Molecular Therapy
Original Article

AAV5 delivery of CRISPR-Cas9 supports effective
genome editing in mouse lung airway
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Genome editing in the lung has the potential to provide long-
term expression of therapeutic protein to treat lung genetic dis-
eases. Yet efficient delivery of CRISPR to the lung remains a
challenge. The NIH Somatic Cell Genome Editing (SCGE) Con-
sortium is developing safe and effective methods for genome
editing in disease tissues. Methods developed by consortium
members are independently validated by the SCGE small ani-
mal testing center to establish rigor and reproducibility. We
have developed and validated a dual adeno-associated virus
(AAV) CRISPR platform that supports effective editing of a
lox-stop-lox-Tomato reporter in mouse lung airway. After in-
tratracheal injection of the AAV serotype 5 (AAV5)-packaged
S. pyogenes Cas9 (SpCas9) and single guide RNAs (sgRNAs),
we observed ~19%-26% Tomato-positive cells in both large
and small airways, including club and ciliated epithelial cell
types. This highly effective AAV delivery platform will facilitate
the study of therapeutic genome editing in the lung and other
tissue types.

INTRODUCTION

Genome editing' in the lung has the potential to provide long-
term therapeutic protein expression after a single administration.
However, efficient delivery of genome editing machinery to dis-
ease-relevant cell types in vivo remains a major challenge for the
field.>* adeno-associated virus (AAV) is a commonly used viral
vehicle for gene therapy.*” The lung was the target of the first
human clinical treatment using recombinant adeno-associated virus
(rAAV) to treat a monogenic disorder.” Despite this, achieving
effective and sustained correction of cystic fibrosis and other lung
diseases remains elusive. Currently, the most promising AAV vec-
tors for lung delivery include AAV1, 5, 6, 6.2, and 9.” AAV1 and
5 have both been shown to target lung airways in mice.” However,
it is well known that mouse models may not predict the transduc-
tion efficiency in primates and humans.>” For example, AAV1 has
been used to successfully transduce human airway epithelial cells
in vitro, and chimpanzee airways in vivo following bronchoscopic
aerosol delivery.*” In contrast, AAV5 appears to be more effective
in mice and lower primate models.”
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Due to the relatively high turnover rate of airway epithelial cells in
the lung, sustained correction of genetic diseases will require either
repeated administration and/or permanent genetic changes that
are heritable to daughter cells. The physiology of the lung also
strongly suggests that an apical route of administration through
aerosols or infusions will be more effective at mediating delivery
to the airways. Although AAV has been explored extensively for
gene replacement therapy, efficient AAV-based delivery of CRISPR
(clustered regularly interspaced short palindromic repeats) to lung
airways has not been reported. Optimizing rAAV vector design
and identifying the best AAV serotypes is needed to achieve effi-
cient genome editing in the lung. The commonly used
S. pyogenes Cas9 (SpCas9)" is more than 4 kb in length, making
it difficult to package in a single AAV vector together with the
necessary guide RNA. To address this challenge, we have devel-
oped a highly efficient dual AAV platform to co-express SpCas9
and two sgRNAs.

This work was initiated and completed as part of our involvement
in the NIH Somatic Cell Genome Editing (SCGE) Consortium,"’
which was launched in 2018 to accelerate the development of
safe and effective genome editing methods. One of the SCGE ini-
tiatives is to develop innovative technologies to deliver genome ed-
iting machinery to disease-relevant cells and tissues (Figure 1A)."°
The NIH UG3 funding phase (3 years) is to support proof-of-
concept studies in mouse models in vivo. To ensure the rigor of
the in vivo gene editing toolkit, SCGE requires validation of the de-
livery reagents through an independent small animal testing center
(SATC) before the funding can be transitioned to the next NIH
UH3 grant phase. The 2-year UH3 phase will support the scale
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Figure 1. Dual AAVS5 delivery of spCas9 and sgRNAs
supports genome editing in mouse lung

(A) The SCGE UG3/UHS3 delivery program. The UG3
funding phase is to support proof-of-concept studies in
mouse models in vivo. To ensure the rigor of the in vivo
gene editing toolkit, SCGE requires validation of the de-
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up and testing of the genome editing delivery in a large animal
model (such as non-human primate and pig models), in collabora-
tion with the SCGE large animal testing centers.

Here, we demonstrate that direct administration of AAV5 encoding
CRISPR-Cas9 can mediate highly efficient genome editing in several
cell types of mouse lung airways. Our results were independently
validated through an SATC within the SCGE, further establishing
their rigor and reproducibility.

RESULTS

Development of AAV5 delivery platform for spCas9

To monitor genome editing in vivo, we used a fluorescent reporter
mouse to detect CRISPR cutting events. The Ai9 reporter mice har-
bors a lox-STOP-lox (LSL)-tdTomato reporter knockin at the
Rosa26 locus'' (Figure 1). Using two sgRNAs flanking LSL, Cas9
will delete the STOP cassette by NHE], resulting in tdTomato
expression.'” This system allows direct detection of cells edited by
CRISPR in vivo.

We cloned a self-complementary (sc) AAV vector to express
two sgRNAs under the control of U6 promoters (Figure 1). A
U1A.GFP reporter facilitates detection of AAV-infected cells
(Figure 1). SpCas9 is expressed from our published single-
stranded AAV vector with UIA promoter.'” We packaged both
vectors as AAV5, a serotype capable of infecting lung airway in
mice.”

Eight-week-old LSL-tdTomato mice were injected intratracheally
with 6el0 vg of each AAV, and lungs sections were analyzed by

livery reagents at an independent small animal testing
center before the funding can be transitioned to the UH3
phase. (B) Measuring CRISPR-mediated NHEJ using lox-
STOP-lox Tomato (Ai9) reporter mice. Two sgRNAs (A
and B) will delete the STOP cassettes and activate the
Tomato reporter. (C) Dual AAVs were intratracheally in-
jected in Ai9 mice. Lung sections were stained for GFP
and Tomato. Saline serves as a negative control. Scale
bar, 100 um. (D) Quantification of IHC in (C). Each dot is

e Saline the average percentage of a mouse (n = 5 mice). Error
® AAV-SpCas9 bars are SD.
® Dual AAV
. immunohistochemistry (IHC) 21 days later.
As shown in Figures 1C and 1D, GFP" cells
were detected in the airway, indicating
successful AAV5 transduction. Moreover,
24.2% + 3.6% tdTomato® cells (n = 5 mice)
GFP  Tomato were detected in the airway, indicating

genome editing. These data showed that our
AAV-based spCas9 delivery vehicles can induce efficient genome
editing in lung airways.

Independent validation of AAV reagents at the Baylor-Rice

SATC

AAVS5 prepared at UMass was shipped to Baylor College of Medicine
for independent validation by an SCGE-supported SATC. Two Ai9
mice were dosed with 1.7 x 10! vg each AAV per mouse by intratra-
cheal injection. Four weeks after administration, lung and various
non-target tissues were imaged for allele activation (tdTomato fluo-
rescence), viral transduction (GFP fluorescence),
(DAPI). The percentage of genome edited cells were then counted
in the large and small airways (Figure S1). In both Ai9 mice, admin-
istration of dual AAVs resulted in GFP* and tdTomato™ cells in the
airway epithelia, indicating AAV5 infection and genome editing,
respectively (Figure 2A). Critically, the dual AAVs achieved >19%
tdTomato" cells in large airways (19.3% + 5.7% mouse 1, 20.6% =
5.8% mouse 2) and >22% in small airways (22.1% * 3.7% mouse 1,
25.3% + 3.7% mouse 2) (Figure 2B). These data are consistent with
the results observed at UMass (Figure 1). As a negative control,
saline-treated mice (n = 6) showed neither GFP nor tdTomato signals
(Figure 2C), confirming the specificity of fluorescence signal in dual
AAV-treated mice.

and nuclei

Fluorescent imaging of sections from non-target (i.e., non-lung)
organs revealed extremely rare tdTomato” cells. In the first mouse,
a cluster of a few (<10) tdTomato+ cells was observed in the liver
(Figures S2A and S2B). No tdTomato™ were observed in other or-
gans. In the second mouse, single tdTomato™ cells were observed
in sections from the brain, heart, and trachea (Figure S2B).
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Figure 2. Independent validation of AAV5 reagents at SCGE small animal testing center

(A) Ai9 mice were injected with dual AAVs and harvested 4 weeks after administration. Representative native fluorescence images of lung sections are shown. Tomato
indicates genome editing. GFP indicates AAV.sgRNA infection. L, large airway; S, small airway; A, alveolar region. (B) Quantification of Tomato* cells in n = 3 airways
per mouse. Error bars are SD. (C) Saline control mice showed neither GFP nor Tomato signal. Merged image of Tomato, GFP, and DAPI from a representative mouse

is shown.

Notably, neither mouse produced tdTomato™ cells in reproduc-
tive organs, confirming that genome editing was restricted to
somatic tissues. These results suggest that AAV5 delivered by in-
tratracheal injection does not efficiently enter the bloodstream
and transduce organs other than lung. To assess the safety of
AAVS5 delivery and CRISPR-mediated gene editing, we measured
body weights, liver weights, and spleen weights and performed
hematoxylin and eosin staining in these tissues from dual AAV-
treated mice. No anomalies were observed. Microscopic examina-
tion of the lung, liver, and spleen revealed normal histology, with
no evidence of inflammation or toxicity (data not shown).
Together, these data independently confirm that AAV5 can deliver
spCas9 to mouse lung airways and mediate highly efficient genome
editing.

Characterization of genome editing in lung club and ciliated cells

Club and ciliated cells are major subtypes of airway epithelial cells
in the lung.“"15 Clara cell secretory protein (CCSP) is a marker of
club cell (formerly known as clara cells). We stained lung sections
with CCSP antibody to characterize club cells that are positive for
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tdTomato (Figure 3A). We detected double-positive cells (Fig-
ure 3B), suggesting that AAV5 can mediate genome editing in a
subset of club cells. We also stained for acetylated tubulin, a
marker of ciliated cells. Double-positive cells were observed (Fig-
ures 3C and 3D).

We observed GFP or tdTomato™ cells in the alveolar region
(Figure 2A). Future studies will characterize whether alveolar
cells, immune cells, or endothelial cells are infected or edited
by AAVS.

DISCUSSION

In this study, we showed that AAV5 can efficiently deliver CRISPR-
Cas9 to mouse lung airway. Because the dual AAV5 can mediate
genome editing in both large and small airways, this platform is suit-
able to study genome editing for a variety of lung diseases affecting
airway cells. Adenovirus and AAV (e.g., AAV9 and AAV-D]J) have
been used to infect mouse lung to generate tumor models,'*" but
they have not been used to systematically measure genome editing
in disease-relevant cell types in the lung airway. To our knowledge,
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A 4x lens Zoom in B Figure 3. AAV5 mediates genome editing in club
25+ and ciliated cells
PO °.. (A) Paraffin-embedded lung sections were stained with
E] B . . antibodies for CCSP (green), a marker of club/clara cells,
5% 5 and Tomato. Native GFP from AAV.sgRNA is quenched
g § in paraffin slides. (B) Quantification of edited (Tomato™)
§ g 10 CCSP* cells. Error bars are SEM. (C) Lung sections were
53 stained with antibodies for acetylated tubulin (red, a
= *] marker of ciliated celll and Tomato (green). Arrows
0 denote double-positive cells. (D) Quantification of edited
AAV5-Cas9 + + (Tomato™) ciliated cells. (B and D) n = 15 sections from
AAV5-sgRNAs - + three mice. Error bars are SEM.
Assaying additional safety profiles, such as
off-target editing, is also needed in future
experiments.
In summary, our dual AAV vectors provide a
blueprint for designing future AAV-based
C_AAV5-Cas9+scAAVS-sgRNAs Zoom in D CRISPR delivery systems in the lung. This
07 highly efficient dual AAV platform will facili-
§’5‘ . .ii. tate the study of genome editing in the lung
2 :‘E and other tissue types.
32 METHODS
?} g 104 Generation of plasmid
S PAAV-sgA-sgB was generated through Gibson
0 . . assembly, by combining the following three
acetylated tubulin, AAV5-Cas9  + + DNA fragments: (1) gBlock sgAi9L driven by
AAV35-sgRNAs - + U6, (2) gBlock sgAi9R driven by U6, (3) a

this study is the first to achieve ~20% editing efficiency (based on
reporter expression) in the mouse lung airway. Importantly, our
results were confirmed through independent experiments at two
different institutes, reinforcing their validity.

McCray and coworkers have recently shown that intratracheal delivery
of Cas9 or Casl2a ribonucleoproteins (RNPs) with a shuttle peptide
supports editing in the mouse lung airway”% 12%-13% reporter positive
cells were reported.”’ Our AAV platform provides a viral delivery toolkit
to complement the RNP technique. This dual AAV design is also
amenable to target other organ types using different AAV serotypes.

We showed that AAV5 can mediate genome editing in club and cili-
ated cells in the lung airway. Recent studies have used AAV serotypes,
including AAV1, 576> and 9,%* for lung delivery. Our data demon-
strated that AAV5 supports high-level genome editing in both large
and small airways. Minimal infection was observed in other organs
(Figure S2). In addition, the Engelhardt lab showed that both
AAV5 and AAVI1 can infect a subset of long-lived club/clara cells
and alveolar type II cells in mice.” Future studies are needed to test
whether AAV'5 can transduce mouse lung basal cells* in the trachea
or in primate models. Persistent expression from singly AAV trans-
duced cells may cause an immune response against Cas9 and GFP.

Mlul/EagI-digested AAV backbone. SpCas9 is
expressed from our published single-stranded AAV vector with
U1A promoter.'” Target sequences of the gRNAs are:

sgRNA.A: aaagaattgatttgataccg
sgRNA.B: gtatgctatacgaagttatt

AAV vector production

AAV vectors (AAV5 or scAAV5 capsids) were packaged at the Viral
Vector Core of the Horae Gene Therapy Center at the University of
Massachusetts Medical School. In brief, rAAV vector plasmid car-
rying an expression cassette for the gene of interest flanked by
AAV2 ITRs is co-transfected into HEK293 cells with a packaging
plasmid and adenovirus helper plasmid. The packaging plasmid ex-
presses regulatory proteins of AAV2 and capsid proteins of AAV5
serotype, which will excise the recombinant genome from the
rAAV vector plasmid, replicate the genome, and package the genome
into AAV virions. Adenovirus serotype 5 El, E2a, and E4 proteins,
and VA T and IT RNAs expressed from the adenovirus helper plasmid
provides helper functions essential for rAAV rescue, replication, and
packaging.”* The recombinant viruses are purified by standard CsCl
gradient sedimentation method and desalted by dialysis.*® The vec-
tors are quality control tested by ddPCR titration for DNase-resistant
vector genome (vg) concentration using probe and primers targeting
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the poly(A) region of the vg*® and silver-stained SDS-polyacrylamide
gel analysis to establish the purity of each lot.*”

Animal studies

All animal experiments were authorized by the Institutional Animal
Care and Use Committee (IACUC) at UMass medical school. For
in vivo gene editing, Ai9 mice (strain no. 007909) were purchased
from Jackson Laboratories. Eight-week-old mice were randomly allo-
cated into two groups. The AAVs were then delivered to mouse lung
through intratracheal intubation. Each mouse was injected with 60 uL
PBS containing 6 x 10" vg of scAAV5-sgA-sgB virus and 6 x 10'%vg
of AAV5-SpCas9 virus or control at UMass. Animals were sacrificed
at the end of each experiment (21 days after injection). Lungs were
fixed with formalin or stored at —80°C with OTC (TissueTek)
freezing compound until further analyses. No sample size calculation
was performed and each group consisted of at least three mice for
statistical analysis. All animal experiments at the Baylor College of
Medicine were performed under an IACUC-approved protocol
(AN-8084).

IHC and immunofluorescence

For THC studies, formalin-fixed, paraffin-embedded (FFPE) mouse
lung samples were sectioned at 4 jum, deparaffinized, and the antigens
were retrieved with 10 mM citrate buffer for 9 min at 95°C. Then the
slides were incubated overnight at 4°C with anti-GFP (CST, cat. no.
2956, 1:200) or anti-RFP (Rockland, cat. no. 600-401-379, 1:300).
Visualization was performed using the DAB Quanto kit (Fisher Sci-
entific, cat. no. TA-125-QHDX) as instructed by the manufacturer.
In Figures 1D, 20 airways from 5 IHC images for each mouse were
used to generate the average percentage.

For CCSP double staining, FFPE mouse lung samples were sectioned
at 4 um, deparaffinized and the antigen were retrieved with 10 mM
citrate buffer for 9 min at 95°C. Then the slides were incubated over-
night at 4°C with anti-CCSP antibody (Santa Cruz, cat. no. SC-25555,
1:2,000) and anti-RFP antibody (Thermo Fisher Scientific, cat. no.
MAS5-15257, 1:300), then the sections were incubated 1 h at room
temperature with Alexa Fluor 488 donkey anti-rabbit IgG (CCSP)
and Alexa Fluor 647 donkey anti-mouse IgG (tdTomato). Nuclei
were counterstained with DAPI. For acetylated tubulin double stain-
ing, Alexa Fluor 647 anti-acetylated tubulin antibody (Santa Cruz, cat.
no. SC-23950, 1:200) and anti-RFP antibody (Rockland, cat. no. 600-
401-379) were used. Nuclei were counterstained with DAPI. Images
were acquired on a Leica DMi8 imaging microscope.

For direct fluorescence imaging at the Baylor-Rice SATC, treated
mice were weighed, then euthanized, and a panel of organs dissected.
Liver, lungs and spleens were weighed immediately following dissec-
tion. Each organ was fixed in 4% buffered paraformaldehyde over-
night at 4°C, then equilibrated in 30% sucrose overnight at 4°C before
freezing in OCT. Three non-consecutive sections from each organ
sample were mounted with DAPI to visualize nuclei, and imaged
for DAPI, tdTomato, and GFP. An AxioScan.Z1 (Zeiss) scanner at
20x magnification was used in conjunction with ZEN Blue software
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to obtain and process the images. For quantification of editing, air-
ways were identified in lung sections by morphology (thick ring of
DAPI-stained nuclei), and their individual area measured for classifi-
cation into small (<50,000 pm?) and large (>50,000 pum?). In each
airway, the total number of tdTomato™ cells and DAPI-stained nuclei
were counted. Editing efficiency was calculated as tdTomato™ cells/
DAPI-stained nuclei and expressed as a percentage. Three large and
three small airways were quantified per mouse.

For histological analysis, small portions of lung liver and spleen were
fixed in neutral-buffered formalin overnight, then stored in 70%
ethanol prior to paraffin embedding, sectioning, and hematoxylin
and eosin staining. Sections were imaged with a scanned as above
with a bright-field light source.

Statistical analysis

All statistical analyses were performed using GraphPad Prism
8.4. Sample size was not pre-determined by statistical methods, but
rather, based on preliminary data. Group allocation was performed
randomly. In all studies, data represent biological replicates (n) and
are depicted as mean * SD as indicated in the figure legends.
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