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The GM2 gangliosidoses, Tay-Sachs disease (TSD) and Sandh-
off disease (SD), are fatal lysosomal storage disorders caused by
mutations in the HEXA and HEXB genes, respectively. These
mutations cause dysfunction of the lysosomal enzyme b-N-ace-
tylhexosaminidase A (HexA) and accumulation of GM2 gangli-
oside (GM2) with ensuing neurodegeneration, and death by 5
years of age. Until recently, the most successful therapy was
achieved by intracranial co-delivery of monocistronic adeno-
associated viral (AAV) vectors encoding Hex alpha and beta-
subunits in animal models of SD. The blood-brain barrier
crossing properties of AAV9 enables systemic gene therapy;
however, the requirement of co-delivery of two monocistronic
AAV vectors to overexpress the heterodimeric HexA protein
has prevented the use of this approach. To address this need,
we developed multiple AAV constructs encoding simulta-
neously HEXA and HEXB using AAV9 and AAV-PHP.B and
tested their therapeutic efficacy in 4- to 6-week-old SD mice af-
ter systemic administration. Survival and biochemical out-
comes revealed superiority of the AAV vector design using a
bidirectional CBA promoter with equivalent dose-dependent
outcomes for both capsids. AAV-treated mice performed nor-
mally in tests of motor function, CNS GM2 ganglioside levels
were significantly reduced, and survival increased by >4-fold
with some animals surviving past 2 years of age.

INTRODUCTION
Tay-Sachs disease (TSD) and Sandhoff disease (SD) are autosomal
recessive diseases caused by mutations in theHEXA andHEXB genes,
respectively, that reduce the activity of the heterodimeric enzyme
b-N-acetylhexosaminidase A (HexA). Disease presentation in TSD
and SD is classically categorized in three forms based on the age of
onset: infantile patients manifest symptoms at �6 months of age,
late-infantile/juvenile at 2–6 years, and late-onset usually in the late
teens. The severity of symptoms and rate of disease progression are
correlated with the residual activity of mutant HexA. Whereas the
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disease progresses over several decades in late-onset patients with
2%–4% of normal HexA activity, infantile patients usually have less
than 0.1%. The diagnoses of infantile patients usually occur within
the first year of life, because they fail to meet developmental
milestones. Symptoms include seizures, inability to sit, difficulty swal-
lowing, and eventual loss of the few acquired developmental mile-
stones. Quality of life is severely compromised for children suffering
with this disease, with palliative measures only extending life to a
maximum of 5 years. Prior to gastric tubes becoming an available op-
tion to feed GM2 children, the lifespan was 2–2.5 years of age due to
the loss of swallowing ability.1 However, this technological solution to
prevent dying from starvation or aspiration pneumonia has had no
impact in neurological function. Currently there is no treatment for
GM2 gangliosidoses.

The HexA enzyme is a heterodimer of a and b subunits encoded by
the HEXA and HEXB genes, respectively. Two additional homodi-
meric isozymes, HexB (bb) and HexS (aa) are also formed and
have different substrate specificities. HexA is the only isozyme that
hydrolyzes GM2 ganglioside in humans, but both HexA and HexB
hydrolyze a broad variety of substrates with b linked terminal N-ace-
tylgalactosamine residues in glycosaminoglycans, glycolipids, and
glycoproteins. The biochemical hallmark of GM2 gangliosidoses
(TSD and SD) is the progressive storage of GM2 ganglioside in neu-
rons in the central nervous system causing lysosomal dysfunction and
ultimately neuronal death by molecular mechanisms that remain
largely unknown. Similar to other neurodegenerative diseases, disease
progression in GM2 gangliosidoses is accompanied by microglial and
astroglial activation.2–4
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Experimental treatments for GM2 gangliosidoses have explored a
number of options including enzyme replacement therapy,5 substrate
reduction therapy (SRT),6,7 neural stem cell transplantation,8,9 anti-
inflammatory drugs combined with SRT,10 bonemarrow transplanta-
tion combined with SRT,11 and caloric restriction,12 or ketogenic diet
combined with SRT.13 Some of these approaches extended lifespan of
SDmice significantly by a maximum of�2-fold, but the few that have
progressed to clinical trials, such as SRT (miglustat), showed no effect
in patients.14

Adeno-associated virus (AAV) gene therapy has emerged as the most
promising approach for developing an effective treatment for Tay-
Sachs and Sandhoff diseases to date, despite challenges associated
with the need to deliver both subunits for successful production of
HexA. Intracranial co-administration of two AAV1 vectors encoding
the human alpha or beta subunits restored enzyme activity in the
CNS, corrected neuropathology and neuroinflammation, and, impor-
tantly, extended lifespan dramatically.15–17 These results translated to
SD cats, where intracranial injection of monocistronic AAVrh8
vectors encoding feline subunits resulted in improved neurochem-
istry, reduced neuroinflammation, and extended lifespan dramati-
cally.4,18,19 Similarly, Tay-Sachs sheep survived longer than untreated
animals with normalization of storage and neuroinflammation in the
brain.20

A less invasive approach to gene therapy is appealing, but expressing
both HEXA and HEXB in a single AAV is difficult due to the limited
capacity for transgenes and regulatory elements (�4.7 kb). Several
studies have shown efficacy of neonatal systemic delivery of AAV9-
HEXB vectors in SD mice,21,22 but despite unequivocal disease
amelioration in SDmice, their relevance for translation to a gene ther-
apy for patients is less clear. This is because mice have an alternative
metabolic pathway that catabolizes GM2 ganglioside via GA2, which
can be hydrolyzed to lactosylceramide by the HexB isozyme.23 This
pathway is not functional in humans. Therefore, delivery ofHEXB en-
coding the b-subunit alone, which produces the HexB homodimer
exclusively, works only in mice.

Here we developed and characterized the therapeutic efficacy of two
new bicistronic AAV vectors, AAV-Bic and AAV-P2I, encoding
simultaneously the a and b subunits of mouse HexA. The AAV-Bic
vector, which carries a bidirectional mini CBA promoter (BiCBA)
to drive expression of the two proteins in opposite directions from
the center of the vector genome, proved to be exceptionally efficient
when injected systemically in 4-week-old SDmice. To our knowledge,
this is the first report of treatment of SDmice by systemic administra-
tion of an AAV9 vector encoding both Hex subunits, which extended
survival by >4-fold with some treated mice reaching 2 years of age
(the maximum allowable lifespan).

RESULTS
Co-expression of the hexosaminidase a and b subunits is thought to
be a fundamental requirement for the treatment of Tay-Sachs and
Sandhoff diseases and depends largely on overexpression of HexA
in a relatively small percentage of transduced cells with the current
generation of AAV technology.

Vector Design Iterations

Given the �4.7 kb transgene capacity of AAV, incorporating both
Hexa and Hexb cDNAs in a single vector has been challenging. We
tested numerous designs using a single promoter to drive expression
of both proteins with viral24 and synthetic25 internal ribosome entry
sites (IRES), as well as various 2A peptides.26,27 Although many AAV
vector designs were effective in overexpressing HexA and HexB iso-
zymes in transfected HEK293T cells, none were effective in vivo
(data not shown). The latest design iterations incorporate a bidirec-
tional promoter (BiCBA) to drive transgene expression in opposite
directions (AAV-Bic) toward the inverted terminal repeats (ITR),
or a small promoter (P2) and intron cassette (Figure S1) cloned
next to each ITR in inverted positions to drive gene expression toward
the center of the vector genome (AAV-P2I). The therapeutic efficacy
of AAV-PHP.B and AAV9 vectors of both designs were tested in 4- to
6-week-old Sandhoff disease (SD) mice (Hexb�/�) treated by intrave-
nous administration (Figure 1B). AAV-PHP.B vectors were adminis-
tered at 3 � 1011 and 1 � 1012 vg/mouse (1.5–5 � 1013 vg/kg)
and AAV9 vectors at 1 � 1012 and 4 � 1012 vg/mouse (0.5-2 �
1014 vg/kg). Controls included untreated SD mice and phenotypically
normal littermates with heterozygote (HZ; hexb+/�) and wild-type
(WT; hexb+/+) genotypes.

Treatment with Bicistronic AAV Vectors Improves Survival

All AAV vectors improved survival significantly compared to un-
treated SD mice (Figure 1B). AAV-Bic vectors (Figures 1E and 1F)
proved to be more efficient than AAV-P2I vectors (Figures 1C and
1D), a finding that was particularly evident for AAV9 vectors. Treat-
ment with AAV9-Bic vector increased median survival from 138 days
for untreated SD mice to more than 600 days of age (Figure 1E), and
at least two mice survived past 2 years of age and were euthanized
at the experimental endpoint. In comparison, treatment with 1 �
1012 vg of AAV9-P2I improved median survival modestly to
154 days of age (p < 0.0001), while treatment with 4 � 1012 vg
increased median survival to 313 days of age (Figure 1F). The impact
of AAV-PHP.B on survival was comparable to AAV9 for AAV-Bic
(Figures 1C and 1E), but increased survival significantly compared
to AAV9 for AAV-P2I (p < 0.0001; Figures 1D and 1F).

Stabilization of Motor Function

The motor performance of SD mice is comparable to that of normal
littermates until 90–100 days of age but declines rapidly thereafter.28

The motor performance, strength, and coordination of SD mice
treated with AAV-Bic and AAV-P2I vectors, untreated SD mice,
and age matched normal controls (WT and HZ) was assessed in
the rotarod and inverted screen tests (Figure 2). Similar to previous
reports, the performance of untreated SDmice in both tests was stable
until 90 days of age but declined rapidly in the two subsequent test
ages of 105 and 120 days. The humane endpoint of all untreated
SD mice occurred before 150 days of age (maximum survival
was 142 days). The motor performance of SD mice treated with
Molecular Therapy Vol. 28 No 10 October 2020 2151
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Figure 1. Systemic Treatment with Bicistronic AAV Vectors Extends the Survival of SD Mice

(A) Design of AAV-Bic and AAV-P2I vectors. (B) Vector dosing and median survival for all groups. Kaplan-Meier survival curves for SD mice treated systemically with (C) AAV-

PHP.B-Bic, (D) AAV-PHP.B-P2I, (E) AAV9-Bic, and (F) AAV9-P2I vector. Only one control group of untreated SD (UT) and normal (WT+HZ) mice was included in the

experiment and their survival curves shown in all graphs (C–F) for comparison purposes. Log-rank (Mantel-Cox) test showed that survival of all treatment groups was

significantly (p < 0.0001) increased compared to untreated SD controls.
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AAV-Bic and AAV-P2I vectors (AAV9 and AAV-PHP.B capsids) re-
mained comparable to that of WT and HZmice until at least 150 days
of age (Figure 2).

Increased Hexosaminidase Activity in CNS and Liver

One subset of mice (n = 6) in the high dose cohorts (4 � 1012 vg for
AAV9 vectors and 1 � 1012 vg for AAV-PHP.B vectors) of AAV
treatment groups was euthanized at 150 days of age to assess
biochemical (enzyme activity and GM2 ganglioside levels) and histo-
logical outcome measures (below). Hexosaminidase (Hex) activity
was measured in cerebrum, cerebellum, brain stem, spinal cord,
and liver using two artificial substrates, MUG to determine total
Hex activity (HexA, HexB, and HexS), and MUGS to determine
HexA activity (Figure 3). As anticipated based on the differential
CNS gene transfer efficiency between AAV-PHP.B and AAV9,29 hex-
osaminidase activities in the brain were higher in SD mice treated
with AAV-PHP.B vectors. Total Hex and HexA activities in CNS
2152 Molecular Therapy Vol. 28 No 10 October 2020
structures were significantly higher in AAV-PHP.B-Bic- and AAV-
PHP.B-P2I-treated cohorts compared to untreated SD controls, but
nonetheless enzyme activity was still lower than in normal age
matched controls (Figure 3A). The exception was in cerebellum of
AAV-PHP.B-Bic-treated SD mice where HexA activity reached �3-
fold above normal levels. Interestingly, the PHP.B-P2I HexA activities
were not significantly different from untreated SD mice (Figure 3A).

In liver, total Hex and HexA activities in the AAV9-Bic vector treat-
ment group were 16.9 ± 5.7-fold and 47.9 ± 19.3-fold over normal,
respectively (p < 0.001; Figure 3B). Total Hex and HexA activities in
the liver of AAV-PHP.B-Bic-treated SD mice were significantly lower
than in the AAV9-Bic group (MUG, p < 0.01; MUGS, p < 0.022; Fig-
ure 3B). Liver hexosaminidase activity in non-AAV9-Bic treatment
groups was below normal, which suggests a difference in functionality
between BiCBA and P2I promoters in liver. In addition to the hetero-
dimeric HexA isozyme (ab; the isozyme that hydrolyzes GM2 in



Figure 2. Motor Performance, Strength, and Coordination of Treated SD Mice Remain Normal Until at Least 150 Days of Age

The performance of AAV-treated SD mice and controls was assessed starting at 60 days of age until 150 days of age in the (A) accelerating rotarod test (4–40 rpm) and (B)

inverted screen test. The performance of untreated (UT) SD mice declined rapidly after 90 days of age with the last testing point at 120 days of age. Data are represented as

mean ± SD
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humans), the Hex subunits can also formHexS (aa) or HexB (bb) ho-
modimers. To determine the amount of HexA (ab) formation, we
analyzed the isozyme profile in liver samples (Figure 3C). Treatment
withAAV9-Bic andAAV9-P2I vectors showed a normal isozyme pro-
file (presence of HexB, HexA, and HexS peaks)20 (Figure 3C). We
found no evidence of hepatic tumors in AAV-treated mice.
Reduction in GM2-Ganglioside Content in the CNS

GM2 ganglioside is present at very low, often undetectable levels in
normal postnatal CNS, but accumulates to exceptionally high levels
in SDmice,12 and in this study ranged from 28 to 51 ng GM2/mg pro-
tein (black bars, Figure 4). The GM2 ganglioside content in the cere-
brum, cerebellum, brain stem, and spinal cord of AAV-treated SD
mice was 5- to 10-fold lower than untreated SD mice (p < 0.0001
for all structures and treatment groups; Figure 4). Only trace levels
were measured in the CNS of SD mice treated with AAV-PHP.B-
Bic or AAV-PHP.P2I vectors (<0.5 ng GM2/mg protein), and the ef-
fect of AAV9-P2I vector on storage was less profound. In AAV9-Bic
treated group, 4 of 6 animals had GM2 ganglioside levels in the cere-
brum comparable to that in AAV-PHP.B groups, and the other two
mice had levels below 4 ng GM2/mg protein. In the other CNS struc-
tures of SD mice treated with AAV9-Bic vector, the GM2 ganglioside
levels were below 0.5 ng GM2/mg protein.
Treatment with Bicistronic AAV Vectors Attenuates Microglial

Activation

The onset of symptoms in SD mice coincides with neuroinflamma-
tion characterized by increased levels of several cytokines (tumor ne-
crosis factor alpha [TNF-a], transforming growth factor b1 [TGF-
b1], and interleukin-1b [IL-1b]), as well as microglial activation
and reactive astrogliosis.3 Immunofluorescence staining of brain sec-
tions for CD68 revealed a marked increase in activated microglia
throughout the brain and spinal cord of untreated SD mice at the hu-
mane endpoint as previously described2 but an absence in normal
mice at 150 days of age (Figure 5). Microglial activation was reduced
in the CNS of SDmice treated with AAV9-Bic vector compared to un-
treated knockout (KO) controls (Figure 5A), and reached statistical
significance in the brain stem and spinal cord (p < 0.05; Figure 5B),
as well as a trend in the thalamus (p = 0.07; Figure 5B). The apparent
differences in signal intensity in cortex and cerebellum were not sta-
tistically different between groups.
Effect of Age on Therapeutic Efficacy and Dose Response

Previous AAV gene therapy studies based on intracranial delivery of
two monocistronic AAV vectors have shown that therapeutic efficacy
declines with treatment age, and by 12 weeks of age there is no sur-
vival benefit.17 To assess the impact of age on the efficacy of treatment
with AAV9-Bic vector administered systemically, we treated SD mice
at 8, 10, and 12 weeks of age with 1 � 1012 vg and followed until the
humane endpoint (Figure 6A). The median survival for SD mice
treated at 10 and 12 weeks was 165 days (p < 0.0001) and 158 days
(p < 0.005), respectively, which is significantly longer than 121 days
for untreated SDmice (maximum survival for this cohort of untreated
SD mice was 136 days). The majority of SD mice treated at 8 weeks of
age remain alive at >375 days of age.

4-week-old SD mice were treated with 1� 1011, 3� 1011, or 1� 1012

vg of AAV9-Bic vector to determine the minimum dose that shows
therapeutic benefit (Figure 6B). The median survival of SD mice
treated with 1 � 1011 vg was 128 days, which is not significantly
different than 121 days for untreated animals. In contrast, the major-
ity of SD mice treated with 3 � 1011 vg remain alive (5 of 8) at 290–
350 days of age. The SD mice treated with 1 � 1012 vg, which were
included in this experiment as a control since this dose was shown
to be efficacious in the initial therapeutic study (Figure 1), remain
alive at 350 days of age.
DISCUSSION
In this study, treatment of adult SD mice by systemic administration
of AAV9-Bic vector extended survival to �2 years of age in some an-
imals, for the first time matching the therapeutic efficacy achieved by
intra-striatal and deep cerebellar nuclei administration of AAV gene
Molecular Therapy Vol. 28 No 10 October 2020 2153
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Figure 3. Hexosaminidase Activity Is Restored in the

CNS and Liver of Treated SD Mice

Mice (n = 6) from the high-dose cohorts were used (4 �
1012 vg for AAV9 vectors and 1� 1012 vg for AAV-PHP.B

vectors). Hexosaminidase activity (fold normal) in (A) CNS

and (B) liver using artificial substrates 4-MUG and

4-MUGS hydrolyzed by all isozymes (total hexosamini-

dase) and HexA, respectively. (C) Isozyme analysis in liver

of AAV treated SD mice and controls show peaks of 4-

MUG activity in fractions 3, 15, and 22 corresponding to

HexB (bb), HexA (ab), and HexS (aa), respectively.

Treatment groups were compared to untreated SD

mice using one-way ANOVA with Dunnett’s multiple

comparison test for each tissue: *p < 0.05; **p < 0.01;

***p < 0.001; ****p < 0.0001.
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therapy.15–17 The exceptional therapeutic results after parenchymal
brain delivery showed that most transduced cells were co-infected
with both AAV vectors, achieving restoration of the normal isozyme
expression profile in SD mice, SD cats, and TSD sheep.16,20,30,31 This
was reproduced in this study after intravascular delivery and is
considered to be an important feature of an efficacious treatment
strategy for TSD and SD because HexA heterodimerizes in the endo-
plasmic reticulum and excess monomers are rapidly degraded.32,33

Despite the success of intraparenchymal delivery of two monocis-
tronic AAV vectors, a two-vector strategy is not compatible with
vascular or cerebral spinal fluid (CSF) delivery. Rapid dilution in
blood or CSF reduces AAV concentrations to a point where co-trans-
duction of target cells by two viruses is unlikely. A single AAV vector
encoding both HexA a- and b-subunits obviates this limitation, but
the approximately 1.6 kb size of the HEXA and HEXB cDNAs im-
poses significant design constraints. In the course of developing a sin-
gle AAV vector encoding both subunits, we tested various designs ex-
pressing both proteins from a single promoter using viral24 or
artificial internal ribosomal entry sites,25 and 2A self-cleaving pep-
tides,26,27 as well as furin cleavage sites fusing the two proteins,34

but all failed to produce the normal isozyme expression profile in
transfected HEK293 cells or mice (data not shown). Unlike our pre-
vious attempts, the AAV-Bic vector reported here shows a clear indi-
cation for translation through restoration of the normal hexosamin-
idase isozyme profile and a marked increase in survival, with some
treated SD mice reaching more than 2 years of age.

The AAV-Bic vector is clearly more efficient than AAV-P2I, with
differential efficacy likely related to their functionality in specific re-
2154 Molecular Therapy Vol. 28 No 10 October 2020
gions or cell types (e.g., CNS, or hepatocytes).
The P2I promoter-intron combination was
generated using a small promoter and a trun-
cated version of the chimeric intron (chicken
beta-actin intron fused to part of rabbit
beta-globin intron 2) present in the original
CAG/CBA promoter.35 The small promoter
described in US patent 20020164783A1, which
we named here P2, incorporates promoter sequences from the rat
housekeeping Atp1a1 gene,36 which encodes the Na,K-ATPase a1
subunit, fused to the cytomegalovirus immediate early gene
(CMV) promoter TATA box and transcription initiation sequences
(Figure S1). This small promoter was shown to have �51-fold higher
activity than the WT AAV2 ITR alone (US patent 20020164783A1),
which has been shown to have promoter activity in vivo.37 As the
Atp1a1 gene is broadly expressed in most cells in the mouse brain
(Allen Brain Atlas, http://mouse.brain-map.org/gene/show/11714
and http://www.brainrnaseq.org), its small promoter appeared ideal
to drive gene expression in a bicistronic vector where transgene
space is limited. The low (or absent) enzyme activity in the cere-
bellum and spinal cord may be due to the P2 promoter only carrying
a small portion of the rat Atp1a1 promoter, which may not contain
all transcriptional elements necessary to direct broad gene expression
in CNS. Alternatively, it is possible the antisense inward orientation
(in relation to the ITRs) of the two transgene cassettes in the AAV-
P2I vector may lead to interference between them resulting in
decreased activity. Further studies will be necessary to fully charac-
terize the regional functionality of the P2 promoter in the CNS in
an AAV vector with a single transgene cassette. Regardless of molec-
ular mechanisms, the clear efficacy of the AAV-Bic vector makes it a
candidate for translation into clinical trials.

The CNS gene transfer efficiency and tropism of AAV9 delivered sys-
temically in mice changes after the neonatal period where neuronal
transduction is observed, to a predominantly astrocytic profile soon
after birth.38,39 The AAV9 neuronal tropism is unique to neonatal
mice and has not been reproduced in other species, even when treat-
ment is initiated early.40,41 To avoid overrepresenting transduction
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Figure 4. Reduction in GM2 Ganglioside Content in

the CNS of Treated SD Mice

GM2 ganglioside was quantified in cerebrum, cerebellum,

brainstem, and spinal cord of SD mice in the high dose

cohorts at 150 days of age or humane endpoint

(<150 days of age) for untreated SD mice using LC-MS/

MS mass spectrometry. Treatment groups were

compared to untreated SD mice using two-way ANOVA

with Dunnett’s multiple comparison test for each tissue:

**p < 0.01; ****p < 0.0001.
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and therapeutic efficacy, we conducted most studies here in 4-week-
old SDmice. Moreover, we demonstrate the treatment to have a bene-
ficial impact on survival when initiated in 8-week-old SD mice.
Previous studies of systemic AAV9 delivery in neonatal SD mice
yielded excellent therapeutic results,21,22 but these data should be in-
terpreted carefully because of the age of treatment and the alternative
biochemical pathway for GM2 ganglioside degradation that is absent
in humans.23

An interesting approach bypassing the need to encode two different
proteins in a single AAV vector was the design of a new hybrid
m-subunit (HEXM) by grafting amino acids from the b-subunit
into the C terminus of the a-subunit, enabling stable homodimers
that interact with the GM2 activator (GM2A) protein.42 AAV
delivery of HEXM in neonatal SD mice showed promising results
with increased survival and considerable reduction in GM2 gangli-
oside content in Sandhoff and Tay-Sachs mice.42,43 Ultimately, effi-
cacy of HEXM was limited by an immune response, which will
likely be overcome by an appropriate adjunct immunosuppression
protocol.44 Another bicistronic AAV vector, carrying human
HEXB and HEXA subunits fused by a 2A peptide, showed improved
mean survival of SD mice to 170 days of age after neonatal systemic
administration.45 The limited impact on survival was unexpected,
because the subunits appeared to be properly processed and cells
expressed mature, functional HexA and HexB isozymes. Another
interesting alternative for SD and TSD is intravascular administra-
tion of two monocistronic vectors encoding human HEXA and
HEXB using a new brain endothelium targeted AAV capsid and
high-expressing CBA promoter. This strategy extended median
survival to 189 days in SD mice after neonatal delivery.46 Further
improvements in AAV capsid technology (e.g., AAV-PHP.B29

and AAV-PHP.eB47) may eventually make a systemic treatment
with a two-vector system viable, but clinical translation will still
require manufacturing of two clinical grade vectors and thus higher
costs.

An intravascular approach is intrinsically less invasive than intracra-
nial injection and the dose response in this study indicates that a dose
Molecu
of 3 � 1011 vg in 4-week-old SD mice (�20 g),
or 1.5� 1013 vg/kg, is sufficient to drive a signif-
icant survival benefit. In ongoing human clin-
ical trials, AAV doses below 1 � 1014 vg/kg
appear to be well tolerated when T cell responses are controlled by
co-administration of prednisolone for 40–90 days48–50 or by a combi-
nation of rituximab and sirolimus.51 Treatment with AAV9-Bic at
4� 1012 vg in 4-week-old SDmice was also efficacious and well toler-
ated, indicating that systemic AAV9-Bic delivery has a broad thera-
peutic range of 1.5 � 1013 to 2 � 1014 vg/kg. The dose range estab-
lished here is below or comparable to the 1.1 � 1014 vg/kg
recommended for ZOLGENSMA (package insert, https://www.fda.
gov/media/126109/download), the FDA approved AAV9 vector for
treatment of spinal muscular atrophy (SMA) by systemic administra-
tion. As this is a product on the market for an indication with a
considerable number of patients worldwide, one surmises that pro-
duction of clinical grade AAV9-Bic vector for the relatively small
numbers of Tay-Sachs and Sandhoff disease patients is well within
the capability of the current AAV production platforms.

Additionally, for a fast progressing disease such as infantile-onset
Tay-Sachs disease, the timing of intervention and time to therapeutic
effect will be critical in determining the effectiveness of a systemic
therapy. Post-symptomatic intravenous administration of these vec-
tors was slightly less efficacious than previously reported results using
the intracranial monocistronic vector approach,17 and differences in
the therapeutic window could be related to promoter strength,
HexA expression levels, and/or the ability of parenchymal injections
to distribute rapidly via axonal transport and perivascular fluid flow.16

Additionally, all SD mice were treated with 1 � 1012 vg regardless of
age, which corresponds to an effective lowering of dose (vg/kg body
weight) in older animals.

In conclusion, intravascular delivery of the AAV9-Bic vector is on par
with intracranial administration of two monocistronic vectors, which
embodies the best preclinical results in the treatment of TSD and SD
to date. These results make the AAV9-Bic vector an excellent candi-
date for clinical translation in the treatment of Tay-Sachs and Sandh-
off diseases. Additionally, the minimally invasive intravascular deliv-
ery route can be easily implemented in most clinical centers, and the
modest doses make it compatible with current AAV production
technologies.
lar Therapy Vol. 28 No 10 October 2020 2155
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Figure 5. Reduction of Microglial Activation in Brain and Spinal Cord of SD Mice Treated with AAV9-Bic Vector

(A) Microglial activation was assessed by immunofluorescence staining for CD68 (red) and DAPI to identify nuclei (blue) in brain and spinal cord sections from untreated SD

mice (untreated KO), SD mice treated with AAV9-Bic vector (high dose), as well as normal controls (WT). (B) Quantification of CD68 staining intensity showed statistically

significant reductions in AAV9-Bic treated mice compared (white bars) to untreated SD mice (black bars) in brainstem and spinal cord (p < 0.05), as well as a trend toward

lower levels in thalamus (p = 0.07). No significant differences between groups, including normal controls (gray bars) were apparent in cortex and cerebellum). Abbreviations

are as follows: CT, cortex; TH, thalamus; BS, brainstem; CB, cerebellum; SC, spinal cord. Scale bars, 150 mm. Two tailed t tests were used to determine statistical sig-

nificance (*p < 0.05).

Molecular Therapy
MATERIALS AND METHODS
Vectors and Dosage

Two different plasmids were employed in this study, AAV-Bic and
AAV-P2I. Expression in the AAV-Bic vector is driven by the BiCBA
promoter, which is composed of a central CMV enhancer flanked by
2156 Molecular Therapy Vol. 28 No 10 October 2020
two chicken beta-actin promoters in opposite directions, with no in-
trons. Themouse HexA subunit is flanked by an SV40 poly(A) on one
side of the promoter, while the mouse HexB subunit is flanked by an
RBG poly(A) on the other side of the promoter. The AAV-P2 plasmid
uses a small synthetic promoter plus an intron sequence on either side



Figure 6. Systemic Treatment with AAV9-Bic Vector: Maximum Effective Treatment Age and Minimum Effective Dose

(A) SD mice were treated with 1� 1012 vg AAV9-Bic at 8 (n = 10), 10 (n = 9), and 12 weeks (n = 8) of age and survival followed until the humane endpoint. (B) Dose escalation

study in 4-week-old SD mice treated at doses of 1 � 1011 (n = 11), 3 � 1011 (n = 8), and 1 � 1012 vg (n = 4). Kaplan-Meier survival curves are shown for treatment groups

compared to a common group of untreated (UT) SD mice (n = 6). Log-rank (Mantel-Cox) test was used to compare survival of treatment groups to that of untreated SDmice:

**p < 0.01; ****p < 0.0001.
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of the Hex subunits, with a central BGH poly(A) flanking the alpha
subunit and SV40 poly(A) flanking the beta subunit. Each plasmid
was packaged with AAV9 and PHP.B capsids to generate a total of
4 vectors in the study. Each vector group contained animals treated
with a low dose and animals treated with a high dose. For AAV9 vec-
tors, low dose was 1 � 1012 vg and high dose was 4 � 1012 vg. For
PHP.B vectors, low dose was 3 � 1011 vg and high dose was 1 �
1012 vg. Virus was administered by tail vein in a total volume of
300 mL.

Virus Production and Purification

AAV vectors were prepared by transient transfection of HEK293T
cells and purification by iodixanol gradient ultracentrifugation as
described.52

Animals

All procedures were approved by the Institutional Animal Care and
Use Committee (IACUC). Hexb�/� mice bred at the University of
Massachusetts animal facility were used in this study. Intravenous
administration of AAV was performed via the tail vein. Behavioral
testing was performed at 60, 90, 105, 120, and 149 (±2) days of age
for animals receiving a high dose treatment. Each vector group con-
tained 22 animals, with 14 receiving a high dose treatment and 8 an-
imals receiving a low dose treatment. Six PBS-injected GM2mice and
12 PBS-injectedWTmice were used as controls. Half of the high dose
animals (n = 44) and half of the WT controls were sacrificed at
150 days of age, while the remaining high dose animals, all low
dose animals, and remaining control animals were left for survival un-
til humane endpoint, which was defined as hind-limb paralysis or the
inability to right themselves within 15 s when turned on their back.

Behavioral Testing

Inverted screen testing was performed by placing animals on a square
wire mesh screen and slowly inverting until the screen reached a 60�

angle. Latency to fall (2 min maximum) was assessed during the first
trial. In the subsequent three trials, latency to fall and hindlimbmove-
ments were recorded over the course of 2 min. Latency to fall and
number of hindlimb movements in trials 2–4 were averaged and re-
ported. Rotarod performance measured latency to fall on an acceler-
ating rotarod 4 to 40 rpm over 5 min. The amount of time spent on
the rotarod was recorded for three trials, averaged, and reported. If it
were the animal’s first time ever performing rotarod, they were sub-
jected to a training trial during which the rotarod accelerated at a
rate of 2 to 20 rpm over 5 min. Mice were given minimum 15 min
of rest between trials on inverted screen and rotarod.

Necropsy

Animals received an overdose of a ketamine/xylazine solution and
then were perfused transcardially with ice-cold PBS. The right side
of the brain was embedded in Tissue-Tek optimal cutting tempera-
ture (OCT) compound (Sakura Finetek USA, Torrance, CA) in a plas-
tic mold and rapidly frozen by immersion in a dry ice-methylbutane
bath. The left brain hemisphere was separated into cerebrum, cere-
bellum, and brain stem, and frozen on dry ice. The spinal cord was
separated into cervical, thoracic, and lumbar regions and each region
sub-divided in half for histological (fresh frozen in OCT) and
biochemical (frozen on dry ice) analyses. Liver, kidney, heart, lung,
and skeletal muscle were also frozen on dry ice.

Hexosaminidase Activity

Tissues were lysed in 0.1% Triton X-100 in 0.01 M phosphate citrate
buffer pH 4.4 using a TissueLyser II (QIAGEN, Germantown, MD)
with 5 mm stainless steel beads at 20 Hz for 30 s with three pulses.
Lysates underwent three freeze-thaws alternating between a dry ice-
ethanol bath and 37�C water bath. Lysates were centrifuged at
20,000 � g for 15 min at 4�C, and the supernatant was transferred
to a new microcentrifuge tube and stored at�80�C. Hexosaminidase
activity was measured using 4-methylumbelliferyl N-acetyl-b-D-glu-
cosaminide (MUG, Sigma, St. Louis, MO) and 4-methylumbelliferyl
6-Sulfo-2-acetamido-2-deoxy-b-D-glucopyranoside Potassium Salt
Molecular Therapy Vol. 28 No 10 October 2020 2157
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(MUGS, Toronto Research Chemicals, Toronto, Canada) and
normalized to total protein content measured by QuickStart Bradford
Protein Assay (Bio-Rad, Hercules, CA) with serial dilutions of bovine
serum albumin as protein standard.

GM2 Ganglioside Content

GM2 ganglioside content in the CNSwasmeasured by liquid chroma-
tography-tandemmass spectrometry (LC-MS/MS) using the Univer-
sity ofMassachusettsMedical School Proteomics andMass Spectrom-
etry Facility. Briefly, 0.04 or 0.1 mg/mL of tissue homogenate was
diluted in 0.01 M phosphate citrate buffer with 0.1% Triton X-100
(VWR) pH 4.4 to 25 or 50 mL, respectively. Each sample was spiked
with 200 ng of d3-labeled GM2 ganglioside formulated in methanol
(Matreya, State College, PA). Standard calibration curves were made
with GM2-ganglioside formulated in methanol (Matreya) over the
range of 10–800 ng in phosphate citrate buffer with 0.1% Triton X-
100 and also spiked with 200 ng of d3-GM2 ganglioside and also
put through the extraction process. Total lipids were extracted twice
by vortexing and sonicating samples for 30 s with 1mL isopronal:ethyl
acetate:water (6:3:1), combining both supernatants after centrifuga-
tion. Samples were dried and then resuspended in 100 mL of 1 part
0.1% (v/v) formic acid (mobile phase A) to 4 parts methanol:2-prop-
anol:0.1% formic acid (47.5:47.5: 4.9, mobile phase B). For each sam-
ple, 6 mL was injected in duplicate onto a 2.1 � 50 mm Kinetex (Phe-
nomenex, Torrance, CA) C18 (1.7 m,100 Å) column using an Acquity
HPLC (Waters, Milford, MA) coupled to a Quattro Premier XE (Wa-
ters) mass spectrometer operating in the negative ion electrospray
mode. Gangliosides were eluted at 270 mL/min using the following
gradient: 0–1 min (80% B); 1–5 min (80%–100% B); 5–7 min (100%
B); 7.1–12 min (80% B). Multiple reaction monitoring (MRM) transi-
tions for GM2 (fatty acids: 18:0, d3-18:0, 20:0) were monitored by
following corresponding (M-H)- precursor ions to the common sialic
acid anion fragment at m/z 290 (cone voltage, 90 V; collision energy,
70 eV; collision gas pressure, 2.2 mbar). The area of all the individual
GM2 lipid species (18:0, 20:0) were combined and normalized to the
d3-18:0 GM2 lipid species internal standard. Briefly, 11.06% of the
area of 18:0 GM2 lipid was subtracted from the area of d3-18:0
GM2, to correct for d3-18:0 GM2/18:0 GM2 overlap. The ratio of
the sum of the area of 18:0 GM2 and 20:0 GM2 to the corrected d3-
18:0 GM2 was calculated and ng of GM2 lipid was determined from
the standard curve. Total GM2 ganglioside concentrations were
then normalized to total protein content in tissue homogenate,
measured by QuickStart Bradford Protein Assay (Bio-Rad) with serial
dilutions of bovine serum albumin as protein standard.

Immunostaining and Image Acquisition

Brain and spinal cord, embedded in OCT, were cut into 20 mm sec-
tions. Immunofluorescent staining was performed for glial fibrillary
acidic protein (GFAP) (ab7260, Abcam, Cambridge, MA) and
CD68 (MCA1957, Bio-Rad). Sections were thawed at room-temper-
ature (30 min), formalin fixed (30 min), and permeabilized
(10 min) with 0.5% Triton X-100 in 1� PBS. Sections were incubated
for 1 h at room temperature in blocking solution (GFAP: 5% FBS +
5% donkey serum, CD68: 5% FBS + 5% goat serum in PBS), followed
2158 Molecular Therapy Vol. 28 No 10 October 2020
by overnight primary incubation (GFAP 1:500 and CD68 1:1,000 in
PBS with 3% respective serum + 1% FBS +0.05% Triton X-100). Sec-
tions were washed with PBS and incubated with 1:1,000 dilution of
Alexa 555-conjugated secondary antibodies in PBS for 1 h at room
temperature (GFAP: Alexa 555-conjugated donkey anti-rabbit;
CD68: Alexa 555-conjugated goat anti-rat, Invitrogen, Carlsbad,
CA). Sections were washed with PBS and mounted using Vectashield
mounting medium containing 2-(4-amidinophenyl)-1H -indole-6-
carboxamidine (DAPI) (H-1200, Vector Laboratories, Burlingame,
CA). Fluorescent images were acquired using a Leica DM5500 B up-
right microscope (Leica Microsystems, Buffalo Grove, IL). Three to
four images (10� magnification, 8 bit, gray scale) per CNS region
in each animal (at least n = 3 animals/group) were used to calculate
signal intensities using ImageJ Software (NIH). The background
signal was determined from images of parallel tissue sections stained
with secondary antibody only. Background signal was subtracted
from the intensity of each image, and the mean intensity calculated
for each structure in each group. Statistical analysis was performed
with Graphpad Prism 8.0 (GraphPad Software, San Diego, CA) using
two tailed t tests to determine the significance of differences between
AAV9-Bic treatment and untreated SD groups.

DEAE Cellulose Anion Exchange Chromatography

Relative levels of each isoenzyme (HexA, HexB, and HexS) in liver
were measured by diethylaminoethyl cellulose chromatography, as
described.20 Fractions were eluted from the column with increasing
concentrations of sodium chloride (0–400 mmol/L), and total Hex ac-
tivity in each fraction was determined with the fluorogenic substrate
MUG. To resolve the HexA and HexS peaks better, we added addi-
tional steps of 104, 108, 112, and 116 mM of sodium chloride between
the standard 100 and 120 mM elutions, for a total of 30 fractions.
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