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Multiple studies have examined the transduction characteris-
tics of different AAV serotypes in the mouse brain, where
they can exhibit significantly different patterns of transduc-
tion. The pattern of transduction also varies with the route of
administration. Much less information exists for the transduc-
tion characteristics in large-brained animals. Large animal
models have brains that are closer in size and organization to
the human brain, such as being gyrencephalic compared to
the lissencephalic rodent brains, pathway organization, and
certain electrophysiologic properties. Large animal models
are used as translational intermediates to develop gene thera-
pies to treat human diseases. Various AAV serotypes and
routes of delivery have been used to study the correction of pa-
thology in the brain in lysosomal storage diseases. In this study,
we evaluated the ability of selected AAV serotypes to transduce
cells in the cat brain when delivered into the cerebrospinal fluid
via the cisternamagna.We previously showed that AAV1 trans-
duced significantly greater numbers of cells than AAV9 in the
cat brain by this route. In the present study, we evaluated sero-
types closely related to AAVs 1 and 9 (AAVs 6, AS, hu32) that
may mediate more extensive transduction, as well as AAVs 4
and 5, which primarily transduce choroid plexus epithelial
(CPE) and ependymal lining cells in the rodent brain. The
related serotypes tended to have similar patterns of transduc-
tion but were divergent in some specific brain structures.
Received 17 December 2021; accepted 12 July 2022;
https://doi.org/10.1016/j.omtm.2022.07.007.
5Present address: Center for Gene Therapy, Abigail Wexner Research Institute,
Nationwide Children’s Hospital, Columbus, OH 43205, USA

Correspondence: John H. Wolfe, Children’s Hospital of Philadelphia, 502-G
Abramson Research Center, 3615 Civic Center Boulevard, Philadelphia, PA
19104-4399, USA.
E-mail: jhwolfe@vet.upenn.edu
INTRODUCTION
Lysosomal storage diseases (LSDs) have a single metabolic defect pre-
sent in multiple cell types throughout the brain, and often in other or-
gans of the body as well. Most of the LSDs are caused by mutations in
structural enzyme genes.1 While the delivery of purified enzyme into
the cerebrospinal fluid (CSF) has been moderately successful in both
animal models and humans,2–14 recombinant enzymes have short
half-lives and require repeated injections for sustained therapeutic
benefit. Gene therapy can address the limitations of enzyme replace-
ment therapy by widespread transduction of brain cells from a single
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injection for continuous production of the normal gene product. Ad-
eno-associated viruses (AAVs) are particularly beneficial as they
transduce both dividing and nondividing cells and have a good safety
profile.

Multiple studies have investigated transduction characteristics of
AAV serotypes in rodent brains using several different routes of
administration15–25 and others have been conducted in large animal
models, including large animal models of LSDs.26–36 Testing in large
animal models is necessary because the transduction patterns
observed in the rodent brain do not necessarily translate to large an-
imal models of human diseases. The differences in size and structure
of the large animal brain also lead to significant differences in trans-
duction characteristics that need to be considered when developing
therapies for the human brain.1,37 For example, AAV-PHP.B was
selected for high transduction in the mouse brain and produced equal
CNS transduction in mice regardless of injection route (intravascular,
intracisternal, or intraventricular).38,39 However, when non-human
primates were injected with AAV-PHP.B, broad CNS transduction
was achieved only following intracisternal administration, not intra-
vascular delivery.39–41

In the cat brain, intraparenchymal injection of AAV1 produced supe-
rior spread of transduction from the injection site compared to AAV2,
and no neuronal transduction occurred with AAV5.42 In a feline
model of alpha-mannosidosis, intraparenchymal injection of AAV1-
fMANB produced widespread but incomplete correction in the brain
and improvement of clinical disease.26 While promising, this strategy
mber 2022 ª 2022 The Authors.
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Figure 1. Comparison of GFP expression in the feline cerebral cortex

following intracisternal injection of multiple AAV serotypes

Normal 4-week-old cats (n = 2 for AAV9; n = 3 for all other vectors) received cisterna

magna injections of 1� 1013 vg vector encoding EGFP. GFP-expressing cells were

counted at multiple points along the rostral-caudal axis following DAB immunohis-

tochemistry for EGFP at 4 weeks post-injection. Values are expressed as number of

GFP-expressing cells per square millimeter. Bars represent means + SEMs.
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would require injecting a large number of tracks to achieve the wide-
spread gene transfer needed to treat a human brain.1,26,39,43 An alter-
native to the intraparenchymal route is injection into the cisterna
magna (CM), which is a simple procedure and less invasive than in-
jecting vectors along multiple injection tracks. Delivery of AAV into
the CSF results in circulation of the vector within the brain and can
achieve widespread CNS transduction.31 This route of administration
Molecular The
circumvents the blood-brain barrier and may allow lower total doses
to be used compared to intravascular delivery.

In the present study, we evaluated alternative AAV serotypes for pat-
terns of transduction after CSF delivery. The cat was chosen for this
study due to the gyrencephalic structure of the cat brain, and because
it is a well-established model for neurological studies. Three of the se-
rotypes tested are closely related to AAV1 and AAV9, which have
been effective in the cat brain.31 We also evaluated two serotypes
that transduce choroid plexus epithelial (CPE) and ependymal cells
in rodent models, which may allow for secretion of high levels of ther-
apeutic protein into CSF circulation. In the cat brain, intracisternal
delivery of AAV1 produced widespread transduction and clinical
improvement in a feline model of alpha-mannosidosis.31 AAV6 is
closely related to AAV1 and produces a similar transduction profile,
including reaching multiple layers of the cerebral cortex, the choroid
plexus and ependyma, and some deeper structures of the brain. Sero-
types AAVhu.32 and AAV-AS are closely related to AAV9 and pro-
duce transduction profiles similar to AAV9. Serotypes AAV4 and
AAV5 primarily transduce the CPE and ependymal cells in the mouse
brain, but only AAV4 was observed to do so in the cat brain. These
data are useful for targeting gene transduction to specific target areas
in experimental models with large brains.

RESULTS
AlternativeAAVserotypeswere testedwith the goal of identifying those
with improved transduction characteristics compared to the previously
studied AAV1 and AAV9.31 AAV6 was chosen as it is closely related to
AAV1 (clade A) and is thought to be derived from a recombination be-
tweenAAV1 andAAV2.44 AAV1 produces widespread transduction of
graymatter, choroidplexus, ependyma, and some transductionof glia in
whitematter.31 SerotypeAAVhu.32was chosen as it belongs to the same
clade asAAV9 (clade F), which produceswidespreadCNS transduction
following CM injection but less efficiently than AAV1.31 Both AAV9
and AAVhu.32 can mediate axonal transport of the vector genome
within the brain,20,22,45 as well as cross the blood-brain barrier after
intravascular injection.34 AAV-AS was generated by the modification
of the AAV9.47 capsid and mediates widespread CNS transduction in
the mouse and cat after direct injection.46 Serotypes AAV4 and
AAV5 were selected based on their ability to transduce CPE and epen-
dymal cells in the mouse brain,16,19,47–49 which are potential targets for
expressing high levels of secreted proteins into CSF circulation.

Normal cats were injected intracisternally at 4 weeks of age, with AAV
vectors containing a genome consisting of a human b-glucuronidase
(hGUSB) promoter-driven enhanced GFP (EGFP).50 The hGUSB pro-
moter was chosen as it is a mammalian pan-cellular promoter whose
small size (378 bp) allows for its use with larger transgenes and is ex-
pressed in all tissues and in multiple species. A total of 1� 1013 vector
genome copies were delivered to each animal. Cats were euthanized
4weeks after injection and the brainswere perfusedwithPBS, removed,
paraformaldehyde fixed, frozen, and sectioned coronally. No cats
showed any abnormal clinical signs during the 4-week period of the
study and serum chemistry values taken pre-euthanasia were normal
rapy: Methods & Clinical Development Vol. 26 September 2022 385
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Figure 2. Multiple AAV serotypes transduce CSF-producing cells following

intracisternal injection

Normal 4-week-old cats (n = 2 for AAV9; n = 3 for all other vectors) received cisterna

magna injections of 1 � 1013 vg vector encoding EGFP. Vector transduction of

choroid plexus and ependymal cells were analyzed by immunohistochemistry for

EGFP at 4 weeks post-injection. Images shown are representative examples from

each serotype. Scale bar, 100 mm.

Figure 3. Transduction of other brain structures by multiple AAV serotypes

following intracisternal injection

Normal 4-week-old cats (n = 2 for AAV9; n = 3 for all other vectors) received cisterna

magna injections of 1 � 1013 vg vector encoding EGFP. GFP-expressing cells in

specific structures within the brain were counted following DAB immunohistochem-

istry for EGFP at 4 weeks post-injection. Values are expressed as number of GFP-

expressing cells per square millimeter. Bars represent means + SEMs.
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(Table S1). AAV6 produced the greatest number of EGFP+ cells, trans-
ducing cells not only in the graymatter but also theCPEand ependymal
cells lining the ventricles. Of the other serotypes tested, AAVhu.32 and
AAV-AS primarily transduced cells in the gray matter, and AAV4 pri-
marily transduced CPE and ependymal cells.

Distribution in the cerebral cortex

Our previous study comparing transduction patterns of AAV1-EGFP
and AAV9-EGFP in the cat brain demonstrated that AAV1 was supe-
rior to AAV9 with respect to number of cells transduced.31 In the
present study, AAV6-EGFP produced numerous EGFP+ cells in the
386 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
cerebral cortex throughout the rostral-caudal axis (Figure 1). Positive
cells were observed in multiple layers of the cortex, and most of the
positive cells were morphologically equivalent to pyramidal neurons.
This transduction pattern was comparable to what we observed pre-
viously for AAV1.31 AAVhu.32 and AAV-AS injections also pro-
duced EGFP+ cells in the cortex, although fewer than AAV6, and
did not appear to penetrate into the deeper layers of the cortex.
When comparing these two serotypes to each other, hu.32 had a
transduction pattern similar to what was observed for AAV9, while
fewer transduced cells were observed with AS. In contrast to what
was seen for the other serotypes, AAV4 and AAV5 resulted in a rela-
tive absence of EGFP+ cells in the cortex. Representative DAB-stained
sections can be viewed in Figure S1.

Distribution in CSF-secreting cells

In addition to broad transduction of neurons throughout the cortex, it is
of interest to identify serotype(s) capable of transducing CSF-secreting
mber 2022



Figure 4. Quantification of vector genome copies following intracisternal injection of multiple AAV serotypes

qPCR was performed to assess distribution of vector genome copies in the brain. Tissues samples were taken frommultiple sites along the rostral-to-caudal axis. Values are

expressed as vector genome copies per diploid cell genome (n = 2 for AAV9; n = 3 for all other vectors). Bars represent means + SEMs.
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ependymal and CPE cells. The expression of transgenes in these struc-
tures may allow for continuous secretion of vector-encoded proteins
into the CSF, potentially allowing for greater dispersal throughout the
brain. AAV1 can transduce CPE and ependymal cells in mice and
cats.18,31 The closely related AAV6 produced similar results, with
EGFP+ cells being identified in the choroid plexus and in cells lining
the ventricles of AAV6-injected brains (Figure 2). No EGFP+ CPE or
ependymal cells were detected for AAVhu.32 or AAV-AS (Figure 2);
however, a few EGFP+ cells were identified in the choroid plexus of
AAV9-injected animals (Figure 2). Transduced EGFP+ CPE and epen-
dymal cells were observed with AAV4 but not AAV5 (Figure 2). This is
consistentwithwhat other groups have reported in themouse forAAV4
but in contrast with reports for AAV5.16,19,47,49

Distribution in sub-cortical structures

Transduction of other major brain structures may be important clin-
ically for treating lysosomal storage diseases because the pathology is
found throughout the brain. AAV1 transduces the hippocampus and
caudate nucleus in the cat brain.31 In the AAV6-injected animals,
transduction was observed predominantly in cells with the
morphology of granule cells in the hippocampus and Purkinje cells
in the cerebellum (Figure 3). Positive cells were mostly absent from
the caudate nucleus, in contrast to AAV1. With either AAVhu.32
or AAV-AS, EGFP+ cells were identified in the hippocampus and cer-
Molecular The
ebellum, and transduced cells morphologically consistent with me-
dium spiny neurons were found in the caudate nucleus. Similar to
the cortex, a greater number of EGFP+ cells were observed in the
hu.32 group than in the AS group. The transduction pattern for
hu.32 was similar to what was observed for AAV9. Few, if any, trans-
duced cells were found in any of the regions examined for AAV4 or
AAV5. Representative DAB-stained sections are shown in Figure S2.

To support the immunohistology data, we determined the number of
vector genomes present in multiple sections along the rostral-caudal
axis. Six hemi-sections along the rostral-caudal axis were analyzed
(Figure 4). Overall, greater copy numbers were observed in AAV6-in-
jected sections. Surprisingly, vector genome copies measured for the
AAV4- and AAV5-injected sections were comparable to those from
the AAVhu.32-injected sections, despite producing far fewer EGFP+

cells in our immunohistochemical studies.

Spinal cord

Many neurological diseases also affect the spinal cord; therefore,
transduction of both parts of the CNS would be beneficial for any po-
tential therapy. Delivery of vector into the CSF via intracisternal injec-
tion should allow for the transduction of both brain and spinal cord,
which was demonstrated previously for AAV1 and AAV9 in multiple
species.25,31,51–53 The transduction characteristics of our panel of
rapy: Methods & Clinical Development Vol. 26 September 2022 387
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Figure 5. Transduction of motor neurons of the anterior horn of the spinal

cord following intracisternal delivery of different AAV serotypes

Normal 4-week-old cats (n = 1 for AAV1 and AAV9; n = 3 for all other vectors)

received cisterna magna injections of 1 � 1013 vg vector encoding EGFP. Vector

transduction of cervical (CSC), thoracic (TSC), and lumbar (LSC) spinal cord sec-

tions were analyzed by immunohistochemistry for EGFP at 4 weeks post-injection.

Images shown are representative examples from each serotype. Scale bar, 200 mm.
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AAV serotypes in the spinal cord was determined using immunohis-
tochemical staining on sections from the cervical, thoracic, and lum-
bar regions. All five serotypes transduced motor neurons in the gray
matter of the ventral horn (Figure 5). qPCR analysis of cervical,
thoracic, and lumbar sections showed the overall greatest number
of vector genome copies in sections from animals injected with
AAVhu.32, with elevated vector genome copies in the lumbar sections
for AAV4 and AAV6 (Figure S3).

Biodistribution of AAV serotypes outside the CNS

As CSF circulates through the brain and spinal cord, it is eventually
reabsorbed into the bloodstream, allowing waste to be removed
from the brain.54,55 Therefore, it is likely that any vector not taken
388 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
up by cells in the CNS circulates throughout the body, allowing for
the transduction of distal organs. In the case of neurometabolic dis-
eases, such as lysosomal storage diseases, the genetic defect is present
in all cells. Although the organs and severity of pathology vary among
the different types of LSDs, any correction that occurs outside the
CNS would be beneficial clinically.

Some transduction of non-CNS organs was observed for all sero-
types tested. AAV6 transduced cells in the liver and spleen
(Figure 6), whereas EGFP+ cells were detected in the liver, kidney,
and spleen of animals injected with AAVhu.32 (Figure 6). While
CNS transduction by AAV-AS largely followed the same pattern
as hu.32, EGFP+ cells were detected only in the liver in AAV-AS-in-
jected animals, and to a lesser extent than hu.32 (Figure 6). Minimal
transduction of organs outside the CNS was observed for AAV4
(Figure 6) or AAV5 (Figure 6), primarily in the spleen and lung.
No transduction of heart or muscle was observed for any serotype
(data not shown). Consistent with the immunohistochemical find-
ings, the measurement of genome copies in the different tissues
showed the highest amount of vector genome in the livers of ani-
mals injected with either AAVhu.32 or AAV-AS (Figure 7). Vector
genome copies were detected in the heart and muscle of some ani-
mals, despite the immunohistochemistry of these organs appearing
negative.

Summary of findings

Of the new serotypes tested, AAV6 produced the greatest number of
EGFP+cells, transducing cells in the gray matter as well as in the CPE
and ependymal cells lining the ventricles. The potential advantage of
targeting these cells is that they secrete large amounts of protein in
generating the CSF.49 The distribution of cells transduced with AAV6
was similar to that seen with the closely related AAV1 serotype.31

The serotypes closely related to AAV9, AAVhu.32 and AAV-AS, pri-
marily transduced cells in the gray matter by CM delivery. AAV9 and
AAVhu.32 can also mediate transduction of the brain by crossing the
blood-brain barrier.1,34,37However,AAVhu.32 todate is the only vector
shown to completely correct the brain in a large animal model of a hu-
man disease.38 AAV4 primarily transduced CPE and ependymal cells.

DISCUSSION
Intracisternal vector administration has several benefits: It is less
invasive than multiple injection tracks throughout the brain; it is
more specific to the CNS than intravascular delivery; and it circum-
vents the blood-brain barrier. Knowledge of transduction character-
istics is critical for targeting specific structures of the whole brain,
and while much is known about the transduction characteristics of
many serotypes in the rodent brain, more data are needed for the
transduction characteristics of various serotypes in the large animal
brain. While our laboratory previously identified that AAV1 can pro-
duce widespread transduction in the cat brain leading to clinical
improvement in an alpha-mannosidosis cat model,31 the goal of the
present study was to identify additional AAV serotype(s) that could
provide more widespread transduction of neural cells in multiple
structures of a large animal brain.
mber 2022



Figure 6. Differential transduction of peripheral

organs by multiple AAV serotypes following

intracisternal injection

Normal 4-week-old cats (n = 3 per vector) received

cisterna magna injections of 1 � 1013 vg vector encoding

EGFP. Vector transduction of multiple peripheral organs

was analyzed by immunohistochemistry for EGFP at

4 weeks post-injection. Images shown are representative

examples from each serotype. Scale bar, 100 mm.
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We observed significant differences in the transduction profiles be-
tween the serotypes tested, with closely related serotypes having
similar profiles. Of the serotypes tested, AAV6 transduced the great-
est number of cortical neurons in multiple layers of the cortex, the
choroid plexus, and ependymal cells lining the ventricles. This
transduction pattern was similar to that previously observed for
AAV1,31 a serotype belonging to the same clade as AAV6. Minimal
transduction of the liver and spleen was also observed. AAVhu.32
transduced cortical neurons and multiple deeper brain structures
but lacked transduction of CSF-producing cells. This transduction
profile is similar to that observed previously in AAV9-injected
cats.31 The overall similarity between AAVhu.32 and AAV9 trans-
duction profiles is also similar to the patterns in mice.22 AAVhu.32
also produced transduction of multiple peripheral organs. AAV-AS
had a transduction profile similar to that of hu.32, however fewer
EGFP+ cells were observed in all of the tissues examined. The dis-
tribution of GFP-expressing cells in different hemisections along
the rostral-to-caudal axis for the serotypes tested can be found in
Figure S4. Table S2 contains the relative EGFP expression for all
of the serotypes tested in the cortex and a selection of other brain
structures.

The injection of AAV4 and AAV5 into the CSF was directed at
transducing CPE and ventricular lining cells based on previous
studies in mice.42–45 Although low in density, the AAV4-injected
cats had EGFP+cells in the choroid plexus, ependyma, and spinal
Molecular Therapy: Methods & Clinic
cord. While this was consistent with studies
in mice,16,47,49 AAV4 failed to transduce the
ependyma in the canine brain.56

The lack of transduction by AAV5 in the cat is
consistent with previous findings after direct in-
traparenchymal injection in the cat.42 However,
this is not a generalfinding in large animalmodels
since AAV5-GFP transduces glia in non-human
primates following intraparenchymal injec-
tion.57,58 Although it is not clear why AAV5
transduces the cat brain so poorly as compared
to other species, sequence differences in the feline
platelet-derived growth factor receptor a

(PDGFRa) and AAVR receptors, which are
implicated in AAV5 transduction,59–62 may
explain this anomaly. The feline sequences for
these receptors differ fromother large animal species in the extracellular
immunoglobulin (Ig)-like domains of PDGFRa (Figure S5), although it
is not known whether these sites are required for AAV5 transduction.
There are also sequence differences in the feline AAVR PKD1 domain
(Figure S5), which is required for AAV5 transduction.61,62 These pro-
teins are probably functional since there is no evidence to indicate
that they are defective in normal cats. The qPCR experiments detected
vector genomes in the AAV5 group at a level comparable to several of
the other serotypes tested. It is possible that the assay is detecting frag-
ments of the vector genome, rather than the full genome sequence or
extracellular vector.

We did not observe any sign of cytotoxic response in any of the brain
sections analyzed in this study, although the present study was done
at a relatively moderate titer. Some recent studies have found increased
risks of cytotoxic responses to non-self-proteins such as GFP, however
these occurred at very high vector titers.63–66 This may be less of a prob-
lem in a therapeutic setting, depending on the nature of the therapeutic
protein. Inmost of the LSDs, the extracellular therapeutic protein that is
secreted from a transduced cell is taken up by neighboring cells (cross-
correction) to restore catabolism. This results in a greater number of
cells being functionally corrected than are transduced. Therefore, deliv-
ery efficiency does not need to be high to produce a beneficial effect.

Intracisternal injection of the AAV serotypes used in this study pro-
duced distinct transduction patterns in the cat brain, with similarities
al Development Vol. 26 September 2022 389
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Figure 7. Quantification of vector genome copies in select peripheral organs following intracisternal injection of multiple AAV serotypes

qPCR was performed to assess distribution of vector genome copies in peripheral organs. Values are expressed as vector genome copies per diploid cell genome. n = 3 per

vector. Bars represent means + SEMs.
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between serotypes within the same clade. Serotypes AAV6 (this
study) and AAV136 are the most capable of widespread transduction
of the cortex by CSF delivery, whichmay be critical for treating neuro-
cognitive deficiencies.

MATERIALS AND METHODS
Plasmid and AAV production

The EGFP gene was cloned into the AAV packaging plasmid pZac2.1,
provided by the Vector Core of the University of Pennsylvania. The
vector genome contained AAV2 terminal repeats, a human GUSB
promoter, simian virus 40 splice donor/acceptor signal, and bovine
growth hormone polyadenylation signal. AAV4 and AAV-AS capsid
plasmids were provided by J. Chiorini and M. Sena-Esteves, respec-
tively. Recombinant AAV vectors of all of the serotypes were pack-
aged as a single-stranded AAV (ssAAV) genome by the University
of Pennsylvania Vector Core following triple (AAV1, AAV5,
AAV6, AAV9, AAVhu.32) or quadruple (AAV-AS, AAV4) transfec-
390 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
tion of HEK293 cells by AAV cis-plasmid, AAV trans-plasmid
containing AAV rep and cap genes, and adenovirus helper plasmid.
Vectors were purified using iodixanol gradient ultracentrifugation,
and the titers were determined by real-time PCR.67 All of the vectors
were prepared and titered using the same methods. Titers were
adjusted to 1 � 1013 vg/mL before use.

Animals and vector injections

All of the animal care and procedures were in accordance with the
Institutional Animal Care and Use Committee at the University of
Pennsylvania. Normal cats (4 weeks old) produced in the breeding
colony of the University of Pennsylvania veterinary school were
used for experiments. Cats were anesthetized with intravenous pro-
pofol (up to 6 mg/kg). A catheter was placed in the cephalic vein,
and enough propofol was given to allow intubation. Animals were
positioned in right-side lateral recumbency and were anesthetized
during the procedure. Using sterile techniques, approximately
mber 2022
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0.5 mL CSF was collected using a 22-G spinal needle from the cer-
ebellomedullary cistern. After collecting the CSF, 1 � 1013 genome
copies of vector in 1.0 mL total volume were injected over the
course of 1 min, with a dwell time of approximately 5 s. Heart
and respiratory rates were monitored until fully recovered. All of
the animals were injected at the same age, by the same staff, and us-
ing the same procedure.

Tissue collection

Four weeks post-injection, cats were euthanized by using an overdose
of intravenous barbiturates. After sacrifice, cats were transcardially
perfused with 700 mL of 0.9% cold saline and tissues were drop fixed
in 4% paraformaldehyde for 48 h. For cryosectioning, brains were cry-
oprotected in 30% sucrose, embedded in optimum cutting tempera-
ture solution (Sakura, Torrance, CA, USA), and then cryosectioned
at 20–40 mm thickness using a cryostat (Leica Microsystems, Wetzlar,
Germany) for subsequent immunohistochemical staining or guide
DNA (gDNA) isolation. For serum collection, the whole blood was
incubated for 30 min at room temperature followed by centrifugation
at 1,000 � g for 15 min. The supernatant was then aspirated and
stored at�80�C. All of the sera were tested by the University of Penn-
sylvania Clinical Pathology Laboratory.

Immunohistochemistry

GFP+ cells were labeled using DAB immunohistochemistry. Frozen
sections were permeabilized and immunoblocked for 30 min in 4%
goat serum in PBS-T (PBS containing 0.3% Triton X-100). The sec-
tions were then incubated overnight at 4�C with the rabbit anti-
GFP (1:1,000, A11122, Thermo Fisher, Austin, TX, USA). After three
washes in PBS-T, sections were incubated with a biotinylated goat
anti-rabbit secondary antibody (1:250, Vector Laboratories, Burlin-
game, CA, USA) for 45 min followed by PBS-T washes. The antibody
binding was visualized using VECTASTAIN Elite ABC reagent (Vec-
tor Laboratories) and 3,30-diaminobenzidine substrate kit for perox-
idase (Vector Laboratories). Sections were then dehydrated and
mounted in DPX mounting medium (Sigma, St. Louis, MO, USA)
with glass coverslips. Images were visualized using a Leica AF6000
LX microscope (Leica, Heerbrugg, Switzerland) and acquired using
a DFC 425 digital camera (Leica, Heerbrugg, Switzerland).

GFP-expressing cells were quantified in DAB-stained cat brain hemi-
sections. Images were converted to grayscale, and an identical
threshold was applied. The number of cells in the sections over the
set threshold was counted by particle analysis, and the area of brain
sections or specific brain regions were measured using ImageJ soft-
ware (NIH, Bethesda, MD, USA).

Quantification of vector genomes

Viral genome copies present in tissues were determined using quanti-
tative real-time PCR. Genomic DNA was extracted from two to three
40-mm sections of each transverse brain block and vector genome
copies were quantified. For peripheral organs, approximately 10 mg
of tissue was used to extract genomic DNA. Copies of EGFP vector
genome were quantified using PowerUp SYBR Green Master Mix
Molecular The
(Thermo Fisher). Triplicate samples derived from each DNA pool
were used for quantification. The primer sequences were as follows:
forward: 50-CTGGACGGCGACGTAAAC-30, reverse: 50-GAACTTC
AGGGTCAGCTTGC-30.
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