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With the aim of expediting drug target discovery and valida-
tion for respiratory diseases, we developed an optimized
method for in situ somatic gene disruption in murine lung
epithelial cells via AAV6-mediated CRISPR-Cas9 delivery.
Efficient gene editing was observed in lung type II alveolar
epithelial cells and distal airway cells following assessment of
single- or dual-guide AAV vector formats, Cas9 variants, and
a sequential dosing strategy with combinatorial guide RNA
expression cassettes. In particular, we were able to demonstrate
population-wide gene disruption within distinct epithelial cell
types for separate targets in Cas9 transgenic animals, with min-
imal to no associated inflammation. We also observed and
characterized AAV vector integration events that occurred
within directed double-stranded DNA break sites in lung cells,
highlighting a complicating factor with AAV-mediated deliv-
ery of DNA nucleases. Taken together, we demonstrate a
uniquely effective approach for somatic engineering of the mu-
rine lung, which will greatly facilitate the modeling of disease
and therapeutic intervention.
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INTRODUCTION
CRISPR-Cas9 has proven to be revolutionary for basic and translational
research, and it has facilitated a broad range of previously challenging
applications. This is particularly true of disease modeling and drug
target discovery or validation in vivo. Here, it has enabled the develop-
ment of somatically engineered mouse models (SEMMs) through un-
precedented gains in speed and cost-efficiency, thereby presenting a
distinct complement to traditional germline-derived equivalents. In
this context, adeno-associated virus (AAV) technology as a means to
deliver the necessary CRISPR-Cas9 cargoes has attracted significant
attention due to its potential for tissue-enriched infection, effective de-
livery efficiency, and relatively low immunogenicity. In addition, the
tropism of naturally existing AAV capsid variants has been extensively
characterized for transgene delivery into the central nervous system,
retina, heart/muscle, liver, and lung, thus affording a variety of options
for broad or tissue-specific genome manipulation.1–12
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Several studies have described viral vector-based methods for somatic
editing of oncogenic or tumor suppressor genes in situ, leading to the
establishment of sophisticated SEMMs for non-small cell lung can-
cer,13–19 glioma,20 pancreatic cancer,21 breast cancer,22 and colorectal
cancer.23While the generation of cancer models can often be achieved
with modest editing efficiency in the target cell population, owing to
a growth advantage of the edited cells harboring CRISPR-Cas9-
induced oncogenic mutations, higher editing rates could provide
appropriate conditions for recreating non-transforming disease
states. Indeed, in vivo gene perturbation efficiencies impacting �80%
of target alleles, as measured by direct DNA sequence or cellular
phenotype, have been observed through the use of AAV-CRISPR-
Cas9 in retina,24 muscle,25,26 and brain,27 suggesting that cell pop-
ulation-level effects are feasible. However, the ability to achieve this
degree of editing outside of select organs and across a variety of key
cell types or tissues, therefore maximizing opportunities for disease
modeling, remains a challenge.

To create an in vivo platform that enhances the potential for respira-
tory disease modeling and drug target discovery or validation, we
sought to optimize AAV-mediated delivery of CRISPR-Cas9 and
the related gene perturbation protocols with a specific focus on the
murine lung epithelium. Achievement of a high editing efficiency in
alveolar cell type II (AECII) and airway epithelium, e.g., club and cili-
ated cells, is of particular value given the roles these cell types play in
cystic fibrosis, chronic obstructive pulmonary disease, and idiopathic
pulmonary fibrosis.28–31 Through fine-tuning the AAV dosage,
applying a unique repeat-dosing protocol and a multi-vector strategy
al Development Vol. 27 December 2022 ª 2022 The Author(s). 431
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.omtm.2022.10.016
mailto:yliang@gene.com
mailto:benjamih@gene.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtm.2022.10.016&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Molecular Therapy: Methods & Clinical Development
to deliver the full suite of CRISPR-Cas9 machinery, we were able to
disruptR65% of surveyed alleles in AECII and airway epithelial cells
in Ai9 mice.32 With further optimization by applying a single-guide
expression vector in combination with a Cas9 transgenic model, we
could induce near-complete depletion of target protein in AECII or
significantly alter differentiation of airway epithelial cells following
disruption of Usp30 and Notch2, respectively. Furthermore, long-
read sequencing analysis and locus reconstruction of edited cells iden-
tified a substantial degree of AAV genome integration at on-target
double-stranded DNA (dsDNA) break sites, revealing the potential
for unintended mutagenic events or genotoxicity concerns related
to gene editing methods that utilize AAV-CRISPR-Cas9.33–35

RESULTS
Optimization and biodistribution profiling of AAV transduction in

murine lung epithelium

Previously, AAV9 was combined with intratracheal (i.t.) delivery to
express CRISPR-Cas9 modalities in the murine lung.16 Using this
as a baseline to identify an optimal AAV-mediated transgene delivery
method for lung epithelial cells, we compared intranasal (i.n.) versus
i.t. routes of administration in combination with a reporter virus
(AAV9-CAG-luciferase). Use of the strong, constitutive CAG pro-
moter to drive reporter expression enabled us to gauge general trans-
duction characteristics.36 i.t. delivery produced a qualitative improve-
ment of in vivo bioluminescent signal across the whole lung compared
with the i.n. method (Figure S1A). Whole-lung coverage after i.t. de-
livery was also examined by administering either a trypan blue dye
(Figure S1B) or a fluorescent reporter virus (AAV9-CAG-GFP). Rela-
tively homogeneous biodistribution of the GFP transgene was
observed in 3D images of AAV9-reporter-infected lung lobes (Fig-
ure S1C), demonstrating the superiority of i.t. administration in
achieving widespread infection of the murine lung. The i.t. method
was therefore selected for experiments conducted throughout the
remainder of our study.

With a goal of delivering to the lung epithelial cells with broadly
attainable AAV variants, we compared transduction efficiencies after
i.t. administration of AAV6,16,36 AAV8,11 and AAV916 CAG-lucif-
erase or CAG-GFP reporter particles. All AAV serotypes provided
sustained luciferase expression for at least 23 weeks after delivery
(Figure S1D). Both AAV6 and AAV9 provided a stronger in vivo
bioluminescent signal compared with AAV8. However, AAV9 also
showed nonspecific bioluminescent signals in the abdomen of male
mice (Figure S1D). These results are consistent with previous obser-
vations of improved lung delivery for AAV6 compared with AAV8
and broader tropism of the AAV9 capsid variant relative to AAV6
or AAV8.37,38 Immunofluorescent staining (IF) of lung tissue from
animals intubated with either AAV6-CAG-GFP or AAV9-CAG-
GFP showed high %GFP expression in AECII compared with modest
expression with AAV8-CAG-GFP (Figures S1E and S1F). Relative to
AAV9, AAV6 provided greater transduction efficiency in club cells
(Figures S1E and S1F). Due to its higher transduction efficiency in
the cell types of interest (AECII and airway epithelium), we proceeded
with AAV6 for the remainder of our study.
432 Molecular Therapy: Methods & Clinical Development Vol. 27 Decem
Through the use of i.t. delivery, we sought to identify the optimal dose
of AAV6-CAG-GFP necessary to achieve maximal transduction effi-
ciency in lung epithelial cells. IF staining of GFP and cell type markers
showed that transduction efficiency reached a plateau of �80% in
AECII starting at 8 � 1011 vg (vector genome)/mouse, with similar
levels of efficiency requiring higher doses in ciliated (8 � 1012 vg/
mouse) and club cells (1.2 � 1013 vg/mouse) (Figure 1A). We subse-
quently examined the potential for co-delivery of separate AAV6 re-
porter viruses (CAG-GFP and CAG-mCherry). IF staining of GFP
and mCherry revealed a high frequency of overlapping expression
(>80%) in all three cell types after simultaneously delivered AAV6 vi-
ruses (Figures 1B and 1C). This latter strategy supports the applica-
tion of multi-AAV strategies to deliver cargos that cannot fit into a
single AAV vector due to packaging size limitations.

In a separate experiment aimed at dissecting AAV6 transduction ef-
ficiency in cell types of the lung in an unbiased manner, single-cell
RNA sequencing (scRNA-seq) analysis was conducted in animals
that received two sequential doses of co-delivered AAV6 vectors at
2� 1012 vg/dose/mouse. Here, one vector expressed dCpG-Staphylo-
coccus pyogenes (Sp)Cas9 and the other expressed a sgRNA cassette
linked with a GFP marker (Figure S2A). Non-hematopoietic lineage
cell populations (CD45–/GFP+ versus CD45–/GFP�) were extracted
from the lungs of treated animals and subjected to scRNA profiling.
Consistent with the high AAV co-transduction efficiency shown in
our previous experiments (Figures 1B and 1C), scRNA-seq analysis
revealed that nearly all cells that expressed Cas9 also expressed GFP
(Figure S2B). Clustering analysis of cell types based on gene expres-
sion identified the major lung cell subpopulations, including AECII,
alveolar type I (AT1), fibroblasts, club, ciliated, and endothelial cells
(Figure S2C). The GFP transgene was enriched within AECII, club,
and ciliated cells, as well as a small portion of AT1 cells
(Figures 1D, 1E, and S2D). Altogether, our scRNA-seq results are
consistent with the IF data demonstrating that AAV6 has skewed
tropism for AECII, club, and ciliated cells relative to other cell types
in the murine lung when using our i.t. delivery protocol.

Cas9 and sgRNA expression vector parameters that enable

editing in the lung epithelium of Ai9 reporter mice

To evaluate the application of CRISPR-Cas9 in vivo, we designed Staph-
ylococcus aureus (Sa)Cas939 all-in-one vectors carrying both Cas9 and
pairs of sgRNAs targeting the genomic regions flanking a LoxP-Stop-
LoxP (LSL)-tdTomato cassette in Ai9 reporter mice (Figure S3A).
Here, genome editing is expected to generate indels at one or both of
the paired sgRNA target sites, as well as deletion of the LSL cassette,
potentially resulting in tdTomato expression (Figure 2A). As a result
of the extended protospacer adjacent motif (PAM) sequence require-
ment for SaCas9, designs were limited to two sgRNAs with acceptable
activity scoresoneach sideof the LSL cassette.Use of theCAGpromoter
to drive Cas9 expression would result in an AAV genome beyond the
conventional packaging size limit. Therefore, different ubiquitous pro-
moters with a compact size, such as EF1a short and Rous sarcoma virus
(RSV) long terminal repeat,36 were used for expression of SaCas9. We
tested the two promoters through transient transfection of plasmids
ber 2022



Figure 1. Profiling AAV6 transduction in murine lung

(A) Quantification of GFP expression within cells dosed with increasing titers of AAV6-CAG-GFP. IF staining of GFP and various cell markers were performed on paraffin-

embedded lung tissue harvested at week 1 after delivery of AAV6-CAG-GFP. Lung sections containing five lung lobes were quantified for each animal. n = 5. Error bars

represent SEM. (B) Representative IF images showing GFP stained in green, mCherry in red, cell markers (SPC, CC10, and acetyl-alpha tubulin, respectively) in white, and

nuclei (DAPI) in blue on paraffin-embedded lung sections. Animals were co-transduced with AAV6-CAG-GFP and AAV6-CAG-mCherry at 4 � 1012 vg/virus/mouse. Lung

tissues were harvested at week 1 after infection. Scale bars, 500 mm. The yellow box shows the zoomed-in region. Scale bars, 50 mm (inset). (C) Quantification of the

colocalization of GFP, mCherry, and cell markers. IF staining of GFP, mCherry, and various cell markers was performed on paraffin-embedded lung tissue harvested at week

1 after co-transduction of AAV reporter viruses (GFP andmCherry). Lung sections containing five lung lobes were quantified for each animal. n = 5. Error bars represent SEM.

(D) The composition of lung cell types presented in GFP– versus GFP+ samples as shown in the pie charts. (E) The percentage of each lung cell type presented in GFP– versus

GFP+ samples.
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in mouse embryonic fibroblasts (MEFs) derived from Ai9 mice. We
observed higher Cas9 expression and more gene editing (as measured
by tdTomato-expressing cells) with the RSV promoter (Figures S3B
and S3C). Hence, this promoter was selected for experiments using
AAV-deliveredCas9 in vivo. Before investigations of in situ somatic ed-
iting inAECII and airway epithelial cells, we developed a FACSprotocol
based on cell type-specific lineage markers to sort these two cell popu-
lations for analysis (Figures S4A and S4B).40–42 The sorted airway
epithelial cells are mainly from distal airways and are reported to
contain�10%–15% club cells, 80% ciliated cells, and <1% lineage-nega-
Molecular The
tive epithelial progenitors.41,42Upon delivery of SaCas9 and LSL-target-
ing sgRNAs via AAV6 in vivo, we observed relatively low (based on %-
tdTomato) to moderate (based on %indels) editing efficiency in AECII
and distal airway epithelial cells (Figures S3D and S3E).

To further optimize editing efficiency, we investigated separate AAV
co-delivery approaches to accommodate the larger SpCas9 (4.1 kb),
which has a shorter and less stringent PAM sequence (NGG) require-
ment compared with SaCas9. The PAM requirement of SpCas9
enabled us to design several sgRNA pairs intended to flank and disrupt
rapy: Methods & Clinical Development Vol. 27 December 2022 433
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Figure 2. Somatic editing in Rosa26-LSL-tdTomato mice by dual AAV delivery of Cas9 and sgRNA pair

(A) Schematic of somatic editing outcomes. Upon the delivery of AAV vectors, CRISPR-Cas9-mediated genome editing can lead to the formation of indels and deletion of the

LSL cassette, which leads to tdTomato expression. (B) Two dual vector designs (configurations 1 and 2) to deliver the CRISPR/SpCas9 components. The genetic com-

ponents were colored and labeled. The size of each vector was listed under the vector. (C) Indel analysis of sgRNApair 1 in animals received one dose of AAV-SpCas9/sgRNA

pair or AAV-split Cas9/sgRNA pair. %Indels formation at the two on-target sites (left panel: left sgRNA; right panel: right sgRNA) was examined in the sorted AECII and airway

epithelial cells at week 3 after intubation of AAV at 2� 1012 vg/mouse (n = 5–6). Each dot represents one animal. Error bars represent SEM. *p < 0.05; n.s., not significant. (D)

Representative IF images of tdTomato and GFP staining of paraffin-embedded lung tissues collected at week 3 after the first round of AAV intubation. GFP stained in green,

tdTomato stained in red. Cell nuclei stained by DAPI in blue. Scale bars, 200 mm. (E) Quantification of%tdTomato expression in sorted AECII and airway epithelial cells at week

3 after the intubation of the AAV-SpCas9/sgRNA pair or the AAV-SplitCas9/sgRNA pair. Data determined by two methods are shown: upper panel, FACS analysis. %-

tdTomato expression was quantified in AECII lineage marker-positive cells and integrin b4-positive cells, respectively. n = 4–6; lower panel, IF staining. %tdTomato

expression was quantified in cells stained positive for SPC (AECII marker) and CC10 (club cell marker), respectively. n = 3. Each dot represents one animal. Error bars

represent SEM. *p < 0.05, **p < 0.01, ***p < 0.001. (F) Quantification of %GFP and %tdTomato/GFP double expression in sorted AECII and distal airway epithelial cells at

week 3 after the first round of AAV intubation. Data determined by two methods are shown: upper panel, FACS analysis. %tdTomato expression was quantified in AECII

(legend continued on next page)
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the LSL cassette, as described above. Building from our data showing
efficient co-vector transduction in AECII, club, and ciliated cells
(Figures 1B and1C),we tested twodual-vector configurations todeliver
SpCas9 and corresponding LSL-specific sgRNA pairs. In one configu-
ration (configuration 1), an AAV-vector was designed to deliver full-
length SpCas9 driven by the RSV promoter, while a separate vector
was engineered to co-express a pair of sgRNAs (U6 promoter) and a
GFP marker (CAG promoter) (Figure 2B; Table S1). A second config-
uration (configuration 2) used dual AAV vectors where each vector
would deliver a correspondingN- orC-terminal half of an intein-medi-
ated split-SpCas943,44 andone of two sgRNAs targeting theLSL cassette
(Figure 2B). Packing size limited additional features that could be in-
serted within the full-length SpCas9 vector. The split SpCas9 con-
structs, on the other hand, allowed the inclusion of a woodchuck hep-
atitis virus PRE (WPRE) element, which is known to enhance
expression from virus-derived transgenes (Figure 2B).45 Using
%tdTomato+ cells as ameasure of efficiency, we observed greater activ-
ity with FL-SpCas9 compared with split-Cas9 in Ai9-derived embry-
onic fibroblasts (Figure S5A). The addition of a WPRE in the split-
SpCas9 constructs enhanced target disruption compared with the
same constructs without a WPRE (Figure S5A). Protein analysis
confirmed expression of both the FL-SpCas9 protein and intein-medi-
ated reconstitution of split-SpCas9, which occurred as early as 4 days af-
ter delivery of AAV vectors intoMEFs (Figure S5B). A small quantity of
un-reconstituted split-SpCas9 protein was also detected (Figure S5B).

Following validation of the dual vector strategy in vitro, we moved
to assess gene editing efficiency in vivo via the Ai9 model.
Animals received one dose (1 � 1012 vg/vector/mouse) of either
AAV-FL-SpCas9/sgRNA pair (configuration 1) or AAV-split-
SpCas9/sgRNA pair (configuration 2). Indel formation was examined
from sorted AECII and distal airway epithelial cells. The sgRNA-right
showed a comparably high indel frequency (�85% in AECII and
�65% in distal airway epithelial cells) in animals that received either
configuration 1 or configuration 2, indicating the successful reconstitu-
tion of the split-SpCas9 into functional full-length SpCas9 (Figure 2C,
right panel). However, we observed the split-SpCas9 to be more sensi-
tive to differences in sgRNA efficiency, as shown by a modest but sig-
nificant reduction in indel formation with the weaker sgRNA-left
versus the more efficient sgRNA-right (Figures 2C and S5C).

Despite the high proportion of indels (R65%) generated with the
right-side guide RNA, use of the relatively weaker left-side guide
RNA (%50%, Figure S5C) was expected to decrease the chance of a
co-targeting event and, consequently, LSL deletion. This was reflected
in lower %tdTomato expression (%20%) as measured by immuno-
stained lung tissues or dissociated lung cells, compared with the fre-
quency of indels formed at either target site alone from animals that
received either the AAV-FL-SpCas9/sgRNA pair (configuration 1) or
lineage marker-positive cells and integrin b4-positive cells, respectively. n = 6–7; lower

SPC (AECII marker) and CC10 (club cell marker), respectively. n = 3–6. Each dot represe

the AAV vectors. The genome copy per cell was analyzed for AECII and distal airway epi

Error bars represent SEM. *p < 0.05, **p < 0.01, ***p < 0.001; n.s., not significant.
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the AAV-split-SpCas9/sgRNA pair (configuration 2) (Figures 2C–
2E). The %tdTomato expression (�15%–20%) as measured by IF
staining of club cells in Ai9 animals that received the AAV-FL-
SpCas9/sgRNA pair was consistent with, albeit slightly lower than,
a recent study demonstrating �19%–26% editing in lung airway
epithelial cells.46 While a dual vector strategy was used in each case,
differences in efficiency between these methods could be related to
the discrepant AAV serotypes, promoters driving the FL-SpCas9,
unique right-side sgRNA sequences, and standard (our study) versus
self-complementary viral genome formats (Figure 2E, bottom
panel).46 Reduced %tdTomato via split- compared with FL-SpCas9
(Figure 2F) correlated with significantly lower editing efficiency at
the left-sgRNA site (Figure 2E) rather than fewer genome copies
within transduced cells, as animals injected with AAV-split-SpCas9
showed a trend toward higher vector copies per cell compared with
AAV-FL-SpCas9 (Figure 2G). This is consistent with previous results
that suggest split-SpCas9 may have comparable but often lower
intrinsic DNA damaging activity relative to FL-SpCas9.44,47,48

In an effort to increase the efficacy of gene targeting, we examined the
effect of two sequential doses of AAV-FL-SpCas9 (hereafter AAV-
SpCas9) with separate AAV-sgRNA pairs (configuration 1) in Ai9
mice. Since we expected the original sites to be damaged, the second
dose of AAV-SpCas9/sgRNA pair contained an LSL-targeting sgRNA
pair distinct from that used for the first dose (Table S1, sgRNA pair 2).
The second dose was provided 7 days after the initial AAV-SpCas9/
sgRNA pair infection. In this context, our sgRNA vectors contained
a GFP marker, which enabled simultaneous tracking of infection
and LSL cassette deletion (i.e., tdTomato/GFP double-positive).
While we did not observe a positive dose response in AECII after
the second administration of viral particles, a significant increase of
%tdTomato/GFP double expression was obtained in distal airway
epithelial cells, as measured by both FACS and IF analysis (Figure 2F).
Consistent with this finding, the AAV vg copy number per cell in
sorted distal airway epithelial cells increased significantly after two
doses, whereas no significant difference was observed in AECII (Fig-
ure 2G). This indicated that two rounds of AAV delivery at 1 � 1012

vg/vector/mouse can efficiently increase the vector transduction po-
tential and subsequent genome editing efficiency in airway epithelial
cell types. However, some cell types, such as AECII, may have maxi-
mized the potential for infection after a single dose.

Population-wide disruption of USP30 in AECII of SpCas9

transgenic mice

The potent indel formation (>65% of alleles) triggered by the right-
side guide RNA in the Ai9 mice study (Figure 2C) indicated that pop-
ulation-wide gene disruptionmay be possible through further optimi-
zation of the sgRNA targeting scheme and SpCas9 expression.
Accordingly, germline expression of SpCas9 permits the use of a
panel, IF staining. %tdTomato expression was quantified in cells stained positive for

nts one animal. *p < 0.05; n.s., not significant. (G) ddPCR analysis of the ITR region of

thelial cells sorted from the animals in (D). n = 8–10. Each dot represents one animal.
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Figure 3. Highly efficient USP30 depletion on a populational level in murine lung epithelium

(A) Schematic of Usp30 genomic targeting sites by the sgRNA pairs (upper panel) and the AAV vector design carrying dual sgRNA cassettes and a mitoQC fluorescent

reporter (lower panel). (B) The sgRNA pairs effectively downregulated USP30 protein expression in MLE-12-SpCas9 cells. Cells were infected by a single AAV at a multiplicity

of infection (MOI) of 1 � 106 vg or three AAVs combined (each at an MOI of 1 � 106 vg). Proteins were extracted from the pooled cell population (without selection) at day 7

after infection and subject to western blot analysis. (C) Schematic of animal study design. Three rounds of AAV at 2� 1012 vg/mouse/round were delivered to Rosa26-CAG-

SpCas9-mKate2 transgenic mice with 7 days apart. Animals were taken down at weeks 5 and 8 after the first round of AAV delivery for analysis. (D) AAV transduction

efficiency in cell types of interest as measured by%mitoQC expression. FACS analysis of %mitoQC expression at week 5 (n = 9) and week 8 (n = 8) after the first round of AAV

delivery in AECII and distal airway epithelial cells. Each dot presents one animal. Error bars represent SEM. ***p < 0.001; n.s., not significant. (E) USP30 protein down-

regulation in sorted AECII at week 8 after the first round of AAV delivery. GAPDH served as the housekeeping control. The digital images of the capillary electrophoresis

immunoblotting of USP30 and GAPDH are shown. (F) Quantification of USP30 protein expression shown in (E). ImageJ was used to quantify the total pixel signal of USP30

and GAPDH. The pixel signal of USP30 was normalized to that of GAPDH. n = 10–15. Each dot presents one animal. Error bars represent SEM. **p < 0.01.
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single, compact AAV-sgRNA vector for in situ somatic editing. To
evaluate whether this approach offered similar or greater efficiency
relative to AAV-mediated co-delivery of SpCas9 and sgRNAs to
AECII and distal airway epithelial cells, we proceeded to target an
endogenous gene of interest,Usp30, a deubiquitinase that is expressed
in these cell types and is suggested to play a role in mitophagy in neu-
rons.49 Three separate sgRNA pairs were designed to perturb or delete
portions of the coding sequences within exons 1–7 of the Usp30 gene
436 Molecular Therapy: Methods & Clinical Development Vol. 27 Decem
(Figure 3A, upper panel; Table S1). Successful deletion would excise
the C77 catalytic residue in exon 3, while indels at each of the distinc-
tive sgRNA target sites would generate frame-shifted Usp30 alleles.
AAV vectors were designed to express each pair of Usp30-specific
sgRNAs as well as a mitoQC fluorescent reporter50 that served as a
transduction marker in current experiments and would facilitate
future studies aimed at assessing the effects of USP30 depletion on
mitophagy in vivo (Figure 3A, lower panel). Before packaging into
ber 2022
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AAV particles, the gene disruption potential of each sgRNA pair was
evaluated in vitro via transient plasmid transfection into MLE12 cells
engineered to stably express SpCas9. Based on near-complete deple-
tion of USP30 in these assays, we concluded that each of the sgRNA
pairs were highly and similarly functional (Figure 3B).

Building off our findings in the Ai9 model, showing that back-to-back
dosing of sgRNA pairs was tolerated and improved gene editing effi-
ciencies in select cell types, we employed a sequential dosing strategy
to deliver all three of the Usp30-specific sgRNA pairs via AAV6 par-
ticles (AAV-sgRNApair-mitoQC), one pair at time, every 7 days at
2 � 1012 vg/animal/dose to Rosa26-CAG-SpCas9-mKate2 mice (Fig-
ure 3C). Animals were sacrificed at weeks 5 or 8 after injection of the
first dose. AECII and distal airway epithelial cells were collected by
FACS for analysis of USP30 expression or genomic deletion. FACS
analysis of %mitoQCmarker expression (i.e., mCherry and GFP dou-
ble-positive) suggested an AAV transduction efficiency of �70% in
AECII at week 5, which was consistent with our earlier observations
(Figures 3D and 1A). However, expression of the mitoQC marker
dropped significantly by week 8 (Figure 3D). Approximately 30%–

35% of distal airway epithelial cells remained positive for the mitoQC
marker throughout the course of this study, which may reflect longer
transduction stability within this cell type relative to AECII
(Figure 3D).

We then investigated CRISPR/SpCas9-mediated disruption of USP30
in AECII by protein analysis. Quantitative analysis of USP30 protein
levels in AECII cells revealed an average of �91% depletion in the
treatment group compared with the control animals (Figures 3E,
3F, and S6A), indicating potent CRISPR/SpCas9 activity in situ.
Due to an insufficient number of sorted distal airway epithelial cells
for protein extraction, DNA was prepared from this population and
was followed by genomic PCR assessment for the presence of a trun-
cated product indicative of a CRISPR/SpCas9-mediated deletion
event within the Usp30 locus (Figure S6B; Table S2). Consistent
with the efficient protein depletion in sorted AECII, robust Usp30
deletion fragments were detected in the sorted distal airway epithelial
cells (Figure S6C). Taken together, we have demonstrated the poten-
Figure 4. CRISPR/SpCas9-mediated NOTCH2 knockdown led to efficient trans

(A) Schematic of Notch2 genomic targeting sites by sgRNA pairs (upper panel) and the A

panel). (B) The sgRNA pairs effectively downregulated NOTCH2 expression in MLE-12-S

combined (each at an MOI = 1 � 106). Proteins were extracted from the pooled cell pop

analysis. (C) Schematic of animal study design. Three sequential doses of AAV-Notch2-

eGFP transgenic mice at 7-day intervals. Animals were taken down for analysis at weeks

interest as measured by %mCherry expression. FACS analysis of %mCherry expression

AECII and distal airway epithelial cells. Each dot represents one animal. Error bars repres

of the paraffin-embedded lung tissue from the control group (left picture) and treatment

NOTCH2 expression by IHC at weeks 4 and 8 time points. Data represented the NOTCH

Data were normalized to the PBS control animals. Each dot represents one animal. Error

ciliated cells at the week 4 time point. Club cells stained in white (CC10: a cell marker fo

ciliated cells). mCherry stained red. mCherry expression was an indicator of AAV-infecte

club cells as stained by the cell marker CC10 (CC10+ area). Data were pooled from wee

***p < 0.001, ****p < 0.0001; n.s., not significant. (I) Quantification of ciliated cells as stain

time points. Each dot represents one animal. Error bars represent SEM. ****p < 0.0001
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tial for near-complete, population-wide gene knockout through
AAV-mediated sgRNA delivery into lung epithelial cells of an SpCas9
transgenic model.

Efficient transdifferentiation of club cells to ciliated cells

following AAV-mediated perturbation of Notch2

Extending our demonstration of potent USP30 depletion through a
sequential sgRNA delivery approach, we proceeded to target a sepa-
rate endogenous gene of interest, Notch2, which plays an important
developmental role in the lung airway epithelial cells.51 It has been re-
ported that inhibition of Notch signaling by anti-JAG1 antibodies can
induce trans-differentiation of club cells into ciliated cells.52 There-
fore, we reasoned that targeted disruption of Notch2 in the adult
mouse lung could phenocopy antibody-mediated suppression of
this signaling axis. Here, we designed a series of unique sgRNA pairs
targeting Notch2, and screened them for activity via NOTCH2 deple-
tion inMLE-12-SpCas9 cells. Following that assessment, the top three
most active sgRNA pairs were cloned into AAV vectors carrying an
mCherry marker (Figures 4A and 4B; Table S1) and packaged into
AAV6 particles (AAV-sgRNApair-mCherry). Using Rosa26-CAG-
SpCas9-eGFP transgenic animals,16 we provided three sequential
doses by i.t. administration, with a unique sgRNA pair per dose at
4 � 1012 vg/mouse; a viral titer that permitted efficient targeting of
club cells, the cell type of interest (Figure 1A). Animals were sacrificed
at weeks 4 and 8 following the initial dose, and lung tissues were
processed for downstream analysis (Figure 4C). Consistent with our
previous findings (Figure 3D), FACS analysis showed �80%
mCherry-positive AECII at week 4 with a significant decrease by
week 8 (Figure 4D). Approximately 60% of distal airway epithelial
cells were mCherry positive at week 4, with stable values through
week 8 (Figure 4D). We then examined NOTCH2 expression in
whole lung tissue of AAV-infected animals via immunohistochem-
istry (IHC) (Figure 4E). Pixels per area quantification of the IHC
stained samples indicated a trend with lower NOTCH2 levels in the
lung of treated animals compared with the AAV control group at
both time points (Figure 4F). Notch2 genomic deletion fragments
were identified in sgRNA-treated animals via PCR analysis of the
sorted distal airway epithelial cells (Figures S7A and S7B; Table S2).
-differentiation of club cells into ciliated cells

AV vector design carrying the paired sgRNA cassette and anmCherry reporter (lower

pCas9 cells. Cells were infected by a single AAV at an MOI of 1� 106 or three AAVs

ulation (without selection) on day 7 after infection and subjected to capillary protein

sgRNA pairs at 4� 1012 vg/mouse/round were delivered to Rosa26-CAG-SpCas9-

4 or 8 after the first round of infection. (D) AAV transduction efficiency in cell types of

at week 4 (n = 13) and week 8 (n = 16) after the first round of sgRNA pair delivery in

ent SEM. ***p < 0.001; n.s., not significant. (E) Representative NOTCH2 IHC staining

group (right picture) at week 4 time point. Scale bars, 200 mm. (F) Quantification of

2 protein level of the whole lung tissue (not specific to AECII, club, and ciliated cells).

bars represent SEM. p values are indicated. (G) Representative IF images of club and

r club cells); ciliated cells stained in green (acetylated alpha-tubulin: a cell marker for

d cells. Cell nuclei stained by DAPI in blue. Scale bars, 200 mm. (H) Quantification of

ks 4 and 8 time points. Each dot represents one animal. Error bars represent SEM.

ed by the nuclear marker FoxJ1 (FoxJ1+ area). Data was pooled from weeks 4 and 8

; n.s., not significant.
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Table 1. Pathological grading of inflammation severity of lung tissue after high- and re-dosing of AAVs

Inflammation
severity (grade 0–5)

Single dose of AAV6-CAG-GFP or
mCherry (at week 1 after dosing)

1–2 doses of AAV6-SpCas9 and
AAV6-LSL-sgRNApair-GFP
(2 � 1012 vg/mouse/dose, at
week 2 after the first doing)

3 doses of AAV6-Notch2-sgRNApair-mCherry
(4 � 1012 vg/mouse/dose, at weeks 4 or 8 after
the first dosing)

8 � 1012

vg/mouse, n (%)
1.2 � 1013

vg/mouse, n (%)
PBS control,
n (%)

1 dose,
n (%)

2 doses,
n (%)

PBS,
n (%)

Week 4,
n (%)

Week 4 PBS,
n (%)

Week 8,
n (%)

Week 8 PBS,
n (%)

Column ID A B C D E F G H I J

Grade 0 3 (27.3) 7 (63.6) 1 (50) 11 (91.7) 7 (77.8) 3 (100) 3 (21.4) 3 (100) 6 (46.2) 2 (100)

Grade 1 4 (36.4) 2 (18.2) 1 (50) 1 (8.3) 2 (22.2) 0 7 (50) 0 6 (46.2) 0

Grade 2 2 (18.2) 2 (18.2) 0 0 0 0 4 (28.6) 0 1 (7.6) 0

Grade 3 2 (18.2) 0 0 0 0 0 0 0 0 0

Grade 4 0 0 0 0 0 0 0 0 0 0

Grade 5 0 0 0 0 0 0 0 0 0 0
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To investigate the effect of NOTCH2 disruption on airway epithelia,
we examined the total proportion of airway cell types through IF
staining with markers of club and ciliated cells, as well as mCherry
(an indicator of AAV-infected cells). We observed a significant reduc-
tion in the numbers of club cells with a corresponding increase in cili-
ated cells in the AAV-Notch2-sgRNApair-mCherry treatment group,
compared with the AAV-mCherry control group (Figures 4G–4I and
S7C). The morphology of nearby lung tissue appeared unchanged
(Figure S7D), but we cannot exclude the possibility that neighboring
cell types might have been altered due to Notch2 disruption. In sum-
mary, our study recapitulated the role of NOTCH signaling in regu-
lating the differentiation of airway epithelia, and we have shown that
using AAV-mediated somatic gene editing of the lung is an effective
and rapid way to validate the biological mechanisms underlying a pu-
tative therapeutic agent.
Minimal host inflammatory responses in murine lung tissues

after AAV6-mediated gene delivery

We recognized that, while high AAV concentrations and repeated
dosing strategies provided robust gene disruption within the lung
epithelia, these insults offered the potential of triggering an inflam-
matory response. To investigate this, we further evaluated tissues
processed from various studies mentioned above. We used an
ordinal grading system to assess inflammation, taking into account
the overall changes in all lung lobes available for each animal. The
i.t. procedure per se can cause some minor inflammation in animals,
as shown by the PBS control mice (Table 1, column C). However, in
the AAV6-CAG-GFP dosage study, inflammation was negligible in
almost all treated animals even at the dosage of 1.2 � 1013 vg/mouse
(Table 1, columns A and B). The low grades of minimal and mild
(grades 1 and 2) were characterized by minimal perivascular and/
or peribronchiolar mononuclear cell infiltrates and occasional his-
tiocytes in the alveolar spaces (Figures S8A and S8B), which are
common incidental findings in the lungs of mice. These lesions
were not caused by or associated with treatment and their incidence
is similar in all cohorts.
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We next probed for overt signs of an inflammatory response as a
result of our sequential dosing strategy. Histopathological analysis
of the lung tissue from the one- versus two-dose treatment groups
(AAV6-SpCas9/AAV6-LSL-gRNApair) in the Ai9 study showed
8.3% versus 22.2% of animals exhibiting minimal focal alveolar histio-
cytosis, respectively (grade 1) (Table 1, columns D and E). The overall
inflammation grade was well within the normal range for all animals
(Table 1, column D–F). Similar findings were made in SpCas9 trans-
genic animals that received three doses of AAV6-Notch2-sgRNApair-
mCherry. In this cohort, histopathological analysis showed limited
inflammation at weeks 4 and 8 after injection (Table 1, columns G
and I). The proportion of animals with minimal and mild (grades 1
and 2) inflammatory responses fell within the normal expected back-
ground. The proportion of animals with grade 2 inflammation
decreased between weeks 4 and 8 (28.6% versus 7.6%), suggesting
that this is a temporary effect. Further analysis of the cellular immune
responses as measured by FACS analysis of CD45+ and CD45+
CD11b+ populations revealed no significant cell infiltrates at either
week 4 or 8 time points compared with control mice (Figures S8C
and S8D). Overall, our observations are consistent with a previous
study, which found a relatively low immunogenic response with
AAV6 compared with other evaluated serotypes.53 Taken together,
we concluded that the i.t. delivery and sequential dosing strategies
could be considered unlikely to influence cellular phenotypes due
to procedure or AAV6-related inflammatory responses.

AAV genome integration within on-target dsDNA breaks

Although AAV remains primarily episomal following transduction,
integration of viral DNA into the host genome is a viable safety
concern.54 This was exemplified in a long-term follow-up study in a
canine hemophilia model, which showed potential genotoxicity
caused by AAV vector integration events within transduced hepato-
cytes.55 This phenomenon is expected to be more prominent when
AAV is used to deliver nucleases intended to create double-stranded
breaks in the host genome.34 To investigate whether our method can
result in unintended AAV genome integration within lung epithe-
lium, we developed a PCR-based approach to detect AAV ITR
rapy: Methods & Clinical Development Vol. 27 December 2022 439
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Figure 5. Characterization of AAV integration at the CRISPR-Cas9 on-target site

(A) PCR analysis of ITR-genomic fusion events in sorted AECII from animals treated with three doses of AAV or AAV-sgRNA pair targeting Usp30 (Figure 3C). Upper panel:

schematic of primer design; middle panel: PCR amplification of ITR-genomic fusion events as shown in 2% agarose gel. Lower panel: representative individual AAV ITR

integration clones by TOPO cloning of the amplified PCR products (indicated by arrows) were shown. The integrated ITR segments were underscored by red lines. TheUsp30

genomic sequence was underscored by black lines. The CRISPR-Cas9 PAM site was underscored by orange lines. The Topo vector sequence was underscored by blue

lines. (B) Quantification of ONT reads mapped to the tdTomato genomic locus that were also mapped to the AAV vector genome. (C) Integrated genomic view of the

sequence alignments to the reference AAV vector genome. The upper track showed the position of genetic elements within each AAV vector genome; the lower track showed

the coverage and read alignments. (D) Characterization of the integrated vector segments. Top panel: pie chart showed the composition of vector segments. Lower panel:

violin plot showed the size distribution of the integrated vector segments. (E) Representative examples of AAV vector genome integration events. The reference sequence is

(legend continued on next page)
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integration in one of the Usp30 genomic sites targeted by the right
sgRNA in pair 14 (Figures 3A–3C). Here, ITR-host genome fusion
events were amplified by primers binding to the D region in the
ITR35 and to an Usp30 genomic region �260 bp downstream of the
sgRNA target site (Figure 5A, top panel; Table S2). PCR analysis on
sorted distal airway epithelial cells showed amplification of the fusion
events in�88% of animals in the treatment group (Figure 5A, middle
panel). Notably, this approach cannot be used to quantify the fre-
quency of integration events on a per-cell basis. Sequence analysis
of the PCR products confirmed the presence of genome-integrated
ITR fragments (Figure 5A, lower panel). Similarly, we detected ITR
integration events in the edited MLE-12-SpCas9 cell line after
AAV-Usp30-sgRNApair transduction, suggesting that this effect is
not specific to the in vivo method of delivery (Figure S9A).

Our PCR-based approach for detecting integration events provided a
sensitive analysis of short, select regions of the host and viral genomes.
To characterize the potential for genomic integration of AAV-delivered
transgenes in their entirety, we applied Oxford Nanopore long-read
sequencing technology (ONT). We examined the AAV integration
events in sorted AECII and distal airway epithelial cells obtained
from Ai9 animals that received one dose of the co-delivered AAV6-
SpCas9 and AAV6-LSL-sgRNA pair (Figure 2B, configuration 1). To
circumvent the low amount of DNA obtained from the sorted AECII
and distal airway epithelial cells, we took advantage of Samplix Xdrop
technology,56 which permitted enrichment ofDNA from a region of in-
terest and, subsequently, ONT sequencing with limited input material.
In this study, Xdrop droplet PCR primers were designed to enrich
DNA molecules containing the tdTomato transgene present in Ai9
mice (Figures S9B and S9C; Tables S2 and S3).

To identify AAV vector integration events, ONT reads containing the
tdTomato sequence were aligned to the AAV-SpCas9 and AAV-LSL-
sgRNA pair vgs (Figures 5B, 5C, and S9D; Table S4). AAV vector-
aligned reads were not observed in control animals (Table S4). In
the treatment group, approximately 12% of the reads corresponded
to AAV vgs, indicating the presence of integration events
(Figures 5B and 5C). Furthermore, a bias toward integration was
observed for the AAV-SpCas9 vector compared with the AAV-LSL-
sgRNA pair counterpart, suggesting an unexpected influence of the
vector design and/or size on integration frequency (Figures 5B and
5C). A small fraction of the reads aligned to mixed segments
belonging to both the AAV-SpCas9 and AAV-LSL-sgRNA pair vec-
tors (Figure 5B), revealing that vector recombination may have
occurred during the process of AAV integration in animals exposed
to co-delivered vectors. However, the potential for co-delivered vec-
tors to recombine during the process of integration had not been fully
explored and warrants further analysis.
composed of the genomic locus with AAV-SpCas9 (top) or AAV-LSL-sgRNA pair (bottom

colored red. AAV vectors are annotated with different genetic components in distinct c

corresponding alignment position and orientation. The sequence of the fusion read is

visualized in the order of appearance and connected by curved links. (F) Coverage an

plotted based on all integration events from both AAV-SpCas9 and AAV-LSL-sgRNA p
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Long-read sequencing of targeted loci after transduction revealed the
extent to which full or partial AAV genome integration had occurred.
Consistent with previous findings,33–35 ITR sequences were observed
with a high frequency, relative to other segments of integrated AAV
genomes (Figure 5C). Most AAV-SpCas9 vector integration events
contained one intact fragment spanning from 48 bases to almost
the full vg of �4.5 kb in length (Figure 5D). The remaining AAV-
SpCas9 vector integration events contained separate, discontinuous
fragments of a few hundred bases of the vg (Figure 5D). Conversely,
we observed a distinct integration signature for the AAV-LSL-sgRNA
pair vector, which was a single fragment, in the size range of a few
hundred bases (Figure 5D).

We next characterized the rearrangement of the integrated AAV vec-
tor fragments in the context of the host genome by creating align-
ments to the reference LSL-tdTomato locus from Ai9 animals with
the AAV vector inserted within the right-side target site of LSL
sgRNA pair 1 (Figures S9D and S9E). The tdTomato transgenic
cassette was fused with AAV fragments resulting in a heterogeneous
pattern of truncation, inversion, and duplication (Figure 5E). These
findings were consistent with a recent report where PacBio long-
read sequencing was applied to identify the rearrangement of inte-
grated AAV genomes in hepatocytes.57 Notably, ITR fragments
dominated the fusion junctions among the reads analyzed in our ex-
periments (Figures 5E and S9E). A closer analysis of these ITR-
tdTomato fusion junctions revealed a higher frequency of the D to
A0 region, compared with other regions in the ITR, indicating a po-
tential role of this region in mediating AAV integration (Figures 5F
and S9F).

DISCUSSION
Somatic genome editing of lab animals holds incredible promise for
disease and therapeutic intervention modeling. This is particularly
true for diseases of the respiratory system, owing to the minimally
invasive approaches that could be used for transgene delivery to
lung epithelial cells, which play a role in both acute and chronic dis-
orders.58,59 While approaches, specifically those employing viral vec-
tors, to deliver gene editing cargo into the lungs of rodent models have
proven useful for preclinical studies, these efforts have yet to achieve
the population-level efficiency of gene perturbation observed in other
tissues.14–19 Therefore, we sought to develop the toolsets and strate-
gies that maximize editing outcomes in key lung epithelial cells so
as to unlock the full breadth and potential of these necessarymodeling
approaches.

In this study, we describe an optimized protocol for somatic genome
editing in murine lung epithelial cells through AAV6-mediated deliv-
ery of CRISPR-Cas9 machinery. By tuning AAV6 dosages it was
) vector inserted within the CRISPR-Cas9 on-target site. The genomic sequence is

olors. Each AAV-genomic fusion read is plotted under the reference genome in the

indicated by a line labeled with nucleotide positions. Rearrangement events were

alysis of ITR segments presented in ITR-tdTomato fusion junctions. The data were

air vectors.
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possible to achieve robust transgene expression in key cell types, such
as AECII cells, or a broader population, including club and ciliated
cells. Moreover, we describe a well-tolerated AAV sequential dosing
approach, which provided superior AAV infection efficiency as well
as potent gene editing. We demonstrated this by targeting an inte-
grated transgene (LSL-tdTomato) in Cas9-naive animals with up to
�85% indel frequency achieved in the lung epithelium, as well as
two distinct endogenous loci (Usp30 and Notch2) in SpCas9-trans-
genic animals, resulting in near complete gene disruption across a
large fraction of the desired cell types. Thus, our method has paved
the way for effective, rapid generation of SEMMs. Moreover, the
versatility of our approach provides the basis for expanded CRISPR
tool usage within the murine lung, including split Cas9 variants for
gene activation (CRISPRa), inhibition (CRISPRi), base editing, and
RNA targeting (via Cas13), while also offering a path for further vec-
tor optimization through the application of relatively small Cas en-
zymes60,61 or self-complementary AAV-formatted sgRNAs, which
have shown superior activity to the ssAAV-sgRNAs used in our
study.25 We note that AAV6 does not have unique tropism for lung
epithelial cells,38 nor did the promoters used in our study have selec-
tivity for our target cell types. Coupling our method with engineered
AAV capsids and/or enhancements to the transgene regulatory ele-
ments could therefore result in yet greater tissue specificity or expres-
sivity of the gene modifying cargo.62,63

It is widely established that immune responses can neutralize AAV or
target transgene-expressing cells following virus exposure.43 At-
tempts at redosing may therefore require immunosuppression or a
substantial waiting period after the initial exposure.10,64 Strikingly,
some serotypes, such as AAV6, show a minimal neutralizing immune
response against themselves following a single intranasal dose into the
murine lung, therefore offering the potential for productive re-
administration.53 Consistent with this finding, we did not observe a
substantial or limiting inflammatory response in animals that
received sequential i.t. doses with AAV6-packaged cargo, and this
approach was surprisingly effective and well tolerated. Consequently,
this strategy facilitated maximized transduction efficiency with
repeated lower viral doses, which could potentially reduce the risk
of high dose-related side effects, at least for the subsets of lung epithe-
lial cells investigated here. In addition, a sequential dosing strategy
creates the opportunity to use multiple sets of sgRNAs per target lo-
cus, thus increasing the likelihood of gene disruption. Throughout
these studies, we did not find evidence of cell death, a known byprod-
uct of excessive dsDNA breaks,65 nor unexpected cell morphology/
phenotype after knockout of targeted genetic loci. However, repeated
dosing with multiple sgRNAs does invite the potential for increased
off-target editing events, and experiments should be designed and in-
terpreted accordingly. Extension of our method through regulated
control of CRISPR-Cas9 machinery expression,66–68 application of
HiFi-Cas9 variants,69 or with Cas9 base editor proteins70 may enable
greater precision and reduced off-targeting potential.

AAV-mediated delivery of DNA nucleases and/or homology donor
sequences has become a viable approach for clinical gene editing
442 Molecular Therapy: Methods & Clinical Development Vol. 27 Decem
ex vivo71 and in vivo.72–75 However, AAV vector integration, either
random or at the sites of directed DNA damage, has raised safety con-
cerns.54 Several groups have reported AAV integration using short-
read sequencing methods.33–35,55 To fully characterize on-target edit-
ing sites, we applied a long-read sequencing approach (Samplix
Xdrop/ONT), which led to the observation, for the first time in
lung cells, that the entire AAV genome (up to 4.5 kb) could integrate
into the intended CRISPR-Cas9 target site. While we observed a pro-
pensity for integration of ITR-proximal sequences, integration rates
as a whole differed across separate vector sequences and sizes, war-
ranting further investigation into the mechanism of AAV insertion
at both on- and off-target sites of DNA damage.

We acknowledge a limitation of the Samplix Xdrop workflow, in
which a multiple displacement amplification (MDA) step was carried
out, leading to the generation of chimeric long reads with repetitive
palindrome compartments into a single long read. Although it does
not affect the mapping of these reads to the reference genome, split-
ting of the chimeric section by software, such as Pacusus, is recom-
mended for de novo assembly.76 Also, we obtained only a limited
number (�hundreds) of reads containing the tdTomato sequence af-
ter Samplix Xdrop enrichment, amplification, and ONT sequencing.
Further optimization of our sample and library preparation is needed
to increase Xdrop enrichment efficiency and to facilitate a greater
number of relevant reads for AAV integration analysis.

Taken together, our study has established an effective somatic editing
platform in murine lung epithelium, and also provided insights
related to in situ editing outcomes and potential genotoxicity.

MATERIALS AND METHODS
AAV vector construction, production, and titration

AAV vector cloning was conducted by GenScript (Piscataway, NJ).
AAV constructs were cloned into the following vectors provided by
GenScript: pX601, pX551, and pX552 vectors. Split-Cas9 configura-
tion was cloned into the ssAAV vector backbone obtained from
CellBiolabs (San Diego, CA). AAV6 viruses were produced and puri-
fied by ViroVek (Hayward, CA) using an Sf9 production platform. All
reporter AAV viruses (GFP and mCherry) were purchased from
ViroVek. AAV titers were determined using SYBR Green qPCR assay
(Applied Biosciences, TX). ITR primer sequences are: ITR-F,
50-GACCTTTGGTCGCCCGGCCT-30; ITR-R, 50-GAGTTGGCCAC
TCCCTCTCTGC-30. An AAV expression plasmid pAV-CAG-GFP
was used to generate the standard curve. AAV viruses were pretreated
with proteinase K in 1:10 dilution at 37�C for 30 min. The proteinase
digested samples were then serially diluted with the starting dilution
of 1:100 followed by 2-fold dilutions. A qPCR reaction was composed
of 12.5 mL 2� SYBR Green master mix, 1 mL primers (300 nM work-
ing concentration), 2 mL DNA, and 10.35 mL H2O. Each sample was
prepared in triplicate. qPCR was carried out in a 7500 Real-Time PCR
System (Applied BioSciences, TX). Cycling conditions were 95�C for
15min, followed by 40 cycles of two-step protocol of 95�C for 30 s and
60�C for 1 min. A melting curve was performed at the end of the
cycling. AAV titer was calculated based on the standard curve.
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sgRNA design and in vitro assessment

Guide design was carried out using a Benchling specificity score that
also calculated the relative genome-wide off-target propensity
(Benchling.com, San Francisco, CA). The mm10 genome build was
used to identify appropriate targeting sequences. For Ai9/Rosa26-
LSL-tdTomato targeting, sgRNA pairs were designed to delete the
stop cassette or perturb the LoxP elements (Table S1); the activity
of each sgRNA pair was tested in MEFs derived from Ai9 animals
and cultured in regular Gibco Dulbecco’s modified Eagle’s
(DMEM) growth medium supplemented with 10% L-glutamine, 1%
penicillin/streptomycin and 10% fetal bovine serum (FBS). Plasmids
(5 mg total per nucleofection) were nucleofected into MEFs using the
Amaxa 4D nucleofector (Lonza BioSciences, NC) with a pulse code of
CZ-167. tdTomato expression was measured by FACS at day 4 after
nucleofection. In USP30 and NOTCH2 studies, sgRNA pairs were de-
signed to target the functional domain in Usp30 and Notch2, with the
goal of ablating expression of protein by exon deletion and/or frame-
shift (Table S1). The efficiency of sgRNA pairs were evaluated in
MLE-12-Cas9-GFP cells, a stable cell line generated from MLE-12
cells (cat. no. CRL-2110, ATCC, VA) and cultured in DMEM/F12
medium supplemented with 0.005 mg/mL insulin, 0.01 mg/mL trans-
ferrin, 30 nM sodium selenite, 10 nM hydrocortisone, 10 nM b-estra-
diol, 10 mM HEPES, 2 mM L-glutamine, and 2% FBS. Alt-R guide
RNAs synthesized by Integrated DNA Technologies (Coralville, IA)
or plasmids expressing a sgRNA pair were nucleofected into cells us-
ing a pulse code of DS-130 in SE nucleofector solution. To evaluate
AAV-sgRNAs, cells were infected by AAVs at a multiplicity of infec-
tion of 1-3e6 vg. Protein and DNA were extracted from cells at
10 days after nucleofection or AAV transduction to evaluate the levels
of protein expression by immunoblotting or genomic deletion
by PCR.

Experimental animals and animal procedures

Rosa26-LSL-tdTomato (Ai9) mice were licensed from the Allen Insti-
tute for Brain Science, Seattle, WA. Rosa26-CAG-SpCas9-mKate2
mice were generated at Genentech by gene targeting in C57BL/6N
ES cells (details, including sequence information, is available upon
request). Rosa26-CAG-SpCas9-eGFP mice were licensed from the
Broad Institute of MIT and Harvard, Cambridge, MA, and obtained
from The Jackson Laboratory (strain no. 027891). All mice were
maintained in accordance with American Association of Laboratory
Animal Care guidelines. The experiments were conducted in compli-
ance with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals and were approved by the Genentech
Institutional Animal Care and Use Committee. The i.t. intubation
procedure was conducted at Genentech for Rosa26-CAG-SpCas9-
mKate2 mice and at The Jackson Laboratory for Rosa26-LSL-
tdTomato (Ai9) and Rosa26-CAG-SpCas9-eGFP mice. In brief,
mice were anesthetized using ketamine, 75–80 mg/kg, and xylazine,
7.5–15 mg/kg, via intraperitoneal injection. The mouse was placed
in dorsal recumbency on a board slanted at �60� and secured in po-
sition by placing the upper incisors over a rubber band affixed to the
board. Fifty microliters of the liquid to be instilled was drawn up into
a syringe. The tongue of the mouse was extended with a cotton tipped
Molecular The
applicator. The mouse was intubated with the aid of an otoscope fitted
with a mouse speculum (cat. no. 000A3747, HalloWell, MA). An i.v.
catheter or similar device was used as an “endotracheal tube.” For
mice less than 20 g body weight a 22-gauge i.v. catheter was used.
For mice equal to or greater than 20 g a 20-gauge catheter was
used. A dose of saline or AAV to be instilled was injected into the
endotracheal tube. Animals were placed on a warm pad for recovery
and then returned to the cage.

Antibodies

Antibodies used in immunoblotting and IHC include: USP30 anti-
body developed in-house at Genentech; anti-NOTCH2 antibody
(rabbit mAb clone D76A8, cat. no. 5732S) and anti-GAPDH (cat.
no. 2118) were purchased from Cell Signaling (Danvers, MA). Anti-
bodies used in FACS analysis include: anti-mouse CD326 (EpCam)-
BV421 (cat. no. 118225, BioLegend, CA); anti-mouse CD45-BV510
(cat. no. 103137, BioLegend); L/D sytox eFluor 780 (cat. no. 65-
0865-14, Thermo Fisher Scientific, CA); and anti-mouse CD104
(integrin beta4) (cat. no. 553745, BD Pharmagen, CA). The anti-
mouse CD104 antibody was labeled with Alexa 647 using the labeling
kit (Thermo Fisher Scientific) and purified using p30 Gel columns
(cat. no. 7326231, Bio-Rad, Hercules, CA). AECII lineage marker is
composed of the following antibody cocktail: PE-CD11b (cat. no.
553311, BD Biosciences, CA); PE-CD31 (cat. no. 12-0311-82, Invitro-
gen Life Technologies, CA); PE-CD45 (cat. no. 553081, BD Biosci-
ences); PE-Ter110 (cat. no. 553673, BD Biosciences); and PE-Cy7-
CD24 (cat. no. 25-0242-82, Invitrogen Life Technologies). Control
antibodies include IgG-Alexa647 (cat. no. 557690, BD Biosciences)
and anti-mouse IgG-Alexa488 (cat. no. ab150073, Abcam, MA). An-
tibodies used in IF staining include: anti-NOTCH2 (cat. no. 5732S,
Cell Signaling, MA); anti-GFP (cat. no. ab13970, Abcam); anti-tdTo-
mato (cat. no. AB8181-200, OriGene, MD); anti-SPC (cat. no.
AB3786, Millipore, MA); anti-CC10 (cat. no. 10490-1-AP, Protein-
tech, IL and cat. no. ab40873, Abcam); anti-acetylated alpha-tubulin
(cat. no. 12152, Cell Signaling); anti-rabbit, -chicken, -mouse IgG-
Alexa conjugates (Invitrogen Life Technologies); anti-CK8/18 (cat.
no. M3652, Agilent Dako, CA); anti-rabbit HRP (cat. no. 760-4311,
Ventana Medical Systems, Tucson, AZ); TSA-Cy5 (Discovery Cy5
Kit, cat. no. 760-238, Ventana Medical Systems); TSA-FAM (Discov-
ery FAM Kit, cat. no. 760-243, Ventana Medical Systems); anti-FoxJ1
(cat. no. ab235445, Abcam); TSA-Rhodamine 6G (Discovery Rhoda-
mine 6G Kit, cat. no. 760-244, Ventana Medical Systems).

IF staining and quantification

To quantify AAV transduction efficiency, we conducted IF staining of
AAV reporters (GFP, mCherry) and cell markers. IF staining was per-
formed on 4-mm-thick formalin-fixed, paraffin-embedded tissue sec-
tions mounted on glass slides. The slides were baked at 70�C for
30 min, with deparaffinization and antigen retrieval using a Cell Con-
ditioning CC1 Standard at 95�C for 64min (cat. no. 950-500, Ventana
Medical Systems). Slides were then blocked with PBS containing 5%
FBS and 1% BSA for 1 h and incubated with primary antibodies in the
blocking buffer overnight at 4�C. After 3 washes with PBS, secondary
antibodies with multiplexed Alexa conjugates (1:1,000) were applied
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to slides and incubated for 1 h. Slides were washed and incubated with
DAPI (1:1,000) (cat. no. 1306, Invitrogen/Thermo Fisher Scientific,
Waltham,MA) for 5min.Washed again andmounted with coverslips
using ProLong Gold antifade mounting medium (cat. no. P36930,
Invitrogen/Thermo Fisher Scientific).

To quantify the transdifferentiation of club cells into ciliated cells after
Notch2 genomic editing, a sequential triple IF staining of FoxJ1/CC10/
Ck8_18 was performed on a Ventana Discovery Ultra platform (Ven-
tana Medical Systems). First marker, rabbit anti-CK8/18 at 1:100 in
3% BSA/PBS for 32 min and detected with Discovery OmniMap anti-
rabbit HRP for 16 min, and the signal was amplified with TSA-Cy5
for 12 min. Second marker, rabbit anti-CC10 was applied at 1:250 in
3% BSA/PBS for 32 min followed by Discovery OmniMap anti-rabbit
HRP for 16 min and the signal was amplified with TSA-FAM for
12 min. Third marker, rabbit anti-FoxJ1 was applied at 1:250 in 3%
BSA/PBS for 32min and detectedwithDiscoveryOmniMap anti-rabbit
HRP for 16min and the signal was amplified with TSA-Rhodamine 6G
for 12 min. To overcome the cross-reactivity, tissue sections went
through a denaturing step before application of second and third
markers. The denature step was achieved by incubation in Cell Condi-
tioning CC2 (cat. no. 950-223, Ventana Medical Systems) at 100�C for
8min. Sectionswere counterstainedwithDAPI at 0.2mg/mL for 20min
at room temperature offline. Slides were then cover-slipped with Pro-
long Gold and dried overnight, in the dark, at room temperature.

For signal quantification, slides were scanned on a NanoZoomer S60
whole slide imager (Hamamatsu, Bridgewater, NJ) at 200� magnifi-
cation. Individual cell nuclei were identified using an algorithm based
on radial symmetry77 or Stardist78 using DAPI, and then scored inde-
pendently for each fluorescent marker in MATLAB 2019a
(MathWorks, Natick, MA) or Python 3.7 with scikit-image. Fluores-
cence intensity was measured after subtraction of autofluorescence in
the CFP channel and a threshold for positive signal was applied to
generate a binary mask for each marker. Nuclei were scored as posi-
tive or negative based on the percentage of positive area within the
nucleus and a surrounding dilated ring. Total percentage of positive
nuclei and percentage of nuclei positive for various phenotypic com-
binations of markers were reported. Large airways were sometimes
excluded from analysis using standard morphological operations sup-
plemented with manual curation.

Lung dissociation and flow cytometry analysis

Lungs were perfused with 20 mL PBS followed by the inflation with
2 mL sterile protease cocktail containing collagenase/dispase (cat. no.
11097113001, Roche, Switzerland), elastase (cat. no. LS002279, Wor-
thington Biochemical, NJ), and DNaseI (cat. no. 10104159001, Roche)
in DMEM/F12 medium. Lungs were disrupted with scissors and incu-
batedwith the protease cocktail in awarm room for 45minon a shaking
platform. The protease digestion was halted by adding 8 mL DMEM/
F12 medium containing 10% FBS. The dissociated lung was pelleted
by centrifugation. Cell pellets were washed with PBS, resuspended in
2 mL ACK red cell lysis buffer (NH4Cl, KHCO3, EDTA disodium,
pH 7.4) and incubated at room temperature for 2 min. Five milliliters
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of DMEM/F12 containing 10% FBS was added to the cell suspension,
which was then filtered through a 40-mm cell strainer to obtain a sin-
gle-cell suspension. After spin down to remove the lysis buffer, cells
were resuspended in a cell-staining buffer (BioLegend, cat. no.
420201) containing antibody cocktails. Cell number was counted and
cell suspension was dilute as 1–2� 107 cells/mL. Cells were then incu-
bated with the antibody cocktail on ice for 20 min to 1 h, washed twice
with FACS staining buffer and subjected to FACS analysis and sorting.

Single-cell sequencing and data analysis

Dissociated lung cells were stained and sorted for CD45�/GFP+ and
CD45�/GFP� populations. Single-cell gene expression libraries were
generated from the sorted cell suspensions using the Chromium Next
GEM Single Cell 3ʹ Reagent Kits v.3.1 (10X Genomics, Pleasanton,
CA), loading an estimated 10,000 cells per sample and following
the manufacturer’s instructions. Libraries were quantified with the
KAPA Library Quantification Kit (Roche) and profiled using the Bio-
analyzer High Sensitivity DNA Kit (Agilent Technologies, Santa
Clara, CA). Each library was sequenced in one lane of a HiSeq 4000
(Illumina, Foster City, CA) to generate 300 million paired-end reads
at a configuration of 28 base pairs (read 1) and 98 base pairs (read 2).
Sequencing reads were processed through 10X Genomics Cell Ranger
(v.3.1.0) and aligned to GRCm38 with added sequences to measure
EGFP reporter gene. We used the R package Seurat for downstream
analysis. Cells with fewer than 200 genes expressed or more than
8,000 genes expressed were filtered out. Cells with 15% or more mito-
chondrial content were also removed. The Seurat function Integrate-
Data was used for data integration of the two populations. Clustering
analysis was performed using FindClusterswith a resolution set to 0.5.

Next-generation sequencing analysis of CRISPR indel formation

Amplicons in the 200–300-bp range centered around the CRISPR tar-
geted sites were generated with PCR primers flanking the sgRNA
binding site. Each PCR reaction was purified with a DNA Clean &
Concentrator-5 kit (Zymo Research, Irvine, CA) and eluted in
25 mL H2O. DNA concentrations were quantified using the Qubit
dsDNA HS Assay Kit (Invitrogen, Carlsbad, CA). Forty nanograms
of amplicons were used to generate sequencing libraries with the
KAPA HyperPrep Kit (Roche), which incorporated custom adapters
and library amplification PCR primers from Integrated DNA Tech-
nologies. Amplicon libraries were quantified and the average library
size was determined using the NGS Fragment kit on Fragment
analyzer (Agilent Technologies). Libraries were pooled and
sequenced on Miseq (Illumina) to generate 200,000 single-end
200-base pair reads for each sample. Analysis of the sequencing
data was performed as described in Anderson et al.79

Digital droplet PCR

Levels of AAV vector genome copy number in sorted AECII and
distal airway epithelial cells were analyzed using digital droplet PCR
(ddPCR). DNA samples were extracted from animals in control
and treatment groups using QIAGEN DNeasy and blood kit (-
QIAGEN, Redwood City, CA). The primers and probes used in the
ddPCR assays include: the ITR-F: 50- GGAACCCCTAGTGATGGA
ber 2022
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GTT; ITR-R: 50-CGGCCTCAGTGAGCGA; ITR-probe: 50 FAM, in-
ternal ZEN, and 30 BFQ: 50- CACTCCCTCTCTGCGCGCTCG; the
house control gene mRLP19-F: 50-ATGTATCACAGCCTGTAC
CTG; mRLP19-R: 50-TTCTTGGTCTCTTCCTCCTTG; mRLP19-
Probe: 50 Hex and 30 BFQ. 50- AGGTCTAAGACC AAGGAAGCA
CGCAA. The reaction mixture was composed of 12.5 mL 2� ddPCR
Supermix for probes (no dUTP) (Bio-Rad), 1 mL of primers and probe
mix (final concentration of primers and probe was 900 and 250 nM,
respectively), 0.5 mL sample (15 ng of DNA), and 11 mL H2O (total
volume 25 mL). Each sample was tested in duplicate. Droplets were
generated using a QX200 Automated Droplet Generator (Bio-Rad)
and amplified in a C1000 Touch Thermal Cycler (Bio-Rad). Cycling
conditions were 10 min at 95�C followed by 40 cycles of a two-step
cycling protocol (95�C for 30 s and 60�C for 1 min). The ramp rate
between these steps was set at 2�C/s. After cycling, the plate was trans-
ferred to a QX200 Droplet Reader (Bio-Rad). Data analysis was per-
formed using QuantaSoft software (v.1.7.4) and quantitation of target
molecules presented as copies/mL of PCR reaction. Data were normal-
ized using the housekeeping gene mRLP19. Control group receiving
PBS showed zero AAV vector copy number per cell (data not shown).
Capillary electrophoresis immunoblotting

A high-sensitivity capillary protein electrophoresis system (Peggy Sue
platform) was used for protein analysis according to the manufac-
turer’s protocol (ProteinSimple, Santa Clara, CA). In brief, protein
was extracted using the RIPA buffer from FACS-sorted AECII.
Four microliters of protein lysate (0.8 mg) were mixed with 1 mL of
fluorescent 5� master mix. The samples were then heat denatured
at 95�C for 5 min. The samples, biotinylated ladder, primary anti-
body, HRP-conjugated secondary antibody, blocking reagent, chemi-
luminescent substrate, and separation and stacking matrixes were
dispensed into a 384-well plate. After plate loading, the default elec-
trophoresis was carried out in Peggy Sue with 12 s of sample loading
time, 45 min of sample separation time, 2 h of primary antibody in-
cubation time. Data were analyzed and digital images were visualized
using Compass software (ProteinSimple v.3.1). Levels of the USP30
were quantified using ImageJ by normalizing to levels of GAPDH.
NOTCH2 IHC and quantification

IHC staining was performed on 4-mm-thick formalin-fixed, paraffin-
embedded tissue sections mounted on glass slides using the Ventana
Discovery XT automated platform (Ventana Medical Systems). The
slides were baked at 70�C for 30 min, with deparaffinization and an-
tigen retrieval using Cell Conditioning CC1 Standard at 95�C for
64 min (cat. no. 950-500, Ventana Medical Systems). Slides were
then incubated with rabbit mAb clone D76A8 (Cell Signaling) at
8 mg/mL for 32 min and detected using Discovery OmniMap anti-
rabbit HRP for 16 min. Slides were counterstained with Ventana He-
matoxylin II (cat. no. 790-2208, Ventana Medical Systems). The
quantification method was the same as described in the IF quantifica-
tion method.
Molecular The
Histology analysis of inflammatory response

H&E-stained slides were examined under a light microscope by a
pathologist blinded to the treatment groups. The degree of inflamma-
tion was assessed according to a semi-quantitative scale as follows: 0,
no inflammatory infiltrate; 1, scattered single neutrophils or macro-
phages on airway epithelial surfaces, in alveoli, and/or in perivascular
space; 2, small loose aggregates of extravasated neutrophils and/or
macrophages in one or two airways and/or alveoli; 3, loose to compact
aggregates of extravasated neutrophils and/or macrophages in multi-
ple airways and/or alveoli with some effacement of lung architecture;
4, coalescing aggregates of neutrophils and/or macrophages in multi-
ple airways and/or alveoli effacing most adjacent lung architecture; 5,
severe inflammation.

Samplix Xdrop workflow, ONT sequencing, and analysis

High-molecular weight DNA was extracted from FACS-sorted distal
airway epithelial and AECII cells from seven Ai9/Rosa26-LSL-
tdTomato animals from each group (control versus treatment) using
QIAGEN DNeasy and blood kit. DNA was pooled in each group to
obtain enough material for Xdrop workflow and its quality was eval-
uated using the TapeStation 2200 System (Agilent Technologies), us-
ing Genomic DNA ScreenTape according to the manufacturer’s in-
structions (average sizes: control group 20 kb; treatment group: 24
kb). Xdrop enrichment, amplification, and ONT sequencing were
performed by Samplix Services (Birkerød, Denmark).56 The “Detec-
tion Sequence” droplet PCR (dPCR) primers and accompanying eval-
uation qPCR primers were designed to bind to the tdTomato
sequence close to the CRISPR-Cas9 on-target sites (Figure S8B;
Table S2). This design eliminated the sequencing contamination
from the episomal AAV vector genome. DNA (10 ng) was partitioned
in droplets by Xdrop and subjected to dPCR using the Detection
Sequence assay. The dPCR productions were then stained and sorted
by FACS to select for DNA molecules containing the tdTomato
sequence. The selected DNA molecules were then amplified by
droplet MDA (dMDA) as described previously. After amplification,
DNA was isolated and quantified, and enrichment was validated by
evaluation qPCR assays (data not shown) before Oxford Nanopore
Sequencing.

The GridION Oxford Nanopore Sequencing platform (Oxford
Nanopore, Oxford, UK) was used to generate long-read sequencing
data from the dMDA samples as described in the manufacturer’s
instructions (premium whole-genome amplification protocol
[SQK-LSK109] with the Native Barcoding Expansion 1–12 [EXP-
NBD104]). In short, 1.5 mg of amplified DNA of each sample was
treated with T7 endonuclease I, followed by size selection, end-repair,
barcoding, and adaptor ligation. After library generation the samples
were loaded onto a flow cell 9.4.1 (10 fmol) and run for 16–24 h on
the GridION instrument under standard conditions as recommended
by the manufacturer. Generated raw data (FAST5) were subjected to
base calling with super high accuracy base calling and quality filtering
10, using Guppy 5.0.12. Quality filtering of 10 was applied to the data
delivered in this project. Approximately 1 Gb sequencing data was
obtained from each sample.
rapy: Methods & Clinical Development Vol. 27 December 2022 445

http://www.moleculartherapy.org


Molecular Therapy: Methods & Clinical Development
The ONT read analysis was carried out using custom in-house soft-
ware written in Python and utilizing Pandas. In summary, ONT reads
were filtered by matching to a 30-bp tdTomato sequence adjacent to
where Samplix detection and evaluation primers were bound. These
filtered reads were aligned against AAV vector sequences as the refer-
ence, using Minimap280 using -ax map-ont parameters. Coverage
profile was generated and reads mapping specific to the AAV vector
were extracted using SAMTools,81 Bedtools,82 and SeqKit.83 These
reads containing the AAV vector were aligned to a theoretical refer-
ence constructed of the AAV vector inserted at the CRISPR-Cas9 site
targeted by the right-sgRNA in the LSL-sgRNA pair 1. Observed
AAV-tdTomato genomic fusion species were visualized using
IGV2.3.96 and reconstructed manually using the primary and supple-
mentary reads, their reference alignment position and read sequence
alignment position. Reads in length greater than 5 kb contained the
concatemers of inverted repeats of the same sequence, which were ar-
tifacts caused by the MDA step in the Samplix X drop workflow. The
contigs were manually assembled from these palindromic compart-
ments based on the sequence orientation, position, and reference
alignment position.

Statistical analysis

All analysis was carried out using Prism 6 (GraphPad Software, San
Diego, CA). Dot plots show mean value and error bars indicate stan-
dard error of the mean (SEM). All data points are shown. Two-tailed
unpaired t test was used to test for significance of difference between
the means of different groups.

Illustrations

Illustrations of vector design, animal study design, and AAV integra-
tion events were created with BioRender.com (Toronto, ON,
Canada).

Data availability

Data is available upon request.
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