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Abstract

The infantile GM2 gangliosidoses are severe neurodegenerative disorders, caused by a
defect in the p-hexosaminidase system. They are characterized by lysosomal
accumulation of the substrate, GM2 ganglioside, which results in severe neuronal
damage and death in the early years of life. Sandhoff mice deficient in both major
hexosaminidase isozymes, Hex A and Hex B, mimic the disease severity in the human
condition including the motor deterioration, histopathological findings, and premature
death. To investigate the utility of systemic adeno-associated virus 9 (AAV9)-based gene
delivery in treating GM2 gangliosidoses, we evaluated the therapeutic outcome of a
single intravenous injection of recombinant AAV9 encoding the complementing Hexb
gene in a Sandhoff mouse model. We showed prolonged survival, preserved motor
function, and reduced GM2 ganglioside accumulation as well as inflammation when
systemic AAV9 therapy was administered to 1-2 days old mice. However, the formation

of liver or lung tumours accompanied the positive therapeutic effect.
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Introduction



1.1 The lysosome

1.1 The lysosome

The lysosome is a membrane-bound compartment found within eukaryotic cells. Initially
considered a simple digestive sack, the lysosome is now recognized as a cellular
organelle that plays a crucial role in maintaining cellular homeostasis. It is involved in
many cellular processes, including the degradation of intra- and extracellular material,
cellular membrane repair, cholesterol homeostasis, energy production and cell death;
all of this occurs in a dynamic adaptive and interactive process with the cellular

environment™?.

Lysosomes appear as dense bodies that vary in shape and size** and are mostly
seen in the preinuclear area of the cytosols. The catabolic activity of lysosomes is owed
to the presence of approximately 60 hydrolases in its acidic lumen, including nucleases,
proteases, glycosidases, phosphatases, sulfatases, and IipasesG. They allow the lysosome
to hydrolyze a vast range of substrates. Molecules reach the lysosome after endocytosis
via the endosome-lysosome pathway’?, or after autophagy via lysosomal invagination,
chaperone-mediated internalization, or autophagosome formation®*!. The pH of the
lysosome lumen is maintained at 4.6-5.0 by proton-pumping vacuolar ATPases'? that
are separated from the rest of the cell by a single 7-10 nm protein-rich cholesterol-poor
phospholipid-bilayer®. This bilayer contains about 215 lysosomal membrane proteins
membrane-associated proteins among which lysosome-associated membrane proteins

LAMP-1 and-2, lysosomal integral membrane protein LIMP-2, and CD63 are the most



1.1 The lysosome

abundant 3

. Lysosomal membrane proteins are heavily glycosylated at their luminal
domains, forming a glycocalyx layer that protects the lysosomal membrane from being
degraded by the aggressive luminal contents. Further, they form a functional and

regulatory part of the sorting, digesting, secreting and signaling components of the

lysosome®.

When acid hydrolases and lysosomal membrane proteins are newly synthesized,
they are directed to Ithe ysosome by several pathways™*. The most recognized pathway
for targeting soluble hydrolases is the mannose-6-phosphate acquired in the cis-

Golgi***.

Lysosomal membrane proteins require phosphorylation and lipid
modifications, as regulatory signals, in-addition to dileucine and tyrosine-based motif

that act as sorting signals in their cytosolic domains®®.

Cells strictly relay on the lysosome for the turnover of cellular components
through autophagy, a process that would accelerate from its the basal level under a
range of cellular stress inducing conditions, e.g starvation and infection, allowing the
generation of new cellular components and ATP from degrading oxidized lipids,

17,18

aggregated protein, damaged organelles and pathogens™"~". The fate of the degraded

molecules is decided based on the cell nutrition state, energy and activity.
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The lysosome is involved in cellular exocytosis. Controlled by the intracellular Ca™
concentration®, the lysosomal membrane fuses with the plasma membrane, which

allows the lysosome to secrete its content into the extracellular matrix, and mediates

20-23 24-27

membrane repair~ ~°, pathogen clearance by immune response”™ ', coagulation

process”®, pigmentation’, bone resorption, the release of spermatozoa during

fertilization®, and cell signaling®"**.

Lysosomes also mediate cellular apoptosis through many pathways, most notably
is the release of its hydrolase content -practically cathepsins, while rupture of lysosome

induces necrosis™*>.

Lysosome biogenesis and activity are regulated by the interaction between the
coordinated lysosomal expression and regulation (CLEAR) network that includes genes
encoding lysosomal membrane proteins, enzymes and the V-ATPase complex2'34, the
transcription factor that recognizes the enhancer box (TFEB) promoter sequence 5'-

GTCACGTGAC-3' in the CLEAR network®, and the kinase mammalian target of rapamycin

complex 1 (mTORC1) that senses the cell nutrition state and regulates its growth36’37.

Under normal physiological condition, mTORC1 co-localizes with TFEB on the surface of

38-40

the lysosomal membrane™™, preventing its nuclear translocation and keeping

18,41

autophagy at a basal rate™"". Under physiological stress, the interaction between

MTORC1 and TFEB is interrupted leading to nuclear translocation of TFEB and induction
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of autophagy by positive transcriptional regulation of lysosomal genes and proteins
required for autophagy39. Such interactions guarantee lysosomal adaptation to meet the
cell’s needs for degradation capacity and energy production, a machinery referred to as

lysosome nutrient sensing (LYNUS)?.

As much as the lysosome is essential in cellular homeostasis, its dysfunction is
known to cause lysosomal storage diseases and has been associated with aging'®,

neurodegenerative diseases*’, cardiovascular diseases®®, cytoskeletal abnormalities***,

31,32,46

immune diseases _and cancer”’.

1.2 Lysosomal Storage Diseases (LSDs)

Lysosomal storage diseases are hereditary disorders characterized by aberrant,
excessive accumulation of cellular material in lysosomes. They are commonly caused by
mutations in genes encoding lysosomal components*®. LSDs include those diseases
caused by mutations in genes involved in modifying, processing, transporting or
targeting lysosomal proteins, or any lysosome-related organelle®®. For examples, in
Niemann-Pick type C, the primary defect causes the accumulation of unesterified
cholesterol in the late endosome which consequently impairs the whole endosome-

lysosomal system49.



1.2 Lysosomal Storage Diseases (LSDs)

Since the initial identification of the lysosome in 1955 by Christian de Duve, nearly
60 LSDs have been identified, most of which are inherited as autosomal recessive
diseases. Exceptions include Fabry disease, a form of sphingolipidosis caused by a
deficiency in alpha galactosidase A, and Hunter disease, known as
mucopolysaccharidosis Il (MPSIl) and caused by a deficiency in iduronate-2-sulfatase;
both are X-linked recessive disorders, whereas Danon disease, caused by a mutation in
LAMP2, is an X-linked dominant disorder. Collectively, LSDs affect 1 in every 5000-live

births, but some are more prevalent in specific ethnicities or backgrounds®®.

The genetic defect in LSDs initially causes lysosomal accumulation followed by a
gradual impairment of lysosomal function. This impairment is characterized by
disturbed calcium homeostasis in the lysosome and endoplasmic reticulum (ER),
abnormal cellular trafficking and signaling, impaired autophagy, protein aggregation, cell
stress, apoptosis, and mounting an inflammatory response that impacts multiple body
systems to a differing extent. The most affected organs are those with a high
tissue/cellular level, high turnover rate, and/or particular sensitivity to the primary
accumulated substrate. In addition to the tissues and organs displaying the disease-
specific clinical manifestations, two thirds of LSDs exhibit neuronal pathology. Neurons
entirely rely on autophagy for maintenance and repair, to ensure correct propagation of
action potentials, neuronal connectivity and prolonged viability. The build up of

undegraded substances, followed by dysregulated autophagy, disrupts the synaptic
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architecture, neuronal transmission and signaling, and causes cytotoxic disturbances
that activate microglia, the brain macrophages. Whereas in other diseases the activation
of the innate immune response is dampened by clearing the insult, the inflammatory
process in LSDs is potentiated by the continuous cytotoxic accumulation, ultimately
leading to neuronal death. The same process is taking place in other organs and cell
types, but the very limited regenerative capacity of neurons and their reliance on
autophagy for prolonged survival, make the central nervous system (CNS) more
vulnerable to such assault. The degree of neuronal involvement in any LSD depends also
on the nature of the primary accumulated substrate, its concentration and rate of

turnover in neurons>*>2,

LSDs are typically classified based on the nature of the major accumulating
substrate;  specifically = mucopolysaccharidoses  (MPS),  mucolipidosis (ML),
sphingolipidoses, lipidoses, oligosaccharidoses, glycoproteinoses, glycogen storage
diseases, and others. While the severity and onset of symptoms vary from one disease
to another, the central nervous, peripheral nervous, reticuloendothelial, skeletal,

respiratory, and cardiac system, as well as the liver are most effected in LSDs.
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1.3 GM2 Gangliosidoses

The GM2 gangliosidoses are a group of autosomal recessive disorders caused by a
defect in the lysosomal degradation of GM2 ganglioside. They belong to the

sphingolipidoses and present as a severe neurodegenerative illness.

1.3.1 Historical view

The first description of GM2 gangliosidoses was documented late in the nineteenth
century. A British ophthalmologist, Warren Tay, reported the presence of a peculiar
cherry red macular (spot in the retina) degeneration in an infant with symptoms and
signs of progressive central nervous system deterioration, and two more infants from

54,55

the same family a few years later’””. He also reported a fourth patient from a different

family in 1888 (although the patient was examined in 1885)°°.

In 1887, the American neurologist Bernard Sachs, apparently unaware of Tay’s
reports, described a pattern of early blindness, profound retardation, and early
childhood death, presenting the first detailed clinical picture of the pathology in this

. 7
disease.’

The connection between Tay’s cases and all other case reports between 1881 and
1892, including Sachs’s detailed report from 1887, was made by the neurologist E.

Kingdon. Kingdon who noticed the uniform nature of the disease in these reports, which
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included an apparently healthy child at birth but marked and debilitating muscle
weakness at 3 to 4 months of age, apathy, loss of sight, and mental deterioration, all
increasing in severity and culminating in death between one to two years of age. These
led him to conclude “I believe that the foregoing records warrant us in concluding that
we have to deal with a well-defined disease, which presents distinctive clinical and

728 Kingdon also was first to describe the autopsy of the brain and eye

diagnostic signs
of an infant that had died of the disease.?® After this, other physicians started comparing

the macular changes, as usual as the physical and mental deterioration of their own

patients to what they called “Warren Tay-Sachs amaurotic idiocy” cases.

Continuing his work, Dr. Sachs noticed the familial nature of the disease. Several
of the affected children that he was treating occurred in families with Eastern European
Jewish ancestry, many of which were from consanguineous marriages, and so called it
amaurotic familial idiocysg. The name Tay-Sachs amaurotic familial idiocy was then used
to refer to the infantile forms of the severe neurodegenerative disease, mostly if not all

seen among families of Ashkenazi Jewish descent.

In 1905, and after post-mortem studies on six infants with Tay—Sachs disease in
Hungary, the neuroanatomist Karl Schaffer, recognized the neuronal and glial swelling
present throughout the entire central nervous system as the basic pathology of Tay—

Sachs disease. He attributed the swelling of these cells to abnormal accumulation of
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lipid, and classified the disease to the group of “Aufbrauch krankheiten,” or wasting

diseases®’.

By 1929, Sachs managed to publish 4 additional papers on this disorder, each
showing further understanding of the disease and concluded its cause as a defect in the
“fermentation” (metabolism) in these cells®’, and he ultimately described it as a

disorder of cerebral lipidosis®.

In the years following Sachs’s first report, research was focused not only on the
area of histopathology and chemistry, but also on genetic epidemiology. Slome was the
one who identified the autosomal recessive inheritance pattern in Tay-Sachs disease®?,
based on studies of more than 120 affected children in about 80 Ashkenazi Jewish
families. This led to preliminary estimations of the gene frequencies among Ashkenazi

Jewish, Sephardic Jewish, as well as non-Jewish individuals living in the use+e’,

The chemical composition of the lipid accumulated in the brain of Tay-Sachs
disease was unknown until the German biochemist, Ernst Klenk, found an orcinol-
reactive sugar-containing lipid in brain extracts of children who had died of Niemann-
Pick®® and Tay-Sachs disease®. Klenk established that the new glycolipid was comprised
of fatty acids, sphingosine, galactose and glucose®, as well as its acidic sugar component

named “neuraminic acid”, which was responsible for the orcinol positive reaction’®’".

10
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This glycolipid was found to be highly concentrated in ganglion cells, and was therefore

7 72 At the same time, the Swedish biochemist Gunnar Blix identified

named “ganglioside
the acetylated galactosamine, and the orcinol- reactive sugar, which he later named
“sialic acid”, as parts of the glycolipid extracted from bovine brain’>’*. In 1962,
Svennerholm identified GM2 as the specific ganglioside accumulated in Tay-Sachs
disease”. The structure of GM2 ganglioside (Fig. 1) and other monoasialogangliosides of

mammalian brain were established the following year by Kuhn and Wiegandt (1963)’°

and Ledeen and Salsman (1965)”’.

11
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Figure 1- GM2 ganglioside
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1.4 The B-hexosaminidase system

Human B-hexosaminidases (EC 3.2.1.52) are enzymes involved in the hydrolysis of both
B-glycosidically linked N-acetylglucosamine, and N-acetylgalactosamine residues from a
wide range of glycoconjugates. An N-acetylglucosaminidase was first observed in
1936’%, but later, it was recognized that this enzyme also cleaves terminal N-
acetylgalactosamines’®, and therefore the name was revised and changed to
“hexosaminidase”. The interest in studying these enzymes arose from their involvement
in the lysosomal degradation pathway of GM2 ganglioside, a highly abundant sialic acid-
containing glycosphingolipid in the central nervous system, as defects resulted in severe

neurodegenerative diseases.

The B-hexosaminidases are built from two non-covalently linked polypeptides, a-
and B-subunits, that assemble into dimers to construct three isozymes, Hex S (aa), Hex

A (aB), and Hex B (BB)80 (Table 1). The a-subunit gene, HEXA, is 35 kb in length and

81-83

located on the long arm of chromosome 157, whereas the B-subunit gene, HEXB, is 40

kb in length and located on chromosome 5%*%°.

13



1.4 The B-hexosaminidase system

Chromosome Band 15923 Band 5g13 Band 5931
location
Product Alpha subunit Beta subunit GM2 activator
protein
Structural HEX S; aa HEX A; af HEX B; BB Cofactor
subunits
a
a
<€
Complex
Formation
Substrate Glyco- GM2 GA2 GM2
conjugates ganglioside ganglioside ganglioside
Glyco- Glyco-
conjugates conjugates
Disorder Tay-Sachs Sandhoff AB Variant
(130 mutations) (50 mutations) (5 mutations)
Brain High GM2 level. Highest GA2 levels. High GM2
accumulation Minor amount of GA2. Lowest GM2 levels. levels.
Significant GA2
levels.

Table 1- The GM2 ganglioside and the hexosaminidase system.

This table shows the relationship between the diseases, genes

accumulated substrates.

and the primary

14



1.4 The B-hexosaminidase system

Both genes have 13 introns and 14 exons that are arranged and spaced

82,83

similarly®™"". In addition to having similar gene size and organization, the peptide

|82,86,87

sequences of the a- and B-subunits are over 60% identica . This extensive

homology indicates that both genes are derived from a common ancestral gene®.

The synthesis of both subunits take place in the ER, where they dimerize to
produce the pro-enzyme forms that are targeted to the lysosome by acquiring mannose-
6-phosphate (M6P) in the cis Golgi®®% This dimerization is essential to stabilize the
subunits and to avoid degradation by the endoplasmic reticulum-associated degradation
(ERAD) systems. Normally, due to differences in the affinity between subunits of the
same type and each other, B-subunits are readily associated, a-p association takes only
a couple of hours, and a-a association is rare; this makes the a-subunits vulnerable for
elimination by ERAD systems and prevents the production of Hex S in high

concentration®°%%2,

Normal human tissues contain mainly Hex A and Hex B at fairly comparable levels,
whereas small amounts of Hex S are only detectable in patients with Sandhoff Disease,
the O variant of GM2 gangliosidosis. Despite the structural similarity between the a- and
B-subunits, Hex A, Hex B and Hex S, each of which has two active sites, show distinctive

substrate specificity®. Both active sites in the B-subunits of Hex B cleave uncharged

15



1.4 The B-hexosaminidase system

substrates, and only a-subunits in either Hex A or Hex S cleave negatively charges

glycoconjugates.

The hydrolysis of GM2 ganglioside in humans can only proceed via the action of
Hex A (aP) in the presence of a non-catalytic glycoprotein called the GM2 activator
protein (GM2AP). The GM2 activator is a small lysosomal lipid transfer protein encoded
by a gene located on the long arm of chromosome 5°* GM2AP follows the same
synthesis, posttranslational modification and activation pathway as the hexosaminidase
enzymes.” This protein acts as a substrate-specific cofactor that extracts the GM?2
substrate within the intralysosomal membranes vesicles forming a soluble GM2AP-GM2
complex. With GM2 ganglioside held in its f—cup, GM2AP presents the substrate to Hex
A%® facilitating its degradation through a catalytic process involving a substrate-assisted
nucleophilic attack that proceeds through a double-displacement mechanism®®®°.

Mutations in the genes encoding any of the a-subunit, B- subunit, or GM2 activator

proteins can block or reduce GM2 hydrolysis causing GM2 gangliosidosis (Fig. 2).
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Figure 2- GM2 ganglioside degradation pathways and genetics disorders. Enzymes and

their target sugar residue are indicated in blue and the disease(s) associated with
defects in the indicated enzyme are shown in red. The alternative pathway for the
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1.5 Classification of GM2 gangliosidoses

1.5 Classification of GM2 gangliosidoses

Deficiency in Hex A enzyme activity towards its natural substrate, GM2 ganglioside, is
caused by allelic mutations in either enzyme subunit or cofactor genes, leading to

100101 " The resulting

accumulation of GM2 ganglioside, and its asialo- derivative GA2
GM?2 gangliosidoses are rare, although the incidence is elevated in specific ethnic or

geographically isolated groups.

Clinically, the GM2 gangliosidoses are classified based on the hexosaminidase
isozyme activity present, measured using synthetic substrates that do not require the
GM2 activator protein. These results are combined with the severity of symptoms and
age of disease onset. Therefore, patients are classified as the B variant, Tay-Sachs
disease (TSD), because they retain hexosaminidase B activity (deficiency in Hex A
activity). Patients classified as O variants, Sandhoff disease (SD), lack both Hex A and Hex
B activity, while those with the AB variant show no deficiency in either isozyme
activity'®°, Any of these disease variants can present clinically in a patient as infantile,

. . 104,1
juvenile, or adult forms 04,105

GM2 ganglioside biosynthesis and turnover varies between organs, tissues and cell
types, but as long as the capacity of the Hex A residual enzyme activity (Hex A in the
presence of GM2 activator protein) exceeds the rate of GM2 ganglioside influx into the

lysosome (threshold theory), no disease causing accumulation will occur. However,
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1.5 Classification of GM2 gangliosidoses

when the enzyme activity in GM2 gangliosidoses falls below the critical threshold (<10%)

for substrate turnover, accumulation results****"’.

The symptoms and age of disease onset vary based on the severity of GM?2
ganglioside accumulation, which would increase as the difference between threshold

activity (10%) and residual enzyme activity increases'®"%,

Brain has the highest
abundance of GM2 ganglioside, which also varies among neuron subsets. In the case of
incomplete enzyme deficiency, the subset of cells with the highest ganglioside
biosynthesis and turnover will accumulate GM2 ganglioside faster than others,
accounting for the different clinical symptomatology particularly in patients with the

adult chronic type of GM2 gangliosidosele4’1°9.

Infantile/acute GM2 gangliosidoses are the most common disease form of the
three variants: Tay-Sachs disease, Sandhoff disease, and activator protein deficiency.
Patients with infantile/acute GM2 gangliosidoses have less than 2% residual enzyme
activity”o, resulting in a rapid and stereotypic course of disease. Affected infants appear
normal at birth and the earliest sign of disease is hypotonia beginning at 3-5 months of
age, along with hyperacusis (persistent startle reaction to loud noises and myoclonic
jerks). They typically fail to achieve normal early gross motor skills, lose social contact
and responsiveness, and exhibit seizures, macrocephaly and dysphagia before reaching

1 year of age. Ophthalmic examination reveals the presence of the macular
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1.5 Classification of GM2 gangliosidoses

degeneration “cherry-red spot”, which is evident in all patients with this form of the
disease. In the second year of life, patients lose their eyesight, hearing ability, and
progress to a vegetative state. Death usually occurs by the age of 2 to 4 years. In
addition to the severe neurodegenerative course, infants afflicted with the infantile O
variant, Sandhoff disease, show evidence of non-neurological involvement. This includes
peripheral organ enlargement, skeletal and cardiac abnormalities, oligosacchariduria,

111,112

and storage cells in bone marrow, all caused by glycolipid accumulation , Which

exaggerates the disease course, leading to death before the age of 4 years.

In the case of juvenile/subacute GM2 gangliosidoses, patients have residual
enzyme activity levels between 2 % and 7.5%'°, and symptoms appear after the first
year of agem. Patients show speech and fine motor coordination delay as the early
prominent symptoms of this form. These rapidly progress to dysarthria, ataxia,
incoordination, and increasing spasticity, with development of seizures before the end
of the first decade of life. Unlike infantile forms, macular degeneration is rare, but optic
atrophy and retinitis pigmentosa causing visual impairment may be seen. Patients enter
a vegetative state by 10 to 15 years of age, and death follows within a few years.
Delayed diagnosis is common among patients with juvenile/subacute GM?2
gangliosidoses resulting in misclassification as adult/chronic GM2 gangliosidoses

patients.
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Adults with the chronic form of GM2 gangliosidoses have up to 10% residual
enzyme activity and manifest very diverse symptoms, but all without developmental

141186 patients show slowly progressive spinocerebellar ataxia'’’, with

delay
extrapyramidal signs such as; dystonia, choreoathetosis and bradykinesia dominating
the clinical phenotype'®. Others present a combination of upper and lower motor

neuron disease resembling amyotrophic lateral sclerosis!*®*°.

Also, 40% of
adult/chronic GM2 gangliosidoses patients suffer from psychiatric abnormalities'®,

including schizophrenia, paranoia, and recurrent psychotic depression'*, as all respond

poorly to antipsychotic drugs.

1.6 Molecular genetics and epidemiology of GM2
gangliosidoses

The hexosaminidase molecular era started with the characterization of the subunits and

81,82,84-86,94,95,120

cofactor cDNAs and genes , Which permitted the identification of the

mutations causing GM2 gangliosidoses.

121,122
88121122 the search for

As these diseases are considerably rare in genera
mutations was focussed on populations with a high incidence; French Canadians in

Eastern Québec, the Ashkenazi Jewish populations, and later the Louisiana Cajun, were

characterized before studies extended to include other groups and isolated cases. Since
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1.6 Molecular genetics and epidemiology of GM2 gangliosidoses

then, nearly 190 mutations (about 130 in HEXA, 50 in HEXB, 5 in GM2A) resulting from
single base substitutions (most commonly), deletions, duplications, insertions, or gene
rearrangements, have been reported to cause different variants and severities of GM2
gangliosidoses. Most of these were identified as private mutations that presented in a
single case or family. Only a few mutations account for the high carrier frequency

and/or incidences in particular ethnic or geographically isolated groups.

1.6.1 Mutations in the a-subunit gene

Among the 130 Tay-Sachs (HEXA) mutations, the most common null mutations are
found in the French Canadian and Ashkenazi Jewish populations. A 7.6 kb deletion
including exon 1 precluding the production of the a subunit was found as the major
mutation in the French Canadian population123'124. In Ashkenazi Jews, a ¢.1277insTATC

125
d

duplication in exon 11 was identifie that accounts for over 80% of the cases'?®, and a

c.1421+1G>C mutation at the 5' end of intron 12 was identified that accounted for 15%

125,127,128

of cases . In the Cajun population, a ¢.1073+1G>A single base substitution in

intron 9 and the c.1277insTATC duplication are the two main mutations'®%13% |

these three groups, Ashkenazi Jews, French Canadians, and Louisiana Cajun, the carrier

rate is approximately 1 in 27, placing these groups at risk for Tay-Sachs disease.

In general, the c.1073+1G>A mutation in intron 9, and c.1277insTATC mutation in

exon 11 account for 17% and 32% respectively, of the Tay-Sachs alleles in non-Jewish
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1.6 Molecular genetics and epidemiology of GM2 gangliosidoses

105126130133 Other frequent mutations include a ¢.571-1G>T

Tay-Sachs disease cases
substitution in intron 5 found in 80% of Tay-Sachs cases in Japanese134, and a

€.910delTTC in exon 8, a c.IVS-2A>G in intron 5, and a ¢.509G>A in exon 5, causing over

80% of TSD in Moroccan Jews'®.

Some other common mutations are associated with limited enzyme activity. The
most frequent is a c.805G>A mutation at the 3-prime end of exon 7 found in Ashkenazi
Jewish (3%) and non- Ashkenazi Jewish (5%) patients affected with adult/chronic Tay-
Sachs disease***8, A second mutation, c.533G>A in exon 5 causes a defect in Hex A’s
activity toward GM2 ganglioside. It is found in patients from various ethnic
backgrounds, but has the highest incidence in northern Portugal. The homozygous state

of ¢.533G>A results in a juvenile/subacute form of Tay-Sachs disease?®139140,

These mutations may be found in a homozygous state, but are often found in a

compound heterozygous state with a private mutation, or other common mutation,

thus resulting in biochemical and clinical heterogeneity among Tay-Sachs patient5126'131'

133,141
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1.6 Molecular genetics and epidemiology of GM2 gangliosidoses

1.6.2 Mutations in the B-subunit gene

Mutations in the HEXB gene have been less extensively identified and studied. Among
the nearly 50 mutations identified, a 16 kb deletion at the 5- end of HEXB, which
encompasses exons 1-5, is considered the most common mutation (27%-30%) in all
areas of the world*****’_ The highest carrier frequency for Sandhoff disease was found
among the Maronite community in Cyprus, 1 in 7, and is caused by a c.76delA in exon
1181 Based on in silico analysis, two single base substitution, a c.1601G>T in exon 13
and a ¢.165G>A in exon 14™°, and a single base deletion, c.115delG, in exon 1 found in
patients™ account for the 1 in 15 carrier frequency and high Sandhoff disease incidence
in the Metis community of north Saskatchewan™°. In the Creoles of northern Argentina,

the most common mutation is a c.445+1G>A substitution in intron 212,

As in Tay-Sachs disease, these HEXB mutations can be found in a homozygous, or
in a compound heterozygous state with a private mutation, or other common mutation,
and result in biochemical and clinical heterogeneity among patients with Sandhoff

. 147,153-156
disease™"” .

1.6.3 Mutations in the GM2A activator gene

The occurrence of GM2 gangliosidoses as a result of mutations in GM2A is extremely
rare. Only five mutations have been reported, all found in homozygous state, and cause

. . . . 157-1
an infantile variant of the disease®®’*¢°,
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1.7 Mouse models of GM2 gangliosidoses

To better understand GM2 ganglioside metabolism and the defects in its degradation,
mouse models have been generated through targeted gene disruption of Hexa, Hexb,
and Gm2a in mouse embryonic stem cells. Biochemically, these mouse models have the
same isozyme patterns found in their corresponding variant of the human disease and
show accumulation of GM2 ganglioside. However, the resulting phenotypes are

distinctive compared to the human diseases.

The Tay-Sachs mouse model (Hexa'/') has about 50% of normal hexosaminidase
(Hex) activity, owing to the presence of the Hex B isozyme. It accumulates only GM2
ganglioside, and not GA2, in restricted brain regions. Moreover, the storage of GM2
ganglioside was very minimal and caused no neuronal pathology, in contrast to the

161,162
PC It was

stereotypical phenotype of the GM2 gangliosidoses found in humans
suggested that late in their natural life span, mice might show mild neurological

symptoms, but only repeatedly bred female mice developed late onset Tay-Sachs

. 1
disease®.

The Sandhoff mouse model (Hexb'/'), with £ 2% of normal Hex activity due to the
Hex S isozyme, showed extensive neuronal accumulation of GM2 ganglioside (and its
asialo—derivative GA2) throughout the central nervous system. Progressive

deterioration in motor function started at 12 weeks of age; Hexb”" mice manifested gait
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1.7 Mouse models of GM2 gangliosidoses

abnormalities and spastic movements that advanced to paralysis and an inability to eat
or drink before 20 weeks of age. Unlike the Tay-Sachs mouse model, the clinical features
of disease progression and neuronal deterioration in the Sandhoff mouse model
resembled that observed in infantile/acute Sandhoff patients (and other GM2

gangliosidoses variants)™*.

Lastly, the AB-variant mouse model (GmZG'/'), with GM2 activator deficiency,
showed normal Hex A activity and accumulated GM2 and a low level of GA2. Although
the neuronal storage was restricted in specific brain regions, as in the Tay-Sachs mouse
model (Hexa'/'), the build-up was more pronounced in the Gm2a”” mouse. The level of
accumulation compromised their motor activity, especially balance and coordination,

but not their life span165.

The phenotypic differences between the Tay-Sachs and Sandhoff mouse models
are explained by the presence of mouse sialidase, an enzyme responsible for removing
the sialic acid sugar residue from a wide range of sialylated glycoconjugates. Unlike
human sialidase, mouse sialidase 4 (Neuraminidase 4) is highly active toward GM2
gangliosides. It converts GM2 ganglioside to its neutral counterpart, GA2, allowing the
Hex B enzyme present in the Tay-Sachs mouse model to continue the sequential
hydrolysis of the terminal sugars. Therefore, the sialidase in the Tay-Sachs mouse model

bypasses the need for Hex A and GM2 activator to hydrolyze GM2. However, the
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intermediate phenotype of the AB-variant mouse indicates that the GM2 activator is
required for optimal degradation of GA2. Further studies confirmed that in the mouse,
GA2 is degraded by the Hex B enzyme and, to a less extent, by the Hex A and the GM2

activator™®®.

These mouse models are valuable tools in understanding the metabolism of
glycoconjugates, and the molecular pathology associated with the GM2 diseases, as well

as evaluating different therapeutic strategies for GM2 gangliosidoses®**¢71¢,

1.8 Treatment approaches

With the biochemical and molecular defects causing GM2 gangliosidoses well
understood, the need for an effective therapy has become the focus of research. Most
therapies are based on the enzyme activity threshold (presented by Conzelmann and
Sandhoff 1983 and Leinekugel et al. 1991)'%1% (see section 1.5), as the target to
prevent GM2 diseases manifestations. The treatments must aim to restore or increase
the degradation capacity (hexosaminidase activity) above the critical threshold, and/or
decrease the influx of GM2 substrate within the lysosome below the degradation
capacity of the available enzyme activity. Given that a small percentage of enzyme
activity can have a profound effect on the clinical presentation of the GM2

gangliosidoses, which when taken in consideration with the cellular cross correction
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1.8 Treatment approaches

phenomena, noticed by Neufeld E.F. group in 1968 and 1970 (reviewed in “From
serendipity to therapy” by Neufeld E.)*’°, makes enzyme replacement therapies a logical

and genuine approach for treatment.

1.8.1 Cross correction phenomena of lysosomal enzymes

Lysosomes contain more than 60 acidic hydrolases and their cofactor proteins, which
are responsible for degrading and subsequent recycling of both extracellular and
intracellular macromolecules. After synthesis in the ER, the pro-enzymes are
transported to the Golgi where specific terminal mannose residues become
phosphorylated on the sixth position (M6P) resulting in targeting to the Iysosomem.
However, a small percentage of these enzymes fail to be phosphorylated, or to bind to
the mannose phosphate receptor (MPR), and are instead secreted from the cell where
they are available for recapture by the same, or neighboring cells, via cell membrane
glycan receptors. These include the cation-independent M6P receptor (CI-M6PR) or

mannose receptor (MR), which allows their endocytosis and delivery to the Iysosomem.

1.8.2 Therapeutic strategies

To provide clinical benefit to patients with GM2 gangliosidoses, adequate enzyme or
cofactor must reach and be utilized by cells in the CNS, where the main pathology of
these diseases are manifested. Strategies to provide the deficient protein in LSDs and

many other metabolic disorders include direct infusion of a recombinant version of the
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missing protein into circulation, and/or bone marrow/hematopoietic stem cell
transplantations. The donor hematopoietic stem cells indirectly supply the body with
the missing protein by proliferating and populating different organs. Other approaches
are more specific to LSDs and include enzyme enhancement and substrate reduction

therapies'”.

Enzyme replacement therapy (ERT)

Bone marrow and hematopoietic stem cell transplantations (HSCT) are a standard
therapy for many metabolic and hematological disorders, and was the first approach
introduced to treat LSDs. Their use as indirect enzyme replacement therapy to treat
some LSDs like type Il Gaucher disease, MPS types |, VI and VII, alpha-mannosidosis,
fucosidosis, and Krabbe disease, showed some promising results. If a suitable donor is
available, HSCT is also considered the preferred treatment for patients with severe MPS
| diagnosed before the age of 2.5 years, and might be considered in older MPS |47
Krabbe and metachromatic leukodystrophy patients with mild and intermediate
phenotypes only if the progression of disease is limited at the time of treatment®’®*’’,
However, the efficacy of HSCT in treating LSDs is inconclusive as the numbers of patients

. .. . . 17
in clinical trails have been small, and the outcomes were extremely variable’®.

Direct enzyme replacement therapies have the advantage that there is no need

for donors or major surgeries. Nevertheless, the manufactured enzymes must be
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administered on an ongoing basis to meet disease management needs. Success in many

179,180

LSDs has made ERT a standard treatment for type | Gaucher disease , as well as

MPS I, Il and VI*”, Fabry*®®% and Pompe diseases™®**® (reviewed in *’3).

The level of success for treating any of the LSDs with direct enzyme replacement
therapy is determined by several factors. Most importantly is the organ systems
involved in the disease. Infused enzyme can easily correct the pathology in blood cells,
circulatory organs such as liver and spleen, whereas the skeletal system, cardiovascular
and renal system are more challenging targets. More crucially, neurological pathology
found in most LSDs is refractory to ERTs as the blood brain barrier (BBB) keeps the

central nervous system inaccessible™®®.

With regard to the GM2 gangliosidoses, the initial attempt to restore the
enzymatic activity was by intravenously delivering normal donor plasma enriched in B-
hexosaminidase intravenously to a 13 month old Sandhoff patient. This was followed by
many other attempts including, multiple intravenous, intraventricular, and intracisternal
injections with purified Hex A, or purified native placental Hex A and Hex A-conjugated
with poly-vinyl-pyrrolidone™®’. Others tried indirect enzyme replacement therapy, where
hematopoietic stem cell is transplants into patients were performed to compensate for
the deficiency in circulating enzyme®®’. However, the failure of the enzyme to crossing

the BBB rendered these treatments ineffective.
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Substrate reduction therapy (SRT)

Besides recombinant enzyme replacement therapy, only substrate reduction therapy is
considered a routine practice in “managing” LSDs. In this approach, the cellular
accumulation of glycosphingolipid (GSL) is decreased, by inhibiting the catalytic enzyme
in the initial step of their biosynthesis, glucosylceramide synthase. The decrease in GSL
synthesis is intended to allow a better match between the residual enzyme activity
present and the influx of substrates. Miglustat (N-butyldeoxynojirimycin), a small imino-
sugar with the ability to cross the BBB, was the first glucosylceramide synthase inhibitor

188,189

to prove efficacy in vitro and subsequently in mouse models of GM1

gangliosidoses, GM2 gangliosidoses, Fabry, and Niemann Pick disease'®

. Miglustat is
considered the first specific treatment for LSDs, but side effects limited its licensing as
an enzyme inhibitor (see enhancement therapy) to include only patients with Nemann
Pick-C and mild to moderate type 1 Gaucher disease where ERT is not an optionlgl.

Other inhibitors are being developed but none are designed to treat GM2

gangliosidosesl%.

Enhancement therapy

The mutations causing subacute and chronic forms of LSDs typically result in an
abnormal protein that is improperly folded, and cleared by the quality control ERAD
system. The low levels of protein that escape clearing by ERAD retain some if not all the

catalytic activity of that enzyme/cofactor’®. Using “chaperone” molecules,
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enhancement approaches takes advantage of the presence of these misfolded proteins
and aim to enhance their correct folding and/or assembly. Proteins that are successfully
folded can be processed and transported to their cellular destination'®% In the case of
lysosomal enzymes, the low pH forces chaperone molecules to dissociate from the

proenzymes, leaving the functional enzyme behind®>.

Until recently, pharmacological chaperones (PCs) were all substrate-like chemical
structures that were used as a competitive inhibitor for a specific hydrolase. When
taken at a sub-inhibitory concentration, these inhibitors acted as chaperones, partially
rescuing the misfolding and increasing the enzyme activity. Since the proof of principle
demonstration in cell culture for the enzyme deficient in Fabry disease™®, different
enzyme inhibitors have reached clinical trials. Currently, other non-inhibitory chemical
molecules and different heat shock proteins195 are being investigated for their possible

ability to rescue the level of mutant proteins (reviewed in*%).

Progress in this area led to the phase lll clinical trial of Migalastat as the first
enhancer chaperone for treating Fabry disease, whereas Duvoglustat is being tested to
treat Pompe disease (phase Il). Other clinical trials are also ongoing to test each of these

188 | ess advanced is the

chaperones in combination with enzyme replacement therapy
testing of two FDA approved drugs, pyrimethamine and ambroxol, as chaperone

candidates to treat late-onset GM2 gangliosidoses and Gaucher disease. In a small
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phase Il Sandhoff disease trial; participants treated with 75 mg daily doses of
pyrimethamine exhibited neurological side effects, whereas those threated with 50 mg

daily doses had a variable enhancement effect'®®.

The ability of chaperones to cross the BBB gives them an advantage in treating
LSDs with neurological involvement. However, the inhibitory nature of these
compounds makes dosing critical to favour beneficial effects. Their use is limited to
patients with residual enzyme activity and without severe neurological involvement.
Therefore, even when combined with an enzyme replacement approach, enzyme
enhancement or substrate reduction therapy can only delay disease progression in GM2
gangliosidoses patients with near 10% residual enzyme activity suffering with the

chronic form of the disease.

Still to date, the fact remains that as a disease of the brain, the GM2
gangliosidoses are among the most severe neurological disorders, which, despite the

knowledge of the underlying causes and consequences, linger without a cure.

1.9 Gene therapy

Treating neurodegenerative diseases centers on eliminating the cause of the damage. In

the case of the GM2 gangliosidoses and other lysosomal storage disorders, the
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production of substrates cannot be stopped, and recombinant enzymes cannot reach
the brain. Thus, the possibility of replacing the mutated gene became the direction of

interest.

1.9.1 Definition

A gene therapy approach is defined as the packing of a recombinant nucleic acid
material as an active substance inside a vector particle to mediate its delivery into the
cell where it is meant to replace, regulate, repair, add or delete a genetic sequence (Fig.

2)197.

Each LSD is caused by a single gene mutation, mostly affecting a lysosomal
hydrolase. Introducing a functional wild-type gene to cells is predicted to
compensate for the dysfunctional gene and resolve the metabolic block. However,
reaching the CNS requires a safe and efficient delivery route, which confers long-term

expression.

The knowledge gained after two decades since the initial gene therapy trial
approved by the FDA in September 14th 1990, followed by more than 1700 clinical
trials worldwide, is that the success of gene therapy depends on the effectiveness of

gene delivery to the target organ or organs. Vectors such as liposomes and
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nanoparticles can carry larger sequence but fail to mediate high or sustained gene
expression when compared to viral-vectors. The utilization of recombinant retro-,
adeno-, herpes-, and adeno-associated virus derived vectors is currently considered the

most effective means for gene transfer®’.

Retroviruses are RNA viruses with glycoprotein envelopes that transcribe their
single-stranded RNA genome into a double-stranded DNA copy utilizing its own reverse
transcriptase. The DNA double-stranded copy of their genome can then integrate into
host chromosomes using another enzyme produced by the virus, integrase. This grants
continuous replication of the genomic materials in daughter cells. Some retroviral
vectors can only transduce dividing cells, whereas others, such as the lentiviral
subfamily of retroviruses, also transduce non-dividing cells. Vectors derived from
retroviruses were the first to be used in gene therapy, and the trial to treat severe
combined immune deficiency (X-linked SCID) represents one of the most successful

applications of gene therapylgg.

Adenoviruses are non-enveloped, capsid enclosed double-stranded DNA viruses.
The genetic material of adenoviruses is not incorporated into the host genome but
remains free in the nucleus where it is transcribed as any other gene. As the viruses
themselves, vectors drived from this family are highly immunogenic. They can

transduce a broader range of both quiescent and dividing cell types compare to
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retroviral vectors, mediating robust, but transient, gene expression. This system gained
support in treating cancer and the p53-based adenoviral product, Gendicine, was the

first to be licensed to treat head and neck squamous cell carcinoma in China®®.

Herpes viruses are double-stranded linear DNA viruses with a glycoprotein
envelope, and persist as nonreplicating episomal elements inside the nucleus of host
cells. HSV vectors can transduce both dividing and non-dividing cells, and ensure long-
term expression of transgenes in different cell types. As they are naturally neurotropic
viruses, Herpes derived vectors can efficiently transduce neurons of the CNS which they
access through sensory ganglia. The large size capacity of HSV derived vectors make
them attractive for packing more than one gene. The main limiting factor is the highly
cytotoxic effect of any co-production helper virus, confining the test/use of this type of

vectors to cancer therapy trails**"*%,

Adenoviral, herpes simplex, and lentiviral (retroviral) derived vectors can
transduce dividing and non-dividing cells, but they are also associated with pathological
effects or host response; adenoviral vectors are known to provoke a strong host
immune responses; herpes virus derived vectors induce cytotoxicity; and lentiviral
vectors have a high risk for integration and insertional mutagenesis, limiting their use

largely to cancer gene therapy trials. These complications have led the adeno-associated
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viral (AAV) vectors (see 1.9.2) to be the choice to treat neurological disorders and

monogenic diseases'?201202,

1.9.2 Adeno-associated viruses AAVs

Adeno-associated viruses are nonpathogenic?®, small parvoviruses®®, with either a 4.7
kbp positive or negative polarity single-stranded DNA genome. The genome is enclosed

d’® and no envelop®®. AAVs lack the ability to replicate in

in a 18-25 nm diameter capsi
the absence of a helper virus such as adenovirus, thus the name, that provides elements
necessary for reproduction. The genome contains two inverted terminal repeats (ITRs)
of two 145 nucleotides in Iength2°7. The two sequences flanking two open reading frame
genes; the rep gene coding proteins necessary for viral replicationzos, and the cap gene
coding 60 proteins that form the viral capsid. Each inverted terminal repeat (ITR) forms
a T-shaped hairpin structure by complementary base pairing with a sequence within its

209,210

first 125 nucleotides that functions as a replication origin . Upon infecting human

cells, and in the absence of a helper virus, the AAV genome exists episomally in circular

211,212

and linear forms , or specifically integrates into the chromosome 19q13.4 site, at a

rate of about 0.5%°"*?*°. Fig. 4

Twelve AAV serotypes have currently been identified in humans (AAV1 to
AAV12)*®, all similar in size, structure, and genome organization. These serotypes differ

in their amino acid capsule composition, although not affecting their icosahedral
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symmetry shape of the capsid, it causes local variation in capsid structure, does alter

receptor specificity and accounts for the particular tissue-specific tropism of AAVs®’.

1.9.2.1 Neutralizing antibodies

The humoral immune response resulting from previous exposure to one or more AAV
serotypes is well documented®®. Anti-AAV Ig-G antibodies (Abs) are prevalent; 67% of
the general population carries Abs against AAV1; 72% against AAV2, 40% against AAVS5,
46% against AAV6, and 38% carrying Abs against AAVS, and 47% against AAV9?*P2%! This
mild immune response was not correlated with any disease, which again supports the

non-pathological nature of AAVs.

Despite AAVs limited packaging capacity of 4.6 kbp and preexisting neutralizing
antibodies, many factors make AAVs an attractive vehicle for gene delivery. Most

zzz’ the absence of association with

importantly, the ability to infect non-dividing cells
human disease, its persistent nature, the over 100 serotypes that can be used to target

specific tissues and cell types, and the available molecular technology to engineer

capsids, modify tropism, and alter the antigenic epitope when antibodies are present®?.

Over 20 years followed the initial description of the AAV vector in 1984 to the first
AAV-based human gene therapy trial in cystic fibrosis patients®**. Promising results have

been obtained from many AAV-based studies to treat a range of diseases in animal
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1.9 Gene therapy

models and humans, including Pompe diseasezzs, Parkinson's disease226, Leber’s

227-229 230

congenital amaurosis , Batten Disease216, hemophila B*™, Alzheimer’s disease231,

232 233

Duchenne muscular dystrophy”™, and Canavan disease”". Collectively, data from pre-
clinical studies and clinical trials show a minimal immune response with lack of toxicity
and inflammation, and prove the safety and tolerability of rAAVs in different tissues®**.
These encouraging outcomes led to the first approval of the rAAV1-based drug,

uniQure’s Glybera, to treat lipoprotein lipase deficiency by the European Commission in

2012%%,

Highlighting the importance of serotype choice and the route of administration for
optimal tissue and specific cell type targeting, these studies showed that when
administered systemically, the recommended capsid is/are; AAV8 for liver targeting;
AAV1, AAV6 or AAV9 for targeting heart and skeletal muscles; AAV5 for targeting lung;
AAV4, AAVS, and AAV9 for targeting eye; and AAV9 for targeting CNS?18:236-238
Importantly, AAV9 showed the best viral genome distribution and highest protein levels

in different tissues following intravenous systemic administration in mice and rats?"%%°,

When particularly targeting the CNS or a region in the CNS, AAV1, AAV5, and AAV9
induced the highest reported spread and transduction efficiency following direct
inoculation into the brain parenchyma. AAV1 and AAV9 transduced neurons, whereas

AAV5 transduced both neurons and glia, and AAV4 targeted astrocytes®>’2%9242 aAaAv9
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1.9 Gene therapy

and less efficiently AAVS8, were reported to cross the BBB and transduce both neurons
and glia in the brain and spinal cord following intravenous administration?”432%,
Diseases such as amyotrophic lateral sclerosis (ALS), leukodystrophies,
Huntington’s disease, and lysosomal storage diseases all have pathology involving the
nervous system, and therefore require global delivery of a trans-gene to the brain. AAV9
is a serotype of human origin that shares 82% capsid identity to AAV2, the first AAV to
be identified and used in most early studies. The two serotypes differ in the receptors
that mediate their endocytosis. AAV9 uses N-linked galactose as a primary receptor and
the 37/67-kilodalton laminin as a secondary receptor, whereas AAV2 primarily relays on
the heparin sulphate proteoglycan receptor, and has multiple secondary receptors.
Going forward from Foust and colleague’s report “Intravascular AAV9 preferentially
targets neonatal neurons and adult astrocytes”, many labs reported their finding
confirming the ability of AAV9 to cross the BBB in mice?**?%2%  rat**® rhesus
macaque249, and cynomolgus macaque250 and differentially transduced neuronal cells in
an age dependent manner, regardless of the route of administration. Establishing AAV9
as the first choice in neurodegenerative disease gene therapy trials, promising
251-253’ AL5254,

therapeutic effect has been reported in different animal models SMA

Parkinson’s diseasezss, MPS I256, and MPS 111B>’ (reviewed in 258’259).
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2.3 Experimental design

2.1 Hypothesis

Systemic gene therapy with a rAAV9 vector expressing the mouse HexB gene will
ameliorate the neurological and biochemical phenotype in a Sandhoff disease mouse

model.

2.2 Rationale

Monogenic diseases lacking treatment, such as GM2 gangliosidoses, are candidates for
gene therapy trials. The choice of adeno-associated virus is grounded on its human
safety profile. Gaining access to the CNS required the use of AAV serotype 9 that

showed the highest reported tropism toward neuronal cells.

SD mice were treated either as neonates or adults to determine the therapeutic
value of AAV9, if any, in both age groups since factors such as the maturity of the BBB,
and the extent of GM2 ganglioside neuronal accumulation and damage, can govern the

outcome of therapy.

2.3 Experimental design

To test this hypothesis, the therapeutic AAV9 vector containing the HexB-encoded cDNA

(AAV9-HexB), or the control vector containing B-galactosidase- encoded cDNA (AAV9-
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2.3 Experimental design

LacZ) was intravenously administrated to normal control and Sandhoff mice either as
neonates or adults (n=40). Postnatal day 1 or 2 control and Sandhoff neonatal mice
received a 100 ul volume single injection containing 3x10" vector genomes (vg) (2.5
x10™ vg/kg) via the superficial temporal vein (n=20), and 6 weeks (wks) old adult control
and Sandhoff mice received a single injection of 7x10™ vg (3.5x10" vg/kg) in a 100 pl
volume through the tail vein (n=20) (Table 2). Mice were followed until they reached the
experiment end point of 43 wks of age, or an earlier humane end point. We evaluated
the therapeutic value of AAV9-HexB by monitoring the motor function, survival of mice,
and measuring B-hexosaminidase serum enzyme activity during the experimental time
period. GM2 ganglioside accumulation, inflammation, as well as B-hexosaminidase
activity in the brain were evaluated after sacrificing the mice as they reached a humane

or the experimental end point.
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2.3 Experimental design

Neonatal AAV9-HexB | Sandhoff disease Neonatal treated SD; n SD-HexB (n=5)

(n=20) (n=10) Normal control Control; n Control-HexB (n=5)

AVV-LacZ Sandhoff disease Untreated SD; SD-LacZ (n=5)

(n=10) Normal control Control; Control-LacZ (n=5)
Adult AAV9-HexB | Sandhoff disease Adult treated SD; a SD-HexB (n=5)
(n=20) (n=10) Normal control Control; a Control-HexB (n=5)

AVV-LacZ Sandhoff disease Untreated SD; SD-LacZ (n=5)

(n=10) Normal control Control; Control-LacZ (n=5)

Table 2- Experimental design
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3.1 Experimental animals

3.1 Experimental animals

The Sandhoff mouse model strain C57BL/6:C129 was a generous gift of Dr. Roy Gravel
(University of Calgary, Alberta).’®® The model was derived by disruption of the murine
Hexb gene and transferring into the mouse genome through embryonic stem cell
technology as described in Yamanaka et al. 1994 and Sango et al., 1995. Experimental
mice were obtained from heterozygous intercrosses and held under conventional non-
sterile conditions where they had free access to food and water. Access to food and
water was moved closer, or placed on the bottom of the cage, for mice that had limited
mobility. A humane end-point was defined as when mice were unable to obtain

adequate food and water, even with accommodation for reduced mobility.

The Hexb genotype was determined by PCR of DNA isolated from ear clippings at

162 5D mice

12 days using the primers and experimental conditions described previously.
(Hexb'/') do not make B-hexosaminidase A or B because a neomycin resistance

expression cassette is inserted into exon 2 of Hexb.

All procedures and care of the animals were in compliance with the Canadian

Council on Animal Care and approved by the Animal Care Committee at the University

of Manitoba.
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3.3 Construction of rAAV2/9 viral vectors

3.2 Analysis of motor function.

To assess motor function, mice were analyzed in an open field test. Mice were
videotaped for 15 minutes at different time points. Data collected were used to assess
motor function as distance travelled, maximum speed, and number of head rotations by

analysis of the videos using ANY-maze software.

3.3 Construction of rAAV2/9 viral vectors

The plasmid AAV2.1 expressing CMV promoter and the murine Hexb cDNA under the
control of the CMV (AAV2.1 CMV-HexB), was constructed by PCR. Amplification of the
1.0 Kb HEXB from pre-existing vector, ppHex54°®, using two primers, sense 5'-
gceggecgggagceagtcatgecgeag-3’ incorporating an Eagl restriction enzyme site, and
antisense 5’-cgggatcccagaatcaacatgatcatagctgg-3’ incorporating a BamHI restriction
enzyme site, This fragment was subcloned into the AAV2.1 expressing CMV and LacZ
cDNA (pAAV2.1 CMV-LacZ)261 by removing the LacZ sequence with Eagl/BamHlI, and
replacing it with the Hexb cDNA, creating pAAV2.1 CMV-HexB. The vector sequence was

confirmed by dideoxy sequencing at the Toronto Centre for Applied Genomics.

The therapeutic vector containing the ITR of AAV2 and expressing HexB were
packed inside the AAV9 capsid by triple co-transfection of human embryonic kidney
(HEK) 293 cells together with pAAV2.1 CMV-HEXB, pAdAF6 which provides the three
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3.5 Tissue and serum processing

adenoviral helper genes, and pre-viral plasmid pAAV/SP70 containing the sequence for

ITR2 and AAV9 capsid gene, followed by purification as described previously.261

The titers were determined by PCR amplification following previously described
procedures®®. AAV2/9.CMV.LacZ.bGH was purchased from the University of

Pennsylvania Vector Core Facility (Philadelphia, PA, USA).

3.4 Intravenous injection of rAAV9

The vector dose was administrated in a 100 pl volume under a dissecting microscope for
better visualization of veins, especially the temporal vein in the neonatally injected
group. The neonatal SD (n=10) and normal control (n=10) mice received 2.5x10* vg/kg
of rAAV9 vector expressing either HexB (n=5) or the control vector, LacZ (n=5) at
postnatal day 1 or 2 in through the superficial temporal vein. The adult group of SD
(n=10) or normal control (n=10) mice received 3.5 x 10" vg/kg of rAAV9 vector
expressing either HexB (n=5), or the control LacZ (n=5) at 6 wks of age through the tail
vein. Normal control mice were age-matched littermates that were either wild type

(Hexb™") or heterozygous (Hexb™) for the targeted Hexb gene.

3.5 Tissue and serum processing
Blood samples were collected from the saphenous vein at 10, 16, 28, and by cardiac
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3.7 B-Hexosaminidase assay

puncture at 43 wks, or at the humane end point if it preceded 43 wks. Serum was
collected from clotted blood samples and stored at -20°C for future assays. Organs
harvested from euthanized mice were divided in two parts-one portion was snap-frozen
and stored at -20°C, while the second was fixed overnight with 10% buffered formalin
and processed for embedding. Before use, the frozen brain tissue was homogenized in
phosphate buffered saline (PBS) at 10% weight per volume and stored at -20°C to allow

it to be used for multiple assays.

3.6 Determination of vg number

The vg copy number was determined by quantitative PCR of genomic DNA extracted
from brain or liver tissue that was collected at death. Primers were designed to target
the bGH poly(A): BGH FW and BGH REV (5'-tctagttgccagccatctgttgt-3’ and
5’'tgggagtggcaccttcca-3’, respectively). The probe was 5’-[6-FAM]tccceccgtgecttecttgacc-
[BHQ1a-Q]-3’. Samples were run on a LightCycIer® 480 Instrument |l (Roche,

Mississauga, Canada).

3.7 B-Hexosaminidase assay

Total B-hexosaminidase activity was determined in serum or brain lysates using 4-

methylumbelliferyl-2-acetamido-2-deoxy-B-D-glucopyranoside (4-MUG) or the sulfated
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3.8 Protein Assay

form of 4-MUG as a substrates.’®

Serum sample, homogenized brain lysate, and
substrate were diluted with 0.01 M phosphate citrate buffer, pH 4.4, containing 0.6%
bovine serum albumin. The enzymatic reaction was carried out using 10 pl of each
sample or standard (in duplicate) mixed with 20 ul of 3 mM substrate and incubated at
37°C for 30 minutes. The reaction was stopped by adding 970 ul of glycine carbonate
buffer, pH 9.8. Fluorescence was read at 360 nm excitation wavelength and 415 nm
emission wavelength using a plate reader (SpectraMax M2e, Molecular Devicees). Total
B-hexosaminidase activity was calculated using a standard curve with 20 to 800 nmole

of methylumbelliferone, and lysate buffer as negative control (blank). For serum, the

activity was determined per pl, while brain activities were calculated per pg of protein.

3.8 Protein Assay

Protein concentration in brain lysates ware determined using the microplate Bradford
assay with a kit supplied by ThermoFisher Scientific (Ottawa, ON) and following the
manufacturer’s instructions. Aliquots of diluted brain lysate and albumin standards were
mixed with 200 pl of working solution and incubated at 37°C for 30 minutes. Plates were
cooled at room temperature and absorbance was read at 562 nm using a plate reader
(SpectraMax M2e, Molecular Devices). The final concentration was calculated based on

the standard curve.
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3.10 Histology and microscopy

3.9 Ganglioside analysis

Gangliosides were extracted from brain homogenates (300 mg of protein) with a
chloroform-methanol (1:2) mixture and Gy, was phase partitioned using chloroform:
methanol:ddH,0 (1:2:1.4). The upper phase containing Gy, ganglioside was collected,
dried, suspended in ddH,O and dialyzed against water using an 8000 kDa cut-off
membrane. After drying, the sample was dissolved in 100 pl of chloroform: methanol:
ddH,0 (60:30:4.4), and half was spotted alongside monosialoganglioside standards
(Matreya LLC, Pleasant Gap, PA) on a high performance thin layer chromatography
(HPTLC) silica gel 60 plate with a concentrating zone (Millipore Canada Ltd, Etobicoke,
ON), and separated using 55:45:10 chloroform: methanol: 0.2% CaCl, as the mobile
phase. The bands were visualized with resorcinol reagent and the plates were dried at

100°C for 30 minutes. Densitometry to quantify the bands was performed with a BioRad

ChemiDoc MP instrument and using Image Lab™4.1 Software.

3.10 Histology and microscopy

For evaluation of cytoplasmic vacuolation, 1.5 micron paraffin-embedded brain sections
were stained with toluidine blue (TB). Paraffin-embedded tumour, tissues were
sectioned at 3 microns and stained with hematoxylin and eosin to evaluate overall
morphology of tumor tissues. Immunohistochemical detection of microglia was

performed on 5 micron brain sections with a 1/50 dilution of the mouse monoclonal
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3.12 Analysis of AAV9 insertion sites

anti-F4/80 (AbD Serotec, Cederlane Laboratories, Burlington, ON). The primary antibody
was detected with biotinylated goat anti-rat IgG (Invitrogen, ThermoFisher Scientific),
followed by an avidin-linked horse-radish peroxidase and the 3, 3’-diaminobenzidine
substrate (Vector Laboratories [Canada] Inc., Burlington, ON). Slides were viewed with a
Zeiss AxioCam A1 compound microscope equipped with a colour AxioCam MRc camera,

and photomicrographs were processed using AxioVision software.

3.11 Semi-quantitative histology scoring

Toluidine blue stained brain sections were scored according to the severity of
cytoplasmic vacuolization observed with Zeiss AxioCam Al compound microscope
equipped with a colour AxioCam MRc camera using 20x power. 10 to 30 fields in each
region of the brain were scored between 0, indicating no vacuoles, and 5 indicating

severely vacuolated.

3.12  Analysis of AAV9 insertion sites

The sequencing library was prepared as previously described, isolating AAV-containing
fragments via linker-mediated PCR?®3. The first round of PCR used the AAV ITR primer,
5'-GGAGTTGGCCACTCCCTCTCTG-3' and the linker primer, 5'-
GTAATACGACTCACTATAGGGCACGCGTG-3' using cycle conditions of 95°C for 2 minutes

followed by 25 cycles of 95°C for 15 seconds, 55°C for 30 seconds and 72°C for 1 minute.
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3.12 Analysis of AAV9 insertion sites

The resulting amplicons were diluted 1:50 and a second PCR was performed with AAV
ITR nested primer, 5'-TCTCTGCGCGCTCGCTCG-3' and nested linker primer, 5'-
GCGTGGTCGACTGCGCAT-3'. Cycle conditions were 95°C for 2 minutes followed by 20
cycles of 95°C for 15 seconds, 58°C for 30 seconds, and 72°C for 1 minute. The sequence
barcodes on the linkers were used here to both differentiate the AAV samples, and to
multiplex the samples with unrelated samples. Each sample received two barcodes.
Integration sites were identified by using AAV_GelST, a modification of the GelST
program used for murine leukemia virus (MLV) detection®®®. The steps that had trimmed
the MLV long terminal repeat were each replaced with a step that trimmed the portion
of the AAV ITR matching the ITR primer used in the second round of linker-mediated
PCR, and a step that trimmed the remainder of the variable-length ITR. All versions of
GelST are designed to identify the junction at which viral DNA meets cellular genomic
DNA. As such, the program requires that each amplicon contain both viral DNA and
genomic DNA, thereby filtering out potential episomal contamination. AAV_GelST used
BamTools version 2.3.0, Cutadapt version 0.9.3, and Bowtie version 0.12.7, and aligned

reads to assembly GRCm38°%°2¢’

. A minimum cut off of 30 fragments per integration per
barcode was employed as a means of filtering out spurious alignments. The 415 putative
integrations that mapped within Hexb (chr13:97,176,332-97,198,357) were discarded,
as these reads were more likely to represent amplification of the vector than actual
integration event.”®®.The integrations were annotated using Ensembl genes 75,

269,270

downloaded from BioMart . The DNA sequences used for these analyses have been
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deposited in GenBank as BioProject PRINA257830.

3.13  Statistical analyses

All statistical analyses were performed using GraphPad V6 software. The log-rank
(Mantel-Cox) test was used for the analysis of survival and a one way ANOVA was used
to analyze the increase in mice life span, motor activity and the severity of vacuolization
in different regions of the brain. For all other analyses unpaired one or two-tailed

Student’s t-tests were used to test significance. Significance was taken as P<0.05.
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4.1 Impact of AAV9-HexB on survival

To evaluate the efficacy of a single intravenous injection of rAAV9 expressing the
mouse Hexb cDNA (AAV9-HexB) in ameliorating the biochemical and neurological
phenotype in SD, AAV9-HexB or AAV9-LacZ (B-galactosidase expressing control vector)
was administered to postnatal day 1 or 2 neonates (2.5 x10* vector genomes [vgl/kg
via superficial temporal vein), and 6-week (wk) old adults (3.5x10** vg/kg via tail vein).
Mice were followed until they reached 43 wks of age, or a humane end point (see

Materials and Methods).

4.1 Impact of AAV9-HexB on survival

Progressive neuronal damage in untreated SD mice (Hexb'/') results in their death before

five month of age®”*

. In our study, untreated SD mice (SD-LacZ injected) showed severe
paralysis and/or frequent tonic seizures that impaired their ability to obtain food and
water, and were all humanely sacrificed by the 17th wk of age. This pattern of disease
progression was closely monitored in the two SD groups treated with AAV9 vector

expressing the HexB gene, adult- and neonatally-treated SD mice, and normal control

(Hexb™" or Hexb"*) mice until 43 wks.

A significant extension of the life span of SD mice was observed in AAV9-HexB
treated groups (Fig.5). Compared to AAV9-LacZ injected SD mice (SD-LacZ), with a

median survival of 17 wks (mean=16 wks), a single intravenous injection of AAV9-HexB
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4.1 Impact of AAV9-HexB on survival

into neonatal SD mice (n SD-HexB) was sufficient to ensure their long-term survival with
P value of < 0.0001 (mean= 43 wks, Fig.5); the n SD-HexB mice were sacrificed at the
experimental end point of 43 wks with no evidence of paralysis or seizures although two
exhibited a slight tremor and three had a minor tendency to clasp their limbs on a tail

suspension test.

The prolonged life span within the five adult SD-treated mice (a SD-HexB) that
received the rAAV9-HexB intravenous treatment at 6 wks was highly variable (Fig.5).
Each mouse of the adult SD-HexB (n=5) treated group reached a humane end point at a
different age (17, 18, 19, 23, and 35 wks), with a median of 19 wks and P value <0.01
(mean = 22.4 wks, Fig.5), demonstrating a possible beneficial outcome even when

rAAV9 intravenous treatment is delayed.
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Figure 5- Survival of rAAV9-injected mice.

SD or control mice were injected as neonates or adults with AAV9-LacZ or AAV9-HexB
and monitored for up to 43 wks. Each point represents the percentage of the mice
surviving at that time. Note that AAV9-HexB injected neonates (n=5) were the only
control animals held to 43 wks because other controls were sacrificed at the same time
as their LacZ-injected or adult-treated SD counterparts. Control (n=5); SD-LacZ (n=10); a
SD-HexB (n=5); n SD-HexB (n=5).**P<0.01;****P<0.0001.
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4.2 Impact on motor activity of SD mice

The impaired motor activity typically observed in the SD mouse model became evident
at 12 wks of age as a gait abnormality and tremors, which advanced to spasticity,
seizures, and sever muscle atrophy observed as total paralysis by the 16" wk. To
determine if administration of AAV9-HexB improved motor activity in the adult- and
neonatally-treated SD mice, we used an open-field test to analyze distance travelled as a
general indicator of the motor cortex function®’?, and maximum speed as an indicator of
muscle strength. We also analyzed number of head rotations as an indicator of the
function of the cerebellum in motor coordination®’*?"* (Ito et al. 1974, Ito 1993) starting
at 14 wks when motor deterioration in SD mice is predictably severe, and continued to

30 wks.

During the testing period, neonatal SD mice injected with AAV9-HexB showed no
sign of impaired locomotion, travelled at a comparable rate to the normal control, and
were significantly more active than the untreated SD AAV9-LacZ injected mice (Fig. 6). In
contrast, the SD mice injected with AAV9-HexB as adults had a similar activity level to
that of the untreated SD AAV9-LacZ injected mice (P> 0.05; Fig. 6), but the decline in
motor activity in the adult treated SD-HexB group extended over a longer time period
compared to the SD-LacZ mice, indicating a delay in disease progression, which we

believe to be worth noting albeit not statistically significant (Fig. 6).
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4.2 Impact on motor activity of SD mice

When comparing head rotations, neonatal SD mice treated with AAV9-HexB as
neonates had a significantly higher number than that observed in SD mice injected with
AAV9-LacZ at all time points leading up to the end point (Fig. 7, P< 0.01). Similar to the
survival curve, adult AAV9-HexB treated SD mice showed no statistically significant

improvement in head rotations (Fig. 7).

The parameter maximum speed gave similar results to those observed for distance
travelled and head rotations. SD mice that received the AAV9-HexB treatment as
neonates moved at a similar speed to the normal controls at all time points (Fig. 8, P<
0.01), whereas SD mice that received the treatment at 6 wks showed a reduced speed

indicating weakening comparable to LacZ-injected mice (Fig. 8).
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Figure 6- Evaluation of motor cortex function.

Mice were videotaped in an open field for 15 minutes duration at 3-5 time points after
administration of the rAAV9, and the distance travelled was analyzed using ANY-maze
software. Values at each time point represent the mean + SEM. The control group
includes mice injected as neonates or adults with either LacZ or HexB, as no significant
difference was found among these groups (Table 4). No statistical comparison of the
HexB and LacZ-injected SD mice was possible after 16 wks because all members of the
comparison groups had died; however, there was no statistically significant difference
between the n  HexB-treated SD group and the control group
group.*P<0.5;**P<0.01;***P<0.001****P<0.0001; ns-not significant.
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Figure 7- Evaluation of motor coordination.

Mice were videotaped in an open field for 15 minutes duration 3-5 time points after
administration of the rAAV9, and head rotations was analyzed using ANY-maze
software. Values at each time point represent the mean + SEM. The control group
includes mice injected as neonates or adults with either LacZ or HexB, as no significant
difference was found among these groups (Table 4). No statistical comparison of the
HexB and LacZ-injected SD mice was possible after 16 wks because all members of the
comparison groups had died; however, there was no statistically significant difference
between the n  HexB-treated SD group and the control group
group.*P<0.5;**P<0.01;***P<0.001****P<0.0001; ns-not significant.
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Figure 8- Evaluation of muscle strength.

Mice were videotaped in an open field for 15 minutes duration 3-5 time points after
administration of the rAAV9, and speed was analyzed using ANY-maze software. Values
at each time point represent the mean + SEM. The control group includes mice injected
as neonates or adults with either LacZ or HexB, as no significant difference was found
among these groups. No statistical comparison of the HexB and LacZ-injected SD mice
was possible after 16 wks because all members of the comparison groups had died;
however, there was no statistically significant difference between the n HexB-treated SD
group and the control group.*P<0.5;**P<0.01;***P<0.001****P<0.0001;ns-not
significant.
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4.3 Effect of AAV9-HexB treatment on GM2 ganglioside
storage

The increased survival and motor activity in SD mice treated neonatally with AAV9-HexB
suggested that the intravenously administered viral vector had crossed the BBB and
reduced the level of GM2 ganglioside storage preventing or, at least slowing down, the
neuronal death. To assess GM2 ganglioside in the brain, we used TB staining to visualize
the extent of Iysosomal vacuolization (Figs. 9,10), and HPTLC, after
chloroform/methanol isolation of the brain ganglioside fraction, to examine the

ganglioside levels after chloroform/methanol isolation (Figs. 11,12).

Histologically, extensive accumulations of GM2 ganglioside caused pathological
alterations in the shapes of neuronal cells, which appeared as cytoplasmic swelling and
vacuolization, and was evident in the brains of untreated SD AAV9-LacZ mice (Fig. 9). In
the adult AAV9-HexB treated SD group, the extent of vacuolization was similar to that
was observed in SD-LacZ mice, whereas as all SD mice treated as neonates with AAV9-
HexB showed a substantial reduction in vacuolization all over the brain (Fig. 9). A semi-
guantitative analysis of the severity of vacuolization observed in TB stained brain
sections in each mouse was performed, showing significant reduction in vacuolization in
all regions of the neonatally AAV9-HexB treated SD mice (P<0.0001). Adult AAV9-HexB

treated SD mice showed a minor reduction of vacuolization that was significant only in
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4.3 Effect of AAV9-HexB treatment on GM2 ganglioside storage

three brain regions; the cerebral cortex/hippocampus, the
thalamus/hypothalamus/septum, and olfactory bulb (Fig. 10). When compared to the
normal control group (n=20), neonatally AAV9-HexB treated SD mice still had a
significant increase in vacuolization although not as that severe as that in adult AAV9-

HexB treated SD mice (Fig. 10).

Biochemical analysis using HPTLC supported these findings as GM2 ganglioside
was not detectable in normal mice, and at reduced levels in SD mice injected with AAV9-
HexB as neonates (Figs. 11,12). In contrast, GM2 ganglioside levels were significantly
higher in SD mice injected with AAV9-LacZ or AAV9-HexB (as adults), than normal or SD

mice treated with AAV9-HexB as neonates (Figs. 11,12).
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Figure 9- Histological assessment of GM2 ganglioside accumulation.

Brains from SD and age-matched normal control mice were collected at either the
humane end point (17-19 weeks) or the end of the study at 43 wks. TB stained paraffin
sections (1.5 microns) were examined for vacuolization using a compound microscope.
Representative images are shown for three different brain regions. Original photos were
taken at 20X; scale bars represent 50 um.
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Figure 10- Semi-quantitative analysis of cellular vacuolization.

Multiple fields (10 to 30) in each region of the brain were scored based on severity of
vacuolization with 0 indicating no vacuoles and 5 indicating severely vacuolated.
Columns represent the mean * SEM. The control group includes mice treated as
neonates or adults with either LacZ or HexB (n=20), as no significant difference was
found among these groups (Table 4); SD-LacZ (n=10); a SD-HexB (n=5); n SD-HexB (n=5).
Cb- cerebellum; Md- medulla; Po- Pons; Mid- midbrain; Cx- cerebral cortex; Hip-
hippocampus; Th-thalamus; Hy- hypothalamus; Sep-septum; OA- olfactory bulb.
*P<0.5;**P<0.01;***P<0.001****P<0.0001.
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Figure 11- HPTLC analysis of ganglioside content.

Gangliosides isolated from flash-frozen brains as well as ganglioside standards were
separated by HPTLC and detected with resorcinol. Samples from the brains of all 5 mice
in the adult (a) SD-HexB group, and neonatal (n) SD-HexB group are shown as well as 5
representative samples from the normal control and SD-LacZ injected groups. The
position of GM2 ganglioside is indicated by a red box. Although no standard was
included on the plates for GA2, the upper band that is more abundant in SD mice
injected with AAV9-LacZ is likely to be GA2.
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Figure 12- Densitometry-based quantification of GM2 ganglioside in the brain.

HPTLC plates of brain gangliosides were analyzed by densitometry and GM2 ganglioside
levels are represented as a proportion of the combined total of GM1, GM2, and GM3
ganglioside levels. Control (n=20); SD-LacZ (n=10); a SD-HexB (n=5); n SD-HexB
(n=5).*P<0.05, **P<0.01,***P<0.001;****P< 0.0001, ns-not significant.
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4.4 B-Hexosaminidase analyses

Enzymatic activities in serum and brain were determined fluorometrically using the
synthetic substrate 4-MUG that can be cleaved with both Hex A and Hex B, and 4-MUGS

that can be cleaved more efficiently by Hex A.

Total serum B-hexosaminidase activity was significantly higher at all tested time
points in all AAV9-HexB treated mice including the normal control (Figs. 13,14).
Although there was a notable decrease in B-hexosaminidase over time in the neonatally
treated group, both AAV9-HexB-treated adult and neonatal groups had significantly
higher levels of activity than the LacZ-treated controls at the end of the study (Fig. 11).
The increased serum B-hexosaminidase activity indicated successful and sustained
transduction of non-central nervous system tissues, especially the liver, but may not

reflect the rAAV9 transduction levels in the brain.

Total brain B-hexosaminidase activity levels were also measured in lysates
prepared from brains collected at the endpoint when mice were sacrificed (Fig. 15).
Consistent with the level of brain GM2 ganglioside, brain B-hexosaminidase activity in
neonatal mice injected with AAV9-HexB was between 82 and 594 nm/ug/h of protein,
significantly higher than the levels in AAV9-LacZ-injected SD mice (between 11 and 39
nm/ug/h, P< 0.01; Fig. 15). The levels of B-hexosaminidase activity in adult SD mice

injected with AAV9-HexB did not differ significantly from those injected with AAV9-LacZ,
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indicating that the level of transduction in the brain was low and/or not sustained until

the humane end point.

Brain B-hexosaminidase activity measured using 4-MUGS as the substrate, showed
no increased in activity in SD mice treated as neonates. The level of activity was similar
to SD-LacZ group, indicating that the increase in the total brain B-hexosaminidase

activity was due to the formation of the BB dimer Hex B enzyme (Fig. 16).
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Figure 13- Serum B-hexosaminidase enzyme activity.

Effect of AAV9-HexB injection on serum B-hexosaminidase activity using the substrate,
4-MUG. Columns represent the mean B-hexosaminidase activity per ml of serum +SEM
and include the values collected at each time point. For both representation and
statistical analyses of the enzyme activity only the 10 normal animals injected as adults
or neonates with AAV9-LacZ (n=10) are shown in the control group to allow for
comparison to normal enzyme levels. As expected, the B-hexosaminidase activity levels
in normal adults and neonates injected with AAV9-HexB (n=10) are significantly higher
than normal (Table 4), and therefore were excluded from the control group in this
Figure. Control (n=10); SD-LacZ (n=10); a SD-HexB (n=5); n SD-HexB (n=5). **p<0.01;
**%¥p<0.0001;****p<0.00001.
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Figure 14- B-hexosaminidase activity levels in control groups.

Total B-hexosaminidase activity was determined using 4-MUG as a substrate. Bars
represent the average activity + SEM. Sera were collected at 10, 12-14, and 15-43 wks
(just before death). Control animals injected with HexB had significantly more activity
than normal LacZ-injected mice. Therefore only LacZ-injected mice were included in
Fig.11 of this thesis as controls. a Control-LacZ (n=5); a Control-HexB (n=5); n Control-
LacZ (n=5); n Control-HexB (n=5).**p<0.01; ns-not significant.
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Figure 15- 4-MUG Brain B-hexosaminidase enzyme activity.

Effect of AAV9-HexB injection on brain B-hexosaminidase activity. Lysates prepared
from a portion of the brain frozen immediately after sacrifice, was used for
determination of B-hexosaminidase activity using the substrate, 4-MUG. The columns
represent mean brain B-hexosaminidase activity normalized to protein + SEM. For both
representation and statistical analyses of the enzyme activity only the 10 normal
animals injected as adults or neonates with AAV9-LacZ (n=10) are shown in the control
group to allow for comparison to normal enzyme levels. Control (n=10); SD-LacZ (n=10);
a SD-HexB (n=5); n SD-HexB (n=5). **p<0.01; ns-not significant.
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Figure 16- 4-MUGS Brain B -hexosaminidase enzyme activity.

Effect of AAV9-HexB injection on brain B-hexosaminidase activity using the substrate, 4-
MUGS. Columns represent the mean B-hexosaminidase activity per ml of serum +SEM.
Control (n=7); SD-LacZ (n=3); n SD-HexB (n=5). ns-not significant.
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4.5 Inflammation in the brains of AAV9-HexB treated mice

Inflammation has been demonstrated to be an important mediator of

275278 are the

neurodegeneration in SD mice, and as microglia and brain macrophages
major phagocytic cells of the brain, activation of these cells is associated with neural cell
dysfunction and death. We qualitatively evaluated the level and/or activation of the
mononuclear phagocytic cells in the CNS expressing the F4/80 surface marker in the

brains®’’

of AAV9-HexB or -LacZ injected SD and normal control mice.

During inflammation, activated microglia cells, brain macrophage as well as
infiltrated monocytes, if present, show an increase expression of F4/80 antigenm,
which indicated by strong orange/brown staining in Fig. 17. Abundant F4/80 expression
was observed in AAV9-LacZ injected SD mice compared to AAV-LacZ or -HexB injected
control and AAV9-HexB injected neonatal SD mice (Fig. 17). However, in AAV9-HexB
injected adult SD mice, the level of F4/80 expression was similar to that in the AAV9-
LacZ injected SD mice (Fig. 17), whereas in AAV9-HexB injected neonatal SD mice
showed lower level of expression. Although neuroinflammation, indicated by the F4/80
expression, was still clearly evident in neonatally treated SD mice, in general, decreased

neuroinflammation was associated with decreased GM2 ganglioside storage.
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Figure 17- Brain inflammation.

Immunohistochemistry with the F4/80 antibody that detects mononuclear phagocytic
cells was used to examine brain sections from mice after they reached a humane end
point; 15-17 wks (SD-LacZ), 17-35 wks (a SD-HexB), or the experimental end point of 43
wks for n SD-HexB group and control group. Each panel represents a different section of
the brain and the brown staining indicates activated glial cells (arrows). Original photos
taken at 20X; scale bars represent 50 um.
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4.6 Copy number in the brain and liver of rAAV9 treated
mice

The vg copies per diploid genome (dg) in mice treated as neonates or adults were
determined in both the brain and liver by quantitative PCR. Given that the dose per kg
was approximately 7 fold lower in adult-treated mice, we expected fewer cells to be

transduced in adult brains.

As shown in Fig. 18, the number of vg in the brain of adult-injected mice was
variable, with a mean of 0.63 vg/dg, more than 9-fold lower than the mean of 6 vg/dg in
neonates. However, the opposite was found in the liver (Fig. 18), with a mean of 272
vg/dg in adult injected mice, approximately 10 fold higher than the mean of 22 vg/dg in
neonatally injected mice. Although different doses of virus were introduced into adults

and neonates, it appears that the brain is less readily transduced in adults.
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Figure 18- AAV9 vg copy number

AAV9 vg copy number in the brains and livers of rAAV9-treated mice. PCR quantification
of the AAV9 vg copy numbers were performed on DNA isolated from frozen liver or
brain tissue lysates and calculated per diploid genome (dg). Scatter plot of the vg copy
number in liver and brain. Male (triangle) and female (circle) mice injected as adults
(closed fill) and neonates (open fill) showed no significant difference in transduction
efficiencies (Table 5). All points are plotted (n=20 for each group) and the horizontal line
represents the mean, and the vertical line represents the SEM. **indicates p<0.01 and
**** indicates p<0.0001.

81



4.7 Tumour pathology in TAAV9 treated mice

4.7 Tumour pathology in rAAV9 treated mice

At the 43 wks experimental end point, we performed a gross examination of organs as
part of necropsy, which revealed the present of tumours in eight of ten neonatally
AAV9-HexB injected SD and control mice; seven animals had liver tumours and one had

multiple lung tumours.

Tumours were not observed in the mice that reached a humane end point at 24
wks or earlier, or in the single pair of adult mice that survived for 35 wks, suggesting
that these tumours had developed only in the neonatally injected mice as they aged.
The pathology report based on hematoxylin and eosin stained paraffin sections from the
liver tumours indicated benign hyperplasia, but did not rule out hepatocellular adenoma

(Fig. 19).

Tissue from the tumours, which contained numerous nodules as well as normal
tissue, was also used for the analysis of insertion sites using inverse PCR and linker-
ligation mediated PCR to amplify junctions between the AAV vectors and mouse cellular
DNA using two unique barcodes per sample. Among the 579 unique integration sites we
mapped, we found chromosome 2 to have the highest absolute number of integrations,
while the Mir341 gene on chromosome 12 had the highest rate of insertion per kb of
DNA (Fig. 20). Insertions in the previously identified hepatocellular carcinoma site in

Rian*’® were present in 2 mice injected neonatally with AAV9-HexB, one SD and one
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4.7 Tumour pathology in TAAV9 treated mice

control. A unique insertion site in the growth factor receptor gene- FGFR2, a known

cause of lung cancer®”®, was found in the sample that exhibited lung tumours.

Every tumour sample was run in two replicas, and when an insertion site was

identified in both replictes with more than 30 fraction numbers, it was assigned with the

highest confidence (Table 3).
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Figure 19- Histological analysis of tumor tissues.

Paraffin sections (5 microns) prepared from tumors collected at 43 wks as the animals
were sacrificed, and stained with hematoxylin and eosin. The top panel is from normal
liver and lung tissue and the bottom three panels are from tumor tissue. a) Images of
normal liver and liver tumors from independent mice. b) Images of normal lung and lung
tumor. Images taken at 20X magnification. Scale bars represent 50 um.
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(a) Integrations per chromosome. (b) Genes with largest number of integrations per kb
of DNA.

Figure 20- AAV9 Integration Sites.



4.7 Tumour pathology in TAAV9 treated mice

Table 3- Insertion sites with highest confidant.

Chr. Site Type Gene Sample Tissue
name
2 143355224 | Intergenic (x) 12 control-HexB Healthy Liver-N/V
tumours
40 n SD-HexB Liver nodule/tumour
2 134890091 Intron Plcb1 12 control-HexB Healthy Liver-N/V
tumours
2 130876940 Intron A730017 | 38 control-HexB Liver nodule/tumour
L22Rik
35572583 Intron Dab2ip | 39 control-HexB Liver nodule/tumour
7272551 Intron Celf2 38 control-HexB Liver nodule/tumour
40 n SD-HexB Liver nodule/tumour
3 135585125 Exon Nfkb1 37 n SD-HexB Liver nodule/tumour
39 control-HexB Liver nodule/tumour
3 127408496 Intron Ank2 8 n SD-HexB Liver nodule/tumour
37 n SD-HexB Liver nodule/tumour
10 n SD-HexB Healthy Liver-N/V
tumours
39 control-HexB Liver nodule/tumour
4 137999211 Intron Eifdg3 | 8 n SD-HexB Liver nodule/tumour
37 n SD-HexB Liver nodule/tumour
10 n SD-HexB Healthy Liver-N/V
tumours
39 control-HexB Liver nodule/tumour
7 130164094 Exon Fgfr2 41 n SD-HexB Lung nodule/tumour
8 126790577 | Intergenic (x) 39 control-HexB Liver nodule/tumour
8 115019795 Intron Wwox | 37 n SD-HexB Liver nodule/tumour
39 control-HexB Liver nodule/tumour
8 45236465 Intergenic (x) 10 n SD-HexB Healthy Liver-N/V
37 n SD-HexB tumours
Liver nodule/tumour
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4.7 Tumour pathology in TAAV9 treated mice

10 11244971 Exon 4930432 | 12 control-HexB Healthy Liver-N/V
B10Rik tumours
11 86275172 Intron 46324191 | 38 control-HexB Liver nodule/tumour
22Rik
11 9123927 Intron Uppl 12 control-HexB Healthy Liver-N/V
tumours
12 109611524 Exon Mir341 | 37 n SD-HexB Liver nodule/tumour
12 109607781 Intron Rian 9 control-HexB Liver nodule/tumour
42 control-HexB Liver nodule/tumour
13 94702901 Intergenic (x) 37 n SD-HexB Liver nodule/tumour
39 control-HexB Liver nodule/tumour
13 27292608 Intergenic (x) 40 n SD-HexB Liver nodule/tumour
16 76306564 Intron Nripl 37 n SD-HexB Liver nodule/tumour
39 control-HexB Liver nodule/tumour
17 65512865 Intron Tmem23 | 39 control-HexB Liver nodule/tumour
2
18 28691337 Intergenic (x) 40 n SD-HexB Liver nodule/tumour
X 10718223 Intron Gm1449 | 39 control-HexB Liver nodule/tumour
3
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5.1 Statistical analysis

5.1 Statistical analysis

Table 4- Statistical comparisons of control groups that are merged within figures.

Data/Related
Figure

Comparison

P value

Test

Total distance
travelled/
Figure 4

at wk 14

a Control-LacZ (n=5)
a Control-HexB
(n=5)

n Control-LacZ (n=4)
n Control-HexB
(n=5)

P=0.729

One way
ANOVA

At wk 15

a Control-LacZ (n=5)
a Control-HexB
(n=5)

n Control-LacZ (n=4)
n Control-HexB
(n=5)

P=0.718

One way
ANOVA

At Wk 16

a Control-HexB
(n=5)

n Control-LacZ (n=5)
n Control-HexB
(n=4)

P=0.25

One way
ANOVA

At Wk 21

a Control-HexB
(n=2) vs

n Control-HexB
(n=5)

P=0.872

Two tailed T-
test
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At wk 30
n Control-HexB
(n=5)

1 group no intragroup
comparison

None

Vacuolization /
Figure 7

a Control-LacZ (n=5)
a Control-HexB
(n=5)

n Control-LacZ (n=5)
n Control-HexB
(n=5)

In CB
Md/Po

Mid

CX/Hp
Thy/HY/Sep
OA

p=0.925
p=0.418
p =0.890
p =0.585
p=0.933
p = 0.547

One way
ANOVA

GM2 ganglioside
proportions/
Figure 10

a Control-LacZ (n=5)
a Control-HexB
(n=5)

n Control-LacZ (n=5)
n Control-HexB
(n=5)

p =0.091

One way
ANOVA

Serum hex activity/
Figure 11

At wk: 10, 12-14,
final

a Control-LacZ vs
n Control-LacZ

a Control-HexB vs
n Control-HexB

a Control-LacZ and
n Control-LacZ vs
a Control-HexB

a Control-LacZ and
n Control-LacZ vs
n Control-HexB

p > 0.05 at all times
points

p >0.05 atall time
points

*p value <0.05 at all
time points (see Fig.
a)

*p value <0.05 at all
time points (see Fig.
S2a)

Two tailed t-
tests

Brain hex activity/
Figure 13

a Control-LacZ vs
n Control-LacZ
a Control-HexB vs
n Control-HexB

p >0.05

*p value =0.0117

Two tailed t-test
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Table 5- Statistical comparisons of vector genome copy number in male vs. female.

Data/Related
Figure

Comparison

P value

Test

Vector copy
number in brain/
Figure 16

Male vs female

a Control =0.3192

M (n=14), F (n=6)

n Control = 0.7340

M (n=8), F (n=12)

a Control-HexB =0.787
M (n=6), F (n=4)

a Control-LacZ = 0.103
M (n=8), F (n=2)

n Control-HexB =
0.420

M (n=3), F (n=7)

n Control-LacZ =
0.3241

M (n=5), F (n=5)

Two tailed t-test

Vector copy
number in liver/
Figure 16

Male vs female

a Control =0.4215 M
(n=14), F (n=6)

n Control = 0.3524
M (n=8), F (n=12)
a Control-HexB
=0.5390

M (n=6), F (n=4)

a Control-LacZ =
0.4323

M (n=8), F (n=2)

n Control-HexB =
0.2740

M (n=3), F (n=7)

n Control-LacZ =
0.4650

M (n=5), F (n=5)

Two tailed t-test
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6.1 Discussion

6.1 Discussion

The GM2 gangliosidoses are prototypic neurodegenerative lysosomal storage disorders
where accumulation of storage material results in severe neuronal damage and death in
the early years of life. Mice deficient in both major hexosaminidase isozymes, Hex A
and Hex B, mimic the disease severity in the human condition including the motor
deterioration, the histopathological findings, and the premature death. This study aims
to evaluate the utility of intravenously delivered AAV9 based gene therapy in treating

GM2 gangliosidoses using the SD (Hexb”) mouse model.

Our results demonstrated that a single intravenous dose of rAAV9-HexB to
neonatal SD mice could provide enough p-hexosaminidase to the brain to
reduce/prevent GM2 ganglioside storage and inflammation, correct motor function, and
prolong survival. However, the single injection we administered to adult SD mice was
not nearly as effective, leaving ganglioside storage similar to that of mice treated with
the control vector, AAV9-LacZ, and only minimal improvement in motor function or

survival.

The efficiency of rAAV9 transduction in adults and neonates cannot be directly
compared because the dose of vg/kg was lower in the adult mice. However, it is clear
that AAV9 crossed the BBB and transduced cells in the brain, both in adults and

244,245

neonates, as seen in previous studies . The increased number of vg in the brain of
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6.1 Discussion

neonates compared to adult mice, and vice versa in the liver, suggests that the liver of
adult mice is transduced much more effectively than that of neonates. There are several
factors that need to be considered in the interpretation of these findings. First, the
neonatal livers would have undergone substantial growth after AAV9 treatment, leading
to a decrease in the vg/dg compared to adult-treated mice. In addition, the low levels of
transduced brain cells in the adult mouse may be due to the high level of damage
already existing at the time of intervention, so that new enzyme activity could not
rescue cell death; the recovery of neuronal function can only occur when the neuronal
impairment is not beyond repair?®°. There is also the possibility that the extended sialic
acid containing ganglioside deposition in adult mice at the time of injection is blocking

the AAV9 transduction, which was previously observed in other LSDs*®

. The impact of
the less mature BBB on rAAV9 transduction efficiency in neonatal mice is debatable.
Many attributed the high neuronal to astrocyte transduction in neonatal mice®** to the

282

low number of astrocytes in early life”™*, and that at the time of birth, few astrocytic

endfeet are associated with cerebral blood vessels compared to that of the adult

brain’3

. The possibility of distribution of the BBB with the large volume injection in
neonates seems unlikely and the other group reported the same pattern of transduction
in both neonates and adults with a smaller volume injection®*°. However, because we

used more rAAV9 in the treatment of neonates, it is impossible to be certain of the basis

of the increased transduction.
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6.1 Discussion

The prenatal accumulation of GM2 ganglioside does not compromise early brain
development, but disease manifestations advance rapidly after birth when no

intervention is introduced?®*

. Results presented here show that treatment with AAV9-
HexB cannot be delayed after birth in order to correct the pathological features of SD
disease. Administrating AAV9-HexB expressing vector to 1-2 days old mice provided
enough brain B-hexosaminidase to reverse the prenatal storage of GM2 gangliosides,
prevent further accumulation as well as the subsequent impact on neuron and
neurological function. The detectable level of GM2 storage at the 10 months (43 wks)
experiment end point in neonatal treated SD mice were remarkably lowered compared
to that found in the LacZ-injected SD mice which reach a humane end point in 17 weeks.
The brain B-hexosaminidase activity provided when the vector was injected at the early

time-point cleared and prevented most of the glycosphingolipid accumulation,

preserving the overall histological appearance of brain tissue.

The loss of motor coordination observed early in the course of disease is
attributed to reduce neuronal function. This is due to inflammation and/or neuronal
death in hippocampus and cerebellum together with the thalamus as the center to relay

285287 \We established that the lost motor function is prevented when

sensory signals
treatment is received early in life; most essential is the long-term preservation of the

motor activity as was found in the neonatal treated group. Despite the apparent tremor,

the animals remained very active throughout the study.
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6.1 Discussion

There is overwhelming evidence supporting the role of inflammation in
neurodegenerative diseases. The activation of microglia (and astrocytes) maintains the
inflammatory process and negativity contributes to the disease progression. The
mechanism underlying this role is still unknown, although specific nervous system
modulation to the inflammation process is believed to exist. We compared the
expression of monocytic marker F4/80%%% between untreated SD mice and the two
treated groups. The AAV9-HexB treatment clearly decreased inflammation, presumably
by decreasing the levels of GM2 ganglioside storage in cells early enough in the

neonatally treated group to prevent the cascading immune response.

In the neonatally treated group, the activity of brain beta-hexosaminidase enzyme
cleared most of the stored glycosphingolipid, but at the 43 wks experimental end point,
a significant level of accumulation and inflammation was detected. The inflammation
observed was more pronounced in the thalamus area, accounting for the noticed
tremor in this group. This indicates that a higher level of enzyme is necessary to keep

the pathology at bay for the normal mice life span.

Our data shows that the use of only the B-subunit for the gene therapy was very
effective when administrated early in life, and resulted in an increase in total B-
hexosaminidase activity. It is likely that the therapeutic effect in our study is largely the

result of Hex B which is able to degrade GA2 generated from GM2 by the sialidase
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bypass. Indeed, very little activity is detected in AAV9-Hexb injected mice using the

sulfated form of 4-MUG which is specific for a-subunit containing dimers.

Despite the proven ability of rAAV9 to transduce cells in the adult brain, there was
no increase in brain B-hexosaminidase activity in SD mice treated at the asymptomatic 6
weeks of age. This could be because viral particles and enzyme activities were lost due
to the advanced pathological process leading to apoptosis of neurons. When we treated
mice as young adults and sacrificed them as they reached a humane end point, we
observed minimum clearance of glycosphingolipid accumulation and no difference in
the F4/80 labeling compared to untreated SD mice. This suggests that the moderate
increase in life span among this group resulted from delayed neuronal degeneration
rather than by reversing the pathological features of the disease. This raises the
possibility of combining gene therapy with agents targeting inflammation to enhance
the therapeutic benefits for patients with GM2 gangliosidoses. The importance of early
treatment to preserve brain function in LSDs has also been supported by recent studies
showing therapeutic benefit can only be achieved with early treatment even with

intracranial injection of rAAV2/1 expressing both subunit genes289

. This group reported
similar pattern of viral transduction, transgene expression and distribution at all ages of
treatment, but mice that received the earliest intervention at 4 wks of age benefited

most. The abundant and wide distribution of enzyme achieved by intracranial vector

injection did not translate into improved function or survival in mice that received the
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intracranial injection at 12 wks of age. Such findings stress the fact that the cell death is

280,290,291
d

inevitable when intervention is delaye , at least when therapy is limited to

enzyme replacement.

The detection of tumours in the neonatally treated mice was disappointing, but
not surprising as our neonatal dose of rAAV9 was high. Similar findings have been
reported in mice treated neonatally for B-glucuronidase®? and as 9-11 wk old adults for

29329 |y poth cases, there was an increased

ornithine transcarbamylase deficiencies
occurrence of hepatocellular carcinoma in mice that survived for more than 13 months.
This was attributed to insertional mutagenesis by the AAV vectors which integrated, in
some of the tumours, within a 6-kb window on chromosome 12, near the Rian and Mirg

(located within the Rian) genes.278

. Studies have shown that in mice, integration of the
provirus in this region leads to increased expression of surrounding genes, resulting in
hepatocellular carcinoma. Three of our mice did show integrations in this same region.
Our results are difficult to interpret however, as multiple nodules surrounded by normal
tissue were used in the analysis of the insertion sites. The H & E stained
nodules/tumours sections were reported as nodular hyperplasia, however, the endpoint
of our study was only 10 months, so it is possible that these benign nodules might have
turned malignant in the future had we continued our study to a later time point. These

findings emphasize the importance of continued awareness in ongoing gene therapy

studies using AAV, as had been suggested previously.
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Our positive outcome with just a single intravenous dose of AAV9-HexB provides
hope for less invasive therapies for the GM2 gangliosidoses and benefit the peripheral

tissues affected by lysosomal storage of GM2 ganglioside.

6.2 Future directions

Currently, GM2 gangliosidoses patients are often born to families with no history of the
disease and in communities without screening programs. In these cases, the neuronal
pathology at the time of diagnosis is evident, which necessitates very effective

intervention approaches.

6.2.1 Eliminating obstacles

One of the most common factors that limits the therapeutic effect of systemic gene
delivery using rAAV vectors is the host immune response to the virus particle, in most
cases to the capsid of AAV vectors. Adeno-associated virus is usually found in samples
with adenovirus, and the latter is a very common cause of a range of infections in
children as well as adults, and thus pre-existing humoral immune responses to both
viruses is expected. These produced antibodies will neutralize the administered
therapeutic vector in circulation and prevent an effective transduction even at a low
titer level. Such effects of antibodies can be prevented or overcome by various vector

and immune related strategie5218'296.
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Patients with pre-existing antibodies, either due to previous exposure to the wild-
type virus or its recombinant vector, can benefit from plasmapheresis, an available
technique to isolate different blood components. With this strategy, pre-existing
antibodies are transiently removed before treatment, which would allow the viral vector
to reach the cell®’. Another approach is the B-cell depletion meant to prevent the
humoral response to the vector capsid, as well as the transgene, in patients with no pre-
existing antibodies. This approach would also allow repeated administration of the
therapy vector if needed. Agents such rituximab can be use alone or in combination
with B-cell inhibitory agents, e.g cyclosporine A and bortezomib, to decrease the titer of

already existing antibodies and prevent further recognition of the therapeutic vector

298-302 297,303

antigens . The plasmapheresis and the B-cells depletion and inhibition
agents3°4, are already proven to enhance patient’s chances of a beneficial rAAV gene

therapy treatment.

Other possibilities to overcome the pre-existing antibodies against AAV capsids are
the use of a capsid decoy, such as an empty wild type or vector capsid and peptides or

domains corresponding to the antibodies, for neutralizing the antibodies and limiting

305,306

the clearance of the therapeutic vector , or the use of an engineered capsid lacking

307,308
. For

the B-cell epitopes which can be generated using site-specific mutagenesis
instance, Mingozzi and colleges developed an empty mutant capsid that can interact

with neutralizing antibodies but not enter the cell (Mingozzi et al., 2013).

100



6.2 Future directions

6.2.2 Timing of intervention

Because of the limited CNS plasticity, timing of treatment is anticipated to significantly
control the outcome of the therapy; determining delay versus arrest of the disease
progression is likely. Unlike the slower-onset, juvenile and adult forms, the infantile
GM2 gangliosidoses are rapidly progressing diseases requiring an early and thorough

intervention.

The advantage of early treatment is attributed to the progressive nature of the
GM2 gangliosidosis disorders. During the disease course, in addition to the GM2
ganglioside accumulation, a cascade of neuronal inflammation leads to the activation
and the expansion of the phagocytic cells in the brain, both microglia and macrophage,
in an effort to clear the dysfunction of neurons and maintain CNS hemostasis>®".
Because these phagocytic cells also lack the B-hexosaminidases, they fail to degrade
neurons and the accumulated substrates inside leading to further CNS aggravations
through expansion of the phagocytic cell population and, with their mobile ability,
spreading inflammation. The role of inflammation in the progression of GM2
gangliosidoses diseases, although secondary to GM2 ganglioside neuronal accumulation,
is fundamental to the pathogenicity. Unlike the GM2 accumulation that can be reversed
if the enzyme reaches the cells, subsiding immune response is much more complicated.
Such effect of inflammation can be minimized by early treatment in the course of the

disease. A proof of the role of inflammation in these diseases has been shown in a
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mouse model where the decrease of the inflammatory responses improved activity and
prolonged life span in mice even without replacing the missing enzyme. Recently the
deletion of tumour necrosis factor-a in SD mice showed that decreasing inflammation

greatly slowed the progression of the disease®™®

. Thus, the outcome of any GM2
gangliosidoses treatment, and other neurodegenerative disease, is controlled by the

extent of inflammation at the time of intervention.

When deciding the best timing for viral mediated gene therapy, it is important to
consider the maturity of the immune system at different ages. Although AAV itself is not
known to stimulate the innate immune response>"’, adaptive immune responses, in the
of anti-AAV capsid antibodies, are very common. Infants are born with a less mature
immune system and they usually develop anti-AAVs antibodies, mostly AAV2, around 2

years of age312

. The absence of an antibody and lower immune system reactivity to gene
therapy viral vectors as well as the therapeutic protein, give advantages to neonatal
gene therapy. In a murine model of haemophilia A and following neonatal treatment

with rh10 AAV, prolonged wild transgene expression was achieved due to these

factors>®.

Another element that contributes to the importance of timing of therapy is that
the systemic administration AAV9 into neonatal animals results in robust transduction
of neurons throughout the brain, whereas in adult mice, it mainly leads to transduction

of astrocytes314. This pattern, and extend of transduction, can be attributed to
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differences between neonates and adults in the extracellular matrix composition,
neuron to astrocyte ratio, or BBB maturity, although none are currently established.
Also there is the fact that human brain contains higher astrocytes to neurones ratio (3:2)

315

than other species™. Thus the impact of rAAV9 transduction patterns in human gene

therapy is still to be determined.

6.2.3 Transduction and expression efficiency

Targeting the CNS started with choosing the vector with the best reported spread and
highest efficiency of transduction of non-dividing cells, AAV9**®. However, there is an
ongoing effort to develop and identify vector elements that would enhance the rAAV

transduction and transgene expression, in addition to circumvent the immune response.

Considering the transgene, the single-stranded rAAV genome is not functional
before the conversion to a double-stranded genome, a process that takes place

280

gradually in the nucleus over a period of 6 wks™". Using self-complementary (sc) AAV is

reported to induce an immediate therapeutic effect®”’, and a 10 to 50 fold increase in

) L 243,31
the transduction as well as enhanced neuronal transduction in adult?**3,

There is also the impact of using different promoters. Several studies have shown

that the use of neuron-specific promoters would enhance the expression of the
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transgene in neuronal tissue 228,317,319

. But with LSDs, the goal of a systemic gene
therapy is to ensure transgene expression in different cell types, thus the two mostly
used promoters are cytomegalovirus (CMV) promoter or the truncated chicken beta
actin (CBA). In an effort to enhance gene expression for a systemic therapy, Gray et al.
(2011a) constructed a hybrid CBA (CBh) promoter that allowed more stable and

stronger expression of the transgene than what was observed with CMV or CBA

promoters.

Another approach is to replace the promoter with a tissue-specific microRNA
(miRNAs)-binding site in the AAV genome which has the advantage of increasing the

packaging capacity of rAAVs32

. Xie and colleges reported decreased liver and heart
transduction when incorporating three copies of the miRNA122-binding site or miRNA1-

binding site in the rAAV genome, a strategy that reduced the transduction in liver and

heart and might avoid liver toxicity (see 6.2.4).

Capsid engineering strategies can be used to design new AAV variants by
mutagenesis of VP proteins, incorporation of specific peptide ligands at the virus
surface, or directed evolution®*!. Reports by Zhong et. al. and others showed that
replacing one of the exposed tyrosine residues on the surface of a systemically
administrated rAAV2, rAAV8 and rAAV9 capsids by phenylalanine enabled further retinal

322-324

transduction . Other groups identified two mutated rAAV9 capsids with a 10-fold

decrease in liver transduction without reduction in the transduction of other organs
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325

following tail vein injection™. The use of peptide motifs inserted into the rAAV capsid

was utilized to increase rAAV2 affinity for coronary or cerebral endothelium using a

specific brain vascular endothelia epitope?*3%°.

In addition, disease-specific modulation might be necessary. For GM2
gangliosidoses Chen and colleges reported that cellular deposition of sialic acid limits
the transduction ability of AAV9 in an MPS VIl mouse model. To overcome the blocking
effect of sialic acid, this group inserted the same peptide modification reported to

281

enhance the transduction of rAAV2 to cerebral endothelium to rAAV9-°". As sialic acid

brain content is elevated in GM2 gangliosidoses, a similar effect can be expected.

Another consideration when attempting to treat GM2 gangliosidoses patients is
the difference in ganglioside metabolism between rodents and human. The GM2
ganglioside can only degraded by Hex A in the present of the GM2 activator protein,
whereas in rodents, GM2 ganglioside is degraded to GM3 by Hex A, or to GA2 by
sialidase, an ineffective pathway in human. Also in rodents, the GM2 activator protein
efficiently stimulates GA2 hydrolysis by mouse Hex A and to a lower extent by Hex B'¢®.
Such differences explain the variations in Tay-sachs and AB varients disease phenotypes
between human and mouse models, and also highlight the important of Hex A

production to treat GM2 gangliosidoses in human. The use of both a- and B-subunits of

B-hexosaminidase together for gene therapy is likely to result in higher levels of Hex A
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by avoiding the short supply of the endogenous subunits that may be limiting when only
one of the gene subunit is transduced?’. Thus, the intravenous administration of a
vector expressing both a- and B-subunits, or vectors expressing the two subunits
independently, are likely to ensure the production of the Hex A enzyme as the only
enzyme capable of degrading GM2 ganglioside in human. Recent development of a
novel hybrid protein that can be packed into a single vector, overcoming the limited
packing capacity of rAAV vectors, and combining the activities of the a- and B-subunits
of B-hexosaminidase, opens the stage for the construction of a single rAAV vector
expressing an enzyme capable of GM2 ganglioside degradation®?®. Another approach to
overcome the need of more than one gene is the use of dual-AAV Vector-Based
Systems, to double the packaging capacity of rAAV vectors. A proof of the functionality

of such vectors was demonstrated by Dongsheng Duan’s group in 20113%,

6.2.4 Potential risk

Despite the proven efficacy of rAAV vector gene therapy for different diseases in animal
models and the recent approval of clinical trails®>, safety concerns are still
controversial. Experience with the use of rAAV vectors showed that the immune
response to vector capsids is the biggest challenge for effective and long-term gene

therapy. Nethertheless, insertion mutagenesis is becoming a concern as rAAV loose the
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site-specific integration into the safe location of human chromosome 19 by the removal

of the rep gene.

6.2.4.1 Tumorigenesis

The safety of rAAV gene therapy was first examined by Donsante et al in 2007 following
the report of HCC carcinoma induction in mouse model of MPS VII (Observed incidence
of tumorigenesis in long-term rodent studies of rAAV vectors. Gene Ther.
2001;8(17):1343-1346). In their study, the tumour formation was attributed to the
integration of rAAV into the Dlk1-Dio3 locus containg the Rian and Mirg genes on
chromosome 12 when vector is administrated neonatally. Although many studies

followed arguing the causative effect of AAV 2+%313%¢

, ho tumour has been reported in
human and other large mammals. The implications of the DIk1-Dio3 locus in human HCC
raise concern. Recently, Charles P. Venditti’s group suggested that many aspects of rAAV

gene therapy, at least in mice, including vector does, promoter selection and

therapeutic timing, influence genotoxicity 337,

Measures to avoid random integration of rAAV vectors have been proposed to
decrease the chance of insertion mutagenesis. One of which is altering AAV9 tropism
toward liver tissue by peptide modification®*® which will decrease the chances of liver
tumorgensis by decreasing overall liver transduction. Others suggested engineering

rAAV vectors with site-directed integration to allow the transgene to integrate into a
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safe site in the genome™**>*°

. The later proposal, site directed integration, carries higher
potential to ensure the long-term therapeutic goal of gene therapy as it will ensure safe

and continuous present of the transgene in different cell types.

6.2.5 Conclusion

The available strategies that allow further enhancement of neuronal tropism, decrease
the inflammatory reaction and humoral immune response, minimize the risk of
tumorgensis, and the potential for easily deliver for the human GM2 gangliosidoses
make gene therapy a very promising approach. Combining gene therapy with immune
system modulators is expected to enhance the benefit of treatment, especially when
inflammation reaches a pathological level as the disease progresses. Taken together,
rAAV vectors carry great potential to treat the GM2 gangliosidoses as well as other

neurodegenerative diseases.
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