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Abstract 

GM2 gangliosidoses are a group of neurodegenerative disorders, characterized by the malfunctioning β-

Hexosaminidase A (HexA) enzyme, for which there is no current treatment. HexA is composed of two 

similar, non-identical subunits, the alpha and the beta, which must interact with the GM2 activator protein, 

a substrate-specific co-factor, to hydrolyze GM2 gangliosides. Mutations in either subunit (or the activator) 

result in the development of GM2 gangliosidoses due to the toxic accumulation of GM2 gangliosides, within 

the neurons of the central nervous system. The resulting neuronal death induces the primary symptoms of 

the disease; motor and sensory impairments, and seizures. The aim of this study was to observe the long-

term in vivo effects of an innovative gene therapy treatment method in a Sandhoff (β-subunit deficient) 

mouse model. The treatment utilized a new engineered variant of Hexosaminidase isoenzyme, HexM, 

which is formed by the homodimerization of a modified human Hex α-subunit called Hex µ, which 

contains critical beta-components that allow it to form stable homodimers and interact with the GM2 

activator protein to reduce substrate storage. We tested this scAAV vector expressing HexM through 

intravenous injections of the neonatal mice.  Previous work on a systemic gene therapy treatment saw 

drastic increases in lifespan to approximately 43 weeks in the Sandhoff mice using a beta-subunit 

treatment. We monitored one cohort for 8 weeks and another cohort long-term (>40 weeks) for 

biochemical, behavioural and molecular analyses. Through the enzymatic and GM2 ganglioside lipid 

analyses, we observed that with a slight non-significant increase in enzyme activity, there is a significant 

decrease in the storage of GM2 gangliosides. On behavioural tests, the treated mice outperform their 

knockout age matched controls and perform similarly to the heterozygous controls. While the untreated 

controls were humanely euthanized by 16 weeks, the treated animals have survived significantly longer, to 

an average of 41 weeks. The molecular analyses revealed a slightly variable distribution of the vector 

between brain and spinal cord regions. In conclusion, the neonatal delivery of our newly synthesized viral 

vector expressing HexM to the Sandhoff mice provided long-term correction of the disease. This study 
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will have implications not only for treatment of Sandhoff disease, but also Tay-Sachs disease (α- subunit 

deficiency). 
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Chapter 1 

Introduction 

1.1 GM2 Gangliosidoses 

GM2 gangliosidoses is a family of neurodegenerative lysosomal storage disorders 

produced by a mal- or non-functional Hexosaminidase-A (HexA) enzyme (Sandhoff, 2012; 

Sandhoff & Harzer, 2013). Two individual subunits and an activator protein form HexA – the α-, 

the β-, and the GM2A– all of which must be fully functional for the enzyme to properly 

catabolize GM2 ganglioside lipids (Sandhoff, 2012; Sandhoff & Harzer, 2013). A mutation in 

these proteins results in Tay-Sachs disease (TSD), Sandhoff disease (SD), or the AB-variant, 

respectively (Sandhoff & Harzer, 2013). The resulting accumulation of GM2 gangliosides within 

the lysosomes of the central nervous system (CNS) is neurotoxic. The other hexosaminidase 

isoenzymes, HexS (αα) and HexB (ββ) cannot catabolize GM2 gangliosides, and therefore are 

unable to inhibit the progression of the disease.  There are no current curative or therapeutic 

treatments other than palliative care available for these lysosomal storage disorders.  

1.1.1 Clinical Incidence and Features of GM2 Gangliosidoses 

The estimated incidence of TSD and SD are 1 in 222 000 and 1 in 422 000, respectively 

(Meikle, Hopwood, Clague, & Carey, 1999), whereas mutations in the activator protein are very 

rare. However the incidence of GM2 gangliosidoses are considerably higher in some populations 

including those of Ashkenazi Jewish or French Canadian descent (Andermann, Scriver, Wolfe, 

Dansky, & Andermann, 1977; Myrianthopoulos, 1962). Clinically, there are three categories of 

severity to these diseases, which are inversely correlated to the age of onset of symptoms due to 

residual HexA activity (Conzelmann & Sandhoff, 1983; Leinekugel, Michel, Conzelmann, & 
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Sandhoff, 1992). A mutation resulting in a completely non-functional enzyme produces the 

infantile category. In the infantile category, the child is born and progresses normally through the 

developmental stages until six months of age, at which point the infant regresses through the 

developmental milestones, coupled with the appearance of the main symptoms of 

neurodegeneration; motor spasms, seizures, loss of hearing, loss of sight, and in severe cases 

paralysis (Bley et al., 2011; Sandhoff, 2012; Sandhoff & Harzer, 2013). These infants do not 

typically survive past 4 years of age (Bley et al., 2011). A child born with a partially functional 

HexA enzyme will go on to develop the juvenile or adult form of GM2 gangliosidoses depending 

on the amount of residual activity, with a variety of symptoms presenting during either childhood 

or adulthood, eventually leading to permanent disabilities, and ultimately, death (Conzelmann & 

Sandhoff, 1983).  It has been proposed that raising the level of functioning enzyme above a 

‘critical enzyme threshold’ may allow for sufficient clearance of the substrate, negating the 

neurodegeneration (Conzelmann & Sandhoff, 1991). A 5-10% increase in the enzyme activity is 

estimated to correct these lysosomal storage disorders (Leinekugel et al., 1992). 

1.1.2 Biochemistry of GM2 Gangliosidoses – The HexA and HexM enzymes  

Biochemically, the α-subunit and the β-subunits combine to form the main HexA enzyme 

(See Figure 1A) (Mahuran, Neote, Klavins, Leung, & Gravel, 1988; Mahuran, Tsui, Gravel, & 

Lowden, 1982; Sinici et al., 2013). HexA then interacts with the GM2 activator protein (GM2AP) 

and works to remove the terminal N-acetylgalactosamine residues from GM2 ganglioside 

molecule, converting them into GM3 gangliosides (Sandhoff, 2012; Sandhoff & Harzer, 2013; 

Sinici et al., 2013).  The inability of the HexA enzyme to complete this reaction leads to the 

accumulation of the substrate within neurons of the central nervous system, triggering 

inflammatory responses ultimately concluding in the neurodegeneration of the brain and spinal 
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cord in both TSD and SD (See Figure 1B and 1C) (M. Jeyakumar et al., 2003; Sandhoff & 

Harzer, 2013). The delivery of the genes for both the alpha and beta subunits (each ~ 1.6kb) for 

the catabolism of GM2 gangliosides proves somewhat challenging to deliver through self-

complimentary AAVs (scAAV) due to their limited packaging capacity of ~2.4 kb (Grieger & 

Samulski, 2005; Z. Wu, Yang, & Colosi, 2010). In order to resolve the packaging capacity 

dilemma, a single subunit was recently designed to combine the key elements of both the alpha 

and beta subunits to create a single hybrid subunit, Hex µ, which can homodimerize and form a 

stable enzyme, HexM, capable of interacting with GM2AP and catabolizing GM2 gangliosides 

(See Figure 1D, 2, 3) (Tropak et al., submitted 2015). Previous attempts at creating an efficient 

hybrid were unsuccessful (Matsuoka et al., 2011; Sinici et al., 2013), but ultimately succeeded 

with the creation of the HexM construct that is well described in a paper currently submitted to 

Molecular Therapy (Tropak et al., submitted 2015). Specific changes in the amino acid sequence 

of the α-subunit enabled the inclusion of the β-subunit-like stable linkages, as well as the β-

subunit GM2AP binding site to the α-subunit sequence (See Figure 2, 3).  
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Figure 1. Biochemistry of Hexosaminidase A and Hexosaminidase M Enzymes 

(A) The HEXA and the HEXB genes code for the α- and β- subunits, respectively. When both are 

properly coded (wild type), there is no disease and a person lives a normal healthy life. (B) 

However, then there are mutations in the HEXA gene, this causes completely or mildly non-

functional α-subunit, leading to Tay Sachs Disease. (C) When there are mutations in the HEXB 

gene, this leads to a completely or mildly malformations in or a non-functional β-subunit of the 

HexA enzyme, leading to Sandhoff disease. (D) Our collaborators designed the μ-subunit to 

contain the catalytic properties of the α-subunit, and the stabilization properties of the β-subunit. 

This μ-subunit can homodimerize and replace the non-functional HexA enzyme in its role in the 

catabolism of GM2 gangliosides to GM3 gangliosides. 
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Figure 2. Quaternary Structures and Relation of the HexB, HexA and HexM Enzymes 

HexM contains the stable interface of the HexB enzyme, as well as the catalytic properties of the 

HexA enzyme, through the use of predicted sequences of importance for the binding of the 

GM2AP and the GM2 ganglioside molecule from the beta subunit. *Figure adapted from Tropak et 

al., submitted 2015 (Mol Ther) with permission. Thesis is not being publicly released until after 

publication of the Tropak et al manuscript, as well as the manuscript resulting from this thesis. 
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Figure 3. Comparison of α-subunit Amino Acid Sequence to µ-subunit Amino Acid 

Sequence 

Changes in the α-subunit amino acid sequence in order to make the µ-subunit sequence. The 

changes highlighted in green are to add the stable linkages of the β-subunit. The changes 

highlighted in red are to create the GM2AP binding site. The change highlighted in blue is for 

both the GM2AP binding site and the stable β-subunit linkages. *Figure adapted from Tropak et 

al., submitted 2015 (Mol Ther) with permission. Thesis is not being publicly released until after 

publication of the Tropak et al manuscript, as well as the manuscript resulting from this thesis.  
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1.2 A Potential Therapeutic - Gene Therapy  

Gene therapy is a remedial method by which diseases caused by a monogenic mutation 

are treated by introducing the wild type gene into an organism. The introduction of the wild type 

gene will lead to the production of a fully functional enzyme, producing a therapeutic benefit. 

There have previously been many gene therapy clinical trials for a variety of monogenic disorders 

throughout the last quarter century, improving the lives of those treated. However, there was a 

major setback in the progression of human clinical gene therapy trials when a patient treated with 

a retroviral gene therapy treatment in one clinical trial developed leukemia-like symptoms 

(Hacein-Bey-Abina et al., 2003). The fallout from this outcome has led to stricter limitations and 

laws on clinical gene therapy trials worldwide. More about the setbacks of, and challenges to 

gene therapy, both as a whole and for neurodegenerative disorders, will be discussed in Chapter 

2.  

1.2.1 Gene Therapy for GM2 Gangliosidoses – Could it work? 

GM2 gangliosidoses is a group of monogenic disorders caused by a mutation in one of 

three genes (HEXA, HEXB, GM2A), disabling the HexA enzyme from properly functioning. The 

replacement of the wild type gene through gene therapy is a good potential therapeutic option for 

the treatment of GM2 gangliosidoses. In preclinical studies, it has been shown that with early 

intervention, a single dose of a therapeutic gene transfer vector is able to correct the disease in 

animal models (Cachón-González et al., 2006, 2012; Cachón-González, Wang, Ziegler, Cheng, & 

Cox, 2014; Walia et al., 2015). Gene therapy for GM2 gangliosidoses will need to be extensively 

studied in animal models before attempting human clinical trials.  
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1.2.1.1 Gene Therapy for GM2 Gangliosidoses - How much enzyme correction is enough?  

The end goal of any therapeutic is to correct the phenotype and biochemistry of a 

disorder back to normal. However for enzyme deficiencies, the amount of correction in the level 

of enzymatic activity would vary drastically from disease to disease. The ‘critical enzyme 

threshold’ hypothesis suggests that increasing the level of enzyme activity of a diseased 

organism, such as SD mice or human patients with GM2 gangliosidoses, above a certain threshold 

could reverse or correct the biochemistry of the disease enough for the animal to live a normal 

life (Conzelmann & Sandhoff, 1991). The level of enzymatic activity required to reverse or 

correct GM2 gangliosidoses is estimated to be between 5-10% of normal levels (Leinekugel et al., 

1992).  

1.3 Viral Vectors and the Central Nervous System: Advantages and Drawbacks of 

Adeno-Associated Viruses  

There have been numerous attempts to find a suitable gene therapy vector capable of 

treating the CNS. Though many of the vectors proved efficient at gene transfer, the retroviral and  

lentiviral vectors consistently integrate into the genome of the recipient, which could potentially 

cause oncogenesis, and/or initiate acute immunological inflammatory responses, whereas 

adenoviral vectors cause potent immune responses (McCown, 2005; Thomas, Ehrhardt, & Kay, 

2003). The AAV rarely integrates into the genome, is non-pathogenic and does not elicit an 

inflammatory response while maintaining long-term gene expression in post-mitotic cells such as 

neurons (Thomas et al., 2003). Moreover, different serotypes of AAV have been shown to be 

more efficient at transfecting different tissues and can transduce both senescent and dividing cells 

(Büning, Perabo, Coutelle, Quadt-Humme, & Hallek, 2008). The AAV serotype 9 (AAV9) is 

especially good at transducing the central nervous system, as it crosses the blood brain barrier 
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(BBB) when administered intravenously, and AAV9 was shown to transfect both neurons and 

glia (Duque et al., 2009; Foust et al., 2009). A potential drawback to intravenous AAV delivery is 

the large uptake of the vectors by the liver (Chandler et al., 2015; Daya & Berns, 2008; Donsante 

et al., 2001; McCown, 2005; Pulicherla et al., 2011), and consequently there are fewer viral 

particles available to cross the BBB. As a result of the high liver uptake, there is also a high 

probability of hepatocellular nodule/tumour formation when administered to neonatal mice 

(Chandler et al., 2015; Walia et al., 2015). The recent advances in AAV technology have enabled 

the creation and testing of chimeric AAV capsids combining aspects from multiple serotypes in 

order to achieve greater target specificity and efficiency (Asuri et al., 2012; Gray et al., 2010; 

McCown, 2005; Thomas et al., 2003). A variant of AAV serotype 9, the AAV9.47 capsid, was 

made to de-target the liver (Pulicherla et al., 2011), which can potentially offer a safer approach 

in the application of AAV9 to treat CNS disorders.  

1.3.1 Single Stranded vs. Self-complementary Adeno-Associated Viruses 

Single stranded adeno-associated viruses (ssAAVs) have an effective packaging capacity 

of ~4.7 kilobases (kb) (Z. Wu et al., 2010). In order to achieve gene expression in infected cells, 

the single stranded DNA must be converted to double stranded, which is a rate-limiting step in 

the expression of the viral transgene (McCarty, Monahan, & Samulski, 2001). To increase the 

efficacy of gene transfer, double-stranded, self-complementary AAVs (scAAVs) were 

engineered. The scAAVs produce more transgene product at a faster rate than the ssAAVs and 

results in a >10-fold increase in the number of stably-transduced cells (Gray et al., 2011; 

Nathwani et al., 2007; J. Wu et al., 2007; Z. Wu et al., 2007). However, the packaging capacity 

for scAAVs is more restrictive at ~2.4kb (J. Wu et al., 2007). Even so, this increase in the amount 
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and rate of transgene production could reduce the amount of total AAV required to treat the 

disease.  

1.4 Murine Models of GM2 Gangliosidoses 

Mouse models of TSD and SD were created to further study GM2 gangliosidoses. The 

mouse model used herein is the model described by Sango et al. in 1995. This model was created 

through the insertion of the MC1NeopolyA cassette into exon 13 of the murine hexb gene (Sango 

et al., 1995). The construct itself was inserted into a murine embryonic cell line, where some cells 

underwent homologous recombination, selected for positive recombination, then positive clones 

were injected into mouse blastocysts (Sango et al., 1995). This resulted in the production of 

chimeric mice that transmit the hexb mutation in exon 13 through their germ line cells (Sango et 

al., 1995).  

In mice, mutations in the alpha subunit do not cause TSD-like symptoms, due to a 

redundancy in the murine metabolism that humans do not possess (Phaneuf et al., 1996; Sango et 

al., 1995) (See Section 1.4.2 and Figure 4). However, mutations in the beta subunit do cause an 

accumulation of GM2 gangliosides leading to SD-like symptoms (Phaneuf et al., 1996; Sango et 

al., 1995). These SD-like symptoms occur due to the massive buildup of GM2 gangliosides in the 

neurons, leading to the inflammation and apoptosis (J.-Q. Huang et al., 1997; Phaneuf et al., 

1996; Sango et al., 1995, 1996). For this reason, the SD mouse model is used for the experimental 

analysis of many therapeutic approaches to treating GM2 gangliosidoses (Andersson et al., 2004; 

Arfi et al., 2005; Cachón-González et al., 2006; Walia et al., 2015). Throughout the process of 

characterization, the SD mouse model has been shown to retain ~2% residual hexosaminidase 

activity of a normal mouse (Sango et al., 1995). The SD mouse model has similar motor 

impairments to the human infantile version of SD, including motor spasticity, tremors and 
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occasionally muscular rigidity (Phaneuf et al., 1996; Sango et al., 1995, 1996).  GM2 gangliosides 

begin accumulating in the brain of the SD knock-out (KO) mice from birth, but symptoms of the 

disease begin manifesting around 12 weeks of age, and progress until the mice reach their 

humane endpoint between 14-16 weeks old, due to the severity of their motor impairments 

(Phaneuf et al., 1996; Sango et al., 1995). Within 6 weeks of symptom onset, the disease is 

naturally fatal to the affected mouse (Phaneuf et al., 1996). 

1.4.1 Behavioural Characterization of the Sandhoff Mouse Model 

Overall, the behavioural tests comparing KO SD mice to their heterozygous or wild type 

controls show that the KO mice lose their ability to coordinate and perform movements at a 

relatively steady pace over the progression of the disease (Sango et al., 1995). On the rotarod 

apparatus following a constant speed protocol, symptomatic SD KO mice significantly 

underperform compared to the heterozygous and wild type controls, meaning the SD KO mice 

fall off the rotating rod much sooner than their heterozygous or wild type littermates (Kyrkanides, 

Miller, Brouxhon, Olschowka, & Federoff, 2005; Sango et al., 1995). In a measure of general 

locomotor activity, the SD KO mice travel significantly less distance in the open field test than 

their normal littermates (Walia et al., 2015).  

 

 

 

 

 

 



 

 

 

12 

1.4.2 Differential Catabolic Pathways in Murine and Human GM2 Ganglioside Catabolism 

The TSD and SD mouse models both show accumulation of GM2 gangliosides; however, 

the TSD mice do not have any overt symptoms, as compared to the SD mice (Phaneuf et al., 

1996; Sango et al., 1995). The SD mice develop motor impairments around 12 weeks of age that 

progressively worsen until the mice can no longer move or right themselves around 15-17weeks 

old, at which point the mice are humanely euthanized (Phaneuf et al., 1996; Sango et al., 1995). 

This apparent difference between the murine and human disease progression is due to the murine 

sialidase pathway in the TSD mice, which converts the excess GM2 gangliosides to GA2 

gangliosides, unlike the human sialidase pathway that converts GM3 gangliosides to 

lactosylceramide (Sango et al., 1995) (See Figure 4).  

 

Figure 4. Differential Human and Mouse Sialidase Pathways  

A secondary sialidase pathway in the catabolism of gangliosides exists in mice. Humans do not 

have the proper enzymes for the conversion of GM2 gangliosides to GA2 gangliosides. Figure 

adapted from (Suzuki, Proia, & Suzuki, 1998). 
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1.5 Current Study  

The aim of the current study is to evaluate the therapeutic effects of the HexM 

homodimer in vivo through the use of the Sandhoff mouse model using a scAAV9.47 vector. As 

assessment of this treatment as a curative therapy, the vector was administered systemically to the 

neonatal mice through intravenous injections at a relatively modest dose. Our objectives were (1) 

to examine the phenotypic effects of a single neonatal treatment in the Sandhoff mice, and (2) 

examine the underlying biochemical and molecular changes responsible for the phenotypic 

improvement in the treated SD mice. We hypothesized that the dose administered to the SD mice 

would increase their survival to at least 3x that of an untreated SD mice, which was the rescue 

previously obtained with a ssAAV vector packaging murine hexb (Walia et al., 2015). Indeed, we 

found that the single intravenous injection of scAAV9.47/HexM ameliorated the phenotype of the 

treated SD mice through a slight increase in Hex activity, communicating a decrease in the 

amount of GM2 gangliosides stored in the CNS of the treated mice and an extension in survival to 

an average of 42 weeks of age.  
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Chapter 2 

Literature Review: GM2 Gangliosidoses and Gene Therapy – Past and 

Current Therapeutic Advancements for the Treatment of GM2 

Gangliosidoses 

2.1 Gene Therapy in Context – What Else Has Been Tried for the Treatment of GM2 

Gangliosidoses?  

Many diverse therapies have been attempted for the treatment of GM2 gangliosidoses, 

including enzyme replacement therapy, substrate reduction therapy, molecular chaperones, and 

anti-inflammatory drug combinations (Andersson et al., 2004; Boelens & Wynn, 2013; Chiricozzi 

& Niemir, 2013; Clarke et al., 2011; Jeyakumar et al., 2003; Jeyakumar et al., 2004; Maegawa et 

al., 2009; Tsuji et al., 2011). Some of these therapeutic attempts have had some success, although 

most still remain under thorough investigation due to negative side effects or the inability to 

completely treat the disease.  

2.1.1 Substrate Reduction Therapy – Miglustat 

Substrate reduction therapy involves reducing the initial amount of substrate buildup by 

means of reducing substrate synthesis. Without full substrate synthesis, there will be less 

substrate for the malformed or mutated catalytic enzymes to break down. Studies have 

investigated Miglustat (N-butyl deoxynojirimycin) as a possible substrate reduction therapy for 

GM2 Gangliosidoses (Andersson et al., 2004; Jeyakumar et al., 2003; Maegawa et al., 2007). 

Miglustat, an imino sugar and an inhibitor of the enzyme glucosylceramide synthase, inhibits one 

of the first steps in ganglioside synthesis, thus reducing the total amount of gangliosides 
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produced, reducing the amount available to buildup in GM2 Gangliosidoses. The use of Miglustat 

in this type of treatment has been shown to increase the lifespan of mouse models, as well as to 

delay the onset of the disease (Andersson et al., 2004; Jeyakumar et al., 2003; Maegawa et al., 

2007). The adverse side effects seen when using Miglustat become apparent at high doses were 

digestive tract issues and weight loss are detrimental to the animal treated (Andersson et al., 

2004). A derivative of Miglustat, N-butyl deoxygalactonorijimycin, has been shown to improve 

lifespan to approximately 28 weeks, as well as delaying the onset of symptoms, like Miglustat, 

without adverse side effects in higher dosages (Andersson et al., 2004). However, this approach 

failed to show any benefit in human clinical trials (Bembi et al., 2006; Shapiro et al., 2009).  

2.1.2 Enzyme Replacement Therapy – Neuronal Targeting  

In 2011, Tsuji and collaborators investigated a novel type of enzyme replacement therapy 

for GM2 Gangliosidoses. They used a recombinant HexA enzyme and tagged it with a neuronal 

targeting phosphate, mannose-6-phosphate. The study utilized multiple intracerebroventricular 

injections, over multiple time points of administration. In total, the SD mice utilized in the study 

received a single injection into each ventricle (4 ventricles), and these injections were spaced out 

every 2 weeks until study endpoint (~18.5-20.5 weeks). They investigated the use of different 

dosages and their usefulness in treating GM2 Gangliosidoses. The treatment has potential for the 

treatment of GM2 Gangliosidoses, as it extended the lifespan of the animals and delayed symptom 

onset, but repeated administrations were required. Notably, the Tsuji et al. emphasized the 

requirement of the recombinant HexA enzyme to include a neuronal targeting phosphate, as a 

means of neuronal uptake of the enzyme (Tsuji et al., 2011).  
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2.1.3 Enzymatic Chaperone Therapy  

Enzymatic chaperone therapy comprises of the treatment of an individual with a drug that 

acts as a chaperone for the enzyme in question, facilitating and protecting the enzymes 

movements from enzyme/protein production to where the enzyme is required in the normal 

functioning cell. Pyrimethamine is a molecular chaperone drug used to chaperone the HexA 

enzyme into the lysosome. Pyrimethamine was shown to facilitate the endogenous HexA 

enzymes to catabolize GM2 gangliosides in vitro in SD fibroblasts (Chiricozzi & Niemir, 2013). In 

addition, pyrimethamine was shown to improve the lifespan and delay symptom onset in late 

onset (juvenile or adult) GM2 Gangliosidoses with some specific mutations only (Maegawa et al., 

2007). In 2011, a phase I/II clinical trial was run where adult or juvenile onset patients would 

receive up to 100mg of pyrimethamine per day (Clarke et al., 2011). There was a 4-fold increase 

in HexA activity when patient samples were assayed, however adverse side effects were observed 

when the daily dose exceeded 75mg (Clarke et al., 2011). These side effects included 

hypersensitivity reactions and adverse effects due to pyrimethamine’s antagonistic properties to 

folate (Clarke et al., 2011).  

2.1.4 Anti-inflammatory Treatment – Non Steroidal Anti-Inflammatory Drugs 

Combinatorial treatment  

Neuroinflammation plays a role in GM2 Gangliosidoses , however, it has yet to be 

elucidated as part of the pathogenesis of GM2 Gangliosidoses, or is a part of the disease 

progression (Jeyakumar et al., 2003;  Jeyakumar et al., 2004). The use of anti-inflammatory drugs 

in alone and in combination with a chaperone drug have been investigated. There was an 

extension in lifespan and delay in symptom onset in all single non-steroidal anti-inflammatory 

drug treatments, but a synergistic effect was observed when non-steroidal anti-inflammatory 
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drugs were used in combination with the enzymatic chaperone pyrimethamine (Jeyakumar et al., 

2004).  

2.1.5 So Why Gene Therapy? 

Each of these alternative therapies would require consistent and multiple treatment 

administrations over the lifespan of the organism affected. Gene therapy is an ideal alternative to 

these treatments, due to its potential effectiveness with a one-time systemic administration.   

2.2 Gene Therapy Tool Box – Tools Available for the Treatment of GM2 

Gangliosidoses 

Throughout the course of the last few decades, there have been many technological and 

scientific advancements that have facilitated and enabled researchers to investigate possible 

therapeutic treatments for GM2 Gangliosidoses, such as gene therapy. The production and 

optimization of animal models, biochemical assays, viral vectors, treatment constructs, and the 

refinement of injection routes have all enabled the field of gene therapy as a whole to progress, 

especially for the investigations into gene therapeutics for GM2 Gangliosidoses. 

2.2.1.1 Creation and Optimization of Enzymatic and Lipid Assay  

One of the crucial elements in the study of any physiological disease is to be able to study 

its molecular or biochemical cause. In this way, a treatment option for the disease may be 

established. An enzymatic assay capable of measuring the amount of activity a particular set of 

enzymes have is very useful in the diagnosing and potential treatment of the patient. The creation 

and use of 4MU-beta-D-N-acetylglucosamine (4-MUG) and 4-Methylumbelliferyl-beta-D-N-

acetylglucosamine-6-sulfate (4-MUGS) have been invaluable tools for the diagnosing of patients 

(Bayleran, Hechtman, & Saray, 1984; Inui & Wenger, 1984; Leaback & Walker, 1961), as well 
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as the testing of potential therapeutics in vitro and in vivo prior to patient treatment. These 

substrates are specific to the hexosaminidase isoenzymes. 4-MUG can be used to detect the total 

hexosaminidase enzyme activity of all three isoenzymes, whereas 4-MUGS is specific to HexA 

(Bayleran et al., 1984; Inui & Wenger, 1984). Before the 1950s, the study of lipids and 

gangliosides were performed through crude lipid extraction methods (Folch, Lees, & Stanley, 

1957). During the 1950s, lipid extraction using chloroform and methanol was investigated and 

optimized (Folch, Ascoli, Lees, Meath, & LeBaron, 1951; Folch et al., 1957). The pure lipid 

extractions from different organs in the body enabled researchers to compare the differential 

ganglioside lipid contents between samples through thin layer chromatography (TLC) (Wherrett 

& Cumings, 1963). With the continued technological advancements in imaging software, such as 

the development of ImageJ, accurate and quantitative comparisons of the chromatography images 

can be analyzed.  

2.2.1.2 Animal Models of GM2 Gangliosidoses 

Many animal models for studying GM2 Gangliosidoses are available to researchers for the 

continued investigations into therapeutics for the treatment of TSD, SD and the AB-variant. Some 

models were inadvertently discovered, as forms of GM2 Gangliosidoses became apparent in 

different types of animals. These animals include the ovine, feline, canine and murine models. 

The ovine model for TSD has recently been discovered and characterized for the use of the TSD 

sheep in subsequent gene therapy and other therapeutic trials for GM2 Gangliosidoses (Porter et 

al., 2011; Wessels et al., 2014). There have been reports of canine GM2 Gangliosidoses, 

specifically SD, in red haired toy poodles, golden retrievers, and Japanese spaniels. However, 

these spontaneous occurrences of GM2 Gangliosidoses have yet to be characterized into a usable 

animal model for the study into therapeutics (Cummings, Wood, Walkley, Lahunta, & DeForest, 
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1985; Tamura et al., 2010; Yamato et al., 2002). Much more research has been done to 

characterize the feline and murine models of GM2 Gangliosidoses. The feline model of SD has 

been characterized and used in research since the mid-1970s (Cork, Munnell, & Lorenz, 1978; 

Martin et al., 2005; Muldoon, Neuwelt, Pagel, & Weiss, 1994; Neuwelt et al., 1985; Rattazzi, 

Appel, & Baker, 1982; Walkley, 1982), and is still in use today (McCurdy et al., 2015). In order 

to obtain an easier and cheaper animal model for preliminary studies, the transgenic murine 

models of GM2 Gangliosidoses were created (Phaneuf et al., 1996). As previously described in 

Chapter 1, both the TSD and SD mouse models display accumulation of GM2 gangliosides 

throughout the CNS; however, the TSD mice do not have any overt symptoms, as compared to 

the SD mice (Phaneuf et al., 1996; Sango et al., 1995).  

2.2.1.3 Viral Vectors 

In the pursuit of trying to find a treatment for genetic disorders, a variety of viral vectors 

have been tried and tested. Every type of viral vector has its own set of advantages and 

disadvantages (see Table 1 for a summary of the viral vectors).  

Recombinant adeno-associated viruses have been shown to successfully infect both 

dividing and non-dividing cells, while maintaining long term transgene expression and eliciting 

low or no inflammatory responses (Büning et al., 2008; Chirmule et al., 1999; Foust et al., 2009; 

Thomas et al., 2003).  The most studied AAV, serotype 2 has been shown to also transfect 

neurons of the CNS, but it cannot cross the BBB like serotype 9 (Duque et al., 2009; Foust et al., 

2009; McCown, 2005). In the human population, there is also a strong immunogenic response to 

AAV2, which would make it unsuitable as a vector for gene therapy(Blacklow et al., 1971; 

Blacklow, Hoggan, & Rowe, 1968; Boutin et al., 2010; Chirmule et al., 1999). New technology 

enabling researchers to develop chimeric AAV capsids allows for the selection of specific 
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tropism as well as an evasion of the immune system (Asuri et al., 2012; Gray et al., 2010; Li et 

al., 2008; Maheshri, Koerber, Kaspar, & Schaffer, 2006; McCown, 2005; Z. Wu, Asokan, 

Grieger, et al., 2006). The small packaging capacity of ssAAV and scAAV vectors, less than 5kb 

or 2.5 kb respectively, is the main disadvantage of the AAV vectors (Grieger & Samulski, 2005; 

J. Wu et al., 2007; Z. Wu et al., 2010). scAAV vectors are faster and more efficient at transgene 

expression than ssAAV, due to the dsDNA already present when using the scAAV, whereas the 

ssDNA in the ssAAV requires conversion to dsDNA before expression can occur (Gray et al., 

2011; McCarty, 2008). This leads to a diminished lag time between injection of the virus and the 

expression of the transgene in gene therapy recipients and may show some loss in transduction 

efficiency.  

Each of the discussed viral vectors has been used in pre-clinical gene transfer therapeutic 

attempts to treat some form of GM2 gangliosidoses, all with moderate success. An advantage of 

the lentiviral vector for the treatment of GM2 gangliosidoses is its large packaging capacity 

enabling bi-cistronic delivery of both the HexA and HexB genes, providing an extremely high 

production of the full HexA enzyme (Kyrkanides et al., 2005). One study using a HSV vector for 

the HexA gene in TS mice showed no adverse side effects from the vector at one month post-

injection (Martino et al., 2005). Adenoviral vectors have been used to treat the murine models of 

GM2 gangliosidoses, with little if no side effects of the adenovirus (Bourgoin et al., 2003; Guidotti 

et al., 1999). Many of these studies showing no or few side effects of the vector were intracranial 

injections, straight into the immune privileged tissue of the brain. The HSV and adenoviral 

vectors are known to elicit high inflammatory responses when injected systemically, and 

lentiviral and retroviral vectors consistently integrate into the genome of many cells upon 

systemic delivery, increasing the chances of oncogenesis via insertional mutagenesis (Thomas et 
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al., 2003). The dangers of some of these vectors will be further discussed in 2.1.2. Most of the 

recent gene therapy studies have utilized serotypes 1, 2, 8, and 9 of AAV to treat SD animal 

models (Bradbury et al., 2013; Cachón-González et al., 2006, 2012, 2014; Sargeant et al., 2011; 

Walia et al., 2015). Unfortunately some of the systemic gene therapy treatments in the SD mice 

have resulted in hepatic tumour formation (Walia et al., 2015). 

2.2.1.4 Differential Dosages   

The dose of a therapeutic vector is dependent on the type of vector used, the size of the 

animal model used, the route of administration, local vs systemic administration, as well as the 

efficiency of the vector. Adenoviral and lentiviral vectors have previously been used for the 

treatment of GM2 Gangliosidoses at dosages between 4x106 to1.5x109 vg/mouse (Bourgoin et al., 

2003; Guidotti et al., 1999), and 5x106-1 x107 vg/mouse (Kyrkanides et al., 2005), respectively. 

One study conducted with the HSV vector used between 2.5 x106 to 5 x106 plaque forming units 

per mouse (Martino et al., 2005). For AAV vectors, studied dosages ranged between 9.9 x109 to 

4.7 x1010 vector genomes (vg) per mouse for intracranial injections in mice (Cachón-González et 

al., 2006, 2012, 2014; Sargeant et al., 2011). Systemic delivery of AAV for the treatment of GM2 

Gangliosidoses was around 2.5 x1011 vg/mouse (Walia et al., 2015). The injections in the cat 

models ranged between 3 x1011 to 4.2 x1012 vg/cat for AAV vectors (Bradbury et al., 2013). 

Overall, systemic injections require a higher dose for proper dispersal of the vector than local 

doses and bigger animal models require a higher dose than smaller models because of larger 

weights (vg/kg dose). 
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Table 1. Main Viral Vectors Used in Gene Therapy Attempts for GM2 Gangliosidoses.  

Table adapted from (Thomas et al., 2003).  

 

 

Vector Genetic 

Material 

Packaging 

Capacity 

Tropism Inflammatory 

Response 

Episomal/ 

Integrated 

Genome 

Disadvantages Advantages 

Enveloped  

Retrovirus RNA 8kb Dividing 

Cells 

Low Integrated Infects only 

dividing cells; 

integration into 

genome could 

produce 

oncogenesis  

Continuous 

gene transfer in 

dividing cells  

Lentivirus RNA 8kb Broad Low Integrated  Integration into 

genome could 

produce 

oncogenesis 

Continuous 

gene transfer in 

most tissues 

Herpes 

Simplex 

Virus  

(HSV) 

dsDNA 40kb Strong for 

neurons 

High Episomal Inflammatory 

response; low 

transgene 

expression in non-

neuronal cells 

Large 

packaging 

capacity; strong 

neuronal 

tropism 

Non-Enveloped 

ssAAV ssDNA <5kb Broad* 

Serotype 

dependent  

Low Episomal 

(>90%), 

Integrated 

(<10%) 

Limited 

packaging 

capacity; 

hepatotoxicity 

Non-

inflammatory, 

non-pathogenic, 

serotype 

specific tropism 

scAAV dsDNA <2.5kb Broad* 

Serotype 

dependent 

Low Episomal 

(>90%), 

Integrated 

(<10%) 

Limited 

packaging 

capacity; 

hepatotoxicity 

Same as 

ssAAV, with 

addition of less 

lag time for 

transgene 

expression 

Adenovirus dsDNA 8kb Broad High Episomal Potent 

inflammatory 

response 

Very efficient 

transduction of 

most tissues  
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2.2.1.5 Treatment Constructs  

The technological advancements in molecular cloning enabled the field of gene therapy 

to evolve from the theoretical realm of possibilities to a potential reality. For the treatment of GM2 

Gangliosidoses, the replacement of the specific enzyme whose malformation or absence caused 

the disease is crucial. The use of the HexA gene or the HexB gene in order to treat TSD or SD, 

respectively, has been used extensively (Bradbury et al., 2013; Cachón-González et al., 2006, 

2012, 2014; McCurdy et al., 2015; Sargeant et al., 2011; Walia et al., 2015). The use of both the 

HexA and HexB genes in the treatment of GM2 Gangliosidoses has been challenging, due to the 

size of both genes and the restrictions or disadvantages of viral vectors. There have been many 

studies involving the use of a single gene to treat wither TSD or SD, such as using HexA to treat 

TSD, and HexB to treat SD (Bourgoin et al., 2003; Kyrkanides et al., 2005; Walia et al., 2015). 

There has been some evidence to suggest that treating any form of GM2 Gangliosidoses with only 

one of the hexosaminidase genes only creates a reagent limiting reaction of the endogenous wild 

type counterpart (Guidotti et al., 1999). For example, treating SD with only HexB as a transgene, 

coding for an abundance of beta subunits creates a deficit in the endogenous alpha subunits 

available to heterodimerize with the over-expressed transgene product. Therefore the use of co-

injecting both the HexA and HexB genes, or the use of a bi-cistronic vector containing both the 

Hex genes was investigated with moderate success (Cachón-González et al., 2012; Guidotti et al., 

1999; Kyrkanides et al., 2005). The viral vectors used, or the number and invasiveness of 

injections and viral dosage required for these studies were their main drawbacks. More recently, 

work into hybrid forms of hexosaminidase, combining the capabilities of both the alpha and beta 
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subunits into one subunit able to homodimerize in order to treat both TSD and SD has been 

investigated. The first attempts to make such a hybrid subunit have failed (Sinici et al., 2013). 

Unpublished work by Tropak et al. (currently submitted in Mol. Ther.) has shown that the HexM 

hybrid can work to clear GM2 gangliosides in vitro. The current study examines the in vivo effects 

of the HexM construct in the SD mice.  

2.2.1.6 Routes of Administration – Systemic vs. Local Injections  

There are many different possible routes of administration for viral vectors. The main 

injection types used in the therapeutic gene therapy treatments for GM2 Gangliosidoses include 

intravenous, intracranial, intramuscular, intraperitoneal, and intrathecal/intracisternal injections. 

Intravenous injections are systemic deliveries of the viral therapy into a superficial vein of the 

animal. Intracranial injections are stereotaxically performed in order to inject the virus into 

targeted areas of the brain. Intramuscular injections are administered into muscle tissue. 

Intraperitoneal injections are directed into the peritoneal cavity. Intrathecal or intracisternal 

injections are administrations of the virus into the cerebralspinal fluid, either through a lumbar 

puncture, or through a minor surgical procedure to inject into the cervical area of the spinal 

column (Chen, Imai, Ito, & Nobuhito, 2013; Krieg & Lukowski, 2013).  Preclinical gene therapy 

studies have previously been successful in treating in vivo models of GM2 gangliosidoses through 

intracranial injections (Bradbury et al., 2013; Cachón-González et al., 2012; McCurdy et al., 

2015), intramuscular injections (Guidotti et al., 1999), and intraperitoneal injections (Kyrkanides 

et al., 2005). Intracranial injections are considered extremely invasive, and therefore research into 

less invasive, effective routes of administration, such as intravenous injection of gene therapy 

treatment continues (Walia et al., 2015). 
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2.2.1.7 A Narrow Window of Opportunity - Timing of Treatments 

Work into the timing of gene therapy treatment for TSD and SD has only just begun. 

Cachón-González et al. (2014) have begun to look into the latest time by which therapeutic 

intervention is still possible to reverse the pathological and phenotypic symptoms of GM2 

gangliosidoses. However, there is a point at which the phenotype of the disease progression 

cannot be reversed or delayed (Cachón-González et al., 2014). Studies using neonatal delivery of 

gene therapy have shown that the treated animals outlive the adult treated animals (Walia et al., 

2015), and many of the neonatally treated SD mice live well beyond a year (Cachón-González et 

al., 2006, 2012, 2014). These findings suggest that, like other neurodegenerative disorders, 

earliest intervention produces better phenotypic and pathophysiological outcomes. 

2.3 Current Challenges to the Treatment of GM2 Gangliosidoses  

There have been and remain many challenges to overcome in the pursuit of the gene 

therapy treatment for GM2 Gangliosidoses. The main challenges stem from treating the CNS as 

non-invasively as possible, as well as mediating the potential side effects of viral vectors used in 

the treatment, such as insertional mutagenesis and immunological responses.  

The brain and spinal cord are not easily accessible for direct treatment. Invasive 

intracranial and intrathecal surgeries or injections present multiple problematic side effects of 

their own, such as accidental or collateral tissue damage, or infection. These complications arise 

due to the surgical procedures necessary for these administrations. Systemic administration of a 

treatment may not always efficiently be delivered to the CNS and can lead to other potentially 

harmful side effects throughout the rest of the body, such as oncogenesis. Refinements of 

injection techniques are required for the useful and safe administration of these treatments.  
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In addition, finding a suitable gene therapy vector that has minimal immunogenic and 

toxicity to the patient, but can also deliver the therapeutic to the proper organs within the body 

regardless of injection type is essential. The neurons of the brain and spinal cord must have the 

therapeutic delivered to them in sufficient quantities to enable the reversal of GM2 gangliosidoses. 

The safety of the vector is paramount, since the insertional mutagenesis of a gene therapy 

treatment using retroviral vector in a human clinical trial lead to leukemic symptoms in patients 

(Hacein-Bey-Abina et al., 2003, 2008). In addition, the inflammatory immunogenic response 

elicited in patients in response to the viral vector after intravenous administration was lethal, 

using adenoviral vector (Somia & Verma, 2000). The issues of immunogenic response as well as 

the potential oncogenic effect of integrating into the genome are very important issues to keep in 

mind when attempting gene therapy in vivo.  

2.4 Evolution of the treatment of GM2 Gangliosidoses  

As in the treatment of any disease, the therapeutic, whether it be a chemical, drug, viral 

vector, or enzyme must be thoroughly tested before being considered for human clinical trials. 

The evolution from treating cells in a petridish to treating a full organism with a therapeutic is 

essential for the full testing of that potential treatment. Experimenting with a particular treatment 

in vitro is the best place to start for most therapeutics. If patient cells can be cured through a gene 

therapy treatment in vitro, there is hope that the treatment can cure or at least treat the disease. 

The next step is to treat an in vivo model of the disease in order to ascertain the full effect of the 

treatment on organ systems in a fully functioning organism before proceeding to clinical trials in 

human patients. 
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Chapter 3 

Methods 

3.1 Experimental Animals  

The Sandhoff mouse model was purchased from Jackson Laboratories and a colony was 

established at Queen’s University through heterozygous breeding. Genotypes were determined 

via PCR amplification of DNA extracted from ear punches. Experimental animals were obtained 

through mutant crosses. Animals were housed on a 12-hour light cycle. All experimental 

protocols and procedures were performed in accordance with and were approved by the Queen’s 

University Animal Care Committee. 

3.2 rAAV Vector and HexM Plasmid  

Dr. Don Mahuran and Dr. Brian Mark designed the HexM homodimer (Tropak et al., 

submitted 2015). The Hex µ subunit was designed to combine elements of the alpha and beta 

subunits to create a hybrid able to stably homodimerize into a catalytic enzyme. The HexM 

enzyme was intended to have all the catalytic properties of the HexA enzyme, as well as contain 

the stabilization properties of the HexB enzyme. Dr. Steven Gray’s laboratory (University of 

North Carolina) designed the HexM expression cassette and the scAAV9.47/GFP and 

scAAV9.47/HexM vectors were produced as previously described (Gray, Nagabhushan Kalburgi, 

McCown, & Jude Samulski, 2013). The expression cassette utilized the synthetic “JeT” promoter 

as previously described (Tornøe, Kusk, Johansen, & Jensen, 2002) with a synthetic intron, which 

is shown to be a moderately strong ubiquitous promoter with a small molecular size, this is 

suitable for scAAV usage. (See Figure 5). 
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Figure 5. AAV9.47/HexM Plasmid Construct  

The ubiquitous Jet promoter and synthetic intron sequence enable widespread expression 

of the HEXM gene in all transfected cells. The HEXM gene is 1584 base pairs long, and the entire 

sequence packaged into the AAV9.47 was (ITR to ITR) 2351 base pairs in length.  

 

 

3.3 Injections  

Neonatal mice were intravenously injected with the scAAV9.47/JeTI-GFP or 

scAAV9.47/JeTI-HexM through the superficial temporal vein on day 0-1 as previously described 

(Walia et al., 2015). The dams were removed from the pups and placed into a new clean cage 

during the injections. The cage of pups was placed on a heating pad to keep them warm. The pups 

received 5x1010 vector genomes (vg) (5x1013vg/kg) of either HexM or GFP treatment, or 1x PBS 

in a total volume of 100μL. After the injections, the dam was returned to her home cage with the 

pups, and all the pups were monitored closely for several days post-injection to ensure survival.  

3.4 Behavioural Testing  

Mice underwent a series of behavioural tests monthly from 12 weeks until their humane 

endpoint around 11 months.  Behavioural testing was performed in the morning during their light 

cycle. To assess motor coordination, mice were tested on a RotaRod (RR) apparatus (IITC Life 

Sciences) using an acceleration protocol. The rod accelerated from 4 rpm to 40 rpm over the 

course of 5 minutes, and the mouse’s latency to fall, end RPM, and distance travelled are all 
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measures of their motor coordination. Each mouse was given 3 trials on the rotarod, spaced out 

by 10-minute rest intervals, and the best of the trials was recorded each month for data analysis. If 

a mouse happened to complete the full 5 minutes on the RR, it would receive a score of the full 5 

minutes and would not be required to partake in subsequent trials. To evaluate motor strength, the 

mice participated in the mesh test. The mice were placed on a mesh they could grasp, and were 

flipped to hang upside down over an empty box approximately 20 cm high for up to a minute. 

Each mouse was given 3 trials, each spaced out by about 5 minutes, of which the best trial was 

recorded for data analysis. If a mouse made it to 1 minute, they required no further trials and their 

best time of a minute was recorded for that month. Finally, the mice were also observed in the 

open field test (ActiMot, TSE systems) for an overall measure of motor activity, measured 

through time moving, time resting, distance traveled, and rearing events. Speed of the animals’ 

movement was calculated by dividing the distance travelled by the time moving. Each mouse was 

observed in the open field test for one 5-minute trial.  

3.5 Tissue and Serum Collection and Processing  

Tissues were collected at 8 weeks and at the long-term humane endpoint (mean of 41.77 

weeks). The humane endpoint for the animals was determined one of two ways; 1) the loss of 

>15% of their body weight, or 2) the appearance of symptoms that would impede and deteriorate 

the quality of life of the animal (i.e., severe tremors/shakiness, inability to right itself). For 

comparison of the terminal long-term endpoints, untreated 12-, 14-, and 16-week SD KO mice 

tissues were collected. The mice were euthanized via CO2 asphyxiation followed by cardiac 

puncture, then perfused with 1x PBS.   For histological analysis, a section of the midbrain was 

taken before separating the rest of the brain into their respective sections. Midbrain sections were 

fixed in paraformaldehyde overnight, followed by immersion in 100% ethanol for 24 hours before 
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being paraffin-embedded. The brain and spinal cord regions were then divided based on rostral-, 

mid-, caudal- brain, and cervical or lumbar spinal cord visualizations. Visceral organs collected 

included the heart, lungs, liver, spleen, kidney, gonads as well as a sample of arm muscle. All 

tissues collected were frozen at -20°C for further processing. Half of the frozen midbrains were 

sonicated with 700μL of 1xPBS and spun down at 4°C on maximum speed for 20 minutes and 

split in half for biochemical analysis. Blood was collected through the submandibular or 

saphenous veins at week 14, 18, 22, 26, 30, 34, 38-weeks, and at the time of euthanization by 

cardiac puncture. Serum was separated from the blood samples by centrifugation at 3500 rpm for 

10 minutes and stored at -20°C for future analysis.  

3.6 Ganglioside Storage Analysis  

Ganglioside extraction and visualization was performed as previously described (Folch et 

al., 1951, 1957; Tropak et al., 2010; Wherrett & Cumings, 1963). Briefly, frozen midbrain 

sections were sonicated in 3x 10-second bursts, spun down at 4°C on maximum speed for 20 

minutes after which 300μL of the supernatant was mixed with the pellet before beginning the 

extraction. Gangliosides were extracted by a series of dilutions and evaporations of the midbrain 

samples in methanol and chloroform solvents. These mixed ganglioside samples were then 

separated on a thin layer chromatography plate using a 55:45:10 chloroform: methanol: 0.2 % 

calcium chloride mobile phase. Bands were visualized using orcinol and plates were dried at 

120°C for 10 minutes. Densitometry analysis was performed comparing the intensity of the GM2 

to the GD1A bands using ImageJ software. A mix of manufactured gangliosides is run as the 

standard control for each TLC plate.  
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3.7 Hexosaminidase Activity Assay  

Total hexosaminidase activity and HexA activity was measured as previously described 

(Maegawa et al., 2007; Tropak, Reid, Guiral, Withers, & Mahuran, 2004). Briefly, samples of 

hexosaminidase enzymes were obtained from 400μL of sonicated midbrain homogenates and the 

collected serum samples. Total hexosaminidase activity was determined through the use of the 4-

methylumbelliferyl-2-acetamido-2-deoxy-β-D-glucopyranoside (4-MUG) assay, whereas the 

activity of the HexA enzyme alone was determined through the use of the 4-Methylumbelliferyl-

7-6-sulfo-2-acetamido-2-deoxy-β-D-glucopyranoside (4-MUGS) assay, and comparing each of 

these assays to the 4-methylumbelliferone (4-MU) standard curve. The total protein content in the 

brain homogenates was determined through Bradford assay prior to the MUG and MUGS 

analysis. The midbrain samples were diluted to 1:10 and serum samples were diluted to 1:35 in 

1x PBS to complete the MUG and MUGS assays. Briefly, the samples were incubated with the 

fluorogenic substrate at 37°C for 1 hour, then read on the plate reader with excitation 

wavelength of 365nm and an emission wavelength of 450nm.   

3.8 Histology  

Histological procedures were performed similarly to as previously described (Walia et 

al., 2015). Paraffin embedded midbrain samples were sectioned on a microtome to a thickness of 

4-6 μm. Briefly, sections were de-paraffinized, and antigen retrieval was accomplished through 

baking in an oven at 100°C. Slides were then blocked for both non-specific binding and 

endogenous peroxidase activity, followed by incubations in primary then secondary antibody. 

DAB stain was then applied and the slides were then dehydrated through a series of alcohol baths 

increasing in concentration. Immunohistological detection for GM2 ganglioside storage was 

accomplished with a 1:1000 dilution of the chimeric murine-human IgG1 anti-GM2 ganglioside 
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antibody(Yamada et al., 2011), KM966 (Kyowa Hakko Kirin Co., Ltd.). The primary antibody 

was detected with an anti-human biotinylated secondary antibody at a 1:1000 dilution.  

3.9 Copy Number Analysis qRT-PCR 

Our collaborators in the Gray lab from the University of North Carolina conducted the 

copy number analysis for our vectors as previously reported (Gray et al., 2010). Values are 

reported as double-stranded copies of the HexM vg per 2 double stranded copies of the mouse 

Laminin B2 locus. For diploid mononuclear cells, this will approximate the copies of vg per cell.  

3.10 Statistics  

One-way ANOVAs with Bonferroni Post-Hoc tests were performed on the results from 

the Ganglioside assay, the Hexosaminidase assays (with the exception of the serum time courses), 

as well as the twelve-week behavioural time point. The rest of the behavioural data and the 

Hexosaminidase serum time courses was analyzed through 2-way repeated-measures ANOVAs 

with the Bonferroni post-hoc tests, carrying data forward and back for any missing samples at 

time points.  A Kaplan-Meyer curve was used to assess the survival of the animals, followed by a 

Log-rank (Mantel-Cox) Test. All statistical analyses were performed in GraphPad Prism 5.  
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Chapter 4 

Results: Intravenous Neonatal Injection of rAAV9.47/HexM Conveys 

Long-term Correction of GM2 Gangliosidoses in the Sandhoff Mice 

4.1 Extension in Lifespan of AAV9.47/HexM Treated Sandhoff Knock-out Mice 

To evaluate the effectiveness of the AAV9.47/HexM, a single dose of the virus was 

administered systemically to neonatal SD mice through temporal vein injections. Separate SD 

cohorts were injected with AAV9.47/GFP or PBS as controls. The lifespan and biochemistry of a 

heterozygous mouse is used as a normal control mouse. A cohort of treated mice, heterozygous 

mice, and all GFP and PBS were euthanized at 8 weeks for biochemical, molecular and 

histological analyses. The untreated knockout SD mice survive to approximately 16 weeks of age, 

at which point the severity of their symptoms require them to be euthanized.  In the long-term 

monitored cohorts, the AAV9.47/HexM treated animals survived to a mean of 41.77 weeks old, a 

median of 40 weeks, and ranging between 36-49 weeks old (n=6). This extension in survival is 

significant compared to the 16-week humane endpoint (p< .001)(Phaneuf et al., 1996; Sango et 

al., 1995). Plotted in Figure 6 shows the comparison of the long-term AAV9.47/HexM group’s 

survival against that of our heterozygous mice. The average survival of untreated animals and the 

euthanization of the GFP and PBS groups are also shown. A heterozygous mouse had a 

malocclusion at approximately 42 weeks of age and required euthanization.  
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Figure 6. Kaplan Meyer Survival Curve of the AAV9.47/HexM Treated Group. 

AAV9.47/HexM treated animals survived to a mean of 41.77 weeks old, ranging between 36-49 

weeks old (n=6). This extension in survival is significantly different compared to the 16-week 

historical humane endpoint (p< .001). The (**) denotes a significant increase in lifespan of the 

HexM-treated animals.  

 

4.2 Behavioural Amelioration of AAV9.47/HexM-treated Knock-out Sandhoff Mice  

Phenotypically, the HexM-treated mice were visibly moving and acting similar to the 

heterozygous controls until the last few weeks of their humane endpoint, when they began 

exhibiting tremors and slow movements. We objectively measured the changes in phenotype 

between the experimental groups through a battery of behavioural testing.   

 

The Open Field Test (OFT) measures the general locomotion of the mice through 

measuring the time moving, time resting, distance travelled, speed of movement, and number of 

rearing events. There was a significant effect of the treatment group on the time spent moving in 

the OFT (F2, 17=12, p= .001) at 12 weeks (Figure 7A). The untreated KOs were significantly 

outperformed by both the HexM treated group and the heterozygote controls (p< .05), whereas 
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the latter two groups do not differ significantly at 12 weeks (Figure 7A). Over the course of the 

monthly behavioural testing, the AAV9.47/HexM treated mice showed no significant deficits in 

locomotor activity compared to the heterozygous controls (F1= 1.383 p=0.27), and the effect of 

time was approaching significance (F9=1.8, p= 0.01) for the OFT time moving (Figure 7B). An 

effect of time indicates that regardless of treatment, the increasing age of the mice has an effect 

on their performance of the task. At the 12-week timepoint, there were no significant differences 

in the measures of time resting and rearing events across treatment groups (Figures 7C, 7G), but 

over the time course of behavioural testing, a significant effect of time was observed in both of 

the time resting (F9= 2.0 p< 0.05) (Figure 7D) and the rearing events (F9= 2.9 p< 0.001) (Figure 

7H). The distance traveled by each treatment group at 12 weeks differed significantly from the 

other groups (F2,17= 9.9 p< 0.001), where the untreated KO group differed from the 

AAV9.47/HexM group (p< .05) and the heterozygous group (p< .001) significantly, and the 

HexM group did not differ from the heterozygous group (Figure 7E). Over the behavioural time 

course, there were no significant differences between the heterozygous group and the HexM 

treated group (Figure 7F).  

 The strength of the mice was measured through the use of the Mesh Test (MT) (See 

Figure 8A, 8B). At the 12-week behavioural assessment, there was a significant effect of 

treatment on the latency to fall in the MT (F2, 15= 8.1, p< .005), where the untreated KO mice 

were significantly outperformed by their age matched heterozygous controls and the HexM-

treated KOs (p< .05) (Figure 8A). Over the time course of behavioural testing from 12-40 weeks, 

the HexM treated group did not perform significantly different from the heterozygous controls  

(F1=1.3, p=0.27), but it was observed that there was an extremely significant effect of time on 

both groups (F9=11, p< .0001) (Figure 8B).  
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Lastly, the Rotarod (RR) assessment using an accelerating protocol tests an animal’s 

coordination (Figure 8C-H). Once the mouse falls from the rotating rod, the measures recorded 

were end rotation per minute (RPM), latency to fall, and distance traveled. Upon examining the 

end RPM of the mice at 12 weeks, the effect of treatment between the groups was approaching 

significance (F2, 13=3.2, p=0.075) (Figure 8C). Analysis of the monthly testing showed that the 

effect of treatment was approaching significance (F1=4, p=0.074), and that there was an 

extremely significant effect of time (F9=4.5, p< .0001), and interaction (F9=4.4, p< .0001) for the 

RR end RPM (Figure 8D). The latency of a mouse to fall off the rotating rod showed that there 

was a significant difference between treatment groups at 12 weeks (F2, 13=8.7, p< 0.001), where 

the heterozygous group differed significantly from the KO group (p< 0.001), but the HexM group 

did not differ significantly from the KO or the heterozygous groups (Figure 8E). Over the course 

of RR testing, there was a very significant effect of interaction (F9=3.5, p< .0001) and time 

(F9=10, p< .0001) on latency to fall (Figure 8F). Finally, the distance traveled by the treatment 

groups was compared at the 12-week timepoint and there was an overall effect of treatment (F2, 

13=4.7, p< 0.05), where the heterozygous group and the KO group differed significantly (p< 0.05), 

and the HexM group did not differ significantly from either the heterozygotes or the untreated 

KOs (Figure 8G). Over the RR time course for distance traveled, there was a significant effect of 

interaction (F9= 2.5, p< 0.05) and a very significant effect of time (F9= 6.1, p< 0.0001) (Figure 

8H).  
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Figure 7. Open Field Test Behavioural Analysis of AAV9.47/HexM Treatment on SD KO 

mice.   

Behavioural outcomes of the AAV9.47/HexM treated group (n=6), the 12 week untreated KO group (n=10 

in OFT, n=8 in MT, and n=6 in RR), and the Heterozygote group (n=6). Briefly, the HexM treated group 

outperformed their age-matched untreated KO controls, and performed at roughly the same level as the 

heterozygous group over the course of behavioural testing. Open Field Test Time Moving at 12-weeks (A) 

and from 12 – 40 weeks (B). Open Field Test Time Resting outcomes at 12-weeks (C) and from 12 – 40 

weeks (D). Open Field Test Distance Traveled outcomes at 12-weeks (E) and from 12 – 40 weeks (F). 

Open Field Test Rearing Events outcomes at 12-weeks (G) and from 12 – 40 weeks (H). 
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Figure 8. Mesh Test and Rotarod Behavioural Analysis of AAV9.47/HexM Treatment on 

SD KO mice.   

Behavioural outcomes of the AAV9.47/HexM treated group (n=6), the 12 week untreated KO group (n=10 

in OFT, n=8 in MT, and n=6 in RR), and the Heterozygote group (n=6). Briefly, the HexM treated group 

outperformed their age-matched untreated KO controls, and performed at roughly the same level as the 

heterozygous group over the course of behavioural testing. Open Field Test Time Moving at 12-weeks (A) 

and from 12 – 40 weeks (B). Open Field Test (K). Mesh Test Latency of mice to fall at 12-weeks (I) and 

from 12- 40 weeks (L). Rotarod End RPM at 12 weeks (M) and from 12-48 weeks (P). Rotarod Latency to 

Fall at 12 weeks (N) and from 12-40 weeks (Q). Rotarod Distance Traveled at 12 weeks (O) and from 12-

40 weeks (R). 



 

 

 

39 

 

 

 

4.3 Biodistribution of AAV9.47/HexM in the Brain and Liver  

The increase in length of lifespan and the amelioration of phenotypic symptoms 

suggested that scAAV9.47 crossed the BBB (Figure 9). We examined the spread of the 

intravenously injected virus through qRT-PCR analysis, conducted by our collaborators at the 

University of North Carolina. The HexM vector was found to be expressed at roughly the same 

levels or slightly lower in the long-term HexM-treated group as compared to the 8-week HexM-

treated cohort.  We reconfirmed the previously reported biodistribution of the vector following 

the pattern of liver:brain ratio of approximately (1:1) using the AAV9.47 capsid (Pulicherla et al., 

2011), compared to AAV9 which showed the liver:brain ratio of (>50:1) in mouse studies 

indicating efficient detargeting of liver (Gray et al., 2011).  
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Vector Distribution Analysis
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Figure 9. Vector Biodistribution of AAV9.47/HexM. 

Similar delivery achieved to the brain and spinal cord regions, as well as a relative de-targeting of 

the liver at both the 8 week and long-term terminal humane endpoints. HexM sequence was not 

detectable above 0.001 copies per mouse genome in mice dosed with vehicle or AAV9.47/GFP, 

and are not shown on the graph. Data presented as the copies of vector DNA per diploid mouse 

genome found in each assessed organ.  
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4.4 Effect of AAV9.47/HexM Treatment on Hexosaminidase Activity  

The enzymatic activity of the catalytic HexM was assayed from the serum and midbrain 

samples using the MUG and MUGS assays. 

4.4.1 Enzymatic Changes in the Monthly Serum Samples  

A series of monthly blood collections were conducted, from which a time course of 

Hexosaminidase activity is established from the Heterozygous and the AAV9.47/HexM-treated 

groups. At 14 weeks, serum was also collected from untreated KOs as a comparison in the level 

of hexosaminidase activity. There is a slight non-significant increase in the level of 

Hexosaminidase activity at 14 weeks in the HexM-treated group in comparison to the untreated 

KOs (p> 0.05), as measured in both the Hexosaminidase enzyme assays using MUG and MUGS 

assays (Figure 10A, 10C). Over the time course of serum sampling, there were significant 

differences observed in the MUG-based enzyme assay at nearly all timepoints between the 

heterozygous mice and the AAV9.47/HexM-treated mice, demonstrating a significant effect of 

treatment (F1=130, p<0.001) (Figure 10B). There was no significant difference found between the 

heterozygous group and the AAV9.47/HexM treated group over the monthly time course until the 

terminal blood collection, where there is a highly significant difference between the heterozygous 

mice and the HexM-treated animals (p< 0.001) in the MUGS-based enzyme assay (Figure 10D).  
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Figure 10. Enzymatic Activity Assay of the Serum Samples at 14 Weeks and Throughout 

the Blood Sampling Time Course  

MUG analysis of overall hexosaminidase activity at 14 weeks (A) and over the sampling time 

course (B). MUGS analysis of enzymatic HexA activity at 14 weeks (C) and over the sampling 

time course (D).  In the MUG-based enzyme assay at 14 weeks, the heterozygous controls (n=5) 

differ significantly from the HexM-treated (n=4) and the 14-week untreated KO (n=3) groups (p< 

0.01), and there was no difference in activity seen between the HexM-treated group and the 

untreated group (A). Over the sampling time course, the overall hexosaminidase activity of the 

heterozygous mice far exceed that of the HexM-treated mice (B).  In the MUGS-based enzyme 

assay at 14 weeks, the heterozygous controls (n=5) differ significantly from the 14-week 

untreated KO group (n=3) (p< 0.01) but do not differ significantly from the HexM-treated group 

(n=4) (C). Over the MUGS serum time course, there is no significant difference between the 

heterozygous group and the HexM-treated group until the Terminal sampling (p< 0.001) (D).  
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4.4.2 Enzymatic Changes in the Terminal Midbrain Sections  

In the Hexosaminidase A activity assay using MUGS of the midbrain samples at 8 weeks, 

there was a very significant effect of treatment, where the heterozygous mice had a significant 

increase in the amount of hexosaminidase activity as compared to the treated animals and the 

controls (F3, 18= 67, p< 0.001). However, there was a slight non-significant increase in the amount 

of Hex activity in the AAV9.47/HexM-treated group as compared to either the AAV9.47/GFP or 

PBS controls, and the PBS, GFP and HexM-treated groups all differed significantly from the 

heterozygous controls (p< 0.001) (Figure 11A). In the terminal MUGS-based enzyme assays, 

there was a significant effect of treatment on the amount of hexosaminidase activity in the 

different groups assayed (F4, 14= 3.9, p< 0.05). All groups were not significantly different from 

the other except for the HexM-treated group having significantly decreased activity as compared 

to the heterozygous controls (p< 0.05) (Figure 11C).  
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Figure 11. Enzymatic and Chromatographic Analysis of the Midbrain Samples  

Overall, the HexM-treated group stored less GM2 gangliosides, with a very slight increase in 

hexosaminidase activity. MUGS-based Hexosaminidase Activity Assay of the 8-week midbrain samples 

(A). The HexM-treated group (n=6) showed a slight increase in the hexosaminidase activity when 

compared to the PBS (n=6) and GFP (n=3) treated groups. The GFP, PBS, and HexM-treated groups all 

differed significantly from the heterozygous group (n=6) (p< 0.001). The chromatographic determination of 

GM2 ganglioside storage of the 8-week midbrain samples (B)**. The HexM-treated group differed 

significantly from the PBS, GFP and Heterozygous groups (p< 0.001), and the PBS and GFP groups also 

differed significantly from the heterozygous group (p< 0.001) showing increased GM2 accumulation in 

terminal mice. MUGS-based Hexosaminidase Activity Assay of the Terminal midbrain samples (C). The 

HexM treated group (n= 6) showed no increase in the hexosaminidase activity when compared to the 12-

,14-, or 16-week untreated KOs (n=3 for each). There was an expected biologically-significant difference 

between the HexM-treated group and the heterozygous controls (n=6) (p< 0.05). The chromatographic 

determination of GM2 ganglioside storage of the Terminal midbrain samples (D). The HexM group and the 

14-week group differed significantly from the heterozygous group (p< 0.05), and the 16-week untreated 

KOs differed significantly from the Heterozygous group (p< 0.0001). ** Figure 11B has been submitted in 

a paper from Dr. Don Mahuran and Dr. Brian Mark (Tropak et al. submitted 2015, Mol Ther).   
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4.5 Effect of HexM AAV9.47 Treatment on Ganglioside Storage 

4.5.1 Biochemical Ganglioside Storage Analysis  

The assessment of GM2 ganglioside storage in the midbrain samples at 8 weeks has been 

submitted in Tropak et al., 2015. In this assessment of the midbrain samples there was a 

significant effect of treatment on the amount of GM2 ganglioside stored in the midbrain sections 

assayed (F3, 18= 140, p<0.0001). There was a significant reduction in the storage of the GM2 

ganglioside in the HexM-treated group when compared to the GFP and PBS controls (p< .001).  

The HexM group also differed significantly from the heterozygous, the GFP, and the PBS 

controls (p< .001) (Figure 11B).  At the long-term terminal assessment, the heterozygous group 

differs significantly from all other groups, creating a significant effect of treatment in the 

midbrain samples (F4, 23= 8.1, p<0.001) (Figure 11D). Specifically, there was a significant 

difference between the HexM and heterozygous mice (p< .05) and between the 14 week KO and 

heterozygous KO (p< .05). The 16-week KO group was very significantly different from the 

heterozygous controls (p< .001). There was no significant difference between the 12-week KO 

group and the heterozygous controls or the HexM-treated mice (Figure 11D).  

4.5.2 Histological Ganglioside Storage Analysis  

Brains were embedded in paraffin and sliced with a microtome, and subsequently stained 

with the KM966 anti-GM2 ganglioside antibody followed by visualization with a biotinylated 

secondary antibody. The comparison of staining patterns of PBS-treated mice to both 

heterozygous controls and HexM-treated mice showed abundant GM2 staining across multiple 

anatomical areas of the brain (thalamus, hypothalamus, and hippocampus) in the PBS group that 

is absent in the heterozygous group, and nearly absent in the HexM-treated group (see Figure 12).  
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 Figure 12. Histological Ganglioside Storage in the Neurons of the Murine Midbrain at 8 

weeks.  

Histological Ganglioside Storage in the Neurons of the Murine Midbrain at 8 weeks 

Sections of the murine thalamus (A,D,G), hypothalamus (C,F,G), and hippocampus (C,F,J), from 

PBS-treated (A-C), AAV9.47/HexM-treated (D-F), and heterozygous (G-I) mice. The black 

arrows point to GM2 ganglioside-filled neurons, which were found predominantly in the PBS 

treated group only. The orange arrow in D denotes a single neuron with a very small amount of 

GM2 ganglioside accumulation. Blue arrows point to similar neuronal nuclei. An apparent 

clearance of GM2 gangliosides is observed in the HexM-treated group as compared to the PBS 

control group. The structure of the brain and the absence of GM2 gangliosides in the HexM group 

approximate that of the heterozygous group (-/- and -/+ represent KO and heterozygous mice, 

respectively).  
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Chapter 5 

Discussion 

5.1 Main Discussion 

This study is the first to demonstrate the therapeutic potential of the HexM hybrid for the 

treatment of GM2 gangliosidoses in SD mice. A single systemic intravenous dose of the 

AAV9.47/HexM treatment improved both the lifespan and the behavioural symptoms of the 

treated SD mice, which was corroborated through the biochemical analysis showing a decrease in 

the GM2 ganglioside storage in the brain, as well as the delay in the presentation of symptoms in 

the long-term cohort. HexM had previously been shown to catabolize GM2 gangliosides in vivo by 

our collaborators Dr. Don Mahuran and Dr. Brian Mark (Tropak et al., submitted 2015). Our 

study confirms the ability for HexM to properly catabolize and clear GM2 ganglioside aggregates 

in vivo in a SD mouse model.  

The neurodegeneration in GM2 gangliosidoses begins much earlier than the onset of 

symptoms, and the buildup of mass neurodegeneration is what triggers the onset of the symptoms. 

Therefore, since the effects of the treatment should be discernable biochemically before the 

symptoms appear we euthanized the first cohort at 8 weeks, and left the long-term cohort for 

studying terminal survival and behavioural testing. It was previously unknown how and if the 

systemic injection of the HexM treatment was going to work and how it would affect the mice. 

Consequently the injection of a low dose of AAV9.47/HexM was used to observe the in vivo 

effects of HexM. Based on the ‘critical enzyme threshold’ hypothesis (Conzelmann & Sandhoff, 

1991), increasing the level of enzyme in the KO organism above a certain threshold, estimated to 
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be around 5-10% for SD and TSD (Leinekugel et al., 1992),  could reverse or correct the disease 

enough for the animal to live a normal life The dose of the hybrid HexM which we administered 

to the mice conveyed a marked delay in the presentation of symptoms by an average of 41.77 

weeks, increasing the lifespan of the mice by 140% - 227% (see Figure 6). This drastic increase 

in survival of the treated SD KO mice is remarkable considering the single administration of a 

relatively low dose of the AAV9.47 compared to previously published dosages, where they also 

report survival of their treated animals beyond one year of the neonatal injection (Cachón-

González et al., 2006; Walia et al., 2015). However, a direct comparison of the viral dose used in 

our study to many of the dosages previously published is difficult due to the differences in vector 

types (Arfi et al., 2005; Bourgoin et al., 2003; Guidotti et al., 1999; Kyrkanides et al., 2005; 

Martino et al., 2005) and routes of administration (Cachón-González et al., 2006, 2012, 2014). A 

previous study from our group utilizing intravenous neonatal injections with ssAAV9 expressing 

the murine hexb gene used a dose approximately 5x higher than ours, and observed an increase in 

survival of their SD mice to 43 weeks of age only (Walia et al., 2015). 

Previously published studies have shown the benefits of gene therapy treatment for GM2 

gangliosidoses using the HexA and HexB genes in combination or individually. Regardless of use 

in combination or separately, all of the studies demonstrated a decrease in the amount of GM2 

gangliosides stored and/or an increase in the amount of hexosaminidase activity assayed (Arfi et 

al., 2005; Bourgoin et al., 2003; Bradbury et al., 2013; Cachón-González et al., 2006, 2012, 2014; 

Guidotti et al., 1999; Kyrkanides et al., 2005; Martino et al., 2005; Sargeant et al., 2011; Walia et 

al., 2015). Guidotti et al. was one of the first to show the requirement of both HexA and HexB in 

order for there to be sufficient long term correction without creating a deficit of the endogenous 

subunit, which becomes rate limiting (Guidotti et al., 1999). This finding prompted many 
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researchers to begin using both subunits in their gene therapy studies; however, the use of 

multiple viruses or harmful viral vectors in order to accommodate the size of both transgenes 

became problematic. The use of too much vector, or a harmful vector could lead to oncogenesis 

in a variety of organs in the body (Hacein-Bey-Abina et al., 2003, 2008; Russell, 2007; Thomas et 

al., 2003; Walia et al., 2015). As previously mentioned, the Hex µ subunit homodimerizes to form 

a fully functioning enzyme, HexM, that is able to replace or substitute for HexA and 

advantageously, is derived from a single hybrid gene, thus negating the need for secondary 

viruses with the alternate subunit encoded within, or the use of possibly harmful (oncogenic or 

immunogenic) viral vectors to accommodate the load of two transgenes (Tropak et al. submitted 

2015). 

Further research into the mechanisms behind the correction of GM2 gangliosidoses 

through gene therapy showed that there is receptor mediated enzyme transfer that occurs in the 

brain, allowing the areas surrounding a transduced neuron to become cross corrected (Kyrkanides 

et al., 2005). It was also shown that axonal and perivascular trafficking of the enzyme through the 

neuron, as well as its distribution through the circulating CSF aided in the prolonged rescue of the 

SD mouse model (Cachón-González et al., 2012). Since the viral dosage given to the mice was 

low, the elongation in lifespan of the treated animals could likewise be a result of cross correction 

and redistribution of the HexM enzyme throughout the brain by enzyme trafficking or diffusion 

through the CSF. The increase in longevity in the HexM-treated mice was directly related to the 

group’s phenotypic improvement.  

Behaviourally, previous literature indicated that SD KO mice traveled smaller distances 

in the OFT (Walia et al., 2015), and had a shorter latency to fall on the RR (Kyrkanides et al., 

2005; Sango et al., 1995) as compared to heterozygous or wild type SD mice. Our data collected 
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at 12 weeks supports these studies. In the series of behavioural tests, at 12 weeks of age, the 

HexM-treated animals significantly outperformed their knockout age matched controls, and 

performed at the same level as the heterozygous mice (See Figure 7, 8). Over the time course of 

the behavioural testing, generally the AAV9.47/HexM-treated KO mice did not perform 

significantly differently from the heterozygous controls. The main effects seen in our behavioural 

testing was an effect of time, where, as the mice age, they progressively get worse at the 

behavioural tasks The performance of the HexM-treated mice on these tests was outstanding, 

indicating that the AAV9.47/HexM treatment corrected the phenotype of the SD mice bringing it 

closer to that of a heterozygous mouse for approximately 40 weeks.  

In their phenotypic and biochemical assessment of the SD mice, Sango et al. showed that 

the SD mouse model retains only 2 % of the normal hexosaminidase activity (Sango et al., 1995). 

The hexosaminidase analysis of the midbrain at both 8 week and the terminal organ harvest 

showed very slight, non-significant increase in the amount of hexosaminidase activity in the 

HexM-injected group as compared to PBS-, GFP- treated, or untreated KO animals. This slight 

increase in activity in the brain is however responsible for the marked increase in lifespan and 

quality of life of the treated mice through the decrease in GM2 ganglioside accumulation. It was, 

however, not a complete cure for the KO AAV9.47/HexM-treated mice. Previous studies showed 

that there were massive secretions of hexosaminidase enzyme in the serum of treated animals 

(Guidotti et al., 1999). However, we did not see significant increases in hexosaminidase activity 

in the serum of the AAV9.47/HexM treated mice.  

As previously stated, there was a striking decrease in the storage of GM2 gangliosides 

between KO controls and the HexM-treated groups. Histologically, at 8 weeks we can clearly see 

that there is a reduction in the amount of GM2 ganglioside accumulation in the HexM treated 
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animals as compared to the GFP or PBS groups. At 8 weeks, there was approximately a 66% 

decrease in the amount of GM2 gangliosides stored in the midbrain sections of the HexM-treated 

group as compared to the PBS KO group, as assessed through the GM2 ganglioside storage assay 

(Tropak et al. submitted 2015). A similar decrease in the storage of GM2 gangliosides was also 

seen at the terminal examination of the midbrain sections of the long-term cohort. The slight 

increase in the amount of HexM activity enabled the treated mice to clear the majority of the GM2 

gangliosides, delaying the onset of the disease until roughly 40 weeks of age. Upon performing 

the GM2 ganglioside storage analysis, it was seen that the long-term terminal mice had similar 

storage amounts as the 12-week KO animals (normal humane endpoint being at 15-16 weeks of 

age), indicating that there may be other factors contributing to the symptoms in long-term, such 

as neuro-inflammation due to the chronic accumulation of GM2 gangliosides. 

The delay in onset of the symptoms until 40 weeks of age is impressive as the dose of 

HexM administered was 3-5 times lower than previously published gene therapy trials for SD 

mice (Cachón-González et al., 2006; Walia et al., 2015). The effectiveness of the 

AAV9.47/HexM vector was analyzed by the vector distribution analysis and showed that 

AAV9.47 was not only efficient at crossing the BBB and transfecting the brain and spinal cord, 

but also showed efficient detargeting of the liver. The clearance of the GM2 gangliosides and the 

copy number analysis showed that this treatment not only was able to cross the BBB, but was also 

able to successfully transduce the neurons for long-term correctional change (Figure 9). The 

reduction in transduced neurons in the terminal HexM-treated group could be due to 

neurodegeneration of some treated neurons, due to secondary characteristics of this disease, such 

as neuroinflammation.  
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Previous studies using AAV vectors in a systemic neonatal treatments have noted the 

formation of liver and lung tumours in their AAV-treated animals (Bell et al., 2006; Donsante et 

al., 2001; Russell, 2007; Walia et al., 2015). In this study, we did not encounter any tumours in 

any of the organs harvested from any of the study mice. The mechanism underlying the 

tumorgenicity of AAVs is still unclear; however, the relatively low dose of the AAV9.47/HexM 

treatment, combined with the liver-de-targeting abilities of AAV9.47 may have been the reason 

for no tumour growth. 

The ‘critical enzyme threshold’ hypothesis (Conzelmann & Sandhoff, 1991) suggests 

that elevating the level of enzyme in the KO organism to or above a certain threshold, to 

approximately 5-10% (Leinekugel et al., 1992),  the disease could be partially corrected enough 

for the animal to live a normal life. The increase in activity seen in our mice was insufficient to 

completely cure the animals, but as there were such drastic improvements in lifespan and 

phenotype of the HexM-treated group, we think that we were nearing the critical threshold and 

possibly the hybrid (HexM) is more efficient than natural hexA in the catabolism of GM2 

gangliosides.  

The current study shows that intravenous/systemic AAV gene therapy with HexM is a 

viable non-invasive option for the therapeutic treatment of GM2 gangliosidoses. This therapeutic 

approach has resulted in drastic improvements in the SD mice, which should extrapolate to the 

clearance of GM2 ganglioside aggregated in the TSD mice, as well as higher GM2 gangliosidoses 

animal models. Our work demonstrates that this therapeutic approach lays the foundation for a 

translatable global treatment for both TSD and SD, using a single delivery of one hybrid gene in a 

scAAV vector. Future studies will be required looking at the effect of increasing the dose of the 

HexM vector in the SD mice, as well as investigating whether HexM gene therapy treatment is 
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still a viable therapeutic option in adult age delivery. Our work also extends to continued effort 

into the gene therapy treatments for other similar neurodegenerative disorders.   

5.2 Principle Findings  

The purpose of our study was to characterize the effects of gene therapy treatment with 

the HexM hybrid in an in vivo murine model of GM2 gangliosidoses. The phenotypic 

characterization was accomplished through the use of a battery of behavioural tests over the 

lifespan of the mice. The biochemical characterization of the neural tissues was completed post-

mortem through enzymatic, chromatographic, and histological assays. We found that with a 

single systemic administration of the AAV9.47/HexM vector, there was a significant 

improvement in lifespan and phenotype, which was a direct result of the clearance of GM2 

ganglioside aggregates from the central nervous system.  

5.3 Significance of Findings  

Our study is the first to show that the HexM hybrid works to clear/prevent aggregate 

formation of GM2 gangliosides in vivo in the SD mouse model, enabling the extension in lifespan 

and amelioration of the symptoms associated with GM2 gangliosidoses. The significance of these 

findings extends into the current gene therapy efforts towards the treatment of SD and TSD, 

because the HexM hybrid is a potential therapeutic for both of these diseases. Having HexM as a 

potential therapy for not just one, but two diseases is extremely beneficial, since the two main 

types of GM2 gangliosidoses would possibly be treatable with one therapeutic option.  

The central nervous system is a challenging area of the body to observe or treat. Our 

work into noninvasive forms of gene therapy treatments, through the use of intravenous systemic 

injections is encouraging. The success of our research shows the potential benefits of non-
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invasive administration of gene therapy. We have yet to come across any tumours or tumour-like 

abscesses in any of our organ harvesting to date, unlike lung or liver tumours that are frequently 

observed in other long term gene therapy studies (Bell et al., 2006; Donsante et al., 2001; Russell, 

2007; Walia et al., 2015).  In addition, the systemic injection of the gene therapy will help with 

the storage of GM2 gangliosides in the visceral organs affected in SD (Sandhoff & Harzer, 2013).  

Our work also impacts the field of gene therapy for monogenic neurodegenerative 

disorders. As previously mentioned, treating the central nervous system comes with its own 

varied challenges. The injection techniques and viral vectors used herein could potentially be 

used to treat other neurodegenerative disorders, like Neimann-Picks Disease.  

5.4 Limitations  

In every scientific assessment, of any kind, there are always limitations to the research 

execution that may not have been anticipated. In our work, the small sample size of the study is 

one of its main limitations. Increasing the size of the group from six to eight or ten would provide 

more statistical certainty in the biochemical results, but especially in the behavioural testing. In 

behavioural analysis of any animal, there is a vast range of behaviours, spanning from both 

extremes. Conducting behavioural studies with treatment groups under 8 mice will still grant 

statistical significance, but may still skew the data in one direction due to an outlier. An increased 

sample size would aid in negating this effect.  

The difference in the biochemistry between the murine models of GM2 gangliosidoses and 

human GM2 gangliosidoses is also another limitation. Although the SD mouse model is the closest 

murine model to approximate the biochemistry of the human disease, there are still many factors 

to consider, such as the biochemical microenvironment and affinities of the therapeutic viruses 

delivered to the mice. In humans, there is only one main type of sialic acid, the NeuAC (de Leòn, 
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Fernández, Mesa, Clavel, & Fernández, 2006), whereas in mice, there are two, NeuAC and 

NeuGC (Bardor, Nguyen, Diaz, & Varki, 2005). Sialic acids are an integral component in the 

composition of gangliosides, and the composition of the terminal ends of gangliosides is 

responsible for many cellular functions. Some of the actions gangliosides partake in include 

functioning as a receptor for viral or bacterial infection ( Chen, Fu, Kim, Barbieri, & Baldwin, 

2009; Schmidt & Chiorini, 2006; Schnaar, Gerardy-Schahn, & Hildebrandt, 2014; Sugawara et 

al., 2015; von Elstermann, 2008). It has been shown that specific serotypes of AAVs can 

selectively bind to sialic acid residues or glycans containing sialic acids in different affinities 

(Auricchio, O’Connor, Hildinger, & Wilson, 2001; Dimitrov, 2004; Mietzsch, Broecker, 

Reinhardt, Seeberger, & Heilbronn, 2014; Schmidt & Chiorini, 2006). If the therapy has an 

increased beneficial effect in the murine brain because of the presence of NeuGC, then further 

attempts using viral vectors with affinities to both sialic acids will need to be cautious before 

advancing to human trials. Future studies should investigate the differences in AAV serotype 

affinity to sialic acid residues. 

Lastly, one of the main limitations to any gene therapy research is attempting to mitigate 

the harmful side effects of the vectors used. Many advancements have been made in the efficacy 

and long term safety of vectors since the human clinical trials from the early 2000s reported 

leukemia-like symptoms (Hacein-Bey-Abina et al., 2003, 2008) and lethal immunological 

responses (Somia & Verma, 2000) in their patients treated with a retroviral vector and adenoviral 

vector, respectively. Some advances in the field of gene therapy to avoid potential immunogenic 

or oncogenic side effects involve investigations into utilizing selectable ‘suicide’ genes, non-viral 

vectors, and using chimeric hybrid AAV serotypes. The use of suicide genes in gene therapy 

vectors allows for an effective corrective method if secondary ailments, such as oncogenesis, 
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begin to occur. The suicide genes are inducible through different selectable pressures, and some 

are currently under investigation in clinical trials (Di Stasi et al., 2011; Huang et al., 2009; 

Morgan, 2012). Next, the use of non-viral vectors, such as liposomes, polymers, or nanoparticles, 

are also being considered as potential non-immunogenic and non-oncogenic vector possibilities 

(Jafari, Soltani, Naahidi, Karunaratne, & Chen, 2012). One main issue with these non-viral 

vectors are their inefficient gene transfer (Al-Dosari & Gao, 2009; Brower, 2008), but ongoing 

research into targeting these vectors is underway (Jeong-Hun Kang, 2010). Lastly, with the 

technological advances in genomics, the development of chimeric serotype capsids for AAVs is a 

potential solution for both the evasion of immunogenic and oncogenic responses (Asuri et al., 

2012; Pulicherla et al., 2011, 2011; Z. Wu, Asokan, & Samulski, 2006). Chimeric AAVs can be 

designed and/or selected for their specific tropism to organs of interest - thus reducing the 

vector’s spread to off-target tissues - as well as their low immunogenicity (Asuri et al., 2012; Li 

et al., 2008; Pulicherla et al., 2011; Z. Wu, Asokan, & Samulski, 2006).  

 In our study, we did not encounter any tumourgenicity in any of the visceral organs 

collected. Whether this lack of tumourgenicity is a result of the use of adeno-associated virus as 

the HexM vector, the AAV9.47 capsid detargeting the liver, or the low dose of the virus still 

remains to be seen. Even with the successful advances in gene therapy, the stigma of dangerous 

research and trials will still need to be overcome in the future.  

5.5 Future Directions  

In any research into a new therapeutic, it is essential to investigate the different effects a 

therapeutic has at a variety of dosages in test subjects. Our future research will look to 

characterize the effects of higher doses of the HexM hybrid treatment in the SD mouse model. In 

essence, this current study is the beginning of a simple dose response curve for the treatment of 
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the SD mice with HexM, as measured by survivability, phenotypic and biochemical 

improvement.  

Our lab has previously synthesized a construct for the treatment of GM2 gangliosidoses 

for use in a ssAAV vector. This construct is unique in that it contains both the HexA and HexB 

cDNA genes. In an effort to avoid extending over the size limit of the ssAAV, a small promoter 

was used, as well as a very tiny linker element, the P2A sequence, to link both the HexB and 

HexA cDNA. We hope to compare the HexM construct to our HexBP2AHexA construct for their 

ability to treat GM2 gangliosidoses in the SD mouse model.  

Another line of inquiry will be to investigate the beneficial effect systemic mannitol 

administration will have on the efficacy and spread of the administered therapeutic. Previous 

studies have shown that systemic intravenous administration of mannitol at key points before or 

after injection may aid in the spread of the gene therapy viral vector. This is accomplished by the 

disruption of the BBB by raising the osmolarity of the blood, enabling movement across the BBB 

and decreasing the intracranial pressure. When intracranial injections of viral vectors were paired 

with intravenous administrations of mannitol, there was an increase in the area the viral vector 

spread to throughout the brain (McCarty, 2008). Another study infused mannitol and the gene 

therapy vector into the rodent brain together and saw an increased distribution of the treatment 

when compared to treatments without mannitol (Mastakov, Baer, Xu, Fitzsimons, & During, 

2001). In an effort to avoid intracranial injections that could harm or destroy surrounding tissues, 

we may investigate the administration of our gene therapy vectors through intracisternal or 

intrathecal administration. We could then combine this investigation with the use of mannitol as 

an enhancer of vector diffusion in the CNS.  
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5.6 Conclusions  

The primary goal of this study was to characterize the effects of the HexM hybrid in the in 

vivo treatment of SD mice. Our study showed that the low dose of AAV9.47/HexM therapeutic 

conveyed a substantial increase in lifespan and phenotypic amelioration to the treated SD KO 

mice. This amelioration of survival and behaviour is due to the clearance of the GM2 ganglioside 

by the HexM enzyme in the HexM-treated group. These outcomes demonstrate the ability of 

HexM to function in vivo to treat GM2 gangliosidoses, providing a potential, single therapeutic for 

both TSD and SD.  
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