
Advancements in pre-clinical development of gene editing-based 
therapies to treat inherited retinal diseases

Kathleen R. Chirco1,*, Cassandra Martinez2,3, Deepak A. Lamba2,3

1Division of Neuroscience, Oregon National Primate Research Center, Oregon Health and 
Science University, Beaverton, Oregon, United States

2Department of Ophthalmology, University of California San Francisco, California, United States

3Eli and Edythe Broad Center of Regeneration Medicine and Stem Cell Research, University of 
California San Francisco, California, United States.

Abstract

One of the major goals in the inherited retinal disease (IRD) field is to develop an effective therapy 

that can be applied to as many patients as possible. Significant progress has already been made 

toward this end, with gene editing at the forefront. The advancement of gene editing-based tools 

has been a recent focus of many research groups around the world. Here, we provide an update 

on the status of CRISPR/Cas-derived gene editors, promising options for delivery of these editing 

systems to the retina, and animal models that aid in pre-clinical testing of new IRD therapeutics.

1. Introduction

Inherited retinal diseases (IRDs) have an incidence of 1:2000-1:3000 births, making IRDs 

the leading cause of vision loss in individuals between the ages of 15-45 years old (Bessant 

et al., 2001, Cremers et al., 2018). Pathogenic variants in at least 250 genes contribute 

to IRDs, with the majority of those genes being expressed in photoreceptor cells. With 

the approval of gene augmentation therapy to treat RPE65-associated Leber congenital 

amaurosis (voretigene neparvovec-rzyl, Luxturna®) (Bennett et al., 2016), and a number 

of similar therapies in the clinical pipeline, we now have a therapeutic treatment for a 

handful of IRD patients. While gene augmentation has shown great success as a method 

of IRD treatment, it is largely limited to autosomal recessive and X-linked IRDs caused 

by mutations in small genes that can be easily packaged. Therefore, there is a critical 

need to establish a treatment for the IRDs that fall outside these characteristics, of which 
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there are many. Gene editing has become the standout option for treating virtually any 

IRD, including those that gene augmentation cannot support. Large insertion or deletion 

mutations, mutations in large genes, autosomal dominant IRDs, and genes that become 

silenced upon extended exogenous expression can all benefit from the advancement of 

gene editing tools. Gene editing-based therapies theoretically offer a permanent, one-time 

treatment, with the ability to correct any disease-causing mutation in our genome. When 

developing a gene editing therapeutic, which includes a gene editor system packaged for cell 

type-optimized delivery, there are a few key factors to consider: safety, delivery and editing 

efficiency, and broader applicability. Several new technologies have been developed over 

the past two decades in an attempt to fix IRD-causing mutations, and these include Zinc-

finger nucleases (ZFN) (Urnov et al., 2010), transcription activator-like effector nucleases 

(TALENs) (Joung and Sander, 2013), and most recently, Clustered Regularly Interspaced 

Short Palindromic Repeats (CRISPR)/Cas endonucleases. In this review, we provide an 

update on CRISPR-based gene editing tools and promising delivery systems that can be 

utilized for therapeutic development within the retina (Figure 1 ).

2. Therapeutic CRISPR-based editing approaches

2.1 CRISPR-associated (Cas) endonucleases

Compared to ZFNs and TALENS, the CRISPR/Cas system meets the need for widespread 

therapeutic editing largely due to its ability to be easily modified to target any gene of 

interest. The CRISPR/Cas families, which originated as a bacterial and archeal innate 

immune defense mechanism against secondary bacteriophage infection, are designed to 

target specific nucleic acid sequences (Sorek et al., 2013). The system consists of 

CRISPR RNA (crRNA), which is made up of spacer sequences followed by a sequence 

complementary to the target region, and a tracer-RNA (tracrRNA) molecule, to provide 

a scaffold for binding by Cas endonucleases (Doudna and Charpentier, 2014). Target 

recognition requires complementary base pairing between the guide RNA (gRNA) and the 

genomic region of interest, and this must occur in the presence of a protospacer adjacent 

motif (PAM). The PAM sequence allows the Cas endonuclease to distinguish between self 

and non-self sequences when cutting (Marraffini and Sontheimer 2010). Once in position, 

the Cas protein will cleave both DNA strands at a specific site a few base-pairs from the 

PAM sequence. This cleavage event produces a double-stranded break (DSB), and once Cas 

is displaced, cellular DNA repair is triggered.

Six types of CRISPR/Cas systems have been identified and are broadly categorized into 

two classes based on the structurally and functionally diverse effector complexes used 

(Makarova et al., 2020). Class I Cas nucleases have multiple smaller Cas effectors, while 

class II Cas nucleases have a single large effector enzyme. For therapeutic genome editing, 

Cas9, which is a type II endonuclease within class II, has been most commonly used Cas 

endonuclease due to its vast characterization and simplicity of the system (Ran et al., 2013). 

Currently, the most commonly used Cas9 proteins are either derived from Streptococcus 
pyogenes (SpCas9) (Jinek et al., 2012) or Staphylococcus aureus (SaCas9) (Ran et al., 

2015). Since most advancements toward the clinic have been made using SpCas9, we will 

focus on this subtype, and it will be referred to simply as “Cas9” hereafter. Once in position, 
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the Cas9 protein undergoes a conformational change to cleave both DNA strands using two 

nuclease domains, HNH and RuvC, each of which is responsible for cleaving one strand of 

the target dsDNA at a specific site 3-nt from the 5’-NGG-3’ PAM sequence causing a blunt 

DSB (Jiang et al., 2016). The system is versatile enough that multiple guides can be used 

to induce breaks in multiple genomic sites simultaneously, allowing for excision of large 

segments of a gene or even complete chromosomal rearrangements (Zuccaro et al., 2020, 

Turchiano et al., 2021).

To improve the universality of Cas9, numerous alterations to Cas9 have been generated 

with regard to PAM recognition. For example, SpCas9-NG and xCas9 use NG as their 

PAM sequence and show high editing efficiency and low off-target activity (Hu et al., 

2018, Nishimasu et al., 2018). Similarly, another variant of Cas9, Cas9SpRY, recognizes 

an NR (R=A or G) PAM site, which has significantly relaxed PAM requirements for 

SpCas9 (Walton et al., 2020). Consequently, Cas9SpRY has significantly high off-target 

activity. Similar efforts are ongoing to engineer other Cas endonuclease to change their PAM 

recognition sequence to help expand their utility.

2.1.1 DNA repair mechanisms following DSBs—Following endonuclease-induced 

DSBs, DNA repair mechanisms drive repair to avoid cell death. Two of the most 

well-studied DNA repair mechanisms include nonhomologous end joining (NHEJ) and 

homology-directed repair (HDR) (Sung and Klein, 2006, Chang et al., 2017). Of these, 

NHEJ is most readily used by cells to repair DSBs. During the repair process, NHEJ 

often introduces random elements into the genome resulting in substitutions, insertions, 

and/or deletions (indels), which can generate disruptive mutations. This system works well 

for disrupting a gene or eliminating a segment of DNA, both of which require DSBs in 

the target genome. As opposed to NHEJ, HDR is a precise repair mechanism that uses a 

homologous single- or double-stranded DNA template to guide DSB repair. This template 

can be provided by the host genome during the cell cycle or provided by an exogenous 

source in the case of targeted genome editing. Importantly, HDR-associated pathways are 

only active during S and G2-phases of the cell cycle, and are thus typically employed only 

in dividing cells. When thinking about therapeutic editing for IRD repair, the unpredictable 

and error-prone nature of the NHEJ repair pathway is not ideal, thus efforts are underway to 

identify ways to inhibit NHEJ in favor of HDR to drive accurate repair following CRISPR-

Cas9 induced DSBs. For example, a small molecule inhibitor, Scr7, targeting DNA ligase 

IV was used to block NHEJ from occurring both in cells and in mice, resulting in an 

up to 19-fold increase in HDR (Chu et al., 2015). Small molecules targeting DNA-PKc 

(NU7441 (Robert et al., 2015)) and KU proteins (STL127705 (Weterings et al., 2016)) have 

demonstrated a similar promotion of HDR with variable efficiency. Finally, shRNA-based 

knockdown of Ku proteins or DNA ligase IV resulted in improved HDR repair. Additional 

small molecules that have been used to boost HDR repair include those targeting CtIP 

(MLN4924), RAD52 (AICAR), RAD51 (RS-1), and Polθ (ART558 (Schimmel et al., 

2023)). Furthermore, a recent publication using a combination of small molecules, so-called 

“CRISPY mix” (NU7026, Trichostatin A, MLN4924, and NSC 15520) showed a significant 

additive effect over using one small molecule (Riesenberg and Maricic, 2018).
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While the above approaches have improved HDR rates, other efforts have also been 

undertaken to make NHEJ less error-prone. One such method is Homology-Independent 

Targeted Integration (HITI) (Suzuki et al., 2016). In this approach, a donor sequence is 

introduced along with Cas9. The donor template here also includes the same targeted 

sequence for the gRNAs as the host cell but in the reverse direction. Thus, post-Cas9 

endonuclease cutting, the template theoretically gets integrated into the cut site. Due to the 

nature of the design, only correctly-oriented templates get integrated, while reverse-oriented 

integration would be subjected to recutting by Cas9. This approach was shown to work 

well in vitro, even in post-mitotic neurons, as well as in vivo in mice and rats with 

retinitis pigmentosa (Suzuki et al., 2016). This HITI system has also shown recent success 

in promoting knock-in of large DNA donor minicircle constructs including fluorescence, 

bioluminescence, and MRI markers into AAVS1 safe harbor locus for long-term tracking of 

cells (Kelly et al., 2021).

2.2 Base editors (BEs)

To help overcome the innate challenges of the original Cas enzymes, base editors (BEs) 

were developed as facilitators of precise editing of target genetic loci through single-

nucleotide conversions (Komor et al., 2016, Nishida et al., 2016). These conversions 

are made possible using a catalytically impaired “nicking” Cas nuclease fused to DNA-

modifying enzymes that perform the base exchange (deaminases). These exchanges 

therefore do not require an HDR template or DSBs, eliminating the concern for undesired 

insertions or deletions in the target DNA.

Existing BE types include 1) cytosine base editors (CBEs), which convert C•G to T•A, 

2) the aptly-named C•G to G•C base editors (CGBEs), which convert C•G to G•C and 

were derived from CBEs, and 3) adenine base editors (ABEs), which convert A•T to G•C. 

Although BEs provide more efficient editing compared to traditional Cas nucleases, they 

are limited to single base edits and cannot address larger insertion or deletion mutations, 

either to remove them or generate them. Furthermore, these editors are more restricted by 

the location of the PAM sequence, which must lie within about 13-17nt from the desired 

base edit; this makes BEs more limited in their application. Finally, while the lack of DSBs 

makes BEs safer than traditional Cas9, there is a reasonable risk of off-target base editing of 

bystander nucleotides (called, ‘bystander editing’), which often occurs near the target locus 

if a nucleotide identical to the target nucleotide is present. Initial studies describing BEs 

reported up to 75% base editing in mammalian cells in vitro, with low indel formation and 

a high conversion rate within the editing window surrounding the target nucleotide (Komor 

et al., 2016). Therefore, although limited in its application, base editing is a highly efficient 

editing strategy to consider for therapeutic development.

2.3 Prime editors (PEs)

Prime editors (PEs) were first developed by Liu and colleagues (Anzalone et al., 2019) to 

overcome the limitations of the existing Cas9 nucleases and BEs. Like BEs, PEs use a Cas9 

nickase to cut a single strand of DNA and avoid DSB generation. The Cas9 nickase is fused 

to a reverse transcriptase (RT), which allows for the desired edit to be reverse transcribed 

at the target locus. This eliminates the need for co-delivery of a DNA template, while also 
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getting around the need for engagement of the inefficient HDR repair mechanism. Instead 

of using the standard single guide RNA (sgRNA) molecule to direct Cas9 to its target 

within the genome, PE technology utilizes a prime editing guide RNA (pegRNA), which 

combines the sgRNA with a primer binding site and a template for the RT. The RT template 

is the portion of the pegRNA that contains the desired edit. With these modifications, 

prime editing expands the possibilities for gene editing in post-mitotic cells beyond the 

capabilities of traditional Cas9 and BEs. PEs in human immortalized cell lines have yielded 

up to 58% editing efficiency, and have been shown to work in post-mitotic cells, including 

primary neurons, with an average efficiency of 7% (Anzalone et al., 2019, Anzalone et al., 

2020). While current versions of PEs (e.g. PE2) still have some off-target editing, off-target 

editing events are 4.4-fold lower compared with wildtype Cas9 cutting (Anzalone et al., 

2019). More recent improvements in the PE system include the development of PE4, PE5, 

and PEmax systems (Chen et al., 2021). These new PEs introduce transient expression 

of a mutated DNA mismatch repair (MMR) protein (MLH1dn) which acts as a dominant 

negative version of MLH1dn to interfere with the suppressive effects of the normal DNA 

MMR process that exists in cells. The PE4 (PE2+MLH1dn) and PE5 (PE3+MLH1dn) 

systems improve editing efficiency in iPSCs by an average of 7.7-fold. The ratio of edits to 

indels was found to increase by 3.4-fold over the PE2 and PE3 alone, respectively. Chen and 

colleagues further improved editing efficiency with the PEmax system, which introduced 

additional mutations to Cas9, alterations to the NLS sequence, as well as changes to the 

peptides that link the Cas9 nickase and the RT. The PEmax changes were applied to all 

versions of PEs, (PE2, PE3, PE4, PE5), all of which showed an average increase in editing 

efficiency compared to the corresponding system from which each was derived (Chen and 

Liu, 2023). Editing can be further optimized using an engineered pegRNA (epegRNA) 

molecule, which harbors a modification to the original pegRNA to improve its stability 

(Nelson et al., 2022).

3. Ocular delivery methods

Once the optimal gene editor system has been chosen and optimized for a given study, the 

appropriate delivery system must then be employed.

3.1 Adeno-associated viruses (AAVs)

One promising approach for the delivery of gene editors to the retina is the use of adeno-

associated viruses (AAVs). These naturally-occurring viruses have been applied to the eye in 

research or clinical settings for nearly three decades, making them one of the more widely 

studied and utilized delivery tools currently in use. AAVs offer an extremely efficient and 

biocompatible system for the delivery of non-integrating single-stranded DNA up to ~5kb 

(~4.7kb of that is available for a transgene cassette). While this cargo size and type may be 

perfect for exogenous expression of smaller genes, it cannot hold most gene editors, which 

typically exceed 4.7kb in size. To overcome the limited carrying capacity of a single AAV, 

dual-AAV and multi-AAV systems have been developed and are currently being studied 

(Trapani, 2019, Zhi et al., 2022). Another feature of AAVs is that genes delivered using this 

method exhibit lengthy expression, which is critical for gene augmentation-based therapies. 

However, for gene editing, it is beneficial to limit the expression time of the gene editor 
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system to reduce the chances of unwanted editing within the target genome. To address 

this concern, various research groups have presented AAV systems with self-inactivating 

capabilities for the delivery of CRISPR/Cas9 tools (Ibraheim et al., 2021, A. Li et al., 2019, 

F. Li et al., 2019); however, these systems exhibit incomplete inactivation and evidence 

of AAV cargo integration into the target genome, posing an added risk for undesired 

edits. Finally, at least 12 naturally-occurring AAV serotypes have been discovered, with 

some variability in tissue tropisms among these serotypes (Li and Samulski, 2020). This 

variability provides options for optimizing delivery to different cell types in vivo. Cross-

packaging can also be used to mix serotypes, further increasing the options for generating 

efficacious cell type-specific targeting (Hu et al., 2021). AAVs offer a relatively safe (Bucher 

et al., 2021) and efficient delivery option for gene editors. More extensive reviews covering 

the current safety profiles, utility, and limitations of AAVs and other viral vectors can be 

found in (Raguram et al., 2022, Bucher et al., 2021, Schön et al., 2015, Hori et al., 2019).

3.2 Lentiviruses and virus-like particles (VLPs)

Another commonly used virus for delivery of nucleic acids to mitotic and postmitotic 

cells is the lentivirus, and as such, it provides another option for delivery of gene editing 

tools (Holmgaard et al., 2019, Raguram et al., 2022b). Lentiviruses offer a larger carrying 

capacity (~8kb) compared to AAVs, which could allow for packaging of some gene editors 

into a single lentivirus. In contrast to AAVs, lentiviruses deliver cargo that integrates into 

the host genome, which could cause undesired prolonged expression of the gene editor. 

These integration events also have the potential to generate mutations at the insertion site, 

as they often insert into open chromatin with genes that are actively being expressed. While 

lentiviruses may be applicable for certain IRD treatments, especially gene augmentation, 

their limitations with regard to delivery of gene editors may outweigh the benefits when you 

consider the lentivirus options that are currently available.

Virus-like particles (VLPs) are viral protein assemblies that have the ability to infect 

target cells, but lack any viral genetic materials. VLPs can carry proteins, such as 

ribonucleoproteins (RNPs), allowing for short-lived Cas enzymes. These particles avoid the 

typical risks associated with viral particle delivery, while maintaining tissue- or cell-specific 

targeting, with the ability to modulate tropism by changing out the envelope glycoproteins 

used (Mazurov et al., 2023). Banskota and colleagues recently generated engineered VLPs 

(eVLPs), which have about a 16-fold increase in RNP carrying capacity compared to 

previous generations of VLPs (Banskota et al., 2022), revealing a promising new option for 

efficient delivery of large gene editors. The major limitations for VLPs and eVLPs include 

non-specific co-packaging of proteins or RNA from the host cells in which the VLPs/eVLPs 

are manufactured, as well as cargo size limitations, especially for VLPs, which become more 

inefficient to package as the size of the protein cargo increases. Altogether, this recently 

developed delivery method shows great promise for delivery of therapeutic agents, including 

gene editors, to treat IRDs.

3.3 Lipid nanoparticles (LNPs)

Lipid nanoparticles (LNPs) are quickly becoming a promising tool for the safe and efficient 

delivery of diverse cargos to various tissues, including the eye. LNPs are commonly 
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composed of a cationic or ionizable lipid, structural lipids (such as phospholipids and 

sterol lipids), and a PEG-conjugated lipid, and are formulated using controlled microfluidic 

mixing, during which all components are able to self-assemble and encapsulate the desired 

cargo (Eygeris et al., 2022). With this formulation process, LNPs offer an easily modifiable 

delivery system, in which lipid composition, size, shape, charge, and other key properties 

can be adjusted to attain successful delivery to different cell types. Furthermore, LNPs 

can be manufactured to incorporate cell type-specific targeting peptides, as was done by 

Herrera-Barrera and colleagues to target photoreceptor cells in vivo in mice and nonhuman 

primates (Herrera-Barrera et al., 2023).

LNPs have the ability to delivery various types of cargo (DNA, RNA, protein, small 

molecules, etc.) of theoretically unlimited size. Studies have shown that LNP delivery 

of mRNA to the retina results in rapid, short-lived expression of the cargo (Patel et al., 

2019), which is ideal for limiting unintended editing events that can result from prolonged 

expression of gene editors. In preliminary studies, we have shown that LNPs can deliver 

EGFP mRNA to photoreceptor cells in human retinal organoids (data not shown); however, 

efficiency will need to be improved using further optimized LNP formulations. In contrast, 

delivery to iPSC-derived RPE cells is highly efficient, likely due to the phagocytic nature 

of these cells. Altogether, LNPs offer a relatively safe, scalable delivery tool that can be 

optimized to fit the needs of the therapy type and target tissue, and they are becoming 

a more active area of research for IRD therapeutic development (Wang et al., 2015, del 

Pozo-Rodríguez et al., 2013).

4. Advancements in the delivery of gene editors to the retina

Several in vitro and in vivo studies have already been conducted to test the capabilities 

of gene editor systems delivered to the retina. Rd10 mice (Pde6b mutation), which show 

features of retinitis pigmentosa, were treated with an AAV8-ABE, introduced via subretinal 

injection. Sequencing at the genomic DNA and cDNA level was found to average 20.79% 

and 54.97%, respectively. This study also showed bystander editing reached 8.85% at the 

target locus. This level of correction in these mice restored Pde6b expression, preserved 

photoreceptor cells, and rescued photopic ERG amplitude (Su et al., 2023). Another group 

studied base editing in rd12 mice, which is a model for Rpe65-LCA. 3-week-old rd12 mice 

were given subretinal injections of lentivirus-packaged ABE to target the Rpe65 mutation 

in RPE cells. They evaluated Rpe65 editing at three weeks post-treatment and showed up 

to 40% correction efficiency in cDNA (with average editing = 27±12%) if you exclude 

corrections with bystander edits. Bystander editing was found to be ~20-30%, which shows 

a high level of unwanted conversions in the Rpe65 gene, which could have additional 

unintended consequences, depending on the resulting amino acid changes at those sites. 

This group also attempted dual-AAV delivery of the ABE and observed 1.6% precision 

editing efficiency. In a similar study using rd12 mice, sequencing of bulk RPE revealed 

~33% correction at 3 months post-treatment with dual AAV-ABE targeting the Rpe65 
gene. Bystander editing, however, was present in more than 50% of sequenced cells (Jo 

et al., 2023). Furthermore, lentiviral delivery of ABE was explored to correct Gnat in 

cone photoreceptor cells in rd10/Gnat−/− mice, which resulted in rescue of cone function 

and survival (Choi et al., 2022). Finally, eVLPs were used to deliver ABE RNPs to the 
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RPE cells of rd12 mice, targeting the Rpe65 gene (ABE7.10-NG-eVLPs), and this study 

was able to achieve 12% correction efficiency, with a lack of bystander editing near the 

target base (Banskota et al., 2022). While the majority of in vivo BE experiments reveal 

unwanted bystander editing in retinal cells, efficiency of on-target editing events is rather 

high, especially when compared to other gene editing modalities. Furthermore, rescue of 

retinal phenotypes has been observed in mice treated with ABEs targeting two different 

genes, providing evidence of its utility for therapeutic editing. Although BE is limited to 

single nucleotide conversions, there are numerous mutations in IRD-causing genes that can 

be addressed with this method of gene editing, and many of these targets have already been 

identified (Piotter et al., 2021, Kaukonen et al., 2022, Elsayed et al., 2022, Bellingrath et al., 

2022, Lopes da Costa et al., 2023, Fry et al., 2021).

Prime editing is still a relatively new technology; however, a few groups have begun to 

employ PEs for correction of IRD mutations. Wimmer and colleagues introduced PE2 

plasmids into HEK293 cells with an ABCA4 mutation to determine in vitro editing 

efficiency (Wimmer et al., 2023). Their study, which used a bioluminescence resonance 

energy transfer (BRAT)-based editing sensor as a readout, found up to 92% correction 

of the ABCA4 gene. Qin et al. studied PESpRY editing of the Pde6B gene in rd10 mice, 

using split-AAV-based delivery (Qin et al., 2023). This study yielded an average editing 

frequency of up to 76% in infected cells and showed recovery of disease phenotypes. Two 

independent studies in rd12 mice (Jang et al., 2022, She et al., 2023) tested AAV-delivery 

of PE to assess correction of the Rpe65 mutation. In Jang et al., subretinal injection of 

AAV2-PE2 showed a delivery efficiency of 23% within the entire RPE layer, and an editing 

efficiency of 6.4% (4.1-7.4% range). When estimating the editing efficiency just in the 

cells that received PE2, the average increases to 28%. No off-target editing events were 

observed in the target region or in common off-target sites. Finally, ERG responses were 

elevated in treated mice compared to untreated, showing some rescue of the disease (Jang 

et al., 2022). In She et al., a dual AAV8-split PE3 was delivered subretinally into rd12 
mice, which resulted in 11.4±2.3% editing in RPE cells, restoration of RPE65 protein levels, 

and improved photoreceptor function and survival (She et al., 2023). Based on the data 

so far, both BEs and PEs should be considered strong candidates for a gene editing-based 

therapeutic strategy.

5. Preclinical model systems

Therapeutic gene editing in patients is already underway; however, the first clinical trial 

in the eye, focused on the CEP290 gene (EDIT-101), is currently paused due to poor 

efficacy with a very small responder group (discussed in Section 7). A major challenge for 

these trials lies with pre-clinical assessment of the clinical product. Rodents, such as mice 

and rats, are the de facto models for assessment of efficacy and toxicity; however, there 

are significant differences in retinal structure and function in these model systems when 

compared to humans. Key differences include a lack of cone-rich regions similar to the 

macula and/or fovea, differences in the ratio and classifications of cell subtypes (e.g., cones 

and ganglion cells), and globe size and access to delivery sites. To get around some of these 

concerns, alternate models are being considered (Figure 2).
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5.1 Nonhuman primates (NHPs)

Nonhuman primates (NHP) appear to be an ideal animal model for testing gene editing-

based therapies, due to their shared commonalities with humans in terms of genetics, tissue 

structure and function, and genetics. Commonly used NHPs in research include cynomolgus 

(Macaca fascicularis), rhesus (Macaca mulatta), and common marmoset (Callithrix jacchus). 

With relation to the eye, NHPs share central retinal features including a macula and fovea. A 

few naturally occurring human retinal disease models have been identified in NHP colonies, 

including a rhesus colony with mutations in the PDE6C gene leading to achromatopsia 

(Moshiri et al., 2019). Four related NHPs were detected upon discovery of the photophobic 

feature that is typically observed in patients with achromatopsia. Sequencing analysis 

confirmed a homozygous R565Q missense mutation in the catalytic domain of PDE6C, 

which is a critical cone-specific phototransduction enzyme. The NHPs were confirmed to 

have preserved rod function, but no cone function, via electroretinograms (ERG). Martha 

Neuringer’s lab at OHSU recently reported the existence of a rhesus macaque model 

of Bardet-Biedl syndrome, a multi-system syndromic disorder associated with retinitis 

pigmentosa (Peterson et al., 2019). This study identified three related NHPs bearing a 

homozygous mutation (c.160delG) in the BBS7 gene. The animals displayed severe macular 

degeneration, including loss of photoreceptor layers, RPE degeneration, and vasculature 

atrophy, all of which are hallmarks of the disorder. The NHPs also had severe functional 

defects on ERG analysis. Interestingly, CRISPR-based gene editing has been used to 

generate induced models of retinal degeneration in NHPs. For example, a cynomolgus 

achromatopsia model was generated by knocking down the CNGB3 gene (Lin et al., 

2020). Using a dual-AAV9 system to deliver Cas9 and gRNAs, the animals were injected 

subretinally at multiple sites to spread the virus over a wider coverage area. Treated animals 

showed reduced cone activity on a multi-focal ERG at the sites of injection. Similarly, a 

RHO model was generated by in vivo knockdown using gRNAs targeting the RHO gene, 

delivered into the eye using AAV (Li et al., 2021). In addition, a human synapsin I (hSyn) 

promoter was used to drive expression in retinal neurons to prevent bystander effects on glia 

and RPE. The NHPs showed generalized retinal degeneration with the most prominent loss 

occurring in the macula, with severe functional deficits. Another recent report described the 

development of a NHP Usher syndrome model, in which CRISPR/Cas9 was used to disrupt 

MYO7A in rhesus macaque zygotes. While an overt retinal phenotype was not detected 

up to 12 months of age, the monkey did show auditory disturbances (Ryu et al., 2022). 

Currently, the biggest challenge to the use of NHP models is limited availability and high 

animal costs. Furthermore, higher ethical considerations exist with the use of NHPs, with 

efforts being made to use them only for disorders where alternate models do not suffice. 

Finally, the presence of very few naturally occurring mutations in NHPs are a challenge, 

but an increased effort to identify more naturally occurring mutations should identify more 

cohorts. Some gene editing-based approaches at the embryo stage are also being employed 

to generate human disease-associated models for various extra-ocular disorders (Chen et al., 

2015, Yang et al., 2019, Tu et al., 2019).

5.2 Cone-rich species

For treatments targeting cone photoreceptors, rodents are particularly impractical due to 

the diffuse cone distribution. Therefore, species with cone-rich retinae would be ideal for 
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such treatments. Two cone-rich species, the 13-lined ground squirrel (13-LGS; Ictidomys 
tridecemlineatus) and northern tree shrew (Tupaia belangeri) are extremely promising vision 

models. Ground squirrels exhibit an ~85% cone population (Kryger et al., 1998, Kandoi 

et al., 2022). Their lens:globe ratio is much closer to humans than mice or rats, allowing 

for better in vivo imaging of their photoreceptor mosaic (Gur and Sivak, 1979, Sajdak et 

al., 2016). The biggest challenge with using this species lies with its hibernation behavior 

(Remé and Young, 1977); the animals are unavailable for 4-6 months in the Winter and 

undergo significant cone remodeling during this phase. Tree shrews are another intriguing 

model, given their close relation to primates (Fan et al., 2013), and the fact that their 

photoreceptor layer consists predominantly of cones (~95%) (Müller and Peichl, 1989). 

Although tree shrews are native to South Asia, there are a few inbred colonies in the United 

States, and they have been used extensively as models for studying myopia (Sherman et 

al., 1977, McBrien and Norton, 1992) and central visual processing (Fitzpatrick, 1996, 

Chisum et al., 2003). Like the 13-LGS, tree shrews have large eyes with a more human-like 

lens:globe ratio, and also exhibit highly visual behaviors (Immel and Fisher, 1985). Both of 

these models could be well adapted to optimize delivery methods and assess recovery for 

cone-based therapies.

5.3 Human retinal organoids

With the discovery of somatic cell reprogramming to generate human induced pluripotent 

stem cells (iPSCs) (Takahashi et al., 2007, Yu et al., 2007), we now have the opportunity 

to directly test therapies in patient cells. Furthermore, a number of validated protocols are 

available to generate retinal organoids (Ohlemacher et al., 2015, Capowski et al., 2019, 

Chew et al., 2022). These organoids closely mimic the human retinogenesis timeline, 

structure, and composition (Cowan et al., 2020, Sridhar et al., 2020, Finkbeiner et al., 2022). 

Furthermore, we and others have demonstrated that organoids generated from patient iPSCs 

reliably reproduce disease pathogenesis and can be important tools for therapeutic discovery. 

We recently used LCA7 organoids (harboring CRX mutations) to demonstrate the efficacy 

of a traditional Cas9-based allele-specific knockdown approach to treat dominant negative 

disorders (Figure 3 (Chirco et al., 2021)). Similarly, iPSCs from X-linked Retinoschisis 

(XLRS) patients with RS1 mutations have been used to generate retinal organoids for testing 

gene editing (Huang et al., 2019). This group demonstrated partial rescue of the disease 

phenotype using an ABE to repair the C625T mutation in the RS1 gene. The ability to work 

with human organoids will have distinct advantages for the assessment of on- and off-target 

editing, as well as methods of delivery to human cells. The key challenge that remains is the 

slow development of these retinal organoid models, which can take nine months to a year 

to develop measurable disease phenotypes for early onset disorders, making slow-developing 

diseases like retinitis pigmentosa even more challenging to model and show therapeutic 

efficacy.

6. Ethical and regulatory challenges

The least controversial therapeutic application of gene editing is somatic cell editing to 

treat pre-existing disorders. Most regulatory authorities are primarily concerned with the 

safety of the product, so the key concern with relation to CRISPR-based editing is off-target 
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editing. This is less of a concern when cells are edited ex vivo prior to re-implantation, as 

proposed for some hematopoietic populations, since these edited cells can be fully screened 

for unintended edits. In contrast, direct editing in vivo cannot be further screened in living 

patients, which is where human organoid models could become useful to better predict 

off-target effects within the human genome. As opposed to CRISPR-based somatic editing, 

germline editing is highly controversial and fraught with concerns. Targeting germline cells 

could have long-term effects on the individual and lead to permanent and unpredictable 

side effects passed down through future generations (Schleidgen et al., 2020). Another 

major concern with gene editing in patients involves obtaining proper informed consent 

from the individual undergoing editing therapy, especially for disorders that may not be 

life-threatening (Jonlin, 2020). Finally, there are societal concerns around access to such 

technologies due to high cost of the treatment, meaning that they may only be accessible 

to the wealthy. A concerted effort is needed to ensure such gene editing therapies will be 

available to everyone (Muigai, 2022).

7. Status of clinical trials

A number of gene editing-based clinical trials are currently ongoing, and these can be 

divided into 1) in vivo editing, or 2) ex vivo editing of cells that are then transplanted back 

into the patient. A number of the trials listed on ClinicalTrials.gov are listed below in Table 

1. Of these, there have been two trials with relation to the eye; one for the treatment of 

refractory keratitis due to HSV-1 infection, and another for the treatment of LCA10. The 

keratitis trial involved treatment of the cornea with CRISPR and guide mRNA targeting 

the HSV-1 virus, delivered using lentiviral particles. A total of three patients were treated, 

and a pre-print of the data shows that the patients were virus-free within 2 months and 

remained so up to 21 months of follow-up (Wei et al., 2023). The other clinical trial 

focused on treating LCA10 patients with CEP290 mutations (BRILLIANCE trial by Editas 

Medicine). AAV5 vector was used to deliver the SaCas9 and CEP290-specific gRNAs to 

photoreceptor cells by subretinal injection. A GRK1 promoter was used to selectively target 

the photoreceptors and the gRNAs were targeted against a common variant in the CEP290 
gene: IVS26 c.2991+1655 A>G mutation (EDIT-101 (Maeder et al., 2019)). The mutation 

lies within the intronic region, between exons 26 and 27, and the investigators used two 

guides to cut out the defect. Preclinical testing was carried out in human retinal explants 

following punch biopsy to test editing frequency. To test in vivo editing, a human CEP290 
IVS26 knock-in mouse model was used, and they observed up to 21% editing that was 

sustained over 6-9 months. Finally, this study verified editing in NHPs, although the gRNAs 

needed to be modified due to sequence variation between humans and NHPs (Maeder et al., 

2019). Based on the preclinical data, a total of 14 patients were treated in the trial, including 

12 adults and two kids. Unfortunately, while the treatment was well tolerated, the trial is 

currently paused as only three out of 14 subjects met the threshold of clinically meaningful 

visual improvements. Interestingly, two of the three responders had homozygous mutations, 

suggesting that correction of one copy is likely not enough for clinical efficacy.
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8. Conclusion

One of the ultimate goals in the IRD field is to develop a universal or easily modifiable, 

scalable therapy that can be applied to as many patients as possible. Substantial progress 

has already been made toward this end, with gene editing at the forefront. Gene editing 

seems like the ideal therapy to mitigate IRD progression, as it provides a permanent fix to 

disease-causing mutations. Here, we discuss the most promising tools currently available, 

including gene editors, delivery systems, and model systems for pre-clinical testing. Much 

work is still required to attain a safe, efficient, and broadly applicable gene editing-based 

therapeutic; however, significant progress has been made in this active area of research. With 

the ongoing efforts of many research groups, we can hopefully achieve our collective goal in 

the near future, and help to improve vision for countless individuals.
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Figure 1. 
Benefits and limitations of major gene editor types and delivery methods.
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Figure 2. 
Schematic of lipid nanoparticle (LNP) delivery of EGFP mRNA and AAV delivery of EGFP 

cDNA to human retinal organoids, cone-rich species, and nonhuman primates. A schematic 

of EGFP expression is shown in photoreceptor cells and RPE both in vitro and in vivo.
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Figure 3. 
Allele-specific editing in hiPSCs harboring a dominant mutation in the CRX gene (from 

(Chirco et al., 2021)). The CRISPR/Cas9 dual-cutting target sites are mapped onto the 

mutant allele of the CRX gene (A). PCR was performed using primers shown in (A; purple 

triangles), revealing an additional 374-bp band representing the edited “knockout (KO) 

allele” after CRISPR/Cas9 editing (B). Sanger sequencing was also utilized to confirm loss 

of the K88Q mutation after CRISPR-mediated editing (C). Immunofluorescence staining 

using antibodies against SAG (green; D-I′), RCVRN (red; J-O′), and ARR3 (green; P-U′) 
are shown for control (CRXWT; D-E′, J-K′, and P-Q′), CRXK88Q/+ (F-G′, L-M′, and 

R-S′), and CRX+/− (H-I′, N-O′, and T-U′) retinal organoids at D180 (n=3 organoids per 

line). Nuclei are counterstained with DAPI (blue). Scale bars (U and U′), 100μm. OPL, 

outer plexiform layer; INL/GCL, inner nuclear layer/ganglion cell layer.
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Table 1.

Gene editing-based clinical trials found in ClinicalTrials.gov

Title Conditions Interventions Trial#

In vivo Eye Diseases

Safety and Efficacy of CRISPR/Cas9 mRNA 
Instantaneous Gene Editing Therapy to Treat Refractory 
Viral Keratitis

Refractory Viral Keratitis, 
Herpes Simplex Virus 
Infection

Drug: BD111 Adult single 
group Dose NCT04560790

Single Ascending Dose Study in Participants With LCA10
Leber Congenital 
Amaurosis 10, Inherited 
Retinal Dystrophies

Drug: EDIT-101 NCT03872479

In Vivo Non-Eye Disorders

Study to Evaluate Safety, Tolerability, Pharmacokinetics, 
and Pharmacodynamics of NTLA-2001 in Patients 
With Hereditary Transthyretin Amyloidosis With 
Polyneuropathy (ATTRv-PN) and Patients With 
Transthyretin Amyloidosis-Related Cardiomyopathy 
(ATTR-CM)

Transthyretin-Related 
(ATTR) Familial Amyloid 
Polyneuropathy

Biological: NTLA-2001 NCT04601051

A Safety and Efficacy Study of TALEN and CRISPR/Cas9 
in the Treatment of HPV-related Cervical Intraepithelial 
Neoplasia

Human Papillomavirus-
Related Neoplasm

Biological: CRISPR/Cas9 
or TALEN NCT03057912

Study of EBT-101 in Aviremic HIV-1 Infected Adults on 
Stable ART HIV-1-infection Biological: EBT-101 NCT05144386

NTLA-2002 in Adults With Hereditary Angioedema Hereditary Angioedema Biological NTLA-2002 NCT05120830

Treatment of a Single Patient With CRD-TMH-001 Duchenne Muscular 
Dystrophy Drug: CRD-TMH-001 NCT05514249

Ex vivo edited non-blood cells

An Open-Label, FIH Study Evaluating the Safety, 
Tolerability, and Efficacy of VCTX211 Combination 
Product in Subjects With T1D

Diabetes Mellitus, Type 1 Combination Product: 
VCTX211 NCT05565248

An Open-Label, FIH Study Evaluating the Safety and 
Tolerability of VCTX210A Combination Product in 
Subjects With T1D

Diabetes Mellitus, Type 1 Combination Product: 
VCTX210A unit NCT05210530

Ex vivo edited hematopoietic cells

Study of CRISPR-Cas9 Mediated PD-1 and TCR Gene-
knocked Out Mesothelin-directed CAR-T Cells in Patients 
With Mesothelin Positive Multiple Solid Tumors.

Solid Tumor, Adult Biological: anti-mesothelin 
CAR-T cells NCT03545815

EDIT-301 for Autologous Hematopoietic Stem Cell 
Transplant (HSCT) in Participants With Transfusion-
Dependent Beta Thalassemia (TDT)

Transfusion Dependent 
Beta Thalassemia Genetic: EDIT-301 NCT05444894

Transplantation of Clustered Regularly Interspaced Short 
Palindromic Repeats Modified Hematopoietic Progenitor 
Stem Cells (CRISPR_SCD001) in Patients With Severe 
Sickle Cell Disease

Sickle Cell Disease Drug: CRISPR_SCD001 NCT04774536

CISH Inactivated TILs in the Treatment of NSCLC Metastatic Non Small 
Cell Lung Cancer

Other: CISH Inactivated T 
cells NCT05566223

A Safety and Efficacy Study Evaluating CTX120 in 
Subjects With Relapsed or Refractory Multiple Myeloma Multiple Myeloma Biological: CTX120 NCT04244656

Evaluation of Efficacy and Safety of a Single Dose of 
CTX001 in Participants With Transfusion-Dependent Î2-
Thalassemia and Severe Sickle Cell Disease

Beta-Thalassemia, Sickle 
Cell Disease Biological: CTX001 NCT05477563/

NCT03655678

A Safety and Efficacy Study Evaluating CTX130 
in Subjects With Relapsed or Refractory Renal Cell 
Carcinoma (COBALT-RCC)

Renal Cell Carcinoma Biological: CTX130 NCT04438083
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Title Conditions Interventions Trial#

A Safety and Efficacy Study Evaluating CTX112 
in Subjects With Relapsed or Refractory B-Cell 
Malignancies

B-cell Lymphoma Biological: CTX112 NCT05643742

A Safety and Efficacy Study Evaluating CTX130 in 
Subjects With Relapsed or Refractory T or B Cell 
Malignancies (COBALT-LYM)

T Cell Lymphoma Biological: CTX130 NCT04502446

A Safety and Efficacy Study Evaluating CTX110 
in Subjects With Relapsed or Refractory B-Cell 
Malignancies (CARBON)

B-cell Malignancy, Non-
Hodgkin Lymphoma Biological: CTX110 NCT04035434

CRISPR-Edited Allogeneic Anti-CD19 CAR-T Cell 
Therapy for Relapsed/Refractory B Cell Non-Hodgkin 
Lymphoma

B Cell Non-Hodgkin's 
Lymphoma Genetic: CB-010 NCT04637763

iHSCs With the Gene Correction of HBB Intervent 
Subjects With Î2-thalassemia Mutations

Thalassemia Biological: iHSCs 
treatment group NCT03728322

CRISPR-Edited Allogeneic Anti-BCMA CAR-T Cell 
Therapy in Patients With Relapsed/Refractory Multiple 
Myeloma

Relapsed/Refractory 
Multiple Myeloma Biological: CB-011 NCT05722418

A Safety and Efficacy Study Evaluating ET-01 in Subjects 
With Transfusion Dependent Î2-Thalassaemia

Transfusion Dependent 
Beta-Thalassemia Biological: ET-01 NCT04925206

Study of PD-1 Gene-knocked Out Mesothelin-directed 
CAR-T Cells With the Conditioning of PC in Mesothelin 
Positive Multiple Solid Tumors

Mesothelin+ Solid Tumor Biological: Mesothelin-
directed CAR-T cells NCT03747965

A Study Evaluating UCART019 in Patients With Relapsed 
or Refractory CD19+ Leukemia and Lymphoma

B Cell Leukemia/
Lymphoma Biological: UCART019 NCT03166878

PD-1 Knockout Engineered T Cells for Advanced 
Esophageal Cancer Esophageal Cancer Other: PD-1 KO T Cells NCT03081715

Safety and Efficacy Evaluation of BRL-101 in Subjects 
With Transfusion-Dependent Î2-Thalassemia

Beta-Thalassemia Drug: BRL-101 NCT05577312

A Feasibility and Safety Study of Universal Dual 
Specificity CD19 and CD20 or CD22 CAR-T Cell 
Immunotherapy for Relapsed or Refractory Leukemia and 
Lymphoma

B Cell Leukemia/ 
Lymphoma

Biological: CD19 and 
CD20 or CD22 CAR-T 
Cells

NCT03398967

Genetic Ablation of CD33 in HSC to Broaden the 
Therapeutic Index of CD33-directed Immunotherapy in 
Patients With AML

Refractory Acute Myeloid 
Leukemia (AML)

Biological: CD34+ HSC 
with CD33 deletion NCT05662904

Gene Correction in Autologous CD34+ Hematopoietic 
Stem Cells (HbS to HbA) to Treat Severe Sickle Cell 
Disease

Sickle Cell Disease Genetic: GPH101 Drug 
Product NCT04819841

Study Investigating NTLA-5001 in Subjects with Acute 
Myeloid Leukemia Acute Myeloid Leukemia Genetic: NTLA-5001 NCT05066165

TRAC Locus-inserted CD19-targeting STAR-T Cell 
Therapy in r/r B-NHL

B Cell Non-Hodgkin 
Lymphoma

Biological: Autologous 
CD19-STAR-T cell NCT05631912

TGFÎ2R-KO CAR-EGFR T Cells in Previously Treated 
Advanced EGFR-positive Solid Tumors

EGFR+ Solid Tumors Biological: TGFÎ2R-KO 
CAR-EGFR T Cells

NCT04976218

PD-1 Knockout Engineered T Cells for Metastatic Non-
small Cell Lung Cancer

Metastatic Non-small Cell 
Lung Cancer

Other: PD-1 Knockout T 
Cells NCT02793856

Safety and Efficacy of CT125A Cells for Treatment of 
Relapsed/Refractory CD5+ Hematopoietic Malignancies

CD5+ Relapsed/
Refractory Hematopoietic 
Malignancies

Biological: CT125A cells NCT04767308

Study of Base Edited CAR7 T Cells to Treat T Cell 
Malignancies (TvT CAR7)

Refractory T-cell Acute 
Lymphoid Leukaemia

Biological: BE CAR7 T 
cells NCT05397184

A Long-term Follow-up Study of Patients Who Received 
VOR33

Leukemia, Myeloid, 
Acute Genetic: VOR33 NCT05309733
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Title Conditions Interventions Trial#

Safety of Transplantation of CRISPR CCR5 
Modified CD34+ Cells in HIV-infected Subjects With 
Hematological Malignances

HIV-1-infection Genetic: CCR5 gene 
modification NCT03164135

CRISPR (HPK1) Edited CD19-specific CAR-T Cells 
(XYF19 CAR-T Cells) for CD19+ Leukemia or 
Lymphoma.

Refractory CD19+ 
Leukemia or Lymphoma

Genetic: XYF19 CAR-T 
cell NCT04037566
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