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ABSTRACT

Introduction: Aniridia is a rare congenital
vision-loss disease caused by heterozygous
variants in the PAX6 gene. There is no vision-
saving therapy, but one exciting approach is to
use CRISPR/Cas9 to permanently correct the
causal genomic variants. Preclinical studies to
develop such a therapy in animal models face
the challenge of showing efficacy when binding
human DNA. Thus, we hypothesized that a
CRISPR gene therapy can be developed and
optimized in humanized mouse embryonic
stem cells (ESCs) that will be able to distinguish
between an aniridia patient variant and

nonvariant chromosome and lay the founda-
tion for human therapy.
Methods: To answer the challenge of binding
human DNA, we proposed the ‘‘CRISPR
Humanized Minimally Mouse Models’’
(CHuMMMs) strategy. Thus, we minimally
humanized Pax6 exon 9, the location of the
most common aniridia variant c.718C[T. We
generated and characterized a nonvariant
CHuMMMs mouse, and a CHuMMMs cell-based
disease model, in which we tested five CRISPR
enzymes for therapeutic efficacy. We then
delivered the therapy via lipid nanoparticles
(LNPs) to alter a second variant in ex vivo cor-
tical primary neurons.
Results: We successfully established a nonvari-
ant CHuMMMs mouse and three novel
CHuMMMs aniridia cell lines. We showed that
humanization did not disrupt Pax6 function
in vivo, as the mouse showed no ocular phe-
notype. We developed and optimized a CRISPR
therapeutic strategy for aniridia in the in vitro
system, and found that the base editor, ABE8e,
had the highest correction of the patient variant
at 76.8%. In the ex vivo system, the LNP-en-
capsulated ABE8e ribonucleoprotein (RNP)
complex altered the second patient variant and
rescued 24.8% Pax6 protein expression.
Conclusion: We demonstrated the usefulness
of the CHuMMMs approach, and showed the
first genomic editing by ABE8e encapsulated as
an LNP-RNP. Furthermore, we laid the founda-
tion for translation of the proposed CRISPR
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therapy to preclinical mouse studies and even-
tually patients with aniridia.

Keywords: Adenine base editor; Aniridia;
CRISPR gene therapy; Humanization; Lipid
nanoparticles; Mouse embryonic stem cells;
Paired box 6 (PAX6); Primary cortical neurons

Key Summary Points

Why carry out this study?

PAX6 aniridia is a rare congenital disease,
that typically leads to blindness, for which
there is no vision-saving therapy.

An exciting approach to therapy is to use
CRISPR/Cas9 to permanently correct the
causal genomic variants.

What was the hypothesis of the study?

The main hypothesis was that a CRISPR
gene therapy can be developed and
optimized in humanized mouse
embryonic stem cells that will be able to
distinguish between an aniridia patient
variant and nonvariant chromosome and
lay the foundation for further preclinical
mouse studies.

What were the study outcomes?

The main outcome was an optimized
CRISPR therapeutic strategy using the base
editor ABE8e, which corrected the most
common aniridia patient variant at 76.8%
in vitro, and when delivered as an LNP-
encapsulated RNP altered a second patient
variant rescuing 24.8% of Pax6 protein
expression.

What has been learned from the study?

We showed the first genomic editing by
ABE8e encapsulated as an LNP-RNP.

We provided support for the main
hypothesis laying the foundation for the
translation of our optimized CRISPR
therapy for further preclinical mouse
studies.

INTRODUCTION

Congenital aniridia is a rare vision-loss disease
characterized by the underdevelopment and
malformation of the eye [1, 2]. Clinical features
primarily include varying severities of hypo-
plasia of the iris, fovea, and optic nerve [1–3].
Patients experience low visual acuity and pho-
tophobia, which typically progressively worsens
over time due to the occurrence of cornea ker-
atopathy, glaucoma, and other disease mani-
festation, leading to blindness by young
adulthood [3–5]. Aniridia is caused by more
than 600 heterozygous pathogenic variants in
the transcription factor paired box 6 (PAX6), a
master regulator of ocular development, with
dosage sensitivity in the eye [6–9]. The majority
of these variants are dominant loss of function,
and lead to phenotype due to PAX6 haploin-
sufficiency [10]. These include the most com-
monly reported aniridia patient variant,
c.718C[T (p.R240X) located in exon 9
[11–14], which is one of four that together
account for more than 20% of aniridia cases [7].
There are interventions that prolong vision [3]
and ongoing work to develop drugs that may
regulate PAX6 expression [15], but there are
currently no vision-saving therapies for aniridia
[16]. Thus, there is an unmet therapeutic need.

Fortunately, there has been considerable
investigation and characterization of aniridia
models to study molecular pathophysiology,
disease progression, and therapeutic develop-
ment [17]. Importantly, there is a therapeutic
window, as demonstrated by the use of the
nonsense suppressing drug, ataluren, in the
small eye (Sey) aniridic mouse [18]. The Sey
mouse presents with similar ocular phenotypes
to those observed in patients with aniridia
[19, 20] and is caused by a Pax6 nonsense vari-
ant, c.580G[T (p.G194X), which has also been
reported in human [13]. Delivery of ataluren in
juvenile aniridic mice positively improved
phenotype, suggesting a therapeutic window in
the early postnatal years in humans [15, 18],
despite an unsuccessful clinical trial
(NCT02647359). To further improve the Sey
mouse model, we previously added a FLAG-tag
to the Sey Pax6 allele (referred hereafter as Fey),

2050 Ophthalmol Ther (2023) 12:2049–2068



which enables histological quantification of
rescued Pax6 protein expression (MMRRC
066963-MU) [21].

One major challenge when undertaking
therapy development with an animal model
can be the requirement for preclinical studies to
show efficacy on human DNA, RNA, or protein.
This is particularly the case for the exciting
CRISPR/Cas9-based approaches to therapy
development, which require binding DNA [22].
To answer this challenge, we have developed
the ‘‘CRISPR Humanized Minimally Mouse
Models’’ (CHuMMMs) strategy. For the
CHuMMMs strategy, we propose using CRISPR
to engineer into the model a human-DNA
‘‘landing pad’’ to allow the CRISPR therapeutic
reagents to bind human DNA at the site of the
pathogenic variant. Whereas previous studies
have shown that humanization of entire genes
is technically demanding and costly and can
have adverse consequences for gene function
[23], the CHuMMMs strategy avoids these
problems by humanizing only the minimal
region needed for binding of the therapeutic
CRISPR reagents. This approach will enable
more rapid development of directly translat-
able CRISPR-based therapies.

CRISPR can establish targeted, permanent
edits within the genome [24, 25]. Notably, the
first in vivo CRISPR-based therapy for a con-
genital vision-loss disease, EDIT-101
(NCT03872479) [25, 26], demonstrated proof-
of-concept and favorable safety profile across all
dose cohorts in a phase I/II trial (https://ir.
editasmedicine.com/press-releases, 25 January
2023). Since the discovery of this gene editing
platform, there has been a great deal of devel-
opment to improve upon the traditional
CRISPR system [26]. Multiple orthologous wild-
type (WT) Cas9 enzymes have been widely
studied, while other researchers have engi-
neered the WT Cas9 to ease protospacer adja-
cent motif (PAM) requirements, increase editing
activity, and decrease off-target editing [27–30].
Beyond the traditional homology-directed
repair (HDR) approach, which aims to exchange
the pathogenic genomic sequence with a WT
donor DNA template [31], new CRISPR systems
have been engineered. These include base edi-
tors (BEs), which can confer selective single-

base transition conversions [32]. In addition,
BEs do not require donor DNA and do not
produce double-stranded breaks (DSB) in geno-
mic DNA, resulting in low rates of indels and
less off-target editing [32, 33], which make
them advantageous in developing clinical
therapies. Overall, this provides many options
to consider during therapy development. This
rapid advancement of CRISPR technology sug-
gests that personalized CRISPR therapies for
low-frequency variants may be an effective
approach to treat aniridia.

There are two primary delivery options for
CRISPR-based therapies, recombinant adeno-
associated viruses (rAAVs), and lipid nanoparti-
cles (LNPs). rAAVs have been used to success-
fully deliver CRISPR components and produce
genomic editing in multiple tissues, including
the eye [34–36]. However, one major disadvan-
tage of using rAAVs is their limited packaging
capacity, * 4.9 kb [37]. With the most com-
monly used Cas9 enzyme, SpCas9,
being * 4.1 kb, and a popular iteration of the
adenine base editor, ABE8e [38], being * 4.8 kb
in size, this leaves little space to encode addi-
tional components including: promoter, guide
RNA (gRNA), and DNA template [34, 39, 40].
The second primary delivery method is to
encapsulate CRISPR components in LNPs,
which are less restricted in their packaging
abilities and are scalable and non-immunogenic
[41], therefore making the approach very
attractive. Others have shown successful trans-
fection and genomic editing using LNPs
encapsulating SpCas9 and ABE8e mRNA
[42–45]. However, less studied is the delivery
with LNPs of the ribonucleoprotein (RNP) form
of CRISPR, despite the fact that RNPs enable the
use of the active form of the enzyme and
chemically modified single-guide RNAs
(sgRNAs), improving on-target editing and
safety by minimizing off-target editing [46, 47].

Here we hypothesize that a CRISPR gene
therapy can be developed and optimized in
humanized mouse embryonic stem cells (ESCs)
that will be able to distinguish between the
patient variant and nonvariant chromosomes,
thus laying the foundation for further preclini-
cal studies correcting aniridic congenital blind-
ness in mice. Having found support for this first

Ophthalmol Ther (2023) 12:2049–2068 2051

https://ir.editasmedicine.com/press-releases
https://ir.editasmedicine.com/press-releases


hypothesis, a follow-up hypothesis was devel-
oped and tested, that our optimized CRISPR
therapy could alter a second aniridia variant in a
clinically relevant cell type via LNPs.

METHODS

Isolation and Culture of Mouse ESCs

Male Pax6 WT C57BL/6NTac (Taconic, Hudson,
NY) ESCs (mEMS6131 [48]) were derived as
previously described [49], and cultured at 37 �C
with 5% CO2 on either mouse embryonic
fibroblasts (MEFs) or 0.1% gelatin. ESCs were
maintained in ESC media and passaged as pre-
viously described [49].

RNP Design for Humanization of ESCs

Two gRNAs (cgEMS9, cgEMS18; Table S1, guide
and template sequences) were designed to
introduce two DSB in Pax6 (Fig. 1A). CRISPR
RNAs (crRNA) and tracer RNAs (tracrRNA) were
synthesized as single strands with chemical
modifications (20-O-methyl and phosphoroth-
ioate bonds at the first two 50- and 30-terminal
RNA residues) (GenScript, Piscataway, NJ). A
512 bp single-stranded oligodeoxynucleotide
(ssODN) template containing the patient vari-
ant (oEMS6346) was synthesized to confer the
humanization of Pax6 exon 9, and an 84 bp
ssODN (oEMS6451) was synthesized to confer
correction of the variant in the resulting
homozygous humanized variant cell line (Inte-
grated DNA Technologies, Coralville, IA).

Cell Transfection and Picking Single
Clones

ESCs were passaged in a 1:2 split ratio 24 h prior
to transfection and fed with fresh media 2 h
prior to transfection. Cells were dissociated
using Trypsin–EDTA (catalog 25,200–072,
Invitrogen, Thermo Fisher) and counted using a
hemocytometer. gRNAs were prepared by
annealing crRNA and tracrRNA at 95 �C for
5 min. RNP was prepared by complexing SpCas9
protein with each gRNA for 15 min at room

temperature (RT), prior to the addition of the
ssODN and WT mouse ESCs for transfection.
Each reaction consisted of 9 lL ESCs (2 9 106

per reaction) mixed with 0.3 lL of RNP and
0.2 lL of 5 lM ssODN and was electroporated
using Neon Transfection System (catalog
MPK5000, Invitrogen) on setting 14 (1200 mV,
width 20, Pulse #2). Electroporated ESCs were
plated onto a fresh 24-well plate on either MEFs
or gelatin and incubated for 48 h at 37 �C
with 5% CO2. Cells were either harvested for
molecular characterization or cryopreserved, as
previously described [49]. For ESC clones, elec-
troporated cells were thawed and plated in serial
dilutions on 0.1% gelatin in 6 cm dishes and
incubated for 48 h at 37 �C with 5% CO2. Indi-
vidual clones were isolated and plated on
96-well gelatinized plates and incubated at
37 �C with 5% CO2 until[80% confluent.

DNA Isolation, PCR Genotyping, and RFLP
Screens

Once ESCs became confluent, cells were diges-
ted in tissue homogenization buffer with Pro-
teinase K according to a previously described
protocol [49]. DNA from lysed cell samples was
amplified using Taq DNA Polymerase (catalog
18,038,042, Invitrogen) and PCR primer pairs
(Table S2, primer sequences) specifically target-
ing: human sequence inside the humanized
region, 50 mouse–human junction, 30 human–-
mouse junction, 50 mouse–30 mouse flanking
the humanized region, and mouse–mouse
inside of the region that was humanized, were
used to confirm successful humanization of
Pax6 exon 9 (Fig. 1A). Candidates for successful
humanization were confirmed by Sanger
sequencing.

To screen for heterozygous correction of
patient variant c.718C[T, a restriction frag-
ment length polymorphism (RFLP) assay using
AvaI (catalog R0152S, NEB) and DdeI (catalog
R0175S, NEB) restriction enzymes was used.
DNA was first amplified with oEMS6223 and
oEMS6224 before incubation with CutSmart
Buffer (catalog B6004S, NEB) and either restric-
tion enzyme at 37 �C for 1 h, then inactivation
at either 80 �C or 65 �C for 10 min. AvaI cuts
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this DNA in presence of the cytosine base and
DdeI cuts in presence of the thymine base, giv-
ing rise to fragments 117 bp and 145 bp. Can-
didates for heterozygous and homozygous
correction of patient variant were confirmed by
sequencing.

Sanger Sequencing and Peak
Quantification

The region around the humanized exon (813 bp)
was PCR amplified with appropriate primer pairs
(Table S2). PCR products were run on a 2% agar-
ose gel for 40 min at 130 V. Bands were excised
and DNA was purified using QIAquick Gel

Extraction Kit (catalog 28,706, QIAGEN, Ger-
mantown, MD). Bidirectional sequencing was
carried out by the CMMT DNA Sequencing Core
Facility and the UBC Sequencing and Bioinfor-
matics Consortium. Chromatograms were
viewed using Benchling (www.benchling.com).

For CRISPR therapy optimization experi-
ments, we sequenced unidirectionally in the
reverse direction. In this direction, the target
bases were sequenced prior to the cut site of
Cas9. Peak height data were extracted from
CRISPR-treated and mock (untreated) samples
using Analysis Module Variant Analysis (VA)
software (catalog A28220, Thermo Fisher) and
EditR software [50]. The treated peak height
data were normalized by subtracting the average

Fig. 1 Derivation of homozygous humanized Pax6 exon-9
mouse ESCs, including an exon-9 pathogenic patient
variant. A Schematic of humanization using a dual-gRNA
strategy to exchange mouse genomic sequence with a
512 bp ssODN at Pax6 exon 9. ssODN consists of 100 bp
mouse homology arms (blue) flanking 312 bp of human
DNA sequence containing pathogenic patient variant,
c.718C[T (red). cgEMS, CRISPR guide; oEMS,
oligodeoxynucleotide; HA, homology arm. B Schematic
of single-gRNA strategy to correct patient variant,
c.718C[T, in humanized homozygous variant cell line,
using an 84 bp ssODN to derive heterozygous and
homozygous nonvariant cell lines. C Human-specific
DNA amplified from single embryonic stem cell clones
picked following CRISPR-based humanization of Pax6
exon 9. Lane 1, positive control DNA from a He9?/He9?

mouse ear notch. Lane 2, DNA from a clone positive for
humanization event (mEMS6634). Lane 3, negative

control DNA from a B6 WT mouse. Lane 4, no template
negative control. Lanes 5 and 6, DNA from clones positive
for the humanization event (mEMS6670 and mEMS6674,
respectively). Band at 265 bp indicates humanization.
D Restriction fragment length polymorphism screen of
the PCR products shown in B using AvaI restriction
enzyme identifies He9-/He9- clones that have undergone
either heterozygous (lane 5) or homozygous (lane 6)
CRISPR correction of the patient variant. Fragment
lengths of 145 bp and 117 bp indicate DNA cut by AvaI
due to the presence of the nonvariant base. Fragment
length of 265 bp indicate uncut DNA due to presence of
variant. E Sanger sequencing showing location of patient
variant (red) from humanized cell lines demonstrating
homozygosity (mEMS6634) or heterozygosity
(mEMS6670) for patient variant, or homozygosity
(mEMS6674) for nonvariant sequence. He9, humanized
exon 9
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of mock untreated He9-/He9- replicas to
remove background and conservatively calcu-
late CRISPR editing. No samples were excluded
from analysis.

Generation of Humanized Exon 9 Mice

Mouse strains were derived by means of cyto-
plasmic microinjection into C57BL/6J mice
(JAX 000,664) using a dual RNA guide strategy
(cgEMS9, cgEMS18; Table S1) and ssODN
(oEMS6347) according to a previously described
protocol [21].

Initially, two mouse strains were derived
from two independent founders, C57BL/6J-
Pax6em6(PAX6)Ems (MGI: 7,330,073) and C57BL/
6J-Pax6em7(PAX6)Ems (MGI: 7,330,075). They were
indistinguishable by casual observation, so the
studies conducted here used C57BL/6J-Pax6-
em7(PAX6)Ems, which for clarity and brevity will be
called humanized Pax6 exon 9 nonvariant or
B6-He9?. A third strain was then derived,
129S1.B6- Pax6em7(PAX6)Ems (MGI: 7,330,077) by
backcrossing B6-He9? onto the 129S1/SvImJ
(JAX 002,448) genetic background, which for
clarity and brevity will be called 129-He9?.

Phenotyping by Visual Inspection and Slit
Lamp Imaging

B6-He9?/? heterozygous N6 and N7 (back-
crossed six and seven times) mice were mated in
trios to produce He9?/He9?, He9?/? , and ?/
? offspring. This breeding scheme was also
repeated mating 129-He9?/? N6 trios to pro-
duce He9?/He9?, He9?/?, and ?/? offspring.
External ocular morphology of adolescent (3–-
4 weeks) He9?/He9? and ?/? mice was assessed
by visual inspection and scored as either normal
or abnormal. Adult (* 2 months old) He9?/
He9? and ?/? mice were anesthetized using
isoflurane at a flow rate of 1.5–1.8% in an
induction chamber using a SomnoSuite (Kent
Scientific, Torrington, CA). Once a surgical
plane of anesthesia was induced, mice were
transferred to the nose cone and eyes were
covered with 1% Isopto Tears ophthalmic
solution (ALCON, Geneva, Switzerland).
Micron IV Retinal Imaging Microscope

(Phoenix Research Labs, Pleasanton, CA) with
an anterior segment slit lamp attachment was
used to image the left eyes.

Purification of ABE8e Protein

CRISPR ABE8e protein was isolated by plasmid
overexpression and purification [51]. pABE8e-
protein plasmid (a gift from David Liu,
#161,788, Addgene, Watertown, MA).

RNP Design and Complexation for CRISPR
Therapy Development

sgRNAs (20 bp) and ssODNs (80 bp) were
designed for CRISPR HDR and ABE8e. Chemical
modifications of reagents were the same as
above. sgRNAs and CRISPR enzymes were com-
plexed for 15 min at RT prior to additional of
ssODN (in the case of CRISPR HDR strategies)
and ESCs for electroporation of two biological
replicates per treatment group. ESCs were har-
vested for characterization by sequencing, as
described above.

Preparation of Incisive Delivery System
LNPs and Encapsulation of RNPs and DNA
Template

Preparation of Incisive Delivery System LNPs
was performed according to a previously
described protocol [52]. The size distribution
and the polydispersity index (PDI) of LNPs
encapsulating ABE8e were measured using a
Malvern Zetasizer Nano S instrument (Worces-
tershire, UK) (He–Ne laser, k = 632 nm, detec-
tion angle 173�).

Ex Vivo Genome Editing

Treatment of Fey primary embryonic cortical
neurons with LNP-encapsulated CRISPR-RNPs
and subsequent analyses (immunocytochem-
istry, stereology, microscopy, and image pro-
cessing) were performed according to a
previously described protocol [52]. Minor
changes were that treatments took place on day
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ex vivo (DEV) 6, and cells were collected on
DEV 9.

Statistical Analysis

All statistics and plotting of graphs were con-
ducted using GraphPad Prism version 9.4.0 for
Windows (GraphPad Software, San Diego, CA).
Statistical significance was determined using
two-tailed unpaired t-test or Fisher’s exact test
for comparisons of two groups, and one-way or
two-way ANOVA analysis for three or more
groups, where appropriate. One-way ANOVA
tests were corrected for using Tukey’s multiple
comparisons tests, while two-way ANOVA tests
were corrected for using Sidak’s multiple com-
parisons tests. p value B 0.05 was considered to
be statistically significant.

Compliance with Ethics Guidelines

All animals were housed and bred in the
pathogen-free Transgenic Animal facility at the
Centre for Molecular Medicine and Therapeu-
tics (CMMT) of the University of British
Columbia (UBC). All mouse work was per-
formed following protocols approved by the
UBC Animal Care Committee (protocol num-
bers A21-0410, A21-0184), in accordance with
guidelines determined by the Canadian Council
on Animal Care.

RESULTS

CHuMMMs for Pax6-Aniridia Therapy
Development In Vitro

To implement the CHuMMMs strategy for
aniridia in vitro we developed minimally
humanized Pax6 ESC lines. Mouse ESCs were
chosen for their ease of genetic manipulation,
their differentiation potential, and ability to
derive new mouse strains [21, 53–55]. Initially,
we generated two novel homozygous minimally
humanized exon-9 PAX6 variant c.718C[T
(He9-/He9-) ESC lines (mEMS6634 and
mEMS6658). A dual-gRNA strategy enabled the
HDR-mediated humanization in WT C57BL/6N

mouse ESCs by electroporation of CRISPR RNPs
and an ssODN template (Fig. 1A and B)
(Table S1, guide and template sequences; see
electronic supplementary material). The sgRNAs
introduced DSBs in Pax6 introns 8 and 9,
respectively. A 512 bp ssODN containing the
patient variant, c.718C[T, conferred the
exchange of a 312 bp region of mouse DNA
sequence with human sequence, via flanking
100 bp mouse-specific homology arms (HAs).
Single clones were picked from electroporated
cells. PCR assays confirmed successful inser-
tion of the ssODN (Fig. 1C), and a RFLP
screen determined that clones were either
heterozygous or homozygous for the HDR
event (Fig. 1D). Final confirmation of the 1.2 kb
region (including 250 bp regions directly 50 and
30 of the ssODN) was completed by Sanger
sequencing (Fig. 1E).

Subsequently, we generated one novel
heterozygous minimally humanized exon-9 cell
line (He9-/He9?; mEMS6670) and two human-
ized homozygous nonvariant cell lines (He9?/
He9?; mEMS6674 and mEMS6676) to complete
this cell-based disease model (Fig. 1B). A sgRNA
(Table S1) and an 84 bp ssODN were employed
to correct the patient variant in the He9-/He9-

cell line mEMS6634 derived above. Single
clones were again picked, and successful cor-
rection of the patient variant was characterized
by PCR assays (Fig. 1C), the RFLP screen
(Fig. 1D), and sequencing of the 1.2 kb region
(Fig. 1E).

Minimal Humanization with Nonvariant
PAX6 Results in No Phenotype In Vivo

Prior to therapy development using the
CHuMMMs cell lines, we wanted to ensure that
the minimal humanization alone did not cause
adverse consequences for Pax6 gene function.
Since there are no amino acid differences
between mouse and human this seemed likely;
however, changes in codon usage, splicing sites,
and potential transcription binding sites were
concerns. We reasoned that the ultimate deter-
minant of Pax6 gene function was eye devel-
opment in vivo.
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Thus, we established CHuMMMs He9?/
? mice through direct injection of CRISPR
reagents, using the same dual-gRNA strategy
described above, and the nonvariant ssODN
(Table S1). The resulting founder mice were
made and bred on the C57BL/6J (B6) genetic
background. The fully characterized strain was
C57BL/6J-Pax6em7(PAX6)Ems (called B6-He9?

hereafter). Sequencing of the 1.2 kb exon-9
region described above confirmed the successful
molecular event. The B6-He9? strain was then
bred onto a 129S1/SvImJ (129) genetic back-
ground to derive 129S1/SvImJ-Pax6em7(PAX6)Ems

(called 129-He9? hereafter).
The observed normal ocular morphology of

He9?/He9? mice gave evidence that the mini-
mal humanization event at exon 9 alone did
not disrupt Pax6 gene function in vivo. We
characterized mice by visual inspection and
found that the external ocular morphology of
B6-He9?/He9? mice did not differ significantly
from B6 WT mice. External ocular morphology
of B6-He9?/He9? mice did, however, differ from
the well-characterized B6-Sey/? mouse, as
shown by slit lamp images (Fig. 2A). This work
was repeated with 129-He9?/He9? and 129 WT
mice, and again we observed no significant
difference between the two groups (Fig. 2B).

SpCas9 Gave Higher Editing of Patient
Variant than SaCas9

To compare SpCas9 versus SaCas9 we used
He9-/He9- and He9?/He9? ESCs. The He9-/
He9- cells allowed for the observation and
quantification of correction of the patient vari-
ant, and the He9?/He9? cells allowed for the
observation and quantification of unwanted
alteration on the nonvariant chromosome
(Fig. 3). For SpCas9, a single optimal sgRNA and
ssODN were chosen. For SaCas9 a single optimal
sgRNA and two ssODNs were chosen (Table S1).
In addition to the correction of the c.718C[T,
the ssODNs included synonymous single base
mismatches, referred to here as ‘‘blocking
mutations,’’ to prevent repeated targeting by
Cas9 of edited alleles. These blocking mutations
also enabled the quantification of on-target al-
teration on the nonvariant chromosome. RNPs

were delivered by electroporation, including
replicas, and total cell lysates were harvested for
characterization. To quantify CRISPR editing by
Sanger sequencing, we focused our analyses on
unidirectional sequencing in which the target
base was prior to, and unaffected by, indels at
the Cas9 cut site. Peak height was normalized
by subtracting the average of mock untreated
He9-/He9- replicas to remove background and
conservatively calculate the CRISPR editing.

We found that SpCas9 delivered to He9-/
He9- ESCs showed significantly superior aver-
age editing of the patient variant from T to C at
31.7 ± 3.8% (Fig. 3A), in comparison to the
average editing observed by SaCas9 with either
ssODN at 11.5 ± 6.3% or 9.37 ± 2.3% (Fig. 3B).
The results also showed that the average editing
of the blocking mutation on the nonvariant
chromosome in the He9?/He9? cell line by
SpCas9 at 4.02 ± 3.6%, and SaCas9 with either
ssODN at 2.14 ± 3.5% or 0.460 ± 2.7%, was not
significantly different among the three groups.
Thus, SpCas9 was selected for further optimiza-
tion in the subsequent experiments based on
high editing of the patient variant and minimal
editing on the nonvariant chromosome.

High-Fidelity Cas9 Gave Lower Alteration
of Nonvariant Chromosome than WT
SpCas9

To further optimize our CRISPR strategy, we
compared average editing of three Cas9 nucle-
ases from different commercial retailers: WT
SpCas9, PNABio, Thousand Oaks, CA; ‘‘TrueCut’’
WT SpCas9, Invitrogen, Waltham, MA; and
‘‘high-fidelity’’ (HiFi) mutated SpCas9, Inte-
grated DNA Technologies, Coralville, IA (Fig. 4).
Experimental design was the same as described
above for SpCas9 versus SaCas9.

First, we studied the twoWT SpCas9 enzymes
(Fig. 4A). Average editing of the patient variant
by PNABio SpCas9 at 26.8 ± 6.0% and TrueCut
SpCas9 at 34.9 ± 0.62% was not significantly
different. Average editing of the blocking
mutation on the nonvariant chromosome by
PNABio Cas9 at 13.9 ± 4.9% and TrueCut Cas9
at 13.3 ± 3.2% was also not significantly dif-
ferent. These results demonstrated that possible
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variabilities in manufacturing of nucleases by
these commercial retailers did not affect average
editing activity of the WT SpCas9.

We then tested the WT SpCas9 from PNA
Bio, versus HiFi Cas9 (Fig. 4B and C). HiFi Cas9
has been engineered to reduce off-target editing
while maintaining on-target editing through
the introduction of a single point mutation in
the REC1 sgRNA recognition domain to
enhance specificity of sgRNA binding [56].
Average editing of the patient variant by PNA-
Bio Cas9 at 37.1 ± 2.7% and HiFi Cas9 at
26.7 ± 4.7% were not significantly different.
Conversely, average editing of the blocking
mutation on the nonvariant chromosome by
PNABio Cas9 at 23.6 ± 1.9% and HiFi Cas9 at
0.350 ± 0.028% were significantly different. On
the basis of these results, we found that the
engineered HiFi Cas9 functioned in our assay as

expected, and was the best SpCas9 choice for
further HDR-mediated CRISPR therapy
development.

ABE8e Gave Superior Editing of Patient
Variant and Reduced Alteration
of Nonvariant Chromosome than SpCas9

Next, we compared average editing of the
patient variant by base editing using ABE8e
versus HDR-mediated editing using WT SpCas9
(Fig. 5), following the same experimental design
described above for SpCas9 versus SaCas9. As an
ssODN is not required for ABE8e editing, we
quantify on-target alteration on the nonvariant
chromosome by a bystander edit observed 4 bp
from the target base location. We tested two
sgRNAs with ABE8e: cgEMS25 (Table S1) tar-
geted an optimal PAM (NGG), and placed the

Fig. 2 CRISPR-based minimal humanization of Pax6
does not result in an ocular phenotype in mouse. A and
B Slit lamp images of WT He9?/He9? and Sey/? mice
demonstrated that He9?/He9? ocular phenotype does not
differ from WT and does differ from the Sey/? mice
aniridia phenotype. Mice were phenotyped by visual
inspection and eyes scored as either ‘‘normal’’ or

‘‘abnormal.’’ A The He9? allele was bred onto a C57BL/
6J background and compared to C57BL/6J WT controls
(He9?/He9?, n = 84; WT, n = 90). B The He9? allele
was bred onto a 129S1/SvImJ background and was
compared with 129S1/SvImJ WT controls (He9?/He9?,
n = 87; WT, n = 94). ns, no significant difference
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target base at position 8 of the reported optimal
editing window of positions 4–8 for ABE8e [38];
and cgEMS46 targeted a suboptimal PAM
(NGA), but placed the target base at position 7
in the editing window, slightly more central to
the optimal editing window, which is reported
to improve on-target editing by ABE8e [38].
Throughout this study, thus far, standard
chemical modifications of sgRNAs have been
used [47]. Here, we also test unmodified
sgRNAs, given that the success of using modi-
fied or unmodified sgRNAs will affect the choice
of delivery methods.

We found that ABE8e complexed with
cgEMS25 showed significantly higher average
editing of the patient variant at 73.0 ± 0.644%
than ABE8e complexed with cgEMS46 at
6.37 ± 0.79%, and SpCas9 complexed with
cgEMS25 at 41.8 ± 5.2% (Fig. 5A–B). These
results demonstrate the superior editing activity
of the patient variant by ABE8e versus WT

bFig. 3 CRISPR genome editing of the patient variant is
higher using SpCas9 than SaCas9. A Top panel: Sanger
sequencing of untreated He9-/He9- ESCs where patient
variant c.718C[T (overlined) was homozygous for
thymine as indicated by a singular red peak. Bottom
panel: Sanger sequencing of SpCas9 treated He9-/He9-

ESCs demonstrated correction of the patient variant from
T to C at 34.3%, as shown by dominant red peak and
secondary blue peak. The ssODN also included a synony-
mous ‘‘blocking mutation’’ (overlined) to prevent addi-
tional targeting of previously edited alleles. The blocking
mutation was edited from T to C at 25.6%. PAM
highlighted in red text. gRNA location shown by under-
lined text. B Left panel: Quantification of editing at the
patient variant in He9-/He9- by SpCas9 was the highest
average correction at 31.7 ± 3.8%. This was significantly
different from the average editing by SaCas9 with
oEMS6453 or oEMS6454, at 11.5 ± 6.3% and
9.37 ± 2.3%, respectively. Right panel: Quantification of
editing at the site of the blocking mutation on the
nonvariant chromosome in He9?/He9? cells was not
significantly different among the three strategies. This
average editing by SpCas9 was at 4.02 ± 3.6%, by SaCas9
with oEMS6453 was at 2.14 ± 3.5%, and SaCas9 with
oEMS6454 was at 0.460 ± 2.7%. ns, p[ 0.05; *,
p B 0.05
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SpCas9, as well as the importance of targeting
the sgRNA to an optimal PAM. Additionally,
positioning the target base more central to the
editing window of ABE8e by 1 bp did not suffi-
ciently improve editing activity, when paired
with suboptimal PAM recognition by the
sgRNA. Excitingly, ABE8e also showed

significantly lower editing of the nonvariant
chromosome than SpCas9 (Fig. 5B). ABE8e
complexed with cgEMS25 resulted in an average
bystander edit on the nonvariant chromosome
at 0.545 ± 0.73% and ABE8e complexed with
cgEMS46 resulted in an average bystander edit
at 0.390 ± 0.52%, both of which showed

Fig. 4 A high-fidelity SpCas9 resulted in lower CRISPR
editing on the nonvariant chromosome. A Left panel:
Quantification of editing of the patient variant c.718C[
T (overlined) in He9-/He9- cells found no significant
difference between PNA Bio Cas9 and TrueCut Cas9
nucleases. Average editing observed by PNA Bio Cas9 was
at 26.8 ± 6.0% and TrueCut Cas9 was at 34.9 ± 0.62%.
Right panel: Quantification of editing of the synonymous
blocking mutation (overlined) on the nonvariant chromo-
some in He9?/He9? cells did not show a significant
difference between the two nucleases. The average editing
by PNA Bio Cas9 was at 13.9 ± 4.9% and TrueCut Cas9
was at 13.3 ± 3.2%. B Left panel: Quantification of
editing of the patient variant in He9-/He9- cells found
no significant difference between PNA Bio Cas9 and HiFi
Cas9. Average editing observed by PNA Bio Cas9 was at
37.1 ± 2.7% and HiFi Cas9 was at 26.7 ± 4.7%. Right
panel: Quantification of editing of the blocking mutation

on the nonvariant chromosome in He9?/He9? cells found
HiFi Cas9 showed significantly lower editing than PNA
Bio Cas9. The average editing by PNA Bio Cas9 was at
23.6 ± 1.9%, and HiFi Cas9 was at 0.350 ± 0.028%.
C Left panel: Sanger sequencing of PNA Bio Cas9 treated
He9?/He9? cells showed a secondary blue peak at the
blocking mutation demonstrating impact on the nonvari-
ant chromosome. Also, secondary sequence is evident
throughout the chromatogram 30 of Cas9 cut site due to
CRISPR-based insertions and deletions (indels). Right
panel: Sanger sequencing of HiFi Cas9-treated He9?/
He9? cells demonstrated minimal CRISPR-based editing
at the blocking mutation on the nonvariant chromosome
and minimal secondary sequence throughout chro-
matogram due to indels. PAM highlighted in red text.
gRNA location shown by underlined text. ns, p[ 0.05; **,
p B 0.01
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significantly lower average editing of the non-
variant chromosome than SpCas9 at
15.4 ± 2.0%. These results demonstrate the
superior ability of ABE8e to differentiate the

single base pair difference between the patient
variant and nonvariant chromosome at this
locus, in comparison with the HDR-mediated
approach.

Fig. 5 ABE8e with a modified guide showed superior
editing of the patient variant, with minimal impact on the
nonvariant chromosome. A Left panel: Sanger sequencing
of SpCas9-treated He9-/He9- cells demonstrated
CRISPR-based editing of the patient variant c.718C[T
(overlined) from T to C at 57.7%, as shown by dominant
blue peak and secondary red peak. Right panel: Sanger
sequencing of treated He9-/He9- cells with ABE8e
complexed with cgEMS25 demonstrated highest
CRISPR-based editing of the patient variant at 74.5%.
Secondary peak observed 4 bp 50 of the intended edit is
due to synonymous bystander editing (overlined) by
ABE8e. PAM highlighted in red text. gRNA location
shown by underlined text. B Left panel: Quantification of
average editing of patient variant in He9-/He9- cells
showed treatment with SpCas9 resulted in editing at
41.8 ± 5.2%, ABE8e complexed with cgEMS25 showed
significantly higher average editing at 73.0 ± 0.64%, and
ABE8e with cgEMS46 showed significantly lower average

editing at 6.37 ± 0.79%. Right panel: Treatment in
He9?/He9? cells resulted in average editing of the
synonymous blocking mutation (overlined) on the nonva-
riant chromosome by SpCas9 at 15.4 ± 2.0%. Impact on
the nonvariant chromosome by ABE8e was assayed by the
alteration of the bystander edit. ABE8e with cgEMS25
resulted in a bystander edit at 0.545 ± 0.73%, and ABE8e
with cgEMS46 resulted in a bystander edit at
0.390 ± 0.52% on the nonvariant chromosome, both of
which show significantly lower average editing than
SpCas9. C Left panel: Quantification of ABE8e complexed
with chemically modified cgEMS25 in He9-/He9- cells
showed significantly higher average editing than unmod-
ified at 76.8 ± 0.48% and 2.87 ± 0.042%, respectively.
ABE8e complexed with chemically modified cgEMS46
demonstrated significantly higher average editing than
unmodified cgEMS46 at 3.82 ± 1.2% and 1.37 ± 0.14%,
respectively. ns, p[ 0.05; *, p B 0.05; **, p B 0.01; ***,
p B 0.001; ****, p B 0.0001
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To further optimize our ABE8e therapeutic
strategy, we compared the use of chemically
modified versus unmodified sgRNAs (Fig. 5C).
We found that the average editing efficiency of
the patient variant by ABE8e complexed with
chemically modified cgEMS25 at 76.8 ± 0.48%
was significantly higher than ABE8e complexed
with unmodified cgEMS25 at 2.87 ± 0.042%.
We also found that the average editing effi-
ciency by ABE8e complexed with modified
cgEMS46 at 3.82 ± 1.2% was significantly
higher than ABE8e complexed with unmodified
cgEMS46 at 1.37 ± 0.14%. Overall, these results
confirm the importance of chemically modified
sgRNAs to editing activity by ABE8e-RNPs.

ABE8e Edits Patient Variant ‘‘Additively’’
in Humanized Heterozygous Variant Cell
Line

To further investigate how our ABE8e-mediated
therapy would behave in patient cells, we
compared the editing activity of the optimized
ABE8e-mediated therapy in all three of the
humanized cell lines (He9-/He9-, He9-/He9?,
and He9?/He9?) to determine whether the
patient variant would be edited additively or
synergistically in the heterozygous cell line
(Fig. 6). These results may give insight into how
ABE8e would behave in aniridia patient cells,
which are heterozygous for the pathogenic
variant. The experimental design is the same as
described above for SpCas9 versus SaCas9.

We measured the total % cytosine (Total
%C) at the site of the patient variant in the
ABE8e-treated He9-/He9-, He9-/He9?, and
He9?/He9? cell lines and found that average
editing of the variant in the He9-/He9? cell line
at 74.8 ± 5.0% was intermediate to, but not
significantly different from, treatment in the
He9-/He9- cells at 65.3 ± 5.7% and He9?/He9?

cells at 89.8 ± 0.60% (Fig. 6A). Here, typical
variation and normalization by subtracting the
average of mock untreated replicas reduced the
He9?/He9? peak value from the expected 100%.
To further demonstrate the effect of the ABE8e
treatment in each of these cell lines, we present
the data again but now as a change in % cyto-
sine (Delta %C) (Fig. 6B). We normalized ABE8e

treated samples to %C at the site of the patient
variant in the mock untreated samples, this
time separately for each cell line. We found that
the Delta %C in ABE8e treated He9-/He9? cells
at 30.8 ± 5.0% was intermediate to, and sig-
nificantly different from, the Delta %C in ABE8e
treated He9-/He9- cells at 65.3 ± 5.7% and
He9?/He9? cells at -1.98 ± 0.60%. These results
demonstrate that ABE8e edited the patient
variant additively in the heterozygous cell line,
with no evidence of effect of the nonvariant
chromosome.

LNP-Encapsulated ABE8e-RNPs Edited
a Pax6 Patient Variant in Mouse Ex Vivo
Cortical Neurons

As electroporation is not a translatable delivery
method, we consider progressing development
of our CRISPR therapy for aniridia to either
rAAV or LNPs. Having demonstrated the
importance of chemically modified sgRNAs to

Fig. 6 ABE8e edits patient variant ‘‘additively’’ in
heterozygous variant cells. A Quantification of total %
cytosine at site of patient variant c.718C[T following
ABE8e treatment of He9-/He9? cells was intermediate to,
but not significantly different from, homozygous He9-/
He9- and He9?/He9? cells at 74.8 ± 5.0%,
65.3 ± 5.7%, and 89.8 ± 0.60%, respectively. B Quantifi-
cation of the change in % cytosine at site of patient variant
following ABE8e treatment of He9-/He9? cells was
intermediate to, and significantly different from, homozy-
gous He9-/He9- and He9?/He9? cells at 30.8 ± 5.0%,
65.3 ± 5.7%, and -1.98 ± 0.60%, respectively. ns,
p[ 0.05; *, p B 0.05; **, p B 0.01

Ophthalmol Ther (2023) 12:2049–2068 2061



editing activity, which cannot be maintained
when the sgRNA is encoded by rAAV, we deci-
ded to encapsulate ABE8e-RNPs in LNPs. For
this we chose the Incisive Delivery System
(Incisive Genetics Inc., Vancouver, Canada) for
CRISPR-based gene therapies, which we have
used successfully before to efficiently deliver
SpCas9 RNP in vivo [52]. In addition, we moved
the study from ESCs to the more clinically rel-
evant mouse primary cortical neurons. Since
the patient variant c.718C[T present in the
He9- cells was not available in vivo, we shifted
to another patient variant c.580G[T present
in the Sey mouse. Thus, embryonic primary
cortical neurons were derived from Fey mice.
The 3xFLAG tag enabled histological quantifi-
cation of correction of the Sey variant, by res-
cued Pax6 protein expression [21, 52]. This
previously reported method found success using
CRISPR SpCas9 HDR to correct the Sey variant to
the WT guanine base. Here, we test ABE8e,
which altered the variant thymine to a cytosine
base, converting a stop codon to an arginine
missense mutation. As such, we were initially
uncertain whether this missense alteration
would result in a stable Pax6 protein and, thus,
detectable FLAG expression. We assayed suc-
cessful transfection and genomic editing by
Sanger sequencing and stereological analysis.

Excitingly, we found that ABE8e was suc-
cessfully encapsulated by LNPs, transfected pri-
mary cortical neurons, altered the Sey variant at
the genomic level, and rescued Pax6 protein
expression. Transfection was first demonstrated
by positive control SpCas9 HDR-treated cells
showing FLAG expression, which colabeled
with PAX6, indicative of correction of the
patient variant to WT (Fig. 7A). FLAG expres-
sion and colabeling was also seen by the ABE8e
(100 nM)-treated cells, indicative of alteration
of the patient variant despite a perhaps less
stable, but certainly detectable, missense-carry-
ing Pax6 protein.

Quantification by Sanger sequencing of
whole cell lysates found that the ABE8e
(100 nM)-treated cells showed a genomic alter-
ation of the Sey variant at an average of
2.33 ± 1.0%, which was significantly greater
than the alteration observed in the ABE8e
(50 nM) at 0.340 ± 0.017% and luciferase

control group at 0.00 ± 0.58% (Fig. 7B). The
ABE8e (50 nM)-treated group was not signifi-
cantly different from the negative control.
Stereological quantification of protein expres-
sion showed that for the ABE8e (100 nM)-trea-
ted cells, FLAG expression, as a percentage of
total Pax6 protein-expressing cells, at
24.8 ± 1.3% was significantly greater than that
in both the ABE8e (50 nM)-treated cells at
6.83 ± 1.6% and the luciferase-targeting nega-
tive control group at 0.00 ± 0.0% (Fig. 7C).
Thus, we can conclude that the higher molar
concentration of ABE8e encapsulated in LNPs
was more successful in editing the Sey patient
variant to rescue Pax6 expression.

We suggest that the observed lower editing
assayed by sequencing, compared with stereol-
ogy, is a consequence of the large number of
condensed nuclei (non-Pax6-expressing cells)
present across all treatment groups (Fig. S1)
[52]. Samples sent for sequencing were total cell
lysates, and thus the non-Pax6-expressing neu-
rons, would have diluted the result of ABE8e-
mediated editing of the Sey patient variant.
Overall, we have shown successful encapsula-
tion, transfection, and ex vivo genomic editing
of an aniridia variant by ABE8e-RNP-LNPs in a
clinically relevant cell type.

DISCUSSION

We designed the CHuMMMs minimal-human-
ization strategy to answer the challenge of
demonstrating efficacy of CRISPR-based thera-
pies in animal in vitro, ex vivo, and in vivo
model systems, while binding human DNA to
facilitate rapid translation to the clinic. Here,
we demonstrate the ease, functional tolerance,
and usefulness of CHuMMMs, by developing a
CRISPR-based therapeutic strategy for congeni-
tal aniridia. With ease we established three
types of CHuMMMs cell lines, all homozygous
for a humanized CRISPR ‘‘landing pad’’ of only
312 bp at exon 9 of Pax6 (He9). Furthermore,
they were homozygous variant (He9-/He9-),
heterozygous (He9-/He9?), and homozygous
nonvariant (He9?/He9?), for the most common
aniridia patient variant, c.718C[T. Functional
tolerance was demonstrated by generating a
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Fig. 7 LNP delivered ABE8e RNP edited Pax6 pathogenic patient variant in mouse cortical neurons ex vivo.
A Immunocytochemical images of 3xFLAG-tagged Pax6 Sey (Fey) embryonic mouse cortical neurons. Hoechst (blue) was
used to reveal cell nuclei. As expected for embryonic cortical neurons, anti-PAX6 (red) showed positive cells in all samples,
including the heterozygous Fey cells. Anti-FLAG (green) showed successful editing of Sey variant c.580G[T leading to
expression of the corrected PAX6 protein in SpCas9 positive control and ABE8e (100 nM) RNP treated cells. Thus, as
expected, anti-PAX6 and anti-FLAG showed colabeling in merge images (yellow). FLAG expression was very low in the
ABE8e (50 nM)-treated cells and not observed in the untreated or negative control; the latter was SpCas9-RNP complexed
with a luciferase-targeting guide. A further negative control was samples processed with no primary antibody. Images were
taken at 209 magnification. Scale bar, 50 lm. B Quantification of editing of Sey variant in Fey ex vivo cortical neurons.
ABE8e (100 nM)-treated cells showed significantly higher alteration of target variant compared with ABE8e (50 nM) and
the luciferase negative control at 2.33 ± 1.0%, 0.340 ± 0.017%, and 0.00 ± 0.58%, respectively. C Quantification of
FLAG-tagged Pax6 protein expression in Fey ex vivo cortical neurons. FLAG expression was significantly different between
ABE8e (50 nM), ABE8e (100 nM), and the luciferase negative control treated groups at 6.83 ± 1.6%, 24.8 ± 1.3%, and
0.00 ± 0.0%, respectively. ns, p[ 0.05; *, p B 0.05; ***, p B 0.001; ****, p B 0.0001
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CHuMMMs mouse strain [homozygous nonva-
riant (He9?/He9?)] that showed humanization
alone did not disrupt Pax6 gene function
in vivo. Finally, we used the cell lines to com-
pare the efficacy of five different CRISPR
enzymes. Overall, this work demonstrates the
suitability of the CHuMMMs strategy, which
can be applied widely to increase the value of all
types of animal models for preclinical CRISPR
therapy development for genetic diseases.

When comparing the efficacy of CRISPR
enzymes in the He9 CHuMMMs ESCs we found
that ABE8e is the optimal enzyme for gene edit-
ing at Pax6 exon 9 patient variant c.718C[T.
ABE8e was the enzyme that demonstrated the
highest average genomic correction of the
patient variant at 76.8 ± 0.48%. ABE8e also
showed the lowest editing of the nonvariant
chromosome at 0.545 ± 0.73%. This differential
in editing activity is ideal for the purposes of
treating aniridia patient cells, as they are
heterozygous for the pathogenic variant. By
comparing the editing activity in the three types
of He9 ESC lines, we found editing was additive,
without interaction when both variant and
nonvariant chromosomes were present. In addi-
tion to the variant correction, we observed
bystander editing by ABE8e. Fortunately, the
bystander edit results in a synonymous muta-
tion, and therefore does not lead to an amino
acid change.Overall, this work shows that ABE8e
can correct the most commonly reported causal
variant of aniridia. In addition, while other
studies have shown successful genomic editing
using ABE8e delivered in vitro as either plasmid,
mRNA, or RNP [38, 57–61], this is the first study
to successfully edit the DNA of mouse ESCs uti-
lizing the safer RNP approach.

Once we determined that ABE8e was the
optimal CRISPR-based enzyme for gene editing
at this locus, we sought to investigate a trans-
latable delivery system to a more clinically rel-
evant cell type. In choosing between rAAV and
LNPs, our data showing the importance of
sgRNA modification strongly favored the use of
LNPs. Our results show the first successful
delivery and genomic editing by the CRISPR
ABE8e encapsulated as an LNP-RNP. As a clini-
cally relevant cell type we choose ex vivo mouse
primary cortical neurons. This necessitated

shifting to another patient variant, which
strengthens the applicability of our work
showing correction of two aniridia patient
variants, but ABE8e was only able to correct this
second genomic variant to an encoded missense
mutation. Overall, correction dropped from
76.8% by electroporation in ESCs to correct the
c.718C[T (p.R240X) genomic variant to wild
type, versus 24.8% by LNP-RNPs in primary
neurons to alter the c.580G[T (p.G194X)
variant to Pax6 protein with a missense argi-
nine. We hypothesize this difference may be
due to a combination of transfection method-
ology, cell type, sgRNA sequence, DNA-se-
quence at the target site, and instability of the
missense-carrying Pax6 protein.

There are two main limitations of this study
to consider. First, there are over 600 PAX6 cau-
sal variants for aniridia [8]. Here we have
demonstrated a high level of correction of the
most common variant, but even that variant
only represents one of four that together
account for more than 20% of aniridia cases
[7, 62]. We anticipated that developing a gene
therapy for this variant will pave the way for
similar personalized medicine approaches for
other variants, but that needs future realization.
Second, as with all animal model systems, it is
not possible to test the off-target impact of
CRISPR enzymes, which must be studied for the
entire human genome. However, the finding
that the base editor ABE8e was the optimal
CRISPR-based enzyme is advantageous, since
this enzyme does not create DSBs and is well
known for minimal off-target effects [38].

There are two potential approaches for clin-
ical application of our optimized CRISPR ther-
apeutic strategy: ex vivo or in vivo. The first
application may be ex vivo autologous cell
therapy with correction of patient-derived cells
from either the retina or cornea prior to trans-
plantation into the aniridic eye [63]. A second
application may be in vivo administration, to
deliver the CRISPR therapy to multiple tissues of
the patient eye [63]. Nonetheless, both admin-
istration approaches require additional study to
demonstrate safety and efficacy for clinical
translation.
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CONCLUSIONS

The results of this study demonstrate support
for the hypothesis that a CRISPR gene therapy
can be developed and optimized in humanized
mouse embryonic stem cells that will be able to
distinguish between an aniridia patient variant
and nonvariant chromosomes. We demon-
strated the usefulness of the CHuMMMs
approach, and showed the first genomic editing
by ABE8e encapsulated as an LNP-RNP. Overall,
this study demonstrates successful ABE8e-me-
diated editing of two aniridia patient variants,
and thus lays the foundation for further pre-
clinical in vivo mouse studies to rescue Pax6
expression and prevent disease phenotype.
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