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Viral vector gene therapy has immense promise for treating
central nervous system (CNS) disorders. Although adeno-asso-
ciated virus vectors (AAVs) have had success, their small pack-
aging capacity limits their utility to treat the root cause of many
CNS disorders. Adenoviral vectors (Ad) have tremendous po-
tential for CNS gene therapy approaches. Currently, the most
common vectors utilize the Group C Ad5 serotype capsid pro-
teins, which rely on the Coxsackievirus-Adenovirus receptor
(CAR) to infect cells. However, these Ad5 vectors are unable
to transduce many neuronal cell types that are dysfunctional
in many CNS disorders. The human CD46 (hCD46) receptor
is widely expressed throughout the human CNS and is the pri-
mary attachment receptor for many Ad serotypes. Therefore, to
overcome the current limitations of Ad vectors to treat CNS
disorders, we created chimeric first generation Ad vectors
that utilize the hCD46 receptor. Using a “humanized” hCD46
mouse model, we demonstrate these Ad vectors transduce cere-
bellar cell types, including Purkinje cells, that are refractory to
Ad5 transduction. Since Ad vector transduction properties are
dependent on their capsid proteins, these chimeric first gener-
ation Ad vectors open new avenues for high-capacity helper-
dependent adenovirus (HdAd) gene therapy approaches for
cerebellar disorders and multiple neurological disorders.

INTRODUCTION

Due to the clinical successes of viral vector-mediated gene therapy,"
it is an attractive strategy to treat many CNS disorders. Although ad-
eno-associated virus vectors (AAVs) have many positives, which
include the most clinical successes for Food and Drug Administra-
tion-approved gene therapies,”” major drawbacks of both AAV and
lentiviral vectors (LVV) are the packaging capacity of ~5 kb and
~9 kb, respectively,"*® rendering them incompatible as approaches
to treat the root cause of many genetic CNS disorders that are due
to mutations in genes that encode large cDNAs.>”®° Therefore,
AAV approaches are not viable strategies as the cDNAs simply do
not fit within AAV. Furthermore, the relative size of LVVs to their
foreign DNA payload will result in significantly low viral titers,'”""
which severely limits their utility. Although Herpes-Simplex Virus

Type 1 (HSV-1) amplicon vectors have a large packaging capacity,
these vectors suffer from serious safety concerns and are not viable
options for use in the clinic."?

Adenoviral vectors have tremendous potential for treatment of CNS
disorders and are currently being used in human clinical trials.">"*
The most commonly used Ad vectors used in the CNS are based
on Ad Group C Serotype 5 (Ad5), which transduces cells via
Coxsackie-Adenovirus receptor (CAR)."” However, these Ad5 vectors
are unable to transduce many neuronal cell types that are dysfunc-
tional in many CNS disorders. In particular, many hereditary
cerebellar disorders are due to Purkinje cell (PC) dysfunction or
degeneration.”'®"” Since PCs mediate the only information outflow
from cerebellar cortex and due to PC-related pathologies observed
in cerebellar disorders, they are the key cell type to target to treat these
disorders.'® However, CAR expression in the mouse and human cer-
ebellum is very low'*** and an extremely small subset of human PCs
express CAR.>' Furthermore, in vivo injections of Ad5 resulted in
little to no transduction of PCs,****
dissociated cerebellar cultures showed that only 1.6% of PCs were
transduced with an Ad5 vector.”* As a result, for ~25 years*> ** the
use of Ad vectors in the cerebellum has been abandoned. Therefore,
a novel first generation Ad that can transduce PCs and potentially
other cerebellar cell types is needed before Ad gene therapy ap-
proaches can be developed to treat cerebellar disorders.

while transduction of mouse

The development of chimeric Ad5 vectors, which contain fibers from
other Ad serotypes, is well-established in generating Ad vectors
that transduce refractory cell types.”®*” Group B Ads use the human
CD46 receptor (hCD46),>® which has ubiquitous expression in hu-
man cells.””° Since the Ad capsid proteins are the key determinants
of viral vector tropism, we generated first generation Ad5/Group B
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Figure 1. Mouse model and generation of viral
vectors

(A and B) Photomicrographs of RNA-ISH BaseScope
Assay performed on the sagittal cerebellar sections of
wild-type mouse (A) and hCD46tg mouse (B). N(wt/tg) =
3/3. Black arrowheads indicate Purkinje cells (PCs).
Blue: hematoxylin, Red: chromogenic hCD46 probe
signal, ML, molecular layer; PCL, Purkinje cell layer;
GCL, granule cell layer. Dashed lines indicate PCL. (C
and D) Immunofluorescence staining performed on
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fiber chimeric vectors from serotypes 21, 35, or 50, designated as Ad5/
21, Ad5/35, and Ad5/50, respectively. Using a validated preclinical
humanized mouse model expressing hCD46 (hCD46tg)’" in conjunc-
tion with stereotactic delivery to the cerebellum, we found that the
three chimeric vectors transduced PCs in a hCD46-dependent
manner. We also observed that Ad5/35 and Ad5/50 injection into
the deep cerebellar nuclei (DCNs) resulted in widespread retrograde
transduction of PCs and that a PC-specific promoter led to increased
PC transduction.*” Additionally, we determined that both vectors
transduced Bergmann glia, granule cells, and cerebellar afferent
mossy fibers independently of hCD46. Taken together, our establish-
ment of these chimeric Ad vectors has the potential to serve as plat-
form technology for development of high-capacity helper-dependent
adenoviral (HdAd) vectors as HdAd production relies on the use of
the capsid proteins of a first generation helper virus Ad vector. Since
HdAd has a large ~36 kb packaging capacity, HdAd vectors with
hCD46 dependent tropism have tremendous potential for viral vector
gene therapy approaches to treat hereditary cerebellar ataxias and
potentially other neurological disorders requiring expression of large
transgenes or multiple transgene cassettes.

RESULTS

PCs in the hCD46tg cerebellum express hCD46

hCD46 transgenic mice (hCD46tg) are considered an excellent pre-
clinical model for assessing Ad vectors that utilize hCD46 to trans-
duce cells.”> > Although human PCs express hCD46”**” and measles
virus infects similar human CNS cell populations, which include the
cerebellum in the hCD46tg mouse,’’ it was unknown if PCs in

cerebellar sections from wild-type (C) and hCD46tg
(D) mice labeling PC-specific molecular marker, Pcp2
R ;}; bp (green) and hCD46 (red). Blue: DAPI. N(wt/tg) = 1/1. (E

and F) Confirmation of chimeric vector generation by
distinct restriction enzyme digestion patterns of PCR-
amplified fiber/knob fragments derived from purified
vectors. Agarose gel image demonstrating Afllll digestion
patterns, indicating successful incorporation of Ad21,
Ad35, or Ad50 shaft and knob sequences into Ad5
genome. Expected band sizes were observed for Ad5
(lane 1), Ad5/21 (lane 2), Ad5/35 (lane 3), and Ad5/50
(lane 4). (G) Representative maps of viral genomes of
E1/E3 deleted first generation Ad5 and Group B
chimeric vectors, depicting the modifications made to
the shaft and knob regions of the fiber domain.
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hCD46tg mice express hCD46. Therefore, to determine hCD46
expression in PCs, we performed BaseScope and immunofluores-
cence (IF) on cerebellar sections from the hCD46tg mice. Our results
from the BaseScope assay demonstrated that hCD46 mRNA is ex-
pressed throughout the hCD46tg brain and in PCs, while wild-type
mice did not express hCD46 (Figures 1A and 1B). Subsequently, we
performed IF against hCD46 together with L7/Pcp2, a PC-specific
molecular marker, to validate hCD46 expression at the protein level
in the hCD46tg mouse cerebellum. We found hCD46 expression by
PCs and other cell types in the molecular and granular cell layers of
the hCD46tg cerebellum (Figure 1D). Antibody specificity was
confirmed via lack of signal in cerebellar sections of wild-type mice
(Figure 1C). Since the IF confirmed our BaseScope results, we used
hCD46tg mice to investigate hCD46-dependent Ad vector transduc-
tion in the cerebellum.

Generation of Group B chimeric adenoviral vectors

The adenovirus fiber, which consists of the shaft and knob region, is a
key determinant of vector tropism.”>** Group B Ads use hCD46 as
their primary attachment receptor.”® Since Ad5 chimeras, which
contain fibers from other Ad serotypes, can transduce cells refractory
to Ad5, and can be produced to high titers,*>*” we developed first gen-
eration E1, E3-deleted Ad5/Group B fiber “chimeric vectors.” To do
so, we replaced the Ad5 fiber with the Group B Serotype 50, or 35,
or 21 fiber (Figure 1G). Ad50 and Ad21 are in the same fiber knob
clade with protein sequences differing by a single amino acid, while
Ad35 is in a distinct fiber knob clade. In addition, Ad21 and A50
are Group Bl, while Ad35 is a Group B2 virus. Furthermore
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Ad5/35 chimeric vectors efficiently transduce hCD46tg mouse he-
matopoietic stem cells.**° After successful cloning of Ad5/21,
Ad5/35, and Ad5/50 genomic plasmids, these chimeric vectors were
produced to high titers using standard protocols for first generation
Ad production (See materials and methods). Afterward, the chimeric
vector identities were confirmed with restriction digestion of PCR
fragments of fiber regions amplified from isolated viral DNA from
purified stocks (Figures 1E and 1F).

Ad5/21, Ad5/35, and Ad5/50 Group B chimeras transduce PCs

To investigate if the chimeric vectors transduced PCs, we performed
stereotactic injections into the cerebellar cortex of the hCD46tg
mouse and wild-type controls. To do so, Ad5/50, or Ad5/35, or
Ad5/21 (CMV mClover3) were individually co-mixed with equal viral
particles of Ad5 (CMV mCherry) and were stereotactically injected
into the PC somatic cell layer in the cerebellar simple lobule of adult

-

hCD46tg
mCherry

Figure 2. hCD46-dependent transduction of

Purkinje cells by Group B chimeric vectors

(A) lllustration showcasing lobular administration of Ad5

individually co-mixed with Ad5/21, Ad5/35, or Ad5/50 into
N the mouse cerebellum and subsequent tissue processing
steps. N(wt/tg) = 3/3 for each chimeric vector. VP, viral
particle. (B) Fluorescent photomicrographs representing
lack of Ad5 tropism to PCs in the cerebellar cortex of wild-
type (left column) and hCD46tg (right column) mice. Red:
Ad5 transduction signal (mCherry), Blue: Pcp2 immuno-
fluorescence signal. ML, molecular layer; PCL, Purkinje
cell layer; GCL, granule cell layer. Yellow arrowheads
indicate non-transduced PCs, dashed lines indicate PCL.
(C-E) Fluorescent photomicrographs representing Ad5/
21 (C), Ad5/35 (D), and Ad5/50 (E) tropism to PCs in the
cerebellar cortex of wild-type (left column) and hCD46tg
(right column) mice. Green: chimeric vector transduction
signal (mClover3). White arrowheads indicate transduced
PCs. Data are derived from co-injections of each Ad5/
Group B vector with the Ad5 vector, where 1 x 10° VP
per vector was delivered in 1 pL volume into the
cerebellar simple lobule.
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mice. Viral particle numbers were used since
these were qualitative experiments to determine
if the chimeric vectors could transduce PCs or
not. Subsequently, 7 days later, we euthanized
the animals, generated cerebellar sections,
and used immunofluorescent labeling against
the PC-specific marker, L7/Pcp2, to analyze
co-localization of mClover3 and the PCs
(Figure 2A). We found that Ad5 transduction
(mCherry signal) in the cerebellar cortex did
not overlap with L7/Pcp2 in wild-type or in
hCD46tg tissue (Figure 2B). In contrast, we de-
tected mClover3 within cells that were positive
for L7/Pcp2 in hCD46tg cerebellar tissue from
mice injected with either Ad5/21 (Figure 2C,
right column), or Ad5/35 (Figure 2D, right col-
umn), or Ad5/50 (Figure 2E, right column). However, we did not find
any overlap of mClover3 and L7/Pcp2 signal in the wild-type mice
with Ad5/21 (Figure 2C, left column), or Ad5/35 (Figure 2D, left col-
umn), or Ad5/50 (Figure 2E, left column). Based on these results, we
conclude that Ad5-derived Group B chimeric vectors can transduce
PCs in the hCD46tg mouse and transduction is hCD46-dependent.

Injections of Ad5/35 and Ad/50 in the deep cerebellar nuclei
result in PC transduction

Ad5 vectors are capable of transducing neurons through retrograde
axonal transport.”>**~** Since the DCN are the convergence point
of all PC axonal terminals,” the ability to transduce PCs through
retrograde transport has the potential to induce widespread PC trans-
duction as an alternative to multiple injections into many cerebellar
lobules. Ad5 vectors can transduce PCs at extremely low levels
through injection into the DCN.*>** Therefore, to investigate if our
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Figure 3. Injection of chimeric vectors into the DCN transduces Purkinje
cells via retrograde axonal transport

(A) llustration of sagittal mouse cerebellum section depicting DCN injection site
targeting PC axon terminals. N(tg) = 3 for each chimeric vector. (B) Fluorescent
photomicrographs representing lack of Ad5 tropism to PCs in the cerebellar cortex
of hCD46tg mice upon DCN injection. Red: Ad5 transduction signal (mCherry),
Blue: Pcp2 immunofluorescence signal. ML, molecular layer; PCL, Purkinje cell
layer; GCL, granule cell layer. Dashed lines indicate PCL. (C and D) Fluorescent
photomicrographs representing transduction of PCs by Ad5/35 (C) and Ad5/50
(D) in the cerebellar cortex of hCD46tg mice upon DCN injection. Green: chimeric
vector transduction signal (mClover3). White arrowheads indicate transduced PCs.
Data are derived from co-injections of each Ad5/Group B vector with the Ad5
vector, where 1 x 10° VP per vector was delivered in 1 pL volume into the DCN.

chimeric vectors were capable of high levels of retrograde transduc-
tion of PCs, we injected these vectors into the DCN of hCD46tg
mice (Figure 3A) using a similar approach to our cerebellar lobule in-
jections. For these experiments we focused on Ad5/35 and Ad5/50,
since Ad50 and Ad21 are in the same fiber knob clade with protein
sequences differing by a single amino acid, while Ad35 is in a distinct
fiber knob clade. In addition, Ad21 and A50 are Group B1, while
Ad35 is a Group B2 virus. We observed absence of mCherry signal

Molecular Therapy: Methods & Clinical Development

in the cerebellar cortex indicating that Ad5 was unable to transduce
PCs via retrograde transduction (Figure 3B). However, we found
that mClover3 expression co-localized with L7/Pcp2 signal in cere-
bellar sections of animals injected with either Ad5/35 (Figure 3C)
or Ad5/50 (Figure 3D). Based on the lack of Ad5 transduction in
the cerebellar cortex and the absence of transduction by the chimeric
vectors in cell types other than PCs, we conclude that Ad5/35 and
Ad5/50 are capable of transducing PCs through retrograde axonal
transport.

Since wild-type Ad50 may have higher affinity for hCD46 than wild-
type Ad35, we wanted to determine if potential difference in affinities
for the hCD46 receptor between Ad5/35 and Ad5/50 impacted retro-
grade transduction efficiency. To do so, we created an Ad5/50 CMV
mScarlet chimeric vector and co-mixed equal transducing units
(TUs) of both Ad5/50 CMV mScarlet and Ad5/35 CMV mClover3
vectors and injected into the DCN of hCD46tg mice. Equal TUs of
each chimeric vector were used since we wanted to directly compare
the Ad5/35 and Ad5/50 efficiencies to transduce PCs. We then quan-
tified the number of PCs transduced by each vector from serially cut
cerebellar sections (Figure 4A). We found that there was no signifi-
cant difference in the total number of PCs transduced between the
two vectors (Figure 4B). However, we found that only 28.84%
(1.579%) of PCs were positive for both mClover3 and mScarlet fluo-
rescence (Figure 4C). Furthermore, DCN injections of both vectors
resulted in widespread PC transduction from the most lateral to the
most medial sagittal serial section (Figure 4D). Therefore, our data
indicate that a single DCN injection was sufficient to transduce PCs
distant to the injection site. Finally, we conclude that neither vector
is superior in transducing PCs through DCN injection in the
hCD4é6tg tissue.

The PC-specific promoter improves PC transduction efficiency

Promoters are critical factors that define transduction properties as
they impact transgene expression specificity and expression levels.
While the CMV promoter leads to ubiquitous high-level expression
from viral vectors, use of cell-type-specific promoters has been
demonstrated to lead to increased transduction of specific cell
types.”>** The L7-6 promoter, which is a derivative of the L7 pro-
moter, is a minimal promoter with high specificity to PCs in the
cerebellum.” Therefore, to determine if we could increase PC trans-
duction with the L7-6 promoter, we created an Ad5/50 L7-6 mScarlet
vector. Subsequently, we compared its transduction efficiency to Ad5/
50 CMV mClover3 via DCN co-injections that delivered equal TU of
each vector. Since the L7-6 promoter is weaker than the CMV pro-
moter, we euthanized the mice 28 days after injection to ensure
gene expression from both promoters (Figure 5A). By quantifying
the number of PCs transduced by each vector from serial cerebellar
sections, we found that Ad5/50 L7-6 mScarlet led to significantly
higher number of PCs transduced compared with Ad5/50 CMV
mClover3 (820.3 (73.10) vs. 559.7 (24.17), p = 0.0173, t test) (Fig-
ure 5B). Although, both vectors transduced PCs in the cerebellar
cortex, we observed that only 22.36% (5.821%) of PCs were co-trans-
duced by the two vectors (Figure 5C). Further analysis revealed that
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Figure 4. Ad5/35 and Ad5/50 transduce comparable number of Purkinje cells via DCN
(A) llustration of coronal mouse cerebellum section depicting DCN injection performed to compare Ad5/35 with Ad5/50 and margin sections obtained distant to the injection

site (dashed lines). N(tg) =

3. TU, transducing units. (B) Quantification from sagittal serial sections of number of PCs transduced by either Ad5/35 or Ad5/50 under CMV

promoter. ns, p = 0.9678, Student’s t test. Data are plotted as mean + SEM. (C) Stacked bar graph indicating the percentage of PCs transduced by each vector and the
percentage co-transduced by both vectors. (D) Tiled photomicrographs representing PC transduction at the lateral margin (left) and medial margin (middle) of the cerebellum.
Magnified reproduction (right) of the white frame on the medial margin section. Green: Ad5/35 vector transduction signal (mClover3), Red: Ad5/50 vector transduction signal
(mScarlet), Blue: DAPI, ML: molecular layer, GCL: granule cell layer. Data are derived from co-injections of the Ad5/35 vector with the Ad5/50 vector, where 2 x 107 TU per

vector was delivered in 1 pL volume in to the DCN.

the transduction patterns of the two vectors differed significantly
from each other. At the DCN injection site, numerous cell bodies
were labeled by Ad5/50 CMYV vector, while we rarely observed any
signal from the Ad5/50 L7-6 vector that is consistent in size and shape
with transduced cell somata (Figure 5D). Based on these data, we
conclude that L7-6 promoter results in higher PC transduction effi-
ciency and as reported previously,” restricts the transgene expression
to PCs.

Ad5/35, Ad5/50: hCD46-independent tropism in the cerebellar
cortex

Despite their ability to bind hCD46, Group B Ads can utilize a va-
riety of other cell surface receptors for transduction.” Our results
from lobular injections in the wild-type mice showed that Group
B chimeras did not transduce PCs (Figures 2C-2E); however, we
observed viral transduction in other cell types. Therefore, we char-
acterized transduction of Ad5/35 CMV mClover3 and Ad5/50 CMV

mClover3 using immunofluorescence against cell-type-specific mo-
lecular markers. We co-injected these vectors with Ad5 CMV
mCherry with equal viral particles for each vector into the cerebellar
simple lobule as these were qualitative experiments (Figures 6, 7,
and 8). Previously, it has been reported that Ad5 vectors can effi-
ciently transduce Bergmann glia.”* Therefore, to examine if the
Ad5/35 and Ad5/50 vectors transduced Bergmann glia, we used
s100B as a non-specific glial marker and identified Bergmann glia
based on their location and morphology. All vectors including
Ad5, transduced Bergmann glia both in the wild-type and hCD46tg
mice (Figures 6A-6C). Since Ad5 vectors can transduce granule
cells in vitro and in organotypic cultures,**
granule cell transduction. To do so, we used NeuN as a marker of
granule cells in the cerebellar cortex. We found that Ad5/35 and
Ad5/50 vectors transduced low numbers of granule cells in a scat-
tered pattern (Figures 7B and 7C) both in the wild-type and in
the hCD46tg tissue, but Ad5 signal did not co-localize with NeuN

we next examined
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(A) lllustration of coronal mouse cerebellum section depicting DCN injection performed to compare CMV promoter to L7-6 promoter under the context of Ad5/50. N(tg) = 3.
Dashed lines indicate section obtained from proximity to the injection site. TU: transducing units. (B) Quantification of number of PCs from sagittal serial sections transduced
by Ad5/50 under either CMV or L7-6 promoters. *, p = 0.0173, Student’s t test. Data are plotted as mean + SEM. (C) Stacked bar graph indicating the percentage of PCs
transduced by each vector and the percentage co-transduced by both vectors. (D) Tiled photomicrograph representing Ad5/50 tropism at the injection site section (left) and
magnified images corresponding to the lobule frame (middle) and DCN frame (right). Green: Ad5/50 CMV vector transduction signal (mClover3), Red: Ad5/50 L7-6 vector
transduction signal (mScarlet), Blue: DAPI, ML, molecular layer; GCL, granule cell layer; DCN, deep cerebellar nuclei. Data are derived from co-injections of the Ad5/50 CMV
vector with the Ad5/50 L7-6 vector, where 2 x 107 TU per vector was delivered in 1 L volume into the DCN.

signal (Figure 7A). Finally, since Ad5 vectors and our Group B chi-
meras are capable of retrograde transduction, we examined afferent
mossy fibers that make glutamatergic synapses in the granule cell
layer of multiple cerebellar lobules. We observed cell bodies trans-
duced by the Group B chimeras in various nuclei such as the
ECU: external cuneate nucleus, RN: reticular nuclei, PRN: pontine
reticular nucleus in the pons and medulla, which are part of several
brainstem nuclei, where mossy fibers originate from***’ (Figure 8A
left). Consistent with their axonal topology,%’47
mClover3-labeled mossy fibers in the injected simple lobule (Fig-
ure 8A solid frame - middle) and in various non-injected lobules
(Figure 8A dashed frame - right). Since the transduction signal
from mossy fiber terminals are partly masked by somatic transduc-
tion at the injected lobule, we further examined non-injected lobules
using vGlutl immunostaining. Although we did not detect mCherry
signal in mossy fiber terminals, which indicated lack of Ad5 trans-
duction (Figure 8B), we observed both Ad5/35 and Ad5/50 driven

we detected

6

mClover3 signal co-localized with vGlutl in the wild-type and in
the hCD46tg tissue (Figures 8C and 8D). Taken together, we
conclude that chimeric vectors can transduce various cell types in-
dependent of the hCD46 expression and exhibit distinct tropism
from Ad5.

DISCUSSION

In this study, we demonstrated that Ad5/Group B fiber chimeras,
Ad5/50, Ad5/35, and Ad5/21 efficiently transduce PCs in vivo in a hu-
manized hCD46 transgenic (hCD46tg) mouse model. In addition, we
found Ad5/35 and Ad5/50 were capable of efficient PC transduction
through retrograde transport and were able to transduce other cell
types in the cerebellum. Since hCD46 is ubiquitously expressed in hu-
man cells, these chimeric viral vectors can be used as platform tech-
nology for the development of HdAd gene therapy approaches not
only for hereditary cerebellar ataxias but also for other human neuro-
logical disorders.
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Our studies relied on the established hCD46tg mouse, which exhibits
hCD46 expression patterns and levels that mimic expression patterns
observed in humans.”' More importantly, hCD46 expression in this
mouse line renders them susceptible to measles infections and infects
similar human CNS cell populations, which include the cerebellum.’’
Our immunofluorescence characterization showed that hCD46tg
mouse PCs express hCD46, which is similar to human PCs.>>* Since
every human enucleated cell expresses hCD46,”>*" the ability of the
Ad5/Group B fiber chimeras to transduce PCs in hCD46tg mice indi-
cate that these vectors will have tremendous clinical potential. Prior
work has demonstrated that the Ad5/35 and HdAd5/35 vectors suc-
cessfully transduce hematopoietic stem cell populations from hCD46tg
mice and non-human primates.’“"%”gs’48 Furthermore, intravenous
administration of HdAd5/35 vectors in hCD46tg mice and non-human
primates led to similar biodistribution between the two animals.*’
Therefore, this mouse model provides a valuable framework for evalu-
ating the efficacy and development of Ad5/Group B fiber chimeric vec-
tors or Group B Ad vectors in transducing other neuronal cell types
that are refractory to Ad5 transduction in the CNS in general. More
importantly, the hCD46tg mouse can be used in conjunction with other
neurological disorder mouse models as preclinical platforms for the
development of gene therapy approaches that utilize HdAd5/Group
B fiber chimeras or HAdAd Group B vectors.

Ad5/21, Ad5/35, and Ad5/50 transduce PCs in the hCD46tg
mouse model

Our finding that the Ad5/21, Ad5/35, and Ad5/50 transduce PCs in
the hCD46tg mice but not in wild-type mice indicates that hCD46

hCD46tg
mCherry

Figure 6. Ad5, Ad5/35, and Ad5/50 transduce
Bergmann glia in a hCD46 independent manner

(A) Fluorescent photomicrographs representing Ad5
tropism to Bergmann glia in wild-type (left column) and
hCD46tg (right column) mice. Red: Ad5 transduction
signal  (mCherry), Blue: s100B immunofluorescence
signal. ML, molecular layer; PCL, Purkinje cell layer; GCL,
granule cell layer. (B and C) Fluorescent photomicro-
graphs representing Ad5/35 (B) and Ad5/50 (C) tropism to
Bergmann dlia in wild-type (left column) and hCD46tg
(right column) mice. White arrowheads indicate trans-
duced Bergmann dlia. Green: chimeric vector trans-
duction signal (mClover3). N(wt/tg) = 3/3 for each chimeric
vector. Data are derived from co-injections of each Ad5/
Group B vector with the Ad5 vector, where 1 x 10° VP
per vector was delivered in 1 pL volume into the
cerebellar simple lobule.

+s100p

expression is sufficient for PC transduction.
However, we did not find differences in the effi-
ciency of different chimeras in transducing PCs.
Therefore, our data indicate that that potential
differences between Ad21, Ad35, and Ad50 fiber
binding affinities to hCD46 are not key determi-
nants in PC transduction. Although hCD46 is
expressed on every enucleated cell, Ad21, Ad35, and Ad50 have
distinct cell-type tropism.*> Although differences in Group B fiber af-
finity for hCD46 is proposed to underpin the distinct tropisms,”
there is no consensus if the fiber binding affinity is a key determinant
of cell-type transduction. Based on in vitro hCD46 binding assays, the
Ad35 fiber is considered to have high affinity to hCD46, while Ad21
fiber displays low affinity.”® In contrast, assays examining the attach-
ment of Group B Ads to hCD46 expressing cell lines showed that the
number of Ad50 and Ad21 viruses attached to the hCD46 expressing
cells is significantly higher than Ad35.”® Furthermore, in cell lines, Ad
viral vectors with engineered Ad35 fibers with higher affinity for
hCD46 did not lead to increased transduction efficiencies compared
with the native Ad35 fiber.”’ However, it is speculated that other
steps that contribute to transduction are impacted by the difference
in fiber binding affinity leading to higher transduction in certain
tissues.”’

Retrograde transduction of PCs with Ad5/35 and Ad5/50

The cerebellum has multiple lobules, which creates a complicated
architecture in which to target maximal transduction coverage of
all PCs. Thus, although targeting PCs through multiple lobular in-
jections would be feasible, an alternative delivery approach would
be ideal. Since all PCs input into the DCN, the ability to utilize
retrograde transport to transduce PCs is an attractive strategy.
Ad5 vectors are capable of transducing neurons via retrograde
transduction with canine adenoviral vectors being one of the
most efficient.”® Adenovirus fibers are involved in intracellular
trafficking and uncoating kinetics,”’ which may influence
retrograde transduction efficiency. While Ad5 vectors are
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A wild type
+ NeuN

mCherry mCherry

Ad5/35 % Ad5

(9]

Ad5/50

capable of retrograde transduction and can transduce PCs through
retrograde transduction via DCN injection, it is extremely

. . 3
inefficient.”**

We found that injection of Ad5/35 and Ad5/50 into the DCN led
to highly efficient transduction of PCs with broader transduction
areas compared with the injection into the lobule. Furthermore,
our data showed that Ad5 injection into the DCN did not lead
to PC transduction in both mouse genotypes, but DCN injection
of Ad5/35 and Ad5/50 in the wild-type mice did not lead to PC
transduction. Therefore, our data indicate that Ad35 and Ad50 fi-
bers are responsible for retrograde transduction and that PC pre-
synaptic terminals contain hCD46 receptors. Since Ad fibers target
Ad virions to distinct trafficking pathways, it is likely that the
Ad35 and Ad50 fibers target the chimeric vectors to trafficking
pathways that lead to retrograde transduction. Based on previous
work, the Ad35 fiber targets Ad5/35 chimeras to the late endoso-
mal and lysosomal compartments and it is postulated that this
leads to proximity to the nucleus.”"”” Since both Ad5/50 and
Ad5/35 led to similar levels of retrograde transduction, this sug-
gests that both Ad50 and the Ad35 fiber target the chimeras to
the same trafficking pathways. However, future studies need to
be carried out to determine the trafficking of these vectors in
PCs and neurons in general. Additionally, we found that only
~29% of all transduced PCs were co-transduced by both Ad5/35
and Ad5/50 via DCN injection. While this may be due to distinct
trafficking pathways, it is possible that the competition between
the viral vectors for the hCD46 receptor and potential downregu-
lation of hCD46 after binding is the mechanism behind partial co-

hCD46tg
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Figure 7. Ad5/35 and Ad5/50 transduce granule cells
in a hCD46 independent manner

(A) Fluorescent photomicrographs of granule cell layer
representing lack of Ad5 tropism to granule cells in wild-
type (left column) and hCD46tg (right column) mice. Red:
Ad5 transduction signal (mCherry), Blue: NeuN immuno-
fluorescence signal. GCL, granule cell layer. (B and C)
Fluorescent photomicrographs of granule cell layer rep-
resenting Ad5/35 (B) and Ad5/50 (C) tropism to granule
cells in wild-type (left column) and hCD46tg (right
column) mice. White arrowheads indicate transduced
granule cells. Green: chimeric vector transduction signal
(mClover3). N(wt/tg) = 3/3 for each chimeric vector. Data
are derived from co-injections of each Ad5/Group B
vector with the Ad5 vector, where 1 x 10° VP per vector
was delivered in 1 uL volume into the cerebellar simple
lobule.

+ NeuN

localization.”** Finally, it will be important
to compare the retrograde transduction be-
tween Canine Ads and the Ad5/Group B fiber
chimeric vectors.

Since the Ad5/35 and Ad5/50 vectors trans-

duced PCs over a broad area via injection
into the DCN, this suggests that DCN injection could be a clini-
cally translatable approach for HdAd-based cerebellar gene ther-
apy. Although intraparenchymal injections are an invasive
approach, this is currently utilized in numerous AAV clinical
and preclinical trials and other clinical trials for viral vector deliv-
ery to the human brain®>° as gene therapy approaches for neuro-
logical disorders such as Huntington’s disease (ClinicalTrials.gov:
NCT04120493, NCT05243017), Parkinson’s disease (Clinical
Trials.gov: NCT01621581, NCT04167540, NCT00195143, NCT
00643890, NCT05603312, NCT00229736), multiple system atro-
phy (ClinicalTrials.gov: NCT04680065), disease
(ClinicalTrials.gov: NCT05040217), Batten disease (Clinical
Trials.gov: NCT01161576), and Tay-Sachs disease (ClinicalTrials.
gov: NCT04669535). Although the DCN is a deep tissue area, mag-
netic imaging-guided delivery has significantly
improved precision and minimized tissue damage, successfully
delivering AAV vectors to deep brain areas such as the substantia
nigra pars compacta and ventral tegmental area.”” While currently
it is not known the level of PC transduction needed to halt cere-

Alzheimer’s

resonance

bellar disease progression, it is likely that large numbers of PCs
throughout the cerebellum will be needed. Convection-enhanced
delivery (CED) of viral vectors through intraparenchymal injection
has been optimized to transduce large areas of the brain.”® More
importantly, CED has been safely used to treat aromatic-L-amino
acid decarboxylase deficiency (AADC) with an AAV2-AADC gene
therapy approach in children.”® Therefore, exploring CED of the
Ad5/Group B chimeras to the DCN has great potential to maxi-
mize PC transduction needed to attain therapeutic effects. Future
experiments will be needed.
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The L7 promoter leads to increased PC transduction efficiency

Our study utilized the CMV promoter to evaluate PC transduction ef-
ficiency. While the CMV promoter is a strong ubiquitous promoter,
promoters that drive strong ubiquitous expression can lead to toxicity
due to overexpression of the gene of choice or undergo gene
silencing.”*” Therefore, the use of more endogenous cell promoters
is ideal. The L7-6 promoter is the smallest version of the L7 promoter
that confers PC specificity, which in the context of AAV and LVV
drives high levels of expression in PCs.”* The L7-6 promoter is
more restrictive to PCs compared with the smaller L7-4 version of
the promoter.32 Our data showed that similar to AAV and LVV,
the L7-6 promoter leads to an increase in specificity of expression
compared with the CMV promoter. Although the L7-6 version leads
to high PC specificity, it may not be an ideal promoter to utilize for
treating monogenic cerebellar disorders as the mutant genes underly-
ing these disorders are expressed in a wide variety of cell types that
may also contribute to the disease phenotype. Thus, L7-4 promoter,
which leads to expression in multiple cerebellar cell types in addition
to PCs may be ideal to be utilized in the context of HIAd gene therapy

dashed frame magnified

hCD46tg
mCherry

Figure 8. Ad5/35 and Ad5/50 transduce mossy fibers
in a hCD46 independent manner

(A) Tiled photomicrograph indicating retrograde trans-
duction of mossy fibers leading to labeling of cell somata in
various nuclei in pons and medulla. ECU, external cuneate
nucleus; RN, reticular nuclei; PRN, pontine reticular nu-
cleus. Dashed line traces the pontomedullary junction
(left). Magnified image corresponding to the solid frame
(middle) shows the transduction patterns at the injected
simple lobule. Dashed frame indicates transduced mossy
fiber terminals by Ad5/50 (green-mClover3) but not by
Ad5 (red-mCherry) in a cerebellar lobule distant to the
injected lobule (right). ML, molecular layer; PCL, Purkinje
celllayer; GCL, granule cell layer. Blue: DAPI. Dashed lines
in magnified reproductions indicate PCL. Representative
image originates from a hCD46tg mouse. (B) Fluorescent
photomicrographs of granule cell layer representing lack
of Ad5 transduction of mossy fiber terminals in wild-type
(left) and hCD46tg (right) mice. Red: Ad5 transduction
signal  (mCherry), Blue: vGlut1l immunofluorescence
signal. (C and D) Fluorescent photomicrographs of
granule cell layer representing Ad5/35 (C) and Ad5/50
(D) transduction of mossy fiber terminals in wild-type (left)
and hCD46tg (right) mice. White arrowheads indicate
transduced mossy fiber terminals. Green: chimeric vector
transduction signal (mClover3). N(wt/tg) = 3/3 for each
chimeric vector. Data are derived from co-injections of
each Ad5/Group B vector with the Ad5 vector, where
1 x 10° VP per vector was delivered in 1 pL volume into
the cerebellar simple lobule.

+ vGlut1

GCL

+ vGlut1

approaches. In addition, CaMKIIa or neuron-
specific synapsin promoters were found to
slightly improve PC transduction efficiencies
compared with the ubiquitous CAG promoter.®'
However, further investigations are needed
to directly compare the L7-6 with L7-4 or
CaMKIIa, or synapsin promoters to determine the most suitable pro-
moter for HAdAd-based cerebellar gene therapy.

Ad5/35 and Ad5/50 transduce multiple cell types in the
cerebellum

While our study was largely focused on the ability of our chimeric
vectors to transduce PCs, we found that the chimeric vectors led to
transduction of Bergmann glia, mossy fibers, and granule cells. Inter-
estingly, we found that transduction was not dependent on hCD46 as
similar transduction patterns with Ad5/35 and Ad5/50 were seen in
both the hCD46tg and wild-type mouse. However, transduction of
granule cells and mossy fibers was dependent on the fiber of Ad35
and Ad50, as this transduction pattern was not seen with Ad5. In
contrast, Ad5/35, Ad5/50, and Ad5 transduced Bergmann glia. In
the absence of fiber-mediated interaction, adenoviruses can utilize
direct interaction between the penton base and cell surface integrins
%2 Since all the chimeras utilize the Ad5 penton, this
interaction could mediate uptake of the viral particles into the cells.
Subsequently, once inside the cell the Ad35 and Ad50 fibers could

for attachment.
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target the viral particles to a different trafficking pathway than Ad5,"*
which leads to differences in transduction. In support of this hypoth-
esis, we found that mossy fibers were transduced. Mossy fibers are
long-range afferent fibers that originate from multiple nuclei outside
of the cerebellum synapsing on multiple cerebellar lobules.”>*’ Thus,
the only way for mossy fibers to be mClover3 positive including in the
non-injected lobules would be via retrograde transduction of their cell
bodies distant to the injection site. Although the Ad35 and Ad50
fibers are considered to be hCD46 exclusive, it is possible that these
fibers can interact with an alternative receptor distinct from hCD46
or CAR.

Implication for HAdAd gene therapy approaches for cerebellar
and neurological disorders

Taken together, our work has identified that Group B Ad fibers are
sufficient to transduce PCs and other cell types in the hCD46tg mouse
model. HdAd production relies on a first generation Ad helper virus
and the capsid proteins of the first generation helper virus are the key
determinant of viral vector transduction. Therefore, these first gener-
ation Ad chimeric vectors can be quickly developed into helper
viruses for HdAd production to develop HdAd Group B chimeric
vectors. More importantly, the use of Ad5/Group B chimeric vectors
opens up new avenues for Ad and HdAd gene therapy applications,
not only for cerebellar disorders but also for multiple neurological
disorders that cannot be addressed by AAV and LVV. Future studies
will be needed to characterize vector tropism in non-human primates
and to investigate engineering of Ad capsids and surgical delivery
methods maximizing Ad vector spread in the brain.

MATERIALS AND METHODS

Animals

Human CD46 transgenic mice (hCD46tg also known as MYII) on C57/
Bl6] background were purchased from the Jackson Laboratory, Bar
Harbor, ME (B6.FVB-Tg(CD46)2Gsv/J, RRID:IMSR_JAX:004971)
and housed at the University of Iowa Office of Animal Resources facil-
ities under standard laboratory conditions. These mice carry the YAC-
CD46 transgene containing full-length human CD46 gene expressed
under its endogenous promoter.’' The mice were bred under a scheme
to produce offspring that are either wild type or heterozygous for the
transgene. Littermates aged from P30 to P60 of both genotypes and
sexes were used for the study. The genotyping was done to the tissue
obtained from earmark clippings using a standard PCR protocol
described by the Jackson Laboratory. All animal procedures were
approved by the University of Iowa Institutional Animal Care and
Use Committee (Protocol # 0122358).

Viral vectors

E1, E3-deleted first generation adenoviral vectors were created under
the 2-plasmid rescue or the RAPAd systems according to standard
protocols.”>** Transgene expression cassettes were constructed in
shuttle plasmids via restriction cloning and consisted of either
CMV or L7-6>> promoters in combination with the fluorescent re-
porter proteins mClover3, or mCherry, or mScarlet and chimeric
intron, and simian virus polyadenylation signal (SV40polyA) se-
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quences. Genomic plasmids for Group B fiber chimeras were con-
structed from adenovirus Serotype 5 genomic plasmids by excising
the shaft and knob sequences of the fiber domain and replacing those
with shaft and knob sequences of Serotype 21 (GenBank: AY601633.
1, base pairs [bp]: 31,541-32,377), or Serotype 35 (GenBank:
AY128640.2, bp: 30,961-31,797), or Serotype 50 (GenBank:
AY737798.1, bp: 31,544-32,380). This was achieved by digesting
the Ad5 genomic plasmids with Cas9 nuclease (NEB, Ipswich, MA)
targeted by single guide RNAs (sgRNAs) spanning the fiber domain
with sequences 5'-gggactctcttgaaacccat-3' upstream and 5'-cttaggtgt-
tatattccaca-3’ downstream. The sgRNAs were synthesized using the
NEB EnGen sgRNA Synthesis Kit according to the manufacturer’s
protocol and purified in spin columns (Monarch - NEB, Ipswich,
MA). Upon completion, the Cas9 reactions were used as vector
DNA in In-Fusion cloning (TakaraBio, San Jose, CA) reactions to
insert synthetically manufactured DNA fragments (IDT, Coralville,
IA) consisting of fiber domains of Ad21, or Ad35, or Ad50 and termi-
nal 15 bp homology arms. The location and the sequence integrity of
the inserts were confirmed by Sanger sequencing. Following co-trans-
fection of genomic and shuttle DNA, all vectors, including the
Ad5/GroupB chimeras were serially amplified successfully in the
first generation Ad5 producer cell line HEK293. The vectors were
then purified based on density by sequential centrifugation in cesium
chloride according to standard protocols.”’

The identities of purified vectors have been confirmed via restriction
digestion of PCR fragments amplified using a combination of common
primers spanning the fiber domains (upstream: 5'-ttgtatcccccaatgggttt
caag, downstream: 5'-gacaggaaaccgtgtggaatataac). The viral DNA from
purified stocks of each vector was extracted in 0.1% SDS at 56°C for
10 min, spin column purified (NucleoSpin - MachereyNagel, Diiren,
Germany), and PCR amplified via standard Taq polymerase reaction
(EconoTaq - Lucigen, Middleton, WI). PCR products were then di-
gested by the restriction enzyme AfIIII (NEB, Ipswich, MA) and visu-
alized on 1% agarose gel stained with ethidium bromide. The extracted
viral DNA was also used to determine the physical viral titers via absor-
bance measurement at 260 nm under a UV-Vis spectrophotometer
(NanoDrop One - ThermoFisher, Waltham, MA). The titer (viral par-
ticles (VP)/mL) was calculated according to standard methods.”’
The infectious titers (TU/mL) were determined using a droplet digital
PCR system (QX200 ddPCR System - Bio-Rad, Hercules, CA) by
endpoint amplification of viral DNA extracted from infected HeLa cells
via TaqMan assay (ThermoFisher, Waltham, MA). The infectious titers
of the vectors were as follows; Ad5 CMV mCherry: 6 x 10'° TU/mL,
Ad5/21 CMV mClover3: 1 x 10" TU/mL, Ad5/35 CMV mClover3:
6 x 10'° TU/mL, Ad5/50 CMV mClover3: 1 x 10" TU/mL, Ad5/50
CMV mScarlet: 1 x 10*! TU/mL, Ad5/50 L7-6 mScarlet: 3 x 10'°
TU/mL.

Stereotactic injections

Mice were anesthetized using a gas anesthesia system (Rothacher,
Heitenried, Switzerland) with 5% isoflurane/O, mixture and placed
on a stereotactic frame (Kopf, Tujunga, CA). Anesthesia was main-
tained throughout the surgery between 1.5% and 2.5%. Adequate
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depth of anesthesia was confirmed by the lack of pedal withdrawal to
a toe pinch. Following the scalp application of the local anesthetic
(0.5% lidocaine/0.25% bupivacaine mixture - 5 mg/kg), the skull
was exposed via an anterior/posterior incision and cerebellum was ac-
cessed through craniectomy of a 0.7-mm burr hole. A glass capillary
needle coupled with a nanoliter injector (Neurostar, Tiibingen,
Germany) and loaded with viral vector solution was lowered to
coordinates relative to lambda A/P: —2.00 mm, M/L: +1.80 mm,
D/V: +2.00 mm for lobular injections targeting the right simple lobule
and to A/P: —2.00 mm, M/L: +1.80 mm, D/V: +3.40 mm for DCN in-
jections targeting the right interposed nucleus under guidance of a
robot stereotactic system (Neurostar, Tibingen, Germany). One
microliter of viral vector solution containing 10° VP from each co-
mixed vector was infused into the right cerebellar hemisphere at a
rate of 100 nL/min and the needle was slowly withdrawn at a speed
of 1 mm/min. For the quantification of transduction efficiencies,
co-mixed vector titers were matched at 2 x 10’ TU each vector.
The incision was closed with veterinary tissue adhesive (Med-Vet,
Mettawa, IL) and mice were administered Meloxicam SR (2 mg/kg)
for postoperative pain management. Following surgical procedures,
mice were housed in an ABSL2c facility and daily monitored for
adequate recovery for 5 days.

Tissue processing

Mice were anesthetized with isoflurane and euthanized by decapita-
tion. The brain tissue was removed, and right hemispheres were
immediately dissected. For the BaseScope assay, dissected tissue was
drop fixed in 10% neutral buffered formalin at RT and processed
into paraffin blocks via standard embedding protocols. Sagittal
sections of 5 pum were cut using a microtome (HM325 -
ThermoFisher, Waltham, MA), mounted on silanized glass slides,
and stored at 4°C until further processing. For IF protocols, injected
right hemispheres were drop fixed in 4% paraformaldehyde (PFA) at
4°C, cerebellum tissue was further dissected, and serially sectioned
into series of 12 using a vibratome (VT1200S - Leica, Nussloch, Ger-
many). Fifty micrometer pm sagittal cut free-floating sections were
preserved at 4°C in phosphate-buffered saline (PBS) containing
0.02% sodium azide until further processing.

RNA in situ hybridization: BaseScope assay and brightfield
microscopy

Five-micrometer sections were deparaffinized by series of washes in
xylene and hydrated in decreasing concentrations of ethanol washes
according to standard protocols. BaseScope assay (ACDBio, Newark,
CA) was performed following the standard protocol published by the
manufacturer using a custom 1ZZ probe designed to target nucleo-
tides 360-410 of human CD46 (GenBank: NM_172351.3) and not
to cross detect endogenous mouse transcripts. Chromogenically
developed sections (fast red) were counterstained with hematoxylin
(VectorLabs, Newark, CA) and coverslipped with Cytoseal XYL
(Epredia, Kalamazoo, MI). Tiled RGB photomicrographs were
captured from whole-mount sections under x10 magnification via
brightfield microscopy (DM6 - Leica, Wetzlar, Germany).

IF and confocal imaging

Five-micrometer free-floating sections were treated overnight with
0.01 M sodium citrate (pH = 6.0) at 60°C for antigen retrieval and
then permeabilized for 1 h in 0.5% Triton X-/PBS. Sections were
blocked in 10% normal goat serum (Jackson ImmunoResearch,
West Grove, PA) or with 5% BSA (RPI, Mount Prospect, IL) and
incubated in primary antibodies overnight at 4°C. Following bio-
tinylated secondary antibody (VectorLabs, Newark, CA) incubation
for 2 h at RT, antigen-antibody complexes were fluorescently labeled
with DyLight649 tagged streptavidin (VectorLabs, Newark, CA) dur-
ing a 1-h incubation at RT. For dual immunolabeling experiments,
antigen-primary antibody complexes were visualized with anti-rabbit
Alexa 488 and anti-goat Alexa 647 secondary antibodies (Jackson
ImmunoResearch, West Grove, PA). Sections were counterstained
with DAPI and coverslipped with Aqua-Mount (Epredia, Kalamazoo,
MI). The primary antibodies used were rabbit anti-mouse-Pcp2
C-term (5 pg/mL, AP6356b — Abcepta, San Diego, CA), goat anti-hu-
man-CD46 (0.5 ng/mL, AF2005 - R&D Systems, Minneapolis, MN),
rabbit anti-NeuN (1.5 pg/mL, 26975-1-AP - Proteintech, Rosemont,
IL), rabbit anti-s100B (2.5 ng/mL, 15146-1-AP - Proteintech, Rose-
mont, IL). For the vGlutl immunofluorescence, a primary antibody
directly conjugated to Alexa 647 was used with the secondary
antibody omitted (single domain anti-vGlutl-Alexa647, 1:500,
N1602-AF647-L - NanoTag, Gottingen, Germany). Coverslipped
sections were imaged using a confocal laser scanning microscope
(LSM880 - Zeiss, Jena, Germany) under laser lines 405 nm for
DAPI, 488 nm for mClover3 vectors and Alexa 488, 561 nm for
mCherry and mScarlet vectors, and 633 nm for DyLight649 and Alexa
647 immunolabeled molecular markers. For PC analyses, photomi-
crographs were acquired under a x20 objective, whereas a x40
objective was used for granule cell, mossy fiber, and Bergmann glia
images.

Transduced PC number analysis

Fluorescent photomicrographs of serially sectioned hCD46tg cere-
bellum acquired as tiled whole sections with 2 um z-stacks were
analyzed with the open-source imaging package Fiji. The trans-
duced PCs were quantified from all sections within a sagittal series
of 12, corresponding to an unbiased representation of the right
cerebellar hemisphere from its lateral to medial margin. A
researcher, blind to the injected viral vectors visually determined
labeled PCs from partial images of 350 um by 350 pum generated
from tiled whole section scans by a custom cell counter script
developed for Fiji. Through the researcher’s input, the script re-
corded the number of transduced PCs by each vector and the
number of PCs, on which multiple vector signal co-localizes.
The total number of PCs transduced in a section series for each
mouse was used for statistical analysis.

Statistical analysis

All statistical analyses were performed using Prism statistical package
(GraphPad, Boston, MA). Data were checked for distribution via
Shapiro-Wilk normality test. To compare normally distributed group
data, unpaired Student’s t test with Welch’s correction for unequal
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standard deviations was performed. A p value of less than 0.05 was

~

considered statistically significant for all analyses and indicated
with “*.” p > 0.05 was represented with “ns.” Data are summarized

as mean (SD).
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