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Intrathecal delivery of a bicistronic AAV9 vector
expressing b-hexosaminidase A corrects Sandhoff
disease in a murine model: A dosage study
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The pathological accumulation of GM2 ganglioside associated
with Tay-Sachs disease (TSD) and Sandhoff disease (SD) occurs
in individuals who possess mutant forms of the heterodimer
b-hexosaminidase A (Hex A) because of mutation of the
HEXA and HEXB genes, respectively. With a lack of approved
therapies, patients experience rapid neurological decline result-
ing in early death. A novel bicistronic vector carrying both
HEXA and HEXB previously demonstrated promising results
in mouse models of SD following neonatal intravenous
administration, including significant reduction in GM2 accu-
mulation, increased levels of Hex A, and a 2-fold extension of
survival. The aim of the present study was to identify an
optimal dose of the bicistronic vector in 6-week-old SD mice
by an intrathecal route of administration along with transient
immunosuppression, to inform possible clinical translation.
Three doses of the bicistronic vector were tested: 2.5e11,
1.25e11, and 0.625e11 vector genomes per mouse. The highest
dose provided the greatest increase in biochemical and behav-
ioral parameters, such that treated mice lived to a median age
of 56 weeks (>3 times the lifespan of the SD controls). These re-
sults have direct implications in deciding a human equivalent
dose for TSD/SD and have informed the approval of a clinical
trial application (NCT04798235).
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INTRODUCTION
GM2 gangliosidosis is a family of lysosomal storage disorders (LSDs)
that manifest as a result of deficient levels of functional b-hexosamin-
idase A (Hex A), a heterodimer composed of a- and b-subunits. This
group of diseases consists of three fatal monogenic disorders, each
affecting a component of the Hex A/GM2 activator protein
(GM2AP) complex: Tay-Sachs disease (TSD) (HEXA gene, a-sub-
unit), Sandhoff disease (SD) (HEXB gene, b-subunit), and GM2AP
deficiency (GM2A gene, GM2AP). Normally, the enzyme complex
works together to hydrolyze the terminal N-acetyl-galactosamine
(GalNac) residue from GM2 ganglioside (GM2) in the lysosome of
the neuron.However, if any of the previouslymentioned genes possess
disease-causing mutations, GM2 accumulates to pathological levels,
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especially within the CNS. This pathology presents in patients as rapid
neurological decline culminating in death by age 4 in its most severe
phenotype.1

As of 2023, there have been no approved therapies to slow or stop the
progression of GM2 gangliosidosis. Although therapies such as sub-
strate reduction therapy (miglustat),2,3 pharmacological chaperone
(pyrimethamine),4,5 and enzyme replacement therapy6,7 have all
demonstrated preclinical efficacy in animal models of GM2 ganglio-
sidosis, these therapies fell short of clinical efficacy endpoint targets
and provided limited patient benefit.8–14

Gene therapy (GT) is a strong therapeutic candidate for GM2 ganglio-
sidosis patients.15–23 In this technique, functionalHEXA and/orHEXB
genes are packaged into a viral vector and strategically delivered to the
patient for restoration of Hex A activity. Preclinical studies have
demonstrated adeno-associated virus (AAV) vectors as an optimal
choice for GM2 gangliosidosis because of their low immunogenicity
and high levels of transgene expression within brain tissue.24 In
2006, Cachón-González et al.16 intracranially co-administered separate
AAV2-HEXA and AAV2-HEXB vectors to SD mice. As a result, SD
mice were seen to have widespread vector distribution, a significant
increase in Hex A activity, and reduced GM2 accumulation within
the CNS. In addition, two clinical trials are currently investigating
GT for GM2 gangliosidosis, both of which use AAV vectors
(NCT04798235, NCT04669535). One clinical trial (NCT04669535)
adopted to co-administer 1:1 separate AAVrh8-HEXA and AAVrh8-
HEXB vectors via bilateral thalamic intraparenchymal injection and
intrathecal (I.T.) infusion. This technique was seen to have some clin-
ical benefit when administered to two infantile TSD patients.25

Although co-administration has proved effective in preclinical
studies,16,17 this technique is limited by the need for stoichiometric
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A B Figure 1. Kaplan-Meier survival curve of experimental

doses

(A) Survival of long-term mice. Refer to the legend on the

right for cohort representation. See Table S3 for study

outline and details. All experimental mice were euthanized

when they met the criteria for their humane endpoint (see

materials and methods). Heterozygotes had a planned

takedown at about 80 weeks of age. All statistics were

determined on the basis of a log rank (Mantel-Cox) test. p

values are as follows: low dose (LD; 0.625e11 vg/mouse)

versus vehicle controls, **p = 0.0085; medium dose (MD;

1.25e11 vg/mouse) versus vehicle controls, ***p =

0.0006; high dose (HD; 2.5e11 vg/mouse) versus vehicle

controls, ****p < 0.0001; and heterozygotes versus vehicle

controls, ***p = 0.0006. (B) Outline of survival comparison

between doses. Statistics were based on a log rank

(Mantel-Cox) test.
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co-infection of both HEXA and HEXB vectors for equal a- and b-sub-
unit production and dimerization within the same cell.15,20,26 There-
fore, several bicistronic vectors carrying both HEXA andHEXB within
the same cassette have been developed, mitigating the issue of co-
infection.15,20,23

Previously, our lab performed a proof-of-concept study for our
ssAAV9-HEXBP2A-HEXA bicistronic vector that demonstrated
that intravenous (i.v.) administration to neonatal SD mice resulted
in extension of lifespan by 60 days, improved behavioral perfor-
mance, and significantly decreased GM2 accumulation compared
with SD controls.23 However, mice have been reported to possess
an immature blood-brain barrier (BBB) at this age and thus may
not faithfully model the human condition.27,28 As well, i.v. injections
require doses of up to 10 times that of a more CNS-directed admin-
istration such as injection into the cerebrospinal fluid (CSF).29 Conse-
quently, i.v. administration may also produce a higher immune
response and limited CNS transduction.30–32

The aim of the present study was to provide further refinement of the
method of administration of our bicistronic vector to inform the po-
tential of translation to human clinical trials. Here, we have provided
a proof-of-principle dose assessment and study of an I.T. route of
administration via lumbar puncture (LP) for the bicistronic vector.
LP represents a more localized, less invasive, and more translatable
method of delivery for human patients. The bicistronic vector was
tested at three different doses: a low dose (LD; 0.625e11 vg/mouse),
a medium dose (MD; 1.25e11 vg/mouse), and a high dose (HD;
2.5e11 vg/mouse). Mice received immunosuppression beginning at
5 weeks of age (see immunosuppression timeline in materials and
methods). The bicistronic vector demonstrated a dose-response trend
in most of the study parameters, with the HD providing the greatest
therapeutic benefit to SD mice. The results of this study have not only
confirmed the in vivo efficacy of the bicistronic vector but also pro-
vided insight for the choice of human equivalent doses for a subse-
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quent phase I/II clinical trial using this bicistronic vector, which is
currently under way (NCT04798235).

RESULTS
Survival

The Kaplan-Meier survival curve of the experimental dose SD mice
can be seen in Figure 1. The lifespan of all bicistronic vector-treated
mice (LD, MD, and HD) was significantly increased compared with
the Hexb knockout (KO) vehicle controls after a log rank (Mantel-
Cox) statistical test. The survival curve illustrated a dose-response ef-
fect whereby the HD of the vector increased survival the most, fol-
lowed by theMDandLD.TheHDmice illustrated themost significant
increase in survival compared with the vehicle controls, with median
survival of 55.71 weeks and a range of 41.86–66.57 weeks of age. The
vehicle-treatedmice hadmedian survival of 16.57weeks and a range of
15–16 weeks. The MD also exhibited a significant increase in survival
compared with the vehicle controls, with median survival of
39.65 weeks and a range of 18.86–42.86 weeks. The LD significantly
increased the survival compared with the vehicle controls, with me-
dian survival of 24.29 weeks and a range of 16–28.43 weeks.

Behavioral outcomes

Rotarod: Motor coordination

The motor coordination of the experimental mice was tested over
their respective lifespans using an accelerating rotarod (RR) protocol.
However, as the vehicle-treated mice were humanely euthanized at
16 weeks, statistics could be reported only up until the 14 week behav-
ioral time point. As seen in Table 1, statistics that were observed to be
significant (p < 0.05) were reported; all dosage groups were compared
against both the vehicle-treated mice and heterozygotes, as well as
against every other dosage group.

As seen in Figure 2, the speed (end rotations per minute [RPM]),
duration (latency to fall), and distance traveled during each trial
was recorded and analyzed. Generally, within the treatment cohorts,
024



Table 1. Statistical summary of rotarod results until 14 weeks of age

RR: end RPM Time point (weeks of age)

Significance

8 10 12 14

n.s. n.s.
Het vs. Veh:
****p < 0.0001

Het vs. Veh: ****p < 0.0001

Het vs. MD: ***p = 0.0005

HD vs. Veh: *p = 0.0461

RR: LTF Time point (weeks of age)

Significance

8 10 12 14

n.s. n.s.
Het vs. Veh:
****p < 0.0007

Het vs. Veh: ****p < 0.0001

Het vs. MD: ***p = 0.0008

RR: DT Time point (weeks of age)

Significance

8 10 12 14

n.s. n.s.
Het vs. Veh:
***p < 0.0009

Het vs. Veh: ***p < 0.0003

Het vs. MD: ***p = 0.0003

This table corresponds to the RR graphs seen in Figure 2 and summarizes the statistical
significance at each behavioral time point until 14 weeks of age (the vehicle controls
were humanely euthanized prior to their 16 week time point). A mixed-effects model
of repeated-measures 2-way ANOVA with Tukey’s multiple comparisons was used to
test for statistical significance. The p values are recorded for time points and compari-
sons that were significant (p < 0.05). RR, rotarod; RPM, rotations per minute; LTF, la-
tency to fall; DT, distance traveled, n.s., not significant; Het, heterozygote/vehicle cohort;
Veh, Hexb knockout/vehicle control cohort; HD, Hexb knockout/high-dose vector-
treated cohort; MD, Hexb knockout/medium-dose vector-treated cohort; LD, Hexb
knockout/low-dose vector-treated cohort.
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the HD mice illustrated the greatest ability on this task over the
longest period of time, with their peak performance occurring at
approximately 20 weeks of age. The HD mice significantly outper-
formed the vehicle mice at 14 weeks of age, as seen in Figure 2 and
Table 1. Interestingly, the LD mice outperformed the MD mice
from 10 to 14 weeks, likely because of cohort variability, but had a
large reduction in speed around 16 weeks of age, matching symptom
progression for this cohort (Table S1). Similar trends were paralleled
in the other parameters, as seen in Figure 2.

Open field test: General locomotion

Wealso tested the general locomotion of themicewith an openfield test
(OFT). However, the mixed-effects model of repeated-measures 2-way
ANOVA with Tukey’s multiple comparisons revealed that none of the
OFT parameters up until 14 weeks of age illustrated any significance
(Figure S1). However, we should note that the treated cohorts were still
able to perform the task after all the vehicle-injected mice had died. As
well, therewas no significant differences seenbetween the heterozygotes
and any of the dosage mice up until 14 weeks of age.
Biochemical outcomes

Ganglioside accumulation

GM2 ganglioside storage within the middle section of the brain (MB)
(see materials and methods and Figure S2 for brain-sectioning proto-
col) was analyzed for all experimental mice. In brief, the GM2 concen-
tration was visualized on a thin-layer chromatography (TLC) plate,
measured using densitometry, and compared against the internal
control GD1a ganglioside. The ratio of GM2 to GD1a for both
Molecu
short-term (ST) and long-term (LT) mice can be seen in Figure 3.
A dose-response effect may have occurred for the ST mice, as the
HD mice had significantly less GM2 accumulation compared with
not only the vehicle controls but also the LD group. The LD group
illustrated similar levels of GM2 accumulation as the vehicle controls.

A dose-response effect was not observed in the LT mice, for which
GM2 gangliosides were measured when they met euthanasia criteria
regardless of age. For the LT mice, the LD had significantly higher
GM2 accumulation than the heterozygote positive controls. However,
no other significance was seen in the LT cohorts. The HD mice had
more GM2 accumulation than theMDmice, although not significant.
However, there was greater variability among individuals in the HD
cohort, with a coefficient of variance of approximately 0.8. After com-
parison, the LT mice demonstrated greater GM2 accumulation than
the ST mice with the exception of the LT vehicle-injected KO group.
Considering that the ST time point of 16 weeks of age was similar to
the median survival of the LT vehicle-injected KO mice, these 2
groups showed similar GM2 accumulation.

Hexosaminidase A activity

Hex A activity of all cohorts was measured within the brain, liver, and
serum using a fluorescent assay, as previously described.33,34 Here, the
ability of the vector to produce correctly folded and functional Hex A
in a dose-dependent manner was tested. As shown in Figures 4A and
4B, the MB did not demonstrate a significant increase in Hex A activ-
ity with vector treatment. As well, a dose-response pattern was not
observed in the STmice but was in the LTmice, although it was insig-
nificant. An additional Hex A activity assay was run in the caudal sec-
tion of the brain (CB) of the ST mice for confirmation of these results,
seen in Figure 4C. It was found that a dose-response pattern may have
occurred in these samples and therefore may demonstrate biological
variance between areas of the brain and individual subjects.

The liver (Figures 4D and 4E) exhibited similar levels of Hex A activ-
ity as the brain. At 16 weeks of age, the liver may have demonstrated a
dose-response effect, where the HD illustrated significantly greater
Hex A activity than the vehicle controls. The LT liver Hex A activity
did not exhibit a dose-response trend and the vector-treated groups
had similar levels of Hex A activity at their respective endpoints.

Hex A activity was alsomeasured within the serum of all experimental
mice across their lifespan. Blood collections were taken prior to injec-
tions at 5 weeks of age, which acted as a baseline Hex A activity for
comparison. The highest Hex A activity was seen for most groups
at 12 weeks of age, 6 weeks after vector delivery. Two statistical ana-
lyses were performed on this set of data: comparison of groups within
each time point (Table 2) and comparison of each group between time
points relative to baseline (Table 3). These comparisons were made up
until 16 weeks of age, when the vehicle controls reached their humane
endpoint.

As seen in Table 2, at baseline, the heterozygotes had significantly
higher Hex A activity than all Hexb KO groups. At 8 weeks of age
lar Therapy: Methods & Clinical Development Vol. 32 March 2024 3

http://www.moleculartherapy.org


Figure 2. Motor coordination tested via rotarod

across lifespan of mice

Rotarod (RR) testing was performed bi-weekly from 8 to

20 weeks of age and monthly from 24 to 52 weeks of age.

See the legend at the top right for cohort representation.

Each RR trial was performed in triplicate by each mouse.

The statistical significance for each RR parameter up until

14 weeks is reported in Table 1. (A) RR parameter: end

rotations per minute (RPM). The average speed of travel of

experimental mice at the end of the RR trial at each time

point across the study. (B) RR parameter: latency to fall

(LTF). The average length of time which the experimental

mice remain on the RR at each time point across the study.

(C) RR parameter: distance traveled. The average distance

the experimental mice traveled on the RR at each time

point.
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(2 weeks after vector injection), the heterozygotes had significantly
higher Hex A activity than all groups except the HD treated mice.
As well the HD mice had significantly higher activity than the vehicle
group. At 12 weeks, peak Hex A activity was observed for almost all
groups except the MD, who seemed to have highest activity at
28 weeks of age. All vector-treated groups had significantly higher
Hex A activity compared with the vehicle controls. Lastly, at 16 weeks
of age, the HD and LD group were seen to have significantly higher
Hex A levels than the vehicle controls. As seen in Table 3, the greatest
increase in Hex A activity from baseline was seen at 16 weeks of age.
This increase was significant for the HD group and less so for the LD
group, but not for the MD group.

Biodistribution of vector

The vector copy number in the gross organs and CNS of the experi-
mental mice was assessed using qPCR with HEXA (bicistronic vector
copy number) and LaminB2 (regulatory gene, mouse genome copy
number) primers. As seen in Figure 5A, the highest amount of vector
4 Molecular Therapy: Methods & Clinical Development Vol. 32 March 2024
was found within the kidney, spleen, and sections
of the brain at 16 weeks. It was evident that a
dose-response effect may have been observed
throughout all ST tissues, where the HD provided
the greatest vector copy number in all analyzed
tissues except the MB. In the kidney, the HD
had significantly higher vector copy numbers
than the MD and LD. No other significant differ-
ences were found between doses in the remaining
tissues.

The LT tissues were collected at each subject’s in-
dividual humane endpoint and thus differ from
the ST biodistribution by lack of a fixed endpoint.
Thus a dose-response pattern was not necessarily
expected, but it was observed throughout some
tissues (Figure 5B). The liver had the greatest vec-
tor copy number in all of the LT tissues, with the
CNS also exhibiting higher vector copy numbers.
In the liver, the HD mice had significantly greater vector copy
numbers than the MD and LD mice. However, no other significant
differences among doses were seen in the LT tissues. The other gross
organs (i.e., heart, lung, spleen, kidney, gonad, and arm muscle) had
minimal vector present at the humane endpoint of the LT mice. In
contrast, the CNS maintained vector until the humane endpoint, as
it had very similar values to its ST counterparts. For all other LT or-
gans, there was a clear decrease in vector copy number compared with
the 16 week endpoint.

DISCUSSION
Although our initial publication described the efficacy of the ssAAV9-
HEXBP2A-HEXA GT after i.v. administration of a single dose in
neonatal mice, the present study greatly expands and informs the
use of this vector by evaluation of escalating doses given by a different
route, i.t., into 6-week-old SDmice. For most biochemical and pheno-
typic parameters, a dose-response relationship was observed. This ef-
fect was especially evident in the survival extension of the SD mice



Figure 3. GM2 accumulation in the middle section of

the brain

GM2 ganglioside was visualized and measured using

densitometry against the internal control GD1a ganglioside

in the middle section of the brain (MB). Statistical signifi-

cance was tested using a 1-way ANOVA, with Tukey’s

multiple comparisons. (A) MB GM2 storage for the short-

term mice sacrificed at 16 weeks of age. The HD had

significantly less GM2 accumulation than the LD and the

vehicle controls (****p < 0.0001 for both). As well, the

heterozygotes had zero GM2 accumulation, which was

highly significant in comparison with all experimental

groups (****p < 0.0001). (B) MB GM2 storage of the long-

term mice (euthanized at humane endpoint). The LD had

significantly greater GM2 storage than the heterozygotes

(*p < 0.0001).
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(Figure 1); the LD increased survival by 1.5-fold, the MD by 2.4-fold,
and the HD by 3.4-fold relative to the untreated vehicle controls. Of
the three tested doses, the HD (2.5e11 vg/mouse) provided the great-
est increase in Hex A activity, the most significant decrease in GM2
accumulation, and the largest improvements in functional benefits
(i.e., extended survival and increased motor coordination). Typically,
SD mice exhibit symptoms (e.g., shakiness, stiffening of body, poor
locomotion, decreased body weight) at about 12–14 weeks of
age21,35,36 and drastically decline toward death at about 16 weeks of
age, as seen with our vehicle controls. However, the HD delayed dis-
ease progression enough to allow mice to perform at similar levels to
the heterozygotes during behavioral testing up until approximately
32 weeks of age, as seen in Figure 2. Additionally, a qualitative analysis
of the LT mice (Table S1) revealed that the HD mice had a greater
elapsed time between symptom onset and humane endpoints than
both the MD and LD mice.

The HD of this study was chosen as a sub-maximum feasible dose for
human translation.37–40 The definition of 2.5e11 vg in a mouse by I.T.
injection assumes the following: 1e14–5e14 vg/mL approaches the
maximum concentration of AAV9 without risk for aggregation in
this buffer formulation. If a standard I.T. injection volume of
10 mL is used and the maximal concentration of AAV9 is 5e14 vg/
mL, this sets a maximum feasible human dose at 5e15 vg/patient.
Mice have a CSF volume of approximately 0.035 mL, while humans
have a CSF volume of approximately 140 mL, creating a 4,000-fold
dosing extrapolation factor betweenmice and humans. With these as-
sumptions, we extrapolate that a 1e15 vg human I.T. dose roughly
equates to a 4,000-fold lower mouse dose of 2.5e11 vg, our study’s
chosen HD. Significant therapeutic benefit was seen with the HD in
this study, although even at this dose it did not illustrate maximal ef-
ficacy (measured response plateaus). Thus, future studies should
investigate an earlier treatment or a higher dose, which would be ex-
pected to increase the therapeutic benefit.

Not all LT mice exhibited a severe motor phenotype (i.e., ataxia, mus-
cle weakness, and stiffness) but they did lose >15% of their body
weight (Figure S3; Table S2). As seen in the LT data (Figure 3), toxic
GM2 accumulation within non-transduced cells leading to cell death
Molecu
may be one explanation for early euthanasia in treated SD mice,
compared with controls. Buildup of GM2 in the MB was greater for
the LT mice compared with ST; however, more variability existed
among individual LT mice than the ST mice. As the LT mice were as-
sessed at their respective humane endpoints, it is not surprising that
GM2 accumulated similar to the vehicle controls. It seems that treat-
ment rescue may have been incomplete in these cases, leading to or-
gan damage and necrosis which ultimately affected both treated and
untreated cells. Thus, a higher dose or an earlier treatment may in-
crease survival of SDmice to reach that of the heterozygote mice. Vec-
tor biodistribution was much higher at 16 weeks than at respective
humane endpoints, except for the liver and CNS, which seemed to
maintain high levels of vector copy numbers. It may be possible
that the immune tolerance induced by rapamycin and prednisone
treatment diminished over time (mice stopped receiving immuno-
suppression at 25 weeks of age), thus leading to immune-mediated
destruction of Hex A-expressing cells.41 However, analysis of the
serum time course (Figure 4F) and behavioral testing (Figure 2) after
25 weeks of age does not indicate any drop in performance or Hex A
activity levels. It is also possible that mere age had a role in symptom
progression and weight loss. It is well known that older neurons
accumulate impaired proteins and damaged mitochondria as a result
of oxidative stress over time.42 Perhaps as our mice aged, a reduction
in neuronal tolerance of toxic pathology, such as an increased
GM2 load, occurred, thus increasing their vulnerability to
neurodegeneration.43

Only 2 of 35 treated Hexb KO mice presented with anomalies (i.e.,
enlarged spleen and calcified tissue on heart) at necropsy, both of
which survived to 55 and 61 weeks of age. Five of 6 of the LT untreated
heterozygotes (sacrificed at approximately 80 weeks of age) presented
with enlargement of the spleen, liver, uterine horns, and thyroid.
Thus, it seems likely that these sporadic anomalies are due to mouse
aging rather than being treatment related. Prior studies have also
shown the C57/Bl6 strain of mice to be prone to hematopoietic
neoplasia with age.44 However, it is important to note that no liver
nodules were found in the treatedHexbmice, as observed in previous
i.v. neonatal studies.36 However, it is important to note that neonatal
liver integration events affecting the Rian locus leading to
lar Therapy: Methods & Clinical Development Vol. 32 March 2024 5
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Figure 4. Summary of hexosaminidase A activity within the brain, liver, and serum

Note the logarithmic y axis scale for all graphs. All graphs illustrate the mean hexosaminidase A (Hex A) activity of each subject with SD. (A) Hex A activity within the middle

section of the brain (MB) at 16 weeks of age (short-term). Hex A activity was measured by the amount of fluorescent product (4MU) produced within an hour (nM/mg protein/

hour) (****p < 0.0001). (B) Hex A activity within the MB at respective long-term humane endpoints (****p < 0.0001). (C) Hex A activity within the caudal section of the brain (CB)

at 16weeks of age. The statistical summary includesHets vs. HD, **p = 0.0014; Hets vs. MD, **p = 0.0012; Hets vs. LD, **p = 0.0011; and Hets vs. Veh, ***p = 0.0009. (D) Hex

(legend continued on next page)
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hepatocellular carcinoma were the most likely cause of the liver nod-
ules seen by Walia et al.36,45,46 This phenomenon has not been
observed with adult murine injections of AAV vectors.47,48 Overall,
there was no clear evidence of any treatment-related adverse effects
in our study.

Previously, our lab performed a proof-of-concept study with a LD
(2.04e10 vg/mouse) of the ssAAV9-HEXBP2A-HEXA bicistronic vec-
tor administered i.v. in neonatal SD mice.23 Survival of these mice
reached 26.57 weeks of age, which falls within the LD survival range
in this study. As well, GM2 accumulation of both LDs was compara-
ble. As of this writing, Woodley et al.23 is the only comparable in vivo
bicistronic study. Ornaghi et al.20 showed promise with a lentiviral-
based HEXA/HEXB bicistronic vector in SD fibroblasts. As well,
another HEXA/HEXB bicistronic vector strategy has been tested in
WT Wistar rats, which demonstrated significant increases in Hex A
plasma levels with i.v. administration.49 However, the efficacy of
this vector has yet to be reported in SD models.

It is also important to compare our data with an alternative GT option
for SD, which uses a self-complementary vector carrying HEXM,
originally developed by Tropak et al.22 in 2016. The HEXM vector
was tested by our lab, where it was found that i.v. injection of neonatal
SD mice increased survival from 15 weeks to a median of 40 weeks of
age.21 Interestingly, an i.v. dose of 5e10 vg/mouse increased Hex A
levels and significantly decreased GM2 storage in the MB, the same
as in the present study and similar to our previous studies.21,23,50

Later, a dosage study was performed for the HEXM vector, where
an LD (2.5e12 vg/mouse) and an HD (1e13 vg/mouse) were investi-
gated.50 Here, the median survival of the HEXM vector HD mice
reached 56.7 weeks of age, thus proving its silmilar efficacy to the
HD in the present study. However, 8 of 14 mice died within one
month of administration of the HD of the HEXM vector, suggesting
possible dose-related toxicity. Although the HDs in both our study
and the HEXM study were able to extend survival approximately
3-fold that of the vehicle controls, the i.v. dose was 10 times higher
than that of the I.T. dose used in our present study. Ultimately, it is
difficult to directly compare these studies, as the bicistronic and
HEXM vectors were different, and the routes of administration
were different, but a lower total body dose of AAV is more desirable
for a similar efficacy.

This study was not without limitations. We used a fixed dose, such
that all mice, whether 15 or 21 g, received the same dose (e.g., all
HD mice received 2.5e11 vg). This factor alone could account for
some variability in all measured parameters, as could variability in
the injections themselves, considering the technical challenge in per-
forming lumbar I.T. injections in mice. Immunosuppression was per-
A activity in the liver at 16 weeks of age. The statistical summary includes Het vs. HD, ***p

A activity in the liver at respective long-term humane endpoints (****p < 0.0001). (F) Hex

wasmeasured by the amount of fluorescent product (4MU) produced per microliter of ser

the SD. Hex A activity wasmeasured up until there was aminimum of n = 3 for each coho

(2) a between-time-point comparison. A statistical summary for Figure 4F can be seen
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formed via oral gavage on a daily basis until mice were 25 weeks of
age. Previous studies have reported this technique to increase overall
stress on mice, which could have had an impact on the study.51–53 As
well, this study could have benefited from immunological assays to
check the immune response to the bicistronic vector at differing doses
as a safety measure, but those measures are beyond the scope of this
study. It is also worth mentioning that rapamycin and prednisone
have been implicated in the pathology of LSDs previously and as
such may have influenced study parameters. For example, rapamycin
has been reported to increase autophagy within the cell, which may
have increased clearance of the GM2 load and possibly affected the
survival of our study animals.54,55 Additionally, histological analysis
was not performed in this study as it will be evaluated in a toxicology
study and is beyond the scope of this study. Lastly, although GT
studies typically use an empty AAV or AAV containing b-galactosi-
dase (b-gal) cDNA as their vehicle control solution, we used a vehicle
solution similar to those used in previous studies.56,57

Here we have confirmed the LT efficacy of the ssAAV9-HEXBP2A-
HEXA vector for the treatment of GM2 gangliosidosis, as well as guided
the choice of dose and route of administration for our human clinical
trial, which was approved by Health Canada in 2020 (NCT04798235).
The I.T. HD (2.5e11 vg/mouse; human equivalent dose of 1e15 vg) pro-
vided significant survival, behavioral, and biochemical benefit to the SD
mice. However, earlier intervention or a higher dose should be investi-
gated, as it was apparent that maximal efficacy was likely not achieved
when treating mice at 6 weeks of age, even with our HD. In addition,
it is possible that a combination administration (i.e., i.v. and I.T.) could
allow further survival benefit than either alone and thuswarrants inves-
tigation. These results can be extrapolated to TSD patients as well
considering both HEXA and HEXB were delivered.

MATERIALS AND METHODS
Animal model and experimental design

The SD mouse model (C57BL/6:C129, Hexb�/�) was obtained from
the Jackson Laboratory, and colonies were further established
through breeding at Queen’s University Botterell Hall. The SD mouse
model was created by inserting a neomycin cassette into exon 13 of
the Hexb gene, resulting in production of non-functional Hex A
b-subunits, a severe motor phenotype, and death by 14–16 weeks of
age.21,35,36,58 Experimental animals were obtained with KO:KO
(Hexb�/�:Hexb�/�) and KO:heterozygote (Hexb�/�:Hexb+/�)
crosses, and at 5 weeks of age, mice were randomly assigned to co-
horts. All mice, including heterozygotes (n = 12), vector-treated
Hexb KO mice (n = 40), and vehicle-treated Hexb KO mice (n =
12), were subject to a 12 h light cycle from 7 a.m. to 7 p.m., in a
climate-controlled room. Each cohort was filled on the basis of mouse
availability and was not evenly split into females andmales. A detailed
= 0.0009; Het vs. MD/LD/Veh, ****p < 0.0001; and HD vs. Veh, *p = 0.0403. (E) Hex

A activity in serum across lifespan. See the legend at the bottom right. Hex A activity

um in an hour. Each point represents themean activity, and the errors bars represent

rt. Two analyses were run on the serum data: (1) a within-time-point comparison and

in Tables 2 and 3.
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Table 2. Significance summary of hexosaminidase A activity for serum time course: within-time-point comparison

Time point (weeks of age)

Statistical significance

5 (Baseline) 8 (2 weeks post-injection) 12 (Peak serum Hex A activity) 16 (Short-term endpoint)

Het vs HD, *p = 0.0196
Het vs MD, *p = 0.0256
Het vs LD, *p = 0.0238
Het vs Veh, *p = 0.0184

Het vs HD, n.s.
Het vs MD, *p = 0.0144
Het vs LD, *p = 0.0116
Het vs Veh, **p = 0.0026
HD vs Veh, *p = 0.03778

Het vs HD, **p = 0.0095
Het vs MD, **p = 0.0035
Het vs LD, **p = 0.0024
Het vs Veh, **p=0.0013
HD vs Veh, *p = 0.0112
MD vs Veh, *p = 0.0207
LD vs Veh, *p = 0.0457

Het vs all, ****p < 0.0001
HD vs Veh, *p = 0.0150
LD vs Veh, *p = 0.0101

This table corresponds to Figure 4F. The statistical significance of Hex A activity for all cohorts was tested using a mixed-effects model of 2-way ANOVA with Tukey’s multiple com-
parisons. The treatment groups were compared against each other within each time point until 16 weeks of age (vehicle controls were euthanized at this time point). Hex A, hexos-
aminidase A; Het, heterozygote/vehicle cohort; Veh, Hexb knockout/vehicle control cohort; HD, Hexb knockout/high-dose vector-treated cohort; MD, Hexb knockout/medium-dose
vector-treated cohort; LD, Hexb knockout/low-dose vector-treated cohort.
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study and cohort outline can be seen in Table S3 and the outcome
measures in Table S4. All experimental protocols and procedures
were approved by Queen’s University Animal Care Committee and
run in accordance with the Canadian Council on Animal Care.

Immunosuppression via oral gavage

Oral gavage of prednisone (catalog #P6254; Sigma-Aldrich) and rapa-
mycin (catalog #R-5000; LC Laboratories) was performed throughout
the study in the attempt to reduce the immune response by creating
immune tolerance to the vector.41 Immunosuppression began at
5 weeks of age and was carried out for 20 weeks, and mice received
100 mL each day. Rapamycin was administered via oral gavage at a
loading dose of 3 mg/kg on the first day of gavage and continued at
a dose of 1 mg/kg. Rapamycin was not tapered. Prednisone was
administered at a dose of 0.24 mg/kg/day for 10 weeks, and tapered
for 5 weeks, during which the dose was reduced by 0.04 mg/kg/week.

Plasmid and vector preparations

Heterozygous (Hexb+/�) and KO (Hexb�/�) SD mice were used as
control and experimental animals. Heterozygotes received 10 mL
TMN200P vehicle (lot #082718EW-01), while experimental SD
mice received varying doses of the bicistronic vector, along with
10 mL of the vehicle for the last KO cohort. The bicistronic hB2A
plasmid and vector were constructed as previously described.23 The
Table 3. Significance summary of hexosaminidase A activity for serum time

course: between-time-point comparison

Dose

Time point comparison (weeks)

5 vs. 8 5 vs. 12 5 vs. 16

HD *p = 0.0176 *p = 0.0325 **p = 0.0047

MD n.s. n.s. n.s.

LD n.s. n.s. *p = 0.0273

This table corresponds to Figure 4F. The statistical significance of the hexosaminidase A
activity for all cohorts was tested using a mixed-effects model of 2-way ANOVA with
Tukey’s multiple comparisons. Each individual treatment group’s baseline activity
(5 weeks) was compared with every other time point until 16 weeks of age (vehicle con-
trols were euthanized at this time point). HD, Hexb knockout/high-dose vector-treated
cohort; MD, Hexb knockout/medium-dose vector-treated cohort; LD, Hexb knockout/
low-dose vector-treated cohort.
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vector sequence includes the cDNA of humanHEXB andHEXA genes
connected using a P2A self-cleaving peptide under theCAGpromoter.
A vector diagram can be found inWoodley et al.23 The ssAAV9-CAG-
HEXBP2AHEXA vector and TMN200P vehicle were obtained from
theViral VectorCore Laboratory fromNationwideChildrenHospital,
and the vector’s certificate of analysis can be found in Figure S4.

Vector injections

The bicistronic vector was injected at 6 weeks of age in the SD mice
using an i.t. LP (protocol described below). A total volume of 10 mL
was injected at varying doses: HD (2.5e11 vg/mouse, �1.67e13 vg/
kg), MD (1.25e11 vg/mouse, �8.33e12 vg/kg), and LD (6.25e10 vg/
mouse, �4.16e12 vg/kg). The control mice were injected with
10 mL of the vehicle solution.

Intrathecal LP

Experimental mice were dosed with a single i.t. injection of the bicis-
tronic vector at 6 weeks of age (injections took place over a 12 h time
window in total). A 50 mL Hamilton syringe (catalog #7637-01; Hamil-
ton) was cleaned, autoclaved, and loaded with 10 mL vehicle or bicis-
tronic vector solution prior to injection. In order to perform the injec-
tion, mice were first induced with 5% isoflurane and maintained at 3%
isofluranewith the useof a nose cone. Thehips of themousewereplaced
on top of a 15mL conical tube for better palpation of the lumbar spinal
processes. The injection site was shaven with a peanut clipper (catalog
#8655;Wahl Professional) andwipedwith 70% ethanol for sterilization.
The hips were first palpated, then the spinal process of L5 and L6 were
located. The space between the spinal processes of L5 and L6 is where
the 30G Hamilton needle (catalog #7803-07, point style 4, length 0.5
in, angle 12; Hamilton) was placed. The needle was inserted perpendic-
ularly in this specific area until the needle came to a natural stop (hit
bone), then the needlewas tilted toward the caudal end of the spinal col-
umn at a 30� angle, where it slipped between the vertebrae into the CSF
space, at which point the vector/vehicle was slowly injected into the CSF
space. Successful injectionwas indicated by a tailflick spinal reflex as the
needle punctured the dura mater. After injection, the mice were taken
off isoflurane, placed in a prone position, and monitored for motor
function and general recovery. At this time, mice were placed under a
heat lamp to maintain body temperature.
024



A

B

Figure 5. Bicistronic vector biodistribution

See the legend at the right for cohort representation. Note

the logarithmic y axis scale. Vector copy number was

measured in all gross organs and the CNS, using qPCR of

HEXA and LaminB2 primers. (A) Short-term vector bio-

distribution. Tissues were collected at 16 weeks of age.

Significance was seen in the kidney between the high dose

and low dose (****p < 0.0001). The high dose also had

significantly greater vector copy number than the medium

dose (****p < 0.0001). (B) Long-term vector biodistribution.

Tissues were collected at each subject’s respective hu-

mane endpoint. Significance was seen in the liver, where

the high dose was significantly greater than the medium

dose (****p < 0.0001) and the low dose (****p < 0.0001).
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Behavioral testing

Behavioral testing began at 8 weeks of age, and was performed bi-
weekly up until 20 weeks of age, whereupon testing was performed
monthly. Behavioral testing sessions included the use of OFT to assess
general locomotion, and an accelerated RR protocol to evaluate motor
coordination as previously described.59

Tissue/serum collection and processing

Tissue samples were collected at the 16 week ST endpoint as well as the
LThumaneendpoints for allmice.Thehumane endpointwas definedby
15% weight loss from the peak recorded weight, a body condition score
of 2 or lower, or by the inability to right itself from a supine position. All
mice were euthanized by CO2 asphyxiation and cardiac puncture to
follow. Next, cardiac perfusion was performed using 10 mL room-tem-
Molecular Therapy: Methods & Clinical Development Vol. 32 March 2024 9
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perature 1� PBS. Samples from visceral organs
were collected including the heart, lungs, liver, kid-
ney, spleen, gonads, and bicep. Additionally, sam-
ples were collected from the lumbar and cervical
spinal cord, and the rostral brain, MB, and CB.
Eachorganwasdivided for qPCRvector quantifica-
tion and biochemical analysis. These sections were
frozenandstored at�20�C.The sectioning strategy
of the brain can be seen in Figure S2.

Starting at 5 weeks of age (baseline), monthly blood
collections were taken at 8, 12, 16, 20, and 24weeks
of age, continuing every 4 weeks, up until and
including the age of euthanasia of the mouse.
Each mouse was placed in a restraining tube and
the injection site of the right hind-leg was shaved,
swabbed with 70% ethanol, and smeared with pe-
troleum jelly. The saphenous vein was poked with
a 26G needle and approximately 150 mL of blood
was collected using a capillaryMicrovette tube (cat-
alog #KMIC-SER; Kent Scientific). The blood was
centrifuged at 3,500 rpm for 10 min. Serum was
collected and stored at�20�C until ready for assay.

Ganglioside storage assay
GM2 gangliosides were extracted according to previously determined
protocols.23,60,61 In brief, frozen MB samples were submerged in
700 mL 1� PBS, sonicated with three 10 s pulses at an amplitude o
20%, and centrifuged at 13,300 rpm and 4�C for 20 min. The super-
natant was collected, and 400 mL was aliquoted for the MB hexosa-
minidase assay. The remaining supernatant and pellet were used for
the GM2 storage assay.

Gangliosides were extracted from the MB with methanol and chloro-
form solvents, isolated using column chromatography, and then sepa-
rated on a TLC plate (55 mL:45 mL:10 mL chloroform/methanol
0.2% CaCl2 mobile phase). The TLC plates were doused with orcino
in 10% sulfuric acid and dried at 120�C for visualization of bands
Densitometry analysis was performed on each plate with Image
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software after a picture was taken of the plates. Total gangliosides,
GM2 gangliosides, and GD1A gangliosides (internal control) inten-
sity was measured. The GM2/GD1A ratio was used to quantify
GM2 accumulation in the MB as an indicator of disease progression
and therapy effectiveness.

Hexosaminidase assay

Total hexosaminidase and Hex A isoenzyme activity was measured
using previously described protocols.33,34 The serum/cell lysate was
incubated at 52�C instead of 42�C–44�C. Hexosaminidase activity
was measured in the serum over the lifespan of each mouse, along
with the endpoint MB, CB, and liver samples. Serum samples were
diluted 1:35 in citrate phosphate (CP) buffer. The 4-methylumbelli-
feryl-2-acetamido-2-deoxy-b-D-glucopyranoside (4-MUG) (catalog
#M334000; Toronto Research Chemicals) substrate was used for
the total hexosaminidase assay. For Hex A activity specifically, 1/3
of the diluted serum sample was heat-inactivated at 52�C for 2 h to
inactivate the Hex A enzyme leaving Hex B as a result. The heat-in-
activated (HI) samples also received 4-MUG substrate. To calculate
the Hex A activity alone, the HI sample’s activity was subtracted
from the total hex activity (4-MUG). Additionally, b-gal activity
was measured using 4-methylumbelliferyl-b-D-galactopyranoside
(MUGal) (catalog #M1633; Millipore Sigma) substrate as an internal
control. Serum samples were incubated at 37�C in a 3.2 mM MUG/
MUGal substrate solution for one hour. Enzyme activity was stopped
with 0.1 M 2-amino-2-methyl-1-propanol (AMP). The assay was
visualized using the fluorescent breakdown product (4MU), at an
excitation wavelength of 365 nm and an emission wavelength of
450 nm. Results from the 4-MUG assays were compared with a
4-methylumbelliferone (4-MU) standard curve which ranged from
130000 to 0.73 nM. The hexosaminidase assay was performed with
the same protocol for the MB, CB, and liver samples. Samples were
diluted 1:35, 1:35, and 1:200 in CP buffer for the MB, CB, and liver,
respectively. A bicinchoninic acid (BCA) assay (catalog #23225;
Thermo Fisher Scientific) was performed to quantify the total amount
of protein present in the MB, CB, and liver samples and was used for
comparison with the Hex A activity levels.

Vector biodistribution qPCR analysis

All gross organs, spinal cord, and brain samples collected from mice
were analyzed for vector biodistribution by assessing the number of
viral genomes per mouse genome. Genomic DNA was extracted
from each organ using a gSYNC DNA Extraction Kit (catalog
#GS100; Geneaid) and the copy number of the bicistronic vector
was then determined using qPCR. Vector copy number was deter-
mined from the mean HEXA Ct value (viral genome) compared
with the mean Ct value of the regulatory gene LaminB2 (mouse
genome). All qPCRs were accomplished using PowerUp SYBR Green
Master Mix (catalog #A75242; Thermo Fisher Scientific) on the
Applied Biosystems 7500 Real-Time PCR System. The human
HEXA primers used for the viral quantification include 50-TATGG
CAAGGGCTATGTGGT-30 (forward) and 50-TGATTGTGTCTGG
CTGAATCTT-30 (reverse). The regulatory gene LaminB2 primers
used for mouse genomic DNA quantification include 50-GGACCCA
10 Molecular Therapy: Methods & Clinical Development Vol. 32 March
AGGACTACCTCAAGGG-30 (forward), and 50-AGGGCACCTCCA
TCTCGGAAAC-30 (reverse).
Statistical analysis

All statistical analyses were performed using GraphPad Prism version
8. For behavioral testing, a repeated-measures 2-way ANOVA (with a
mixed-effects model because of missing values) with Tukey’s multiple
comparisons was performed to compare dose groups versus a motor
parameter across all time points. Repeated-measures ANOVA cannot
be performed if values are missing, which occurs in later time points
as mice reach their humane endpoint, so a mixed-effects model was
used. Behavioral analysis was performed until each cohort had 3
mice surviving, and the last recorded behavioral time point was at
52 weeks of age. Three parameters (i.e., distance traveled, mean speed
without rest, and resting time in the zone) for OFT were measured
during one 5 min testing period for each mouse during each time
point. Each parameter was analyzed individually and the mean and
SD were recorded. As well, three parameters were recorded for RR
(i.e., end RPM, distance traveled, and latency to fall) for each mouse
during each trial. Three trials were performed for each mouse during
each time point, which were then averaged. The mean and SD of the
three trials for each mouse’s motor parameters were analyzed.

For the serum Hex A activity assay analysis, two analyses were per-
formed: (1) 2-way ANOVA with Tukey’s multiple comparisons to
test statistical significance seen within each time point and (2)
1-way ANOVA with Tukey’s multiple comparisons to test the indi-
vidual cohorts statistical significance across time points. Hex A activ-
ity was measured until each cohort had 3 mice surviving. For the MB,
CB, and liver Hex A assay analysis, a 1-way ANOVA was used with
Tukey’s post hoc analysis for multiple pairwise comparisons.

The GM2 assay was analyzed in terms of density of GM2/GD1a bands
for each dose group. A 1-way ANOVA with Tukey’s multiple com-
parisons was used to compare the GM2/GD1a value across dose
groups. Next, the vector biodistribution was measured with regard
to vector genome/mouse genome within each organ. A 2-way
ANOVA and Tukey’s multiple comparisons were used to compare
vector biodistribution across all the organs and dose groups. The
Kaplan-Meier survival curve was analyzed with a log rank (Mantel-
Cox) test to assess significant differences in dose-dependent survival.

For all statistical analyses, the a value was set for 0.05, such that a p
value <0.05 was considered to indicate statistical significance.
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