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Alpha-mannosidosis is caused by a genetic deficiency of lyso-
somal alpha-mannosidase, leading to the widespread presence
of storage lesions in the brain and other tissues. Enzyme replace-
ment therapy is available but is not approved for treating the
CNS, since the enzyme does not penetrate the blood-brain bar-
rier. However, intellectual disability is a major manifestation
of the disease; thus, a complimentary treatment is needed.While
enzymereplacement therapy into the brain is technically feasible,
it requires ports and frequent administration over time that are
difficult tomanagemedically. Infusion of adeno-associated viral
vectors into the cerebrospinal fluid is an attractive route for
broadly targeting brain cells. We demonstrate here the wide-
spread post-symptomatic correction of the globally distributed
storage lesions by infusion of a high dose of AAV1-feline
alpha-mannosidase (fMANB) into the CSF via the cisterna ma-
gna in the gyrencephalic alpha-mannosidosis cat brain. Signifi-
cant improvements in clinical parameters occurred, and
widespread global correction was documented pre-mortem by
non-invasive magnetic resonance imaging. Postmortem analysis
demonstrated high levels of MANB activity and reversal of lyso-
somal storage lesions throughout the brain.Thus,CSF treatment
by adeno-associated viral vector gene therapy appears to be a
suitable complement to systemic enzyme replacement therapy
to potentially treat the whole patient.

INTRODUCTION
Alpha-mannosidosis (AMD) is a lysosomal storage disease that oc-
curs when lysosomal alpha-mannosidase is either absent or defective.
It is estimated to occur in about 1 of 500,000 live births.1 Clinical
characteristics of AMD include hearing impairment, intellectual
impairment, facial and skeletal abnormalities, hepatosplenomegaly,
and immune deficiencies.2 Many disease-causing mutations have
been reported but with no apparent correlation between genotype
and clinical phenotype.1

Current therapies for human AMD include hematopoietic stem cell
transplantation (HSCT) and enzyme replacement therapy (ERT).3
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HSCT requires an appropriate donor and has a risk of graft versus
host disease developing following treatment. Despite these limita-
tions, there has been some success in AMD patients.4 ERT is effec-
tive5–7 and has been approved for human use in Europe and the
US. However, it is not approved for treatment of the CNS disease,
since the enzyme does not cross the blood-brain barrier (BBB).
ERT also has several limitations. It requires weekly administration
due to the short half-life of the enzyme; thus, there is a continuing
high cost associated with treatment. The enzyme has limited effect
on skeletal abnormalities, and it does not cross the BBB; thus, it is
ineffective in treating the CNS. In principle, ERT could be used to
treat the brain by injection into the cerebrospinal fluid (CSF), but
that would require indwelling catheters for regular infusions, which
are problematic to manage medically over long periods of time.

Adeno-associated viral (AAV) vector therapy is a promising alterna-
tive to current treatment methods for AMD and is potentially perma-
nent. Injection into the CSF allows for direct targeting of the brain,
with less vector available in circulation to trigger potential host re-
sponses. For diseases with a significant neurological component,
this may allow for lower doses to be administered compared to sys-
temic administration.8 AAV delivery into the CSF can also allow tar-
geting of the brain while evading circulating neutralizing antibodies.8

To date, several clinical trials in other diseases have been conducted
using CSF-directed routes of administration.9,10

Several naturally occurring AMD animal models exist, including cat-
tle, cats, and guinea pigs.11–13 A mouse AMD model has been gener-
ated;14 however, this model has an attenuated AMD phenotype
despite having a complete absence of alpha-mannosidase (MANB)
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Figure 1. Survival of AAV1-fMANB-treated AMD cats increases in a dose-

dependent manner

AMD cats were treated at 6 weeks of age with a single intracisternal injection of

AAV1 expressing fMANB at a dose of 2.5� 1013 vg (n = 3), 5.0� 1013 vg (n = 3), or

1.0 � 1014 vg (n = 4). Treated cats lived longer than untreated cats, with mean

survival increasing with vector dose. Error bars represent mean +SEM. *p < 0.05,

**p < 0.01, ***p < 0.001.
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activity. The cat brain is closer in size to the human brain than the ro-
dent brain, and the gyrencephalic brain structure results in circuits
and pathways that are similar to the primate brain.15 The cat is a
well-established model for neurological studies, and AMD in the
cat shows heterogeneity in disease similar to what is observed in hu-
man patients.16

The AMD cat model has been used for HSCT17 and gene therapy ex-
periments.18–20 AAV1 has been shown to have superior transduction
of the cat brain compared to AAV9, a serotype widely used for CNS
transduction.19 A comparison of several other serotypes demon-
strated that AAV1 mediates broader distribution and levels of trans-
duction, with only the very closely related AAV6 being similar.21

AAV1 is also capable of transducing both choroid plexus and ependy-
mal cells.21 Transduction of these cell types may allow for production
and secretion of therapeutic enzyme that is pumped into CSF circu-
lation, potentially allowing for greater distribution within the
CNS.22 A previous study showed that a single injection of AAV1
into the CSF of AMD cats could mediate partial improvement in
the clinical disease, but treatment was incomplete.19 The current
study demonstrates that high vector doses delivered via the cisterna
magna (cm) result in significant reductions and, in many areas, com-
plete reversal of storage lesions throughout the AMD cat brain.

RESULTS
Clinical improvement is dose dependent in CM-treated AMD

cats

The average lifespan of an untreated AMD cat is 16.2 ± 1.7
weeks.18,19,23We previously observed a significant increase in survival
of animals injected intracisternally at 6 weeks of age with 1.0 � 1013

vector genomes (vg) AAV1- fMANB, which encodes fMANB under
the control of the human beta-glucuronidase promoter.19 Three esca-
lating doses of AAV1-fMANB (2.5� 1013, 5� 1013, and 1.0� 1014 vg)
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were tested to determinewhether lifespan could be further lengthened.
Animals were injected intracisternally at 6 weeks of age, as this is after
the age at which clinical symptoms being to appear in the AMD cat.18

Increasing the vector dose provided a subsequent increase in survival
(Figure 1), with some individuals in the higher-dose groups surviving
to more than 1 year of age (mean survival 49.3 ± 6.6 weeks for the
2.5 � 1013 vg group, 45.3 ± 2.8 weeks for the 5.0 � 1013 vg group,
and 77.0 ± 15.8 weeks for the 1.0 � 1014 vg group).

In untreated AMD cats, tremors and truncal ataxia develop by
8 weeks of age.18,19 Neurological exams identified mild tremors
occurring in 2 of 3 animals in the 2.5 � 1013 vg dose group.
Tremors did not occur before the humane endpoint in 2 of 3 cats
in the 5 � 1013 vg group and 3 of 4 cats in the 1 � 1014 vg group.
Ataxia was observed at 17 weeks of age for one cat in the 2.5 � 1013

vg group, and intermittent ataxia was observed at 20 weeks of age
for one cat in the 5 � 1013 vg group. One animal each of the
2.5 � 1013 vg and 5 � 1013 vg groups was non-ataxic but developed
a waddling gait. Due to the COVID-19 pandemic, it was not
possible to regularly perform neurological exams; therefore, the pre-
cise age at which tremors and ataxia developed could not be deter-
mined for all treated animals.

CSF and serum samples were collected before injections and at regu-
lar intervals post injection. MANB enzymatic activity was calculated
as the percent activity of normal cat CSF or serum samples
(% normal). At a dose of 1.0� 1013 vg AAV1-fMANB, MANB activ-
ity in the CSF was significantly above that of untreated animals for the
first 1–3months post injection; however, this difference was no longer
statistically significant from 4 to 6 months post injection.19 We tested
total doses of 2.5� 1013, 5� 1013, and 1.0� 1014 vg. All 3 doses pro-
duced significantly higher fMANB activity levels in the CSF compared
to both untreated and the 1.0 � 1013 vg dose, and the MANB enzy-
matic activity remained elevated over time (Figure 2A). The
1.0 � 1014 vg dose resulted in a sharp increase in enzyme activity
(35% of normal) for the first 1–2 months post injection that then
decreased over time but did not decrease below 10% of normal.
MANB activity in serum was also elevated above that of untreated
cats (Figure 2B); however, the increase was not as high as observed
in the CSF. Furthermore, the serumMANB activity in the cats treated
with higher doses did not exceed that observed in cats treated with the
low dose reported previously.19

MANB enzymatic activity in the treated AMD brain

Treated AMD cats were euthanized upon reaching the humane
endpoint. To measure fMANB enzymatic activity in the brain, coro-
nal sections at different intervals along the rostral-caudal axis were
analyzed (Figure S1A).19,20 MANB enzymatic activity was calculated
as the percent activity of normal cat brain sections (% normal). A
dose-dependent increase in MANB activity was observed, with all
doses generating an increase in enzymatic activity over that seen in
untreated AMD cats (Table 1). The coefficient of determination
(R2) between MANB activity and longevity was statistically signifi-
cant (R2 = 0.4958, p < 0.05).
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Figure 2. MANB activity is elevated in CSF, but not serum, of treated AMD

cats

CSF and serum samples were collected at regular intervals and assayed for MANB

activity in both treated and untreated AMD cats. (A) CSF MANB activity was

significantly higher than in untreated cats up to 6 months post injection. (B) Serum

MANB activity was comparable to untreated cats for the first 1–2 months post in-

jection but increased over time. There was no significant difference between dose

groups. Note that comparisons to untreated cats cannot be made at time points

greater than 6 months post injection as untreated cats do not live that long. Points

represent mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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The number of vector genome copies were also assayed from coronal
sections collected at different intervals along the rostral-caudal axis
(Figure S1B). While the vector genome copies detected were generally
low, there was a small increase in most hemisections for the highest-
dose group (Table 2). Taken together, the data demonstrate that CM
administration of AAV1-fMANB leads to widespread distribution of
the fMANB cDNA throughout the brain, and MANB enzymatic ac-
tivity throughout the brain increases in a dose-dependent manner.

Correction of lysosomal storage lesions in treated AMD cat

brains

The hallmark of AMD is the accumulation of undegraded substrate in
lysosomes, resulting in distended storage vacuoles in cells throughout
the body. To determine whether the increase in MANB enzymatic ac-
Molec
tivity translates to a decrease in the presence of lysosomal storage vac-
uoles, histology was performed on brain sections taken from multiple
sites along the rostral-caudal axis. In the brain, this storage can be
visualized by H&E-stained sections. Increasing the vector dose al-
lowed for more correction of storage vacuoles (Figure 3), with the
amount of correction observed in the two highest-dose groups being
similar and indistinguishable from normal.

Another hallmark of AMD that can be visualized histologically is the
demyelination of white matter tracts. Luxol fast blue-stained sections
from untreated cats showed decreased intensity of staining as well as
distension and splitting of the myelin sheaths in white matter when
compared with normal animals.23 Treatment improved the appear-
ance of the white matter in the centrum semiovale, internal capsule,
and cerebellar white matter (Figure 4), with the myelin from animals
in the higher-dose groups being similar in appearance to that of
normal cats.
Magnetic resonance spectroscopy and diffusion tensor imaging

show reduction of storage at high doses

Monitoring changes in the AMD brain by non-invasive imaging dur-
ing the course of treatment can be accomplished by magnetic reso-
nance spectroscopy (MRS) and diffusion tensor imaging (DTI).24–26

The most sensitive measure of brain correction is MRS, which is a
direct measure of the undegraded oligosaccharides in the brain.20

Both the 5.0 � 1013 and 1.0 � 1014 vg doses mediated reduction of
the oligosaccharide peaks to the levels measured in the normal cat
brain (Table 3). DTI can assess the changes in white matter tracks,
which are extensively altered in AMD and partially corrected at the
two highest doses (Table 3).

The cats were imaged at approximately 4-month intervals during the
study. The concordance of reduction in the mannose-rich oligosac-
charide peak centered at 3.8 ppm25 down to normal was maintained
over time in each dose group. Traces across time for a representative
cat in each dose group are shown in Figure S2.
Transduction and correction of lesions in non-CNS organs of

treated AMD cats

Delivering therapeutic protein to the CSF may also lead to a small
amount of the protein passing into the periphery, as seen in a study
of canine Batten disease.27 In the AMD cats treated at 6 weeks of
age, MANB activity was measured in the liver, kidneys, heart, and
spleen. No significant change was detected for any dose in any of
the other organs tested (Table S1). Vector genome copies were vari-
able but low in all samples evaluated (Table S2).

In order to evaluate potential vector-induced toxicity, serum chemis-
try was evaluated from treated cats. Markers for liver and kidney
function were elevated in several of the cats (Table S3); however, it
is unclear whether this is due to vector treatment or disease induced.
H&E-stained liver sections from treated cats appeared similar to those
from untreated cats, with storage present in cells throughout the
ular Therapy: Methods & Clinical Development Vol. 32 June 2024 3
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Table 1. MANB activity measured in multiple brain hemisections along the rostral-to-caudal axis

Treatment group Animal

Hemisection

1 2 3 4 5 6

Untreated

1 1.065 0.591 0.630 1.210 0.806 0.739

2 0.519 0.372 0.437 0.585 0.793 0.800

3 0.631 0.704 0.779 0.957 0.958 0.745

4 0.528 0.626 0.743 0.684 1.111 0.901

Average (+ SEM) 0.686 (0.129) 0.573 (0.071) 0.647 (0.077) 0.859 (0.141) 0.917 (0.075) 0.796 (0.037)

2.5 � 1013 vg

1 3.405 3.580 3.998 5.176 5.796 8.347

2 4.692 5.793 4.888 7.714 7.485 5.700

3 4.558 4.892 4.540 6.354 6.252 5.847

Average (+ SEM) 4.218 (0.409) 4.755 (0.642) 4.475 (0.259) 6.415 (0.733) 6.511 (0.504) 6.631 (0.859)

5.0E � 1013 vg

1 6.584 6.741 14.823 24.482 17.628 15.910

2 4.011 4.257 3.715 6.815 3.425 5.687

3 6.716 7.029 7.600 10.823 4.257 8.689

Average (+ SEM) 5.770 (0.881) 6.009 (0.880) 8.713 (3.254) 14.040 (5.348) 8.437 (4.602) 10.095 (3.034)**

1.0 � 1014 vg

1 5.064 5.949 6.088 9.944 10.067 9.272

2 14.916 14.020 13.758 22.442 22.801 13.066

3 13.157 11.401 10.292 15.521 14.664 6.866

4 18.718 15.419 16.852 25.295 22.529 10.296

Average (+ SEM) 12.963 (2.877)**,+ 11.697 (2.089)***,+ 11.747 (2.314)** 18.301 (3.460)** 17.515 (3.118)** 9.875 (1.284)**

Brain fMANB activity in both treated and untreated AMD cats was measured in coronal sections taken at regular intervals along the rostral-caudal axis. Activity is calculated and
reported as a percentage of normal. **p < 0.01, ***p < 0.001 compared to untreated animals. +p < 0.05 compared to the 2.5 � 1013 vg group.
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tissue (Figure S3). There did not appear to be any significant increase
in immune cell infiltrate in any of the sections analyzed.

DISCUSSION
Intracisternal (CM) delivery is a clinically relevant route of admin-
istration that provides several benefits over other routes. Delivery of
AAV vector to the CM allows efficient targeting of the brain that is
less invasive than direct brain injection. While systemic delivery is
easier to perform clinically, it does not provide for specific delivery
to the CNS, which may lead to off-target expression of the therapeu-
tic gene and potentially a greater risk of vector- or transgene-
induced toxicity. The CM delivery route is not commonly used in
clinical practice due to the risk of damage to the brain stem or
vascular structures. The concern of potential risks of injection
into the human CM is solved by passing a microcatheter from the
lumbar cistern up into the CM,28 which has been used clinically
to treat human Tay-Sachs disease.10 The critical issue for animal ex-
periments is to deliver the vector into the CM, not how to access the
CM for the infusion.

A 1.0 � 1013 vg dose resulted in some clinical improvement in the
AMD cat; however, the histologic correction of storage lesions was
partial.19 The current study indicates that therapeutic response in
AMD cats increases with dose, as demonstrated by significant in-
creases in survival, MANB activity in the brain, and resolution of lyso-
somal storage in brain sections.
4 Molecular Therapy: Methods & Clinical Development Vol. 32 June 202
The 2.5 � 1013 vg dose in the present study resulted in some clinical
improvement over the 1.0 � 1013 vg dose, but the correction of stor-
age lesions was still incomplete. For the 5.0 � 1013 and 1.0 � 1014 vg
treatment groups, there was a significant reduction of lysosomal stor-
age and a near-normal appearance of gray matter and myelin. The
MRS results indicate that the reduction in storage was similar to
normal at each of the higher doses. The brain size at the initiation
of treatment at 6 weeks in the cat (�20 gram) is approximately pro-
portional to a 1-year-old child’s brain (�800 gram). Thus, a dose of
5.0 � 1013 in the cat would translate to a dose of �2.0 � 1015 vg in
a human brain of equivalent age. For translational consideration,
the dose used is per brain, and human brain size reaches �90% of
the adult size at about 5 years of age; thus, the increase in the effective
dose for CSF treatment would be relatively small after that. In
contrast, the dose required for significant brain correction by systemic
gene delivery that crosses the BBB is based on body weight;9 thus,
treatment of most patients would require a larger total dose than by
CSF delivery.

While survival and brain MANB activity increased with dose, it is un-
clear why the highest dose afforded a longer average survival over the
5.0� 1013 vg dose despite comparable reduction of lysosomal storage
and similar appearance of gray matter and myelin between the two
groups. It is possible that, in the highest-dose group, a greater amount
of fMANB enzyme is transported to the periphery. However, this pos-
sibility is not reflected in the postmortem enzyme activity in multiple
4



Table 2. AAV1-fMANB vector genome copies measured in multiple brain hemisections along the rostral-to-caudal axis

Treatment group Animal

Hemisection

1 2 3 4 5 6

2.5 � 1013 vg

1 6.554 1.086 3.796 1.333 3.106 1.659

2 1.775 1.471 6.252 3.450 3.608 2.617

3 6.539 2.464 4.214 3.431 9.879 1.814

Average (+ SEM) 4.956 (1.590) 1.674 (0.411) 4.754 (0.759) 2.738 (0.703) 5.531 (2.179) 2.030 (0.297)

5.0 � 1013 vg

1 5.743 3.074 18.761 9.285 8.364 5.118

2 0.480 0.095 0.107 0.143 0.050 0.044

3 0.480 0.437 0.388 0.189 0.329 0.326

Average (+ SEM) 2.234 (1.754) 1.202 (0.941) 6.418 (6.172) 3.206 (3.040) 2.915 (2.726) 1.829 (1.647)

1.0 � 1014 vg

1 0.168 0.183 0.387 0.322 0.194 0.057

2 31.925 7.204 9.698 8.587 9.763 2.272

3 39.041 11.914 17.100 5.968 7.786 1.623

4 15.247 11.642 10.133 11.492 3.991 1.576

Average (+ SEM) 21.595 (8.711) 7.736 (2.739) 9.330 (3.429) 6.592 (2.375) 5.433 (2.118) 1.382 (0.469)

AAV1-fMANB vector genome copies in treated AMD cats were measured in coronal sections taken at regular intervals along the rostral-caudal axis. Data are calculated and reported as
copies per diploid genome.
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organs or in the routine serum samples taken during the life of the an-
imal. It is important to note that the therapeutic enzyme in this and
other lysosomal storage diseases is being continuously consumed
metabolically by the normal lysosomal degradation pathways.29,30

While AAVs are generally non-pathogenic, it is possible that the
highest dose used in this study (1 � 1014 vg) may be sufficient to
trigger an adverse response, hampering therapeutic benefit.31 We
did not observe any evidence of vector-induced toxicity in brain sec-
tions analyzed for this study. While some animals had an increase in
liver enzymes or markers of kidney function (Table S3), the increase
was not consistent within a dose group. Furthermore, these abnor-
malities could be a consequence of disease progression in these tis-
sues. Histological evaluation of liver tissue samples taken from treated
animals contained storage lesions similar to those of untreated ani-
mals (Figure S3).

The lack of toxicity observed in this study may be attributed to the
choice of promoter and transgene used. As AMD is present in all
tissues, we opted to use the human GUSB promoter due to its ability
to drive moderate expression in all tissues.32 Its small size also al-
lows for the packaging of larger genes, such as fMANB (3-kb coding
sequence), into an AAV backbone. Other ubiquitous promoters,
such as CMV and CBA, have been successful in driving high trans-
gene expression in other studies, but it comes with a risk of toxicity
due to high levels of transgene expression. When compared to
neuron-specific CaMKII and SynI promoters, CMV-driven GFP
expression was correlated with a toxic effect on neurons and infiltra-
tion of glia cells in the marmoset brain.33 We also opted to use the
feline MANB cDNA in our studies, instead of human MANB, to
reduce the risk of generating an immune response to non-self
protein.
Molec
Another area of interest currently is the incidence of dorsal root
ganglion (DRG) toxicity following AAV vector administration.
DRG lesions were initially observed following intravascular delivery
of AAVhu68-hSMN to non-human primates (NHPs) and piglets.34

Lesions were not present in all DRGs but, when present, consisted
of neuronal degeneration, increased cellularity, and nerve fiber
degeneration. While the lesions were clinically silent in the NHPs,
piglets in this study developed proprioceptive deficits and ataxia.
Other studies using different vectors and routes of administration
also observed DRG lesions in NHPs; however, it was noted that
the lesions did not translate into sensory deficits in the animals.35,36

Dose-dependent DRG lesions have also been observed in rats and
mice.36,37 The mechanism of DRG toxicity it not well understood
at this time; however, continuing research into the nature of the
AAV-induced DRG toxicity suggests that it may be species specific38

and/or a result of high levels of transgene expression.36,38,39

Although we were unable to assess whether DRG toxicity is present
in the animals in this study, since DRGs were not collected from all
animals, a meta-analysis of all available studies in DRG pathology
found a notable absence of any clinical sequelae while using thera-
peutic transgenes.38

Future studies will investigate whether age at treatment has any effect
on clinical response. The AMD cat begins to show clinical signs of dis-
ease at 5 weeks of age; therefore, it will be of interest whether treat-
ment at earlier (pre-symptomatic) or later (post-symptomatic with
progressive disease) has significant effects on clinical outcome, with
the dose adjusted for relative brain growth at different ages. As
MANB ERT is currently available for AMD patients, it would also
be of interest whether the combination of ERT and intracisternal vec-
tor delivery would produce additional improvements of clinical
outcomes.
ular Therapy: Methods & Clinical Development Vol. 32 June 2024 5
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Figure 3. Clearance of lysosomal storage lesions in

the brain is dose dependent

Representative H&E-stained brain sections of normal,

untreated, and AAV1-fMANB-treated cats. Partial storage

reduction is seen in the 2.5� 1013 vg dose group, with the

two higher doses producing near-complete correction.

Scale bar, 100 mm.
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MATERIALS AND METHODS
Plasmid and AAV production

The gene transfer cis-plasmid containing the fMANB gene was ex-
pressed from the minimal human GUSB promoter in the pZac vector
that included an SV40 splice donor/acceptor signal and the bovine
growth hormone polyadenylation signal, as described.32,40–42 Recom-
binant AAV1 vectors were packaged by the University of Pennsylva-
nia Vector Core by triple transfection of HEK293 cells with the 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.43

To achieve precise differences in the treatment dose, the vectors from
multiple megapreps were combined and concentrated by size exclu-
sion to >1.0 � 1014 genome copies (gc)/mL, the maximum dose to
be tested. The maximum volume of vector that can be injected into
the cisterna magna of a kitten at one time is 1 mL. The pooled vector
was re-titered in triplicate independent assays. The stock was divided
into exact dilutions by volume to ensure precise increments of 10�,
5�, and 2.5� doses, and each stock was divided into individual ali-
quots of 1 mL and stored at �80�C for injection into a single animal.
This ensured that all animals within a dose received exactly the same
amount of vector and that the doses were exactly double the next-
lower dose (i.e., 2.5, 5.0, and 10.0 � 1013 vg).

Animals and vector injections

All animal care and procedures were performed in accordance with
the Institutional Animal Care and Use Committee at the University
of Pennsylvania. AMD-affected cats were produced in the breeding
colony of the University of Pennsylvania School of Veterinary Med-
6 Molecular Therapy: Methods & Clinical Development Vol. 32 June 2024
icine by carrier-to-carrier breeding. At 6 weeks
of age, cats were anesthetized with intravenous
(i.v.) propofol (up to 6 mg/kg). A catheter was
placed in the cephalic vein, and enough propo-
fol was given to allow intubation. Animals were
positioned in right-side lateral recumbency and
were anesthetized during the procedure. Using
sterile techniques, approximately 0.5 mL of
CSF was collected using a 22G needle from
the cerebellomedullary cistern. After collecting
CSF, AAV1-fMANB was injected over the
course of 1 min with a dwell time of approxi-
mately 5 s. The injected dose in cats was
2.5 � 1013 vg, 5.0 � 1013 vg, or 1.0 � 1014
vg. Heart and respiratory rates were monitored until full recovery.
All of the animals were injected at the same age, by the same staff,
and using the same procedure. The surgeon and vivarium staff were
all blind to the dose received. Animals were assessed daily by veter-
inarians or trained veterinary staff and were euthanized when they
reached the humane endpoint. Criteria for euthanasia included (1)
loss of 15% of body weight, (2) loss of responsiveness to human
interaction, and (3) significant changes in behavior or attitude rela-
tive to what is normal monthly from treatment until euthanasia by
the same blind observer who was unaware of whether cats were
treated or not. The onset and progression as well as the severity
of signs of neurologic dysfunction were identified. However, due
to the COVID-19 pandemic, it was not possible to perform neuro-
logical exams regularly; therefore, the precise age at which tremors
and ataxia developed could not be determined for all treated
animals.

MANB enzymatic activity assay

MANB enzymatic activity was measured in serum, CSF, or brain tis-
sue as described.18–20 Tissues were homogenized in saline containing
0.2% Triton X-100, and MANB activity was determined using the
substrate 4-methylumbelliferyl a-D-mannopyranoside in 0.1 M so-
dium citrate buffer (pH 4.4) at 37�C for 1 h. Protein was quantified
using bicinchoninic acid assay.

Tissue collection and preparation

Treated cats were allowed to live as long as possible and were eutha-
nized when humane endpoint criteria were reached according to the
IACUC protocol. Euthanasia was performed using an overdose of i.v.
barbiturates transcardially perfused with 0.9% cold saline. Tissues
were drop fixed in 4% paraformaldehyde for 48 h. Euthanasia allowed



Figure 4. Normalization of white matter regions is dose dependent

Representative Luxol fast blue-stained brain sections of normal, untreated, and

AAV1-fMANB-treated cats. Partial improvement of myelin intensity is seen in the

2.5 � 1013 vg dose group, with the two higher doses producing near-complete

normalization. Scale bar, 100 mm.
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these brains to be perfused with PBS and immediately transferred to
paraformaldehyde in order to preserve brain morphology.

For cryosectioning, brains were cryoprotected in 30% sucrose,
embedded in optimum cutting temperature solution (Sakura, Tor-
rance, CA, USA), and cryosectioned at 40 mm (Leica Microsystems,
Wetzlar, Germany). For histology, tissues were paraffin embedded
and stained with H&E or Luxol fast blue.

For serum collection, whole blood was allowed to clot for 30 min at
room temperature and then centrifuged at 1,000 � g for 15 min.
The supernatant was then aspirated and stored at �80�C. CSF was
collected using a 22G spinal needle from the cerebellomedullary
cistern and stored at �80�C.

Real-time PCR

Quantitative real-time PCR was used to determine the viral genome
copies present in the brain. Genomic DNA was extracted from 2–3
Molec
sections of each transverse brain block, and the vector genome copies
were quantified separately at each transverse level. Copies of fMANB
vector genome were quantified using PowerUp SYBR Green Master
Mix (Thermo Fisher, Austin, TX, USA). Triplicate samples derived
from each DNA pool were used for quantification. The fMANB
primer sequences were as follows: forward, 50-GGG AGG AGC
ATG GCT AGA CA-30; reverse, 50-AAC AAC AGA TGG CTG
GCA ACT-30.
MRI

All cats underwent MRI on a 3T Tim Trio whole-body magnetic
resonance scanner (Siemens) equipped with a single-channel
11-cm internal diameter transmit-receive birdcage coil (M2M).
The anatomical imaging protocol included a 3-plane scout localizer
to determine the orientation and position of the brain. Additionally,
axial T2-weighted images (repetition time/echo time = 2,500/
60 ms); section thickness = 2 mm; number of slices = 20; number
of excitations = 1; and axial T1-weighted images (repetition time/
echo time = 650/27 ms) were acquired. Physiological monitoring,
including pulse oximetry and vital signs (oxygen saturation and
heart rate), was recorded before and during the entire scanning
period.
Proton MRS imaging

Single-slice 2D multivoxel proton MRS imaging (1H-MRS) was
performed using a spin echo (point-resolved spectroscopy)
sequence with water suppression using a chemical shift selective
saturation sequence. Sequence parameters included repetition
time/echo time (2,500/30 ms), number of excitations (16), field
of view (55 � 55 mm2), slice thickness (7 mm), bandwidth
(1,500 Hz), and matrix size (16 � 16). The typical voxel size
was 3.4 � 3.4 � 7 mm3. The volume of interest was selected to
include the different cortical and thalamic regions, avoiding the
scalp. Four outer volume saturation slabs (30 mm thick) were
placed outside the volume of interest to suppress Lip signals
from the scalp. The dataset was acquired using elliptical k-space
sampling with weighted phase encoding to reduce the acquisition
time. Acquisition time for the 1H-MRS sequence was 6:22 min.
Manual shimming was performed to achieve an optimal value of
full width half-maximum of the water signal. In general, a shim-
ming of 520 Hz was achieved on the magnitude signal of the water
resonance. Water unsuppressed 1H-MRS spectra were also ac-
quired to use the water signal for computing relative metabolite
ratios.
DTI

DTI data were acquired using 30 non-collinear/non-coplanar direc-
tions with a single-shot spin echo, echo-planar readout sequence.
The sequence parameters were as follows: repetition time/echo
time = 3,000/75 ms; number of excitations = 8; field of view =
80 � 80 mm2; matrix size = 64 � 64; in-plane resolution =
1.25 � 1.25 mm2; slice thickness = 2 mm; b = 0, 1,000 s/mm2; and
number of slices = 20, covering the whole brain.
ular Therapy: Methods & Clinical Development Vol. 32 June 2024 7
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Table 3. MR spectroscopy and DTI from AAV CSF-treated cats at 3 doses

Genotype Vector Titer n

MRS
Ms/H2O ratio (�10�3) DTI FA

Cerebral cortex Thalamus External capsule Internal capsule Corpus callosum

Normal none N/A 3 0.14 (0.06) 0.13 (0.05) 0.66 (0.05) 0.68 (0.05) 0.29 (0.04)

AMD none N/A 5 1.96 (0.30) 2.11 (0.31) 0.44 (0.02) 0.46 (0.07) 0.22 (0.02)

AMD
treated

AAV1- fMANB 2.5 � 10e13 3 1.68 (0.11) 1.69 (0.09) 0.51* (0.04) 0.46 (0.06) 0.25 (0.02)

AMD
treated

AAV1- fMANB 5.0 � 10e13 3 0.20**** (0.04) 0.17**** (0.02) 0.57*** (0.02) 0.58* (0.06) 0.27* (0.02)

AMD
treated

AAV1- fMANB 1.0 � 10e14 5 0.18**** (0.03) 0.17**** (0.02) 0.52** (0.03) 0.55* (0.03) 0.27** (0.01)

MRS is expressed as ratios of areas under the curve (integration) of metabolites to water for the mannose-rich (ms) oligosaccharide peaks (±SD) as shown inMagnitsky et al.25 The DTI
measure used is FA (±SD), as shown in Kumar et al.24 *p % 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Treated cats were compared to untreated AMD cats using a t test.
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Data analysis

The 1H-MRS data were processed offline on a Leonardo workstation
using the Syngo software (Siemens). For each spectrum, the acquired
1H-MRS signal (free induction decay) was zero filled (2,048 data-
points), smoothed (Hanning filter; width, 200 ms), and Fourier trans-
formed. This was followed by phase (zero- and first-order polyno-
mial) and baseline correction for optimal linear frequency
dependence. Peak areas of oligosaccharide (3.4–3.9 ppm) and unsup-
pressed water (4.8 ppm) resonances were determined from each voxel
encompassing the bilateral cortical and thalamic regions. The fitting
of the individual peak can be optimized by adjusting the chemical
shift, amplitude, and line width interactively. Peak areas of oligosac-
charide were normalized with respect to the unsuppressed water
signal for each voxel. The metabolite ratios for oligosaccharide/water
from 5 to 10 voxels that encompassed the cortex and four to six voxels
that encompassed the thalamus were computed. The mean and SD
values of metabolite ratios of oligosaccharide/water were reported
from each region.

DTI data were processed and analyzed using DTI studio software
(Johns Hopkins School of Medicine; www.mristudio.org). Pixel-
wise fractional anisotropy (FA) maps were computed. FA
color maps were used to draw the regions of interest from
white matter regions (corpus callosum, external and internal
capsule). These regions of interest were translated on FA maps
to compute FA values, since FA was the only in vivo DTI param-
eter at 3 T that statistically distinguished normal from untreated
AMD brains.24

Statistical analysis

Unpaired two-tailed Student’s t test and one-way ANOVA with Bon-
ferroni post-test were used, where applicable, to determine mean dif-
ferences between groups. Data are reported as means ± SEM unless
otherwise stated. For the imaging studies, the 1H-MRS data metabo-
lite ratios of oligosaccharide/water from cortical and thalamic regions
were compared across different groups of animals (normal, untreated
AMD, 2.5 � 1013 vg treatment, 5.0 � 1013 vg treatment, and
1.0 � 1014 vg treatment) by one-way ANOVA with a post hoc Bon-
8 Molecular Therapy: Methods & Clinical Development Vol. 32 June 202
ferroni test. Similarly, FA values as obtained from DTI data from the
corpus callosum, external capsule, and internal capsule were
compared across different groups of animals. All data analyses were
performed using a statistical tool (SPSS for Windows, v.18.0; SPSS,
Chicago, IL, USA).
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