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Clinical application of CRISPR-Cas9 technology for large dele-
tions of somatic mutations is inefficient, and methods to
improve utility suffer from our inability to rapidly assess
mono- vs. biallelic deletions. Here we establish a model system
for investigating allelic heterogeneity at the single-cell level and
identify indel scarring from non-simultaneous nuclease activ-
ity at gRNA cut sites as a major barrier to CRISPR-del efficacy
both in vitro and in vivo. We show that non-simultaneous
nuclease activity is partially prevented via restriction of
CRISPR-Cas9 expression via inducible adeno-associated vi-
ruses (AAVs) or lipid nanoparticles (LNPs). Inducible AAV-
based expression of CRISPR-del machinery significantly
improved mono- and biallelic deletion frequency in vivo, sup-
porting the use of the Xon cassette over traditional constitu-
tively expressing AAV approaches. These data depicting im-
provements to deletions and insight into allelic heterogeneity
after CRISPR-del will inform therapeutic approaches for phe-
notypes that require either large mono- or biallelic deletions,
such as autosomal recessive diseases or where mutant allele-
specific gRNAs are not readily available, or in situations where
the targeted sequence for excision is located multiple times in a
genome.

INTRODUCTION
CRISPR-mediated deletion (CRISPR-del) of large genomic regions is
a promising strategy to treat acquired and inherited diseases, for
example Huntington’s disease (HD), human immunodeficiency virus
(HIV), and Duchenne muscular dystrophy (DMD).1–4 CRISPR-del
works by delivering Cas9 protein and guide RNAs (gRNAs) flanking
the region of interest to induce double-stranded DNA breaks (DSBs)
and excising the intervening region followed by non-homologous
end-joining (NHEJ) DNA repair.5–8 In contrast to introduction of
small indels by single gRNA CRISPR strategies, the intent of
CRISPR-del is to impair or restore gene function through the excision
of larger essential or pathogenic genetic components. For example,
excision of the expanded CAG repeat tract in mutant HTT eliminates
toxic mutant huntingtin RNA and protein production, HIV provirus
excision ensures removal of essential replication machinery proteins,
and removal of exons containing premature stop codons in Du-
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chenne’s muscular dystrophy can restore appropriate translation of
dystrophin-encoding mRNAs.4,9–11 To date, CRISPR-del based ap-
proaches have not resulted in approved therapies, likely due to inef-
ficiencies at several levels.7,12–15

Prior studies improved CRISPR-del frequency by pairing gRNAs with
PAM-in or PAM-out orientations or modulating NHEJ-repair path-
ways around the time of break formation.16,17 Data from these works
suggested that the major limiting factor, at least in vitro, may lie in the
rapid endogenous systems of DNA repair. Repair events can include
indels at the two gRNA cut sites without successful deletion, inversion
of the region between cut sites, or the successful full deletion.12

To better investigate DNA-repair outcomes resulting from CRISPR-
del in vivo with single-cell resolution, we and others used deletion-
dependent Ai14 (tdTomato) reporter mice.18–21 However, the sin-
gle-fluorophore model is blind to allelic heterogeneity (mono- vs.
biallelic deletions) and revealed few successful CRISPR-del events
across multiple tissues despite robust transduction.18,19 Here, we
compared the outcomes and fidelity of editing using different expres-
sion and delivery modalities for the CRISPR machinery in deletion-
dependent dual-reporter Ai14/Ai6 (tdTomato/zsGreen) compound
heterozygous animals, as well as cultured cells from these mice. Our
findings support that restricting the CRISPR-Cas9 expression win-
dow from weeks of expression to hours (inducible expression with
AAV-Xon or LNPs) significantly improves editing outcomes.
RESULTS
Single-cell resolution of allelic heterogeneity of CRISPR-del

Mouse embryonic fibroblasts (MEFs) from compound heterozygous
Ai14 (tdTomato)/Ai6 (zsGreen) reporter mice were established to
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Figure 1. Single-cell resolution of allelic

heterogeneity of CRISPR-del

(A) Schematic depicting the transgene cassettes of both

Ai14 and Ai6 alleles, and gRNA targeting sites. (B–D)

Summary of single- and double-positive cell population

size, overall frequency of allelic deletions, and propensity for

biallelic deletions after CRISPR-del in vitro using Ai14/Ai6

MEFs. (E) Schema for indel and inversion ddPCR assays.

(F) Indel frequency of gRNA cut sites at non-deleted

alleles assessed by ddPCR analysis. (G) Quantification of

inversions via ddPCR on bulk genomic DNA from Ai14/Ai6

MEFs. Data in (B)–(D), (F), and (G) represent means ± SD.
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interrogate the frequency of mono- vs. biallelic deletions after
CRISPR-del in vitro. Both reporters are in the Rosa26 safe harbor lo-
cus and contain identical upstream floxed STOP cassettes. Thus, the
same gRNA sites were used to provide for equal propensity of allelic
targeting by CRISPR-del (Figure 1A). Following transfection with
plasmids containing SaCas9 and two gRNAs flanking the STOP
cassette, we observed equivalent frequencies of MEFs expressing
only one fluorophore (3.3% tdTomato and 3.4% zsGreen) and a lower
frequency of double-positive (2.4%) cells (Figures 1B and S1A). Over-
all, there was a CRISPR-del frequency of 5.74% (Figure 1C) with
26.3% of these double-positive ((Figure 1D).

To investigate the editing landscape at the non-expressing allele,
MEFs that were single-positive for zsGreen only (zsGreen+/
2 Molecular Therapy: Nucleic Acids Vol. 35 June 2024
tdTomato�) were flow sorted and PCR amplified
across gRNA cut sites flanking the non-excised
Ai14 STOP cassette. Sanger sequencing revealed
indels at one or both cut sites (68%), inversions
(20%), and indel-free sequences (12%) (Fig-
ure S1B). Additionally, indel frequencies or inver-
sions were assessed by a digital droplet PCR
(ddPCR)-based drop-off assay (Figure 1E). Indel
frequencies assayed from zsGreen+ MEFs were
62.3% and 65.2% from gRNAs 1 and 2, respec-
tively (Figure 1F). ddPCR quantification of inver-
sions in bulk genomic DNA showed an average
inversion rate of 2.63% (Figure 1G), which cor-
roborates others’ work22–24 showing that dele-
tions (5.74%) occur at roughly twice the fre-
quency of inversions in vitro. Our data suggest
that the largest barrier to functional deletion
in vitro is not a lack of editing or inversions, but
a lack of simultaneous editing prior to NHEJ
repair, resulting in indel formation over a suc-
cessful deletion.

Allelic heterogeneity with CRISPR-del in vivo

To investigate the frequency of mono- vs. biallelic
deletions after CRISPR-del in vivo, Ai14/Ai6 mice
were co-injected intravenously with 5E12 vg/kg
or 1E13 vg/kg AAV8-SaCas9 and AAV8-gRNAs
vectors and tissues were collected 14 days later (Figure 3A). Consis-
tent with our Ai14/Ai6 MEF transfection data, livers from treated
mice displayed single-positive cell populations that were similar in
frequency but with very few double-positive cells (Figure 3B).

Hepatocytes are known to exhibit polyploidy and therefore may
contain more than one allele for each reporter gene.25,26 Using
flow cytometry, we could not discern fluorescent populations corre-
sponding to single or multiple activated Ai14-only or Ai6-only al-
leles and therefore assumed diploid genomes in our calculations
(Figure S2). Quantification by flow cytometry after isolation
confirmed the allelic heterogeneity noted in tissue sections, with
zsGreen-positive cells (3.69% or 4.45%) and tdTomato-positive cells
(3.76% or 5.21%) being similar in frequency at doses 5E12 vg/kg and
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1E13 vg/kg, respectively (Figure 3C). Double-positive cells ac-
counted for less than 1% of all hepatocytes at either dose, making
up a much lower proportion of the positive cell population at
4.75% and 6.45% (5E12 vg/kg and 1E13 vg/kg) (Figure 4E). Overall,
there were 4.09% and 5.51% (5E12 and 1E13) successful deletions
(Figure 3D) with single-positive to double-positive deletions at ra-
tios of 20:1 and 15:1 (Figure 3E).

Temporal restriction of CRISPR-Cas9 expression improves

CRISPR-del frequency and efficiency in vitro and in vivo

If the noted high indel frequency at the non-deleted allele gRNA cut
sites was due to early expression dynamics following transfection,
then temporally restricting Cas9 expression to occur after peak
plasmid trafficking may increase the opportunity for simultaneous
DSB formation prior to rapid NHEJ repair. To test this, an inducible
Cas9 expression cassette was generated using a variant of our previ-
ously described Xon system.27 Xon utilizes alternative splicing to
initiate translation in the presence of the small molecule LMI070.
Plasmids were cloned to contain two constitutively expressed gRNAs
with either inducible SaCas9 (pSaCas9-Xon) or its constitutively ex-
pressed counterpart (pSaCas9-Con) (Figure 3A).

Increasing doses of LMI were applied 3 h post-transfection of pSa-
Cas9-Xon in Ai14/Ai6 MEFs and the percentage of fluorescent cells
at 48 h measured via flow cytometry (Figure 3B). Maximal dele-
tions were observed at 250 nM LMI (Figure 3C). MEFs were
then transfected with either pSaCas9-Con or pSaCas9-Xon,
exposed to 250 nM LMI at varying times, harvested 48 h after
initial transfection, and single- and double-positive cells were
quantified by flow cytometry. Both mono- and biallelic deletion
frequencies increased when translation induction was delayed
(Figure 3D), with overall deletion frequency becoming significantly
greater at 3, 5, and 7 h (8.8%, 9.8%, and 9.9%) compared with
transfection with pSaCas9-Con (5.6%) (Figure 2E). Delayed
expression also significantly increased the fraction of cells that
were double-positive at 5 and 7 h (32.6% and 33.5%) compared
with SaCas9-Con (27.6%) (Figure 3F).

We next sorted, sequenced, and performed ddPCR drop-off analysis
at both gRNA cut sites of the tdTomato allele in zsGreen single-pos-
itive cells to investigate if the observed improved deletion frequency
of Xon correlated with reduced indel frequency at non-deleted alleles.
pSaCas9-Con transfected cells contained indel frequencies of 61.0%
and 63.6% (gRNA1 and gRNA2), while pSaCas9-Xon transfected cells
showed significantly reduced indel formation with delays of 5 (44.9%
at gRNA1 and 42.1% at gRNA2) or 7 h (35.9% at gRNA 1 and 41.1%
Figure 2. Temporal restriction of CRISPR-Cas9 expression improves CRISPR-

(A) Design of transfected transgene cassettes for constitutively on (Cas9-Con) or LMI-

introduction considering varied timepoints. (C) Dose-response curve informing the optim

of temporal restriction of Cas9 expression on single- and double-positive cell populatio

Indel frequency assessed by ddPCR analysis at gRNA cut sites of non-deleted alleles for

from Ai14/Ai6 MEFs. Data in (C)–(H) represent means ± SD, and significance was calcu

Dunnet’s post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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at gRNA2) (Figure 3G). Furthermore, we identified that the frequency
of inversions increased as deletion frequency increased (Figure 3H).
These data support that temporal restriction of Cas9 expression re-
duces indel formation frequency at gRNA cut sites and improves
the opportunity for successful deletions in vitro and that inversion,
a natural byproduct of simultaneous DSB formation, occurs roughly
half as frequently as a successful deletion in vitro.

Because of suboptimal induction of Cas9 expression in vivo with the
cassette used in Ai14/Ai6 MEFs (Figures S3A and S3B), we edited the
intron and exon components. Using a dual-luciferase reporter system,
there were significant improvements to induction of the new variant,
XS3B, compared with the parent variant (XS100 in pSaCas9-Xon)
post-LMI introduction in vitro (Figure S3C), with a concomitant in-
crease in deletion frequency in vivo (Figure S3D). AAV8-SaCas9-
Xon.XS3B (herein noted as XS3B) was then co-injected with constitu-
tively expressed AAV8-gRNAs at a 1:1 ratio into Ai14/Ai6 mice, and
LMI dosed either once or three times and cells and tissues analyzed
56 days after AAV delivery (Figure 4A).

Mice that received AAV8-XS3B had increased mono- and biallelic de-
letions with additional LMI dosing (Figures 4B, 4C, and S4A). Rela-
tive to SaCas9-Con (3.0%), overall deletion efficiency was similar
for the AAV8-XS3B plus LMI 1x (3.3%) group but was significantly
improved in the AAV8-XS3B plus LMI 3x group (7.2%). Notably,
the LMI 3x group exhibited over a 5-fold increase in the proportion
of double-positive cells compared with SaCas9-Con (7.3% vs. 1.4%)
(Figure 4D). These data support that delayed CRISPR/Cas9 expres-
sion post-AAV delivery can significantly improve CRISPR-del fre-
quency in vivo, particularly in the context of biallelic deletions. To
further confirm that observed differences between XS3B and Con
groups were not from protein expression variation, liver lysates
were assayed by western blot (Figure S4B). AAV-Con-injected mice
had 34% more SaCas9 protein than the induced AAV-SX3B groups,
suggesting that improvements in Xon groups treated with LMI were
due to the temporal restriction of transgene expression rather than
differences in peak nuclease concentration.

Subsequent ddPCR analysis revealed that both XS3B groups, most
notably LMI 3x, averaged significantly fewer indels at gRNA cut sites
1 and 2 (52.0% and 54.3%, respectively) when compared with SaCas9-
Con (72.5% and 78.6%, respectively) (Figure 4E). AAV8-XS3B-treated
mice given vehicle showed indels of 8.7% and 4.2% (gRNA 1 and
gRNA 2), at the non-deleted tdTomato allele (Figure 4E). Thus there
is some SaCas9 expression from the XS3B-Xon system, whichmay pre-
clude productive deletions prior to LMI-induced Cas9 expression.
del efficiency

inducible SaCas9 (Cas9-Xon). (B) Workflow for Ai14/Ai6 MEF transfection and LMI

ization of Xon system for CRISPR-del in Ai14/Ai6MEFs. (D–F) Summaries of the effect

n size, overall frequency of allelic deletions, and propensity for biallelic deletions. (G)

all groups. (H) Inversion quantifications using ddPCR analysis on bulk genomic DNA

lated using an ordinary one-way ANOVA (E, F) or two-way ANOVA (G) followed by



Figure 3. Single-cell resolution of allelic

heterogeneity with CRISPR-del in vivo

(A) Workflow depicting the delivery of AAV8 vectors

encoding SaCas9 and gRNAs at a 1:1 ratio retro-orbitally

(systemically) to Ai14/Ai6 mice and the timeline to

histological and FACS analysis. (B) Representative

histology images of liver sections (40 mm) red, green, and

overlay channels. Scale bar is 250 mm. (C–E) Summaries

of single- and double-positive cell population size, overall

frequency of allelic deletions, and propensity for biallelic

deletions, after CRISPR-del in vivo using AAV vectors. (F)

Indel frequency assessed by ddPCR analysis at gRNA cut

sites of non-deleted alleles for both 5E12 vg/kg and 1E13

vg/kg. (G) Quantification of inversions via ddPCR on bulk

hepatocyte genomic DNA. Data in (C)–(G) represent

means ± SD.
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To investigate the editing landscape in these groups, we used ddPCR
to evaluate the frequency of inversions found within hepatocytes.
Expectedly, inversion rates increased as deletion frequency
increased. This was observed with the Con and 1x groups, as they
averaged similar rates of both overall deletions (3.0% and 3.3%,
respectively) as well as inversions (2.3% and 1.8%, respectively)
(Figure 4F). In contrast, the LMI 3x group averaged more deletions
(7.2%) as well as inversions (3.7%). Compared with the traditional
constitutively expressed SaCas9-Con, the XS3B-Xon approach
moderately skews toward a productive deletion rather than an
inversion. This is exemplified in our 1x and 3x groups, as they aver-
aged 1.83 and 1.95 deletions per inversion, respectively. This con-
trasts the constitutively expressed group, which averaged 1.3 dele-
tions per inversion. These data suggest that inversions are a
natural byproduct of CRISPR-del, but that this restricted expression
Molecu
strategy using XS3B-Xon may assist in increasing
the propensity for deletions over inversions
while using AAV.

Temporal restriction of SaCas9-XS3B via

XS3B-Xon expression impacts anti-Cas9

antibody levels

Constitutive SaCas9 expression may be immuno-
genic causing clearance of transduced cells.28–30

To test the impact of delayed expression on anti-
body titers to AAV-expressed Cas9, we collected
sera from treated mice (from Figure 4A) prior
to LMI gavage. ELISAs done for Cas9 in sera
reached peak levels by d56 for AAV-Con and
the AAV-XS3B LMI 1x group (Figure 4G). Inter-
estingly, there were moderate levels of reactivity
on d42 of the LMI 3x group that were reduced
to not significantly different from baseline by
d56. Anti-AAV8 antibodies were not affected,
suggesting a potential induction of immune tolerance to the transgene
product (Figure S5A).

To investigate if antibody development was coupled to clearance of
transduced hepatocytes ddPCR was used to quantify SaCas9 trans-
genes per diploid genome in bulk sorted hepatocytes. There were
no significant differences of viral genomes per diploid genome
(vg/dpge) between groups (Figure S5A).

Lipid nanoparticle delivery of CRISPR-del machinery improves

deletion frequency in vivo

Unlike AAVs, lipid nanoparticles (LNPs) can deliver an immediate
pulse of high transgene expression, which we hypothesize may greatly
improve the opportunity for simultaneous DSBs and subsequent
successful CRISPR-del. LNPs additionally can lack intrinsic
lar Therapy: Nucleic Acids Vol. 35 June 2024 5
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immunogenicity as a delivery vehicle,4,31 in contrast to AAV, which
cannot be re-dosed systemically in vivo.32–34 As AAV8-SaCas9-Xon

showed stepwise improvements in CRISPR-del success with each
introduction of LMI (Figure 4C), we sought to also investigate a
similar additive potential of LNPs.

To evaluate single- and dual-injections of LNPs on CRISPR-del effi-
ciency, we injected Ai14/Ai6 mice intravenously with hepatocyte-
tropic LNPs (Table S1; Figure S7) containing a 2:1:1 ratio of SpCas9
mRNA, gRNA1, and gRNA2, at 2 or 4 mg/kg (Figure 5A). As we
observed stepwise increases with each LMI-induced burst in our
Xon experiments (Figures 4B and S3B), we then repeated LNP injec-
tions 14 days after with either empty or full LNPs and harvested tis-
sues 14 days post-second injection for hepatocyte sorting and flow cy-
tometry analysis (Figure 5A). Single-dose groups displayed a notable
dose-dependent increase in the allelic heterogeneity between 2 mg/kg
and 4 mg/kg, with their dual-dose counterparts exhibiting minimal
increases in all positive cell populations (Figure 5B). The single-injec-
tion low-dose-treated animals displayed monoallelic deletion fre-
quencies roughly twice that of AAV-Con, with 4.78% and 5.70%
zsGreen- or tdTomato-positive cells, and substantially higher biallelic
deletions with 4.78% double-positive cells (Figure 5C). A single repeat
injection of full LNP in the low-dose group roughly doubled the pres-
ence of single-positive cells with 8.80% and 9.63% zsGreen or tdTo-
mato but showed modest improvements to double-positive cells at
6.97%. In contrast, the singly injected high-dose-treated animals aver-
aged 11.71% and 12.32% zsGreen- or tdTomato-positive cells, while
the double-positive population in this high-dose group was 33.41%
of all hepatocytes collected (Figure 5C). Mice that received two 4
mg/kg injections showed no statistical increase in single- or double-
positive cell frequencies over their singly dosed counterparts, with
13.06% and 13.36% zsGreen or tdTomato single-positive cells and
36.65% double-positive cells.

Overall, redosing of LNPs had a nonsignificant improvement on
overall deletion frequency for the low-dose (11.18% for 1x and
16.18% for 2x) or the high-dose groups (45.42% for 1x and
50.00% for 2x) (Figure 5D). Furthermore, the fraction of double-
positive cells that made up the overall positive cell population
were not significantly improved after repeat dosing for either the
low-dose (27.12% for 1x and 27.60% for 2x) or high-dose groups
(57.92% for 1x and 57.81% for 2x) (Figure 5E). Analysis of indel fre-
quency via ddPCR on sorted zsGreen-only cells revealed dose-
dependent increases in indels of singly dosed groups for both
gRNA1 (35.5% and 69.3% for 2 or 4 mg/kg) and gRNA2 (38.7%
and 72.0% for 2 or 4 mg/kg) (Figure 5F). Compared with singly
dosed animals, repeat dosing of editing cargo significantly increased
Figure 4. Temporal restriction of CRISPR-del via AAV-XS3B improves biallelic

(A) Workflow depicting the route of administration for AAV vectors, timeline for gavage of

Summaries of single- and double-positive cell population size, overall frequency of alle

delivered SaCas9. (E) Indel frequencies assessed by ddPCR analysis at gRNA cut site

hepatocyte genomic DNA. (G) Anti-SaCas9 antibodies measured at baseline (day 0) thro

calculated using an ordinary one-way ANOVA (C and D) or two-way ANOVA (E) followe
indel frequency at both gRNA cut sites for the low-dose group
(76.7% at gRNA1 and 69.5% at gRNA2), but did not significantly
increase indel frequency at either gRNA cut site for the repeated
high-dose group (81.5% at gRNA 1 and 83.6% at gRNA2). Redosing
did not alter inversion frequencies (Figure 5G).

These data emphasize that repeat dosing with the same CRISPR-del
components does not significantly increase deletion nor inversion fre-
quency but does increase the frequency of indels at gRNA cut sites of
non-activated alleles. Overall, the LNP data support that rapid high
expression of CRISPR-Cas9 nucleases are essential for successful de-
letions, but that residual indel scars preclude the utility of repeat
doses.

Next, sera from injected mice were subjected to anti-SpCas9 ELISAs
(Figure 5H). Notably, we observed no increase in reactivity over time
to SpCas9 antigen, suggesting no notable immunogenicity despite re-
exposure. These data support the potential safety of repeat dosing of
LNPs for CRISPR-Cas gene editing in liver.

DISCUSSION
Efforts to characterize CRISPR-del have historically relied on cell or
animal models expressing a single fluorophore. As shown in prior
work by us and others, systems like the Ai14 mouse model allow visu-
alization of CRISPR-del with single-cell resolution.19 These systems
have enabled work to improve CRISPR-del by engineered CRISPR-
Cas9 variants, non-viral delivery technologies, and transient NHEJ
DNA repair inhibition. However, single fluorophore reporter models
cannot empirically discern between mono- vs. biallelic deletions and
are therefore blind to the allelic heterogeneity of editing approaches
like CRISPR-del, which is relevant to human disease application.
Here, we used Ai14/Ai6 mice and MEFs derived from them as dele-
tion-dependent dual-color reporter cell and mouse model systems
for their ability to sensitively discern mono- vs. biallelic deletions
on a single-cell level.

The frequency of successful CRISPR-del events has historically been
infrequent despite high dosing in vivo, further corroborated by our
data. Prior in vitro research suggested rapid NHEJ repair as a major
barrier to productive deletions,16,17 which our data support. NHEJ
repair, and therefore indel formation, can occur almost immediately
after nuclease activity.35 We found that limiting the window of
CRISPR-Cas9 expression increased simultaneous DSB formation.
With pSaCas9-Xon, overall deletion frequency improved in vitro
with each hour of delayed expression post-transfection, emphasizing
the importance of preventing low levels of transgene expression prior
to peak expression from plasmids.
deletion frequencies and reduces indel installment in vivo

LMI or vehicle, and endpoint collection of tissues for histology and flow sorting. (B–D)

lic deletions, and propensity for biallelic deletions after temporal restriction of AAV-

s of non-deleted alleles for all groups. (F) Quantification of inversions found in bulk

ugh day 56 post injection. Data in (B–F) represent means ± SD, and significance was

d by Dunnet’s post hoc test. *p < 0.05, **p < 0.01, ****p < 0.0001.
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In vitro, transfections reach maximum expression in hours,36–38 while
AAV-delivered transgenes express at low levels rapidly after in vivo
delivery but peak after several weeks.39,40 Low expression levels can
therefore induce DSBs at single gRNA sites non-simultaneously, re-
sulting in indel scar formation and prevention of target deletion.
The importance of avoiding even minimal levels of expression prior
to peak expression was emphasized in our vehicle-treated AAV-
XS3B group. Tissues from this group displayed measurable indel for-
mation presumably from low levels of transgene leakage detectable in
this sensitive reporter mouse, further supporting the need for a deliv-
ery technology capable of circumventing even low levels of transgene
expression prior to induction of high expression. With optimal
dosing, however, AAV-XS3B resulted in a biallelic deletion frequency
of 1.09% of all hepatocytes, a rate over 13-fold higher than when using
its constitutively expressed counterpart AAV-Con (0.08%).

Whereas AAV transgene expression peaks 2–3 weeks post-transduc-
tion, LNPs have rapid maximum expression in vivo.41,42 Notably, our
singly injected high-dose LNP-treated mice had a robust overall dele-
tion frequency and a biallelic deletion frequency that out-numbered
monoallelic deletions. Repeating LNP delivery had minimal impact
although the low-dose group had a greater improvement from the
second dose, presumably from less indel formation at gRNA cut sites
This additionally highlights the importance of maximal Cas9 intracel-
lular concentration, in conjunction with a limited expression window,
as the expression kinetics between 2 mg/kg and 4 mg/kg should be
similar, yet the deletion frequencies were vastly different.

Here, we used different CRISPR-Cas orthologs for AAV (SaCas9) and
LNP (SpCas9) experiments. Due to AAV transgene size constraints
(roughly 4.6 kb maximum), studying the effect of Xon-mediated
transgene restriction on CRISPR-del required SaCas9 rather than
SpCas9. Also, unlike SpCas9mRNA, commercially available modified
mRNA for SaCas9 was not available at the time of our study. Interpre-
tation of CRISPR-del frequency between the two technologies (AAV
and LNPs) should consider that SpCas9 is a single-turnover enzyme
that continues to bind to PAM-distal DNA for up to 24 h, while Sa-
Cas9 is a multiple-turnover enzyme that releases target DNA within
hours after cleavage. This subtle difference could result in varied de-
grees of steric blocking of DNA repair machinery that may otherwise
rapidly repair broken ends.

The threshold of deletion frequency for therapeutic relevancy of
CRISPR-del varies based on the disease. HIV, for example, may
require a near 100% deletion efficacy to prevent reactivation of latent
integrated proviruses. In contrast, reactivation of the fetal hemoglo-
Figure 5. Lipid nanoparticle delivery of CRISPR-del machinery further improve

(A) Workflow and timeline depicting the route of administration for LNP injections and end

from each group depicting liver sections (40 mm) with green, red, and overlay channels. (

allelic deletions, and propensity for biallelic deletions after one or two infusions of LNP-

sites of non-deleted alleles for all groups. (G) Quantification of inversions via ddPCR on he

LNP nanoparticle delivery. Days 0 (baseline) to 28 days post treatment are shown. Dat

ANOVA followed by Dunnet’s post hoc test. ***p < 0.001, ****p < 0.0001.
bin gene via CRISPR-del of the BCL11A enhancer in only 20% of
erythrocytes is suggested to drastically improve disease symptoms
of sickle-cell anemia in humans.43,44 Our data, while quantified in
the liver, demonstrated 45% overall deletion frequency with a single
injection of highly concentrated LNPs. This deletion frequency sug-
gests that reaching therapeutic thresholds for HIV or sickle-cell ane-
mia is promising, as LNPs efficiently transfect CD4+ T-cells45 (the
main cellular reservoir for HIV) and hematopoietic stem cells46 (pro-
genitors of erythrocytes). Use of the Ai14/Ai6 model will allow for the
optimization of LNP-based delivery of CRISPR-del components. Our
data suggest that a 20% deletion threshold for sickle-cell anemia may
be possible with a single dose of LNPs, whereas HIV therapy may
require repeat dosing with gRNAs not used previously. The increase
from single- and double-positive hepatocyte populations in conjunc-
tion with increased indel frequencies at gRNA cut sites after subse-
quent LNP dosing suggests the lack of clearance of hepatocytes
from CRISPR-Cas9 or LNP immunogenicity. This is further corrob-
orated by assays for anti-Cas9, where we found no significant pres-
ence of anti-SpCas9 antibodies despite repeat injections. It will be
important to assess longer time points to determine if the low anti-
transgene response is maintained.

Here, we present differences in the range of biallelic deletion fre-
quency resulting from CRISPR-del via different delivery modalities.
These data will inform CRISPR-del approaches for all phenotypes,
but more specifically those that require biallelic deletions such as
autosomal recessive diseases,47,48 or where mutant allele-specific
gRNAs are not readily available,49 or in situations where the targeted
sequence for excision is located multiple times within the
genome.50–52

While our data demonstrate variabilities in mono- and biallelic dele-
tion frequencies dependent on delivery modality, others showed im-
provements via chemical inhibition of essential NHEJ repair pro-
teins.16,17 It is possible that coupling NHEJ inhibition with
restricted nuclease expression could further improve overall and/or
biallelic deletion frequencies. Assessing the impact of transient
NHEJ inhibition on CRISPR-del in vivo, however, would be best as-
sessed by LNP delivery or AAV-Xon as AAV episomal establishment
utilizes NHEJ repair protein machinery.53

Temporal restriction of CRISPR-Cas9 may additionally improve the
safety profile of CRISPR-del therapeutic approaches. In terms of three
major concerns of AAV-delivered CRISPR-Cas9 in vivo: transgene
immunogenicity, off-target effects, and AAV-genome integration
may each be improved by temporal restriction of nuclease
s deletion frequency in vivo

point collection of tissues for histology and FACS sorting. (B) Histology of onemouse

C–E) Summaries of single- and double-positive cell populations, overall frequency of

SpCas9+gRNAs. (F) Indel frequency calculations after ddPCR analysis at gRNA cut

patocyte genomic DNA. (H) Quantitation of anti-SpCas9 antibodies in mice following

a in (C–G) represent means ± SD and significance was calculated using a two-way
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expression.54–56 Approaches to limit expression of nucleases include
self-deleting transgene constructs for AAV delivery wherein expres-
sion is terminated after intended editing has occurred.57,58 While hu-
mans may have pre-existing immunity to various CRISPR-Cas9 pro-
teins,29 whether this is problematic for therapeutic application
remains untested. Nonetheless, prolonged expression of bacterial pro-
teins could be problematic, making either the Xon system or LNP de-
livery desirable. Using Xon there was a measurable increase in single-
and double-positive cells with each biweekly introduction of the LMI
on-switch, suggesting that transduced cells were not cleared by the
immune system despite the re-introduction of CRISPR-Cas9 antigen.
Interestingly, there were reduced anti-transgene responses with the
Xon system with redosing that did not occur upon a single induction.
We hypothesize that this approachmay bemimicking that of immune
tolerance induction (ITI) utilized widely by medical professions aim-
ing to quell antibody responses to infused therapeutic proteins, such
as Factor VIII in the context of hemophilia A patients. It is possible
that early low-level expression in the absence of drug (Figure 4E) al-
lowed the priming of tolerance induced after LMI introduction and
may in turn be beneficial if using Xon in vivo for repeated expression
in a therapeutic setting. This would be in contrast to AAV-Con, which
induces a strong antibody response to the Cas9 protein.4,28,59,60

Furthermore, constitutive nuclease expression from AAVs has re-
vealed full-length and fragment integration.15,61 It will be interesting
to test in further work if Xon-restricted expression reduces unwanted
rearrangements or integration in addition to improving the fre-
quencies of CRISPR-del.

In summary, we characterized the genomic outcomes of CRISPR-del
in vitro and in liver using either constitutive or delayed expression
post transgene delivery, or via LNP. The Ai14/Ai6 model provided in-
sights into the resultant allelic heterogeneity after CRISPR-del in sin-
gle cells, emphasizing the importance of simultaneous DSB formation
prior to NHEJ repair and indel formation. Furthermore, we present
two methods of restricting Cas9 expression that in turn increased
the frequency of mono- and biallelic deletions. These approaches
may help us further define the relationship between CRISPR-del
and endogenous DNA repair.

MATERIALS AND METHODS
Animals

All animal procedures were previously approved by The Children’s
Hospital of Philadelphia Institutional Animal Care and Use Commit-
tee. Ai6 (B6.Cg-Gt(ROSA)26Sortm6(CAG-zsGreen1)Hze/J, Stock No:
#007906) and Ai14 (B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J,
Stock No: #007914) were obtained from Jackson Laboratories. Ai14
and Ai6 mice were crossed to generate compound heterozygous
Ai14/Ai6 mice, with each containing one copy of a tdTomato (Ai14)
floxed allele and one copy of a zsGreen (Ai6) floxed allele. Offspring
from these crosses were confirmed for genotype using PCR primers
and protocols available on the Jackson Laboratory website. Mice
were housed in a temperature-controlled, enriched environment on
a 12-h light/dark cycle. Food and water were provided libitum. All
studies were performed with adult (>5 weeks old), male mice.
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AAV vectors

All AAV8 vectors (AAV8-SaCas9, AAV8-SaROSAgRNAs, AAV8-
SaCas9-Con, AAV8-SaCas9-Xon, and AAV8-SaCas9-XS3B3) were
manufactured by the Children’s Hospital of Philadelphia Research
Vector Core. Vector titer was determined by ddPCR and recorded
in gene copies (GC) per milliliters. The AAV8-ROSA-SagRNAs vec-
tor contained the following gRNA sequences: 50-CTCTAGAGTCG
CAGATCCTC-30 and 50-ACGAAGTTATATTAAGGGTT-30.

Nucleic acids and lipid nanoparticles

SpCas9 mRNA was purchased from TriLink Biotechnologies
(CleanCap Cas9 mRNA, L-7606). Chemically end-modified synthetic
gRNAs (Synthego, Redwood City, CA) contained the following se-
quences: 50-AAAGAATTGATTTGATACCG-30 and 50-GTATGC
TATACGAAGTTATT-30. Nucleic acids were mixed at a ratio of
2:1:1 (mRNA:gRNA1:gRNA2) prior to encapsulation by lipid nano-
particles (LNPs). Lipids including SM-102, DSPC, cholesterol, and
DMG-PEG2K were diluted in ethanol at a 50:10:38.5:1.5 mol percent
ratio and mixed with RNA (sodium acetate, pH 4) at an N:P ratio of
5.8 using an in-house T-mixer. Mixing parameters included a flow
rate ratio of 1:3, a total flow rate of 15 mL/min. LNPs were immedi-
ately dialyzed against 1X PBS for 4 h (10 kDa MWCO) to remove
ethanol and reach target pH. LNPs were then concentrated, filter ster-
ilized, and frozen using a proprietary cryoprotectant buffer composi-
tion (pH 7.45). The hydrodynamic size, polydispersity index (PdI),
and surface charge (zeta potential) of the formulated LNPs were
determined using a Zetasizer Nano ZS90 (Malvern Instruments) (Ta-
ble S1). The morphology of LNPs was characterized by cryo-EM
(Titan Krios, Thermo Fisher) with a K3 Bioquantum (Gatan). RNA
encapsulation efficiency and the apparent pKa of LNPs were deter-
mined using a modified Quant-iT RiboGreen RNA assay (Invitrogen)
and the 6-(p-toluidinyl)naphthalene-2-sulfonic acid assay, respec-
tively.62 Endotoxin levels were examined by the chromogenic
endpoint Limulus amebocyte lysate (LAL). All LNPs were stored at
�80�C until use, and the endotoxin levels were below detection limits.

Mouse procedures and histology

For systemic retro-orbital AAV and LNP injections, mice were anes-
thetized with isoflurane. The right eye was numbed with drops of
Proparacaine hydrochloride Ophthalmic Solution, USP 0.5%, prior
to retro-orbital injection. Injectant was diluted up to a volume of
200 mL using vector dilution buffer (0.01M sodium phosphate dibasic,
0.18 M sodium chloride, and 0.001% Pluronic F-68 dialysis buffer,
pH = 7.4) according to the desired dose (2 mg/kg or 4 mg/kg for
LNPs, and 5E12 vg/kg, 1E13 vg/kg or 1.75E13 vg/kg for AAV).
Vehicle-injected mice received 200 mL of vector dilution buffer alone.
The entire volume was quickly injected into the retro-orbital venous
sinus behind the right eye using a BD U-100 insulin syringe (Becton
Dickinson). For gavage, LMI (LMI070, MedChemExpress, HY-
19620) was diluted in a 1:1 mixture of 1% methylcellulose and 1%
Tween-80 to a concentration of 5 mg/mL. Mice were dosed with
LMI at 50 mg/kg. For perfusions and tissue collection, mice were anes-
thetized with isoflurane and perfused with 20 mL of ice-cold PBS.
Heart, lung, liver, kidney, and spleen were collected from all mice



www.moleculartherapy.org
and post-fixed in 4% PFA with a 24-h incubation at 4�C and then cry-
oprotected with a 72-h incubation at 4�C in a 30% sucrose solution (in
PBS). After cryoprotection, organs were stored frozen at �80�C. Cry-
oprotected Ai14/Ai6 mouse tissues were sectioned on a freezing
microtome at 40 mm. Tissues were rinsed with PBS, stained for nuclei
with a 1:5,000 dilution of Hoechst 33528 (in PBS), rinsed again in PBS,
and then mounted with Fluoro-Gel (Electron Microscopy Sciences)
and coverslipped. Mounted sections were imaged with a LEICA
DM6000 B epifluorescence microscope using a �10 dry objective.

Hepatocyte isolation and flow cytometry

After perfusion of mice, as mentioned above, livers were minced with
a razor blade and enzymatically digested for 2 h at 37�C with shaking
(digestion solution: 3 mM CaCl2, 200 units/mL Collagenase IV, and
1.5% bovine serum albumin [BSA] in Hank’s balanced salt solution
[HBSS]). The final hepatocyte suspension was passed through a 70-
mm filter and rinsed to assist in straining cells through the filter
(washing buffer: 1.5% BSA in HBSS). Cells were pelleted by centrifu-
gation (110 � g) and resuspended in FACS buffer (0.5% BSA, EDTA
(2 mM) in PBS), and counted using Trypan Blue (1:10 dilution) to
determine the total count of live cells. Cells were aliquoted and stained
with 0.29 mg/mL of a hepatocyte-specific primary (Rabbit anti-Mouse
ASGR1, Proteintech, 11739-1-AP) or immunoglobulin (Ig)G control
primary (Rabbit IgG, Vector Laboratories, I-1000-5) for 30 min at
room temperature. Cells were pelleted at 110 � g and rinsed twice
with FACS buffer. Cells were then resuspended and stained with sec-
ondary (donkey anti-rabbit IgG H + L, Alexa Fluor 647, Thermo
Fisher, A32733) at a 1:400 dilution for 15 min at room temperature.
Cells were rinsed three times and resuspended in 1 mL FACS buffer.
Flow cytometric analysis and sorting was performed on an FACS Aria
Sorter (BD Biosciences). Suspensions were gated for cells, singlets,
and hepatocytes (APC-A) (except for in vitro MEFs work) and then
gates for tdTomato (PE) and ZsGreen (FITC) were established on
non-edited controls (Figure S2). Data were analyzed using FlowJo
10.8.2 software (FlowJo LLC).

Evaluation of indel frequency at gRNA cut sites

Genomic DNA was isolated from zsGreen-only hepatocytes using the
QIamp mini kit (Qiagen). Evaluation of indel frequency in Cas9-
treated groups was performed using a ddPCR drop-off assay. For Sa-
Cas9 gRNA 1, primers used were Fwd 50- AGGAACTTCGT
CGACATTTAAATCA-30 and Rev 50-CTACAAATGTGGTATGGC
TGATTATG-30. For SpCas9 gRNA 1, primers used were Fwd 50- CC
TACAGCTCCTGGGCAA-30 and Rev 50-TTATTCATCGCGAATA
ACTTCGT-30. For amplification of the downstream (gRNA 2) cut
sites for both SaCas9 and SpCas9, the following primers were used:
Fwd 50-ATCATGTCTGGATCCCCATCAA-30 and Rev 50-TC
GCCCTTGCTCACCATGGT-30. Reference (Ref) and drop-off
(DO) probes were as follows: SaCas9_Ref_gRNA1 = 50-TATGCTA
TACGAAGTTATTCGCGAT-30

SaCas9_DO_gRNA1 = 50-CGACTCTAGAGGATCTGCGACTC–30,
SpCas9_Ref_gRNA1 = 50-CTCTAGAAAGTATAGGAACTTCGTC
GAC-30
SpCas9_DO_gRNA1 = 50-TTTGATACCGCGGGCCCTAA-30

SaRef_SpDO_gRNA2 = 50-CTATACGAAGTTATTAGGTCCCTC
GACCT.

SaDO_SpRef_gRNA2 = 50-CTGATCCGGAACCCTTAATATAACT
TCGTAT-30

All probes were ordered in both of the following versions: (1) 50

6-FAM/ZEN/30 IBFQ and (2) 50 Hex/ZEN/30 IBFQ, and correct com-
binations were utilized for each ddPCR reaction to ensure the refer-
ence and drop-off probes were of different fluorescence probe signal.
The PCR reaction cycle conditions were 95�C for 10 min (95�C 10 for
seconds, 60�C for 30 s)� 39, 95�C for 10 min, 4�C hold. To quantify
percent indel frequencies, the total number of singly fluorescent drop-
lets (reference probe binding only) were divided by the total number
of doubly fluorescent droplets (reference and drop-off probe
binding) � 100.

Western blot

Protein lysates were obtained from mouse livers using RIPA buffer as
a lysing reagent, and concentration was measured via Bradford pro-
tein assay according to the manufacturer’s instructions (Bio-Rad).
Twenty micrograms of protein was loaded into a 4%–20% Citeron
TGX gel and run for 1 h at 110 V. Proteins were then transferred
to PVD membrane using the Turbo-Blot Turbo Transfer system
(Bio-Rad), and subsequently blocked with 5% milk in TBS-T for
2 h at room temperature. Primary antibodies for detecting HA-tagged
SaCas9 (Rabbit mAb, C29F4, Cell Signaling Tech.) and ⍺Tubulin
(Mouse mAB, T5168, Millipore Sigma) were diluted 1:2,000 and
1:10,000, respectively, and added to the membrane overnight at 4�C
on a shaker. The membrane was then washed 3x at 10-min intervals
with TBS-T and HRP-conjugated goat-anti-Rabbit and goat-anti-
Mouse secondaries (diluted 1:5,000) were added for 2 h at room tem-
perature. Membranes were washed 3x at 10-min intervals with TBS-T
and detection reagent was added for 5min (Cytiva’s Amersham ECL).
Membranes were imaged for chemiluminescence intensity and quan-
tified for Gray Mean Value via ImageJ software. To quantify differ-
ences in groups, the ratio of HA-SaCas9 (experimental) to ⍺Tubulin
(loading control) was calculated for each lane. Listed values (Fig-
ure S4B) depict the total mean ratio of each group.

Cell culture

MEFs were isolated from Ai14/Ai6 compound heterozygous embryos
using a protocol described in Jozefczuk et al.63 The protocol was fol-
lowed through the first section and the steps after this were not per-
formed. Briefly, a pregnant homozygous Ai6mouse was euthanized at
day 14 post-coitum (with a homozygous Ai14 male). The uterine
horns were dissected for isolation of embryos. Heads and red organs
were extracted, and the remaining tissues were minced and trypsi-
nized. Trypsin was then neutralized with the addition of MEF culture
media (45 mL of DMEM, 50 mL of FBS, 5 mL of 200 mM
L-glutamine, and 5 mL of penicillin-streptomycin). The cells were
then plated onto coated cell culture plates and allowed to expand.
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In vitro transfection and drug treatment

Ai14/Ai6 MEFs were seeded onto uncoated six-well plates. Cells were
transfected at 70%–80% confluence using Lipofectamine 3000
(Thermo Fisher) according to manufacturer’s protocols. Media was
changed 24 h later and cells were maintained for 72 h total after trans-
fection. MEFs were then imaged with an EVOS FL Cell Imaging Sys-
tem (Thermo Fisher).

The Cre-encoding plasmid, pENN.AAV.CMVs.PI.Cre.rBG, was ob-
tained from Addgene (Addgene plasmid #105537; http://n2t.net/
addgene:105537; RRID:Addgene_105537).

For in vitro experiments using LMI: MEFs were transfected as afore-
mentioned and treated with designated concentrations of LMI
(LMI070, MedChemExpress, HY-101792A) diluted in DMSO at
designated time points post-transfection. Cell culture media was
changed 24 h after introduction of LMI and cells were lifted and pre-
pared for flow cytometry 72 h after initial transfection.
ELISAs

Ninety-six-well plates were coated overnight at 4�C with 100 mL of
either SaCas9 or SpCas9 at 1 mg/mL in PBS. Plates were washed
with 200 mL of 0.05% PBS-T three times and coated in 5% milk in
PBS for 1 h at 37�C then dumped. Samples were diluted 1:20 or
1:50 in 5% milk in PBS for at least 30 min and added to the plate
for 1 h at 37�C. Plates were dumped and washed five times with
200 mL of 0.05% PBS-T. Donkey anti-mouse HRP antibody was
diluted 1:2,000 in 5% milk in PBS and 100 mL was added to the plates
for 1 h at 37�C. Plates were dumped and washed 10 times with 0.05%
PBS-T. Fifty microliters of TMB start reaction was added to each well
and allowed to develop for 10 min. Fifty microliters of TMB stop so-
lution was then added to wells and absorbance values were read at
450 nm.
Figure generation

The graphical abstract and following figures were created with the
assistance of biorender.com: Figures 1A, 1E, 2A, 2B, 3A, 4A, 5A,
and S3A.
Statistical analysis

Statistical analyses were performed using GraphPad Prism v.9.1.2
software. Data were analyzed using one-way ANOVA or two-way
ANOVA followed by a Dunnet’s post hoc test. Statistical significance
was considered when p < 0.05. All results are shown as mean ± SEM.
DATA AND CODE AVAILABILITY
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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