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Abstract: Background:  GM2 gangliosidosis is a neurodegenerative, lysosomal storage disease
caused by the deficiency of β-hexosaminidase A enzyme (Hex A), an α/β-subunit heterodimer. A
novel  variant  of  the  human  hexosaminidase  α-subunit,  coded  by  HEX  M,  has  previously  been
shown to form a stable homodimer, Hex M, that hydrolyzes GM2 gangliosides (GM2) in vivo.

Materials & Methods: The current study assessed the efficacy of intravenous (IV) delivery of a
self-complementary adeno-associated virus serotype 9 (scAAV9) vector incorporating the HEXM
transgene, scAAV9/HEXM, including the outcomes based on the dosages provided to the Sandhoff
(SD) mice. Six-week-old SD mice were injected with either 2.5E+12 vector genomes (low dose,
LD) or 1.0E+13 vg (high dose, HD). We hypothesized that when examining the dosage compari-
son for scAAV9/HEXM in adult SD mice, the HD group would have more beneficial outcomes
than the LD cohort. Assessments included survival, behavioral outcomes, vector biodistribution,
and enzyme activity within the central nervous system.

Results: Toxicity was observed in the HD cohort, with 8 of 14 mice dying within one month of the
injection. As compared to untreated SD mice, which have typical survival of 16 weeks, the LD co-
hort and the remaining HD mice had a significant survival benefit with an average/median survival
of 40.6/34.5 and 55.9/56.7 weeks, respectively. Significant behavioral, biochemical and molecular
benefits were also observed. The second aim of the study was to investigate the effects of IV manni-
tol infusions on the biodistribution of the LD scAAV9/HEXM vector and the survival of the SD
mice. Increases in both the biodistribution of the vector as well as the survival benefit (average/me-
dian of 41.6/49.3 weeks) were observed.

Conclusion: These results demonstrate the potential benefit and critical limitations of the treatment
of GM2 gangliosidosis using IV delivered AAV vectors.

Keywords: Sandhoff, tay sachs, gene therapy, AAV, adeno-associated virus, hexosaminidase A, GM2 gangliosidosis, GM2
ganglioside.

1. INTRODUCTION
GM2 gangliosidosis is a group of neurodegenerative dis-

eases characterized by the deficiency of β-hexosaminidase A
enzyme  (Hex  A)  to  catabolize  GM2  ganglioside  (GM2),
thereby  causing  GM2  accumulation  within  cellular  lyso-
somes [1, 2]. In humans, Hex A is the sole enzyme capable
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of  catabolizing  GM2  [2].  The  lysosomal  accumulation  of
GM2, which primarily occurs within neurons, leads to wide-
spread  neurodegeneration  throughout  the  brain  and  spinal
cord. Hex A is composed of two subunits, α and β, coded by
the HEXA and HEXB genes, respectively [2]. Efficient hy-
drolysis of GM2 requires alignment of Hex A with a com-
plex consisting of a GM2 Activator Protein (GM2AP) and
GM2.  Genetic  mutations  resulting  in  deficient  activity  of
Hex  A  or  GM2AP  lead  to  the  development  of  GM2  gan-
gliosidosis diseases: Tay Sachs disease (TSD; α-subunit defi-
ciency); Sandhoff disease (SD; β-subunit deficiency); or the
AB-variant (GM2AP deficiency). The symptoms of the in-
fantile  TSD  and  SD  include  shakiness,  rigidity,  lethargy,
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loss of motor control, seizures, and paralysis [2], and result
in death by four years of age [3]. Juvenile and Adult-onset
GM2 gangliosidosis have a delay in symptoms’ onset due to
low-level residual Hex A activity (~2-10% of normal activi-
ty)  [4-6].  There  are  no  curative  treatments  available  for
GM2  gangliosidosis.

In vivo gene transfer is a promising option for the treat-
ment of neurological disorders caused by enzyme deficien-
cies  [7-9].  Several  studies  have  successfully  utilized  ade-
no-associated  virus  (AAV)  vectors  due  to  their  ability  to
transduce  neurons,  demonstrated  long-term  expression
within  the  Central  Nervous  System  (CNS),  low  immuno-
genicity,  and  a  small  capsid  size  enabling  better  transport
within the tissue. These studies have primarily investigated
direct  intraparenchymal  vector  administration  [10-14]  and
have been shown to be effective in treating mouse models of
GM2 gangliosidosis. While this method of delivery appears
to distribute adequately across the small mouse brain, the dis-
tribution of the AAV vector in larger animals, even utilizing
intraparenchymal convection-enhanced delivery, is primari-
ly limited to the volume immediately surrounding the site of
injection. This limited vector distribution could potentially
impact the therapy effectiveness in larger animals and hu-
mans [15-18].

Previous preclinical gene therapy studies have had vary-
ing success in treating animal models of GM2 gangliosido-
sis [10-15, 19-31]. These previous studies used a variety of
viral  vectors,  routes  of  administration,  and  treatment  con-
structs, making a direct comparison to the current study us-
ing  Hex  M difficult.  The  transfer  of  the  murine  β-subunit
transgene alone has been shown to be highly effective in res-
cuing  mouse  models  of  SD  [19-21].  However,  unlike  hu-
mans, mice have an alternate biochemical pathway whereby
a combination of sialidase and Hex B (the homodimer of the
hexosaminidase β-subunit) catabolizes GM2 [32]. Because
Hex B is unable to catabolize GM2 through this pathway in
humans, the dose-response of gene transfer studies in mice
that involve the expression of the murine hexosaminidase β--
subunit could result in overly optimistic expectations for the
translation for human clinical trials. Studies on mice involv-
ing  gene  transfer  of  both  the  murine  α-subunit  and  the
murine  β-subunit  are  also  subject  to  this  uncertainty.  It
would be expected that in this case, the two expressed subu-
nits would form the desired Hex A (heterodimer), but simi-
lar levels of Hex B might be formed due to the higher dimer
stability of Hex B. Nevertheless, it may be noted that other
studies delivered both hexosaminidase genes (α-subunit and
β-subunit) in order to avoid depleting the supply of the en-
dogenous complementary subunit [24]. The creation and use
of  the  HEXM  transgene  have  previously  been  reported  by
our team to circumvent this issue for murine studies [21, 22,
29], and allow for the packaging of a single self-complemen-
tary construct [21, 29]. The expressed µ-subunit homodimer-
izes to form the functional Hex M enzyme and would allow
for the treatment of both TSD and SD in a single administra-
tion.

The  efficiency  of  IV  delivery  of  AAV  vectors  to  the
CNS has been reported to be significantly improved by the

use of  self-complementary (sc)  AAV genomes versus  sin-
gle-stranded (ss) [33]; therefore, a self-complementary (sc)
AAV vector is utilized in this study that expresses the previ-
ously  described  hexosaminidase  μ-subunit,  coded  by
HEXM, which is a synthesized variant of the human α-subu-
nit [22]. This engineered variant of the human α-subunit in-
corporates enhanced dimer interface stability and a GM2AP
binding site, which normally exists only on the hexosamini-
dase β-subunit. The µ-subunit homodimerizes to form a high-
ly stable Hex M enzyme, previously shown to interact with
the  human  GM2AP-GM2  complex  and  catabolize  GM2
[22].

Achieving adequate biodistribution and cellular uptake
is a major challenge for treating neurological diseases affect-
ing broad regions of the CNS. Several AAV serotypes have
been reported to cross the Blood-Brain Barrier (BBB), en-
abling transduction of CNS neurons and astrocytes [34-38].
The  potential  to  obtain  broad  distribution  throughout  the
CNS makes this minimally invasive intravenous (IV) route
of delivery desirable. Recent studies have investigated IV de-
livered vector in SD mice but found long-term survival bene-
fit only with neonatal injected mice in which the BBB has
not  yet  fully  formed [19-21].  The low permeability  of  the
mature BBB limits the amount of vector from entering the
CNS, and alternative viral vectors or methods of delivery ap-
pear to be needed to maximize the effectiveness of IV deliv-
ery.

In the current study, we investigated the efficacy of IV
delivery of a scAAV9/HEXM  vector to six-week-old adult
Sandhoff mice. Mice were injected with one of two doses of
the vector to investigate its potential benefit in terms of sur-
vival and behavioral outcomes. Survival and vector distribu-
tion were also investigated with the vector injection preced-
ed by a fast IV injection of mannitol (3g/kg) intended to dis-
rupt the BBB, temporarily increase its permeability, and en-
hance vector delivery to the CNS.

2. MATERIALS AND METHODS

2.1. Experimental Animals
The  murine  model  of  SD  was  obtained  from  Jackson

Laboratory  (stock  number:  002914;  B6;129S4-hexbtm1Rlp/J)
and a colony for this study was maintained at Queen’s Uni-
versity. Experimental mice were bred using female Hexb+/-
heterozygous and male Hexb-/- or female Hexb-/- heterozy-
gous and male Hex-/- crosses. Genotype verification was per-
formed through PCR amplification of deoxyribonucleic acid
(DNA)  extracted  from  ear  punches  [39-41].  All  protocols
were approved by the Queen’s University Animal Care Com-
mittee.

2.2. rAAV Vector and Injections
The scAAV9/HEXM vector (Fig. 1) was produced at the

vector  core  facility  at  the  University  of  North  Carolina  as
previously described [21, 29, 42]. The scAAV9/HEXM or
scAAV9/GFP viruses were diluted to the correct volume in
the vehicle (PBS with 350 mM total NaCl and 5% sorbitol)
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as previously described [30]. Neonatal mice (postnatal day
0-1) received 50 μL with 2.5E+11 vg per mouse delivered
through the temporal vein. Six-week-old mice received 100
μL of  vector  solution containing 1.0E+13 vector  genomes
(vg) per mouse (high dose, HD) or 2.5E+12 vg per mouse
(low dose, LD) delivered via tail vein injections. Injections
with either a LD or HD of scAAV9/GFP (Fig. 1) and PBS
injections were also given as sham and untreated controls. A
separate  cohort  of  scAAV9/HEXM  LD  mice  received  a
rapid injection of 25% mannitol at 3g/kg via the tail vein pri-
or to the virus injection. Table 1 shows study design and co-
hort sizes.

2.3. Euthanizations and Tissue Processing
Mice were  humanely  euthanized either  at  16-weeks  of

age or at  their  humane endpoint,  defined by >15% weight
loss and/or the loss of the righting reflex. All PBS and GFP
cohorts were euthanized at 16 weeks to allow age-matched
comparisons of hexosaminidase activity and GM2 ganglio-

side  accumulation  between  treated  groups  and  these  con-
trols.  Visceral  and  nervous  system  organs  were  collected
post-carbon dioxide asphyxiation, cardiac puncture, and per-
fusion using 10 mL of  1xPBS until  clear.  Visceral  organs
collected included the heart, lung, liver, kidney, spleen, gon-
ad, and arm muscle. CNS tissue was grossly subdivided into
5 sections- rostral-, mid-, and caudal- section of the brain,
and the cervical and lumbar spinal cord, as seen in Fig. (2)
and as previously described [30]. Samples taken for histolog-
ical purposes were deposited into 4% PFA for 24 hours, af-
ter which they were put into 70% ethanol until tissue embed-
ding in paraffin. Samples taken for molecular and biochemi-
cal analysis were stored at -20ºC for future processing. For
further biochemical assessments, the MB samples were ho-
mogenized  with  700  µL  of  PBS  through  three  10  second
bursts of sonication. The samples were then spun down at
13000 RPM for 20 minutes at 4ºC. 300 µL of the superna-
tant was separated for hexosaminidase activity assays, and
the  remainder  of  the  supernatant  and  the  precipitate  was
stored for future GM2 ganglioside storage analysis.

Fig. (1). AAV.HEXM vector design, with UsP promoter, as previously published [21].

Table 1. Study design.

Genotype Treatment Age of Administration AAV Serotype AAV Dose vg/Mouse Number of Mice
Terminated at 16-

Weeks

Number of Mice Held to
Long Term Humane

Endpoint

Heterozygotes (+/-) None N/A None 0 6 10

Sandhoff (-/-) PBS Adult None 0 5 0

Sandhoff (-/-) GFP Adult AAV9 1E13 4 0

Sandhoff (-/-) GFP Adult AAV9 2.5E12 4 0

Sandhoff (-/-) HEXM Adult AAV9 1E13 0 14

Sandhoff (-/-) HEXM Adult AAV9 2.5E12 5 12

Sandhoff (-/-) HEXM & Mannitol Adult AAV9 2.5E12 4 12

Sandhoff (-/-) PBS Neonatal None 0 3 0

Sandhoff (-/-) GFP Neonatal AAV9 2.5E11 4 0

Sandhoff (-/-) HEXM Neonatal AAV9 2.5E11 6 8
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Fig. (2). Gross Sectioning of the Brain for Further Processing. Fig-
ure adapted from [30]. RB- Rostral section of the brain; MB- Mid-
section of the brain; CB- Caudal section of the brain. (A higher res-
olution / colour version of this figure is available in the electronic
copy of the article).

2.4. Behavioral Testing
Behavioral assessments were performed weekly from 9

through 15 weeks of age, then monthly from 18 weeks until
the  humane  endpoint  of  the  animal.  The  Open  Field  Test
(OFT) and Rotarod (RR) were conducted as previously de-
scribed [21, 43]. Briefly, during the OFT, mice were moni-
tored for general locomotion for 5 minutes with time mov-
ing being recorded by instrumentation (ActiMot; TSE Sys-
tems). In the RR, an accelerated protocol was used to assess
coordination and strength in the mice over the course of a 5-
minute trial, where the RPM at the time the mouse fell from
the rod was recorded as “end RPM” (IITC Life Sciences, Se-
ries 8).

2.5. Hexosaminidase Activity Assay
Hexosaminidase  activity  assays   were   performed   on

MB  samples  utilizing  the  fluorogenic  4-methylumbellifer-
one  (MU)  substrates  4-methylumbelliferyl-2-acetamido-2-
deoxy-β-D-glucopyranoside  (MUG)  and  4Methylumbellif-
eryl-7-6-sulfo-2-acetamido-2-deoxy-bD-glucopyranoside
(MUGS) as previously described [21, 44, 45]. Samples of ho-
mogenized MB supernatant were diluted 1:50 µl with PBS.
The 4MU substrates were incubated with the diluted sam-
ples  for  1  hour  at  37ºC,  at  which  time  the  reaction  was
stopped using a 0.1M 2-amino-2-methyl-1-propanol (AMP)
solution  at  a  pH of  10.5.  All  hexosaminidase  activity  was
normalized to galactosidase activity as measured by the 4-
Methylumbelliferyl  β-D-galactopyranoside  (MUGal)  subs-
trate.

2.6. Vector Distribution Analysis
Vector  biodistribution  was  determined  through  qPCR

analysis as previously described [46]. Briefly, DNA extrac-
tion was performed on all  organs collected.  Isolated DNA

was then quantitatively analyzed using primers specific for
the  GFP  and  HEXM  transgenes.  Data  are  reported  as  the
number  of  double-stranded  target  gene  molecules  per  two
double-stranded copies of murine LaminB2, approximating
the amount of target gene per diploid cell. Primer sequences
were  as  follows:  GFP  (forward:  5’-AGCAGCACGACTT
CTTCAAGTCC-3’; reverse: 5’-TGTAGTTGTACTCCAGC
TTGTGCC-3’); HEXM (forward: 5’-ACATCTACACCGCC-
CAAGAC-3’; reverse: 5’-TTGACAGGGCCAAAAGTAC-
C-3’); LaminB2 (forward: 5’-GGACCCAAGGACTACCT-
CAAGGG-3’;  reverse:  5’-AGGGCACCTCCATCTCGGA
AAC-3’).

2.7. GM2 Assay
Extraction and separation of gangliosides from homoge-

nized MB samples were performed as previously described
[47-50]. Briefly, mixed gangliosides were extracted through
a  series  of  dilutions  and  evaporations  under  nitrogen  in
methanol and chloroform, then separated with a thin layer
chromatography  plate  using  a  50:45:10  chloroform:
methanol:0.2%  calcium  chloride  mobile  phase.  Visualiza-
tion of the ganglioside bands was achieved by adding 0.4%
orcinol solution in 25% sulfuric acid and baking the plate at
120ºC for approximately 10 mins. Densitometry analysis of
the bands was performed using Image J software. The inten-
sity of the GD1A band served as an internal loading control
for the intensity of the GM2 bands.

2.8. Histology
Histological analysis of the processed MBs was conduct-

ed  as  previously  described  [19,  21].  Briefly,  the  paraffin-
embedded  samples  were  cut  into  4-6µm  sections  and  de-
paraffinized, then subjected to citrate buffer antigen retrie-
val. Slides were blocked for endogenous peroxidase activity
and nonspecific binding, followed by incubations in primary
and secondary antibodies. DAB stain was then applied prior
to the dehydration and mounting of the slides. GM2 ganglio-
sides  were  visualized  through  a  1:1000  dilution  of  the
KM966 chimeric murine-human IgG1 anti-GM2 ganglioside
antibody [51] (Kyowa Hakko Kirin Co. Ltd.), followed by
incubation  with  a  goat  anti-human  biotinylated  secondary
antibody.

2.9. Statistics
Statistical  analyses  were  performed  using  GraphPad

Prism and NCSS 12 statistical software. One-way ANOVAs
using  Tukey-Kramer  post-hoc  tests  for  multiple  pairwise
comparisons were performed on the MB hexosaminidase ac-
tivity assays and Bonferroni post-hoc tests on the GM2 stor-
age assays. Two-way repeated measure ANOVAs with Bon-
ferroni  post-hoc  tests  were  used  on  behavioral  measures.
The behavioral  analysis  past  16  weeks  was  based only  on
the surviving mice. Kaplan–Meier curves were used to visu-
alize  improvement  in  the  survival  of  the  treated  SD mice,
with the significance of the observed improvements assessed
by  the  Log-Rank  (Mantel  Cox)  test.  Mixed  factors  ANO-
VAs were performed to assess the biodistribution of the vec-
tors.
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Fig. (3). Survival of the of the adult scAAV9/HEXM administrations. Some of the treatments displayed a bimodal survival curve, with either
early death or prolonged survival. These have been separated into panels A and B. (A) Premature deaths within One Month Post-injection.
The adult HD administration resulted in 57% lethality (8 of 14 mice) from acute toxicity in the month following the intravenous administra-
tion. In addition, 19% of the mice that received a co-injection of IV mannitol (3 of 16 mice) required euthanization within a month following
injection. (B) Long term Survival. The average survival of the HD group (n=6, excluding the 8 that died acutely) was 56 weeks, a median of
56.7 weeks, with a range of 18 to 89 weeks. The average survival of the Adult LD (n=12) was 40.6 weeks, a median of 34.5 weeks, and a
range of 32 to 62 weeks. The increase in survival of both the HD and LD adult cohorts was highly significant compared to the humane end-
point of the untreated mice (p<0.001), as per the Queen’s University Animal Care Committee. The increase in survival of the HD group (ex-
cluding the acute toxicity) as compared to the LD administration was significant (p<0.05). The cohort of SD mice that received the co-infu-
sion of the LD of scAAV9/HEXM and mannitol showed a significant increase in survival (mean of 41.6 weeks and range of 9.0 to 78.3 week-
s) as compared to the natural survival of SD mice. However, this increase in survival was not significantly different from the cohort that re-
ceived only the LD of the scAAV9/HEXM vector. (* = p<0.05, *** = p<0.001). (A higher resolution / colour version of this figure is avail-
able in the electronic copy of the article).
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3. RESULTS

3.1. Survival
To verify vector transport across a more permeable, im-

mature BBB, a cohort of neonatal mice were intravenously
injected  with  scAAV9/HEXM  via  the  temporal  vein  at  a
dose of 2.5E+11 vg per mouse. The average survival of this
cohort (n=8) was 44.7 weeks, and their median survival was
46 weeks, with a range of 30-56 weeks of age (Supplemen-
tary Fig. S1A). The neonatal administration showed a highly
significant survival benefit compared to the typical lifespan
of  approximately  16  weeks  (R=  15-21  [40,  52,  53];
p<0.001).

In the HD injected adult mice (1.0E+13 vg/mouse), 8 of
the 14 mice (~57% of the cohort) died shortly after the IV
scAAV9/HEXM administration with their age at death rang-
ing from 8 weeks to 10.5 weeks (Fig. 3A). The survival of
the remainder of this cohort and mice in the other experimen-
tal cohorts is depicted in (Fig. 3B). The average survival of
the  Adult  HD  (n=6)  and  Adult  LD  (2.5E+12  vg/mouse,
n=12) mice was 56.0 and 40.6 weeks of age, respectively.
These Adult  HD and LD groups had a median survival  of
56.7 weeks and 34.5 weeks, and a range of 18-89 weeks and
32-62  weeks,  respectively.  Excluding  the  mice  in  the  HD
group that died shortly after vector administration, there was
a highly significant increase in survival (p<0.001) of mice re-
ceiving either the HD or LD adult administrations as com-
pared  to  the  vehicle  and GFP treated  cohorts.  In  addition,
there was a significant increase in the lifespan of the adult
HD  injected  mice  compared  to  the  LD  injected  cohort
(p<0.05).

Excluding the 3 mice that did not tolerate the mannitol
co-injection (Fig. 3A), the survival of the LD & Mannitol co-
hort (n=9) ranged from 39.5 to 78.3 weeks of age, with an
average of 41.6 weeks and a median survival of 44.8 weeks
(Fig. 3B). This was a significant increase in survival com-
pared to untreated cohorts (p<0.01). However, co-administra-
tion of mannitol with the low dose of scAAV9/HEXM vec-
tor  did  not  significantly  increase  the  survival  time  of  the
mice  compared  to  the  mice  receiving  the  low  dose  of
scAAV9/HEXM  alone  (p  =  0.0759).

3.2. Behavioral Outcomes
Behavioral locomotion and coordination were assessed

in the adult scAAV9/HEXM SD cohorts through Open Field
Test (OFT) and Rotarod (RR), respectively. From the age of
9  weeks  through  15  weeks,  there  was  a  significant  differ-
ence observed among treatment groups in the OFT time mov-
ing (F6, 35=4.02, p<0.0001) (Fig. 4A). The adult HD group at
9 weeks spent less time moving compared to heterozygous
controls (p<0.001). The adult HD group also spent less time

moving than the adult LD group at 9 weeks (p<0.05). Over
the time-course from 18 to 30 weeks of age, there were no
statistically significant differences between the locomotion
of  the  remaining  adult  scAAV9/HEXM  treatment  groups
(HD  and  LD)  in  the  OFT.

The coordination of the scAAV9/HEXM treated cohorts
was assayed through the accelerated protocol on the RR (F5,

33=2.98,  p=0.0250) (Fig.  4B).  From week 9 to  week 22 of
the behavioral  testing time-course,  the performance of  the
adult HD and LD cohorts approximated that of the heterozy-
gote  cohort.  However,  at  the  testing  performed  at  the  26-
and 30-week timepoints, the adult LD cohort diverged from
the heterozygote group, showing a significant decline in per-
formance  (p<0.01,  p<0.05,  respectively).  The  adult  LD
group  also  showed  decreased  coordination  at  26  and  30
weeks compared to the adult HD cohort (p<0.001, p<0.001,
respectively). The adult HD group outperformed the PBS co-
hort  at  14  and  15  weeks  (p<0.01,  p<0.001,  respectively).
Likewise, the mice of the adult LD group were also more co-
ordinated  than  the  PBS  group  at  13,  14  and  15  weeks
(p<0.05,  p<0.01,  p<0.001,  respectively).  The  coordination
of the heterozygote controls was significantly better than the
untreated PBS cohort at 14 and 15 weeks (p<0.01, p<0.001,
respectively).

The treated neonatal cohort also demonstrated increased
general  locomotion  and  coordination  on  the  OFT  and  RR
compared to the untreated cohorts (Supplementary Fig. S2).

3.3. Enzymatic Activity Assay
Hexosaminidase  enzyme  activity  in  the  Midsection  of

the Brain (MB) homogenates was quantified using the syn-
thetic fluorescent MUGS substrates relative to galactosidase
activity  measured  with  MUGal  substrate.  The  analysis  of
variance of measures of hexosaminidase enzyme activity in
MB tissue samples taken at termination showed a significant
main effect of the group (F6,18=63.06, p<0.0001) (Fig. (5A);
ratios  were  log-transformed  for  the  statistical  analyses  to
achieve  homogeneity  of  variance  among groups).  At  their
long-term  (humane)  endpoint,  the  mice  receiving
scAAV9/HEXM at either the low dose or high dose had sig-
nificantly  greater  hexosaminidase  enzyme activity  in  their
MB  samples  than  control  group  mice  receiving  the
scAAV/GFP (p < 0.001). There was also a dose effect, with
the high dose group mice having significantly greater hex-
osaminidase enzyme activity in their MB samples than mice
receiving the lower dose (p < 0.05). Hexosaminidase activi-
ty was also assessed in serum samples, where no increase in
enzymatic activity was observed (data not shown).

Supplementary Fig. (S1B) provides the hexosaminidase
activity analysis of the neonatal cohort.
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Fig. (4). Behavioral Analysis of the adult scAAV9/HEXM administrations. Statistics for PBS treated mice are not available beyond 15 weeks
of age. Only comparisons with significance at any point during the time course of assessment are shown in the inlayed tables. (A) Open Field
Test  -  Time  Moving.  From  9-15  weeks,  there  was  a  significant  difference  observed  among  treatment  groups  in  the  OFT  (F6,  35=4.02,
p<0.0001). All scAAV9/HEXM treated animals did not have significant changes in their general locomotion compared to heterozygous con-
trols  (p>0.05),  except  for  the  Adult  HD group  at  9  weeks  with  a  highly  significant  decrease  in  movement  compared  to  Heterozygotes
(p<0.001). Over the long-term time-course (18-30 weeks) there were no statistical differences between the locomotion of the treatment
groups in the OFT. (B) Rotarod - End RPM. There was a significant effect of treatment observed (F5, 33=2.98, p=0.0250). Over the time--
course as measured in the RR, the coordination of all scAAV9/HEXM treatment groups approximated the activity of the heterozygous con-
trol mice until 26 and 30 weeks, where the Adult LD cohort diverged, showing a significant decline in performance as compared to heterozy-
gous controls (p<0.01, p<0.05, respectively). The Adult LD group also showed decreased coordination at 26 and 30 weeks compared to the
Adult HD cohort (p<0.001, p<0.001, respectively). In addition, the heterozygous controls performed significantly better than the untreated
PBS cohort at 14 and 15 weeks (p<0.01, p<0.001, respectively). Likewise, the Adult HD group outperformed the PBS cohort at 14 and 15
weeks (p<0.01, p<0.001, respectively), where the Adult LD group were also more coordinated than the PBS group at 13, 14 and 15 weeks
(p<0.05, p<0.01, p<0.001, respectively). (* = p<0.05, ** = p<0.01, *** = p<0.001). (A higher resolution / colour version of this figure is
available in the electronic copy of the article).
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Fig. (5). Biochemical Analysis of the neonatal and adult scAAV9/HEXM administrations. (A) Midsection of the Brain (MB) Hexosamini-
dase Activity Assay. There was a significant difference among treatment groups in the amount of hexosaminidase activity measured in MB
samples (F6,18 = 63.06, p < 0.0001). The graph shows the samples’ activity against the MUGS substrate as a ratio to (normalized for) activity
with the MUGal substrate. The differences between pairs of treatment groups shown in the graph and discussed in the text are based on the
Tukey-Kramer method for multiple pairwise comparisons. (B) Ganglioside Storage Analysis. There was a significant effect of treatment
group on the amount of GM2 ganglioside stored (F7,61= 40.12, p<0.0001). The adult scAAV9/HEXM LD 16-week cohort showed a signifi-
cant decrease in GM2 storage as compared to the PBS untreated group (p<0.001). A significant increase in the amount of GM2 stored was ob-
served between the 16 week and LT timepoint for the adult scAAV9/HEXM LD cohort (p<0.001). As compared to the heterozygous con-
trols, the PBS, GFP, adult scAAV9/HEXM LD LT, and the adult scAAV9/HEXM HD LT showed a highly significant increase in the amount
of GM2 gangliosides stored (p<0.001), whereas the Adult scAAV9/HEXM LD 16 week group showed a significant increase (p<0.01). (C-Q)
Histological  Ganglioside  Storage.  Sections  of  the  murine  neocortex,  hypothalamus,  and  thalamus  from  the  PBS  cohort  (C-E),  the
AAV9/HEXM adult LD 16 week (F-H), and long term (I-K) cohorts, the AAV9/HEXM HD adult cohort (L-N), and the heterozygote con-
trols (O-Q). Black arrows indicate GM2 ganglioside filled neurons, which were found predominantly throughout the PBS and adult long-
term cohorts. The white arrows indicate similar neuron soma lacking the GM2 ganglioside accumulation. All images taken at 40x magnifica-
tion. (* = p<0.05, *** = p<0.001, ns = not significant). (A higher resolution / colour version of this figure is available in the electronic copy
of the article).
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3.4. Ganglioside Storage Analysis
There  was  a  significant  effect  of  treatment  on  the

amount of GM2 ganglioside stored (F7,61= 40.12, p<0.0001)
(Fig. 5B). The Adult AAV9/HEXM LD 16-week cohort had
significantly less GM2 storage compared to the PBS untreat-
ed  group  (p<0.001).  The  amount  of  GM2  gangliosides
stored  in  the  MB  samples  collected  at  the  humane,  long-
term endpoint (LT timepoint) of the Adult scAAV9/HEXM
LD cohort was significantly greater than that observed in the
samples from the mice terminated at 16 weeks of age of this
cohort (p<0.001). GM2 ganglioside storage in MB samples
taken at the LT timepoint was significantly lower in the sam-
ples from the Adult HD group compared to the Adult LD co-
hort (p<0.0001). Compared to the heterozygous controls, the
PBS,  Adult  scAAV9/HEXM  LD  LT,  and  the  Adult
scAAV9/HEXM  HD LT each showed a  greater  amount  of
GM2  gangliosides  stored  (p<0.001),  as  did  the  Adult
scAAV9/HEXM  LD  group  samples  taken  at  16  weeks
(p<0.01). Supplementary Fig. (1C) shows the GM2 storage
in the neonatal cohort.

Histological analysis showed noteworthy reductions of
the GM2 ganglioside storage in the MBs of the adult LD and
HD scAAV9/HEXM treatment groups (Fig. 5C-Q). Supple-
mentary Fig. (3) depicts the histological analysis of the neo-
natal cohort.

3.5. Biodistribution Analysis of IV scAAV9/HEXM Treat-
ed Mice

The scAAV9/HEXM vector biodistribution for the adult
intravenous administration cohorts was through qPCR analy-
sis  (Fig.  6A).  Data  are  presented  as  the  number  of  vector
genomes per mouse genome. The biodistribution analysis of
the 16-week and LT LD and HD scAAV9/HEXM administra-
tions showed a similar distribution of the vector throughout
the central nervous system. In addition, high copy numbers
were seen in the heart and liver samples of all injected ani-
mals,  similar  to  previous  reports27,33.  Supplementary  Fig.
(S1D) shows the biodistribution analysis of the neonatal co-
hort.

Compared to the LD cohort,  the cohort that received a
co-injection of  mannitol  with  the  vector  showed a  signifi-
cant increase in the amount of vector uptake in all regions of
the central  nervous system (p<0.001)  (Fig.  6B).  When as-
sessing the biodistribution to peripheral organs, there was a
significant interaction between the pattern of transgene detec-
tion  across  tissues  depending  upon  the  use  of  mannitol
(p<0.05), with mannitol co-administration resulting in rela-
tively greater HEXM  DNA detected in the bicep and lung,
and less in the heart and kidney, compared to the LD of vec-
tor alone.

4. DISCUSSION
This  study  demonstrated  the  efficacy  of  intravenous

scAAV9/HEXM gene therapy in adult SD mice. Overall, the
neonatal and adult LD and HD cohorts survived significant-
ly longer than untreated controls, which correlated with the
behavioral improvements. These improvements were also ac-
companied  by  significantly  decreased  GM2  storage  and  a
significant increase in hexosaminidase activity in the MB tis-

sue samples. Additionally, the current study showed an in-
crease  in  CNS  vector  genome  distribution  when  the
scAAV9/HEXM intravenous administration was paired with
an intravenous mannitol injection, an agent that temporarily
increases  the  passage  of  large  molecules  into  the  brain
across the blood-brain barrier. This increase was not associat-
ed with longer survival of the mice, which may be due to the
systemic  nature  of  the  disease  in  the  SD  mouse,  whereby
morbidity  and  mortality  may  be  determined  by  a  broader
pathology than central nervous system effects alone.

HEXM gene transfer has been previously shown to effec-
tively and significantly extend the lifespan and ameliorate
phenotypic and biochemical measures in neonatal SD mice,
and consequently,  it  has  also been confirmed that  this  hu-
man  Hex  M enzyme effectively  functions  with  the  mouse
GM2AP-GM2 complex to hydrolyze GM2 [21]. This neona-
tal treatment of SD mice with a therapeutic dose of 5E10vg/-
mouse of scAAV9.47/HEXM showed a 2.5 fold increase in
survival of treated animals to a median of 40 weeks [21]. Un-
like  scAAV9,  the  scAAV9.47  used  in  the  previous  study
was designed to de-targeted the liver [21, 54]. In compari-
son, the survival of the SD mice in the current study shows a
median survival of 46 weeks in neonatal mice injected with
2.5E11vg/mouse of scAAV9/HEXM (using a 5-fold greater
dose  and  an  AAV9  serotype  which  is  different  than  the
AAV9.47 serotype previously used). Adult stage injections
of scAAV9/HEXM had not been studied previously. In this
study, the increase in survival of the treated adult SD mice
demonstrates the effectiveness of the scAAV9/HEXM vector
to be distributed within the CNS. Excluding the deaths that
occurred within one month following the vector  injection,
the adult HD cohort had a 3.5-fold increase in survival bene-
fit, while the adult LD cohort showed a 2.5-fold increase in
survival,  as  compared  to  the  natural  SD  mouse  survival.
However, this increase in survival came at the cost of acute
toxicity in the month following administration of the HD of
the vector. The percentage of animals succumbing to acute
toxicity implies that the 1E13 vg/mouse dose is approximate-
ly the lethal dose (LD50) for this vector. Although it was in-
vestigated, the cause of death of these mice was not conclu-
sively determined. The timing of the acute toxicity coincides
with the timing of maximal gene expression, potentially im-
plicating the HexM protein itself. Alternatively, the timing
is consistent with the cause being an immune response to ei-
ther the AAV9 capsid protein or overproduced HexM pro-
tein, or both. There was an increase in liver enzyme levels in
samples from animals, but the histopathological analysis did
not identify liver damage. Analysis of serum samples for liv-
er  enzyme  levels  was  not  possible  in  all  animals  because
some were found to have died overnight, preventing the col-
lection of useful samples. There were no early deaths or ob-
served clinical toxicity in the four mice injected with the HD
of the scAAV9/GFP vector or in the 17 mice injected with
the LD of the scAAV9/HEXM vector. Other studies have re-
ported severe immune responses to high doses of AAV ad-
ministered by intravenous infusions [55] or by direct brain
intraparenchymal injections [56]. The lack of increased hex-
osaminidase levels in the blood (while tissue levels are in-
creased) may be suggestive of an antibody response against
Hex M (data not shown). Hex M is a variant of the human
Hex A protein and is secreted from transduced cells, which
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may make it more immunogenic than GFP. A study investi-
gating the possibility  of  an anti-Hex M immune response,
and  whether  a  prophylactic  immune  suppression  regimen
may ameliorate such acute toxicity, is underway in our lab.

GM2 ganglioside accumulation begins weeks or months be-
fore the primary symptoms of SD become apparent [14, 57].
Administration  of  the  AAV9/HEXM  vector  at  a  later  age
still conveys significant benefit, i.e., Neonatal vs Adult.

Fig. (6). Copy Number Analysis for Biodistribution of the scAAV9/HEXM Vector. Presented as the number of vector genomes per diploid
mouse genome. (A) The biodistribution for the LD cohort at 16 weeks and long term, as well as the HD long term cohort. There was a signifi-
cant effect of scAAV9-HexM dose on the copy numbers of HexM DNA found in the heart (p < 0.001) and liver (p < 0.01) of mice at their hu-
mane endpoint, with greater copy numbers found in the higher dose group. A repeated measures ANOVA showed a significantly higher num-
ber of copies in the CNS of mice receiving the higher dose versus those receiving the lower dose (p < 0.05) when considering the CNS re-
gions collectively. Post hoc tests on a region-by-region basis were not significant; however, the data suggest that the dose effect was likely
greatest in the region of the cervical spinal cord (p < 0.10). (B) The inclusion of the mannitol infusion with the LD scAAV9/HEXM signifi-
cantly increased the vector biodistribution across the central nervous system compared to the LD virus alone (ANOVA with one between ani-
mal factor [mannitol or not] and one within animal factor [region of CNS], mannitol main effect: p < 0.001). However, no post hoc test for
mannitol effect at individual CNS regions achieved significance). When assessing the non-central nervous system organs, there was a signifi-
cant interaction between the pattern of transgene detection across tissues depending upon the use of mannitol (p<0.05), with mannitol co-ad-
ministration resulting in relatively greater HEXM DNA detected in the bicep and lung, and less in the heart and kidney, compared to the LD
alone. (A higher resolution / colour version of this figure is available in the electronic copy of the article).
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Previous behavioral studies have demonstrated that SD
mice exhibit a decrease in measures of strength, coordina-
tion  and  general  locomotion  [21,  39,  40,  53].  The  current
study also found a decline over time in phenotypic perfor-
mance  consistent  with  previous  findings  for  the  untreated
SD  mice  [19,  23,  40].  In  contrast,  the  adult  LD  and  HD
scAAV9/HEXM  treated  mice  exhibited  a  long-lasting  im-
provement in performance on the Rotarod as compared to un-
treated controls. The HD scAAV9/HEXM cohort exhibited
significantly  better  performance  than  untreated  SD  mice,
and sustained this level of performance throughout the entire
30-week  testing  period,  whereas  the  LD  group  performed
better than untreated SD mice and did not begin exhibiting a
decline in coordination and strength as measured on the ro-
tarod until  26-week testing (Fig. 4B).  Then, the decline in
the performance of the LD group approximated the drop-off
in performance seen earlier in the untreated SD mice.

The GM2 ganglioside storage analysis conducted in the
current study is consistent with that of previously reported
levels  [19,  21].  The  adult  LD  groups  showed  decreased
GM2 ganglioside storage compared to both age-matched un-
treated  groups  (GFP/PBS)  and  their  LD  counterparts  as-
sessed at the long-term timepoint (humane endpoint). This
demonstrates that the increase in enzyme activity in adult-
hood was able to degrade GM2 and reduce GM2 accumula-
tion, and therefore affect the course of the disease.

It has been theorized that raising the cellular enzyme ac-
tivity levels in lysosomal storage disease above a ‘critical en-
zyme threshold’, roughly above 10-15% of the normal en-
zyme activity level, will be sufficient to cure the disease due
to the phenomenon of metabolic cooperation or cross-correc-
tion [4, 6]. Metabolic cooperation occurs when the therapeu-
tic enzymatic product is secreted by successfully transduced
cells  and  can  then  be  taken  up  by  surrounding  non-trans-
duced cells [4, 6]. In this study, mice receiving the low dose
of scAAV9/HEXM  had a level of hexosaminidase enzyme
activity in their MBs, averaging 13.9% of the level found in
the MBs of heterozygous mice at 16 weeks of age. Mice re-
ceiving the high dose (and surviving the acute toxicity peri-
od) had a level of hexosaminidase enzyme activity in their
MBs, averaging 55.9% of the level of 16-week-old heterozy-
gotes. The increase in these average levels of Hex activity
was sufficient to provide a survival benefit,  but it  was not
sufficient  to  enable  the  mice  to  live  to  a  normal  lifespan
(Fig. 3), (Supplementary Fig. S1A). However, it should be
noted  that  these  are  the  average  activity  levels  across  a
varied population of cells from the MB samples and may not
be indicative of the enzyme activity within individual cells
or more discrete CNS regions.

It was noted that there was higher hexosaminidase activi-
ty in the long-term LD cohort than in the 16-week cohort,
but there was also more GM2 accumulation in the 16-week
cohort than the LT cohort. The approach to the critical en-
zyme  threshold  could  explain  this  discrepancy.  Below
10-15%  of  normal  hexosaminidase  activity,  there  is  still
catabolism of the GM2 substrate; however, the GM2 subs-
trate  is  still  accumulating  too  quickly  for  the  10-15%  en-

zyme activity to handle. From the time the mice were admin-
istered the treatment,  Hex M was working to decrease the
rate at which the GM2 ganglioside was accumulating. At the
16  week  endpoint,  unlike  their  untreated  control  counter-
parts, the mice comprising the LD cohort were asymptomat-
ic  due  to  the  increase  in  enzyme  activity  provided  by  the
scAAV9/HEXM treatment, which in turn worked at decreas-
ing the rate of GM2 accumulation (Fig. (5B), PBS in black
vs LD 16 week in pink). The long term LD cohort showed
relatively high levels of GM2 accumulation compared to the
16 week LD and PBS cohorts (Fig. (5B), LD LT in red com-
pared to the PBS in black and LD 16 week in pink), likely
because the rate at which the Hex M activity was able to ca-
tabolize GM2 in the LD LT mice was sufficient to signifi-
cantly extend the life of the animals, but still showed a very
slow disease  progression  towards  symptomatic  SD,  where
the accumulation of GM2 in these mice significantly exceed-
ed the load of that found within the PBS controls. As for the
difference between the hexosaminidase activity between the
16-week and long-term timepoints, as the enzyme activity is
normalized to  an endogenous control,  assuming that  at  16
weeks,  asymptomatic treated animals have very little  neu-
rodegeneration, there is a dilution of the amount of Hex M
across  all  brain  cells,  whereas  the  symptomatic  long-term
mice have undergone severe neurodegeneration and it is like-
ly that only those cells and their immediate neighbors pro-
ducing the Hex M would remain, increasing the signal to the
endogenous background measured in this group.

The biodistribution of the scAAV9/HEXM treatment in
the adult mice was noted to be similar between animals ter-
minated at 16 weeks and those terminated at long-term (hu-
mane endpoint) timepoints. This suggests there was little to
no elimination of vector genomes from animals from the 16-
week timepoint onwards. In addition, a similar presence of
the vector genome throughout the brain and spinal cord tis-
sues of all adult and neonatal treated mice was observed, in-
dicating that the scAAV9/HEXM vector crossed both the ma-
ture (in  6-week-old mice,  (Fig.  6A))  and immature blood-
-brain barrier (in neonates, Supplementary Fig. S1D). There
was a significant effect of scAAV9/HEXM dose on the copy
numbers of HEXM DNA found in the heart (p < 0.001) and
liver  (p  <  0.01)  of  mice  at  their  humane  endpoint,  with
greater  copy  numbers  found  in  the  higher  dose  group.
Among  mice  that  received  the  lower  dose  of  scAAV9-
HEXM,  there  were  significantly  fewer  copies  of  HEXM
DNA found in the livers of mice at their humane endpoint,
compared to the copies in the livers of the mice that were ter-
minated at 16 weeks of age. A repeated-measures ANOVA
showed a significantly higher number of copies in the CNS
of mice receiving the higher dose versus those receiving the
lower dose (p < 0.05) when considering the CNS regions col-
lectively. Post hoc tests on a region-by-region basis were not
significant;  however,  the  data  suggest  that  the  dose  effect
was likely greatest in the region of the cervical spinal cord
(p < 0.10). A significant increase in uptake and persistence
of  the  scAAV9/HEXM  vector  by  a  factor  of  2.34-fold
throughout the central nervous system was seen when the IV
LD administration was paired with mannitol (Fig. 6B). This
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is  consistent  with  the  expected  effect  of  mannitol  on  the
blood-brain barrier [15-18].

Intracarotid  delivery  of  a  high  dose  of  a  hyperosmotic
agent has been shown to disrupt the ipsilateral BBB and en-
able the transport of therapeutic agents into the CNS from
the bloodstream [15-18].  Both mannitol  and arabinose are
commonly used as hyperosmotic agents in animal studies. In-
travenous mannitol is currently approved for human use by
the US Food and Drug Administration (FDA) and is labeled
for the reduction of intracranial pressure and brain mass.

The use of mannitol to reduce intracranial pressure has
been performed in clinical and pre-clinical settings [16, 17,
58-62]. The administration of intra-arterial injection of 25%
wt/vol of mannitol followed by the gene therapy treatment 2
minutes later [62] showed that the optimal time in which to
deliver a therapeutic after the mannitol has been delivered to
disrupt the BBB is 0-5 minutes, where a minimum period of
hyperosmolarity is required for sufficient BBB disruption.

While the current study showed an increase in CNS vec-
tor uptake when preceded by a mannitol injection (rapid IV,
total fluid volume of 25% mannitol) plus the hyperosmolari-
ty  of  the  vector  vehicle  may  have  been  excessive  for  the
three  mice  that  required  humane  euthanizations  within  a
month following vector injection. A similar study used 25%
mannitol at a dose of 1-2 mg/g of the mouse to facilitate the
movement of a gene therapy treatment across the BBB [61],
which  is  lower  than  the  dose  used  in  the  current  study  (3
g/kg = 3 mg/g mouse). Further investigation of the dose and
route of mannitol delivery (e.g., intracarotid) is required to
identify a safe and effective means of enhancing AAV vec-
tor transport across the BBB.

Previous studies utilizing AAV gene therapy have report-
ed  high  incidences  of  hepatic  or  lung  tumors  [19,  63-65].
Throughout the course of this study, we did not encounter
any tumors. This may be due to the synthetic promoter used
in the scAAV9/HEXM treatment that confers moderate lev-
els of expression since it has been shown that tumorigenicity
can be promoter dependent correlating with stronger expres-
sion  [66].  The  immunological  and  toxicological  effects  of
the vectors require further assessment.

CONCLUSION
In the current study, we investigated the efficacy of 2 dif-

ferent doses on the adult administration of AAV9/HEXM in
the SD mice. The data obtained support our hypothesis of a
dose-response  to  scAAV9/HEXM;  namely,  that  a  higher
dose can confer a greater benefit than a lower dose. Howev-
er, this support was limited to mice that did not have a toxic
acute reaction to the higher dose. With a dose of 1E13 vg/-
mouse  (HD),  there  was  an  approximate  57%  lethality,  as
shown in Fig. (3A). Excluding the mice lost to acute toxicity
from the adult HD cohort, there was an increase in survival,
behavior, biochemical and molecular outcomes when com-
paring  HD  and  LD  adult  injected  groups.  Excluding  the
acute toxicity, we noted that in these adult mice, with a 4x
dosage increase, there was a 1.44x increase in survival bene-

fit  and  an  increase  in  brain  hexosaminidase  activity.  The
adult LD and HD cohorts showed 2.5-fold and 3.7-fold in-
creases in survival over the natural lifespan of SD mice (Fig.
3B). The adult HD group outperformed the adult LD cohort
throughout the behavioral testing, including the 26- and 30-
week testing timepoints, when the LD cohort began declin-
ing in its coordination measures on the RR (Fig. 4B). There
was substantially less GM2 ganglioside in both the neonatal
and adult scAAV9/HEXM recipients, as compared to the ac-
cumulation seen in the PBS treated group (Supplementary
Fig. S1C and Fig. 5B). Molecular analyses demonstrated the
vector’s  ability  to  cross  the  blood-brain  barrier  and  dis-
tribute  it  across  the  brain  and  spinal  cord  (Fig.  6).

While  the  current  study  clearly  shows  that  the
scAAV9/HEXM vector can be effective in treating SD mice,
further  investigations  are  warranted into  the  toxicology of
the treatment as well as optimizing a method of delivering
gene vectors to the CNS to safely maximize treatment effica-
cy with minimal side effects. Future studies may also investi-
gate  the  use  of  non-viral  gene  replacement  methods  [67].
Nevertheless,  this  study  provides  a  solid  step  towards  the
translation  and  justification  of  a  future  clinical  trial  of
scAAV9/HEXM  gene  therapy  for  TSD  and  SD.
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