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Abstract

Gwm2 Gangliosidoses are a group of neurodegenerative diseases affecting the brain. In
humans, these diseases are characterized by rapid neurological deterioration and death before 4-
years of age. Gmz gangliosides are normally degraded in a cell’s lysosomes through the action of
three gene products, HEXA, HEXB, and GM2A. A defect in any one of these genes can result in a
deficiency of Hexosaminidase A (HexA) enzyme activity, which then cannot breakdown G2
gangliosides. The rarest form of these diseases, the AB-variant (AB- Gm2), is characterized by a
mutation in the GM2A4 gene encoding the GM2-activator protein (GM2AP), which is a required
co-factor for the HexA protein. The aim of this study is to give a one-time treatment of single
stranded (ss) AAV9/GM2A viral vector therapy at a dose of 1 x 10'* vector genomes per
kilogram of mouse and to see at least biochemical reduction in Gm2 ganglioside storage in both
the short- and long-term treated cohorts. ssSAAV9/GM2A4 plasmid was created and tested in vitro
on a GM2AP-deficient patient cell line to confirm the expression of the protein using Western
Blot analysis. Later, treatments were given to 1-day old pups via the superficial temporal vein, as
well as 6-week old adult mice via tail vein, to correct AB- Gmz. These mice underwent monthly
behavioural testing, as well as biochemical and molecular analysis performed at 20- and 60-week
end-points. We hypothesized that an optimized sSAAV9/GM2A treatment can correct the gene
mutation as well as phenotype of AB- Gmz in mice. Biochemical data for both end-points showed
reduction in Gm2 gangliosides storage in the treated cohorts compared to the vehicle cohorts for
both the neonatal and adult treated cohorts. Behavioural data for the 20- and 60-week end-points,
as well as the neonatal treated and adult treated mice, showed the treated cohorts inconsistently
outperformed the vehicle cohorts. Almost uniform biodistribution of the hGM2AP vector was

also seen across the rostral section, caudal section, mid-section and liver. This proof of concept
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study is a step forward towards the development of a therapeutic approach for AB-Gwmz and

towards our goal of human clinical gene therapy trials.
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Chapter 1

Introduction

1.1 Gm2 Gangliosidoses and AB-Gm2
Gwm2 Gangliosidoses are a set of neurodegenerative diseases that affect the brain. The

three known types are Tay-Sachs, Sandhoff and Gm2 Ganglioside AB variant (AB-Gwmz). This
group of diseases have an autosomal recessive inheritance pattern and are caused by mutations in
genes which encode for particular enzymes or factors that break down Gmz Gangliosides (Figure
1). Essentially, this leads to a toxic build-up of Gm2 gangliosides in the body, with the highest

concentrations seen in the brain.

Gwm2 Gangliosidoses encompasses three diseases where the hallmark is the inability to catabolize
Gwmz gangliosides into Gm3, which occurs due to mutations in any component of the HEXA-
GM2AP complex. The HEXA protein is a heterodimer comprised of two subunits, the alpha and
beta, coded by the HEXA and HEXB genes, respectively (Figure 1). The HEXA protein then
complexes with the GM2A protein cofactor (GM2AP), coded by the GM24 gene, in order to
catabolize Gmz gangliosides (Figure 2). Tay-Sachs disease (TSD) occurs when there is a
mutation of the HEXA gene, leading to malfunctioning alpha-subunit, resulting in a large build-
up of the Gmz ganglioside glycolipids within the neurons of the brain and spinal cord (Sandhoff
1977; Okada and O’Brien 1969). Sandhoff disease (SD) occurs when there is a mutation in the
HEXB gene, leading to abnormal beta subunit and thus causing deficiency of the HEXA protein,
causing neurotoxic accumulation of Gm2 gangliosides (Sandhoff 1977). Lastly, the AB-variant of
Gwm2 Gangliosidosis (AB- Gmz) occurs due to mutations in the GM24 gene. HEXA and HEXB

genes are at normal levels in AB- Gm2 (Gravel et al., 2014). When large amounts of gangliosides



are stored within the brain and spinal cord, this leads to neurological deterioration and in its
severest infantile form, has the potential of causing death by the early age of 4 (Sandhoff et al.,
2013). Of the three genetic deficiencies, TSD is the most commonly seen condition and AB- Gme

is the rarest seen condition (Mahuran, 1999).

Disease Tay-Sachs disease Sandhoff disease AB Variant (AB-Gm2)
Affected genes HEXA HEXB GM?2A4
I l l
Protein o-subunit [-subunit Activator protein
A NN
Isozyme HexS aa Hex A of Hex B B GM2A
Subunits

Figure 1. The Gm2 Gangliosidoses. The disease along with the associated genes, proteins,
isozyme subunits as well as accumulated substrates.

J— HEX A Ng
HEX A — Isozyme
Isozyme

@ - AR ©

Figure 2. Gm2 Ganglioside Metabolism & Build-Up




1.1.1 Epidemiology
It has been estimated that to date, there are fewer than ten confirmed cases of AB- Gwmz by

molecular analyses worldwide (Renaud & Brodsky 2016); however, the incidence could be
higher due to under diagnosis and underreporting of this condition. Disease severity in terms of
cognitive dysfunction, decreased motor skills, and problems with vision, are related to the level
of enzyme deficiency, as well as the resultant ganglioside accumulation in the brain and spinal
cord (Lawson and Martin 2016; Liu et al., 1997). The degree to which the enzyme loses its
functionality also helps determine if the individual will present with an early- (infantile onset)

versus late-stage (juvenile or adult onset) form of AB- Gm2 (Liu et al., 1997).

1.1.2 Function of Gm2 Activator Protein
GM2AP is a lysosomal protein that acts as a substrate-specific co-factor along with

Hexosaminidase (HEXA) protein. The o/ heterodimer forms a complex with the GM2AP that
allows for the breakdown of Gm2 gangliosides into Gms gangliosides (Mahuran 1998). GM2AP is
located on chromosome 5q33.1. It is 193 amino acids in size, with a molecular mass of 20,838

Daltons.

Studies are beginning to reveal various alternative functions for the GM2AP. GM2AP
has been shown to bind, solubilize and transport various lipid molecules, which include
glycosphingolipids, gangliosides and phosphoacylglycerol between liposomes (Mahuran 1998).
GM2AP has also been shown to have sphingolipid activator protein activity and can also be
called saposin-3, as GM2AP belongs to the family of saposins (Werth et al., 2001). A study done
by Yanai et al. in 2006 indicates that higher levels of glycosphingolipids have been seen in the

aorta and serum of humans suffering from atherosclerosis and in animal models of
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atherosclerosis, implying that GM2AP has a contributing role in the progression of

atherosclerosis (Yanai et al., 2006).

Another study investigated the structural basis of GM2AP’s ability to bind to
phospholipids (Mathias et al., 2009; Wright et al., 2005). Due to the large binding pocket,
GM2AP is able to adhere to many single-chain phospholipids as well as fatty acids (Mathias et
al., 2009; Wright et al., 2005). This study also demonstrated that GM2AP was able to
hydrolytically modify phospholipids (Wright et al., 2005). These combined effects of GM2AP
could have significant meaning for lipid metabolism as well as cellular signaling (Wright et al.,
2005). Hydrolase activity may also explain GM2AP’s ability to inhibit the inflammatory
processes otherwise initiated by platelet activating factor-induced disease processes, as these
may occur secondary to an enzymatic reaction modifying platelet activating factor (PAF) to a

nontoxic lyso-PAF (Rigat et al., 2009, Wright et al., 2005).

Studies have also demonstrated that GM2AP may be a useful biomarker to monitor the
progression and diagnosis of lung cancer (Potprommanee et al., 2013). In each of the subtypes of
lung cancer patients, GM2AP was significantly increased in comparison to healthy controls,
proposing an association of GM2AP to tumor-associated gangliosides (Potprommanee et al.,
2013). Another study evaluated various secretomes as potential candidates for cancer markers
and showed that a higher amount of GM2AP was found in the plasma of individuals who
suffered from estrogen receptor negative breast cancer (Shin et al., 2016).

1.1.3 Pathophysiology

Glycosphingolipids are essential for the development of eukaryotic organisms (Sandhoff
& Kolter 2003) and play a role in cell adhesion as well as the regulation of membrane proteins
(Varki, 1993; Yang et al., 1996). Activator proteins are one of the many components required to

4



break down sphingolipids (Kolter and Sandhoff 2005). The GM2AP is required as a cofactor in
the in vivo degradation of Gm2 gangliosides by B-hexosaminidase A (Conzelmann & Sandhoff
1979). Gangliosides are made up of a ceramide backbone attached to oligosaccharide side
chains, with or without the addition of sialic acid (Sandhoff & Kolter 2003). Gangliosides are
catabolized through a series of hydrolytic processes that are controlled by particular lysosomal
enzymes (Lawson & Martin 2016). The AB-Gwm: is defined as an inherited mutation in this
particular GM2AP. In a normal functioning system the HEX genes (HEXA and HEXB), code for
protein subunits (o and ) (Liu et al., 1997). The subunits then dimerize and are able to create
three B-hexosaminidase isozymes, A (a/B), B (B/B), and lastly S (o/a) (Sandhoff & Conzelmann
1978). The GM2AP cofactor then complexes with the HEXA protein to breakdown Gwmz
gangliosides. In AB-Gwm2 there are normal levels of the HEX isozymes, but there is
malfunctioning of the GM2AP co-factor. The resultant accumulation of Gm2 ganglioside occurs
commonly in neuronal cells (Sandhoff & Kolter 2006).
1.1.4 Clinical Presentation of AB-Gwm2

The clinical presentation of AB- Gz is similar in its infantile form to TSD (Ferreira &
Gahl 2017). There is normal early infant development; up to approximately 6 months of age, and
this is followed by developmental delay and regression (Martin et al., 2005). The infant begins to
demonstrate progressive weakness and neuromuscular deterioration, exaggerated startle
response, vision loss along with a cherry red spot in the fundus of the retina, dysphagia, seizure
activity and macrocephaly (Martin et al., 2005). To date almost all of the individuals who have
presented with AB-Gm2 have demonstrated a classic infantile clinical phenotype (Renaud &

Brodsky 2016).



1.1.5 Current Animal Models
Murine model

The mouse model for AB- Gm2 has been generated through targeted gene disruption (Liu et al.,
1997). The GM2AP exon 3, intron 3 and a portion of exon 4 in 129S2/SvPas-derived D3
embryonic stem (ES) cells, was disrupted using a targeting vector containing neomycin
resistance and Herpes simplex virus thymidine kinase genes (Liu et al., 1997). The ES cells that
were correctly targeted were then injected into C57BL/6 blastocysts (Liu et al., 1997). This
mouse model has a normal life span, but showed cerebellar pathology; due to Gm2 ganglioside
build-up, and motor deficiencies with defects in balance and coordination; which are usually
evident after 4-months of age in the mouse model (Liu et al., 1997). Neuronal storage is found
predominantly in the piriform area, entorhinal cortex, amygdala, hypothalamic nuclei,
cerebellum and pyramidal neurons of the middle cerebral cortical layer (Liu et al., 1997, Martin
et al., 2005). It is an intermediate phenotype especially for survival in comparison to the TSD
and SD murine model of Gm2 gangliosidoses, with the TSD mouse model showing a normal life
span and SD mouse model having survival to 16-17 weeks. Thus, this model mimics adult onset
human disease phenotypically; which could be a limitation of the mouse model. The reason
behind the difference in disease severity in the mouse model compared to humans is due to an
alternative degradation (via sialidase) pathway that is present in mice; which is not present in
humans (Bertoni et al., 1999; Yuziuk et al., 1998). This is what creates the difference in survival
in mice compared to humans; as the mouse model shows a normal life span similar to a
heterozygous mouse. Humans have a significantly decreased survival span, with survival up to
the approximate age of 4 years and do not have the alternative pathway. In humans, HexA
degrades Gm2 gangliosides, which is why TSD (a subunit deficiency) produces such an

impressive Gmz ganglioside accumulation (Lawson & Martin 2016).
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The advantages of using a mouse model for such a disease state and for testing various
therapeutic strategies would be: the quick turn-around time for analyzing successful or failed
approaches; the short time period that is able to produce large numbers of animals for testing and
the ease of breeding and housing the animals in a relatively small animal facility. Cost is also
much more effective in using a small animal model for testing.

Feline model (one case report, not bred for research)

The feline model was discovered and characterized in a male orange tabby domestic
shorthair cat (Martin et al., 2005). Clinical symptomology for the feline model begins at
approximately 14 months of age (Martin et al., 2005). These clinical signs include an
exaggerated startle response and difficulty with motor coordination, as well as ataxia and
intention tremors (Martin et al., 2005). With progression of the disease, cats also have difficulty
in ambulation and eating (Martin et al., 2005). There are also central nervous system
manifestations that are seen showing swollen neurons, membranous cytoplasmic bodies and a

higher content of sialic acid as well as storage of Gmz gangliosides (Martin et al., 2005).

Canine model (one case report, not bred for research)

The canine model was found in a Japanese Spaniel dog (Lawson & Martin 2016; Martin
et al., 2005). The canine model shows disease onset of GM2A deficiency at 18 months and there
is gradual neurological deterioration showing tremor and ataxia (Lawson & Martin 2016). There
is a global accumulation of Gm2 gangliosides, in contrast to the mouse model in which

accumulation is limited to certain areas of the brain (Lawson & Martin 2016; Liu et al., 1997).



1.1.6 Current Treatment
Currently there is no specific therapy for Gm2 Gangliosidoses, including AB- Gmz. In

many rare heritable diseases, early diagnosis is key for treatment and prognostic outcomes.
However, even with the ability to provide an early diagnosis for some affected infants, there are
currently no specific gold standard or curative treatments approved for Gm2 Gangliosidoses. Still,
there are many therapeutic approaches that are currently under investigation in animal models

and cell-culture models of Gm2 Gangliosidoses and various other monogenic disease states.

Hematopoietic Stem Cell Therapy and Bone Marrow Transplantation (HSCT/BMT)

Hypothetically allogenic HSCT/BMT may work for AB- G if the therapy is
implemented early; as this would give less time for Gmz ganglioside build up and may provide
some restoration of GM2AP. HSCT/BMT works by an influx of healthy donor cells into an
enzyme-deficient bone marrow in hopes of restoring some enzyme activity (Krivit et al., 1999;
Macauley 2016; Malatack et al., 2003, Platt & Lachmann 2009). There has been some degree of
success in using this method in other lysosomal storage disorders like Hurler disease.
HSCT/BMT has had some success in restoring deficient enzyme activity, but this has a great deal
to do with the timing of when the therapy is provided and how acutely the disease has progressed
(Boelens 2006; Li & Sands 2014). There has been some success in treating patients before

symptom onset or milder forms of the disease (Macauley 2016).

Substrate Reduction Therapy (SRT)

SRT works by inhibiting the synthesis of compounds that are not degradable by the
patient’s own cells, due to deficient enzymatic activity (Clark & Hollak 2015; Hollak & Wijburg
2014; Platt et al., 2009). Hypothetically SRT may work for AB- Gm2 as well if the therapy is

implemented early, as build-up of Gmz gangliosides would be minimal at birth and SRT may be
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able to inhibit the synthesis of new Gm2 gangliosides. However, this therapy may be limited as
the accumulation of Gm2 gangliosides may be faster than the ability to inhibit synthesis of
gangliosides. This therapy has shown some effectiveness in animal models of various diseases
(Cox et al., 2000; Gabig-Ciminska et al., 2015; Hawkins-Salsbury et al., 2011). In terms of Gm2
Gangliosidoses, SRT reduces the synthesis of gangliosides including Gm. In murine models of
TSD and SD, (miglustat) Zavesca is able to decrease the amount of gangliosides that accumulate
in the brain and spinal cord (Macauley 2016). This is done by inhibiting glucosylceramide
synthase (Maegawa et al., 2009). In Sandhoff mice that were treated with Zavesca, if the
treatment was given before symptoms developed, there was an increase in life expectancy by
approximately 40% (Jeyakumar et al., 1999). There was also halting of disease progression seen
in two infantile Tay-Sachs patients who had been treated with Zavesca after they began having
clinical symptoms (Macauley 2016). The most common side effects of miglustat include
diarrhea, flatulence and abdominal pain (Jarnes Utz et al., 2017). The benefits of using SRT as
opposed to a biologic is that it bypasses issues such as immune response that impact ERT, as
well as graft-versus-host disease that can occur with HSCT/BMT or issues of immunogenicity

that can occur with gene therapy (Macauley 2016). SRT has not been tested for AB-gmo.



Chapter 2

Literature Review: A Look at AAV Vectors and Gene Therapy

2.1 Viral Vectors
All viral vectors have functions that are in common, which let the vectors become useful

as potential therapeutic delivery vectors. Important criteria that should be met in order for a viral
vector to be efficient would be the vector’s ability to generate at a stable rate and have targeted
delivery (Thomas et al., 2003). They need to have the ability to target delivery to a specific tissue
or organ of interest, a term called tropism (Thomas et al., 2003). Finally, viral vectors need to be
able to moderate gene delivery and express transgenes without causing adverse secondary

responses (Thomas et al., 2003).

There are five main classes of viral vectors, which can be divided into two groups depending on
whether their genomes are integrated into host cellular chromatin, such as onco-retroviruses and
lentiviruses; or if their genomes remain in the cell nucleus primarily as extrachromosomal
episomes, such as herpes viruses, AAVs, and adenoviruses (Kay et al., 2001) (Table 1). This
division allows specific viral vectors to be used for particular applications. Non-integrating
vectors allow for constant transgene expression in non-proliferating cells, but integrating vectors
are used for stable genetic alteration in cells that are dividing and non-dividing (Kay et al.,

2001).
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Vector

Enveloped

Retrovirus

Lentivirus

Herpes
Simplex
Virus (HSV-
1)

Non-
enveloped

AAV

Adenovirus

Genetic
Material

RNA

RNA

dsDNA

ssDNA

dsDNA

Packaging
Capacity

8kb

8kb

40kb

<Skb

8kb

Tropism

Multiplying
cells

Extensive

Neurons

Extensive

Extensive

Inflammatory
potential

Low

Low

High

Low

High

Vector
genome
forms

Integrated

Integrated

Episomal

Episomal
(>99%)
Integrated
(<1%)

Episomal

Table 1. Classic Viral Vector Groups used in Gene Therapy.
Table adapted from (Osmon et al., 2016; Thomas et al., 2003)

2.1.1 AAV serotypes

Limitations

Only affects
multiplying cells
and may have
oncogenic
potential

May have
oncogenic
potential

Inflammatory,
temporary
transgene
expression in
non-neuronal
cells

Minimal
packaging
capacity

Strong
inflammatory
response

Advantages

Stable gene
transfer in
dividing cells

Stable gene
transfer in most
tissues

Large packaging
capacity; strong
affinity for
neurons

Non-
inflammatory;
non-pathogenic

Very productive
transduction of
most tissues

There are many serotypes of AAV that have been established, with AAV2 being the most

commonly used (Hardcastle et al., 2018; McCown 2011). The differences in the serotypes stem

from their abilities to infect different cells -tropisms, to target various organs (McCown 2011).
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The table below (Table 2) summarizes the various tropisms of AAV serotypes and depicts the

best serotype to use for efficient gene transduction in a particular organ or tissue.

Organ/Tissue | Ideal Serotype

CNS AAV1, AAV2, AAV4, AAVS,
AAVSE, AAV9

Heart AAV1, AAVSE, AAV9

Kidney AAV2

Liver AAV7, AAVS, AAV9

Lung AAV4, AAVS, AAV6, AAV9

Pancreas AAVS

Skeletal AAV1, AAV6, AAVT, AAVS,

Muscle AAV9

2.1.2 The Adeno-associated Virus: A Deeper Look

Table 2. AAV Serotypes. Adapted
from Addgene. Different
serotypes have different tropisms
for different tissues.

There are many advantages to using recombinant adeno-associated viral (rAAV) vectors

in gene therapy as compared to other viral vectors. rAAVs are nonpathogenic, do not replicate

and are able to transduce dividing and non-dividing cells (Coura and Nardi 2007). AAV vectors

only integrate approximately 1% of the time and therefore are safer to use, compared to other

vectors which have a higher integration rate (Gruenert et al., 2016). There are a number of cell

types and tissues that AAV is able to transduce, including the liver, lung, muscle, bone marrow

as well as the CNS (Lo et al., 1999).
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2.1.3 Advantages and Disadvantages of AAV Vectors
The advantages of AAV viral vectors include the following: (1) lack of pathogenicity and

lack of immunogenicity along with heat stability; (2) retention of approximately 300 nucleotides
worth of viral sequence, as this decreases the risk of recombining with wild-type virus; (3)
extensive host and cell tropism with the ability to infect both dividing and non-dividing cells in

vivo and in vitro (Coura and Nardi 2007; Wright et al., 2003).

Advantages of AAV9, in particular, include its unique ability to cross the blood-brain barrier
(BBB). This allows the vector to infect cells of the CNS which include primary neurons (Merkel
et al., 2017). In various animal models, AAV9 has also been shown to effectively deliver genes

to skeletal and cardiac muscles (Wang et al., 2014).

The disadvantages of ssAAV viral vectors include the following: (1) limitation of size, which
does not allow for insertion of large gene expression cassettes; >5kb; (2) slow start to express
genes, which is secondary to the rate limiting step of having to convert ssDNA to dsDNA before

initiating gene expression (Coura and Nardi 2007).

AAYV viral vectors have been shown to have relatively low immunogenicity in comparison to
other viruses, such as adenovirus (Naso et al., 2017). However, the capsid protein, along with the
nucleic acid sequence delivered are able to activate different areas of the immune system. An
added complication is the fact that many people have already been exposed to AAV. This means
they have already created an immune response to what they were previously exposed to; thus
creating a pre-existing adaptive response. Local or systemic administration of the virus will be
seen as a foreign protein, and so the body’s adaptive immune system would attempt to remove it

(Naso et al., 2017).
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The use of an AAV viral vector for gene delivery currently appears to be the most promising

system. It is the most utilized viral vector in therapeutic research today for monogenic diseases.

2.1.4 Single Stranded Adeno-associated Virus or Self-Complementary Adeno-associated
Virus?

The genome of an AAV vector is packaged as linear ssDNA (Gruenert 2016). The
sSAAV genome is approximately 4.7 kb in length (Gruenert 2016). After infection into the target
cell, ssDNA needs to be converted into double-stranded (ds) DNA in order for gene expression
to occur. The time required for this conversion serves to be the rate-limiting step for efficient
transduction when utilizing ssSAAV gene therapy for disease treatment (Ferrari et al., 1996;
Fisher et al., 1996; McCarty 2008). This rate limiting step can be circumvented by using self-
complementary (sc) AAV vectors as there is a dimeric inverted repeat genome within the AAV
that allows for the vector to fold into dsDNA (McCarty 2008). One consequence of using sCAAV
is the ability of scAAV to only carry half of the ssSAAV’s coding capacity (~2.3kb) (McCarty
2001). However, scAAYV is able to transduce a higher number of cells at the same dose as
sSAAV (McCarty 2008).

2.2 Gene Therapy
History of Gene Therapy

Gene therapy can be divided into two categories being: germ line therapy and somatic
gene therapy (Wirth et al., 2013). In somatic gene therapy there is insertion of genetic material
into a target cell that is not passed to future generations. In germ line gene therapy, these gene
effects are passed on to future generations because these mutations occur in reproductive cells

(Wirth et al., 2013).
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The first gene therapy clinical trial was done in 1990 in adenosine deaminase deficiency (ADA-
SCID) patients, which is a monogenetic disease that results in extensive immunodeficiency
(Wirth et al., 2013). These studies did not produce the expected results of successfully treating
the disease process, but the interest in gene therapy was increasing; until the death of 18-year old
Jesse Gelsinger (Blaese et al., 1995; Wirth et al., 2013). Mr. Gelsinger took part in a gene
therapy clinical trial at the University of Pennsylvania (Stolberg, 1999). Jesse had a partial
deficiency of ornithine transcarbamylase (OTC), for which he was given a high dose of the
adenoviral vector based OTC gene therapy treatment, and his immune system showed an
immediate response to a high dose of adenovirus that was administered (Stolberg, 1999).
Consequently, Jesse died after four days secondary to disseminated intravascular coagulation and
multi-organ failure (Stolberg, 1999). His death halted many clinical trials to provide an

opportunity to refine the methods and safety of the gene delivery methods.

The field of gene therapy has progressed in the past 20 years and has made great progress.
Currently, 65% of all clinical gene therapy trials conducted worldwide are being used to treat
cancer (Ginn et al., 2017). The second and third most common diseases treated by gene therapy
clinical trials are monogenic (11.1%) and infectious diseases (7%) (Ginn et al., 2017). The most
commonly used viral vectors in these conditions have been adenoviral, retroviral and naked
plasmids (Wirth et al., 2013).

2.2.1 Safety and Efficacy of Gene therapy
Immune response

One of the biggest hurdles facing gene therapy is the immune response that may be
activated in response to vectors and/or new transgene products that the body may recognize as

foreign (Kafri et al., 1998; Thomas et al., 2001). Adenoviral vectors are known to activate
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multiple components of the immune response. When dealing with drug-induced toxicities, the
vector dose plays a large role in the degree of harmful immune-mediated and inflammatory

responses that the viral vectors may produce (Morsy & Caskey 1999).

Other less inflammatory and immunogenic vectors are the AAV vectors. AAV so far has
been known to make the least immunogenic response among all vectors. However, B-cell and T-
cell responses can still occur towards an expressed transgene product (Thomas et al., 2000;

Vandamme et al., 2017).

Specificity of Transgene Delivery/Tropism

Viral vectors have the ability to be taken up by many different cell types within numerous
organs. Even if a viral vector is delivered locally, it can lead to leakage and circulation to other
tissues and organs (Lewandoski 2001; Somia & Verma 2000). Systemically delivering the vector
can create a large inflammatory response; similar to what was seen with Mr. Gelsinger (Thomas
et al., 2003). The tropism of the different viruses can be used to help with the treatment of
particular organs, while avoiding the delivery to other cell types or organs in the body

(Lewandoski 2001; Somia & Verma 2000; Thomas et al., 2003).

Insertional mutagenesis

The integration of viral vector genomes into off target organs presents an obstacle for the
safe delivery of gene therapeutics (Wirth et al., 2013). There are risks associated with the vectors
integrating into gene regulatory areas and transcriptionally active areas, potentially causing
detrimental issues with altering tumour suppressor or proto-oncogene functions and increasing

oncogenesis (Wirth et al., 2013).

2.2.2 Systemic vs. Local Delivery of Gene Therapy
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There are numerous methods for delivering the gene of interest into a small or large
animal model. Some of the methods available are more invasive than others, especially when the
disorder in question is a disease of the CNS. A systemic delivery process, such as intravenous
injections, allows for a non-invasive or minimally invasive route of administration, where the
AAV serotype is able to navigate from the periphery to the spinal cord (Hardcastle et al., 2018).
Intramuscular, intravenous (I'V) and intrathecal routes work by this delivery system (Hardcastle
et al., 2018). Local delivery of AAV serotypes is an invasive surgical approach directly targeting
an exact area of the spinal cord and this method is also known as intra-parenchymal delivery

(Hardcastle et al., 2018).

AAV vectors can be transported from peripheral injection sites to neuronal cell bodies. This can
be done through a cellular axonal transport system (Hardcastle et al., 2018). A recent study done
by Benkhelifa-Ziyaat showed the retrograde axonal transport of AAV9 after delivery of a single
unilateral injection of sScAAV9 into the gastrocnemius muscle of a mouse model. GFP expression
was found in the lumbar, thoracic, and cervical areas with transduction throughout the spinal

cord (Benkhelifa-Ziyyat et al., 2013).

AAV?9 vectors have the ability to cross the blood-brain-barrier (BBB) after IV administration to
deliver therapeutic genes to the brain and spinal cord. Foust et al. 2009, and Duque et al. 2009;
were the first to show that after IV treatment, scAAV9 crossed the BBB and was able to

efficiently transduce the whole spinal cord.

Intrathecal delivery is an enticing alternative to intravenous administration. The viral vector is
directly delivered into the cerebrospinal fluid (CSF) through a puncture between lumbar
vertebrae. This local delivery allows for diffusion and infiltration into the spinal cord

parenchyma (Hardcastle et al., 2018). Cisternal injections are also able to deliver the viral vector
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right into the CSF and can be just as efficient in its transducing abilities into the spinal cord

(Hardcastle et al., 2018).

Intra-parenchymal injections are another form of invasive viral vector delivery into the spinal
cord requiring major surgery (Hardcastle et al., 2018). This therapy is restricted to a focal area
and the local injection of the viral vector needs to occur at a much lower volume than what is
required for systemic delivery (Hardcastle et al., 2018).
2.2.3 Timing of treatment

Studies have been able to show how the timing of when the therapeutic vector is
administered to the animal model has an effect on the likelihood that the disease will progress to
its fulminant nature (Walia et al., 2015). Another study done by Osmon et al., 2016 was also able
to show that neonatally injected Sandhoff mice showed correction of the Sandhoff phenotype. A
study done by Cachon-Gonzalez in 2006 and 2014, using the TSD mouse model was also able to
show increased survival of TSD mice that were given the therapeutic gene either before disease

onset or during the early manifestation of the disease process.

After reviewing and researching the literature to date with respect to Gmz Gangliosidoses,
current animal models, the history of gene therapy, viral vectors and the delivery and timing of

treatment we proposed our current study model found in the next chapter.
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Chapter 3

Current Study

Intravenous Neonatal and Adult Injection of sSSAAV9/GM2A shows a Decrease

in Gm2 Ganglioside Storage in an AB- Gyv2 mouse model

3.1 Current Study
This proof of concept study assessed the effects of administering an ssAAV9/GM2A4

injection systemically into an AB- Gm2 mouse model. We hypothesized that an ssAAV9/GM24
treatment will be able to reduce Gm2 ganglioside storage in brains of AB- Gm2 mice at both ages
of administration. Neonatal (1-day old) and adult (6-week old) mice were injected intravenously
via the superficial temporal vein and tail vein, respectively, with the viral vector containing the
GM?2A4 gene coding for the deficient protein. A comparable dose (as compared to doses currently

used in clinical trials) was administered.

Our primary outcome measure was to see a reduction in Gmz ganglioside storage, biochemically,
within the treated mouse mid-sections in both the 20-week and 60-week cohorts. Our secondary
outcome measure was to see changes in the treated mouse phenotype in both the 20-week and

60-week cohorts through behavioural testing.

3.2 Methods

3.2.1 Plasmid construct

Artificial plasmids are used as vectors in molecular cloning in order to promote replication of
recombinant DNA sequences in host organisms. For the purposes of our study the plasmid used
was composed of human GM24, a CAG promoter, and WPRE post-transcriptional regulatory

element (Figure 3). It is a total of 2795bp. A CAG and chicken B-actin promoter were used to
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facilitate high levels of gene expression. A WPRE post-transcriptional regulatory element was
used to increase expression of the genes delivered by the viral vector. Gene synthesis was done
by Biobasic, a Toronto based research laboratory. The viral vector was constructed by a core
vector facility at the University of North Carolina.

500! 1000! 1500! 2000! 2500!

[TR > CAG >H | RGM2A D T
\ \

rabbit betal-globin SV40 poly(A) signal

!

chicken B-actin promoter Factor Xa site

Figure 3. Human GM2A plasmid construct

3.2.2 Western Blot
Fibroblast cells from a donor AB- Gwmz patient as well as AB- Gw treated mouse liver

tissue transfected with lipofectamine 2000 and un-transfected fibroblast cells were used. Samples
were created by making a 2:1 ratio of sample to reducing buffer (B7703S — New England Buffer
(NEB) 3x Reducing Blue Loading Buffer). These samples were heated to 95°C for 5 minutes,
and were spun in the microcentrifuge at maximum speed (14, 000RPM or max RCF 16,000XG)
for 30 seconds. Samples were quantified using the ThermoFisher Pierce ™ Bicinchoninic acid
(BCA) Protein Assay Kit. 12% sodium dodecyl sulphate polyacrylamide (SDS-PAGE) gel
electrophoresis was used to resolve 25ug of protein/well. Protein ladder was loaded (Precision
Plus Protein ™ Kaleidoscope ™ Standards [161 - 0375] by Bio-Rad). Resolved protein samples
were transferred onto a polyvinylidene fluoride (PVDF) membrane. The membrane was blocked
with 5% milk and tris-buffered saline (TBS) for 2 hours at room temperature. The membrane
was then incubated with primary anti-AB- Gm2 antibody overnight at 4°C at a concentration of
1:300 in 0.5% milk and TBS; and then washed 3 times with 0.1% TBS. Next the membrane was

incubated with secondary goat anti-mouse antibody (A5278 — Sigma anti-mouse, [gG —
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SLBB9430 [provided by the Funk lab, Queen’s University]) overnight at 4°C at a concentration
of 1:10000 in 1% milk and TBS. The next day the membrane was once again washed 3 times
with 0.1% TBS; and then incubated with chemiluminescent reagent (Millipore) for 3 minutes.
Exposure for 20 minutes on X-ray film was done to obtain the GM2AP image. In order to get the
expression for B-actin, the same membrane was washed 3 times with 0.1% tris-buffered saline-
tween (TBS-T) and then blocked with 5% milk in TBS for 2 hours at room temperature.
Incubation then occurred with the second primary B-actin monoclonal antibody (A5441 — Sigma
anti-mouse, Lot: 064M4789 [provided by the Funk lab]) overnight at 4°C at a concentration of
1:10000 in 1% milk and 0.05% TBS-T. Once again this membrane was triple washed with 0.1%
TBS-T and incubated with secondary goat anti-mouse antibody (A5278 — Sigma anti-mouse, [gG
— SLBB9430 [provided by The Funk Lab, Queen’s University]) overnight at 4°C at a
concentration of 1:10000 in 1% milk and 0.05% TBS-T. Another triple wash with 0.1% TBS-T
occurred and the membrane was exposed to an X-ray film for 5 seconds to obtain the B-actin
image.
3.2.3 Experimental Animals

These studies were performed in mice homozygous for the GM2Atm1RlIp targeted
mutation, which were purchased from The Jackson Laboratory. Heterozygous breeding was done
to establish a colony at Queen’s University. Genotyping was done on the mice colonies, using
PCR amplification, to determine which mice were knock-out (KO) and heterozygous. DNA used
for genotyping was extracted from mouse ear punches. Experimental mice were established by
breeding knock-out (KO) mutant mice to each other. There was no method of randomization
used when delivering virus, vehicle, or GFP to the experimental animals because there was no

effective method of distinguishing one pup from the next in a cage at 1 day of age. The Queen’s
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University Animal Care Committee approved all of the procedures and protocols that the

experimental mice underwent.

3.2.4 Injections
A cohort of 1-day old pups received viral vector in a dose of 1x10'* vector genomes (vg)

per kilogram (kg) of mouse intravenously, total volume of 50uL, via the superficial temporal
vein. Two subsequent cohorts of 1-day old pups received equal concentrations and volumes of
either green fluorescent protein (GFP) treatment or 1x phosphate buffered saline (PBS). During
the injection process, the mothers were removed from their cages with the pups and kept in a
separate cage. Once the injections were completed, the mothers were placed back into their cages
with the injected pups. Injected pups were closely monitored over a span of one week, in order to
maximize survival rates of the injected mice. Viral vector in a dose of 1x10'* vg/kg of mouse
was also injected intravenously (50uL) into a cohort of 6-week-old adult mice via tail vein.

Please refer to Table 3 for treatment cohorts for both 20- and 60-week time points.

22



Heterozygous None - 6 6

(+-)

GM2A (-/-) SSAAVI/GM2A4 | 1-2 days | 1x10' 6 6

GM2A (-/-) sSAAV9/GFP 1-2 days | 1x10' 6 6

GM2A (-/-) Vehicle 1-2 days | - 6 6

GM2A (-/-) SSAAV9/GM2A4 | 6 weeks | 1x10' 6 6
TOTAL | 30 30

Table 3. Treatment cohorts for both 20- and 60-week time points

3.2.5 Behavioural Testing
The experimental mice underwent a battery of behavioural tests, including the Rotarod

Test (RR), the Open Field Test (OFT), and the Weight Test. The testing began at 8§ weeks of age
and continued monthly, until the predetermined endpoint of either 20-weeks or 60-weeks for the
short and long-term cohorts, respectively. Motor coordination of the mice was assessed using a
RR apparatus (IITC Life Sciences) ([JoVE] Osmon et al., 2018). In this test the mouse was put
on a rotating cylinder, which is suspended over a balancing floor/beam. The mouse would try to
stay on the rotating cylinder and would try to avoid falling onto the balancing floor/beam. The
mouse’s latency to fall, distance travelled and end rotations per minute (RPM) were measured
while on the apparatus. An accelerated protocol was used and the rod increased in speed from

4rpm to 40rpm over a S-minute time period. Three trials were given to each mouse and the trial
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in which the mouse remained on the rotating cylinder for the longest length of time was kept for

data analysis.

The next test in the battery of behavioural testing was the OFT, which measures the
general locomotor activity of the mice. The open field apparatus was a white plywood floor
covered by 4 white plywood walls (to create a box without a lid); 3 feet in height on all 4 sides.
A video camera with associated software (SmartWare) was able to assess the mouse’s activity.
Parameters such as the time resting, time moving, distance travelled and mean speed were
recorded. The mouse was placed in the center of the OFT apparatus and the timer was started

simultaneously. Each mouse was assessed in the OFT for a total of 5 minutes.

Lastly, to measure the mice’s strength in their limbs a muscle strength test was
conducted. Large paper clips equal in weight to the previous clip, were added to a wire mesh
one-by-one. Each jumbo paper clip weighed 7.5grams each. Initially, one paper clip would be
added to the wire mesh and the mouse would hold onto the wire mesh (steel wool pad) with its
forepaws and would be timed for a maximum of 3.0 seconds. The experimenter would be
holding on to the mouse tail during this time. If the mouse held on for the full 3.0 seconds, then a
second paper clip would be added to the wire mesh and the mouse would be timed until they let
go of the wire mesh. Mice would have at least a 10 second break between weight additions onto
the wire mesh. A maximum of 5 paper clips would be added to the wire mesh. In order to get a
total strength measurement for each mouse, the time (in seconds) the mouse held on to the wire

mesh would be multiplied by the number of weights on the wire mesh up to a maximum of 15.

Behavioural testing for the 20-week neonatal and adult cohorts were done during the
light-cycle on a monthly basis; and this testing was done by the primary author (M.V.). The 60-

week neonatal and adult cohorts had behavioural testing done during the light-cycle on a

24



monthly basis as well; however, the testing after 30-weeks was done by the secondary author
(N.D.). Neither of the individuals performing the behavioural testing were blinded to the
different mice cohorts.
3.2.6 Tissue and Serum Collection

Monthly saphenous vein blood collections were done on the experimental mice starting at
8 weeks of age, usually occurring sequentially after behavioural testing. The final blood
collection was done at the mouse’s euthanization time point via cardiac puncture. Once the blood
had been collected, it was then separated by centrifugation at 3500 rotations per minute (RPM)

for a total of 10 minutes and the serum was stored at -20C.

Tissue samples were collected at the short-term (20-weeks) and long-term (60-weeks)
predetermined endpoints for all neonatal and adult experimental KO, GFP, vehicle and
heterozygous mice. Mice were euthanized via CO: asphyxiation, and a pinch-test was performed
on each mouse to ensure that they were fully euthanized before performing a cardiac puncture,
followed by perfusing the mouse systemically with 1x PBS via the left heart ventricle. A mid-
section from the brain was taken and placed in a paraformaldehyde solution (as shown in figure
4). After 24 hours of submersion in paraformaldehyde, the mid-section was placed in a histology
cassette and submerged in 100% ethanol for at least 24 hours before being embedded in paraffin
wax. Cervical and lumbar spinal cord tissue was also excised for histology. Other organ tissue
samples that were taken include: heart, lungs, kidneys, gonads, arm muscle, liver and spleen.
These tissue samples were then frozen at -20°C.

3.2.7 Gm2 Ganglioside Storage Assay
The quantification of the Gm2 ganglioside storage assay was carried out over a 3-day

period (Folch et al., 1951; Tropak et al., 2010; Wherrett & Cumings, 1963). On the first day of
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the protocol, PBS was added to the frozen mid-sections and sonicated for three 10-second pulses
at an amplitude of 20%. These samples were then spun down at maximum speed (15,500RPM or
max RCF 21,200xG) in a centrifuge set to 4°C for a total of 20 minutes. 300uL of the
supernatant was then mixed with the pellet along with methanol and chloroform and incubated
overnight. During the second day, the samples were centrifuged, diluted with varying volumes of
methanol/chloroform/PBS and water. Gangliosides were isolated using C-12 columns, and then
the solvents were evaporated with nitrogen gas. On day-3 the thin layer chromatography (TLC)
tank was first prepared by adding chloroform:methanol:CaCl2 in a ratio of 55:45:10 at the
bottom of the tank. The TLC plate was then used to separate the experimental ganglioside
samples from the previous day. A ganglioside cocktail control was also run with the ganglioside
samples. Orcinol staining was used in order to see the various bands of gangliosides and the TLC
plate was then dried in an oven set to 120C for 8-10 minutes. ImageJ software was used to
compare the intensity of the bands seen for Gmz compared to GD1A, this allowed for a final
graph to be created to assess whether there was a decrease in Gm2 ganglioside storage.
3.2.8 Copy Number Analysis qRT-PCR

The qPCR method was used to determine the copy numbers of the hGM2AP vector and
mouse genomic DNA. A gSYNC™ DNA Extraction Kit (cat. no. GS100; Geneaid) was used to
extract the total DNA from each organ. PowerUp SYBR Green Master Mix (cat. no. A75242;
Thermo Fisher) on the Applied Biosystems® 7500 Real-Time PCR Systems was used by
following the manufacturer’s instructions, for each of the reactions. Plasmid DNA was used as
the standard for virus quantitation. Purified and quantified mouse genomic DNA was used as a
standard for mouse genomic DNA quantitation. Primers for virus pAAv.CAG.hGM2A.WPRE

were as follows: (forward) 5'- TATGGGCTTCCTTGCCACTG -3', (reverse) 5'-
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CTCAGGACGCTCTCTATGCG -3'. Mouse LaminB2 primers for quantitation of mouse
genomic DNA were as follows: (forward) 5- GGACCCAAGGACTACCTCAAGGG -3',
(reverse) 5'- AGGGCACCTCCATCTCGGAAAC -3'.
3.2.9 Histology

Fresh organ tissues were fixed in 4% paraformaldehyde (PFA) for 24 hours, then
immersed in 100% ethanol (EtOH) for 24 hours before sending for processing and embedding in
paraffin. Paraffin embedded samples were then sectioned to a thickness of 4-6uM using a
microtome, dried and baked at 60°C for overnight. Samples were then de-paraffinized,
rehydrated and placed into an antigen retrieval solution. There was blocking of endogenous
peroxidase activity as well as blocking of non-specific binding. The sections were placed in
primary anti-AB- Gwmz antibody KM966 (donated by The Funk Lab, Queen’s University) at
1:1000 and then detected using biotinylated human secondary antibody at 1:1000. DAB
(3,3’diaminobenzidine) staining was done and after this application the slides were dehydrated

initially in 70% EtOH, then 85% EtOH, and lastly 100% EtOH.

Histology Brain Sections

In order to obtain the brain section for histology staining we initially divided the mouse
brain into 3 gross divisions of the rostral section of brain, mid-section and caudal section of brain
by using a mouse brain mold. Please refer to Figure 4. We kept the mouse brain intact in a brain
mold and then used a blade to cut out a 2mm section from the center of the mid-section brain
area and then transferred this section into an Eppendorf tube filled with 4% PFA. Cutting a clean
section of the mouse brain served to be a difficult task; and we chose this specific 2mm area of
the brain because it provided us with the largest surface area to analyze. When deciding what

areas of the histology sections to include in the results section we initially looked at the entire
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brain section that we had obtained. Both hemispheres showed equal staining and therefore we
chose one hemisphere to obtain our histology images; which included the hypothalamus,
thalamus and hippocampus, for each of the cohorts. Please refer to Table 4 for a flow diagram
that includes a summarized version of the full study. We were unable to successfully section

usable sections of the mouse cerebellum for histological staining.

2mm

Figure 4. Schematic diagram of mouse
brain. Gross divisions of mouse brain shown
as rostral section, mid-section and caudal
sections. (Mouse brain image adapted from
Xiong et al., 2017).

Rostral Mid Caudal

3.2.10 Statistics
Statistical analysis was done using GraphPad Prism 8 for Mac. The Gm2 ganglioside

storage assay analysis for 20 week and 60-week endpoints were done using one-way ANOV As
with Tukey’s multiple comparisons. The behavioural testing from 8 weeks until 20-weeks for the
short-term cohort as well as the behavioural testing from 8 weeks until 60-weeks for the long-
term cohort was analyzed using 2-way repeated-measure analysis of variance (ANOVA) (Mixed
effects model) with Dunnett’s multiple comparisons. All of the behavioural testing data did not
show statistically significant data for the 2-way repeated-measure ANOVA’s; however we still

opted to complete multiple comparisons on this data.
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cohort; including polymerase chain testing starting
reaction (PCR), biochemistry (BC) at 8 wks
and histology (Hist).
20 wk organ 60 wk organ
harvest (PCR, harvest (PCR,
BC, Hist) BC, Hist)
Biochemical Biochemical
analysis analysis
3.3 Results

3.3.1 Western Blot Analysis
Western blot analysis was done using an AB- Gwmz patient fibroblast showing no GM2AP

expression. The western blot was able to show GM2AP expression at 24- and 48hr post-
transfection. A treated mouse liver sample was included and showed GM2AP expression. The

house-keeping B-actin protein was seen in all samples. Please refer to Figure 5.
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Figure 5. Western Blot Analysis
. For Confirmatory GM2AP
e

N & expression. Patient fibroblast is
(;'&\00 ,éz(‘c’ &@“c’ GM2AP -/- (KO, mutant). Mouse
& & & liver is GM2AP -/- (adult virus
0\-‘% b‘p‘Q%\\‘Q treated). B-actin protein is a house-
\fb‘a‘\‘\fb‘}@zé\? keeping protein seen in all samples.
P O . :
,-\;oo ,-\;o‘o ,.\;o*o \\\\ > GM2AP is a 21kDa protein.
\ 3 " [
KD Qz"“\ezé"\é;é.‘\eo ®o°% Final western blot presented here has
12 L1 been completed by Chris Richmond
25 = MSc. Candidate from The Funk Lab.
20 - W 88| < GM2AP

42 = [ @ e == ]| <« (-actin

3.3.2 Biochemical Ganglioside Storage Analysis
The short-term and long-term cohorts both showed a reduction in the amount of Gmz

ganglioside storage in the treated mice compared to the vehicle treated mice (Figure 9). In the
short-term cohort there was a significant effect of treatment in the mid-section samples of the 1-
day old neonatal treated mice and the 6-week adult treated mice in comparison to the vehicle KO
mice (p <0.05) (Figure 9A). In the short-term cohort we were able to deduce a 55% reduction in
Gwm2 ganglioside storage in the neonatal treated mice compared to the vehicle treated mice; and a
73% reduction in Gm2 ganglioside storage in the 6-week treated mice compared to the vehicle

treated mice (Figure 9A).

In the long-term cohort there was no significant effect of treatment in the mid-section
samples of the 1-day neonatal treated mice and 6-week adult treated mice (Figure 9B). In the
long-term cohort we were able to deduce a 12% decrease in Gwmz ganglioside storage in the

30



neonatal treated mice compared to the vehicle treated mice; and a 29% decrease in Gmz

ganglioside storage in the 6-week treated mice compared to the vehicle treated mice (Figure 9B).

A Short Term 20wk GM2A Mice B Long-term 60wk GM2A Mice
i : ) ’
61 | ok ! 2.5 hudd N
s | | i
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Figure 9. Gm2 Ganglioside Storage Analysis of Brain Mid-section Samples

Overall the neonatal treated and adult treated cohorts stored less Gmz gangliosides in comparison
to the knock out (vehicle) cohort; in both the short-term and long-term cohorts. (A) In the 20-
week cohort the neonatal treated group (n=5) and the adult treated group (n=6) differed
significantly from the vehicle treated group (n=6) (p<0.05) and the heterozygous group (n=6)
(p<0.0001). (B) In the 60-week cohort the heterozygous group (n=5) differed significantly from
the vehicle group (n=4) (p<0.05), the 6-week adult treated group (n=5) (p<0.05), the neonatal
virus treated group (n=4) (p<0.001), and the GFP treated group (n=4) (p<0.05).

Behavioural Outcomes

3.3.3 Short Term Findings
The neonatal and adult treated cohorts were not able to significantly outperform their

vehicle counterparts in the majority of the behavioural testing measures. The general locomotor
activity of the mice was tested using the Open Field Test (OFT) for the short-term 20-week
cohort. The distance travelled, mean speed, and resting time in the apparatus were measured.

Motor coordination was tested using the RotaRod (RR) for the short-term 20-week cohort. The
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end rotations per minute (End-RPM), latency to fall and distance travelled were measured. The
muscular strength test measured the strength of the various murine cohorts at the short-term 20-

week time points.

In the OFT- distance travelled from 8-20 weeks there was a significant time effect F(3,
104) =4.314; p = 0.0066 (Figure 6A). Overall, the groups differed significantly over time F(4,

104) = 3.090; p = 0.0190. However, there was no time by treatment interaction (Figure 6A).

In the OFT- mean speed from 8-20 weeks there was no time effect; groups did not differ

significantly over time and there was no time by treatment interaction (Figure 6B).

In the OFT-resting time from 8-20 weeks there was a significant time effect F(3, 78) =
9.641; p<0.0001 (Figure 6C). Overall, the groups differed significantly over time F (4, 26) =
2.775; p = 0.0481. There was a significant time by treatment interaction F(12, 78) = 2.548; p =

0.0068. (Figure 6C).

In the RR-End RPM from 8-20 weeks there was a significant time effect F(3, 78) =
4.723; p = 0.0044 (Figure 6D). Overall, the groups did not differ significantly over time.

However, there was a time by treatment interaction F(12, 78) = 2.288; p = 0.0150 (Figure 6D).

In the RR-latency to fall from 8-20weeks there was a significant time effect F(3, 78) =
6.210; p = 0.0008 (Figure 6E). The groups did not differ significantly over time. There was a

time by treatment interaction F(12, 78) = 3.439; p = 0.0004 (Figure 6E).

In the RR-distance travelled from 8-20weeks there was no significant time effect and the
groups did not differ significantly over time (Figure 6F). There was a time by treatment

interaction F(12, 78) = 2.220; p = 0.0183.
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Figure 6. Short-term 20 week Behavioural Analysis of SSAAV9/GM2A treatment.

Behavioural outcomes of the heterozygous group (n=6), the untreated vehicle KO group (n=6),
6-week old adult treated group (n=6), 1-day old neonatal treated group (n=5), and the untreated
GFP group (n=6) from 8 weeks to their human endpoint of 20-weeks.

The neonatal and adult treated cohorts were not able to significantly outperform their vehicle
counterparts in the majority of the behavioural testing measures. Open Field Test-Distance
Travelled from 8 - 20-weeks (A). Open Field Test-Mean Speed from 8 - 20-weeks (B). Open
Field Test-Resting Time from 8 - 20-weeks (C). RotaRod-End RPM from 8 - 20-weeks (D).
RotaRod-Latency to Fall from 8 - 20-weeks (E). RotaRod-Distance Travelled from 8 - 20-weeks

(F).

3.3.4 Long Term Findings
The neonatal and adult treated cohorts were not able to significantly outperform their

vehicle counterparts in the majority of the behavioural testing measures. The general locomotor
activity of the mice was tested using the Open Field Test (OFT) for the short-term 60 week
cohort. The distance travelled, mean speed, and resting time in the apparatus were measured.
Motor coordination was tested using the RotaRod (RR) for the short-term 60 week cohort. The
end rotations per minute (End-RPM), latency to fall and distance travelled were measured. The
muscular strength test measured the strength of the various murine cohorts at the short-term 60

week time points.

In the OFT — distance travelled from 8 — 60 weeks there was a significant time effect
F(13,286) =34.36; p=<0.0001 (Figure 7A). The groups did not differ significantly over time.

There was a time by treatment interaction F(52, 286) = 1.893 (Figure 7A).

In the OFT- mean speed from 8-60 weeks there was a significant time effect F(13, 286) =
3.090; p = 0.0003 (Figure 7B). The groups did not differ significantly over time. There was a

time by treatment interaction F(52, 286) = 1.618 (Figure 7B).
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In the OF T-resting time from 8-60 weeks there was a significant time effect F(13, 286) =
42.65; p <0.0001 and a significant difference between groups over time F(4, 22) =4.012; p =
0.0136 (Figure 7C). There was a time by treatment interaction F(52, 286) = 2.041; p = 0.0001

(Figure 7C).

In the RR-End RPM from 8-60 weeks there was no significant time effect. There was a
significant difference between the groups over time F(4, 22) = 4.800; p = 0.0062 (Figure 7D).

There was no time by treatment interaction.

In the RR-latency to fall from 8-60weeks there was no significant time effect; but there
was a significant difference between the groups over time F(4, 22) = 4.845; p = 0.0059 (Figure

7E). There was a time by treatment interaction F(52, 286) = 1.526; p = 0.0168 (Figure 7E).

In the RR-distance travelled from 8-60weeks there was no significant time effect, but
there was a significant difference between the groups over time F(4, 22) = 4.553; p = 0.0079

(Figure 7F). There was no time by treatment interaction.
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Figure 7. Long-term 60 week Behavioural Analysis of sSSAAV9/GM2A treatment.

Behavioural outcomes of the heterozygous group (n=5), the untreated vehicle group (n=3), 6-
week old adult treated group (n=5), 1-day old neonatal treated group (n=4), and the untreated
GFP group (n=4) from 8 weeks to their humane endpoint of 60 weeks. The neonatal and adult
treated cohorts were not able to significantly outperform their vehicle counterparts in the
majority of the behavioural testing measures. Open Field Test Distance Travelled from 8 - 60
weeks (A). Open Field Test Resting Time from 8 - 60 weeks (B). Open Field Test Mean Speed
from 8 - 60 weeks (C). RotaRod End RPM from 8 - 60 weeks (D). RotaRod Latency to Fall from
8 - 60 weeks (E). RotaRod Distance Travelled from 8 - 60 weeks (F). 40-60 week behavioural
testing for long-term cohort completed by Natalie Deschenes PhD Candidate Walia Lab.

3.3.5 Muscular Strength Test Findings for 20- and 60-week cohorts
The neonatal and adult treated cohorts were not able to significantly outperform their

vehicle counterparts in the majority of the behavioural testing measures. The general muscular
strength of the mouse was tested using the Muscular Strength Test for the 8-20week, short term

cohort and the 8-60week, long term cohorts.

In the 20-week cohort there was no significant time effect, but there was a significant
difference between the groups over time F(4,25) = 12.22; p <0.0001 (Figure 8A). There was a

time by treatment interaction F(12,75) = 5.257; p <0.0001.

In the 60-week cohort there was a significant time effect F(13, 286) = 10.94; p <0.0001
(Figure 8B). There was no significant difference of groups over time. However, there was a time

by treatment interaction F(52,286) = 3.332; p <0.0001.

39



Time (sec)

Time (sec)

151

104

20+

15+

104

20wk.Muscular Strength

A ]

A
b 4
:
[ ]

- Heterozygous

-+ Vehicle
- 6-Week Old Treated
o - 1-Day Old Treated
. GFP
8 12 16 20
Age (Weeks)
60wk.Muscular Strength

- Heterozygous

- Vehicle
- 6-Week Old Treated

- 1-Day Old Treated
GFP

Age (Weeks)

40



Figure 8. 20-week and 60-week Muscular Strength Test

(A) For the 20-week cohort — Muscular strength test outcomes of the heterozygous group (n=6),
the untreated vehicle KO group (n=6), 6-week old adult treated group (n=6), 1-day old neonatal
treated group (n=5), and the untreated GFP group (n=6) from 8 weeks to their human endpoint of
20-weeks. (B) For 60-week cohort — Muscular strength test outcomes of the heterozygous group
(n=5), the untreated vehicle group (n=3), 6-week old adult treated group (n=5), 1-day old
neonatal treated group (n=4), and the untreated GFP group (n=4) from 8 weeks to their humane
endpoint of 60 weeks. The neonatal and adult treated cohorts were not able to significantly
outperform their vehicle counterparts in the majority of the behavioural testing measures.

3.3.6 Biodistribution of sSAAV9/GM2A in the brain and liver
A qT-PCR method was used to analyze the spread of the intravenously injected virus into the

mice cohorts. GM2AP was expressed in all three areas of the brain regions as well as the liver in

both the short- and long-term cohorts (Figure 10).
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Figure 10. Biodistribution of the hGM2AP vector in the 20-week and 60-week cohorts.

Vector biodistribution of the hGM2AP vector. Viruses distributed in three parts of brain and
liver in the neonatal and adult mice. h\GM2AP was not detectable above 0.00 copies per mouse
genome in AB- Gwm2 mice, and mice dosed with vehicle and GFP virus, and therefore is not
shown on the graph. Data are presented as the copies of vector DNA per diploid mouse genome
found in each assessed organ. Lamin B2 was used as a control. g-PCR method and graphs
completed by Zhilin Chen, Lab Technician in Walia Lab.
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3.3.7 Histological Ganglioside Storage Analysis
Paraffin embedded brain samples were sliced using a microtome and then stained with an anti-

Gwmz ganglioside antibody after which visualization was done using a secondary antibody. In
comparing the vehicle cohort and ssAAV9/GM24 treated cohort along with the heterozygous
group, there was increased Gm2 ganglioside staining evident in the hypothalamus, thalamus and
hippocampus in the vehicle KO groups and decreased amounts of Gm2 ganglioside build up in

the heterozygous and treated groups in both the 20- and 60-week cohorts (Figure 11).
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Figure 11. Histological Ganglioside Storage in the Neurons of 20-week and 60-week Murine
Brains

A) Sections of the murine Hypothalamus (Column A), thalamus (Column B), and hippocampus
(Column C) from GFP treated (Row 1), neonatal treated (Row 2), adult treated (Row 3) and
heterozygous (Row 4) AB- Gm2 mice.

B) Sections of the murine Hypothalamus (Column A), thalamus (Column B), and hippocampus
(Column C) from neonatal treated (Row 1), adult treated (Row 2) and heterozygous (Row 3) AB-
Gwm2 mice.

The black arrows depict the Gm2 ganglioside saturated neurons. The red arrows depict neurons
with lesser amounts of Gmz ganglioside saturation. The blue arrows depict neuronal nuclei. It
seems that the treated mice have less build-up of Gm2 gangliosides and are similar in build up to
the heterozygous mice; with the GFP treated showing the largest amount of Gmz ganglioside
build up in both the 20- and 60-week cohorts.

Microtome sectioning completed by Karlaina Osmon, PhD candidate in Walia Lab. Histology
slides completed by Shakeel Virk and Lee Boudreau from Richardson Labs.

3.3.8 Cohort Weights
Weight measurements were taken for the mice in each cohort, prior to behavioural testing on a

monthly basis. The vehicle treated cohorts in both the short- and long-term cohorts were found to
have an increase in weight as time progressed when compared to each of the other cohorts

(Figure 12A & B).
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Figure 12. 20-week and 60-week cohort weights. (A)Respective weights at 4-week intervals
starting from 8 weeks up to 20 weeks. (B)Respective weights at 4-week intervals starting from 8
weeks up to 60 weeks
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3.3.9 Mortality
During the experimental process for the 20wk cohort there was 1 mouse from the 1-day treated

cohort that died earlier than the set humane endpoint date. Please refer to Appendix A for further

details.

During the experimental process for the 60wk cohort there was 1 mouse from the heterozygous
cohort, 2 mice from the 1-day treated cohort, 2 mice from the GFP cohort, 3 mice from the
vehicle cohort and 1 mouse from the 6-week treated cohort that died earlier than the set humane

endpoint date. Please refer to Appendix B for further details.
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Chapter 4

Discussion

4.1 Discussion
This study provides the proof of concept for ssAAVI/GM2A to have a therapeutic value

in reducing Gwmz ganglioside accumulation in a mouse model for AB-gm2. Our primary outcome
measure was to see a reduction of Gmz ganglioside storage biochemically within the treated
mouse mid-sections in both the short- and long-term cohorts; which we were able to identify.
Our secondary outcome measure was to see changes in the treated mouse phenotype in the short-
and long-term cohorts through behavioural testing. In the short- and long-term cohorts a single
intravenous dose of sSSAAV9/GM2A did not show a significant improvement in the behavioural
results of neonatal and adult virus treated mice. Histological staining showed decreased amounts
of Gm2 ganglioside build-up in the treated groups. Although our study was not able to show
statistically significant data both biochemically and phenotypically, it does suggest a therapeutic
potential for ssSAAV9/GM2A to decrease the amount of Gmz ganglioside accumulation in an AB-

Gwm2 mouse model.

AB-Gwm: is a progressive neurodegenerative disease. The majority of Gm2 gangliosides
begin to accumulate in the brain and spinal cord prior to any onset of symptoms (Liu et al.,
1997). Due to this fact, we decided to inject both neonatal and adult mice. We wanted to elicit
whether treating the mice earlier would have a greater impact on decreasing ganglioside build-up
compared to treating at a later stage. The rationale behind having a short and long-term cohort
was to monitor the effects of treatment in a mouse model with a mild phenotype initially
appearing at the 4-5 month period and whether the treatment would delay the onset of symptoms.
As the AB-Gwm2 mouse model has normal survival and a milder phenotype it was difficult to
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discern whether the treatment in the neonate and adult was able to delay the onset of behavioural
symptoms. We were able to see some effects of the treated cohorts surpassing the vehicle
counterparts in the long term 60-week RR behavioural testing; this was a secondary measure that

we were assessing.

The rationale for using GFP as one of the cohorts was two-fold. The GFP cohort behaved
as a virus control and partially as a vehicle control because it was able to show us if the AAV9
capsid had any deleterious effects. In our study we were not able to elicit any unwanted effects of
the AAVO capsid injected systemically. Historically, GFP is a marker protein and we would
expect to see no effects in the mouse and therefore we did not expect to see any significant
changes with using GFP in an AAV9 viral capsid. Due to the intermediate phenotype of our
mouse model it did seem at times that the GFP cohort behaved similar to the heterozygous
controls. However, since we did not expect to see any behavioural changes until approximately
4-5months of age the GFP could in fact behave as a heterozygous. We were reassured that there
was no statistically significant data when comparing the vehicle and GFP treated cohorts. One of
the limitations of our study was that we did not include a cohort which included mice that only
received the empty AAVY viral capsid due to its high cost. Whereas, in using GFP in an AAV9
viral capsid; for future studies we would be able to study the GFP immunohistochemistry to

assess distribution of the viral vector into various murine organs.

It was a proof-of-concept study and therefore no other studies have shown the effects of
systemically introducing ssAAV9/GM24 into an AB-Gm2 mouse model. A comparable dose of
treatment was given to our AB-Gm2 mice in comparison to previously used doses in TSD, SD
and other lysosomal storage diseases mouse models (Cachon-Gonzalez et al., 2006; Daly et al.,

1999; Miklyaeva et al., 2004; Penati et al., 2017). According to the “critical residual activity
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threshold” hypothesis (Conzelmann & Sandhoff 1983; Conzelmann & Sandhoff 1987) there
should be at least 10% of residual enzyme activity in a lysosomal storage disease mouse model
in order for the substrate accumulation to be low enough for the animal to live a normal life
(Leinekugel et al., 1992). In recent haemophilia gene therapy study, an increase from <1% of
Factor IX expression to 2-6% was sufficient to reach therapeutic benefit (Nathwani et al., 2017).
We are not clear what levels are required for GM2AP especially in the brain to be sufficient for
therapeutic benefit. In our study although there was no deficiency in the HexA or HexB
enzymes; there was a deficiency of the GM2AP, which acts as a co-factor to allow for the
degradation of Gwmz gangliosides. Though difficult to assess, it appears we may have been able to
reach the required critical threshold level in our study through some improvement in behavioural

testing and a reduction in Gmz ganglioside storage biochemically in the 20- and 60-week cohorts.

Vector biodistribution analysis was used to determine the effectiveness of the
sSAAV9/GM?2A therapy. The biodistribution was able to show that the vector therapy was able to
cross the BBB and vector copies were detectable throughout the caudal section, rostral section
and mid-section. The vector copy number in the liver was high in comparison to the brain as
expected and similar to that seen in other studies (Osmon et al., 2016, Walia et al., 2015). The
liver was shown to have greater biodistribution in comparison to other areas of the brain. This
study did not focus on dosage optimization; but in other studies, it was seen that with higher
dosages the copy number in the brain increased (Cachon-Gonzalez et al., 2006; Walia et al.,
2015). However, many studies also used various vector types, which also makes it difficult to
compare to our study (Arfi et al., 2005; Bourgoin et al., 2003; Kyrkanides et al., 2005; Martino et
al., 2005). Analysis of GM2AP expression was also done by western blot, which confirmed that

the correct sized protein of interest was expressed in the adult treated mouse liver sample.
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There was a decrease in the Gm2 ganglioside storage seen in both the 20-week and 60-
week cohorts (see Figure 9). In the 20-week cohort there was a significant decrease in the
amount of Gmz ganglioside storage in the mid-sections of the 1-day old and 6-week
sSAAV9/GM?2A treated cohorts when compared to the vehicle KO group, respectively. The 60-
week cohort showed a decrease in ganglioside storage for both the 1-day and 6-week treated
groups in comparison to the vehicle KO group; however this decrease was not statistically
significant (see Figure 9). Both cohorts were euthanized using the same protocol and methods.
This may indicate that the dose was not sufficient to keep the build-up lower for a long period of
time. This could possibly be due to an immune response depleting the transduced number of cells

over time.

Behavioural testing in previous studies have shown that overall RR performance in the
KO group was significantly impaired in comparison to the control groups (Liu et al., 1997).
These studies also demonstrated the control groups as having a significant improvement in
performance on the rotarod over a 20-week period. Our data for the RR short-term 20-week time
point did not show statistically significant data in comparison to the vehicle cohort (see Figure
6D, E, F). Previous studies also showed that in the OFT there was no significant difference
between the KO groups and control groups over a 20-week time course (Liu et al., 1997). In our
study we saw similar results in both the 20- and 60-week cohorts (Figure 6A-C & 7A-C). It is
difficult to interpret the data for the OFT as not all the data had significant ANOVA results and
performing so many ANOVA’s and multiple comparisons would eventually produce statistically
significant data. The muscular strength test at 20-and 60-weeks did not show a statistically
significant difference between the treated and control cohorts compared to the vehicle KO

groups (see Figure 8). Behavioural testing was able to show its main significant effects on time,
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where with increasing age of the mice, the behavioural signs and symptoms worsened, and

performance declined.

Histologically, the 20-week cohort as well as the 60-week cohort showed decreased
accumulation of Gm2 gangliosides when compared to the untreated/GFP group (see Figure 11).
The build-up in both treated cohorts is similar to that of the heterozygous group. A previous
study showed that even though the pathological process worsened in the various treated and
untreated groups with age, the biodistribution of the Gm2 ganglioside storage was similar
regardless of age (Liu et al., 1997). A previous study also showed that there was substantial
build-up of Gwmz gangliosides in the hypothalamic nuclei (Liu et al., 1997). We could see a large
build-up of the Gm2 gangliosides in the untreated GFP group in our histology staining; with a
reduced build-up in the neonatal and adult treated groups at both 20- and 60-week end points

(see Figure 11).

Lung as well as liver tumors have been noted in previous studies that used AAV vectors
as a potential treatment in neonate pups (Bell et al., 2006, Russell, 2007; Walia et al., 2015). This
study did not have any tumor development noted in any of the harvested organs at either 20- or
60-week end points. The mechanism behind tumor formation with AAV viral vectors is currently
not well understood, but postulated to be due to integration of vector sequences close to tumour
suppressor genes or proto-oncogenes. Previous studies had used a larger dose, which may have
contributed to the tumor formation; however our use of a lower dose of ssSAAV9/GM24 may
contribute to why we were not able to encounter any tumour formation.

4.2 Limitations

In scientific studies there are always limitations, which could further progress the

scientific findings if implemented in future studies. In our study the difference in phenotype seen
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in a mouse model compared to a human would serve to be the main limitation (Phaneuf et al.,
1996). Since the AB-Gm2 mouse model has a weak/intermediate phenotype it was unable to
mimic the actual human disease state in its infantile stage but is close to adult-onset disease.
There is a difference biochemically in terms of the degradative pathways of Gm2 gangliosides in
a mouse model as opposed to a human. In humans, there is only one degradative pathway in
which Gwme is degraded by HexA in its entirety (Bertoni et al., 1999; Yuziuk et al., 1998). This is
the reason why being deficient in the HEX A gene (known as TSD) leads to a large build-up of
Gwm2 gangliosides within the brain and spinal cord in a human (Lawson CA, Martin DR. 2016). In
mice there are two degradative pathways, which allow for some slower residual activity to
catabolize Gmz gangliosides as well (Liu et al., 1997). Of the three Hex isozymes, HexA is the
only isozyme that has an interaction with GM2AP (Tropak et al., 2016). The efficacy of the
sSAAV9/GM?2A administration in a human with AB-Gwmz might give significantly different

results if there is only one pathway able to degrade Gwmz gangliosides in humans.

Confounding variables that affected our study were the fact that there was a loss of
animals over the duration of the study. Our sample size per cohort was 6. We did have cohorts
where the mice would not live up to their pre-determined endpoint and died due to unknown
causes. This created a smaller sample size for our study, a smaller ‘n.” Power would become
lower and therefore our study would have lower confidence levels. This results in a lower

probability of finding a statistically significant difference between the cohorts.

In our statistical analyses, due to the multiple ANOVA’s done for the different
behavioural testing parameters and the various comparisons between each of the cohorts our
multiple comparisons tests did show various cohorts where there was a statistically significant

difference between the treated and untreated cohorts. However, this data should be interpreted
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cautiously as not all of our ANOVA studies showed statistically significant data; and yet we still
conducted multiple comparisons tests for those data sets. Technically, multiple comparisons tests
would not be done after finding no significance in the ANOVA to begin with. Essentially, if you
complete a specific statistical analysis enough times; there will be some statistically significant
data that will be found, and it is difficult to interpret whether this is due to chance alone or

whether the value is indeed statistically significant.

The effect of habituation is also a cofounding variable for one of the behavioural
measures, the open field test. The open field test is meant to measure general locomotion.
However, it is known that when mice are placed in a new environment they explore for a period
of time and then their level of exploration decreases (Bolivar 2009). This is known as
habituation. The cognitive map theory (O’Keefe and Nadel, 1978) states that when a new
environment is explored by an organism, an internal map is created in the hippocampus; and as
this environment is frequented more often this internal map becomes more complete, thus
reducing exploration (O’Keefe and Nadel, 1978). The effects of habituation make it difficult to
assess whether the mice had decreased locomotion due to a lack of GM2AP or whether they
were habituated to the OFT over time. There was also a considerable amount of weight gain seen
in the vehicle cohorts at both time points. We were unable to determine why this particular
cohort showed an increase in weight with time and no prior studies have attributed a lack of
GM2AP to increased weight or obesity. This would also have an effect on the OFT as general

locomotion may have been reduced in this cohort due to increase in weight.

There was no method of randomization used when delivering virus, vehicle, or GFP to
the experimental animals because there was no effective method of distinguishing one pup from

the next in a cage at 1 day of age. We also had 2 cohorts within the short- and long-term cohorts
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where the pups all came from the same dam. Therefore, there was no randomization of dams for
all of the cohorts. Ideally, we would want to have mice from different litters, and therefore dams,
within each cohort so that there would not be a dam effect on the litter produced and we could
account for the potential of any genetic or neurobiological effects that the dam may have on one
particular litter of pups. For example is the dam as predisposed to weight gain, her pups may

have also grown to be overweight.

Short-term histology staining included a control group, which was the GFP treated group.
However, the long-term histology staining did not have a true control group as there were no 6-
week adult injected mice with GFP. To implement this in the future, having a well identified
adult GFP control would be ideal to compare to the treated cohorts. We were unable to
successfully section usable sections of the mouse cerebellum for histological staining. As the
phenotypic and pathological changes occur mainly in the cerebellum it is difficult to extrapolate
what we could have found if we were able to stain and visualize the cerebellar section of the

mouse brain.

General locomotion was tested in the open field test; however, the fact that the untreated
vehicle and GFP groups had major weight gain with increasing age adds a confounding variable
to testing general locomotion, motor coordination and muscular strength in a mouse model. It is
difficult to assess whether the mice had decreased locomotion; changes in motor coordination
and muscular strength due to a lack of GM2AP or whether they were not as mobile; coordinated
or strong due to their considerable weight gain. The decreased activity in the vehicle and GFP
mice could likely be sufficient to account for the considerable amount of weight gain we saw in

that cohort.
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In using viral vectors one also has to be aware of the potential for side effects from
therapy. We have come a long way from the initial human clinical trials posing extensive risks,
such as malignancies, as well as one case ending up in a lethal outcome (Marshall E. 1999;
Thomas CE, Ehrhardt A, and Kay MA. 2003). There has been tumorigenesis seen in previous
studies using AAV vectors in treating mucopolysaccharidosis, Sandhoff disease, B-glucuronidase
deficiency and OTC deficiencies (Donsante et al., 2001; Ruzo et al., 2012; Zhong et al., 2013;
Walia et al., 2015). At least one of these studies showing tumorigenesis did use larger doses than
our study, which may be one of the contributing factors as to why our study did not show any
tumour formation (Donsante et al., 2007; Russell 2007; Walia et al., 2015; Wang et al., 2012).
4.3 Future Direction

Future research should focus not only on the primary, but also secondary factors
contributing to the pathogenesis of Gm> gangliosidoses (Gabig-Ciminska et al., 2015; Hawkins-
Salsbury et al., 2011; Macauley 2016; Vitner et al., 2010). One of the trademark pathologies seen
in progressive CNS disease states, especially Gm2 Gangliosidoses, is an increased inflammatory
response (Abo-Ouf et al., 2013; Cachon-Gonazalez et al., 2014). Previous studies done in a
murine model for SD showed microglial activation prior to any subtle neurodegeneration
(Cachon-Gonzalez et al., 2014; Wada et al., 2000). Our lab has already started a project
analyzing the immune response in Gm2 gangliosidoses murine models to assess whether pre-
treating with an anti-inflammatory agent decreases the immune response, which tends to develop

after AAV vector therapy administration. We hope to see a positive outcome from this initiative.

Further research is required to look into the implementation of different dosages of viral
vector therapy in an AB-Gm2 murine model. As we used a comparable dose in comparison to

similar research done by other researchers (Conzelmann & Sandhoff 1983; Walia et al., 2015), a
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higher dose may scale up the benefits we saw in our study. In addition, we could then use a
combination of a higher therapeutic dose along with tackling a secondary mechanism to analyze
the results of Gmz ganglioside accumulation and behavioural effects (Hawkins-Salsbury et al.,
2011).
4.4 Conclusion

The goal of this proof-of-concept study was to use the least invasive method to assess the
therapeutic value of introducing an AAV-vector containing GM24 into an AB-Gwm2 murine
model; and to assess its efficacy. We achieved our primary outcome of Gwmz ganglioside
reduction seen biochemically in both the short- and long-term cohorts. Our study showed our
short- and long-term treated cohorts inconsistently outperformed their untreated counterparts
(vehicle, KO) cohorts in the majority of the behavioural testing methods. We also saw a decrease
in the Gmz2 ganglioside build-up through histological analysis in our short- and long-term cohorts
of neonatal and adult treated mice. We did see persistence of the vector for long-term testing
within the liver and the rostral section, caudal section and mid sections of the murine brain in
both short- and long-term cohorts. The outcomes of our study are able to aid in developing a
potential therapeutic strategy for AB-Gm2 and the results can be extended to other

neurodegenerative diseases, some of which are only being treated by palliative care at this time.
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APPENDIX

Mouse # | Sex | Genotype | Sire Dam DOB Euthanization date
20-week Controls

82 M | Het 1 26 7/15/2016 12/6/2016
83 M | Het 1 26 7/15/2016 12/6/2016
84 M | Het 1 26 7/15/2016 12/6/2016
85 M | Het 1 26 7/15/2016 12/6/2016
86 F Het 1 26 7/15/2016 12/6/2016
87 F Het 1 26 7/15/2016 12/6/2016
20-week AAV-hGM2A (Virus)

125 M | KO 30 36 8/4/2016 12/15/2016
126 M | KO 30 36 8/4/2016 12/15/2016
127 F KO 30 36 8/4/2016 10/28/2016
128 F KO 30 36 8/4/2016 12/16/2016
200 F KO 52 36 10/24/2016 3/13/2017
201 M | KO 52 36 10/24/2016 3/13/2017
20-week GFP

140 M | KO 1 58 8/31/2016 1/20/2017
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141 M | KO 1 58 8/31/2016 1/20/2017
142 F KO 1 58 8/31/2016 1/20/2017
143 F KO 1 58 8/31/2016 1/20/2017
144 M | KO 30 10 9/14/2016 1/20/2017
145 M | KO 30 10 9/14/2016 1/20/2017
20-week Vehicle

90 M | KO 6 22 7/22/2016 12/9/2016
91 M | KO 6 22 7/22/2016 12/9/2016
92 F KO 6 22 7/22/2016 12/9/2016
93 F KO 6 22 7/22/2016 12/9/2016
116 M | KO 2 10 7/31/2016 12/16/2016
117 F KO 2 10 7/31/2016 12/16/2016
20-week AAV-hGM2A (Adult Virus)

170 F KO 52 22 10/1/2016 3/8/2017
172 F KO 52 22 10/1/2016 3/8/2017
174 F KO 52 22 10/1/2016 3/8/2017
175 M | KO 52 22 10/1/2016 3/8/2017
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176

KO

52

22

10/1/2016

3/8/2017

181

M

KO

103

112

10/1/2016

3/8/2017

APPENDIX A. 20-week cohorts which includes respective dams and pups assigned to different
groups and survival data included. Dates in red identify those in the cohort that passed away
prior to their humane endpoints.

Mouse # | Sex | Genotype | Sire Dam DOB Euthanization date
60-week Controls

80 M | Het 8 12 7/17/2016 10/5/2017
81 F Het 8 12 7/17/2016 10/5/2017
104 M | Het 43070 | 67 7/29/2016 10/5/2017
105 M | Het 43070 | 67 7/29/2016 10/5/2017
106 M | Het 43070 | 67 7/29/2016 10/5/2017
107 F Het 43070 | 67 7/29/2016 1/16/17
60-week AAV-hGM2A (Virus)

202 F KO 52 36 10/24/2016 3/18/2017
203 M | KO 52 36 10/24/2016 01/12/2018
204 M | KO 52 36 10/24/2016 01/12/2018
205 M | KO 52 36 10/24/2016 11/9/16
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206 F KO 52 58 10/27/2016 01/9/2018
207 M | KO 52 58 10/27/2016 01/12/2018
60-week GFP

146 M | KO 30 10 9/14/2016 11/1/2017
147 M | KO 30 10 9/14/2016 4/7/2017
148 F KO 52 22 9/10/2016 7/14/2017
149 F KO 52 22 9/10/2016 11/1/2017
150 F KO 52 22 9/10/2016 11/1/2017
151 M | KO 52 22 9/10/2016 11/1/2017
60-week Vehicle

118 F KO 2 10 7/31/2016 12/16/2016
130 M | KO 30 10 8/24/2016 4/16/2017
131 M | KO 30 10 8/24/2016 11/9/2017
132 M | KO 30 10 8/24/2016 11/9/2017
133 M | KO 30 10 8/24/2016 11/9/2017
134 F KO 30 10 8/24/2016 2/28/2017
60-week AAV-hGM2A (Adult Virus)

186 F KO 52 36 10/2/2016 12/20/2017
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187 M | KO 52 36 10/2/2016 09/4/2017

188 F KO 52 36 10/2/2016 12/20/2017
189 M | KO 52 36 10/2/2016 12/20/2017
190 F KO 52 36 10/2/2016 12/20/2017
191 M | KO 52 36 10/2/2016 12/20/2017

APPENDIX B. 60-week cohorts which includes respective dams and pups assigned to different
groups and survival data included. Dates in red identify those in the cohort that passed away
prior to their humane endpoints.
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