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One obstacle to the development of gene therapies for the cen-
tral nervous system is the lack of workflows for quantifying
transduction efficiency in affected neural networks and ulti-
mately predicting therapeutic potential. We integrated data
from a brain cell atlas with 3D or 2D semi-automated quanti-
fication of transduced cells in segmented images to predict
AAV transduction efficiency in multiple brain regions. We
used this workflow to estimate the transduction efficiency of
AAV2/rh.10 and AAV2.retro co-injection in the corticostriatal
network affected in Huntington’s disease. We then validated
our pipeline in gene editing experiments targeting both human
and mouse huntingtin genes in transgenic and wild-type mice,
respectively. Our analysis predicted that 54% of striatal cells
and 7% of cortical cells would be edited in highly transduced
areas. Remarkably, in the treated animals, huntingtin gene
inactivation reached 54.5% and 9.6%, respectively. These
results demonstrate the power of this workflow to predict
transduction efficiency and the therapeutic potential of gene
therapies in the central nervous system.
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INTRODUCTION
Over the last decade, the concept of permanently treating neurolog-
ical diseases by a single delivery of a therapeutic gene has driven
the development of central nervous system (CNS) gene therapy.1

This global effort has achieved a certain success, as attested by the
recent approval of gene therapy products for spinal muscular atrophy
(SMA)2 and aromatic L-amino acid decarboxylase (AADC) defi-
ciency.3 However, notwithstanding these recent accomplishments,
the development of CNS gene therapies remains challenging due to
the complexity of neurodegenerative diseases. These diseases are
often characterized by alterations to multiple neuronal networks in
several brain regions, with a poor understanding of the underlying
molecular mechanisms, associated with complex gene delivery.
Adeno-associated viruses (AAVs) are the principal delivery vehicle
for therapeutic gene delivery to the CNS.1 The emergence of new
AAV capsids has greatly increased transduction efficiency, but there
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is still a lack of semi-automated quantitative workflows for assessing
the transduction profile across multiple brain areas and predicting
therapeutic potential. Methods based on FACS,4 or single-cell RNA
sequencing5 may be useful to characterize AAV tropism and/or quan-
tify the overall number of transduced cells in selected areas, but they
are not suitable to study AAV biodistribution since the anatomical in-
formation of the transduced cells are lost. The current imaging work-
flows are based on the injection of AAVs expressing fluorescent re-
porter genes followed by the confocal imaging of immunolabeled
tissue sections.6–9 These methods are time-consuming, especially
when large areas of the brain are transduced, and the manual parcel-
lation of each brain region is required to assess transduction
efficiency.

Here, we took advantage of 3D and 2D semi-automated workflows for
evaluating transduction efficiency in multiple brain regions, with a
view to predicting therapeutic potential. This pipeline integrates
data from amouse brain cell atlas10 to predict the pattern of transduc-
tion in various anatomical brain regions. It also makes use of recently
developed methods for analyzing images from mice after AAV-GFP
injection. 3D images from clarified brain (CLARITY)11,12 or 2D im-
ages from coronal brain sections13–15 are co-registered with a mouse
reference atlas (ARA)16 to evaluate brain delivery performance.

We used these workflows to optimize gene editing approaches for
Huntington’s disease (HD), which is caused by a triplet repeat expan-
sion in the huntingtin (HTT) gene. HD is characterized by a degener-
ation of spiny projection neurons (SPNs) in the striatum and
neuronal dysfunction and cell death in the cerebral cortex and other
areas of the brain.17,18 All gene editing strategies for HD to date have
023 ª 2023 The Author(s).
vecommons.org/licenses/by/4.0/).
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Figure 1. Development of an AAV-KamiCas9 system for in vivo gene editing

(A) Schematic representation of the AAV-CRISPR-GFP used for in vivo gene editing. The first two AAV2/1 express mCherry or the spCas9 under the control of the short

elongation factor 1a promoter (EFS). The third vector expresses a sgRNA targeting the translational start site of GFP (sgGFP) under the control of the U6 promoter. (B)

Representative images of the striatum of Drd2-GFPmice with and without injection of the CRISPR-GFP system. Scale bar: 200 mm. (C) Schematic representation of AAV2/1-

CRISPR and AAV2/1-KamiCas9v1 used to inactivate the human HTT gene in the striatum of HU18/18 transgenic mice. The sgRNA targeting the translational start site of the

humanHTT gene (sgHTT1)23 is under the control of the U6 promoter in both systems. In KamiCas9v1, there is a second sgRNA targeting the translational start site of SpCas9

itself (sgCas9). (D) Eight weeks post-injection, striatal punch specimens were collected from the GFP-positive area. The frequency of HTT indels was assessed by TIDE35 in

DNA extracts (n = 6 hemispheres from 3 animals for control and CRISPR; n = 8 hemispheres from 4 animals for KamiCas9v1). (E) The frequency of indels in the SpCas9

transgene was assessed in DNA (n = 6 hemispheres from 3 animals for CRISPR; n = 8 hemispheres from 4 animals for KamiCas9v1) and RNA (n = 6 hemispheres from

(legend continued on next page)
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focused exclusively on the striatum.19–22 We developed an AAV plat-
form based on our KamiCas9 system23 to target the corticostriatal
neuronal network affected in HD. We delivered AAV2.retro24 which
has strong retrograde properties, together with AAV2/rh.1025,26

which efficiently transduces the striatum, to maximize HTT gene ed-
iting. We used our 3D and 2D workflows to estimate cortical and
striatal transduction efficiency and to predict the degree of HTT
gene inactivation. We show that these semi-automated workflows
provide accurate quantitative assessments of AAV profiles in various
brain regions and demonstrate the power of these pipelines for pre-
dicting the therapeutic potential of gene editing strategies.

RESULTS
Development of an AAV-KamiCas9 system for CNS gene editing

We previously developed a lentiviral (LV)-based self-inactivating
KamiCas9 system for gene editing.23 Here, we adapted the system
for AAV, which diffuse widely throughout the brain and yield high
transduction efficiencies in various regions. As proof-of-principle,
we first showed that the co-injection of AAV2/1-EFS-SpCas927 with
an AAV2/1 expressing a sgRNA targeting the translational start site
of GFP (sgGFP) led to a complete loss of GFP fluorescence in
the transduced striatal area of Drd2-GFP transgenic mice28,29

(Figures 1A and 1B). We then focused on the HTT gene and devel-
oped two AAV-KamiCas9 systems (Figure S1A). The HTT-targeting
sgRNA (sgHTT1)23 is under the control of the U6 promoter, whereas
expression of the SpCas9 self-targeting sgRNA (sgCas9) is driven
either by the U6 promoter (KamiCas9v1) or by the 7sk promoter
(KamiCas9v2). High levels of HTT editing (42.5–57.9%) and SpCas9
self-editing (57.3–73.6%) were obtained with both systems in human
embryonic kidney 293T (HEK293T) cells (Figure S1B). We selected
the AAV2/1-CRISPR and AAV2/1-KamiCas9v1 for inactivation of
the wild-type (WT) humanHTT gene in the striatum of fully human-
ized HU18/18 transgenic mice30 (Figure 1C). The injection of AAV2/
1-CRISPR and AAV2/1-KamiCas9v1 generated indels in 30.2 ± 6.3%
and 21.0 ± 8.03% ofHTT alleles (Figure 1D).We assessed SpCas9 self-
editing, by analyzing DNA and RNA samples (Figure 1E). Löw and
coworkers reported that large numbers of AAV genomes remained
present as single-stranded AAV (ssAAV) several weeks after injec-
tion31 (Figure 1F). By measuring SpCas9 self-editing at the RNA level,
we avoided amplifying ssAAVs, which are not a substrate for SpCas9
(Figure 1F). We showed that 50.7 ± 7.7% of the SpCas9 transcripts
contained indels, whereas only 29.0 ± 8.1% of AAV genomes had
been edited (ssAAV and dsAAV) (Figures 1E and 1F). It has also
been suggested that the failure of the DNA repair machinery to fix
double-strand breaks (DSBs) on dsAAV episomes can lead to the
degradation of these structures32–34 (Figure 1F). We tested this hy-
pothesis, by determining whether HTT editing was affected by cleav-
age of the AAV expressing the sgHTT1 (Figure S1C).HTT editing ef-
ficiency was strongly decreased by the induction of AAV cleavage
3 animals for CRISPR; n = 6 hemispheres from 4 animals for KamiCas9v1) extracts. (F

KamiCas9 system. Most AAV genomes are not self-targeted because they are prese

reflect the functional, actively transcribed AAV-SpCas9 genome population. By contra

actively transcribed dsAAV-SpCas9 genomes. Data are represented as mean ± SD.
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(7.1 ± 1.3%), resulting in levels much lower than for the uncleavable
vector (28.2 ± 3.6%) (Figure S1D). This lower rate of HTT editing is
explained by the lower levels of sgHTT1 due to the cleavage-induced
partial degradation of the dsAAV expressing the sgHTT1. Translating
these results to the KamiCas9 system, SpCas9 self-cleavage induces a
partial degradation of dsAAVs expressing SpCas9, thereby decreasing
SpCas9 expression. Other AAV self-deleting systems rely exclusively
on AAV degradation,32–34 but our AAV-KamiCas9 efficiently inacti-
vates SpCas9 even when the DSBs are successfully repaired (Fig-
ure 1F), further decreasing the risk of off-target events. In summary,
we show here that the AAV-KamiCas9 system induces high levels of
target gene editing with the effective self-activation of SpCas9.

Development of semi-automated workflows for quantifying

transduction efficiency in multiple brain areas

CNS disorders are complex and often associated with alterations to
the neuronal networks in multiple brain regions. New therapeutic
strategies and genetic tools for the treatment of CNS disorders are
continually being developed, but effective gene delivery to affected
brain regions remains a major challenge. Transduction efficiency de-
pends on the specific features of each AAV serotype (e.g., tropism,
diffusion, and transport properties), the amount of AAV injected
(e.g., dose, volume, and flow rate) and the surgical procedure used
(e.g., cannulas, coordinates, and procedure variability). All these pa-
rameters can be optimized to maximize gene delivery, but there are
currently no automated quantitative workflows for measuring trans-
duction efficiency in various regions of the brain. As a means of opti-
mizing CNS gene delivery and facilitating the development of new
therapies, we used semi-automated 3D and 2D fluorescence-based
workflows for quantifying transduction efficiency in multiple brain
areas (Figure 2). The first step in this pipeline is the estimation of
the maximum theoretical number of cells that can be targeted in
each brain region based on the specific characteristics of the vector,
such as its tropism and retrograde transport. This estimate integrates
information from the Blue Brain Cell Atlas.10 For example, a vector
with a neuronal tropism can potentially target 88% of the cells in
the cerebellum but only 74% of the cells in the hippocampus. Once
the maximum number of cells that can be targeted is known, it is
possible to quantify the number of cells actually transduced in a clar-
ified brain (3D) or in coronal sections (2D). The 3D imaging-based
workflow involves brain clarification11 followed by light sheet fluores-
cence microscopy (LSFM) imaging (Figure 2). The multimodal image
registration and connectivity analysis (MIRACL) pipeline12 were then
used to register against the Allen mouse brain common coordinate
framework (CCFv3) reference atlas.36 The coordinates of all trans-
duced cells are determined with fiji37 and cataloged on segmented
brain images to quantify the number of cells transduced in each brain
region using the recently published map objects to atlas (MOTA)
pipeline.38 In the 2D workflow, the DAPI signal from brain coronal
) Diagrams illustrating the progressive inactivation of nuclease activity in the AAV-

nt as ssAAV. The amplification of ssAAV-SpCas9 during TIDE analysis does not
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Figure 2. Diagram of the 2D and 3D fluorescence-based quantitative workflows for estimating transduction efficiencies in multiple brain regions

The first step of the pipeline is estimation of the theoretical maximum number of cells that can be transduced based on data from the Blue Brain Cell Atlas and the specific

features of the vector (tropism, retrograde transport). The second step is quantification of the cells transduced, with either the 3D or the 2D imaging workflow. In the 3D

workflow, the whole-mount brain is clarified11 and imaged by LSFM. The MIRACL pipeline12 is then used to register the 3D images against the Allen CCFv3 reference atlas36

which contains 662 annotated structures. The coordinates of every GFP-positive cell are determined in fiji and cataloged on the registered images with the MOTA pipeline.38

In the 2D workflow, 25 mm-thick brain coronal sections are subjected to whole-slide scanning. The images are aligned with the Allen CCFv3 reference atlas36 with the ABBA

plugin13 in fiji. Qupath software14 and the StarDist plugin15 are then used to identify DAPI (40,6-diamidino-2-phenylindole) signals and to quantify GFP-positive signals with a

cell classifier.
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sections is used for registration against the Allen CCFv3 reference
atlas36 with the aligning big brains and atlases (ABBA) plugin in
fiji13 (Figure 2). The segmented brain regions are then imported
into QuPath software14 and the StarDist deep learning-based exten-
sion15 is used to quantify the number of transduced cells in the
various regions.

Gene editing strategies for HD to date have been evaluated only in the
striatum.19–22 However, a loss of striatal SPNs is not the only sign of
HD; other regions of the brain are also affected in this disease,
including, in particular, the corticostriatal projecting neurons
(CPNs).17,18 We made use of the retrograde transport properties of
AAV2.retro to achieve a broad delivery distribution and to target
brain circuits affected in HD.24 We injected AAV2.retro-CBA-GFP
into the striatum and then used our 3D and 2D pipelines to assess
the pattern of CPN transduction (Figure 3A). We first estimated
the maximum theoretical numbers of neurons that could be trans-
Molecul
duced in each isocortical region. Almost all CPNs are excitatory neu-
rons present in cortical layers II/III, V and VI39; only these cortical
cells can be transduced by AAV2.retro (Figure 3A). According to
the Blue Brain Cell Atlas, the proportion of excitatory neurons in
layers II/III, V and VI differs between isocortical regions (ranging
from 22% to 49%) (Table S1). For example, AAV2.retro can poten-
tially target 31.4% of the neurons in the orbital area (ORB), but
only 22% of those in somatomotor areas (MO).

We investigated whether AAV2.retro transduction was optimal or
whether the delivery parameters needed to be modified, by quan-
tifying the cells transduced in a 3D clarified brain (Figures 3B and
S2A, and Videos S1 and S2) and in 2D coronal sections
(Figures 3C and S2B and S2C). The 3D and 2D analyses revealed
that there were 417,579 and 507,408 GFP-positive neurons, respec-
tively, in the isocortex (Table S1). Both analyses indicated that
most of the transduced neurons were in more frontal cortical
ar Therapy: Methods & Clinical Development Vol. 29 June 2023 257
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Figure 3. 3D and 2D workflows for quantifying transduction in various cortical regions

(A) Diagram illustrating the pipeline for determining the theoretical maximal number of excitatory neurons that could be transduced in the cortex of animals following the

injection of AAV2.retro-CBA-GFP. The numbers of excitatory neurons in layers II/III, V and VI of the cortex were determined with information from the Blue Brain Cell Atlas.

These neurons correspond to the cells that could be transduced with AAV2.retro-CBA-GFP. (B) Dorsoventral light sheet acquisitions of clarified brain were subjected to

MIRACL pipeline for registration against the Allen CCFv3 reference atlas. Light sheet acquisitions were also processed in Fiji in parallel to determine X,Y,Z coordinates of each

transduced cells using Find Maxima function. Both resulting outputs were combined using MOTA to get proper segmentation of cells within each brain region ontology. (C)

(legend continued on next page)
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areas, such as the frontal pole (FRP), prelimbic area (PL), MO,
ORB, agranular insular area (AI), gustatory area (GU), anterior
cingulate area (ACA) and infralimbic area (ILA) (Table S1).
AAV2.retro transduced 19% of the excitatory neurons in the 10
most transduced isocortical regions (Figure 3D). Remarkably,
about half of the neurons that could be targeted were transduced
in the FRP and 30% of those in the PL and MO areas (Figure 3D).
These results are consistent with the mouse corticostriatal connec-
tome data,40 demonstrating a high degree of connectivity between
the dorsolateral striatum and the prefrontal and motor cortices.
Variations in the number of GFP-positive cells in different cortical
regions between 2D and 3D workflows are mainly due to small
variations in the surgical procedure between animals since distinct
zones of the dorsal striatum are differently connected to cortical
regions.40 In summary, we demonstrated that the 2D and 3D pipe-
lines yielded similar quantitative outcomes, and that both accu-
rately estimated transduction efficiency.
Maximizing the targeting of the neuronal circuitry affected in HD

We have shown that AAV2.retro efficiently transduces CPNs from
isocortical areas implicated in HD, such as the MO and ACA.17 How-
ever, AAV2.retro transduction at the site of injection (the striatum)
was very limited, as previously reported24,41,42 (data not shown). As
a means of maximizing the targeting of the neuronal circuitry affected
in HD, we tested the co-injection of AAV2.retro-CBA-GFP and
AAV2/rh.10-CBA-mCherry (Figure 4A). We also modified the ste-
reotaxic coordinates, injecting the vectors bilaterally at a single striatal
site per hemisphere, to reduce the variability associated with the sur-
gical procedure and increase transduction efficacy. As expected,
AAV2/rh.10-CBA-mCherry extensively transduced the striatum,
whereas AAV2.retro-CBA-GFP predominantly transduced distant
CPNs (Figure 4B). The minimal overlap between the fluorescent
signals obtained suggests that the two AAV serotypes have comple-
mentary tropisms. We prevented confounding due to GFP-positive
neuropil signals and facilitated the detection and quantification of
transduced cells in the striatum, by performing a new experiment
with AAV2.retro and AAV2/rh.10 expressing a nuclear green fluores-
cent protein (AcGFPnuc) (Figures 4C and 4D). The 2D workflow re-
vealed that 927,725 ± 337,650 striatal cells were AcGFPnuc-positive
(Figure S3), corresponding to the transduction of 32.2 ± 14.1% of
the DAPI-positive nuclei (Figure 4E). An analysis of highly
transduced regions in the dorsal striatum (around the injection
site) indicated that 53.9 ± 5.4% of the DAPI-positive nuclei were
AcGFPnuc-positive (Figure 4F). Overall, we found that the simulta-
neous delivery of AAV2.retro and AAV2/rh.10 into the striatum re-
sulted in the transduction of both CPNs and SPNs, the principal
neuronal cells affected in HD.
Coronal brain sections were registered against the Allen CCFv3 reference atlas in fiji wi

detected with Stardist, a deep learning-based 2D nucleus detection method trained with

was trained to detect transduced GFP-positive cells throughout the entire section. A scri

lowmagnification: 800 mm. Scale bar for highmagnification: 20 mm. (D) 3D and 2D data s

the 10 isocortical regions most transduced with AAV2.retro-CBA-GFP.

Molecul
Quantitative workflows accurately predict the outcome of a

gene editing strategy targeting the corticostriatal circuitry

affected in HD

We then assessed the value of the workflows in predicting HTT gene
editing in fully humanized HU97/18 mice30 (Figure 5A). Three
months after the co-injection of AAV2.retro- and AAV2/rh.10-
KamiCas9v2, the animals were killed, and cortical and striatal punch
specimens were collected from the GFP-positive areas (Figure S4A).
We predicted a maximum theoretical editing level of 31.2 ± 3.6%
for the cells in the mediodorsal frontal cortical regions (Figure S4A
and Table S1). The 3D and 2D transduction data indicated that, on
average, there were 24.6 ± 18% (3D) and 17.6 ± 13.5% (2D) GFP-pos-
itive cortical neurons, corresponding to 7.3 ± 4.9% (3D) and 5.1 ±

3.6% (2D) of all cells in a punch specimen. In the striatum, only
SPNs were included in the theoretical prediction, because the EFS
promoter driving SpCas9 expression displays neuronal tropism (Fig-
ure S4B). The predicted maximum theoretical number of cells that
could be transduced in the striatum was 70 ± 0.4%43 and based on
the 2D workflow, we expected to target 53.9 ± 5.4% of all cells in
the dorsolateral striatum (Figure S4A).

The bilateral injection of the AAV-KamiCas9v2 system into HU97/18
transgenic mice with AAV2.retro and AAV2/rh.10 resulted in the
inactivation of 5.2 ± 2.1% and 34.7 ± 10.6% of the HTT alleles in
the cortex and striatum, respectively (Figures 5A–5C). We investi-
gated whether the HTT indels resulted in an inactivation of HTT
translation, by analyzing HTT protein levels in a capillary-based west-
ern-blot assay (Figures 5D and 5E and S5). We found that the level of
HTT gene editing was correlated with the loss of striatal HTT protein
(Figure 5F). The editing efficiencies actually achieved were slightly
lower than the predictions from our 3D and 2D workflows, probably
due to the presence of multiple, tandem copies of the human HTT
(4 copies of mutant and 4 copies of WT HTT gene) in the HU97/
18 transgenic mouse model (Figure S6), as recently highlighted by
Shin and coworkers.44

We tested this hypothesis, by using our predictive pipeline in WT
FVB mice and targeting the two copies of the mouse HTT gene (Fig-
ure 5G). There is a nucleotide mismatch between the human and
mouse HTT sequences in the region targeted by sgHTT1.23 We
therefore replaced sgHTT1 with sgHTT51, the sequence of which is
identical to that of the mouse HTT gene. The injection of the AAV-
KamiCas9v2 system expressing sgHTT51 into WT mice induced
indels in 9.6 ± 6.7% and 54.4 ± 5.3% of the mouse HTT genes in
the cortex and striatum, respectively (Figures 5H and 5I). These edit-
ing efficiencies are consistent with the predictions of our 3D and 2D
workflows and confirm the impact of multiple copies of theHTT gene
on editing efficiencies.
th the ABBA plugin, and then transferred to QuPath. The DAPI-positive nuclei were

a set of fluorescent nucleus images (dsb2018_heavy_augment.pb). A cell classifier

pt was finally generated to run the analysis on all images for the project. Scale bar for

howing the percentage of GFP+ excitatory neurons (hence, transduction efficiency) in
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Figure 4. Optimized gene delivery following the co-injection of AAV2.retro and AAV2/rh.10

(A) Schematic representation of the experimental setting. AAV2.retro-CBA-GFP and AAV2/rh.10-CBA-GFP were co-injected bilaterally into the dorsolateral striatum of mice

to favor retrograde transport in the cortex and striatal transduction. (B) Dense cortical layers of GFP-positive CPNs are observed throughout the rostrocaudal axis, whereas

mCherry-positive cells are widely distributed throughout the striatum. Scale bar: 1000 mm. (C) Schematic representation of the experimental setting. AAV2.retro-CBA-

AcGFPnuc and AAV2/rh.10-CBA- AcGFPnuc were co-injected bilaterally into the dorsolateral striatum for the quantification of striatal transduction efficiency. (D) Coronal

sections were co-registered against the Allen CCFv3 reference atlas to identify the striatum, and the 2D workflow described in Figure 3 was applied. Scale bar for low

magnification: 800 mm. Scale bar for high magnification: 20 mm. (E) Quantitative analysis showing the percentage of DAPI-positive cells expressing AcGFPnuc in the left and

right striatum of three animals. The mean transduction efficiency for the whole striatum is indicated. (F) Quantitative analysis showing the percentage of DAPI-positive cells

expressing AcGFPnuc in five representative highly transduced areas of the dorsolateral striatum. The mean transduction efficiency in the highly transduced regions is

indicated. Data are represented as mean ± SD.
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Figure 5. Validation of the workflow with a gene editing experiment targeting the HTT gene

(A). AAV2.retro- and AAV2/rh.10 KamiCas9v2 expressing the sgHTT1 and sgCas9 were injected bilaterally into fully humanized HU97/18 HD mice. Mice were killed three

months post-injection and punch specimens were collected from the GFP-positive cortical and striatal areas (Figure S4A). (B-C) Cortical (n = 4 punch specimens from

2 animals for the control and n = 30 punch specimens from 5 animals for KamiCas9v2) and striatal (n = 4 punch specimens from 2 animals for the control and n = 23 punch

specimens from 5 animals for KamiCas9v2) editing was assessed by TIDE on DNA extracts from the punch specimens. The green dashed line indicates the theoretical

maximum for transduction, and the predicted editing efficiency based on the 2D and 3D workflows is indicated by the blue and red dashed lines, respectively. (D, E and F)

Capillary-based immunoassay showing that HTT editing leads to a proportional decrease in HTT protein levels (4C8 antibody). The vinculin antibody was used as an internal

standard for the quantitative analysis (n = 4 punch specimens from 2 animals for the control and n = 6 punch specimens from 3 animals for KamiCas9v2). (G) AAV2.retro- and

AAV2/rh.10 KamiCas9v2 expressing sgHTT51 and sgCas9 were bilaterally injected into FVBmice. Mice were killed fivemonths post-injection and the analysis was performed

as in (A). (H and I) Cortical (n = 6 punch specimens from 2 animals for the control and n = 20 punch specimens from 4 animals for KamiCas9v2) and striatal (n = 8 punch

specimens from 2 animals for the control and n = 23 punch specimens from 4 animals for KamiCas9v2) editing was assessed as in panels (B) and (C). Data are represented as

mean ± SD.
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In summary, we demonstrate that our semi-automated quantita-
tive workflows can be used not only to estimate transduction
efficiency, but also to optimize gene delivery and to predict gene
editing outcomes in brain circuits affected by neurodegenerative
disorders.

DISCUSSION
Despite intensive research to improve gene delivery to the CNS and
the refinement of genetic tools to tackle neurological disorders,
semi-automated analytic pipelines for evaluating gene delivery per-
Molecul
formance and gene editing outcome are still lacking. The co-registra-
tion of a reference atlas and 3D images of clarified brains have been
used to study drug distribution45 neuronal activity45–47 and patholog-
ical disease mechanisms.12,48,49 Despite their considerable potential,
these methods have been largely overlooked in the development of
gene therapy products. Lopes and coworkers recently used registered
LSFM-acquired images to evaluate the biodistribution of AAV2/9
transduction in the brain after intravenous (IV) administration.50

However, their analysis was limited to the measurement of GFP-pos-
itive areas in various brain regions . This measurement is a good
ar Therapy: Methods & Clinical Development Vol. 29 June 2023 261
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indicator of AAV biodistribution, but provides no information about
AAV transduction efficiency.

We therefore used a mouse cell atlas and the Allen Brain Reference
Atlas (ARA) to develop a semi-automated workflow. The Blue Brain
Cell Atlas provides information about cellular composition for 86 re-
gions of the mouse brain.10 By considering specific characteristics of
the delivery system — in this case, AAV tropism, retrograde trans-
port, and site of injection into the brain — it is possible to estimate
the maximum number of cells that can be targeted in a particular
brain region. This theoretical maximum number of target cells can
then be compared with experimental data, to determine the actual
transduction efficiency.

In this study, we tested 3D and 2D semi-automated workflows for
determining the efficiency of CPN transduction with AAV2.retro-
CBA-GFP injected into the mouse striatum. We estimated that
AAV2.retro would be able to transduce 19% of the excitatory CPNs
in the top 10 transduced cortical regions, corresponding to approxi-
mately 5.5% of the total number of cells in these regions. Our results
indicated that the number of GFP-positive cells was consistent be-
tween the 3D and 2D workflows among several cortical regions.
One advantage of the 2D workflow is that it can be performed in
most laboratories, whereas the 3D imaging pipeline requires LSFM
and a high computational power for atlas co-registration. In addition,
the examination of deeper brain structures may be more appropriate
using the 2D imaging workflow due to light scattering and possible
incomplete brain clearing in 3D whole-mount brains. Zhang and co-
workers recently achieved constant image resolution across the whole
brain with multi-scale LSFM,51 which automatically removes brain
areas once they have been imaged, to ensure that the acquisition field
of view is always close to the surface and to prevent light scattering
through the tissue. The use of fluorescence proteins that localize to
the nucleus, thereby preventing interference from neuropil signals,
together with nuclear staining and StarDist-like machine learning al-
gorithms, would also facilitate the implementation of the 3D work-
flow by the scientific community. Finally, although GFP fluorescence
has been shown to be compatible with clearing methods11,50 and to
allow successful quantification for AAV2.retro-transduced cells,
brighter, more photostable reporters, such as StayGold52 could also
be used to improve the detection of cells with weak fluorescent signals.
Concerning the 2D workflow, the preparation of individual high-
quality brain sections is time-consuming and dependent on user’s
experience. Several parameters such as brain perfusion, sectioning,
and mounting can affect the quality of brain sections. Although tissue
deformations do not compromise quantitative analysis, they may per-
turb the automation of image co-registration with the Allen Brain
reference atlas. In these cases, integrated tools in the ABBA pipeline
(manual affine transformation and spline transformation) can be
used to manually adjust brain alignment to the reference atlas.13

The current version of the mouse Blue Brain Cell Atlas is limited to
cell composition in terms of oligodendrocytes, astrocytes, microglia,
and excitatory and inhibitory neurons (parvalbumin (PV+), somato-
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statin (SST+), vasoactive intestinal peptide (VIP+) and residual (RES)
GABAergic neurons). These workflows cannot, therefore, be applied
to vectors yielding transgene expression restricted to a subset of cells
within a brain structure. For example, the proportion of striatal Drd1/
Drd2 neurons in the striatum is not yet described in the atlas. Simi-
larly, the integration of the connectome data40 in the 3D cell atlas
would certainly facilitate the evaluation of retrograde transduction ef-
ficiency. The lack of atlases providing information on cellular compo-
sition in different structures of larger brains prevents the use of these
workflows in non-human primates. International initiatives such as
the Brain Initiative Cell Census Network (BICCN)53 and the
EBRAINS54 will provide more complex and complete atlases in the
future to extend and refine the application of these workflows in mul-
tiple species.

CNS disorders are often associated with alterations to multiple
neuronal networks across the brain and the targeting of various brain
regions is complex. In recent years, AAV serotypes able to cross the
blood-brain barrier have been characterized55 and IV administration
has been considered as an option for targeting multiple brain regions.
However, the IV delivery of AAVs to target the CNS requires the sys-
temic administration of large doses, potentially leading to liver
toxicity56 and the transduction in deep brain structures remains sub-
optimal. Intraparenchymal delivery requires lower doses of AAV, but
it can be difficult to target multiple brain regions by this approach.
The constant discovery of new AAV serotypes with improved and/
or distinct brain biodistribution keeps expanding the ability to trans-
duce multiple brain structures.57–60

Here, we show that combining the potent retrograde transport prop-
erties of AAV2.retro24 with the broad striatal diffusion of AAV2/
rh.1025,26 makes it possible to target CPNs and striatal cells. This
combinatorial approach could be particularly useful for the treatment
of neurodegenerative diseases in which large areas of the brain are
affected, such as Alzheimer’s disease. In addition to making it possible
to transduce multiple brain regions, the use of a combination of AAV
serotypes also makes it possible to target different cell types. Lin and
coworkers recently produced an AAV variant capable of efficiently
transducing microglia with minimal immune activation (AAV-
MG).61 This work is paving the way for the combination of serotypes
targeting neurons, astrocytes, and microglial cells. As these and other
CNS delivery strategies are explored, the integration of semi-auto-
mated quantitative pipelines, such as those presented here, will be
essential for the evaluation of their potential.

In the last part of the study, we validated our workflow for the code-
livery of AAV2.retro and AAV2/rh.10-KamiCas9 vectors targeting
the HTT gene. Based on the transduction efficiencies of AAV2.retro
and AAV2/rh.10, we expected about 6% and 54% of the HTT alleles
to be edited in the cortical and striatal regions, respectively. Rates of
human HTT gene inactivation were relatively low in HU97/18 mice,
but well within the predicted range for WT mice. HU97/18 mice are
generated by crossing mice transgenic for the bacterial artificial chro-
mosome (BACHD)62 and yeast artificial (YAC18)63 systems. As a
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result, it contains multiple copies of the human HTT gene in tandem.
This artificial genomic structure of the humanHTT loci in these mice
probably accounts for the differences in HTT editing efficiency be-
tween the two models. These results suggest that genome editing
studies should be performed preferentially in knock-in models, to
prevent confounding due to genome structure-related factors.

In summary, we present here powerful semi-automated 2D and 3D
quantitative workflows for the estimation of transduction efficiency
throughout the mouse brain. We also demonstrate that such esti-
mates can be used to predict editing outcomes. In addition, we pro-
pose the combination of AAV serotypes to expand gene delivery in
the brain and to maximize gene editing in the corticostriatal network
affected in HD.

MATERIALS AND METHODS
Plasmid production

Several fluorescence reporter constructs were used to the different
AAV serotypes and to assess their transduction efficiency. The
pAAV2ss-EFS-GFP-SynPolyA and pAAV2ss-EFS-mCherry-SynPo-
lyA plasmids were generated by replacing the SpCas9 with the GFP
and mCherry transgenes in pAAV2ss-EFS-SpCas9-synPolyA (a gift
from Ryohei Yasuda; RRID: Addgene 104588)27 after AgeI and
EcoRI digestion. The pAAV2ss-CBA-EGFP-WPRE-bGH plasmid
was kindly provided by Prof. During, Ohio, USA. Two other reporter
plasmids, pAAV2ss-CBA-AcGFPnuc-WPRE-bGH and pAAV2ss-
CBA-mCherry-WPRE-bGH, were generated by transferring the
AcGFPnuc and mCherry coding sequences from the entry plasmids,
pENTR4-AttL1-AcGFPnuc-AttL2 and pENTR4-AttL1-mCherry-
AttL2, to an AAV destination transfer vector, pAAV2ss-CBA-
Gateway-WPRE-bGH.

For the development of the AAV-KamiCas9 system, we ordered, from
GeneArt, a universal entry plasmid, pMK-AttL1-NotI/BamHI-U6-
BsaI-tracrRNAopt-BamHI-U6-SapI-tracrRNAopt-NotI/XbaI-7sk-
BsmBI-tracrRNA-XbaI-AttL2 containing three sgRNA expression
cassettes, to make it possible to adopt a flexible cloning strategy for
multiple sgRNAs. The U6-driven expression cassettes contain an
optimized tracrRNA described by Dang and coworkers64 whereas
the 7sk-driven expression cassette is associated with the original
tracrRNA.23 Unique restriction sites (NotI, BamHI and XbaI) were
strategically placed between the cassettes to facilitate the removal of
every possible cassette combination. The spacer sequence of each
sgRNA was inserted into the universal entry plasmid with over-
hang-compatible annealed oligos after digestion of the plasmid with
type IIS restriction enzymes (BsaI, SapI or BsmBI). The sgGFP target-
ing the GFP transgene was cloned by SapI digestion and insertion
of the annealed oligomers 50-CACCGGGCGAGGAGCTGTTCAC
CG-30 and 50-AAACCGGTGAACAGCTCCTCGCCC-30 to generate
the pMK-AttL1-U6-sgGFP-AttL2 plasmid. Similarly, sgHTT1 and
sgHTT51 were cloned by BsaI digestion and annealing of the oligos
50-CACCGACCCTGGAAAAGCTGATGA-30 and 50-AAACTCAT
CAGCTTTTCCAGGGTC-30 or 50-CACCGAACCCTGGAAAAG
CTGATGA-30 and 50-AAACTCATCAGCTTTTCCAGGGTTC-30,
Molecul
respectively. A new sgCas9_2 (hereafter called sgCas9) targeting the
50end of the open reading frame present in the pAAV2ss-
EFS-SpCas9-synPolyA was inserted downstream of the 7sk
promoter by BsmBI digestion and insertion of the annealed oligos
50-CCTCGTCGCCGAAGAAAAAGCGCA-30 and 50-AAACTGCGC
TTTTTCTTCGGCGAC-30 (plasmids pMK-AttL1-U6-sgHTT1-7sk-
sgCas9-AttL2 and pMK-AttL1-U6-sgHTT51-7sk-sgCas9-AttL2),
or downstream of the U6 promoter by SapI digestion and annealing
of the oligos 50-ACCGTCGCCGAAGAAAAAGCGCA-30 and
50-AACTGCGCTTTTTCTTCGGCGAC-30 (plasmid pMK-AttL1-
U6-sgHTT1-U6-sgCas9-AttL2). The AAV plasmids expressing only
sgRNAs, pAAV2ss-U6-sgGFP, pAAV2ss-U6-sgHTT1-7sk-sgCas9
and pAAVss-U6-sgHTT51-7sk-sgCas9, were produced by transfer-
ring the sgRNA expression cassettes from the entry plasmids into
an AAV destination vector, pAAV2ss-Gateway-bGH. The AAV plas-
mids expressing sgRNAs together with the GFP reporter, pAAV2ss-
EFS-GFP-synPolyA-U6-sgHTT1 and pAAV2ss-EFS-GFP-synPo-
lyA-U6-sgHTT1-U6-sgCas9, were produced by classical restriction/
ligation cloning with the NotI enzyme.

We also used the SIN-cPPT-PGK-SpCas9-WPRE (Addgene #87886),
SIN-cPPT-U6-sgHTT1-PGK-mCherry-WPRE and SIN-cPPT-PGK-
mCherry-WPRE plasmids to generate an HTT-KO clonal
HEK293T cell line and an HEK293T cell line stably expressing
SpCas9.

Human embryonic kidney 293T (HEK293T) cells

HEK293T cells (mycoplasma-negative, ATCC, LGC Standards
GmbH, Wessel, Germany) were cultured in DMEM-Glutamax sup-
plemented with 10% FBS and 1% penicillin/streptomycin (Gibco,
Life Technologies, Zug, Switzerland) at 37�C under an atmosphere
containing 5% CO2. For routine culture, cells were passaged twice
weekly after trypsin treatment for dissociation (Gibco, Life Technol-
ogies, Zug, Switzerland) and plated at a density of 2� 106 cells/cm2 in
T175 flasks.

Production of lentiviral vectors

The LV vectors were produced by the calcium phosphate-mediated
transfection of HEK-293T cells with a four-plasmid system.65 Human
immunodeficiency virus type 1 (HIV-1) vectors were pseudotyped
with the vesicular stomatitis virus glycoprotein (VSV-G) envelope,
concentrated by ultracentrifugation and resuspended in phosphate-
buffered saline (PBS, Gibco, Life Technologies, Zug, Switzerland)
supplemented with 1% bovine serum albumin (BSA, Sigma-
Aldrich, Buchs, Switzerland). The viral particle content of each batch
was determined in a p24 antigen enzyme-linked immunosorbent
assay (p24 ELISA, RETROtek, Kampenhout, Belgium). Viral stocks
were stored at �80�C until use.

Production of adeno-associated vectors

AAVs were also produced in HEK293T cells by calcium phosphate-
mediated transfection. The cells were transfected with the pAAV2ss
containing the transgene of interest together with the pAd Helper-
AAV (Agilent Technologies kit #240071) and pAAV-rh10_Rep_Cap
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(Penn Vector Core, University of Pennsylvania, School of Medicine,
Philadelphia, USA) or pAAV2.retro (a gift from Alla Karpova & Da-
vid Schaffer RRID: Addgene_81070). For AAV2/1, the cells were
transfected with the pAAV2ss containing the transgene of interest
together with the pDP1rs-RFP plasmid encoding helper functions
(Plasmid Factory plasmid PF401). The cell suspension was centri-
fuged at 360 x g for 10 min at 4�C 72 h post-transfection. The super-
natant was supplemented with 10 mM PEG (Roth, Arlesheim,
Switzerland) and 0.5 M NaCl (Merck, Nottingham, UK) and was
incubated at 4�C for at least 2 h. Cell pellets were pooled and incu-
bated in lysis buffer (0.15 M NaCl, Merck, Nottingham, UK;
50 mM Tris-HCl, pH 8.5, Sigma-Aldrich, Buchs, Switzerland) for 3
consecutive freeze/thaw cycles (30 min in dry ice/ethanol followed
by 30 min at 37�C). After the initial 2-h incubation period, the
PEG-containing supernatant was centrifuged at 3700 x g for 20 min
at 4�C and the supernatant was discarded. Cell lysate was added to
the pellets and the mixture was incubated at 37�C for 1 h to ensure
that the pellets were fully homogenized. The lysate was then treated
with 50 U/mL Benzonase (Sigma-Aldrich, Buchs, Switzerland) and
10 mM MgCl2 (Sigma-Aldrich, Buchs, Switzerland) at 37�C
for 30 min. The treated lysate was clarified by centrifugation at
3700 x g for 20 min at 4�C. AAVs were separated by iodixanol
(AxonLab, Le Mont sur Lausanne, Switzerland) gradient ultracentri-
fugation at 255,690 g (70Ti rotor, Beckman-Coulter, Nyon,
Switzerland) for 90 min at 20�C. The AAV-containing phase was har-
vested and loaded on an Amicon Ultra-15 PL 100 column (Millipore,
Zug, Switzerland) with 0.001% Pluronic F68 D-PBS (Gibco, Thermo
Fisher Scientific, Waltham, USA, Zug, Switzerland) for iodixanol
cleaning and viral particle concentration. The tubes were first centri-
fuged at 4000 x g at 4�C until all the solution had passed through the
column. Two additional washes with 0.001% Pluronic F68 D-PBS
were performed and the AAV were finally suspended in 120–
150 mL 0.001% Pluronic F68 D-PBS.

The viral genome content (vg/mL) for each AAV was assessed by
Taqman qPCR with primers recognizing the inverted terminal
repeats of the AAV2 viral genome (forward primer: 50- GGAA
CCCCTAGTGATGGAGTT-30, reverse primer: 50-CGGCCTCAGT
GAGCGA-30, Taqman probe: 50- FAM-CACTCCCTCTCTGC
GCGCTCG-TAMRA-30) and the KAPA probe fast qPCR universal
kit (Sigma-Aldrich, Buchs, Switzerland). AAV vectors were stored
at �80�C until use.

Transfection of HEK293T cells

For the transfection experiment (Figures S1A and S1B), we plated
5 � 105 cells per well in six-well plates the day before transfection.
We mixed 1150 fmol plasmids (150 fmol pAAV2ss-EFS-GFP-
synPolyA, 250 fmol pAAV2ss-EFS-SpCas9-synPolyA and 750 fmol
sgRNA(s)-expressing plasmids) in 0.25 M CaCl2 solution and the
mixture was then added dropwise to HEPES saline buffer (Sigma-
Aldrich, Buchs, Switzerland, CaCl2-H2O:HEPES ratio 1:1). Cells
not treated with the sgRNA-expressing plasmid were used as a nega-
tive control. The mixture was incubated at room temperature for
5 min and added dropwise to the cells (10% of the culture volume).
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The medium was completely replaced 6 h after transfection. We eval-
uated the efficiency of HTT editing by SpCas9 four days post-
transfection.

Production of a clonal huntingtin knockout (HTT-KO) HEK293T

cell line

For the generation of an HTT-KO clonal HEK293T cell line
(Figures S4B and S4C), we plated 5 � 106 cells in a 10 cm Petri
dish the day before transfection. We mixed 30 mg of plasmids
(15 mg SIN-cPPT-PGK-SpCas9-WPRE and 15 mg SIN-cPPT-U6-
sgHTT1-PGK-mCherry-WPRE) in 0.25 M CaCl2 solution and the
mixture was then added dropwise to HEPES saline buffer (Sigma-
Aldrich, Buchs, Switzerland, CaCl2-H2O:HEPES ratio 1:1). The
mixture was incubated at room temperature for 5 min and added
dropwise to the cells (10% of the culture volume). The medium was
completely replaced 6 h after transfection. Five days post-transfec-
tion, the cells were dissociated with trypsin and serial dilutions
were plated in 96-well plates. The cell clones that grew at the highest
dilution conditions were sequentially expanded in 48-well plates,
24-well plates and, finally, six-well plates. We screened several clonal
cell lines by Sanger sequencing and selected a single clone in which
the HTT alleles had an extra adenosine nucleotide (+1, A) immedi-
ately downstream of the ATG at the sgHTT1 target site. This clonal
cell line (clone F10) was then expanded and frozen in liquid nitrogen.

Transduction of HEK293T cells

For the transduction experiment (Figures S1C and S1D), we first
generated a cell line stably expressing the SpCas9. We plated
5� 105 cells per well in six-well plates the day before LV transduction.
We mixed 300 ng of LV (150 ng SIN-cPPT-PGK-SpCas9-WPRE and
150 ng SIN-cPPT-PGK-mCherry-WPRE) in DMEM medium and
then added the mixture dropwise to the cells (10% of the culture vol-
ume). The medium was completely replaced 24 h after transduction
and the cells were passaged twice weekly. Two weeks after LV infec-
tion, we plated 1.2 � 105 cells per well in 24-well plates. Cells were
infected with 1.5 � 109 vg of AAV2/1 (7.5 � 108 vg AAV2/1-EFS-
GFP-SynPolyA-U6-sgHTT1 and 7.5 � 108 vg AAV2/1-U6-
sgGFP5) the next day. Cells incubated without AAV2/1-U6-sgGFP5
were used as a negative control. The medium was replaced 24 h after
transduction and HTT editing efficiency was evaluated seven days
post-AAV transduction.

Animals

Adult male and female mice (9–15 weeks) were used for the in vivo
experiments. Wild-type C57BL/6 and FVB mice were obtained
from Janvier (Le Genest-Saint-Isle, France). Drd2-EGFP transgenic
mice (Tg(Drd2-EGFP)S118Gsat/Mmnc, RRID:MMRRC_000230-
UNC) were acquired from the Mutant Mouse Resource and Research
Center (MMRRC) at the University of North Carolina at Chapel Hill.
Transgenic mice expressing the full-length human wild-type HTT
gene (HU18/18; YAC18++; Hdh�/�) or wild-type and mutant
HTT gene (HU97/18; BACHD+; YAC18++; Hhd�/�) were kindly
provided by Prof. Hayden (Vancouver, Canada)30 and BAC-GLT1-
eGFP transgenic mice expressing eGFP specifically in astrocytes
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were provided by Prof. J Rothstein (Baltimore, MD, USA).66 Mice
were housed in a specific pathogen-free (SPF) facility with IVC cages
GM500 (Tecniplast) or rat R.BTM.U x/R.ICV.6 cages (Innovive,
Paris, France) and Innorack rats, simple face (cat# RS.5.8.40) contain-
ing corn cob bedding, with no more than five mice per cage. The an-
imals were maintained in a controlled-temperature room (22 ± 1�C),
under a 14-h light/10-h dark cycle. The following enrichments were
provided: 2 pieces of wipes, 1 cardboard tunnel, 1 cardboard or poly-
sulfone house with 2 entrances/exits. Food (SAFE 150, Safe, Rosen-
berg, Germany) and water were provided ad libitum. All experimental
procedures were performed in strict accordance with Swiss regula-
tions concerning the care and use of laboratory animals (veterinary
authorizations 3447 and 3682).

Measurement of HTT gene copy number

Genomic DNA was extracted from HEK293T, neural progenitor cells
(NPCs) (derived from Coriell GM03621), BACHD,62 HU18/18 and
HU97/18 mice30 using the 500mL TRIzol reagent (Life Technologies,
Zug, Switzerland) according to the manufacturer’s protocol. Concen-
tration and quality of DNA were evaluated using a NanoDrop ultra-
violet spectrophotometer (Thermo Fisher Scientific, Reinach,
Switzerland). The absolute number of human HTT copies was quan-
tified by digital PCR (QIAcuity digital PCR, Qiagen, Basel,
Switzerland) in QIAcuity 24-well Nanoplates with 8500 partitions.
Separated Taqman assays targeting the SNP rs362331 (C/T) in
exon 50 of the HTT gene were generated from the C_2231945_10
ThermoFisher assay (custom designed, ThermoFisher Scientific,
Reinach, Switzerland) to individually analyze the number of HTT
alleles containing a cytosine (VIC) or a thymine (FAM). We
used the assay described by Christodoulou and colleagues targeting
the poly(rC)-binding protein 2 (PCBP2) gene67 to normalize
HTT amplification signals to the amount of gDNA. HTT-FAM
and HTT-VIC signals were normalized to PCBP2-VIC (probe
VIC-CCCTCTCCTGGCTCTAAATGTTGTGT-BHQ1) and PCBP2-
FAM signals (FAM-CCCTCTCCTGGCTCTAAATGTTGTGT-
BHQ1), respectively (Microsynth, Balgach, Switzerland). Each
reaction was set up accordingly to the manufacturer’s instructions
in a 12 mL sample volume containing 3mL of 4x QIAcuity probe
PCR mastermix (Qiagen, Basel, Switzerland), 1X Taqman HTT
custom assay, 0.8 mM of PCBP2 forward and reverse primers,
0.4 mM PCBP2-labeled probes (Microsynth, Balgach, Switzerland),
3 units of EcoRI-HF restriction enzyme, and 100 ng genomic DNA.
Loaded plates were incubating 10 min at RT for EcoRI-HF digestion
followed byDNA amplification: initial denaturation at 95�C for 2min,
40 amplification cycles at 95�C, 60�C and 72�C for 15 s each, and a
final step at 40�C for 5 min. Finally, data analysis was performed
with the QIAcuity Software Suite 2.0.20 (Qiagen, Basel, Switzerland).

Stereotaxic injections

Anesthesia and surgical procedures were performed as previously
described.23 A total volume of 4–6 mL AAV per hemisphere (between
4.0 � 108 and 1.75 � 109 vg/hemisphere) was administered to the
mouse striatum at a rate of 0.5 mL/min. AAVs administered bilaterally
at a single striatal site per hemisphere were injected at the
Molecul
coordinates +1; ±1.8;�3.5 (+1mm rostral to bregma; ±1.8mm lateral
to midline; and 3.5 mm ventral from the skull surface, with the tooth
bar set at�3.3 mm) in mice with a C57Bl/6 background mice, and at
the coordinates +0.7; ±1.9; �3.0 in mice with an FVB background.
For unilateral AAV delivery to two striatal sites, we used the
coordinates +1.2; ±2.0; �3.2 (site 1) and +0.26; ±2.8; �3.2 (site
2).68 The needles were left in place for 5 min after the injection and
were then slowly removed. During surgery, body temperature
was controlled with a warming blanket (CMA 450 Temperature
Controller, Phymep, Paris, France) and the eyes were protected
with 0.2% Viscotears liquid gel (Novartis, Basel, Switzerland). Post-
surgery analgesic treatment (acetaminophen, Dafalgan Upsa
1000 mg/750 mL) was administered in drinking water for 72 h.

As a proof-of-concept for gene editing (Figures 1A and 1B), we in-
jected 3.0 � 108 vg AAV2/1-EFS-SpCas9-SynPolyA, 3.0 � 108 vg
AAV2/1-U6-sgGFP5 and 1.0 � 108 vg AAV2/1-EFS-mCherry-
SynPolyA bilaterally, at one site per hemisphere, in Drd2-EGFP
mice. Mice not receiving the SpCas9 transgene were used as a negative
control. Mice were killed three weeks after the injection, for histolog-
ical processing.

For comparisons of the efficiency of AAV-CRISPR and AAV-
KamiCas9 to edit the human HTT gene (Figures 1C–1E), we injected
4.0 � 108 vg AAV2/1-EFS-SpCas9-SynPolyA with 4.0 � 108 vg
AAV2/1-EFS-GFP-SynPolyA-U6-sgHTT1 or 4.0 � 108 vg AAV2/1-
EFS-GFP-SynPolyA-U6-sgHTT1-U6-sgCas9 bilaterally, at one site
per hemisphere, in HU18/18 mice. Mice not receiving such injections
were used as a negative control. Mice were killed eight weeks post-in-
jection for the extraction of DNA and RNA.

For the establishment of the pipeline (Figures 3B–3D, S2 andVideos S1
and S2), we injected 1.3� 109vg (high dose) or 3.2� 108vg (low dose)
of AAV2.retro-CBA-EGFP-WPRE-bGH into wild-type C57BI/6 mice
unilaterally, at two sites. The two mice were killed three weeks post-in-
jection, for histological processing (low dose) or CLARITY (high dose).

Wemaximized the targeting of the circuitry affected inHD (Figures 4A
and 4B), by injecting 2.0 � 108 vg AAV2/RH.10-CBA-mCherry-
WPRE-bGH and 3.0 � 108 vg AAV2/RH.10-CBA-EGFP-WPRE-
bGH bilaterally, at one site per hemisphere, in HU18/18 mice. The
mice were killed three weeks post-injection for histological processing.

For the estimation of striatal transduction efficiency (Figures 4C–4E
and S3), we injected 4.5 � 108 vg AAV2/RH.10-U6-sgHTT51-7sk-
sgCas9, 1.5 � 107 vg AAV2/RH.10-CBA-AcGFPnuc-WPRE-bGH,
6.7 � 108 vg AAV2.retro-U6-sgHTT51-7sk-sgCas9 and 1.5 � 107

vg AAV2.retro-CBA-AcGFPnuc-WPRE-bGH bilaterally, at one site
per hemisphere, in wild-type FVB mice. Mice were killed 24 weeks
post-injection, for histological processing.

For the evaluation of the neuronal tropism of the AAV2/RH.10 and/
or EFS promoters (Figure S4B), 4.0 � 108 vg AAV2/RH.10-EFS-
mCherry-synPolyA were bilaterally injected into the striatum of
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BAC-GLT-eGFP mice, at one site per hemisphere. Mice not receiving
such injections were used as a negative control. Mice were killed three
weeks post-injection, for histological processing.

For the evaluation of mutant HTT editing efficiency in both the stria-
tum and cortex (Figures 5A–5C and S4D and S4E), we injected
2.0 � 108 vg AAV2/RH.10-EFS-SpCas9-SynPolyA, 4.0 � 108 vg
AAV2/RH.10-U6-sgHTT1-7sk-sgCas9, 1.0 � 108 vg AAV2/
RH.10-CBA-AcGFPnuc-WPRE-bGH, 3.0 � 108 vg AAV2.retro-EFS-
SpCas9-SynPolyA, 6.0 � 108 vg AAV2.retro-U6-sgHTT1-7sk-sgCas9
and 1.5� 108 vg AAV2.retro-CBA-AcGFPnuc-WPRE-bGH bilaterally
into HU97/18 mice, at one site per hemisphere. Mice not receiving
SpCas9 transgene injections were used as a negative control. Mice
were killed 14 weeks post-injection, for DNA and protein extraction.

For the evaluation ofmouseHTT editing efficiency in both the striatum
and cortex (Figures 5D–5H), we injected 1.5 � 108 vg AAV2/RH.10-
EFS-SpCas9-SynPolyA, 4.5 � 108 vg AAV2/RH.10-U6-sgHTT51-
7sk-sgCas9, 1.5 � 107 vg AAV2/RH.10-CBA-AcGFPnuc-WPRE-
bGH, 2.3 � 108 vg AAV2.retro-EFS-SpCas9-SynPolyA, 6.7 � 108 vg
AAV2.retro-U6-sgHTT51-7sk-sgCas9 and 1.5 � 107 vg AAV2.retro-
CBA-AcGFPnuc-WPRE-bGH bilaterally into FVB mice, at one site
per hemisphere. Mice not receiving SpCas9 transgene injections were
used as a negative control. Mice were killed 19 weeks post-injection,
for DNA and protein extraction.

CLARITY, 3D light-sheet imaging and MIRACL analysis

For estimation of the transduction efficiency of AAV2.retro with the
3D quantitative workflow (Figure 3B and Video S1), mice were killed
by sodium pentobarbital overdose three weeks post-injection and
transcardially perfused with PBS followed by 4% paraformaldehyde
(4% PFA) (Fluka, Sigma, Buchs, Switzerland). The brain was
removed, post-fixed by incubation in 4% PFA for 24 h and washed
in PBS. CLARITY sample preparation and light-sheet imaging were
performed as previously described.68 The clarified brain was analyzed
with fiji software (Version 2.0.0-rc-69/1.52p) followed by the
MIRACL registration pipeline.12 CLARITY acquisition was followed
by exportation as an image sequence to generate one tif file per stack,
ordered numerically and dorsoventrally. This image sequence tif file
was duplicated and processed in parallel in fiji and MIRACL. In fiji,
it was post-processed to determine the numbers and coordinates of
GFP-positive cells after subtract background on the whole stack.
GFP-positive cells can be found outside of the focal plane due to epi-
fluorescence limitation. We therefore used only one in every six
consecutive stacks (every 30 mm) to localize the cells and to ensure
that the same cell was not considered twice. We obtained the coordi-
nates of all GFP-positive cells, by using the Find Maxima/List func-
tion of fiji and merging all coordinates into a single csv file. In parallel,
the MIRACL pipeline12 was run on all image sequence tif files. Briefly,
the images were initially subjected to processing with the change-
Value function of fiji and manual editing to enhance co-registration
quality and to decrease the discrepancy between transduced and
non-transduced areas. The co-registration was performed on the
25 mm Allen Regional Atlas template. ITKsnap (http://www.
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itksnap.org) was used to visualize MIRACL outputs. Finally, the csv
coordinates of GFP-positive cells and MIRACL co-registered brain
were used to map segmented cells to the Allen Regional Atlas accord-
ing to the recently described MOTA pipeline.38

Histological processing and imaging acquisition for 2D analysis

For the characterization of AAV serotype transduction patterns and
tropisms (Figures 1A, 1B, 4A, 4B, and S4B), the animals were killed
by sodium pentobarbital injection three weeks post-injection and
transcardially perfused with PBS followed by 4% paraformaldehyde
(4% PFA) (Fluka, Sigma, Buchs, Switzerland). The brains of the ani-
mals were removed, post-fixed by incubation in 4% PFA for 24 h and
cryoprotected by two consecutive incubations in 20% and 30% su-
crose (Sigma-Aldrich, Buchs, Switzerland) for 12 h each. A cryostat
(CM1850, Leica Biosystems, Muttenz, Switzerland) with a freezing
stage at �20�C (SM2400; Leica Microsystems AG,Glattbrugg,
Switzerland) was used to cut 25 mm-thick coronal brain sections. Sec-
tions were collected and stored in anti-freeze solution (0.2 M sodium
phosphate buffer, 25% glycerol, 30% ethylene glycol) in 96-well plates
at �20�C until use. If no immunohistochemical staining was to be
performed, the brain sections were mounted directly on slides, in
Vectashield supplemented with DAPI (Reactolab, Servion,
Switzerland). Brain sections for immunohistochemical staining
were rinsed in TBS (3 � 10 min) at room temperature and blocked
by incubation for 1 h in TBS-T (TBS, 0.1% Triton X-100) supple-
mented with 5% BSA (Sigma-Aldrich, Buchs, Switzerland). For
AcGFPnuc immunoblotting (Figures 4C–4E), sections were incu-
bated overnight at 4�C with a goat polyclonal GFP primary
antibody (RRID: AB_2333100; AB0020-500, Sicgen) diluted 1/250
in TBS-T supplemented with 1% BSA. They were washed three
times with TBS (3� 10 min) and were then incubated with the Alexa
Fluor568-conjugated donkey anti-goat secondary antibody (A-11057,
Life Technologies, Zug, Switzerland) diluted 1/1000 in TBS-T supple-
mented with 1% BSA for 1 h at room temperature. For the mCherry
immunoblotting (Figure S4B), sections were incubated overnight at
4�C with a goat polyclonal mCherry primary antibody (RRID:
AB_2333093; AB0040-500, Sicgen) diluted 1/250 in TBS-T supple-
mented with 1% BSA. They were washed three times with TBS
(3� 10 min) and then incubated with the Alexa Fluor568-conjugated
donkey anti-goat secondary antibody (A-11057, Life Technologies,
Zug, Switzerland) diluted 1/1000 in TBS-T supplemented with 1%
BSA for 1 h at room temperature. Finally, for all immunoblots, the
brain sections were washed three times in TBS (3 � 10 min) and
mounted on slides, in Vectashield supplemented with DAPI (Reacto-
lab, Servion, Switzerland).

Images of the full brain sections were obtained with a digital
camera (3CCD Hitachi HV-F202SCL) on a slide scanner microscope
(�20 objective, Zeiss axioscan Z1).

QuPath and ABBA analysis

For estimation of the cortical transduction efficiency of AAV2.retro
(Figure 3C) and the striatal transduction efficiency of AAV2.retro
and AAV2/rh.10 (Figures 4C–4E) with the 2D quantitative workflow,
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images of the brain sections were obtained with a digital camera
(3CCD Hitachi HV-F202SCL) on a slide scanner microscope (�20
objective, Zeiss Axioscan Z1). We then used a fiji and QuPath work-
flow to estimate the number of transduced cells in various brain re-
gions. We co-registered the coronal brain sections and the Allen
CCFv3 reference atlas36 in fiji, with the Aligning Big Brains & Atlases
(ABBA) plugin13 and exported the data in QuPath (https://biop.
github.io/ijp-imagetoatlas/). The QuPath bioimage analysis software
and StarDist extension,15 a deep learning-based method of nucleus
detection with pretrained models, were then used to identify nuclei
on the basis of DAPI staining.14 Finally, a cell classifier was used to
quantify GFP-positive cells and to export the data.

DNA, RNA and protein extraction

For in vitro experiments (Figure S1), DNA was extracted from
HEK293T cells with QuickExtract DNA extraction solution
(QE09050, Lubioscience, Zürich, Switzerland), according to the man-
ufacturer’s recommendations. Briefly, cells were dissociated with
trypsin (Gibco, Life Technologies, Zug, Switzerland) and washed in
PBS. Genomic DNA from approximately 3 � 105 cells was extracted
by mixing the cells with 100 mL QuickExtract solution and incubating
at 65�C and 98�C for 10 and 2 min, respectively. In addition, protein
was extracted from wild-type and HTT-KO HEK293T cells in RIPA
buffer (R0278, Sigma) supplemented with a 1/200 dilution of protease
inhibitor cocktail (P8340, Sigma-Aldrich, Buchs, Switzerland) and
5 mM Z-VAD-FMK (HY-16658B, Chemie Brunschwig, Basel,
Switzerland), hereafter referred to as RIPA+ buffer. Approximately
1 � 106 cells were washed in PBS and 50 mL of RIPA+ buffer was
added to the cell pellet. The pellet was homogenized with a pellet
mixer (VWR, Dietikon, Switzerland) and left on ice for 30 min.
The protein extract was then centrifuge at 18000 x g for 15 min at
4�C and the supernatant containing solubilized proteins was collected
into a new tube and stored at �80�C.

For in vivo experiments, mice were sacrificed by isoflurane overdose
and brains were collected and cut into 1 mm-thick coronal slices. For
the comparison of AAV-CRISPR and AAV-KamiCas9 systems
(Figures 1C–1E), we collected 5–6 punches (�1.5 mm3 each) from
the GFP-positive striatum and merged them by hemisphere.
The DNA and RNA from each transduced striatal hemisphere was
extracted with 500mL TRIzol reagent (Life Technologies, Zug,
Switzerland) according to the manufacturer’s protocol. DNA was re-
suspended by incubation overnight in water at RT and it was then
stored at �20�C. RNA samples were first treated with RQ1 RNase-
free DNase (Promega, Dübendorf, Switzerland) and then converted
into cDNA using the RNA with Superscript II (Thermo Fisher, Rein-
ach, Switzerland) according to the manufacturer’s instructions. RNA
and cDNA samples were then stored at �80�C. For the evaluation of
human and mouse HTT editing in both the cortex and striatum
(AAV2.retro and AAV2/RH.10) (Figures 5 and S4D and S4E), we
collected four to six striatal punch specimens and six to 10 cortical
punch specimens from the transduced areas. The striatal punch spec-
imens were then split into two tubes for the extraction of both DNA
and protein. DNA was extracted from each individual punch spec-
Molecul
imen with the AllPrep DNA/RNA/miRNA Universal Kit (Qiagen,
Hombrechtikon, Switzerland) according to the manufacturer’s rec-
ommendations. The DNA was stored at �20�C. The protein from
each striatal punch specimen was extracted in 30 mL RIPA+ buffer,
as described for protein extraction from HEK293T cells.

TIDE analysis

HTT and SpCas9 editing efficiencies were assessed by performing
Tracking of Indels by Decomposition (TIDE) analysis35 on amplified
gDNA or cDNA. The indel size range was set to 10 and the size of the
decomposition window was adapted for reads of low quality or con-
taining repetitive sequences. The significance cutoff was set to 0.05
(https://tide.nki.nl/). Nucleic acid amplification was performed on
100 ng of gDNA or 5 ng of cDNA with the KAPA HiFi Hotstart kit
(KAPA Biosystems, Labgene) according to the manufacturer’s
recommendations. The primers 50-TTGCTGTGTGAGGCAGAAC
CTGCGG-30 (hHTT_fwd/seq) and 50-TGCAGCGGCTCCTCAGC
CAC-30 (hHTT_rev) were used to amplify the sgHTT1 target site
of the human HTT gene from DNA samples from HEK293T cells
and HD transgenic mice.23 TIDE analysis was performed on
chromatograms for wild-type HTT amplicons sequenced with the
primer hHTT_fwd primer, or chromatograms for mutant HTT am-
plicons sequenced with the 50-GCGGGATCCATAACTTCGTA-30

(mutHTT_seq) primer. For the mouseHTT gene, the sgHTT51 target
site was amplified from WT mouse DNA samples with the primers
50-CCTCCTCACTTCTTTTCTATCG-30 (mHTT_fwd) and 50-AG-
CATTATGTCATCCACTACC-30 (mHTT_rev), with a melting tem-
perature of 56�C and an extension period of 90 s. The mouse HTT
amplicons were sequenced with the primer 50-CTGTCAATT
CTGCGGGTCTG-30 (mHTT_seq) to generate the chromatograms
for indel analysis. Finally, the sgCas9 target site in AAV-SpCas9
was amplified from both DNA and cDNA with the primers
50-TTTTTCGCAACGGGTTTGCC-30 (SpCas9_fwd) and 50-AGAA
GCTGTCGTCCACCTTG-30 (SpCas9-rev/seq), using a melting tem-
perature of 65�C and an extension period of 25 s. The efficiency of
sgCas9 editing was evaluated by TIDE on analysis on amplicons
sequenced with the SpCas9_rev/seq primer.

Virtual western blot

Protein concentration was assessed with a BCA kit (Thermo Fisher
Scientific, Reinach, Switzerland) according to the recommended pro-
cedure. After dilution in 0.1x SB (ProteinSimple, Bio-Techne), 0.6 mg
of total protein extract was size-separated with the Jess capillary-
based immunoassay system. Samples were processed according to
the manufacturer’s instructions, with the 66–440 kDa separation
module (SM-W008). The primary anti-huntingtin antibody clone
1HU-4C8 (RRID: AB_2123255; MAB2166, Zug, Switzerland)
(diluted 1/500) and the anti-vinculin antibody clone 3M13 (RRID:
AB_2935846; ZRB1089, Merck, Nottingham, UK) (diluted 1/50)
were used to target the HTT and vinculin proteins, respectively.
HTT and vinculin were then detected by chemiluminescence with
the anti-rabbit-HRP conjugate (043–026, ProteinSimple, Bio-
Techne AG, Zug Switzerland) diluted 1/20 in the ready-to-use anti-
mouse-HRP conjugate (DM-002, ProteinSimple, Bio-Techne AG,
ar Therapy: Methods & Clinical Development Vol. 29 June 2023 267
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Zug, Switzerland). Compass software (version 6.1) was used for the
analysis. Peaks were determined with the dropped line method and
HTT and vinculin signals were used to calculate the HTT/vinculin
ratios.

Statistical methods

For the statistical analyses, we tested the hypotheses of normally
distributed data and equal variances to determine the most appro-
priate statistical test. Post-hoc analyses were performed with
GraphPad Prism 9.1.0 software. ANOVA was used for comparisons
of more than two groups and t-tests were used for comparisons be-
tween two groups. The results of statistical tests were considered sig-
nificant if the p value obtained was below 5%. No specific method was
used for sample randomization, sample-size estimation, or data inclu-
sion/exclusion. All results are presented as the mean ± SD. *p < 0.05,
**p < 0.01, and ***p < 0.001.

For HTT editing in HU18/18 mice in Figure 1D, p values were calcu-
lated for Brown-Forsythe and Welch ANOVA, with F*(DFn, DFd):
111.9(2.0, 11.9). For SpCas9 editing in HU18/18 mice in Figure 1E,
p values were calculated by Brown-Forsythe and Welch ANOVA,
with F*(DFn, DFd): 100.2(3.0, 11.0).

For HTT editing in transfected HEK293T cells in Figure S1B, the
p values were calculated by ordinary one-way ANOVA with F(DFn,
DFd): 386.1(3, 8). For SpCas9 editing in transfected HEK293T cells
in Figure S1B, the p values were calculated by ordinary one-way
ANOVA with F(DFn, DFd): 3343(2, 6). For HTT editing in trans-
duced HEK293T cells in Figure S1D, the p values were calculated
by ordinary one-way ANOVA with F(DFn, DFd): 205.9(2,7).

For corticalHTT editing in HU97/18 mice in Figure 5B, p values were
calculated in one-tailed unpaired t-tests with Welch’s correction
(t value: 9.3; DF: 28.1). For striatal HTT editing in HU97/18 mice
in Figure 5C, p values were calculated in one-tailed unpaired t tests
with Welch’s correction (t value: 14.4; DF: 24.7). For cortical HTT
editing in wild-type mice in Figure 5E, p values were calculated in
one-tailed unpaired t tests with Welch’s correction (t value: 5.3; DF:
23.3). For striatalHTT editing in wild-type mice in Figure 5F, p values
were calculated in one-tailed unpaired t tests with Welch’s correction
(t value: 48.3; DF: 23.7). For the striatal HTT protein in wild-type
mice in Figure 5H, p values were calculated in one-tailed unpaired
t tests (t value: 11.0; DF: 8).

For the striatal HTT protein in HU97/18 mice in Figure S5D, p values
were calculated in one-tailed unpaired t tests (t value: 6.1; DF: 6).
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