.R.; et al. Restoration
of visual function in adult mice with an inherited retinal disease via adenine base editing. Nat. Biomed. Eng. 2021, 5, 169–178.
[CrossRef]

41. Wert, K.J.; Skeie, J.M.; Davis, R.J.; Tsang, S.H.; Mahajan, V.B. Subretinal injection of gene therapy vectors and stem cells in the
perinatal mouse eye. J. Vis. Exp. 2012, 69, e4286. [CrossRef]

42. Verbakel, S.K.; van Huet, R.A.C.; Boon, C.J.F.; den Hollander, A.I.; Collin, R.W.J.; Klaver, C.C.W.; Hoyng, C.B.; Roepman, R.;
Klevering, B.J. Non-syndromic retinitis pigmentosa. Prog. Retin. Eye. Res. 2018, 66, 157–186. [CrossRef] [PubMed]

http://doi.org/10.1038/s41587-020-0561-9
http://doi.org/10.1038/s41467-021-26789-5
http://doi.org/10.1038/s41586-019-1711-4
http://doi.org/10.1038/s41587-021-01039-7
http://doi.org/10.3390/ijms23179862
http://doi.org/10.1016/j.ymthe.2021.09.002
http://www.ncbi.nlm.nih.gov/pubmed/34509669
http://doi.org/10.1056/NEJMoa2031054
http://www.ncbi.nlm.nih.gov/pubmed/33283989
http://doi.org/10.1186/s12943-021-01431-6
http://www.ncbi.nlm.nih.gov/pubmed/34598686
http://doi.org/10.3390/genes9010021
http://doi.org/10.3389/fmed.2021.750586
http://doi.org/10.3410/B2-3
http://doi.org/10.1016/j.ophtha.2019.12.003
https://www.fda.gov/news-events/press-announcements/fda-approves-novel-gene-therapy-treat-patients-rare-form-inherited-vision-loss
https://www.fda.gov/news-events/press-announcements/fda-approves-novel-gene-therapy-treat-patients-rare-form-inherited-vision-loss
http://doi.org/10.1016/S0140-6736(17)31868-8
http://doi.org/10.1056/NEJMoa1414221
http://doi.org/10.1056/NEJMoa1412965
http://doi.org/10.1089/hum.2018.156
http://www.ncbi.nlm.nih.gov/pubmed/30381971
http://doi.org/10.1016/j.ymthe.2021.01.007
http://www.ncbi.nlm.nih.gov/pubmed/33472035
http://doi.org/10.3389/fgeed.2021.775330
http://www.ncbi.nlm.nih.gov/pubmed/34901928
http://doi.org/10.1038/s41551-019-0501-5
http://www.ncbi.nlm.nih.gov/pubmed/31937940
http://doi.org/10.1093/nar/gkv601
http://doi.org/10.3389/fnins.2017.00503
http://doi.org/10.1073/pnas.97.12.6716
http://doi.org/10.1038/s41467-022-29490-3
http://doi.org/10.1038/s41551-020-00632-6
http://doi.org/10.3791/4286
http://doi.org/10.1016/j.preteyeres.2018.03.005
http://www.ncbi.nlm.nih.gov/pubmed/29597005


Int. J. Mol. Sci. 2022, 23, 12375 12 of 12

43. Francis, P.J. Genetics of inherited retinal disease. J. R Soc. Med. 2006, 99, 189–191. [CrossRef] [PubMed]
44. Piri, N.; Grodsky, J.D.; Kaplan, H.J. Gene therapy for retinitis pigmentosa. Taiwan J. Ophthalmol. 2021, 11, 348–351. [CrossRef]
45. Kaukonen, M.; McClements, M.E.; MacLaren, R.E. CRISPR DNA Base Editing Strategies for Treating Retinitis Pigmentosa Caused

by Mutations in Rhodopsin. Genes 2022, 13, 1327. [CrossRef] [PubMed]
46. Tsang, S.H.; Burns, M.E.; Calvert, P.D.; Gouras, P.; Baylor, D.A.; Goff, S.P.; Arshavsky, V.Y. Role for the target enzyme in

deactivation of photoreceptor G protein in vivo. Science 1998, 282, 117–121. [CrossRef] [PubMed]
47. Su, J.; She, K.; Song, L.; Jin, X.; Li, R.; Zhao, Q.; Xiao, J.; Chen, D.; Cheng, H.; Lu, F.; et al. In vivo base editing rescues

photoreceptors in a mouse model of retinitis pigmentosa. bioRxiv 2022. [CrossRef]
48. Piotter, E.; McClements, M.E.; MacLaren, R.E. The Scope of Pathogenic ABCA4 Mutations Targetable by CRISPR DNA Base

Editing Systems—A Systematic Review. Front. Genet. 2022, 12, 814131. [CrossRef] [PubMed]
49. Jang, H.; Jo, D.H.; Cho, C.S.; Shin, J.H.; Seo, J.H.; Yu, G.; Gopalappa, R.; Kim, D.; Cho, S.-R.; Kim, J.H.; et al. Application of

prime editing to the correction of mutations and phenotypes in adult mice with liver and eye diseases. Nat. Biomed. Eng. 2022, 6,
181–194. [CrossRef]

50. Caso, F.; Davies, B. Base editing and prime editing in laboratory animals. Lab. Anim. 2022, 56, 35–49. [CrossRef]
51. Zafra, M.P.; Schatoff, E.M.; Katti, A.; Foronda, M.; Breinig, M.; Schweitzer, A.Y.; Simon, A.; Han, T.; Goswami, S.; Montgomery,

E.; et al. Optimized base editors enable efficient editing in cells, organoids and mice. Nat. Biotechnol. 2018, 36, 888–893. [CrossRef]
52. Lam, B.L.; Davis, J.L.; Gregori, N.Z. Choroideremia Gene Therapy. Int. Ophthalmol. Clin. 2021, 61, 185–193. [CrossRef] [PubMed]
53. Liu, M.M.; Chan, C.C.; Tuo, J. Epigenetics in ocular diseases. Curr. Genom. 2013, 14, 166–172. [CrossRef] [PubMed]
54. Corso-Díaz, X.; Jaeger, C.; Chaitankar, V.; Swaroop, A. Epigenetic control of gene regulation during development and disease: A

view from the retina. Prog. Retin. Eye. Res. 2018, 65, 1–27. [CrossRef] [PubMed]
55. Dvoriantchikova, G.; Lypka, K.R.; Ivanov, D. The Potential Role of Epigenetic Mechanisms in the Development of Retinitis

Pigmentosa and Related Photoreceptor Dystrophies. Front. Genet. 2022, 13, 827274. [CrossRef] [PubMed]
56. Zhang, X.-H.; Tee, L.Y.; Wang, X.-G.; Huang, Q.-S.; Yang, S.-H. Off-target Effects in CRISPR/Cas9-mediated Genome Engineering.

Mol. Ther. Nucleic Acids 2015, 4, e264. [CrossRef]
57. Kim, D.; Kim, D.-e.; Lee, G.; Cho, S.-I.; Kim, J.-S. Genome-wide target specificity of CRISPR RNA-guided adenine base editors.

Nat. Biotechnol. 2019, 37, 430–435. [CrossRef]
58. Rees, H.A.; Liu, D.R. Base editing: Precision chemistry on the genome and transcriptome of living cells. Nat. Rev. Genet. 2018, 19,

770–788. [CrossRef]
59. Mehta, A.; Merkel, O.M. Immunogenicity of Cas9 Protein. J. Pharm. Sci. 2020, 109, 62–67. [CrossRef]
60. Kim, S.; Koo, T.; Jee, H.G.; Cho, H.Y.; Lee, G.; Lim, D.G.; Shin, H.S.; Kim, J.S. CRISPR RNAs trigger innate immune responses in

human cells. Genome Res. 2018, 28, 367–373. [CrossRef]
61. Johansson, L.; Thulin, P.; Low, D.E.; Norrby-Teglund, A. Getting under the Skin: The Immunopathogenesis of Streptococcus

pyogenes Deep Tissue Infections. Clin. Infect. Dis. 2010, 51, 58–65. [CrossRef]
62. Liu, G.Y. Molecular pathogenesis of Staphylococcus aureus infection. Pediatr. Res. 2009, 65, 71r–77r. [CrossRef] [PubMed]
63. Charlesworth, C.T.; Deshpande, P.S.; Dever, D.P.; Camarena, J.; Lemgart, V.T.; Cromer, M.K.; Vakulskas, C.A.; Collingwood, M.A.;

Zhang, L.; Bode, N.M.; et al. Identification of preexisting adaptive immunity to Cas9 proteins in humans. Nat. Med. 2019, 25,
249–254. [CrossRef] [PubMed]

64. Toral, M.A.; Charlesworth, C.T.; Ng, B.; Chemudupati, T.; Homma, S.; Nakauchi, H.; Bassuk, A.G.; Porteus, M.H.; Mahajan, V.B.
Investigation of Cas9 antibodies in the human eye. Nat. Commun. 2022, 13, 1053. [CrossRef] [PubMed]

65. Davis, J.R.; Wang, X.; Witte, I.P.; Huang, T.P.; Levy, J.M.; Raguram, A.; Banskota, S.; Seidah, N.G.; Musunuru, K.; Liu, D.R. Efficient
in vivo base editing via single adeno-associated viruses with size-optimized genomes encoding compact adenine base editors.
Nat. Biomed. Eng. 2022. [CrossRef]

http://doi.org/10.1177/014107680609900417
http://www.ncbi.nlm.nih.gov/pubmed/16574971
http://doi.org/10.4103/tjo.tjo_47_21
http://doi.org/10.3390/genes13081327
http://www.ncbi.nlm.nih.gov/pubmed/35893064
http://doi.org/10.1126/science.282.5386.117
http://www.ncbi.nlm.nih.gov/pubmed/9756475
http://doi.org/10.1101/2022.06.20.496770
http://doi.org/10.3389/fgene.2021.814131
http://www.ncbi.nlm.nih.gov/pubmed/35154257
http://doi.org/10.1038/s41551-021-00788-9
http://doi.org/10.1177/0023677221993895
http://doi.org/10.1038/nbt.4194
http://doi.org/10.1097/IIO.0000000000000385
http://www.ncbi.nlm.nih.gov/pubmed/34584056
http://doi.org/10.2174/1389202911314030002
http://www.ncbi.nlm.nih.gov/pubmed/24179439
http://doi.org/10.1016/j.preteyeres.2018.03.002
http://www.ncbi.nlm.nih.gov/pubmed/29544768
http://doi.org/10.3389/fgene.2022.827274
http://www.ncbi.nlm.nih.gov/pubmed/35360866
http://doi.org/10.1038/mtna.2015.37
http://doi.org/10.1038/s41587-019-0050-1
http://doi.org/10.1038/s41576-018-0059-1
http://doi.org/10.1016/j.xphs.2019.10.003
http://doi.org/10.1101/gr.231936.117
http://doi.org/10.1086/653116
http://doi.org/10.1203/PDR.0b013e31819dc44d
http://www.ncbi.nlm.nih.gov/pubmed/19190527
http://doi.org/10.1038/s41591-018-0326-x
http://www.ncbi.nlm.nih.gov/pubmed/30692695
http://doi.org/10.1038/s41467-022-28674-1
http://www.ncbi.nlm.nih.gov/pubmed/35217666
http://doi.org/10.1038/s41551-022-00911-4

	Introduction 
	Base Editors 
	Prime Editors 
	Inherited Retinal Diseases (IRDs) 
	Gene Therapy for IRDs 
	Limitations in Gene Therapy for IRDs 
	Base and Prime Editing for IRDs 
	Base Editing in Leber Congenital Amaurosis (LCA) 
	Base Editing in Retinitis Pigmentosa (RP) 
	Base Editing in Stargardt Macular Dystrophy 
	Prime Editing in LCA 
	Discussion 
	Conclusions and Future Directions 
	References

