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Abstract 

GM2 gangliosidoses is a family of severe, neurodegenerative disorders resulting from a deficiency 

in the β-hexosaminidase A (Hex A) enzyme. This disorder is typically caused by a mutation to either the 

HEXA gene, causing Tay Sachs disease, or a mutation to the HEXB gene, causing Sandhoff disease. The 

HEXA and HEXB genes are required to produce the α and β subunits of the Hex A enzyme respectively. 

Using a Sandhoff disease (SD) mouse model (Hexb-/-) we tested the potential of a low dose of 

systemically delivered single stranded adeno-associated virus 9 (ssAAV9) expressing human HEXB and 

human HEXA cDNA under the control of a single promoter through the use of a bicistronic vector design 

with a P2A linker to correct the neurological phenotype. Neonatal mice were injected with either this 

ssAAV9-HexB-P2A-HexA vector (HexB-HexA) or a vehicle solution via the superficial temporal vein. 

HexB-HexA treatment alone conferred an increase in survival of 56% compared to vehicle-injected 

controls and biochemical analysis of the brain tissue and serum revealed an increase in HexA activity and 

a decrease in brain GM2 ganglioside buildup. Additionally, treatments with the non-steroidal anti-

inflammatory drug indomethacin (Indo), the histone deactylase inhibitor ITF2357 (ITF) and the 

pharmacological chaperone pyrimethamine (Pyr) were tested. The anti-inflammatory treatments of Indo 

and ITF conferred an increase in survival of 12% and 8% respectively while causing no alteration in the 

HexA activity or GM2 ganglioside buildup. Pyr had no observable effect on disease progression. Lastly 

HexB-HexA treatment was tested in conjunction with Indo, ITF and Pyr individually. Additive increases 

in survival and behavioural testing results were observed with Indo and ITF treatments while no 

additional benefit to HexA activity or GM2 ganglioside levels in the brain tissue was observed. This 

indicates the two treatments slowed the progression of the disease through a different mechanism than the 

reduction of the GM2 ganglioside substrate. Pyr treatment was shown to have no effect when combined 

with HexB-HexA treatment. This study demonstrates the potential amelioration of SD with a novel 

AAV9 gene therapy approach as well as helped to identify the additive potential of anti-inflammatory 

treatments in gene therapy of GM2 gangliosidoses. 
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Chapter 1 

Introduction 

1.1 GM2 Gangliosidoses 
GM2 gangliosidoses is a family of fatal, autosomal recessive, lysosomal storage disorders (LSDs), 

caused by the accumulation of the GM2 ganglioside in the lysosomes of cells, primarily within the central 

nervous system (CNS). The most common cause of this buildup is a deficiency in the β-hexosaminidase 

A enzyme (Hex A) that is responsible for the hydrolysis of the GM2 ganglioside, a product of GM1 

ganglioside metabolism, into the GM3 ganglioside. The Hex A enzyme is a heterodimer composed of 2 

subunits; β-hexosaminidase α (encoded in humans by the HEXA gene) and β-hexosaminidase β (encoded 

in humans by the HEXB gene). Deficiencies in the production of either subunit may cause a reduction or 

complete absence of Hex A activity and subsequently a build-up of the GM2 ganglioside. GM2 

gangliosidoses caused by a mutation to the HEXA gene is termed Tay Sachs disease (TSD), while a 

disease causing mutation to the HEXB gene is termed Sandhoff disease (SD). The resulting substrate build 

up is focused in the CNS where GM2 gangliosides are typically present in their highest concentrations 

within the plasma membranes of neurons. This leads to swelling in the neurons and the formation of so-

called membranous cytoplasmic bodies (MCBs) as the lysosomes fill with the substrate and cell function 

is interrupted. This leads to inflammation, cell death and neurodegeneration through a poorly understood 

cascade of events (Gravel R. et al., 2001; Sandhoff and Harzer, 2013). The other hexosaminidase 

isoenzymes, Hexosaminidase B (Hex B) a β subunit homodimer, and Hexosaminidase S (HexS) an α 

subunit homodimer, cannot hydrolyze the GM2 ganglioside and are largely phenotypically irrelevant in the 

typical disease course. There is currently no effective treatment for GM2 gangliosidoses, as is further 

discussed in chapter 2.  



 

 
 

2 

1.2 Historical Perspective 
Warren Tay, for whom Tay-Sachs disease is partially named, was the first to draw attention to some 

of the characteristics of GM2 gangliosidoses, called infantile amaurotic idiocy at that time, when in 1881 

he documented the observation of a cherry-red spot in the retina of a 1 year old child with mental and 

physical retardation (Tay, W, 1881).  Bernard Sachs, the other namesake of the disease, was the first to 

publish histopathological changes observed in the disease, noting the distended cytoplasm of the neurons 

that is the result of a then unidentified storage material building up within the cells (Sachs, 1887, 1892, 

1896). Ernst Klenk identified that storage material as a group of acidic glycosphingolipids and 

subsequently named these gangliosides due to their high concentrations in ganglia cells (Klenk, 1935, 

1939). This ganglioside was further classified as the GM2 gangliosides in 1962 (Svennerholm, 1962). 

Although many believed that the hexosaminidase somehow played a role in Tay-Sachs disease, patients 

were always found to have adequate, if not elevated, levels of hexosaminidase activity. This apparent 

paradox was resolved, when in 1968, it was shown that hexosaminidase could be separated into two 

forms; an acidic, heat-lable form (Hex A) and a basic, heat stable form (Hex B) (Okada and O’Brien, 

1969). Subsequent experiments revealed that Tay-Sachs patients lacked Hex A enzyme activity but 

maintained functional Hex B levels. Further characterization of some patients that presented with GM2 

gangliosidoses revealed a lack of both Hex A and Hex B activity. This variant of the disease became 

known as Sandhoff disease (Sandhoff et al., 1968, 1971). Hex A was shown to contain two non-identical 

subunits; an acidic “α” subunit and a basic “β” subunit while Hex B contained two identical β subunits 

(Srivastava and Beutler, 1973). The expression of these subunits was further shown to require different 

chromosomes; chromosome 5 for the β subunit and chromosome 15 for the α subunit. The two-

polypeptide model was confirmed when two distinct but similar genes were eventually discovered and 

named HEXA and HEXB on these previously identified chromosomes (Lalley et al., 1974; Boedecker et 

al., 1975; Chern et al., 1976; Proia, 1988). 
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1.3 Clinical Phenotypes 
GM2 gangliosidoses is characterized genetically into these two diseases depending on the location of 

the mutation that causes the inactivity of the Hex A enzyme. Tay-Sachs disease, which results from a 

mutation in the HEXA gene and thus is characterized by a lack of Hex A and Hex S activity, has a carrier 

frequency of 1/300 in the general population. This frequency, however, is as high as 1/25 in populations 

of Ashkenazi Jewish descent resulting in an incidence of approximately 1 in 4000 live births 

(Myrianthopoulos and Aronson, 1966; Greenberg and Kaback, 1982; Petersen et al., 1983; Kaback et al., 

1993). Sandhoff disease, which results from a mutation in the HEXB gene and is characterized by its lack 

of Hex A and Hex B activity, has a carrier rate of about 1/278 with an incidence of 1 in 384,000 live 

births in the general population (Lowden et al., 1978; Sandhoff and Christomanou, 1979; Kaback et al., 

1993). These rates are increased in some populations including Lebanese (Andermann et al., 1977; Der 

Kaloustian et al., 1981), Mexican and Central American (Cantor et al., 1987), and French Canadian 

(Andermann et al., 1977). Enzymatic diagnosis can readily distinguish Tay-Sachs and Sandhoff disease. 

The level of remaining enzyme activity and the age of onset of symptoms is used to further 

characterize GM2 gangliosidoses. In its most common and severe form, the disease is characterized by a 

complete lack of Hex A activity and is termed infantile-onset. In this case, the children appear normal at 

birth followed by a rapid neurodegeneration culminating in death before the age of 4. Their clinical 

manifestations are almost exclusively neurological with primary involvement of the grey matter. The 

earliest signs are only appreciated in hindsight, mainly mild motor weakness beginning at 3-5 months of 

age (Gravel R. et al., 2001). The children also show subtle slowdown of growth and a dullness of 

response to outside stimuli. Eventually in months 6-10, the afflicted individuals start to regress and lose 

acquired mental and motor skills. Poor head control and inability to achieve or maintain crawling and 

sitting gross motor skills are the typical reason children are presented to a doctor. Visual difficulty, 

attentiveness and unusual eye movement along with the typical cherry red spot on the retina (macular 
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pallor) often present in this time as well. Degeneration in the first year is further characterized by seizures 

and an overall loss of responsiveness to stimuli. In the second year of life decerebrate posturing, 

difficulties swallowing, increasing seizures and progression to complete unresponsiveness are typical. 

Death is usually brought on by bronchopneumonia (Gravel R. et al., 2001; Nyhan et al., 2012a, 2012b).  

Time of onset of less severe forms of GM2 gangliosidoses, which are characterized by partial Hex A 

activity, can range from infantile period to adulthood and vary widely from case to case. The severity of 

symptoms is typically directly related to residual Hex A activity, with lower activity resulting in earlier 

and more severe onset of symptoms (Akli et al., 1990). These later onset variants may be compatible with 

survival into childhood, teens or adulthood. Symptoms remain related to different areas of the CNS and 

include progressive dystonia, spinocerebellar degeneration, motor neuron disease and psychosis (Gravel 

R. et al., 2001; Nyhan et al., 2012a, 2012b).  

1.3.1 Critical Threshold Hypothesis 
The age of onset of the disease and severity of the symptoms is believed to be directly linked to the 

amount of residual activity of the Hex A enzyme in a given individual. 10-15% of normal or wild type 

(WT) Hex A activity has been shown to be sufficient to sustain normal metabolism of the GM2 

ganglioside. Small variations below this can greatly influence the clinical course of the disease 

(Conzelmann and Sandhoff, 1983; Leinekugel et al., 1992). In this so-called critical threshold model, 

there is no feedback inhibition in either Hex A or GM2 gangliosides production. Instead, the Hex A 

activity of a normal individual typically exists at a level far in excess of what is required. This level is 

about 10-fold higher than the critical threshold, or the point at which substrate influx is equal to the 

maximum enzyme activity so that there is no net breakdown or buildup of the substrate. The result is that 

the substrate is maintained at an exceedingly low level in the lysosome. This is hypothesized to occur in 

order to avoid congestion in the lysosome of all the various substrates that are trafficked there. Moderate 

reductions in activity of one of these lysosomal enzymes will not significantly alter substrate degradation 
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rate. Instead, the ensuing increase in concentration of the substrate will lead to a higher saturation of the 

enzyme that is in excess and that normal degradation rate is restored, with the substrate now existing at a 

slightly higher concentration in the lysosome. As an illustration of this, individuals that are heterozygous 

for HEXA and HEXB mutations may have Hex A activity levels from 30-70% of WT levels, but present 

as phenotypically normal. However, once enzyme activity falls below the critical threshold and the influx 

of the substrate surpasses the enzyme hydrolysis rate at even a fully saturated level, the result is a 

continuous accumulation of the substrate. In this range, small variations in enzyme activity will result in 

significant changes in substrate buildup and as a result, severity and progression of the disease 

(Leinekugel et al., 1992).  

1.3.2 Pathology 
Tay Sachs disease pathology is confined to the nervous system. GM2 ganglioside storage begins in the 

CNS during the prenatal stage in humans (O’Brien et al., 1971; Conzelmann et al., 1985). Although this 

storage material itself is harmless, the mass of storage granules appears to become so large that they reach 

a point where the cell’s function is compromised. The brain is atrophic in the earliest stages of life but 

becomes markedly increased in size and weight in children who live past 24 months of age (O’Brien et 

al., 1971). Cells of the CNS, as well as the peripheral nervous system (PNS) to a degree, appear swollen. 

The GM2 ganglioside storage material continues to accumulate in the cells as the child ages, enlarging the 

MCBs that develop as secondary storage lysosomes, while everything else in the cell is pushed to the 

periphery of the neuron. However, there is no clear cause-and-effect understanding between the 

accumulation and growth of MCBs and neuronal death. There is evidence of the formation of aberrant 

synaptic contacts (Purpura and Suzuki, 1976) as well as neuroaxonal dystrophy characterized by the 

formation of focal enlargements (spheroids) in the axon with disturbed structural integrity and 

transportation (Walkley, 1995; Walkley et al., 2010), these processes may play a role in the neuronal 

dysfunction. There are also signs of metabolic stress and a massive recruitment of microglia and 
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astrocytes into the CNS (Jeyakumar et al., 2003) and eventual neuronal atrophy and apoptosis (Cox and 

Cachón-González, 2012).  

Sandhoff disease presents very similarly, however the additional lack of Hex B activity has some 

peripheral effects, although these are typically inconsequential due to the rapid disease progression within 

the CNS. This is caused by the slightly different enzymatic activities of Hex A and Hex B and additional 

sphingoglycolipids and undigested glycoproteins build up in the systemic organs. This is observed in the 

liver, spleen, lymph nodes, lung, and renal tubules. Visceromegaly is frequent and some involvement of 

the bones and heart can occur (Gravel R. et al., 2001; Venugopalan and Joshi, 2002). Systemic lysosomal 

storage symptoms also have the potential to compromise macrophage migration due to the buildup of 

undigested lysosomal materials in these cells. This buildup disrupts their endocytic recycling and impairs 

their migration to dying cells resulting in a buildup of undigested cell debris (Berg et al., 2016). 

1.3.3 Inflammation 
One relevant consequence of the GM2 ganglioside buildup in the brain, which is observed in both 

humans and mouse models of GM2 gangliosidoses, is the extensive inflammatory response that was 

identified as early as 1997 (Huang et al., 1997). This inflammation is characterized by extensive 

microglial activation, macrophage recruitment, proinflammatory cytokine production and oxidative 

damage throughout the CNS (Jeyakumar et al., 2003). Examination of the temporal relationship has 

shown that microglial activation precedes acute neurodegeneration in the mouse model of SD along with 

at least one human case of SD. In this study, mRNA expression profiling was conducted comparing SD 

mice and WT controls and identified 89 genes that were up regulated by 2.0-fold or more (Wada et al., 

2000). Most of these genes where characteristic of an inflammatory response and their levels further 

increased as the disease began to present phenotypically and neurodegeneration began. An important 

question is whether inflammation directly contributes to disease progression and thereby could be a target 

for therapy. The prevailing model represents inflammation as a response to initial neuronal insult by GM2 
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ganglioside build-up. Microglia and astrocytes are activated and express inflammatory proteins leading to 

a recruitment of monocytes from the blood and a phagocytic clearance of ganglioside-filled cells. This 

process causes further damage, leading to a phase of rapid neuronal apoptosis and a continuing cycle of 

damage, elevated cytokine production and reactive oxygen species in the CNS (Wada et al., 2000; 

Jeyakumar et al., 2003). This relationship is modeled in Figure 1 below. 

Ganglioside	Storage

Aberrant	

 

Figure 1. Proposed Relationship of Ganglioside Storage, Inflammation and Clinical Disease 
Development. 

Ganglioside-induced changes in the lysosomal system of neurons leads to a stress response and initial 
damage of the neurons. This triggers an inflammatory response through the activation of microglia and 
astrocytes characterized by infiltration of blood monocytes, phagocytic uptake/foam cell formation, 
cytokine release, BBB disruption and the presence of reactive oxygen and nitrogen species resulting in 
further damage. Additionally, the lysosomal expansion results in neuronal dysfunction through 
disturbances to the axonal and synaptic structures. All of these factors interact to cause the clinical disease 
observed in these patients. 

1.4 Hexosaminidase Enzyme 
The Hexosaminidase enzymes are formed through the dimerization of 2 hex subunits to form a dimer. 

For the Hex A enzyme, this is an αβ heterodimer, for Hex B, this is a ββ homodimer and for the 

physiologically inactive Hex S, this is an αα homodimer. In humans, the α subunit is encoded by the 35kb 
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long HEXA gene, which has been mapped to chromosome 15q23 (Takeda et al., 1990). The β subunit is 

encoded by the 45kb HEXB gene, which has been mapped to chromosome 5q13 (Boedecker et al., 1975; 

Fox et al., 1984). Both genes contain 14 exons and show striking homology in the placement of their 

exon-intron junctions, with 12 of 13 introns interrupting the coding region in homologous regions (Proia 

and Soravia, 1987; Proia, 1988). The primary sequence of the two genes is 57% identical and it is 

believed that they arose form a common ancestor (Korneluk et al., 1986). The two subunits possess an 

active site that is characterized by slightly different substrate specificity. The β subunit preferentially 

hydrolyzes neutral, water-soluble substrates while the α subunit primarily acts on negatively-charged 

substrates, such as the sialic acid group of the GM2 ganglioside (Kytzia and Sandhoff, 1985; Hou et al., 

1996).  As a result, it is only the Hex A (αβ) enzyme that is able to efficiently remove the terminal 

monosaccharide from the GM2 ganglioside, with the α subunit carrying out the reaction (Kytzia and 

Sandhoff, 1985; Mahuran, 1999; Hepbildikler et al., 2002).  

The Hex B enzyme plays a systemic role in the breakdown of some neutral glycolipids, especially 

globosides in the visceral organs and some oligosaccharides (Sandhoff and Harzer, 2013). Although these 

also build up with the β subunit deficiency of Sandhoff disease, in the most severe forms of the disease, 

these effects are largely inconsequential compared to the neuronal impacts of the GM2 ganglioside build 

up. The Hex S subunit is unstable and very acidic, containing only α subunits (Sandhoff, 1969; Sandhoff 

et al., 1971; Ikonne et al., 1975; Beutler et al., 1975; Geiger et al., 1977). Although not initially 

discovered, the HexS subunit has been found to explain the residual hexosaminidase activity that was 

observed in some β deficient cells (O’Dowd et al., 1986; Hepbildikler et al., 2002). Both the Hex B and 

the Hex A enzymes are secreted by cells and can be up-taken through the mannose-6-phosphate receptor 

(M6PR) pathway to adjacent cells (Arfi et al., 2005; Cardone, 2007). 
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1.4.1 GM2 Activator Protein 
The water-soluble hexosaminidase enzymes cannot degrade membrane-bound gangliosides on their 

own due to a large amount of steric hindrance by the membrane surface. There is an important co-factor, 

the monomeric GM2 activator protein (GM2-AP), encoded by the GM2A gene, that helps overcome this. 

The GM2-AP forms a 1:1 complex with the ganglioside and acts to lift it from the membrane surface. 

This process presents the now unhindered ganglioside to the enzymes for hydrolysis (Meier et al., 1991; 

Fürst and Sandhoff, 1992; Wu et al., 1996). GM2-AP deficiency, caused by a mutation in the GM2A 

gene, is a very rare form of GM2 gangliosidoses characterized by functional Hex A and Hex B enzymes 

but the same symptoms and pathology as Tay-Sachs disease (Sandhoff and Harzer, 2013).  

1.5 Gangliosides 
Glycosphingolipids consist of a ceramide residue and an oligosaccharide chain. The hydrophobic 

ceramide residues act as membrane anchors and are formed in the endoplasmic reticulum (ER) while the 

hydrophilic oligosaccharide chain extends beyond the cell surface (Kolter and Sandhoff, 1999; Yu et al., 

2011). Glycosphingolipids containing one or more sialic acids on their oligosaccharide moiety are 

referred to as gangliosides. Gangliosides are ubiquitously found throughout body tissues and fluids but 

are most abundant in the CNS (Yu et al., 2009). Gangliosides are typical components of neuronal plasma 

membranes and have been found to function in cell-cell recognition, adhesion, and as mediators of signal 

transduction. Ganglioside expression occurs in cell-type specific patterns that alter with cell 

differentiation and transformation (Hakomori, 1984; Ngamukote et al., 2007; Yu et al., 2011). At least 

188 different gangliosides have been identified in vertebrate tissues, all of which differ in their 

carbohydrate components. 4 of these gangliosides, GM1, GD1a, GD1b and GT1b, make up 90% of the total 

(Gravel R. et al., 2001; Yu et al., 2011). These gangliosides are named depending on the number of sialic 

acid residues attached and the order in which they were discovered. GM1 and GM2 have one, GD1a and GD1b 

have two and GT1b has three sialic acids. GM1 gangliosides, which are broken down into GM2 ganglioside 
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in the lysosome, are specifically concentrated around nerve endings, dendrites, and in caveolae (Hansson 

et al., 1977; Parton, 1994). 

1.5.1 GM1 Degradation 
The endosomes and lysosomes of the cell are a series of acidic compartments, where macromolecules 

are degraded into their components by a number of hydrolytic enzymes (Luzio et al., 2007). The GM1 

ganglioside reaches the lysosome via endocytosis and after passing through the endosome (Kolter and 

Sandhoff, 2010). Degradation of the ganglioside occurs in the lysosome where exohydrolases remove the 

sugars from the hydrophilic end sequentially to the ceramide core. A different enzyme removes each 

sugar so that deficiencies in any one enzyme result in the buildup of its respective substrate, causing a 

series of different lysosomal storage diseases. The GM1 ganglioside is broken down by the GM1-β-

galactosidase to the GM2 ganglioside that is in turn broken down by Hex A to GM3 ganglioside and so on 

(Sandhoff & Harzer, 2013). This process is modeled in Figure 2 below.  

 

 

Figure 1. Pathway of Lysosomal Sphingolipid Degradation 

The pathway that GM1 ganglioside is broken down to 
sphingosine in the lysosome of cells of the CNS. Required 
hydrolase enzymes in each step are listed in green, known 
activator proteins are listed in red and diseases associated with 
dysfunction at this step are listed in black. The step of GM2 
ganglioside breakdown to GM3 is characterized as requiring the 
hexosaminidase enzyme and the GM2-AP as a co-factor. 
Genetically linked dysfunction at this step is Tay-Sachs 
disease, Sandhoff disease or the rare variant AB. Figure 
adapted from (Sandhoff and Harzer, 2013). 
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1.6 Gene Therapy  
The concept of gene therapy along with recognition of many of the difficulties that would face the 

field dates back to at least 1971 (Fox and Littlefield, 1971). At its core, clinical gene therapy is the idea of 

inserting a correct copy of a defective gene into the necessary cells, either by gene replacement/repair or 

gene addition. This has the potential to cure many diseases that have evaded treatment or cure by more 

conventional pharmaceutical or surgical means. There are currently at least 3674 diseases that have been 

characterized based on their genetic defects, most of which involve a single mutation, that could benefit 

from gene therapy (Collins and Thrasher, 2015). These potential gene therapy interventions involve 

applications in cancer, severe inherited disorders and even fighting infections through immune cell 

engineering, antibody expression and removal of pathogen receptors (Husain et al., 2015; Naldini, 2015; 

Kumar et al., 2016). Gene therapy though remains an issue of safe and effective delivery, and viral 

vectors, due to their adaptation for gene delivery into host cells, have provided the delivery mechanism 

for most techniques that have so far shown clinical benefits. These viral therapies are carried out by either 

direct injection into the organism or through modification of cells in culture followed by expansion and 

injection into the organism (Kumar et al., 2016).  

 The first viral vectors assessed for their gene therapy applicability were retroviruses due to their 

ability to reliably integrate into the host cell DNA. Vectors based on the murine leukemia virus were the 

first to carry foreign DNA (Tabin et al., 1982). Although they were limited by their ability to only 

transduce dividing cells, they were used in human trials for X-linked severe combined immunodeficiency 

(SCID-X1) (Roe et al., 1993; Hacein-Bey-Abina et al., 2003). These trials, although successful in many 

measures of the disease progression, resulted in 5 of 20 patients developing leukemia attributed to 

promoter features of the long terminal repeat elements of the virus (Hacein-Bey-Abina et al., 2008; Howe 

et al., 2008). Additionally, there have been lethal events related to immune response to these viral vectors 

themselves (Sibbald, 2001). Newer viral vectors including the HIV-based lentiviral vectors and 
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recombinant versions of the non-pathogenic adeno-associated virus vectors show better preclinical safety 

profiles and more efficient gene delivery to non-dividing cells (Naldini, 2009; Brown, 2015; Büning et 

al., 2015; Wang et al., 2015). In the past decade since the development of these vectors there has been a 

resurgence in the gene therapy field and subsequent success, with about 2000 clinical trials having 

occurred or currently in progress (Herzog et al., 2010; Kumar et al., 2016). 

1.6.1 AAV 
Adeno associated virus (AAV) is a vector candidate for many gene therapies. AAV has been used in 

more than 120 clinical trials and is the most widely used vector for clinical trials for neurological 

disorders (Bourdenx et al., 2014; Büning et al., 2015). AAV is a non-enveloped single stranded 

parvoviridae virus with a genome size of approximately 4.7kb; additionally, the virus is not associated 

with any human disease and consequently humans have a low immune response to it (Herzog et al., 2010; 

Balakrishnan and Jayandharan, 2014). In the recombinant AAV (rAAV) version of the virus used in gene 

therapy, only the inverted terminal repeat elements remain, serving as the packaging signal and origin of 

replication. The rest of the viral genome is replaced with the therapeutic transgene(s) up to a maximum 

size of about 5kb (Wu et al., 2010). These rAAV vectors are able to transduce non-dividing cells and 

confer long-term stable gene expression without integration by forming episomal concatemers (McCarty 

et al., 2004). There are a large number of AAV serotypes expressing various tropisms that enable 

treatments to target many different tissues and cells types. Of particular importance are the 13 AAV 

variants classified as human or non-human primate serotypes, named AAV1 through 13 (Drouin and 

Agbandje-McKenna, 2013). Suitable for both systemic and local injections, AAV vectors have 

demonstrated the greatest clinical success for in vivo gene delivery (Asokan et al., 2012; Kumar et al., 

2016). In 2012, Glybera, an AAV vector for treatment of lipoprotein lipase deficiency, became the first-

gene therapy product approved by the European Medicines Agency (Ylä-Herttuala, 2012).  
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1.6.2 AAV9 
AAV9 is one of the serotypes of AAV that has been identified as important in treating diseases of the 

CNS. AAV9 shows significantly different capsid topography and cell interactions than most other AAV 

serotypes with little cross reactivity to neutralizing antibodies against AAV1-8 (Gao et al., 2004). In mice, 

a rAAV9 vector expressing GFP was shown to cross the blood brain barrier (BBB) and preferentially 

transduce neurons in neonates and astrocytes in adults. The injection through the facial vein at neonatal 

day 1 resulted in extensive transduction of the dorsal root ganglia and motor neurons of the spinal cord 

along with widespread transduction of neurons throughout the brain including the neocortex, 

hippocampus and cerebellum. In the same study, adult mice injected via the tail vein demonstrated 

transduction limited to astrocytes throughout the CNS (Foust et al., 2009). In this way, AAV9 effectively 

eliminates the need for direct injection into the CNS, a difficult task in many neonatal animal models, as 

systemic delivery should reach CNS targets. These findings were supported in rats (Wang et al., 2010), 

cats (Duque et al., 2009) and non-human primates (Bevan et al., 2011; Gray et al., 2011; Dehay et al., 

2012; Mattar et al., 2013). This strategy has successfully been applied to treating spinal muscular atrophy 

in a mouse model, where motor function, neuromuscular physiology and life span were all rescued 

following systemic neonatal injections (Foust et al., 2010).  

1.6.3 P2A Linkers 
Expression of more than one gene is often required in a gene therapy approach and so bicistronic or 

mulitcistronic vectors have been used. One of the most well-known tools for this is the internal ribosomal 

entry sites (IRES). First discovered and characterized in polioviruses, an IRES is defined as an entity 

which is functionally capable of recruiting ribosomes in a 5’ independent manner (Pelletier and 

Sonenberg, 1988; Balvay et al., 2009). These allow the construction of synthetic mRNAs with multiple 

open reading frames separated by the IRES so that multiple gene products can be produced from a single 

mRNA. These elements however are usually large (about 500 nucleotides) and there is often a significant 



 

 
 

14 

difference in expression levels of genes before and after the IRES (Kim et al., 2011). An alternative 

approach involves the use of a self-cleaving 2A peptide. These small elements are translated normally and 

then undergo rapid self-cleavage to produce two separate proteins. The result is equal expression of two 

proteins separated by the 2A peptide from a single mRNA and translation event. 2A peptides were first 

identified in picornavirus (Ryan et al., 1991). The ribosomes skip the synthesis of the glycl-prolyl peptide 

bond at the C-terminus of the 2A peptide, but continue to synthesize the following peptides in a normal 

fashion. This leads to a cleavage between it and its immediate downstream peptide to produce two 

separate peptide chains. This process is universally efficient in all eukaryotic cells (Kim et al., 2011). 

Porcine teschovirus-1 2A (P2A) is one such 2A peptide that has become widely used in biomedical 

research and shows high cleavage efficiency in many in vivo conditions (Kim et al., 2011).  

1.7 Animal Models 
GM2 gangliosidoses has been reported in dogs (Karbe and Schiefer, 1967; Cummings et al., 1985) cats 

(Cork et al., 1977; Muldoon et al., 1994) and pigs (Read and Bridges, 1968; Pierce et al., 1976). 

Excessive neuronal storage is observed in all of these animals and additionally visceral storage is 

observed in the feline model, which is homologous to human SD. By far the most common animal model 

for studying GM2 gangliosidoses however comes from the artificially generated murine models of Tay-

Sachs and Sandhoff disease. These mouse models have been generated through the disruption of either 

the murine Hexa or Hexb gene with a neomycin cassette (Yamanaka et al., 1994; Cohen-Tannoudji et al., 

1995; Sango et al., 1995; Phaneuf et al., 1996). These corresponding mouse genes, although more 

compact then the human HEXA and HEXB genes, share much of the same splice site positioning and 

promoter structure, providing a good genetic analog for the human disease (Yamanaka et al., 1994; Sango 

et al., 1995; Norflus et al., 1996).  

 Double knockout of the Hexa gene (Hexa -/-) in the so-called TSD mice surprisingly resulted in a 

late onset form of the disease. Although total Hex A deficiency was found, these mice showed no clinical 
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phenotype or behaviour abnormalities until at least 1 year of age. Assessment of the GM2 ganglioside 

accumulation showed a restriction in its accumulation and subsequent development of MCBs in limited 

regions of the brain including the cerebral cortex, amygdala, piriform cortex, hippocampus and 

hypothalamus (Yamanaka et al., 1994; Phaneuf et al., 1996). Knockout of the Hexb gene (Hexb -/-) in the 

so-called SD mice however resulted in a severe phenotype similar to that of infantile onset GM2 

gangliosidoses characterized by extensive GM2 ganglioside accumulation at levels 2-4x higher then TSD 

mice and MCB development throughout the CNS. Apoptosis and cell death is also observed to a far 

greater extent compared to age matched TSD mice (Huang et al., 1997). These mice have a complete 

deficiency in both the murine Hex A and Hex B isoenzymes. Appearing healthy at birth, these mice 

undergo a rapid and fatal neurodegeneration with behavioural phenotypes beginning at about 12 weeks of 

age and humane end points typically at 15-17 weeks. This process is characterized by spasticity, muscle 

weakness, rigidity and lack of purposeful movement leading to immobility (Sango et al., 1995; Phaneuf et 

al., 1996).  

 The observed difference in the two disease courses compared to the relatively identical human 

diseases is the result of a distinctive difference in ganglioside degradation pathways in mice and humans. 

In humans, as previously explained, GM2 gangliosides are degraded nearly exclusively by Hex A to yield 

the GM3 ganglioside. In mice however, GM2 gangliosides can be broken down by two separate pathways. 

The first is identical to the human pathway and relies solely on Hex A. This pathway is blocked in both 

TSD and SD murine models. The second pathway is murine specific and is initiated by sialidase acting on 

the GM2 ganglioside to yield GA2 ganglioside. The GA2 ganglioside can then be acted upon by Hex A or, to 

a lesser extent, Hex B to form LacCer. In the TSD mouse model, the Hex B retains its function and so a 

small amount of GM2 ganglioside can slowly be broken down through this second pathway. This 

secondary pathway is shown in Figure 3 below. As a result of these phenotypic differences, the SD mouse 

model is most often used to assess treatments for both TSD and SD infantile onset forms. 
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Figure 2. Differential Human and Mouse GM2 ganglioside Degradation Pathways 

A secondary pathway utilizing either the Hex A or Hex B hydrolase enzymes in the catabolism of the GM2 
ganglioside exists in mice. This allows for mice deficient in Hex A but still producing functional Hex B 
(Tay Sachs variant) to break down some amount of the GM2 ganglioside resulting in a less severe form of 
the disease. Adapted form (Suzuki et al., 1998) 
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Chapter 2 

Literature Review: Treatment of GM2 gangliosidoses 

2.1 Potential Treatment Options 
Treatment for GM2 gangliosidoses is currently restricted to supportive care and management of 

intervening problems such as nutrition, hydration, infectious diseases, seizures and bowel management.  

At it simplest form, the disease is caused by an imbalance of substrate influx into the lysosome and the 

lysosome’s catalytic capacity. To ameliorate this imbalance, a therapy must either decrease the influx rate 

of the substrate (the GM2 ganglioside) or increase the catalytic capacity of the lysosome. There is however, 

no therapy that accomplishes either of these to a significant enough degree to halt or reverse the effects of 

the most common forms of GM2 gangliosidoses, although a number have been identified that may have 

some effect on less severe forms of the disease. The biggest issue compared to other LSDs that have been 

successfully treated is the neurological nature of the disease that requires any therapeutic agent to pass 

through the BBB.  

2.1.1 Enzyme Replacement Therapy 
Enzyme replacement therapy (ERT) is the most common form of treatment for various LSDs. 

Intravenous ERT involving recombinant enzyme drugs produced by mammalian cell lines has been used 

clinically for a number of LSDs including; Gaucher disease (Grabowski et al., 2009), Fabry disease (Eng 

et al., 2001), Pompe disease (Amalfitano et al., 2001) and mucopolysaccharidoses I and II (Wraith et al., 

2008; Clarke et al., 2009). Early attempts for intravenous treatment of LSDs with neurological symptoms, 

however, were shown to be ineffective due to the BBB. No decrease in GM2 ganglioside within the CNS 

was observed following intravenous injection of Hex A, although the treatment itself was well tolerated 

by the patients (Johnson et al., 1973; von Specht et al., 1979). Osmotic disruption of the BBB in rats was 

shown to allow intra-arterially administered Hex A and B to cross the BBB and enter brain cells where 
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the enzyme was active in the lysosome (Neuwelt et al., 1984). More recently, direct injection into the 

CNS has been the route of choice for ERT studies in SD mice. Using modified enzymes to maximize 

therapeutic potential has also been common. A recombinant human Hex A enzyme with high mannose 6-

phosphate-type-N-glycan content to promote uptake via the M6PR route when injected 

intracerebroventricularly (ICV) in SD mice resulted in a dose dependant breakdown of the GM2 

ganglioside and decrease in inflammation (Tsuji et al., 2011). Another series of studies has further altered 

enzyme designs by modification of the HEXB gene to incorporate some HEXA catalytic elements. The 

result is a β subunit that can homodimerize and break down the GM2 ganglioside in order to avoid the 

development of an immune response to the α subunit which is not normally present in TSD patients, an 

occurrence that has been observed in other ERT treatments following repeated doses. Two iterations of 

this so-called modB enzyme have been designed and tested, showing increased bioavailability and 

protease resistance along with wide spread distribution throughout the CNS following ICV injection. 

Repeated doses of 2 mg/kg of body weight at 10 and 12 weeks resulted in prolonged life span from 123.2 

days to 156.5 days and related improvements in behavioural testing results in SD mice (Matsuoka et al., 

2011; Kitakaze et al., 2016). These results are promising, however the large monetary and time 

investment required for the high frequency of administration, the potential of immune response, and the 

requirement of an invasive, direct injection into the CNS remain pivotal issues in the development of 

effective ERT for GM2 gangliosidoses and progression to larger animal studies.  

Another related development to ERT is the utilization of such modified hexosaminidase subunit 

designs in gene therapy approaches to GM2 gangliosidoses. In a study carried out by our group, the 

construction of a new “µ” subunit that homodimerizes to form a functional hexosaminidase enzyme was 

shown to reduce GM2 ganglioside levels in TSD and SD mouse models following AAV9-mediated gene 

therapy (Karumuthil-Melethil et al., 2016; Osmon et al., 2016; Tropak et al., 2016). A similar approach 
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could be used with the aforementioned modB enzyme and other such modified enzymes developed for 

ERT.  

2.1.2 Substrate Reduction Therapy 
The concept of substrate reduction therapy (SRT) is to reduce the rate of GM1 ganglioside influx into 

the lysosome, and thereby decrease the amount of GM2 ganglioside that builds up. This is most commonly 

attempted by lowering the total amount of glycosphingolipid synthesis in the cell through the use of a 

synthesis inhibitor. N-butyldeoxynojirimycin (NB-DNJ), or miglustat, is one such inhibitor that has the 

ability to cross the BBB and is the most studied SRT approach in GM2 gangliosidoses and related 

sphingolipid storage disorders. NB-DNJ acts by inhibiting the synthesis of glucosylceramide synthase, an 

enzyme that is required for glycolipid synthesis (Platt et al., 1994). NB-DNJ is approved for the treatment 

of type 1 Gaucher disease, a LSD characterized by non-neuronal accumulation of glucosylcermide, in 

cases when ERT is not an option, as well as Niemann-Pick disease type C (Pastores et al., 2005; van 

Gelder et al., 2012). When first tested with TSD mice, NB-DNJ administered via oral gavage resulted in a 

50% reduction in GM2 ganglioside accumulation in the CNS and a corresponding reduction in 

neuropathology (Platt et al., 1997). When tested with SD mice, oral administration resulted in a 40% 

increase in life span from 125 days to 170 days, and GM2 ganglioside storage was reduced by 30-40% in 

the CNS (Jeyakumar et al., 1999, 2004). In one study looking to assess the maximal effects of a SRT 

approach, SD mice were crossbred with mice unable to synthesize glycosphingolipids (GalNAcT -/-). The 

double knock out mice (Hexb -/-, GalNAcT -/-) no longer accumulated complex glycosphingolipids and 

their lifespan was significantly increased to the study end point of 300 days. However, some late-onset 

neurological disease occurred due to the accumulation of other oligosaccharides throughout the body and 

in the CNS. SD mice that were heterozygous for the glycosphingolipid synthesis inhibition (Hexb -/-, 

GalNAct +/-) had a small, but significant, increase in lifespan from between 120-150 days to 149-184 

days (Liu et al., 1999). This illustrates the importance of balancing rates of substrate synthesis and 
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metabolism, and that only a nearly complete reduction in glycosphingolipids synthesis may be clinically 

effective for the most severe forms of GM2 gangliosidoses. Additionally, there are a number of side effects 

of NB-DNJ that include weight loss and significant gastrointestinal issues limiting the dosages that can be 

given, a major limitation since exceptionally high dosages are needed to reach the CNS (Andersson et al., 

2004). Together these facts suggested that SRT may only be effective in late-onset forms of the disease 

and this is what has been found in clinical usage. A number of individuals with juvenile onset GM2 

gangliosidoses have been treated with NB-DNJ at the upper limits of the tolerable dosages and although 

no amelioration of the disease has occurred, stabilization of some disease parameters has been shown in at 

least 6 patients (Maegawa et al., 2009; Tallaksen and Berg, 2009; Wortmann et al., 2009). When applied 

to more severe forms of the disease, such as when tested on 2 patients with infantile TSD, no arrest of 

neurological deterioration was observed (Bembi et al., 2006).  

N-butyldeoxygalactonojirimycin (NB-DGJ) is a more selective glycosphingolipid synthesis inhibitor 

that has also been evaluated. Associated with less adverse GI effects then NB-DNJ, higher doses were 

tolerated in the SD mouse model for the disease (Andersson et al., 2004). The result was an increase in 

survival from 124 days to 185 days when treated with 2.4 g/kg/day of NB-DGJ compared to 161 days 

with a dose of 1.2 g/kg/day of NB-DNJ, the highest tolerable. There was a matching decrease in GM2 

ganglioside storage in the brain at matched time points (Andersson et al., 2004; Baek et al., 2008; Arthur 

et al., 2012). Although promising, these results suggest that even at high doses, SRT may only be 

effective for slowing the progression of later onset forms of GM2 gangliosidoses or possibly as an additive 

therapy with another treatment approach in infantile onset manifestations.  

2.1.3 Pharmacological Chaperone 
Pharmacological chaperones (PC) are low molecular weight compounds that stabilize native 

conformations of a mutant enzyme in the ER. Often, there are only small thermodynamic differences 

favoring native folding of an enzyme over some inactive intermediate that may be favored by a mutated 
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version of the enzyme. By further stabilizing the native conformation, mutated enzymes may once again 

fold properly in the presence of a PC (Dill and Shortle, 1991; Bouvier, 2007). This proper folding within 

the ER should reduce degradation of the mutant enzyme through the ER-associated degradation (ERAD) 

pathway and increase its transportation to the lysosome (Tropak and Mahuran, 2007). PC-mediated 

stabilization usually occurs through an interaction with the active site, and thus, many PCs are actually 

competitive inhibitors of the enzymes. Once formed into its proper conformation, the enzyme can be 

transported through the ER where disulphide bonds are formed that further stabilizes this folding pattern 

(Bernales et al., 2006). This stabilized enzyme can then be transported to the lysosome where the large 

amount of built-up substrate and change in pH allows the PC to be replaced by the natural substrate (the 

GM2 ganglioside in this case) and metabolism occurs as it normally would. This process can result in a 

significant increase in enzyme activity for mutations that don’t alter a functional residue on the enzyme 

(Tropak and Mahuran, 2007).  

By screening a large compound library of drugs for competitive inhibitors of Hex A, pyrimethamine 

(Pyr) was identified as a potential PC. After investigation, it was shown that Pyr had varying effects on 

the Hex A activity of different TSD and SD patient-derived fibroblasts. This enhancement was dependent 

on the mutation, but typically Pyr increased residual enzyme activity, by as much as 4x, and decreased 

substrate levels (Tropak et al., 2004; Maegawa et al., 2007; Tropak and Mahuran, 2007; Chiricozzi et al., 

2014). Clinical applications of Pyr for the treatment of late onset TSD and SD have shown some promise. 

In phase I/II clinical trials, Pyr was given in escalating doses up to a max of 100mg/kg/day administered 

orally. The result was up to a 4-fold enhancement of Hex A activity at doses of 25-50mg/kg/day while 

significant side effects appeared at doses of 75mg/kg/day and higher (Clarke et al., 2011). Further studies 

have shown similar results, with increases in Hex A activity, however no discernable benefit in 

neurological or psychiatric effects has been observed over the time period of treatment (Osher et al., 

2011, 2015).  
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 A number of other possible PCs have also been identified, including N-acetylglucosamine 

thiazoline (NGT), that show some promise in increasing Hex A activity in vitro. However, studies on 

these various compounds have not shown anything more promising then Pyr (Tropak et al., 2004; Butters 

et al., 2005; Tropak et al., 2007; Tropak and Mahuran, 2007; Knight et al., 2015; Parenti et al., 2015). 

Another related concept is the idea of an ERAD pathway inhibitor as a therapeutic agent. The ERAD 

pathway prevents native folding of mutated lysosomal enzymes in patient fibroblasts of TSD as well as 

the related LSD Gaucher disease. An inhibitor of the ERAD pathway was shown to prolong ER retention 

of the enzyme and enhance folding and activity of the mutated lysosomal enzymes in these fibroblasts 

(Wang et al., 2011). This approach may still prove to be effective in a clinical setting. In conclusion, 

pharmacological chaperones are another therapy that may have some ability to slow or stop the disease 

progression in late onset forms of GM2 gangliosidoses or as an additive therapy for another therapeutic 

approach. The effects in the clinical application though need to be further elucidated. 

2.1.4 Anti-inflammatory Treatments 
A number of anti-inflammatory drug therapies have been shown to improve motor function and life 

expectancy to a limited degree in GM2 gangliosidoses. A study of non-steroidal anti-inflammatory drugs 

(NSAIDs) revealed their ability to decrease the inflammation response in the CNS resulting in significant 

increases in life expectancy of 12-13% in the SD mouse model following daily treatment (Jeyakumar et 

al., 2004). One of these was indomethacin (Indo), a non-selective inhibitor of cyclooxygenase 1 and 2 that 

inhibits the production of prostaglandins from arachidonic acid. Given at a dose of 0.8mg/kg/day, the 

treatment resulted in an 11.5% increase in survival from a mean of 113 days to 126 days. The treatment 

also showed significant additive benefit when combined with NB-DNJ substrate reduction therapy, where 

survival was extended by a further 11% to 187 days compared to 169 days with NB-DNJ treatment alone 

(Jeyakumar et al., 2004).  
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Another anti-inflammatory therapy approach being assessed in neurodegenerative disorders is the use 

of histone deacetylase inhibitors (HDIs). Histone deacetylases (HDAC) silence genes by maintaining 

nucleosome histones in a state of deactivation so that DNA remains tightly bound and inaccessible to 

transcription. Inhibition of these HDACs by HDIs results in hyperacetylation of these histones resulting in 

an unraveling of the DNA and allowing transcription factors to bind to, and mRNA to be synthesized 

from it. This promotion of gene transcription has the unexpected and seemingly paradoxical effect of 

reducing inflammation. An effect that has been observed in cell culture, animal models and early clinical 

trials of autoimmune and inflammatory diseases including multiple sclerosis and other CNS and 

neurodegenerative disease (Halili et al., 2009; Faraco et al., 2011; Grabiec et al., 2011). Typically, there is 

a decrease in pro-inflammatory cytokine production and disease severity. The pan-HDI ITF2357 (ITF), 

also known as givinostat, has been shown to reduce the expression of pro-inflammatory mediators in cells 

of the CNS both in vitro and in vivo in the mouse model as well as human white blood cells (Leoni et al., 

2005; Faraco et al., 2009). This is hypothesized to provide a neuroprotective effect in neuroinflammatory 

conditions.  

The potential of anti-inflammatory treatments has been somewhat clarified by a series of studies 

examining the effect of gene disruptions in pro-inflammatory genes. The deletion of macrophage 

inflammatory protein 1 alpha (MIP-1α) was examined in a study in 2004. MIP-1α is a leukocyte 

chemokine; its expression is increased during microglial infiltration into the CNS. This deletion led to a 

substantial decrease in infiltration and subsequent decrease in neuronal apoptosis in SD mice. The 

phenotypic results were improved behavioral testing results, an increase in survival and an increase in 

mean body weight. These results were improved in SD mice missing one copy of the MIP-1α gene and 

further improved in double null mice (Hexb -/- MIP-1α -/-) where survival increased by 28% from a mean 

of 121.1 days to 156.1 days (Wu and Proia, 2004). The double null mice still exhibited similar phenotypes 

as the typical SD mice; the onset and progression was just delayed. Another series of studies examined 
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the role of peripheral blood mononuclear cells (PBMCs),	which	include	both	monocytes	of	the	innate	

immune	system	and	lymphocytes	of	the	adaptive	immune	system.	The	blockage	of	PBMC	

infiltration	in	the	neuroinflammatory	diseases	of	multiple	sclerosis	and	experimental	autoimmune	

encephalitis	resulted	in	an	amelioration	of	disease	development	(Fife	et	al.,	2000;	Mahad	et	al.,	

2006).	Ablation	of	the	CC-chemokine	receptor	CCR2,	normally	expressed	by	both	monocytes	and	

lymphocytes,	in	SD	mice	resulted	in	a	significant	inhibition	of	PBMC	infiltration.	The	result	was	a	

delay	in	the	development	of	clinical	symptoms	including	an	increase	in	survival	of	approximately	

29%	and	significant	improvements	in	behavioural	testing	measures.	There	was	a	decrease	in	TNFα 

and	MHC-II	expression,	which	both	contribute	to	an	apoptotic	immune	response,	within	the	brain	of	

the	Hexb-/-	CCR2-/-	mice.	This	indicated	decreased	microglia/macrophage	activity	as	a	cause	of	

improved	phenotypic	results	(Kyrkanides	et	al.,	2008).	Overall	these	results	suggest	a	mechanism	

for	neurodegeneration	that	includes	the	inflammatory	response	as	a	vital	but	not	the	only	factor	in	

disease	progression.	Clinical	treatment	in	this	field	will	likely	be	useful	as	an	additive	therapy	to	

slow	the	progress	of	the	disease,	but	there	is	no	indication	that	anti-inflammatory	treatments	have	

any	curative	potential	(Kyrkanides	et	al.,	2012). 

2.1.5 Stem Cell Therapy 
Intracranial transplantations of murine neural stem cells (mNSCs) have been used in SD mice to a 

limited degree of success. These mNSCs migrate to areas of CNS pathology, differentiate into stable 

neurons, increase Hex A activity, and lower GM2 ganglioside storage. This results in a delay in symptom 

onset, decreased inflammation, and an increase in lifespan of approximately 19% (Lee et al., 2007; 

Jeyakumar et al., 2009). These cells migrated far from the injection site following intracranial injection, 

and the therapy was shown to result in a further increase in lifespan when combined with substrate 

deprivation therapy with NB-DNJ or NB-DGJ (Lee et al., 2007). However further studies have shown no 

evidence of synergistic effect of these two treatments, and SRT appears to be significantly more effective 
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than NSC therapy on its own (Arthur et al., 2012). Although this field remains an area of active research, 

large improvements have to be made in these animal model studies before any curative approach to GM2 

gangliosidoses can be reasonably expected.  

2.2 Gene Therapy 
GM2 gangliosidoses and other LSDs make prime targets for gene therapy treatment for a number of 

reasons. First, LSDs are primarily monogenic disorders that could be cured by improving the expression 

of a single gene. Additionally, lysosomal enzymes are ubiquitously expressed resulting in little concern 

for off-target effects and overexpression of the enzymes does not seem detrimental. Next, lysosomal 

enzymes, including Hex A, are secreted from transduced cells and can be taken up by neighboring cells to 

correct their phenotype via M6PR pathway, making it possible to cure these diseases without the need to 

transduce every cell (Arfi et al., 2005; Cardone, 2007). Lastly, as already discussed, enzyme activity of 

approximately 10% of WT levels may result in complete phenotypic absence of the disease (Conzelmann 

and Sandhoff, 1983; Leinekugel et al., 1992). Because of this, GM2 gangliosidoses has a long history of 

gene therapy studies, primarily in the SD mouse and feline models that show a significant amount of 

promise in ameliorating the disease with a one-time curative treatment.  

 Human HEXA cDNA sub cloned into an adenoviral plasmid was first used to transfect fibroblasts 

derived from a patient suffering from TSD in 1996. The cells developed enzyme activity ranging from 40-

85% of WT and the degradation of the GM2 ganglioside was achieved in these TSD fibroblasts (Akli et al., 

1996). In 1997, grafts of mouse-derived fibroblasts that had been corrected with a retroviral vector 

treatment were shown to decrease lysosomal storage in a mouse model of mucopolysaccharidosis (MPS), 

another LSD (Taylor and Wolfe, 1997). It was also shown early on that total correction of murine Hex A 

deficiency in TSD mice fibroblasts was possible using human HEXA gene transfer in a retroviral vector; 

the result was the formation of a functional, interspecific Hex A enzyme (Guidotti et al., 1998). 

Additionally, it was found that this enzyme was secreted and taken up by other TSD mouse cells allowing 
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enzyme activity restoration in non-transduced cells, a result common in almost all gene therapy studies 

discussed here (Guidotti et al., 1998). Further studies showed that the delivery of both the HEXA gene and 

the HEXB gene were required to achieve maximal overexpression and secretion of the Hex A enzyme. 

Intravenous administration of the adenoviral vector expressing only HEXA into TSD mice resulted in Hex 

A levels reaching close to normal levels in transduced cells, but it was also observed that the endogenous, 

non-defective β subunit was limiting in terms of overexpression and secretion of Hex A. When co-

administration of the adenoviral vectors for both HEXA and HEXB was assessed, there was enzyme 

expression well above WT levels in transduced cells and massive secretion of the enzyme throughout the 

TSD mouse (Akli et al., 1996; Guidotti et al., 1999). This was also seen in SD fibroblasts where 

transfection with only HEXB didn’t completely eliminate GM2 ganglioside accumulation, but instead 

resulted in a large amount of Hex B enzyme activity due to the abundance of the β subunit. Co-

transduction of vectors carrying the human HEXA and HEXB genes resulted in significant Hex A enzyme 

activity and GM2 ganglioside degradation (Itakura et al., 2006).  

The viability of a bicistronic vector design in supplying both the HEXA and HEXB genes was 

demonstrated in 2005. Utilizing an IRES in a lentivrial vector design, it was shown that human fibroblasts 

from an SD patient generated a massive restoration in Hex A and Hex B activity following a single 

transduction event. These enzymes were additionally secreted into culture and taken up by non-

transduced cells, resulting in cross-correction of GM2 ganglioside metabolism (Arfi et al., 2005). This was 

confirmed in SD fibroblasts where HEXA or HEXB transduction alone resulted in enzyme activity similar 

to or lower then WT levels, co-transduction of the two vectors resulted in levels 2x WT levels, while 

transduction with the bicistronic vector resulted in levels 3.5x WT (Arfi et al., 2005). This bicistronic 

vector design however was very large able to fit in a lentiviral vector but not AAV vector. 

A number of in vivo animal studies have been carried out in both the feline and murine disease 

models. It has been shown that transduction of HEXA and HEXB on separate vectors can result in 
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sustained and widespread Hex A enzyme activity throughout the CNS following direct injection into the 

CNS. Inflammation and GM2 ganglioside storage are typically decreased, increases in survival to over a 

year in mice and return to WT behavioural phenotypes are possible (Bourgoin et al., 2003; Martino et al., 

2005; Cachón-González et al., 2006; Sargeant et al., 2011; Bradbury et al., 2013; Cachón-González et al., 

2014; Gray-Edwards et al., 2015; McCurdy et al., 2015; Rockwell et al., 2015).  

2.2.1 Treatment Timing 
One important variable in the various gene therapy studies is the timing of treatment. Increased 

survival has been most profound when therapeutic genes are expressed either before the disease is 

apparent or during its early manifestations. One study assessing direct co-injection of AAV vectors 

carrying the α and β subunits into the striatum and cerebellum at 4, 8, 10 or 12 weeks of age found a 

significant relationship between age of injection and disease progression, particularly survival. Mean 

survival was found to be 131 days in untreated SD mice, 126 days for mice treated at 12 weeks of age, 

292 days for mice treated at 10 weeks, 233 days for mice treated at 8 weeks, and 615 days for mice 

treated at 4 weeks (Cachón-González et al., 2014). Similar results were obtained in a study examining 

systemic injections of an AAV9 vector carrying the murine Hexb gene, where neonatal treatment resulted 

in 100% of the SD mice reaching the study end point of 43 weeks while mice treated at 6 weeks of age 

reached their end point between 17 and 35 weeks. Untreated SD mice reached their end point prior to 17 

weeks of age (Walia et al., 2015). It is important to note that in this second study, the integrity of the BBB 

and ability of AAV9 vector to only transduce neurons during the early stages of life plays an important 

role. However, regardless of route of injection, timing of treatment appears to be an important factor and 

it is believed that the earlier treatment is delivered, the more effective it will be.  

2.2.2 Vector Design 
Some studies have used single vectors encoding either the α or β subunit to treat TSD or SD 

respectively successfully (Bourgoin et al., 2003; Kyrkanides et al., 2005; Walia et al., 2015). Other 
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studies have utilized multiple vectors carrying the HEXA and HEXB genes separately in order to take 

advantage of the increased enzyme secretion that results from overexpression of both the α and β subunit 

(Cachón-González et al., 2014; Gray-Edwards et al., 2015; McCurdy et al., 2015; Rockwell et al., 2015). 

Both of these approaches however have major drawbacks compared to a bicistronic vector design 

carrying both genes in a single vector. Treatment with just the α or β subunit results in lower levels of 

enzyme excretion and subsequent cross-correction as discussed earlier. Multiple vector treatments though 

must be given at much higher doses in order to consistently take advantage of the desired increased 

expression as both vectors must transduce a cell in order to over-express the Hex A enzyme optimally. 

Comparatively, a bicistronic vector design may allow for a lower, single vector dose while providing the 

benefits of the multiple vector treatment design. Dosages are important when considering humoral 

response to the vector, cost of treatment, and the risk of insertional oncogenesis events, all of which 

increase with an increased dose (Rastall and Amalfitano, 2015). No systemically injected bicistronic 

treatment of SD or TSD in an animal model has been tried to date.  

2.2.3 Route of Administration 
There are various routes of administration available for gene therapy treatment for neuropathic LSDs, 

with the biggest consideration in choosing the optimal route being the BBB and immunogenic response 

(Rastall and Amalfitano, 2015). One way to overcome the BBB is through direct injection into the CNS 

using various intracranial injection techniques. In this approach, the BBB is avoided and the virus can be 

injected into the immune privileged CNS where an immune response to the virus is less likely (Rastall 

and Amalfitano, 2015). The majority of current animal studies for GM2 gangliosidoses use this route 

(Sargeant et al., 2011; Bradbury et al., 2013; Cachón-González et al., 2014; Gray-Edwards et al., 2015). 

These treatments have shown effective distribution of the vector throughout the CNS, especially when 

utilizing multiple injection sites, even in the much larger SD cat models. Drawbacks of this approach 

include the lack of treatment to the systemic system, a significant issue in chronic SD, as well as the 
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invasive nature of the treatment. One such study in the feline model identified the build up of 

glycosaminoglycans in the peripheral tissues including the heart, lungs, skeletal muscles and kidney as a 

concern following partial correction of the disease in the CNS and an increased lifespan (Gray-Edwards et 

al., 2015). An alternative to direct injection into the CNS is systemic injections utilizing a viral serotype 

such as AAV9 that is able to cross the BBB. Systemic injections through the superficial temporal vein of 

neonatal SD mice have proven effective in treating the disease in the CNS and without evidence of 

peripheral disease (Walia et al., 2015; Karumuthil-Melethil et al., 2016; Osmon et al., 2016).  

2.3 Current Study Approach and Hypothesis 
The study hypothesis was that the bicistronic AAV9-HexB-P2A-HexA viral vector administered via a 

systemic injection would have an ameliorating effect on the development of GM2 gangliosidoses in SD 

mice. By utilizing a short P2A linker, cDNA of both the human HEXA and HEXB gene were packaged 

into a single AAV9 vector under the same CAG promoter. This approach was utilized to maximize the 

overexpression of Hex A while minimizing the required dosage. Additionally, this treatment could be 

administered via a non-invasive systemic injection due to the AAV9 serotype’s ability to cross the BBB 

and its lower levels of observed immunogenicity compared to other viral vectors. Neonatal injections 

were utilized to provide the greatest opportunity for a curative treatment at the lowest possible dose. 

In addition, this treatment was assessed in combination with a number of previously identified 

treatment options hypothesized to have an additive potential with gene therapy. Indomethacin, ITF2357 

and pyrimethamine were all used to treat SD mice in combination with the HexB-HexA gene therapy 

treatment. With this approach, we hoped to identify treatment options that can be used with a gene 

therapy approach as well as further elucidate the mechanisms of both positive and potentially negative 

interactions between these various therapies.  
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Chapter 3 

Methods 

3.1 Animal Models 
The SD (Hexb-/-) experimental mice were obtained from The Jackson Laboratory. From this, a colony 

was established at Queen’s University through heterozygous (Het) breeding (Hexb+/-). Genotyping of the 

mice was carried out via PCR amplification of DNA from animal ear punches taken at the time of 

weaning (3 weeks of age). Experimental animals were obtained through cross breeding (Hexb-/-). The 

mice were maintained on a 12-hour light cycle from 7am to 7pm. All experimental protocols and 

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

Care Committee.  

3.2 Plasmid and Vector Preparations  
An AAV vector, the ssAAV9-HexB-P2A-HexA plasmid, was designed with sequences that include 

the cDNA of the human HexB gene and the human HexA gene linked by a 2A self-cleaving peptide 

derived from porcine teschovirus (P2A). This construct is under the control of the CAG promoter, a 

ubiquitous synthetic promoter for high levels of gene expression in mammalian cells first described in 

1989 (Jun-ichi et al., 1989; Hitoshi et al., 1991) and flanked by AAV inverted terminal repeats as shown 

in Figure 4 below. BioBasics in Markham Ontario synthesized the 4830 bp construct into a plasmid. The 

ssAAV9 viral vectors were produced as previously described in Dr. Steven Gray’s laboratory at the 

University of North Carolina (Gray et al., 2013) from this plasmid.  
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Figure 3. ssAAV9-HexB-P2A-HexA Construct Design.  

The human HexA and HexB genes were synthesized with a self cleaving linker, P2A, between them and 
with a CAG promoter upstream to drive expression. The entire construct was designed between the 
appropriate AAV ITR elements and a SV40 element was included to promote protein expression in 
mammalian cells.  

3.3 Injections 
Neonatal mice were intravenously injected with the HexB-HexA vector or a vehicle injection through 

the superficial temporal vein on day 0-1 as previously described (Walia et al., 2015). Each treated mouse 

received an injection of 2.04x1010vg/mouse in a volume of 50 µl of phosphate buffered saline (PBS) with 

350 nM NaCl and 5% sorbitol (vehicle). Our untreated control mice received an injection of 50ul of the 

same vehicle without vector. During the injections, the dams were removed from the pups and placed in a 

clean cage. The cage of the pups alone was placed on a heating pad to keep the pups warm. Pups were 

then removed from the cage one at a time and placed on top of an LED light to aid in visualization of the 

superficial temporal vein using a dissecting microscope. The pups received the injection using a 30-gauge 

needle and 1mL syringe. After the injection, pressure was applied to the mouse using sterile cotton Q-tip 

and the pups were returned to the home cage following hemostasis and an observation period. The dam 

was returned to the cage with the pups following the completion of all injections. The pups were then 

monitored closely for several days to ensure survival. 

3.4  Drug Treatments 
Starting at 8 weeks of age, each drug treatment cohort received Indo or ITF on a daily basis at a dose 

of 1 mg/kg/day or Pyr at a dose of 2 mg/kg/day.  Drug treatments were administered in the morning of the 

12-hour light cycle via oral gavage using a 22g curved feeding needle (Kent Scientific, Torrington, CT, 
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USA) and a 1mL syringe. ITF2357 was dissolved in ddH2O by heating to 85°C while stirring for 1 hour. 

Indomethacin and pyrimethamine were each dissolved in 0.5% methylcellulose by heating to 75°C while 

stirring for 1 hour. Each drug solution was aliqouted into daily doses that were stored at 4°C. Fresh 

solutions were prepared every 2 weeks.  

3.5 Behaviour Testing 
Behavioral testing was carried out on a bi-weekly basis from the age of 8 weeks until each respective 

end point. The behavioral testing used three different methods; the mesh test, the open field test and a 

righting reflex assessment. This testing was always administered in the morning of the 12-hour light cycle 

between 9am and 11am.  

3.5.1 Mesh Test 
The mesh test was used to assess muscle strength of the mouse. In this test the mouse was placed in 

the center of the wire mesh screen that was then rotated to an inverted position over the course of 2 

seconds with the mouse’s head declining first. The screen was then held 20 cm above a padded surface 

and the time elapsed before the mouse falls off was noted or the test was stopped when a maximum of 60 

seconds was reached. Each mouse was given 3 trials spaced out by 5 minutes and the best trial was 

recorded for comparison. If the mouse reached the maximum of 60 seconds, any subsequent trials were 

forgone.  

3.5.2 Open-field Test 
The open-field test (OFT) was used to assess overall locomotion and activity levels. The mouse was 

placed in a 40 cm x 40 cm arena with 30 cm high walls. Time moving, rearing activity and the distance 

travelled were all electronically recorded by the ActiMot system. Speed was calculated by dividing the 

distance travelled by the time moving. Each mouse underwent one five-minute trial during each 

behavioural testing session.  
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3.5.3 Righting Reflex 
Righting reflex was used to assess mobility and deterioration of living quality. The mouse is placed in 

the supine position and the time elapsed until all 4 paws are on the floor surface is timed. Righting reflex 

was carried out 3 times on each mouse with a rest of 1 minute between attempts, and the longest time to 

right itself was recorded. If a maximum score of 10 seconds was reached, this score indicated a humane 

end point had been reached and the test was terminated at this time.  

3.6 Tissue and Serum Collection 
Animal tissues were collected at either the designated 16-week end point or the long-term humane end 

points (depending on the cohort of the respective mouse). The humane end points were determined by 

either > 15% loss of peak body weight or an inability to right itself in 10 seconds. Euthanization was 

carried out via CO2 asphyxiation followed by cardiac puncture and perfusion with 10mL of chilled PBS. 

For biochemical analysis, sections of the forebrain, midbrain, hindbrain, cervical spinal cord and lumbar 

spinal cord were collected along with other organs including the heart, lungs, liver, spleen, kidney, gonads 

and a section of skeletal muscle from the left forelimb. Part of these tissues was frozen immediately for 

further processing. For histological purposes, a 2 mm section of the midbrain and part of the liver were 

collected, fixed in 4% paraformaldehyde overnight and then immersed in 100% ethanol until sent to the 

Queen’s University Histology Department for paraffin embedding. Additional midbrain sections were 

collected from a number of mice and frozen in liquid nitrogen for future analysis.  

200 µl (or a maximum of 15% of circulating blood volume in mice under 20 g) was collected via the 

saphenous vein on a monthly basis starting at 8 weeks and continuing until the end point. The mice were 

placed in a restraining device and hair was removed from the caudal surface of the thigh with clippers. 

The site was then swabbed with alcohol, covered in petroleum jelly and a 25-gauge needle was used to 

puncture the vein at a 45° angle relative to the vein. Blood was collected in a capillary blood collection 

tube. After the appropriate volume was collected, pressure was applied with gauze until hemostasis 
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occurred. Additionally, approximately 1mL of blood was collected via the cardiac puncture during 

euthanization. Serum was separated from whole blood samples by centrifugation of 4000 rpm for 10 min 

and collected with a 200 µl pipette; the serum was frozen immediately for storage.  

3.7 Ganglioside Storage Assays 
Ganglioside extraction and visualization was performed as previously described (Folch et al., 1951, 

1957; Wherrett and Cumings, 1963; Tropak et al., 2010). Briefly, frozen midbrain sections were sonicated 

in 800 µl of PBS in 3x 10-second bursts and then spun down at 4°C on maximum speed for 20 minutes. 

400 µl of the supernatant was taken for the hexosaminidase activity assays (described below). The 

remaining supernatant was mixed with the pellet before being used for ganglioside extraction. 

Gangliosides were extracted from the midbrain samples in methanol and chloroform solvents. These 

mixed ganglioside samples were then separated on a thin layer chromatography (TLC) plate using a 

55:45:10 chloroform:methanol:0.2% calcium chloride mobile phase. Bands were visualized using orcinol 

in 10% sulfuric acid and plates were dried at 120°C for 10 minutes. Densitometry analysis was performed 

comparing the intensity of the GM2 ganglioside band to the total ganglioside bands using ImageJ software. 

A mix of manufactured gangliosides and SD control samples were used as the standard control on each 

TLC plate. 

3.8 Hexosaminidase Assays 
Total hexosaminidase activity and hexosaminidase A isoenzyme (Hex A) activity was measured as 

previously described (Tropak et al., 2004; Maegawa et al., 2007). Briefly, samples of hexosaminidase 

enzymes were obtained from either 400 µl of sonicated midbrain homogenates or 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 HexA enzyme activity alone was 

determined through the use of the 4-Methylumbelliferyl-7-6-sulfo-2-acetamido-2-deoxy-β-D-

glucopyranoside (4-MUGS) assay. β-galactosidase activity was determined through the use of 4-
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Methylumbelliferyl-β-D-galactopyranoside assay as a quality control lysosomal enzyme. In all assays, the 

samples were incubated with the various substrates at 37°C for 1 hour. During this time, active enzyme 

breaks down the substrate to release a fluorescent signal. Samples were then read on the plate reader with 

excitation wavelength of 365nm and an emission wavelength of 450nm to assess both absolute and 

relative levels of the signal release. Additionally, results were compared to the 4-methylumbelliferone (4-

MU) standard curve. The midbrain samples were diluted to 1:10 in PBS to complete the various assays; 

the serum samples were diluted to 1:50 in PBS.  

3.9 Cell Culture and Transfection 
HEK293 cells with a CRISPR-generated HEXB and HEXA knockout (HEKHexABKO) were obtained 

from Dr. Don Mahuran at the University of Toronto. These cells have been shown to express no Hex A 

activity, or activity of any other hexosaminidase isoenzyme. Cells were maintained in culture at 37°C and 

5% CO2. Cellular transfections were carried out using a standard calcium phosphate transfection protocol. 

HEKHexABKO and WT HEK 293 cells were grown in separate 10cm2 plates. Following transfection of 1 

plate of HEKHexABKO cells with the HexB-HexA containing plasmid cells were scraped, pelleted and 

then lysed via sonication in PBS. Sonicated samples were then used for diethyl-aminoethyl (DEAE) 

enzyme separation (described below) and subsequent hexosaminidase assay to assess hexosaminidase 

expression in each. 

3.10 Histology 
Histological procedures were performed similarly as previously described (Walia et al., 2015). 

Paraffin-embedded midbrain samples were sectioned on a microtome to a thickness of 4-6μm, sections 

were then de-paraffinized in toluene for 10 minutes and rehydrated through 100%, 85% and 70% EtOH 

for 5 minutes in each bath. Antigen retrieval was accomplished through heating the slides in sodium 

citrate antigen retrieval solution pH 6.0 to a boil and then allowing the solution to cool at room 

temperature for 20 min. Slides were then blocked for both non-specific binding and endogenous 



 

 
 

36 

peroxidase activity with 10% normal goat serum and 3% hydrogen peroxide respectively. Overnight 

incubations in primary antibody and 1 hour incubation with horseradish peroxidase (HRP) conjugated 

secondary antibodies were then carried out. DAB stain was then applied followed by a hematoxylin 

counterstain.  Slides were then dehydrated through the same series of alcohol baths in reverse order and 

finally in toluene for 10 min. Slides were then cover-slipped and visualized.  

Immunohistological detection for GM2 ganglioside storage was accomplished with a 1:100 dilution of 

the chimeric murine-human IgG1 anti-GM2 ganglioside 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. 

Immunohistological detection of macrophages/microglia was accomplished with a 1:5 dilution of Rat 

anti Mouse F4/80 (MCA 497, Bio-Rad, Hercules, Ca, USA). The primary antibody was detected with a 

goat anti-rat horseradish peroxidase-conjugated secondary antibody at a 1:50 dilution.  

3.11 DEAE Protocol 
Cell lysates were analyzed by ion-exchange chromatography on DEAE-Sepharose CL-6B (Pharmacia, 

New Jersey, NJ, USA) similar to previously described (Martino et al., 1995; Sinici et al., 2013). Briefly 

DEAE column was pre-equilibrated with 10mM phosphate buffer pH 6.0 containing 5% glycerol. 500 µl 

of sample was loaded followed by a wash buffer (25mM NaCl in 10mM NaPi pH6.0), flow-through was 

collected in 200 µl fractions (fractions 1-16). Proteins retained by the column were eluted using the 

elution buffer #1 (200mM NaCl in 10mM NaPi pH6.0) in fractions 17-24 and elution buffer #2 (500mM 

NaCl in 10mM NaPi pH6.0) in fractions 25-32. Fractions (200 µl) were collected and assayed for Hex 

activity with MUG substrate. 

3.12 Statistics  
One-way ANOVAs with Bonferroni post-hoc tests were performed on the results from the Ganglioside 

assay and the Hexosaminidase assays (with the exception of the serum time courses). All of the 



 

 
 

37 

behavioural data and the Hexosaminidase serum time courses were analyzed through 2-way repeated-

measures ANOVAs with the Bonferroni post-hoc tests.  A Kaplan-Meier 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 7.  
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Chapter 4 

Results: Enhancement of gene therapy treatment for Sandhoff disease 
through complimentary drug therapy 

4.1 Study Results 
To evaluate the effectiveness of the AAV9-HexB-HexA vector, a single intravenous injection of the 

virus was administered via the superficial vein to postnatal day 1 neonates at a dose of 2.04 x 1013 vg/kg. 

Additionally, daily oral treatments of Pyr, Indo and ITF were administered to mice at a dose of 

1mg/kg/day beginning at 8 weeks of age. Cohorts were designed in a manner that each of them received 

one of the treatments individually, as well as each drug treatment in combination with ssAAV9-HexB-

P2A-HexA to assess any additive effects. All of these cohorts contained 12 SD mice (Hexb-/-). 

Additionally, two control groups were included; 12 SD mice (Hexb-/-) and 12 Het mice (Hexb+/-). All 

controls received vehicle injections at postnatal day 1. Six mice from each cohort were euthanized at 16 

weeks for biochemical and histological analysis. The other six mice from each treatment cohort were 

monitored until they reached their humane end point as determined by any of the following: 10% body 

weight loss; an inability to right themselves in 10 seconds; or the study end point of 32 weeks. These 

long-term mice were used for survival and behavioural analysis. 

4.2 Survival Benefits of Treatment 

4.2.1 Increased Survival Following Intravenous Injection of HexB-HexA 
Survival analysis of HexB-HexA neonatally treated mice (n=6) was assessed in comparison to 

untreated SD mice (n=6). HexB-HexA gene delivery had a marked effect on lifespan, increasing the mean 

age of survival from 110 ±6.3 days in untreated SD mice to 170 ±8.0 days (p=0.0002). Figure 5 shows the 

comparison of the HexB-HexA treatment against that of vehicle-injected Het and SD mice. All Het mice 

reached the study end point of 32 weeks (224 days).  
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4.2.2 Increased Survival Following Oral Dosage of Indomethacin and ITF 2357, No Effect of 
Pyrimethamine 
Indo (n=6), ITF (n=6) and Pyr (n=6) treated SD mice were assessed in comparison to vehicle injected 

SD and Het controls. Both anti-inflammatory treatments, Indo and ITF, were shown to have a significant 

effect on survival. There was an increase in the mean age of survival from 110 days in untreated SD mice 

to 123.5 ±7.3 days in Indo-treated mice (p=0.0012) and 119 ±7.9 days in ITF 2357-treated SD mice 

(p=0.0022). Pyrimethamine did not have any significant effect on survival (mean=112.5 ±2.9 day). The 

survival results are shown by the Kaplan-Meier plot below in Figure 5. 

 

Figure 4. Kaplan Meier Survival 
Curve of the AAV-HexB-HexA and 
Drug-treated Groups.  

Survival of mice over 32 weeks. Each 
point represents the percentage of 
mice surviving at that time. (a) AAV-
HexB-HexA treated mice survived to 
a mean of 170 days, ranging from 146 
to 186 days (n=6). This extension in 
survival is significant compared to the 
untreated vehicle injected SD mice 
with a mean of 110 days (p=0.0002). 
All Het mice reached the study end 
point of 224 days. (b) Indo-treated 
mice survived to a mean of 123.5 days 
ranging from 116 to 133 (n=6). ITF-
treated mice survived to a mean of 
119 days ranging from 116 to 133 
(n=6). Pyr treated mice survived to a 
mean of 112.5 days ranging from 110 
to 117 (n=6). Indo- and ITF- treated 
mice had a significant increase in 

survival compared to untreated vehicle-injected SD mice, which survived for a mean of 110 days. Pyr 
treatment had no significant effect on survival. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 

4.2.3 Additive Survival Benefit of ITF and Indo Treatment in HexB-HexA Treated Mice 
Indo, ITF and Pyr treatment was also administered to HexB-HexA neonatally-treated SD mice. The 

combination of anti-inflammatory treatments with HexB-HexA was observed to have an additive effect, 
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significantly increasing survival from 170 days to a mean of 187 ±8.7 days in Indo-treated mice, an 

increase of 11.5% and by 10% in ITF-treated mice to a mean of 189.5 ±8.8 days. Pyr treatment again 

showed no significant effect on survival, with a mean survival of 172.5 ±6.6 days for Pyr and HexB-

HexA combined treatment. The survival results are shown in Figure 6.  

0 50 100 150 200 250
0

50

100

Survival of HexB-HexA treated mice

day

Pe
rc

en
t s

ur
vi

va
l

HexB-HexA (n=6)

Het (n=6)

SD (n=6)

50 100 150
0

50

100

Days

Pe
rc

en
t s

ur
vi

va
l

Survival of Drug Treatment Cohorts

SD (n=6)

ITF (n=6)

Indo (n=6)

Pyr (n=6)

Het (n=6)

100 150 200 250
0

50

100

day

Pe
rc

en
t s

ur
vi

va
l

Survival of HexB-HexA Treatment Cohorts

HexB-HexA (n=6)

ITF + HexB-HexA (n=6)

Indo + HexB-HexA (n=6)

Pyr + HexB-HexA (n=6)

Het (n=6)

a

b

c

****

****

**
**

*
*

****

****

 

Figure 5. Kaplan-Meier Survival Curve of the AAV-HexB-HexA Combination Treatment Cohorts.  

Survival of mice over 32 weeks. Each line represents the percentage of mice surviving at that time. AAV-
HexB-HexA treated mice survived to a mean of 170 days, ranging from 146 to 186 days (n=6). HexB-
HexA mice receiving indo treatment (n=6) survived to a mean of 190 days, ranging from 160 to 209 
(p=0.03). HexB-HexA mice receiving ITF treatment (n=6) survived to mean of 187 days, ranging from 
160 to 208. Indo and ITF combination treatment resulted in a significant extension in survival compared 
to HexB-HexA treatment alone (p=0.03, p=0.03). HexB-HexA mice receiving Pyr treatment (n=6) 
survived to a mean of 172.5 days, ranging from 146 to 191 days. All Het mice reached the study end point 
of 224 days. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 

4.3 Behavioural Testing 
Disease progression in SD mice can be measured non-invasively through a series of behavioural tests. 

Performance on the open field test has been shown to be correlated with disease progression (Walia et al., 

2015; Osmon et al., 2016). Additionally, measurements of the righting reflex and mesh test scores are 

used to assess quality of life and mouse strength in disease models (Wu and Proia, 2004; Deacon, 2013). 
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Behaviour testing began at 8 weeks of age and continued on a bi-weekly basis until all end-points had 

been reached. 

4.3.1 Effect of Treatment on Time Moving in the OFT 
HexB-HexA treatment was assessed compared to vehicle-injected untreated SD and Het controls. No 

significant difference existed between both control groups and the HexB-HexA treated mice until the age 

of 14 weeks. Testing at the age of 14 and 16 weeks, showed a significant improvement in OFT time 

moving with HexB-HexA treatment compared to SD controls that were nearing and reaching their 

humane end points. At 14 weeks, untreated SD mice had a mean time moving of 55.5 ±8.7 seconds, 

HexB-HexA treated mice scored a mean of 114.7 ± 21.1 seconds  (p<0.001) while at 16 weeks the two 

groups had a mean time moving of 40.7 ±6.7 seconds and 115.3 ±22.0 seconds, respectively (p<0.001). 

At 24 weeks, as HexB-HexA treated mice neared their eventual end points, they performed significantly 

worse then the Het control mice with a mean time moving of 37 ±10.2 seconds compared to 85.5 ±15.2 

seconds (p=0.0025), respectively. The effect of Indo, ITF and Pyr was also measured in relation to the 

vehicle-injected untreated SD and Het controls. It was found that both Indo and ITF treatment resulted in 

a significant increase in OFT time moving at the age of 14 and 16 weeks. At 14 weeks, Indo and ITF mice 

had a mean time moving of 117.8 ±11.4 and 100.7 ±11.5 seconds, respectively, compared to 55.5 seconds 

of the untreated SD mice (p<0.001, p=0.0036). At 16 weeks, Indo and ITF mice had a mean time moving 

of 82.8 ±10.9 and 74.5 ±4.0 seconds respectively compared to 40.7 seconds of the untreated SD mice 

(p=0.0075, p=0.0482). At all time points examined, Pyr treatment had no significant effect on OFT time 

moving. Lastly, no significant difference in OFT time moving results were observed in the combination 

treatments of Indo, ITF or Pyr with HexB-HexA compared to the mice that received only HexB-HexA 

treatment. Results for all OFT are shown below in Figure 7.  
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Figure 6. Open Field Test Behavioural Analysis of AAV HexB-HexA and Drug-treated Mice.  

Time moving during 5 minute open field test. Each point represents the mean time moving measured on a 
bi-weekly basis beginning at week 8. (a) HexB-HexA treated mice (n=6) had a significantly higher mean 
time moving at age 14 and 16 weeks compared to SD controls (n=6). Het mice (n=6) performed no better 
then HexB-HexA treated SD mice until 24 weeks. (b) Indo-treated SD mice (n=6) and ITF-treated SD 
mice (n=6) had a significantly higher mean time moving at age 14 and 16 compared to SD controls (n=6). 
Pyr-treated SD mice (n=6) showed no significant difference in time moving compared to SD controls. (c) 
Time moving in combined drug and HexB-HexA treatment cohorts. No significant difference in time 
moving was observed between HexB-HexA treatment alone (n=6) and any combination of Indo, ITF or 
Pyr with HexB-HexA treatment (n=6, n=6, n=6). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 
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4.3.2 Effect of Treatment on Righting Reflex 
Righting reflex of HexB-HexA treatment cohort was assessed compared to vehicle-treated SD and 

Het controls. HexB-HexA treated mice (n=6) had no delay in righting reflex until the 22 week time point, 

while all SD controls (n=6) reached the maximum score of 10 seconds between the ages of 14 and 17 

weeks. This represented a significant improvement in the onset of a delayed righting reflex. Untreated Het 

mice had no delay in righting reflex until the study end point of 32 weeks. Indo-, ITF- and Pyr- treated 

mice were compared directly to SD controls mice at the age of 14 and 16 weeks and it was found that 

Indo-treated mice (n=6) had a significantly faster mean righting reflex at 14 weeks of 0.3 ±0.26 seconds 

compared to 4.8 ±2.1seconds for SD controls (p=0.019). At 16 weeks both Indo- and ITF-treated mice 

(n=6) had significantly faster mean righting reflexes of 2.8 ±1 and 4.6 ±1.7 seconds, respectively, 

compared to 8.7 ±1.4 seconds for SD controls (p=0.0014, p=0.045). Pyr-treated mice (n=6) had no 

significant change in righting reflex as compared to untreated SD controls. Lastly, the comparison of ITF, 

Indo and Pyr treatment in combination with HexB-HexA treatment to HexB-HexA treatment alone 

revealed a significantly faster righting reflex at 24 weeks for mice receiving both anti-inflammatory 

combination treatments. Indo and HexB-HexA treated mice (n=6) scored a mean righting reflex of 2.5 

±2.1 seconds while ITF and HexB-HexA treated mice (n=6) scored a mean righting reflex of 3.3 ±2.6 

seconds. Both results were significant when compared to HexB-HexA treated mice (n=6) that scored a 

mean righting reflex of 8 ±1.2 seconds (p=0.014, p=0.048). All righting reflex results are shown below in 

Figure 8. 

4.3.3 Effect of Treatment on Mesh Test 
Mesh Test scores of HexB-HexA treated mice were assessed compared to untreated SD controls and 

untreated Het controls. HexB-HexA treated mice (n=6) and Het controls (n=6) performed significantly 

better then untreated SD controls (n=6) at the age of 16 weeks. HexB-HexA treated mice had a mean 

score of 60 seconds, the maximum score possible, while untreated SD mice averaged 24.8 ±13.7 seconds. 
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Untreated Het mice displayed a perfect score of 60 seconds beyond the age of 24 weeks, at which point 

they were performing significantly better then the HexB-HexA treated mice, which averaged a score of 

27.7  ±13.9 seconds (p=0.0002). Indo-, ITF- and Pyr-treated mice (n=6 for each) were compared directly 

to SD control mice (n=6) at the age of 14 and 16 weeks. Indo-treated mice had a significantly higher 

mean mesh test score at 16 weeks of 51.7  ±7.2 seconds compared to 24.8 seconds (p=0.024). ITF and Pyr 

treatment had no significant effect on mesh test scores as compared to untreated SD controls. Lastly, the 

comparison of ITF, Indo and Pyr treatment in combination with HexB-HexA to HexB-HexA treatment 

alone revealed no significant effects on mesh test scores. Mesh test comparisons at 14, 16, 22 and 24 

weeks are shown below in Figure 8. 
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Figure 7. Mesh Test and Righting Reflex Behavioural Analysis 

Mesh test scores with a maximum of 60 seconds and righting reflex scores with a maximum of 10 
seconds. Each bar represents the mean time score during a given week in seconds. (a) Indo-treated mice 
(n=6) performed significantly better on the mesh test at 16 weeks then SD controls (n=6). (b) No 
significant difference was observed in mesh test scores of HexB-HexA treatment in combination with 
Indo, ITF or Pyr compared to HexB-HexA treatment alone at 22 or 24 weeks. (c) Indo-treated mice (n=6) 
performed significantly better on the righting reflex test compared to SD controls at age 14 and 16 weeks. 
ITF-treated mice (n=6) performed significantly better on the righting reflex test compared to SD controls 
at 16 weeks. (d) Indo (n=6) and ITF (n=6) treatment combined with HexB-HexA treatment resulted in a 
significantly improved righting reflex compared to HexB-HexA treatment alone at 24 weeks of age. 
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 
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4.4 Ganglioside Storage 
At the 16-week time point, 6 mice receiving each therapy were sacrificed and their tissues harvested 

for biochemical and histological analysis. To assess GM2 ganglioside storage in the CNS, HPTLC was 

used to visualize and separate gangliosides. The GM2 ganglioside was found to be undetectable in Het 

control mice but was found at relatively high levels in SD control mice, where approximately 37% of the 

isolated gangliosides were GM2 gangliosides. In comparison, HexB-HexA treated SD mice were found to 

have a significantly reduced amount of GM2 ganglioside with it making up only 25% of total isolated 

gangliosides (p<0.0001). All other treatments had no effect on the GM2 ganglioside levels. Ganglioside 

storage assay results are shown below in Figure 9. 

4.5 Hexosaminidase Activity 
Consistent with the reduced GM2 ganglioside levels in the HexB-HexA treated SD mice we expected 

an increase in Hex A activity in the CNS. Assessment of the 16-week old midbrains for Hex A activity 

did show a consistent increase in the breakdown of 4-MUGs; however, this increase was not found to be 

significant. No effect of Indo, ITF or Pyr treatment was observed in these hexosaminidase assays. These 

results are shown below in Figure 9. 

 Serum samples taken from the mice were also assessed for hexosaminidase activity. Importantly 

serum was collected throughout the study, so although serum levels are indicative of non-central nervous 

system levels of Hex A activity, they also indicate activity at younger ages then the 16 week end point. 

Serum samples from 8-week treatment mice showed a significant increase in hexosaminidase activity in 

HexB-HexA treated mice (n=6) compared to untreated SD controls (n=6) as indicated by the MUGs assay 

(p=0.0045). Additionally, serum was assessed for MUG activity following DEAE separation of 

hexosaminidase isoforms. HexB-HexA treated mice were observed to be expressing both Hex B and Hex 

A activity, along with some possible Hex S activity, at levels much higher then untreated SD controls but 
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still lower then untreated Het controls. These results are shown below in Figure 10. 
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Figure 8. Ganglioside Storage Assays and Hex A Activity in 16 Week Midbrain Samples 

Overall, the HexA-HexB treated mice showed less GM2 ganglioside storage while no significant 
difference in Hex A activity was observed. (a) Densitometry-based quantification of GM2 ganglioside 
storage in the midbrain. HexB-HexA treated mice (n=6) showed a significantly lower proportion of GM2 
ganglioside then SD controls (n=6). Het controls showed no accumulation of the GM2 ganglioside. (b) 
Analysis of all treatment cohorts revealed no additional benefit to GM2 ganglioside storage following 
treatment with Indo, ITF or Pyr, either alone or in combination with HexB-HexA. (c) Analysis of 
ganglioside content. Gangliosides isolated from frozen brains as well as standards were separated by 
HPTLC and detected with orcinol. Samples from brains of each cohort were examined. Representative 
samples are shown here; changes in the GM2 ganglioside band can be observed. (d) & (e) Analysis of Hex 
A activity by MUGs assay. No significant alterations in enzyme activity were observed in any treatment 
group compared to SD controls. A pattern of increased Hex A activity in all treatment cohorts including 
HexB-HexA treatment though may be seen in (e). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 
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Figure 9. Serum Hexosaminidase Activity at 8 and 6 weeks. 

Serum collected at 6 and 8 week time points was frozen immediately and later used for determination of 
enzyme activity. (a) Serum collected at 8 weeks assayed for Hex A activity using MUGs substrate. HexB-
HexA treated SD mice (n=6) showed significantly increased Hex A activity compared to SD controls 
(n=6) as indicated by an increased breakdown of the substrate resulting in an increased fluorescent signal 
(p=0.0045). (b) Serum collected at 6 weeks was processed to separate hexosaminidase isoenzymes 
through DEAE columns and collected in fractions. Enzyme activity in 3 separate HexB-HexA treated 
mice showed increased hexosaminidase activity compared to pooled SD controls in a pattern that 
mirrored pooled Het control serum. These results including increased activity in fractions containing the 
Hex A enzyme (1-3) and the Hex B enzyme (9-12). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 
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4.6 Cellular Analysis of HexB-HexA Construct 
HEKHexABKO (ABKO) cells express no hexosaminidase activity as confirmed by PCR sequencing 

to confirm the edited state of the genes, Western blot analysis and Hex activity assays based on both 

MUG and MUGs fluorogenic substrates (Tropak et al., 2016). These ABKO cells were transfected via a 

standard calcium phosphate protocol with a plasmid encoding the HexB-HexA construct. Following 

transfection, and DEAE separation of hexosaminidase isoforms, transfected cell cultures were observed to 

be expressing all three isoforms of the hexosaminidase enzyme; Hex B, Hex A, and Hex S at levels equal 

to or greater then wild type HEK 293 cells.  Untransfected HexABKO cells showed no hexosaminidase 

activity. These results are shown below in Figure 11. 
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Figure 10. Hexosaminidase Activity in HEKHexABKO Cells transfected with HexB-HexA 
Construct.  

MUG substrate was used to assess the hexosaminidase activity of cell lysates following DEAE column 
separation. ABKO cells showed no hexosaminidase activity above baseline while WT HEK 293 cells 
showed activity of all 3 isoforms of hexosaminidase. Following transfection with HexB-HexA, ABKO 
cells showed levels of hex activity equal to or greater than the WT HEK 293 cells in all eluted fractions. 
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4.7 Histology 
Disease severity in GM2 gangliosidoses is typically related to both the level of GM2 ganglioside buildup 

in the CNS and the inflammatory response. Midbrain (MB) sections from cohorts sacrificed at 16 weeks 

were used for immunohistological assessment of these two measures.  

4.7.1 GM2 Ganglioside Immunostaining 
Paraffin-embedded MB sections were cut and mounted on positively-charged slides. Sections were 

then stained with the KM966 anti-GM2 ganglioside antibody. The comparison of staining patterns between 

untreated SD mice and those that received HexB-HexA treatment showed a pattern of decreased GM2 

ganglioside build up in the MB sections. Untreated Het mice revealed no positive staining for the GM2 

ganglioside. Representative sections are shown in Figure 12.           

4.7.2 F4/80 Microglial Cell Staining 
Paraffin-embedded MB sections were also used for immunohistological staining of the microglial 

marker F4/80. Sections were stained with the Bio-rad MCA 497 anti F4/80 antibody. Untreated SD mice 

were compared to SD mice treated with the anti-inflammatories ITF and Indo. Staining patterns revealed 

less microglial activation in mice receiving anti-inflammatory treatments. Untreated Het mice showed 

minimal microglial activation at 16 weeks of age. Representative sections are shown in Figure 13. 
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Figure 11. Histological Ganglioside Storage in the Neurons of Murine Midbrain at 16 Weeks. 

Sections of the murine cortex, hippocampus, hypothalamus and thalamus from SD controls, HexB-HexA 
treated SD mice and Het controls. GM2 gangliosides are stained in brown. The black arrows point at GM2 
ganglioside-filled neurons, which were found predominately in the untreated SD mice, and in a reduced 
number and severity in the HexB-HexA treated SD mice. An apparent clearance of the majority of GM2 
ganglioside is observed in the HexB-HexA treated mice. No GM2 ganglioside storage is observed in the 
Het control sections. Black bars represent 50 µm. 
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Figure 12. Histological Microglial Activation in the Murine Midbrain at 16 Weeks. 

Sections of the murine hypothalamus and thalamus from SD controls, indo- and ITF-treated SD mice and 
Het controls. Activated microglia stain in brown. The black arrows point out activated microglia with the 
F4/80 marker, which were found predominately in the untreated SD mice, and in a reduced number and 
severity in the indo and ITF treated SD mice. No activated microglia were observed in the Het control 
sections. Black bars represent 50 µm. 
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Chapter 5 

Discussion 

5.1 Principal Findings 
Our study demonstrates the therapeutic potential of the ssAAV9-HexB-P2A-HexA vector, a 

bicistronic AAV vector designed for systemic treatment of GM2 gangliosidoses. Our results showed both 

in vivo and in vitro expression of the α and β subunit and subsequent formation of active Hex A enzyme. 

As a result, a single, systemic, dose of the vector in neonatal mice was able to confer extension of lifespan 

and improvement in behavioural tests. These results were confirmed in biochemical and histological 

analysis of the mice, revealing increased hexosaminidase activity and decreased GM2 ganglioside buildup. 

Additionally, the study identified the additive effects of a combination of anti-inflammatory treatments 

with our gene therapy approach and identified no interaction between PC treatment and gene therapy.  

5.2 Discussion of Findings 
We were able to show that our gene construct produced functional Hex A enzyme from the encoded β 

and α subunit in the ABKO cell line. Direct comparison of ABKO cells transfected with the HexB-HexA 

construct produced significant levels of all three isoforms of the hexosaminidase enzyme compared to 

untransfected ABKO cells at levels equal to or greater than WT HEK 293 cells. This in vivo expression 

provided a proof-of-concept for the P2A linker vector design, proving that both the β and α subunits are 

formed in sufficient quantities following transfection. This allowed the progression to gene therapy into 

the SD animal model with sufficient understanding of its mechanism and potential. 

A single, neonatally-injected dose of 2x1013 vg/kg resulted in a significant increase in survival and 

improvement in behavioral phenotypes in the SD mice compared to SD controls. These treated mice 

performed similar to Het controls that display no disease phenotype well beyond the end point of 

untreated SD controls.  These improvements were further corroborated through biochemical analysis that 
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showed significant decreases in GM2 ganglioside build up in the midbrain of 16-week-old mice and some 

evidence of increased hexosaminidase activity in the CNS and serum.   

The earliest behavioural symptoms in SD mice are present at 12 weeks and can be assessed in a 

number of ways (Phaneuf et al., 1996). Previous studies have shown that SD mice move for less time in 

the OFT than WT controls in 5-minute trials, and that the difference is directly linked to disease 

progression (Walia et al., 2015; Osmon et al., 2016). Others have characterized a shorter latency to fall in 

the mesh test with disease progression (Kyrkanides et al., 2005) as well as an increased delay in righting 

reflex (Wu and Proia, 2004). Consistent with these findings, the SD mice in our study performed 

significantly worse on the OFT at age 14 and 16 weeks compared to Het controls, displayed a 

significantly shorter latency to fall at 16 weeks, and had a significantly delayed righting reflex at age 14 

and 16 weeks. The SD mice receiving HexB-HexA treatment overall showed a significant delay in the 

onset of these behavioural symptoms. In all measures, they performed significantly better than the 

untreated SD mice at the age of 16 weeks, and as early as 14 weeks for both the time moving in the OFT 

and the delay in righting reflex. HexB-HexA treated mice performed similar to Het controls until the age 

of 22 weeks for all behavioural measures. At 22 weeks the delay in righting reflex became significant and 

by 24 weeks the latency to fall on the mesh test and the time moving in the OFT also became significantly 

lower. Together these behavioural testing results show a delay in onset of the disease of 8 weeks, from 

approximately 14 weeks to 22 weeks of age. This indicates that the treatment was effective in increasing 

the Hex A activity and decreasing the GM2 ganglioside storage to a clinically significant degree within the 

CNS. Nevertheless, the treatment clearly did not pass the critical threshold and gangliosides continued to 

accumulate. Although this was occurring at a reduced rate, eventually the mice underwent 

neurodegeneration and reached their humane end points around 24 weeks.  

Previous studies in our lab using a different gene therapy vector design have reported an increase in 

survival following gene therapy that resulted in a non-significant increase in hexosaminidase activity in 
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the CNS (Osmon et al., 2016). In the current study we had similar findings, where HexB-HexA gene 

therapy resulted in a consistent but non-significant increase in hexosaminidase activity in the MB samples 

of 16-week old treated mice. Given that all 4 cohorts that received gene therapy expressed 

hexosaminidase activity levels higher than any of the 4 treatment cohorts were SD mice did not receive 

gene therapy, this increase may be real. A fact that supports this is the significant increase in Hex A 

activity that was observed in 8-week serum collected from HexB-HexA treated mice compared to SD 

controls. All measured hexosaminidase activity levels were significantly lower than Het controls. These 

results indicate that there was a small increase in Hex A activity following treatment, and it is likely that 

this brought the enzyme activity level closer to the critical threshold of 10% of WT activity.  

Ganglioside accumulation was significantly decreased in mice treated with HexB-HexA compared to 

SD controls as measured by both the ganglioside extraction assay and the histological analysis of the 

mouse MB. The ganglioside extraction assay showed a consistent and significant decrease in the GM2 

ganglioside from about 37% of total brain gangliosides to 25%. This reduction was observed in all 

cohorts treated with HexB-HexA, including those that received additional drug treatments. GM2 

gangliosides were also less prevalent in all areas of the brain that were examined through 

immunohistology using a GM2 ganglioside antibody. However, this observed reduction of GM2 ganglioside 

resulted in levels that were still detectable whereas Het controls had undetectable levels of the GM2 

ganglioside in both ganglioside extraction and histological analyses. As mentioned before, these results 

support the theory that the HexB-HexA treatment resulted in an increase in Hex A activity within the 

CNS to a level above that of SD controls but still below the critical threshold. The result is a delay in the 

accumulation of the GM2 ganglioside resulting in later development of the disease.  

Previous studies have shown the benefits of gene therapy for GM2 gangliosidoses, all showing 

decreases in GM2 gangliosides and/or increases in HexA activity following viral-mediated gene transfer 

(Guidotti et al., 1999; Bourgoin et al., 2003; Arfi et al., 2005; Kyrkanides et al., 2005; Martino et al., 
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2005; Cachón-González et al., 2006; Sargeant et al., 2011; Cachón-González et al., 2012; Bradbury et al., 

2013; Cachón-González et al., 2014; Walia et al., 2015; Osmon et al., 2016). Most of these approaches to 

date however utilized varying methods of direct injection into the CNS, an approach that is limited by its 

invasive nature and inability to treat systemic symptoms of Sandhoff disease. Two previous studies in SD 

mice utilized the AAV9 vector design and neonatal systemic delivery; however both utilized vector doses 

and designs that were significantly different for direct comparison to the current study. The first, which 

resulted in an increase in survival to the study end point of 43 weeks for all mice treated, used a dose of 

2.5x1014 vg/kg of an AAV9 vector carrying only the murine Hexb gene (Walia et al., 2015). The other, 

carried out in our lab, resulted in an increase in survival to a mean of 40 weeks. This study utilized a 

vector dose of 5.0x1013 vg/kg and a self-complimentary vector design, which increases efficiency but 

decreases the packaging capacity of the vector. This vector carried a modified HEXA sequence termed the 

HexM gene, which produces a hexosaminidase subunit that can homodimerize to form an enzyme capable 

of degrading the GM2 ganglioside (Osmon et al., 2016). The current study utilized a significantly lower 

dose of 2.04x1013vg/kg of a non self-complimentary vector that contained the cDNA of the human HEXA 

and HEXB genes. This dose is significantly lower then other systemic treatment approaches that have 

shown success. This dose is also lower than direct CNS injections used in many studies in terms of total 

virus injected (Sargeant et al., 2011; Cachón-González et al., 2014). The HexB-HexA treatment appears 

to confer significant improvement of the disease at a dose lower than most previous studies. An increase 

in dose would be expected to further increase the efficacy of the treatment. 

Other gene therapy approaches, whether systemic or direct CNS injection, have also been limited by 

the size of the HEXA and HEXB genes. It has been understood for some time that both the HEXA and 

HEXB genes are required in the treatment vector in order for ideal long-term correction. Without this, a 

deficit of the endogenous subunit occurs and becomes the rate-limiting step in the formation of the Hex A 

enzyme (Guidotti et al., 1999). Researchers looking to use both subunits have been limited by the size of 
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the genes due to the limited packaging capacity of the AAV vectors for a typical bicistronic vector design 

with an IRES. The other option is to use viruses with larger capacity or multiple viruses carrying each 

gene, but both of these approaches have well characterized downsides. The use of multiple AAV vectors 

carrying each of the two genes results in the need for significantly higher doses, something that may 

increase the risk of oncogenesis, immune response and cost (Russell, 2007; Valdmanis et al., 2012; 

Rastall and Amalfitano, 2015). The use of larger retrovirus-based vectors that can accommodate the 

bicistronic design have a limited ability to cross the BBB to transduce neurons and other cells of the CNS 

and thus require direct injection into the CNS. This approach is a more invasive technique that hasn’t 

been undertaken until around 4 weeks of age at the earliest in the SD mice. Given the well characterized 

negative effect of treatment associated with delaying injection for even a few weeks, the efficacy of a 

treatment using these vectors would be limited (Cachón-González et al., 2006, 2014; Walia et al., 2015). 

The HexB-HexA vector with a P2A linker design utilized in this study solves these problems. By using a 

small P2A linker, the cDNA of both HEXB and HEXA are able to fit into an AAV9 vector that is able to 

cross the BBB and transduce neurons in neonates. 

The strong synthetic promoter CAG drives expression of the AAV9-HexB-P2A-HexA vector. The 

CAG promoter results in high levels of expression in all mammalian cells assessed, so that both subunits 

should be expressed in high levels in each transduced cell. Cross correction, or enzyme transfer between 

cells in the CNS has been shown to occur with lysosomal enzymes including Hex A (Kyrkanides et al., 

2005; Cardone, 2007). This means that a small number of transduced cells could act therapeutically for 

the entire CNS. Another important concept is the ‘Critical enzyme threshold’ hypothesis, which suggests 

that an elevation in the level of enzyme in an affected individual to about 10% of the wild type level could 

result in correction of the disease to the point where the individual can live a normal life. Together these 

facts suggest that our HexB-HexA construct may provide a logical treatment solution. By expressing both 

subunits, a small number of cells overexpressing the Hex A enzyme may be able to cross correct the 
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entire animal. Although it is clear our dose was too low for a curative approach, there is significant 

potential here. The observed increase in survival indicates that the enzyme levels neared the critical 

threshold enough to change the course of the disease, and levels only slightly higher may be enough to 

completely ameliorate the disease throughout the body. These expected improvements should be 

investigated through treatment in SD mice and any results will likely extrapolate to TSD animal models 

and to higher organisms. 

The evidence for the important role of inflammation has been well characterized in GM2 

gangliosidoses (Wada et al., 2000; Jeyakumar et al., 2003; Wu and Proia, 2004) and the potential to 

increase life span with the use of NSAIDs has previously been demonstrated (Jeyakumar et al., 2004). In 

this study we showed an increase in survival with the treatment of the NSAID Indo, as well as the HDI 

ITF, a drug that had previously never been investigated in LSDs. Both treatments were able to 

significantly extend life and ameliorate the symptoms of neurodegeneration. These mice, however, were 

not cured, but only delayed in the onset and severity of their disorder for a short period of approximately 

2 weeks. Significantly there was no effect on the GM2 ganglioside accumulation within the CNS or a 

change in the Hex A activity with these treatments. These results further support the model that GM2 

ganglioside build up results in an initial insult to neurons and cells within the CNS that triggers a self-

perpetuating cycle of inflammation and damage that hastens the disease progression. By lessening this 

response, the disease can be delayed but not cured. This was in fact observed in histological 

immunostaining for the microglial antibody F4/80. Reduced microglial activation was observed in age-

matched MB samples of SD mice receiving anti-inflammatory treatments. In addition, this was the first 

time such an approach was used in conjunction with gene therapy. Here we see the evidence that there is 

an additive effect of anti-inflammatory treatment with gene therapy. This provides a possible clinical 

treatment course that may be used in individuals that receive gene therapy and show the potential for 

inflammatory damage. 
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Additionally, pyrimethamine has been identified for its possible role in the clinical treatment of GM2 

gangliosidoses. Pyrimethamine is known to increase the activity of some mutated versions of the Hex A 

enzyme through an interaction with the active site (Tropak et al., 2004). This interaction however 

represents an interesting dilemma for treatment of SD disease with gene therapy, as it was first identified 

as a competitive inhibitor of the Hex A enzyme (Tropak and Mahuran, 2007). A combination treatment of 

Pyr and gene therapy may result in negative interaction between the two treatments. Pyr may 

competitively inhibit the properly-folded version of the enzyme produced by gene therapy, while leaving 

less Pyr available to assist with the folding of mutated enzymes. This scenario could result in a decreased 

effectiveness of the two treatments and so we aimed to investigate this.  

In SD mice, there is no mutated enzyme formed, so Pyr has no mechanism to ameliorate the disease 

phenotype. This was observed with Pyr treatment, as there was no increase in survival, improvement in 

behavioral phenotypes and hexosaminidase activity or decreased GM2 ganglioside accumulation in SD 

mice treated with Pyr compared to SD controls.  However, when combined with HexB-HexA gene 

therapy there was enormous potential for treatment interactions as discussed above. In this study, at a 

dose of 2 mg/kg/day we show there was ultimately no significant effect of Pyr on the HexA-HexB treated 

mice. SD mice that received HexB-HexA treatment showed no phenotypic, histological or biochemical 

differences with Pyr treatment compared to no additional treatment. This indicates that it may be possible 

that these two treatments be used simultaneously without negative interactions in a clinical setting. If this 

were found to be true, individuals currently benefiting from pharmacological chaperone treatment would 

not have to discontinue that treatment in order to enroll in a gene therapy study. 

5.3 Significance of Findings 
This proof of concept study provides the foundation for a translatable global treatment for both TSD 

and SD. This is a step in creating a relatively inexpensive, one-time, curative approach for the treatment 

of GM2 gangliosidoses through gene therapy. The interaction of anti-inflammatory treatments and 
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pharmacological chaperones with gene therapy was also elucidated, providing a foundation of knowledge 

for treatment options following gene therapy. This process also showed that inflammation remains an 

important aspect of neurodegeneration following gene therapy. Lastly, the HexB-HexA construct design 

is a base that can be improved on to target treatment to cells of the CNS utilizing various capsid designs, 

promoter elements and injection techniques. Together these findings provide a significant expansion of 

knowledge in the treatment of GM2 gangliosidoses in particular and lysosomal storage disorders of the 

CNS in general. 

5.4 Limitations 
As in any scientific study, there are a number of issues that limit the dependability and translatability 

of this study. A large number of study cohorts were examined with a small sample size of 6 mice in each 

treatment group. This limits the statistical significance of the study and allows the possibility of outliers to 

shape the results. Additionally, this limited the ability of significant effects to be measured, primarily in 

the biochemical results where the observed increase in hexosaminidase activity at 16 weeks was 

insignificant when analyzing all 9 cohorts together. 

The difficulty of the neonatal injections and small volume of injection (50 µl) introduces variability 

into the treatment. This is especially significant when considered in relation to the critical threshold 

hypothesis. Mice that received even small variations in the volume of virus injected may have rates of 

GM2 ganglioside breakdown in the CNS that are different enough to alter the clinical course of each 

mouse. In this study, mice receiving the same treatment of HexB-HexA reached their humane end points 

between 146 and 186 days, a difference of 40 days between the first and last end point. This variability 

makes the assessment of the additive effect of the drug therapies difficult, and could possibly mask some 

of the beneficial effects of these additive treatments.   

As mentioned previously, the low dosage of treatment used did not cure the disease, but simply 

delayed its onset. As a result, the long term side effects of both vector and drug treatments could not be 
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assessed and any side effects that may have occurred would likely be masked by the severe disease 

phenotype. Of particular concern is the possibility of insertional oncogenesis as a result of AAV 

treatment, something that has become a concern in long-term studies being conducted with the AAV 

vector (Valdmanis et al., 2012; Walia et al., 2015;). Although no oncogenic events were observed in this 

study, the short duration and low dose prevent any conclusions from being reached. 

5.5 Future Directions 
This study requires further analysis and future studies to expand and confirm the results. Further 

characterization of the effects on inflammation in mice treated with anti-inflammatories and the pathways 

affected would be beneficial. Any number of inflammatory markers could be examined to help confirm 

and characterize the exact mechanism of increased survival following ITF and Indo treatment. These 

could include mRNA expression profiles, further immunohistology, examination of prostaglandin or 

COX levels in the brain and much more. Additionally, higher doses of Indo and ITF could be assessed to 

identify any added benefits.  

The Pyr dose could also be increased. A dose of 2 mg/kg/day was chosen to mimic the 25mg/kg/day 

dose in humans (Reagan-Shaw et al., 2008) that was observed to be effective in increasing 

hexosaminidase activity without any side effects (Clarke et al., 2011). This dose could be further 

increased, likely up to 4 mg/kg/day to mimic the 50 mg/kg/day treatment that was deemed the maximum 

safe dosage used in the clinical trials. A further increase may identify some interaction between the two 

treatments that was not obvious at the current dose. 

In addition to examining the drug treatments, the gene therapy results could be expanded in a number 

of ways. AAV-HexB-HexA treatment should be assessed in direct comparison to other gene therapy 

approaches, including the AAV-HexM vector previously investigated in our lab (Osmon et al., 2016). 

This would include treatment at significantly higher doses. Additionally, the effects of direct CNS 

injection and treatment in various stages of the disease development could be assessed. The vector design 
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could also be modified in a number of ways, including the use of newly developed AAV serotypes that 

cross the blood brain barrier and transfers genes throughout the CNS with an efficiency up to 40x that of 

AAV9 (Deverman et al., 2016).  

The role of mannitol is also a current area of investigation in delivering therapeutics into the CNS. 

Mannitol is an osmotic agent that is able to increase delivery of a variety of therapeutic agents across the 

BBB including viral vectors. It has been shown that pretreatment with an IV infusion of mannitol 

facilitates the entry of IV delivered rAAV into the CNS (McCarty et al., 2009). The potential of 

combining AAV9-HexB-HexA treatment with mannitol is an approach that could increase CNS gene 

transfer without increasing the dose and thus increasing risk factors such as oncogenesis or an immune 

response.  

5.6 Conclusion 
The primary goal of this study was to characterize the effects of the new AAV9-HexB-P2A-HexA 

vector both in vivo and in vitro. Our study showed expression of the Hex A enzyme in both cell cultures 

and murine models of GM2 gangliosidoses, with the ability to increase lifespan and behavioural 

phenotypes in the later. This represents the first successful bicistronic vector design to be administered 

systemically in GM2 gangliosidoses. Additionally, the current study was able to identify the additive 

benefits of anti-inflammatory treatments when combined with our gene therapy approach. No significant 

effect of pharmacological chaperone treatment was found. These findings provide evidence that the 

HexB-HexA vector may provide a one-time curative approach to the most common and severe forms of 

GM2 gangliosidoses and characterize some relevant drug interactions that may be utilized.  



 

 
 

62 

 

Bibliography 

Akli, S., Chelly, J., Mezard, C., Gandy, S., Kahn, A., and Poenaru, L. (1990). A “G” to “A” mutation at 
position -1 of a 5’ splice site in a late infantile form of Tay-Sachs disease. J. Biol. Chem. 265, 7324–7330. 

Akli, S., Guidotti, J.E., Vigne, E., Perricaudet, M., Sandhoff, K., Kahn, A., and Poenaru, L. (1996). 
Restoration of hexosaminidase A activity in human Tay-Sachs fibroblasts via adenoviral vector-mediated 
gene transfer. Gene Ther. 3, 769–774. 

Amalfitano, A., Bengur, A.R., Morse, R.P., Majure, J.M., Case, L.E., Veerling, D.L., Mackey, J., 
Kishnani, P., Smith, W., McVie-Wylie, A., et al. (2001). Recombinant human acid alpha-glucosidase 
enzyme therapy for infantile glycogen storage disease type II: results of a phase I/II clinical trial. Genet. 
Med. Off. J. Am. Coll. Med. Genet. 3, 132–138. 

Andermann, E., Scriver, C.R., Wolfe, L.S., Dansky, L., and Andermann, F. (1977). Genetic variants of 
Tay-Sachs disease: Tay-Sachs disease and Sandhoff’s disease in French Canadians, juvenile Tay-Sachs 
disease in Lebanese Canadians, and a Tay-Sachs screening program in the French-Canadian population. 
Prog. Clin. Biol. Res. 18, 161–188. 

Andersson, U., Smith, D., Jeyakumar, M., Butters, T.D., Borja, M.C., Dwek, R.A., and Platt, F.M. (2004). 
Improved outcome of N-butyldeoxygalactonojirimycin-mediated substrate reduction therapy in a mouse 
model of Sandhoff disease. Neurobiol. Dis. 16, 506–515. 

Arfi, A., Bourgoin, C., Basso, L., Emiliani, C., Tancini, B., Chigorno, V., Li, Y.-T., Orlacchio, A., 
Poenaru, L., Sonnino, S., et al. (2005). Bicistronic lentiviral vector corrects β-hexosaminidase deficiency 
in transduced and cross-corrected human Sandhoff fibroblasts. Neurobiol. Dis. 20, 583–593. 

Arthur, J.R., Lee, J.P., Snyder, E.Y., and Seyfried, T.N. (2012). Therapeutic effects of stem cells and 
substrate reduction in juvenile Sandhoff mice. Neurochem. Res. 37, 1335–1343. 

Asokan, A., Schaffer, D.V., and Samulski, R.J. (2012). The AAV vector toolkit: poised at the clinical 
crossroads. Mol. Ther. J. Am. Soc. Gene Ther. 20, 699–708. 

Baek, R.C., Kasperzyk, J.L., Platt, F.M., and Seyfried, T.N. (2008). N-butyldeoxygalactonojirimycin 
reduces brain ganglioside and GM2 content in neonatal Sandhoff disease mice. Neurochem. Int. 52, 
1125–1133. 

Balakrishnan, B., and Jayandharan, G.R. (2014). Basic biology of adeno-associated virus (AAV) vectors 
used in gene therapy. Curr. Gene Ther. 14, 86–100. 

Balvay, L., Rifo, R.S., Ricci, E.P., Decimo, D., and Ohlmann, T. (2009). Structural and functional 
diversity of viral IRESes. Biochim. Biophys. Acta BBA - Gene Regul. Mech. 1789, 542–557. 

Bembi, B., Marchetti, F., Guerci, V.I., Ciana, G., Addobbati, R., Grasso, D., Barone, R., Cariati, R., 
Fernandez-Guillen, L., Butters, T., et al. (2006). Substrate reduction therapy in the infantile form of Tay-
Sachs disease. Neurology 66, 278–280. 



 

 
 

63 

Berg, R.D., Levitte, S., O’Sullivan, M.P., O’Leary, S.M., Cambier, C.J., Cameron, J., Takaki, K.K., 
Moens, C.B., Tobin, D.M., Keane, J., et al. (2016). Lysosomal Disorders Drive Susceptibility to 
Tuberculosis by Compromising Macrophage Migration. Cell 165, 139–152. 

Bernales, S., Papa, F.R., and Walter, P. (2006). Intracellular signaling by the unfolded protein response. 
Annu. Rev. Cell Dev. Biol. 22, 487–508. 

Beutler, E., Kuhl, W., and Comings, D. (1975). Hexosaminidase isozyme in type O Gm2 gangliosidosis 
(Sandhoff-Jatzkewitz disease). Am. J. Hum. Genet. 27, 628–638. 

Bevan, A.K., Duque, S., Foust, K.D., Morales, P.R., Braun, L., Schmelzer, L., Chan, C.M., McCrate, M., 
Chicoine, L.G., Coley, B.D., et al. (2011). Systemic gene delivery in large species for targeting spinal 
cord, brain, and peripheral tissues for pediatric disorders. Mol. Ther. J. Am. Soc. Gene Ther. 19, 1971–
1980. 

Boedecker, H.J., Mellman, W.J., Tedesco, T.A., and Croce, C.M. (1975). Assignment of the human gene 
for hexosaminidase B to chromosome 5. Exp. Cell Res. 93, 468–472. 

Bourdenx, M., Dutheil, N., Bezard, E., and Dehay, B. (2014). Systemic gene delivery to the central 
nervous system using Adeno-associated virus. Front. Mol. Neurosci. 7. 

Bourgoin, C., Emiliani, C., Kremer, E.J., Gelot, A., Tancini, B., Gravel, R.A., Drugan, C., Orlacchio, A., 
Poenaru, L., and Caillaud, C. (2003). Widespread distribution of beta-hexosaminidase activity in the brain 
of a Sandhoff mouse model after coinjection of adenoviral vector and mannitol. Gene Ther. 10, 1841–
1849. 

Bouvier, M. (2007). When an inhibitor promotes activity. Chem. Biol. 14, 241–242. 

Bradbury, A.M., Cochran, J.N., McCurdy, V.J., Johnson, A.K., Brunson, B.L., Gray-Edwards, H., Leroy, 
S.G., Hwang, M., Randle, A.N., Jackson, L.S., et al. (2013). Therapeutic response in feline sandhoff 
disease despite immunity to intracranial gene therapy. Mol. Ther. J. Am. Soc. Gene Ther. 21, 1306–1315. 

Brown, B.D. (2015). A Shot in the Bone Corrects a Genetic Disease. Mol. Ther. 23, 614–615. 

Büning, H., Huber, A., Zhang, L., Meumann, N., and Hacker, U. (2015). Engineering the AAV capsid to 
optimize vector–host-interactions. Curr. Opin. Pharmacol. 24, 94–104. 

Butters, T.D., Dwek, R.A., and Platt, F.M. (2005). Imino sugar inhibitors for treating the lysosomal 
glycosphingolipidoses. Glycobiology 15, 43R – 52R. 

Cachón-González, M.B., Wang, S.Z., Lynch, A., Ziegler, R., Cheng, S.H., and Cox, T.M. (2006). 
Effective gene therapy in an authentic model of Tay-Sachs-related diseases. Proc. Natl. Acad. Sci. U. S. 
A. 103, 10373–10378. 

Cachón-González, M.B., Wang, S.Z., McNair, R., Bradley, J., Lunn, D., Ziegler, R., Cheng, S.H., and 
Cox, T.M. (2012). Gene transfer corrects acute GM2 gangliosidosis--potential therapeutic contribution of 
perivascular enzyme flow. Mol. Ther. J. Am. Soc. Gene Ther. 20, 1489–1500. 



 

 
 

64 

Cachón-González, M.-B., Wang, S.Z., Ziegler, R., Cheng, S.H., and Cox, T.M. (2014). Reversibility of 
neuropathology in Tay-Sachs-related diseases. Hum. Mol. Genet. 23, 730–748. 

Cantor, R.M., Roy, C., Lim, J.S., and Kaback, M.M. (1987). Sandhoff disease heterozygote detection: a 
component of population screening for Tay-Sachs disease carriers. II. Sandhoff disease gene frequencies 
in American Jewish and non-Jewish populations. Am. J. Hum. Genet. 41, 16–26. 

Cardone, M. (2007). Prospects for gene therapy in inherited neurodegenerative diseases. Curr. Opin. 
Neurol. 20, 151–158. 

Chern, J., Beutler, E., Kuhl, W., Gilbert, F., Mellman, W.J., and Croce, C.M. (1976). Characterization of 
heteropolymeric hexosaminidase A in human X mouse hybrid cells. Proc. Natl. Acad. Sci. U. S. A. 73, 
3637–3640. 

Chiricozzi, E., Niemir, N., Aureli, M., Magini, A., Loberto, N., Prinetti, A., Bassi, R., Polchi, A., 
Emiliani, C., Caillaud, C., et al. (2014). Chaperone therapy for GM2 gangliosidosis: effects of 
pyrimethamine on β-hexosaminidase activity in Sandhoff fibroblasts. Mol. Neurobiol. 50, 159–167. 

Clarke, J.T.R., Mahuran, D.J., Sathe, S., Kolodny, E.H., Rigat, B.A., Raiman, J.A., and Tropak, M.B. 
(2011). An open-label Phase I/II clinical trial of pyrimethamine for the treatment of patients affected with 
chronic GM2 gangliosidosis (Tay-Sachs or Sandhoff variants). Mol. Genet. Metab. 102, 6–12. 

Clarke, L.A., Wraith, J.E., Beck, M., Kolodny, E.H., Pastores, G.M., Muenzer, J., Rapoport, D.M., 
Berger, K.I., Sidman, M., Kakkis, E.D., et al. (2009). Long-term efficacy and safety of laronidase in the 
treatment of mucopolysaccharidosis I. Pediatrics 123, 229–240. 

Cohen-Tannoudji, M., Marchand, P., Akli, S., Sheardown, S.A., Puech, J.P., Kress, C., Gressens, P., 
Nassogne, M.C., Beccari, T., and Muggleton-Harris, A.L. (1995). Disruption of murine Hexa gene leads 
to enzymatic deficiency and to neuronal lysosomal storage, similar to that observed in Tay-Sachs disease. 
Mamm. Genome Off. J. Int. Mamm. Genome Soc. 6, 844–849. 

Collins, M., and Thrasher, A. (2015). Gene therapy: progress and predictions. Proc. Biol. Sci. 282, 
20143003. 

Conzelmann, E., and Sandhoff, K. (1983). Partial enzyme deficiencies: residual activities and the 
development of neurological disorders. Dev. Neurosci. 6, 58–71. 

Conzelmann, E., Nehrkorn, H., Kytzia, H.J., Sandhoff, K., Macek, M., Lehovský, M., Elleder, M., 
Jirásek, A., and Kobilková, J. (1985). Prenatal diagnosis of GM2 gangliosidosis with high residual 
hexosaminidase A activity (variant B1; pseudo AB variant). Pediatr. Res. 19, 1220–1224. 

Cork, L.C., Munnell, J.F., Lorenz, M.D., Murphy, J.V., Baker, H.J., and Rattazzi, M.C. (1977). GM2 
ganglioside lysosomal storage disease in cats with beta-hexosaminidase deficiency. Science 196, 1014–
1017. 

Cox, T.M., and Cachón-González, M.B. (2012). The cellular pathology of lysosomal diseases. J. Pathol. 
226, 241–254. 



 

 
 

65 

Cummings, J.F., Wood, P.A., Walkley, S.U., de Lahunta, A., and DeForest, M.E. (1985). GM2 
gangliosidosis in a Japanese spaniel. Acta Neuropathol. (Berl.) 67, 247–253. 

Deacon, R.M.J. (2013). Measuring the Strength of Mice. J. Vis. Exp. JoVE. 

Dehay, B., Dalkara, D., Dovero, S., Li, Q., and Bezard, E. (2012). Systemic scAAV9 variant mediates 
brain transduction in newborn rhesus macaques. Sci. Rep. 2. 

Der Kaloustian, V.M., Khoury, M.J., Hallal, R., Idriss, Z.H., Deeb, M.E., Wakid, N.W., and Haddad, F.S. 
(1981). Sandhoff disease: a prevalent form of infantile GM2 gangliosidosis in Lebanon. Am. J. Hum. 
Genet. 33, 85–89. 

Deverman, B.E., Pravdo, P.L., Simpson, B.P., Kumar, S.R., Chan, K.Y., Banerjee, A., Wu, W.-L., Yang, 
B., Huber, N., Pasca, S.P., et al. (2016). Cre-dependent selection yields AAV variants for widespread 
gene transfer to the adult brain. Nat. Biotechnol. 34, 204–209. 

Dill, K.A., and Shortle, D. (1991). Denatured states of proteins. Annu. Rev. Biochem. 60, 795–825. 

Drouin, L.M., and Agbandje-McKenna, M. (2013). Adeno-associated virus structural biology as a tool in 
vector development. Future Virol. 8, 1183–1199. 

Duque, S., Joussemet, B., Riviere, C., Marais, T., Dubreil, L., Douar, A.-M., Fyfe, J., Moullier, P., Colle, 
M.-A., and Barkats, M. (2009). Intravenous administration of self-complementary AAV9 enables 
transgene delivery to adult motor neurons. Mol. Ther. J. Am. Soc. Gene Ther. 17, 1187–1196. 

Eng, C.M., Guffon, N., Wilcox, W.R., Germain, D.P., Lee, P., Waldek, S., Caplan, L., Linthorst, G.E., 
Desnick, R.J., and International Collaborative Fabry Disease Study Group (2001). Safety and efficacy of 
recombinant human alpha-galactosidase A--replacement therapy in Fabry’s disease. N. Engl. J. Med. 345, 
9–16. 

Faraco, G., Pittelli, M., Cavone, L., Fossati, S., Porcu, M., Mascagni, P., Fossati, G., Moroni, F., and 
Chiarugi, A. (2009). Histone deacetylase (HDAC) inhibitors reduce the glial inflammatory response in 
vitro and in vivo. Neurobiol. Dis. 36, 269–279. 

Faraco, G., Cavone, L., and Chiarugi, A. (2011). The Therapeutic Potential of HDAC Inhibitors in the 
Treatment of Multiple Sclerosis. Mol. Med. 17, 442–447. 

Fife, B.T., Huffnagle, G.B., Kuziel, W.A., and Karpus, W.J. (2000). CC chemokine receptor 2 is critical 
for induction of experimental autoimmune encephalomyelitis. J. Exp. Med. 192, 899–905. 

Folch, J., Ascoli, I., Lees, M., Meath, J.A., and LeBaron, F.N. (1951). Preparation of Lipide Extracts from 
Brain Tissue. J. Biol. Chem. 191, 833–841. 

Folch, J., Lees, M., and Stanley, G.H.S. (1957). A Simple Method for the Isolation and Purification of 
Total Lipides from Animal Tissues. J. Biol. Chem. 226, 497–509. 



 

 
 

66 

Foust, K.D., Nurre, E., Montgomery, C.L., Hernandez, A., Chan, C.M., and Kaspar, B.K. (2009). 
Intravascular AAV9 preferentially targets neonatal neurons and adult astrocytes. Nat. Biotechnol. 27, 59–
65. 

Foust, K.D., Wang, X., McGovern, V.L., Braun, L., Bevan, A.K., Haidet, A.M., Le, T.T., Morales, P.R., 
Rich, M.M., Burghes, A.H.M., et al. (2010). Rescue of the spinal muscular atrophy phenotype in a mouse 
model by early postnatal delivery of SMN. Nat. Biotechnol. 28, 271–274. 

Fox, M.S., and Littlefield, J.W. (1971). Reservations concerning gene therapy. Science 173, 195. 

Fox, M.F., DuToit, D.L., Warnich, L., and Retief, A.E. (1984). Regional localization of alpha-
galactosidase (GLA) to Xpter----q22, hexosaminidase B (HEXB) to 5q13----qter, and arylsulfatase B 
(ARSB) to 5pter----q13. Cytogenet. Cell Genet. 38, 45–49. 

Fürst, W., and Sandhoff, K. (1992). Activator proteins and topology of lysosomal sphingolipid 
catabolism. Biochim. Biophys. Acta 1126, 1–16. 

Gao, G., Vandenberghe, L.H., Alvira, M.R., Lu, Y., Calcedo, R., Zhou, X., and Wilson, J.M. (2004). 
Clades of Adeno-Associated Viruses Are Widely Disseminated in Human Tissues. J. Virol. 78, 6381–
6388. 

Geiger, B., Arnon, R., and Sandhoff, K. (1977). Immunochemical and biochemical investigation of 
hexosaminidase S. Am. J. Hum. Genet. 29, 508–522. 

van Gelder, C.M., Vollebregt, A.A.M., Plug, I., van der Ploeg, A.T., and Reuser, A.J.J. (2012). Treatment 
options for lysosomal storage disorders: developing insights. Expert Opin. Pharmacother. 13, 2281–2299. 

Grabiec, A.M., Tak, P.P., and Reedquist, K.A. (2011). Function of histone deacetylase inhibitors in 
inflammation. Crit. Rev. Immunol. 31, 233–263. 

Grabowski, G.A., Kacena, K., Cole, J.A., Hollak, C.E.M., Zhang, L., Yee, J., Mistry, P.K., Zimran, A., 
Charrow, J., and vom Dahl, S. (2009). Dose-response relationships for enzyme replacement therapy with 
imiglucerase/alglucerase in patients with Gaucher disease type 1. Genet. Med. Off. J. Am. Coll. Med. 
Genet. 11, 92–100. 

Gravel R., Kaback MM., Proia RL., Sandhoff K., and Suzuki K. (2001). The GM2 gangliosidoses. In The 
Metabolic and Molecular Bases of Inherited Diseases, (New York: McGraw-Hill), pp. 3827–3876. 

Gray, S.J., Matagne, V., Bachaboina, L., Yadav, S., Ojeda, S.R., and Samulski, R.J. (2011). Preclinical 
differences of intravascular AAV9 delivery to neurons and glia: a comparative study of adult mice and 
nonhuman primates. Mol. Ther. J. Am. Soc. Gene Ther. 19, 1058–1069. 

Gray, S.J., Nagabhushan Kalburgi, S., McCown, T.J., and Jude Samulski, R. (2013). Global CNS gene 
delivery and evasion of anti-AAV-neutralizing antibodies by intrathecal AAV administration in non-
human primates. Gene Ther. 20, 450–459. 

Gray-Edwards, H.L., Brunson, B.L., Holland, M., Hespel, A.-M., Bradbury, A.M., McCurdy, V.J., 
Beadlescomb, P.M., Randle, A.N., Salibi, N., Denney, T.S., et al. (2015). Mucopolysaccharidosis-like 



 

 
 

67 

phenotype in feline Sandhoff disease and partial correction after AAV gene therapy. Mol. Genet. Metab. 
116, 80–87. 

Greenberg, D.A., and Kaback, M.M. (1982). Estimation of the frequency of hexosaminidase a variant 
alleles in the American Jewish population. Am. J. Hum. Genet. 34, 444–451. 

Guidotti, J.-E., Akli, S., Castelnau-takhine, L., Kahn, A., and Poenaru, L. (1998). Retrovirus-Mediated 
Enzymatic Correction of Tay-Sachs Defect in Transduced and Non-Transduced Cells. Hum. Mol. Genet. 
7, 831–838. 

Guidotti, J.E., Mignon, A., Haase, G., Caillaud, C., McDonell, N., Kahn, A., and Poenaru, L. (1999). 
Adenoviral Gene Therapy of the Tay-Sachs Disease in Hexosaminidase A-Deficient Knock-Out Mice. 
Hum. Mol. Genet. 8, 831–838. 

Hacein-Bey-Abina, S., von Kalle, C., Schmidt, M., Le Deist, F., Wulffraat, N., McIntyre, E., Radford, I., 
Villeval, J.-L., Fraser, C.C., Cavazzana-Calvo, M., et al. (2003). A serious adverse event after successful 
gene therapy for X-linked severe combined immunodeficiency. N. Engl. J. Med. 348, 255–256. 

Hacein-Bey-Abina, S., Garrigue, A., Wang, G.P., Soulier, J., Lim, A., Morillon, E., Clappier, E., 
Caccavelli, L., Delabesse, E., Beldjord, K., et al. (2008). Insertional oncogenesis in 4 patients after 
retrovirus-mediated gene therapy of SCID-X1. J. Clin. Invest. 118, 3132–3142. 

Hakomori, S. (1984). Glycosphingolipids as differentiation-dependent, tumor-associated markers and as 
regulators of cell proliferation. Trends Biochem. Sci. 9, 453–459. 

Halili, M.A., Andrews, M.R., Sweet, M.J., and Fairlie, D.P. (2009). Histone deacetylase inhibitors in 
inflammatory disease. Curr. Top. Med. Chem. 9, 309–319. 

Hansson, H.A., Holmgren, J., and Svennerholm, L. (1977). Ultrastructural localization of cell membrane 
GM1 ganglioside by cholera toxin. Proc. Natl. Acad. Sci. U. S. A. 74, 3782–3786. 

Hepbildikler, S.T., Sandhoff, R., Kölzer, M., Proia, R.L., and Sandhoff, K. (2002). Physiological 
Substrates for Human Lysosomal β-Hexosaminidase S. J. Biol. Chem. 277, 2562–2572. 

Herzog, R.W., Cao, O., and Srivastava, A. (2010). Two Decades of Clinical Gene Therapy – Success Is 
Finally Mounting. Discov. Med. 9, 105–111. 

Hitoshi, N., Ken-ichi, Y., and Jun-ichi, M. (1991). Efficient selection for high-expression transfectants 
with a novel eukaryotic vector. Gene 108, 193–199. 

Hou, Y., Tse, R., and Mahuran, D.J. (1996). Direct determination of the substrate specificity of the alpha-
active site in heterodimeric beta-hexosaminidase A. Biochemistry (Mosc.) 35, 3963–3969. 

Howe, S.J., Mansour, M.R., Schwarzwaelder, K., Bartholomae, C., Hubank, M., Kempski, H., Brugman, 
M.H., Pike-Overzet, K., Chatters, S.J., de Ridder, D., et al. (2008). Insertional mutagenesis combined 
with acquired somatic mutations causes leukemogenesis following gene therapy of SCID-X1 patients. J. 
Clin. Invest. 118, 3143–3150. 



 

 
 

68 

Huang, J.Q., Trasler, J.M., Igdoura, S., Michaud, J., Hanal, N., and Gravel, R.A. (1997). Apoptotic cell 
death in mouse models of GM2 gangliosidosis and observations on human Tay-Sachs and Sandhoff 
diseases. Hum. Mol. Genet. 6, 1879–1885. 

Husain, S.R., Han, J., Au, P., Shannon, K., and Puri, R.K. (2015). Gene therapy for cancer: regulatory 
considerations for approval. Cancer Gene Ther. 22, 554–563. 

Ikonne, J.U., Rattazzi, M.C., and Desnick, R.J. (1975). Characterization of Hex S, the major residual beta 
hexosaminidase activity in type O Gm2 gangliosidosis (Sandhoff-Jatzkewitz disease). Am. J. Hum. 
Genet. 27, 639–650. 

Itakura, T., Kuroki, A., Ishibashi, Y., Tsuji, D., Kawashita, E., Higashine, Y., Sakuraba, H., Yamanaka, 
S., and Itoh, K. (2006). Inefficiency in GM2 ganglioside elimination by human lysosomal beta-
hexosaminidase beta-subunit gene transfer to fibroblastic cell line derived from Sandhoff disease model 
mice. Biol. Pharm. Bull. 29, 1564–1569. 

Jeyakumar, M., Butters, T.D., Cortina-Borja, M., Hunnam, V., Proia, R.L., Perry, V.H., Dwek, R.A., and 
Platt, F.M. (1999). Delayed symptom onset and increased life expectancy in Sandhoff disease mice 
treated with N-butyldeoxynojirimycin. Proc. Natl. Acad. Sci. U. S. A. 96, 6388–6393. 

Jeyakumar, M., Thomas, R., Elliot-Smith, E., Smith, D.A., van der Spoel, A.C., d’Azzo, A., Perry, V.H., 
Butters, T.D., Dwek, R.A., and Platt, F.M. (2003). Central nervous system inflammation is a hallmark of 
pathogenesis in mouse models of GM1 and GM2 gangliosidosis. Brain J. Neurol. 126, 974–987. 

Jeyakumar, M., Smith, D.A., Williams, I.M., Borja, M.C., Neville, D.C.A., Butters, T.D., Dwek, R.A., 
and Platt, F.M. (2004). NSAIDs increase survival in the Sandhoff disease mouse: synergy with N-
butyldeoxynojirimycin. Ann. Neurol. 56, 642–649. 

Jeyakumar, M., Lee, J.-P., Sibson, N.R., Lowe, J.P., Stuckey, D.J., Tester, K., Fu, G., Newlin, R., Smith, 
D.A., Snyder, E.Y., et al. (2009). Neural stem cell transplantation benefits a monogenic neurometabolic 
disorder during the symptomatic phase of disease. Stem Cells Dayt. Ohio 27, 2362–2370. 

Johnson, W.G., Desnick, R.J., Long, D.M., Sharp, H.L., Krivit, W., Brady, B., and Brady, R.O. (1973). 
Intravenous injection of purified hexosaminidase A into a patient with Tay-Sachs disease. Birth Defects 
Orig. Artic. Ser. 9, 120–124. 

Jun-ichi, M., Satoshi, T., Kimi, A., Fumi, T., Akira, T., Kiyoshi, T., and Ken-ichi, Y. (1989). Expression 
vector system based on the chicken β-actin promoter directs efficient production of interleukin-5. Gene 
79, 269–277. 

Kaback, M., Lim-Steele, J., Dabholkar, D., Brown, D., Levy, N., and Zeiger, K. (1993). Tay-Sachs 
disease--carrier screening, prenatal diagnosis, and the molecular era. An international perspective, 1970 to 
1993. The International TSD Data Collection Network. JAMA 270, 2307–2315. 

Karbe, E., and Schiefer, B. (1967). Familial amaurotic idiocy in male German shorthair pointers. Pathol. 
Vet. 4, 223–232. 



 

 
 

69 

Karumuthil-Melethil, S., Nagabhushan Kalburgi, S., Thompson, P., Tropak, M., Kaytor, M.D., Keimel, 
J.G., Mark, B.L., Mahuran, D., Walia, J.S., and Gray, S.J. (2016). Novel Vector Design and 
Hexosaminidase Variant Enabling Self-Complimentary AAV for the Treatment of Tay-Sachs Disease. 
Hum. Gene Ther. 7, 509-521. 

Kim, J.H., Lee, S.-R., Li, L.-H., Park, H.-J., Park, J.-H., Lee, K.Y., Kim, M.-K., Shin, B.A., and Choi, S.-
Y. (2011). High Cleavage Efficiency of a 2A Peptide Derived from Porcine Teschovirus-1 in Human Cell 
Lines, Zebrafish and Mice. PLoS ONE 6. 4 

Kitakaze, K., Mizutani, Y., Sugiyama, E., Tasaki, C., Tsuji, D., Maita, N., Hirokawa, T., Asanuma, D., 
Kamiya, M., Sato, K., et al. (2016). Protease-resistant modified human β-hexosaminidase B ameliorates 
symptoms in GM2 gangliosidosis model. J. Clin. Invest. 126, 1691–1703. 

Klenk (1935). Uber die natur der phophatide und anderer lipoide des gehirns und der leber bei der 
niemann-pickschen krankheit. Z Physiol Chem 235, 24–36. 

Klenk (1939). Beitrdge zur Chemie der Lipiodosen. Z Physiol Chem 262, 128–143. 

Knight, E.M., Williams, H.N., Stevens, A.C., Kim, S.H., Kottwitz, J.C., Morant, A.D., Steele, J.W., 
Klein, W.L., Yanagisawa, K., Boyd, R.E., et al. (2015). Evidence that small molecule enhancement of β-
hexosaminidase activity corrects the behavioral phenotype in Dutch APP(E693Q) mice through reduction 
of ganglioside-bound Aβ. Mol. Psychiatry 20, 109–117. 

Kolter, T., and Sandhoff, K. (1999). Sphingolipids—Their Metabolic Pathways and the 
Pathobiochemistry of Neurodegenerative Diseases. Angew. Chem. Int. Ed. 38, 1532–1568. 

Kolter, T., and Sandhoff, K. (2010). Lysosomal degradation of membrane lipids. FEBS Lett. 584, 1700–
1712. 

Korneluk, R.G., Mahuran, D.J., Neote, K., Klavins, M.H., O’Dowd, B.F., Tropak, M., Willard, H.F., 
Anderson, M.J., Lowden, J.A., and Gravel, R.A. (1986). Isolation of cDNA clones coding for the alpha-
subunit of human beta-hexosaminidase. Extensive homology between the alpha- and beta-subunits and 
studies on Tay-Sachs disease. J. Biol. Chem. 261, 8407–8413. 

Kumar, S.R., Markusic, D.M., Biswas, M., High, K.A., and Herzog, R.W. (2016). Clinical development 
of gene therapy: results and lessons from recent successes. Mol. Ther. Methods Clin. Dev. 3, 16034. 

Kyrkanides, S., Miller, J.H., Brouxhon, S.M., Olschowka, J.A., and Federoff, H.J. (2005). beta-
hexosaminidase lentiviral vectors: transfer into the CNS via systemic administration. Brain Res. Mol. 
Brain Res. 133, 286–298. 

Kyrkanides, S., Miller, A.W., Miller, J.-N.H., Tallents, R.H., Brouxhon, S.M., Olschowka, M.E., 
O’Banion, M.K., and Olschowka, J.A. (2008). Peripheral blood mononuclear cell infiltration and 
neuroinflammation in the HexB-/- mouse model of neurodegeneration. J. Neuroimmunol. 203, 50–57. 

Kyrkanides, S., Brouxhon, S.M., Tallents, R.H., Miller, J.H., Olschowka, J.A., and O’Banion, M.K. 
(2012). Conditional expression of human β-hexosaminidase in the neurons of Sandhoff disease rescues 
mice from neurodegeneration but not neuroinflammation. J. Neuroinflammation 9, 186. 



 

 
 

70 

Kytzia, H.J., and Sandhoff, K. (1985). Evidence for two different active sites on human beta-
hexosaminidase A. Interaction of GM2 activator protein with beta-hexosaminidase A. J. Biol. Chem. 260, 
7568–7572. 

Lalley, P.A., Rattazzi, M.C., and Shows, T.B. (1974). Human beta-D-N-acetylhexosaminidases A and B: 
expression and linkage relationships in somatic cell hybrids. Proc. Natl. Acad. Sci. U. S. A. 71, 1569–
1573. 

Lee, J.-P., Jeyakumar, M., Gonzalez, R., Takahashi, H., Lee, P.-J., Baek, R.C., Clark, D., Rose, H., Fu, 
G., Clarke, J., et al. (2007). Stem cells act through multiple mechanisms to benefit mice with 
neurodegenerative metabolic disease. Nat. Med. 13, 439–447. 

Leinekugel, P., Michel, S., Conzelmann, E., and Sandhoff, K. (1992). Quantitative correlation between 
the residual activity of β-hexosaminidase A and arylsulfatase A and the severity of the resulting 
lysosomal storage disease. Hum. Genet. 88, 513–523. 

Leoni, F., Fossati, G., Lewis, E.C., Lee, J.-K., Porro, G., Pagani, P., Modena, D., Moras, M.L., Pozzi, P., 
Reznikov, L.L., et al. (2005). The Histone Deacetylase Inhibitor ITF2357 Reduces Production of Pro-
Inflammatory Cytokines In Vitro and Systemic Inflammation In Vivo. Mol. Med. 11, 1–15. 

Liu, Y., Wada, R., Kawai, H., Sango, K., Deng, C., Tai, T., McDonald, M.P., Araujo, K., Crawley, J.N., 
Bierfreund, U., et al. (1999). A genetic model of substrate deprivation therapy for a glycosphingolipid 
storage disorder. J. Clin. Invest. 103, 497–505. 

Lowden, J.A., Ives, E.J., Keene, D.L., Burton, A.L., Skomorowski, M.A., and Howard, F. (1978). Carrier 
detection in Sandhoff disease. Am. J. Hum. Genet. 30, 38–45. 

Luzio, J.P., Pryor, P.R., and Bright, N.A. (2007). Lysosomes: fusion and function. Nat. Rev. Mol. Cell 
Biol. 8, 622–632. 

Maegawa, G.H.B., Tropak, M., Buttner, J., Stockley, T., Kok, F., Clarke, J.T.R., and Mahuran, D.J. 
(2007). Pyrimethamine as a potential pharmacological chaperone for late-onset forms of GM2 
gangliosidosis. J. Biol. Chem. 282, 9150–9161. 

Maegawa, G.H.B., Banwell, B.L., Blaser, S., Sorge, G., Toplak, M., Ackerley, C., Hawkins, C., Hayes, J., 
and Clarke, J.T.R. (2009). Substrate reduction therapy in juvenile GM2 gangliosidosis. Mol. Genet. 
Metab. 98, 215–224. 

Mahad, D., Callahan, M.K., Williams, K.A., Ubogu, E.E., Kivisäkk, P., Tucky, B., Kidd, G., Kingsbury, 
G.A., Chang, A., Fox, R.J., et al. (2006). Modulating CCR2 and CCL2 at the blood-brain barrier: 
relevance for multiple sclerosis pathogenesis. Brain J. Neurol. 129, 212–223. 

Mahuran, D.J. (1999). Biochemical consequences of mutations causing the GM2 gangliosidoses. 
Biochim. Biophys. Acta 1455, 105–138. 

Martino, S., Emiliani, C., Orlacchio, A., Hosseini, R., and Stirling, J.L. (1995). Beta-N-
acetylhexosaminidases A and S have similar sub-cellular distributions in HL-60 cells. Biochim. Biophys. 
Acta 1243, 489–495. 



 

 
 

71 

Martino, S., Marconi, P., Tancini, B., Dolcetta, D., De Angelis, M.G.C., Montanucci, P., Bregola, G., 
Sandhoff, K., Bordignon, C., Emiliani, C., et al. (2005). A direct gene transfer strategy via brain internal 
capsule reverses the biochemical defect in Tay-Sachs disease. Hum. Mol. Genet. 14, 2113–2123. 

Matsuoka, K., Tamura, T., Tsuji, D., Dohzono, Y., Kitakaze, K., Ohno, K., Saito, S., Sakuraba, H., and 
Itoh, K. (2011). Therapeutic potential of intracerebroventricular replacement of modified human β-
hexosaminidase B for GM2 gangliosidosis. Mol. Ther. J. Am. Soc. Gene Ther. 19, 1017–1024. 

Mattar, C.N., Waddington, S.N., Biswas, A., Johana, N., Ng, X.W., Fisk, A.S., Fisk, N.M., Tan, L.G., 
Rahim, A.A., Buckley, S.M.K., et al. (2013). Systemic delivery of scAAV9 in fetal macaques facilitates 
neuronal transduction of the central and peripheral nervous systems. Gene Ther. 20, 69–83. 

McCarty, D.M., Young, S.M., and Samulski, R.J. (2004). Integration of adeno-associated virus (AAV) 
and recombinant AAV vectors. Annu. Rev. Genet. 38, 819–845. 

McCarty, D.M., DiRosario, J., Gulaid, K., Muenzer, J., and Fu, H. (2009). Mannitol-facilitated CNS entry 
of rAAV2 vector significantly delayed the neurological disease progression in MPS IIIB mice. Gene 
Ther. 16, 1340–1352. 

McCurdy, V.J., Rockwell, H.E., Arthur, J.R., Bradbury, A.M., Johnson, A.K., Randle, A.N., Brunson, 
B.L., Hwang, M., Gray-Edwards, H.L., Morrison, N.E., et al. (2015). Widespread correction of central 
nervous system disease after intracranial gene therapy in a feline model of Sandhoff disease. Gene Ther. 
22, 181–189. 

Meier, E.M., Schwarzmann, G., Fürst, W., and Sandhoff, K. (1991). The human GM2 activator protein. A 
substrate specific cofactor of beta-hexosaminidase A. J. Biol. Chem. 266, 1879–1887. 

Muldoon, L.L., Neuwelt, E.A., Pagel, M.A., and Weiss, D.L. (1994). Characterization of the molecular 
defect in a feline model for type II GM2-gangliosidosis (Sandhoff disease). Am. J. Pathol. 144, 1109–
1118. 

Myrianthopoulos, N.C., and Aronson, S.M. (1966). Population dynamics of Tay-Sachs disease. I. 
Reproductive fitness and selection. Am. J. Hum. Genet. 18, 313–327. 

Naldini, L. (2009). Medicine. A comeback for gene therapy. Science 326, 805–806. 

Naldini, L. (2015). Gene therapy returns to centre stage. Nature 526, 351–360. 

Neuwelt, E.A., Barranger, J.A., Pagel, M.A., Quirk, J.M., Brady, R.O., and Frenkel, E.P. (1984). Delivery 
of active hexosaminidase across the blood-brain barrier in rats. Neurology 34, 1012–1019. 

Ngamukote, S., Yanagisawa, M., Ariga, T., Ando, S., and Yu, R.K. (2007). Developmental changes of 
glycosphingolipids and expression of glycogenes in mouse brains. J. Neurochem. 103, 2327–2341. 

Norflus, F., Yamanaka, S., and Proia, R.L. (1996). Promoters for the human beta-hexosaminidase genes, 
HEXA and HEXB. DNA Cell Biol. 15, 89–97. 



 

 
 

72 

Nyhan, Barshop, and Al-Aqeel (2012a). Sandhoff Disease/GM2 ganliosidosis/deficiency of 
hexosaminidase A and B/hex-B subunit deficiency. In Atlas of Inherited Metabolic Disorders, (London: 
Hodder Arnold), pp. 686–693. 

Nyhan, Barshop, and Al-Aqeel (2012b). Tay-Sachs disease/hexosaminidase A deficiency. In Atlas of 
Inherited Metabolic Disorders, (London: Hodder Arnold), pp. 678–685. 

O’Brien, J.S., Okada, S., Fillerup, D.L., Veath, M.L., Adornato, B., Brenner, P.H., and Leroy, J.G. 
(1971). Tay-Sachs disease: prenatal diagnosis. Science 172, 61–64. 

O’Dowd, B.F., Klavins, M.H., Willard, H.F., Gravel, R., Lowden, J.A., and Mahuran, D.J. (1986). 
Molecular heterogeneity in the infantile and juvenile forms of Sandhoff disease (O-variant GM2 
gangliosidosis). J. Biol. Chem. 261, 12680–12685. 

Okada, S., and O’Brien, J.S. (1969). Tay-Sachs disease: generalized absence of a beta-D-N-
acetylhexosaminidase component. Science 165, 698–700. 

Osher, E., Fattal-Valevski, A., Sagie, L., Urshanski, N., Amir-Levi, Y., Katzburg, S., Peleg, L., Lerman-
Sagie, T., Zimran, A., Elstein, D., et al. (2011). Pyrimethamine increases β-hexosaminidase A activity in 
patients with Late Onset Tay Sachs. Mol. Genet. Metab. 102, 356–363. 

Osher, E., Fattal-Valevski, A., Sagie, L., Urshanski, N., Sagiv, N., Peleg, L., Lerman-Sagie, T., Zimran, 
A., Elstein, D., Navon, R., et al. (2015). Effect of cyclic, low dose pyrimethamine treatment in patients 
with Late Onset Tay Sachs: an open label, extended pilot study. Orphanet J. Rare Dis. 10, 45. 

Osmon, K.J., Woodley, E., Thompson, P., Ong, K., Karumuthil-Melethil, S., Keimel, J.G., Mark, B.L., 
Mahuran, D., Gray, S., and Walia, J.S. (2016). Systemic Gene Transfer of a Hexosaminidase Variant 
Using a scAAV9.47 Vector Corrects GM2 Gangliosidosis in Sandhoff Mice. Hum. Gene Ther. 7, 497-
508. 

Parenti, G., Andria, G., and Valenzano, K.J. (2015). Pharmacological Chaperone Therapy: Preclinical 
Development, Clinical Translation, and Prospects for the Treatment of Lysosomal Storage Disorders. 
Mol. Ther. J. Am. Soc. Gene Ther. 23, 1138–1148. 

Parton, R.G. (1994). Ultrastructural localization of gangliosides; GM1 is concentrated in caveolae. J. 
Histochem. Cytochem. Off. J. Histochem. Soc. 42, 155–166. 

Pastores, G.M., Barnett, N.L., and Kolodny, E.H. (2005). An open-label, noncomparative study of 
miglustat in type I Gaucher disease: efficacy and tolerability over 24 months of treatment. Clin. Ther. 27, 
1215–1227. 

Pelletier, J., and Sonenberg, N. (1988). Internal initiation of translation of eukaryotic mRNA directed by a 
sequence derived from poliovirus RNA. Nature 334, 320–325. 

Petersen, G.M., Rotter, J.I., Cantor, R.M., Field, L.L., Greenwald, S., Lim, J.S., Roy, C., Schoenfeld, V., 
Lowden, J.A., and Kaback, M.M. (1983). The Tay-Sachs disease gene in North American Jewish 
populations: geographic variations and origin. Am. J. Hum. Genet. 35, 1258–1269. 



 

 
 

73 

Phaneuf, D., Wakamatsu, N., Huang, J.Q., Borowski, A., Peterson, A.C., Fortunato, S.R., Ritter, G., 
Igdoura, S.A., Morales, C.R., Benoit, G., et al. (1996). Dramatically different phenotypes in mouse 
models of human Tay-Sachs and Sandhoff diseases. Hum. Mol. Genet. 5, 1–14. 

Pierce, K.R., Kosanke, S.D., Bay, W.W., and Bridges, C.H. (1976). Animal model of human disease: 
GM2 gangliosidosis. Am. J. Pathol. 83, 419–422. 

Platt, F.M., Neises, G.R., Dwek, R.A., and Butters, T.D. (1994). N-butyldeoxynojirimycin is a novel 
inhibitor of glycolipid biosynthesis. J. Biol. Chem. 269, 8362–8365. 

Platt, F.M., Neises, G.R., Reinkensmeier, G., Townsend, M.J., Perry, V.H., Proia, R.L., Winchester, B., 
Dwek, R.A., and Butters, T.D. (1997). Prevention of lysosomal storage in Tay-Sachs mice treated with N-
butyldeoxynojirimycin. Science 276, 428–431. 

Proia, R.L. (1988). Gene encoding the human beta-hexosaminidase beta chain: extensive homology of 
intron placement in the alpha- and beta-chain genes. Proc. Natl. Acad. Sci. U. S. A. 85, 1883–1887. 

Proia, R.L., and Soravia, E. (1987). Organization of the gene encoding the human beta-hexosaminidase 
alpha-chain. J. Biol. Chem. 262, 5677–5681. 

Purpura, D.P., and Suzuki, K. (1976). Distortion of neuronal geometry and formation of aberrant synapses 
in neuronal storage disease. Brain Res. 116, 1–21. 

Rastall, D.P., and Amalfitano, A. (2015). Recent advances in gene therapy for lysosomal storage 
disorders. Appl. Clin. Genet. 8, 157–169. 

Read, W.K., and Bridges, C.H. (1968). Cerebrospinal lipodystrophy in swine. A new disease model in 
comparative pathology. Pathol. Vet. 5, 67–74. 

Reagan-Shaw, S., Nihal, M., and Ahmad, N. (2008). Dose translation from animal to human studies 
revisited. FASEB J. 22, 659–661. 

Rockwell, H.E., McCurdy, V.J., Eaton, S.C., Wilson, D.U., Johnson, A.K., Randle, A.N., Bradbury, 
A.M., Gray-Edwards, H.L., Baker, H.J., Hudson, J.A., et al. (2015). AAV-mediated gene delivery in a 
feline model of Sandhoff disease corrects lysosomal storage in the central nervous system. ASN Neuro 7. 

Roe, T., Reynolds, T.C., Yu, G., and Brown, P.O. (1993). Integration of murine leukemia virus DNA 
depends on mitosis. EMBO J. 12, 2099–2108. 

Russell, D.W. (2007). AAV Vectors, Insertional Mutagenesis, and Cancer. Mol. Ther. 15, 1740–1743. 

Ryan, M.D., King, A.M., and Thomas, G.P. (1991). Cleavage of foot-and-mouth disease virus polyprotein 
is mediated by residues located within a 19 amino acid sequence. J. Gen. Virol. 72 ( Pt 11), 2727–2732. 

Sachs (1887). On arrested cerebral development, with special reference to its cortical pathology. J. Nerv. 
Ment. Dis. 14, 541–553. 



 

 
 

74 

Sachs (1892). On arrested cerebral development, with special reference to its cortical pathology. J. Nerv. 
Ment. Dis. 17, 603–607. 

Sachs (1896). On arrested cerebral development, with special reference to its cortical pathology. J. Nerv. 
Ment. Dis. 21, 475–479. 

Sandhoff, K. (1969). Variation of β-N-acetylhexosaminidase-pattern in Tay-Sachs disease. FEBS Lett. 4, 
351–354. 

Sandhoff, K., and Christomanou, H. (1979). Biochemistry and genetics of gangliosidoses. Hum. Genet. 
50, 107–143. 

Sandhoff, K., and Harzer, K. (2013). Gangliosides and gangliosidoses: principles of molecular and 
metabolic pathogenesis. J. Neurosci. Off. J. Soc. Neurosci. 33, 10195–10208. 

Sandhoff, K., Andreae, U., and Jatzkewitz, H. (1968). Deficient hexosaminidase activity in an exceptional 
case of Tay-Sachs disease with additional storage of kidney globoside in visceral organs. Life Sci. 7, 283–
288. 

Sandhoff, K., Harzer, K., Wässle, W., and Jatzkewitz, H. (1971). Enzyme alterations and lipid storage in 
three variants of Tay-Sachs disease. J. Neurochem. 18, 2469–2489. 

Sango, K., Yamanaka, S., Hoffmann, A., Okuda, Y., Grinberg, A., Westphal, H., McDonald, M.P., 
Crawley, J.N., Sandhoff, K., Suzuki, K., et al. (1995). Mouse models of Tay-Sachs and Sandhoff diseases 
differ in neurologic phenotype and ganglioside metabolism. Nat. Genet. 11, 170–176. 

Sargeant, T.J., Wang, S., Bradley, J., Smith, N.J.C., Raha, A.A., McNair, R., Ziegler, R.J., Cheng, S.H., 
Cox, T.M., and Cachón-González, M.B. (2011). Adeno-associated virus-mediated expression of β-
hexosaminidase prevents neuronal loss in the Sandhoff mouse brain. Hum. Mol. Genet. 20, 4371–4380. 

Sibbald, B. (2001). Death but one unintended consequence of gene-therapy trial. CMAJ Can. Med. Assoc. 
J. 164, 1612. 

Sinici, I., Yonekawa, S., Tkachyova, I., Gray, S.J., Samulski, R.J., Wakarchuk, W., Mark, B.L., and 
Mahuran, D.J. (2013). In cellulo examination of a beta-alpha hybrid construct of beta-hexosaminidase A 
subunits, reported to interact with the GM2 activator protein and hydrolyze GM2 ganglioside. PloS One 
8, e57908. 

von Specht, B.U., Geiger, B., Arnon, R., Passwell, J., Keren, G., Goldman, B., and Padeh, B. (1979). 
Enzyme replacement in Tay-Sachs disease. Neurology 29, 848–854. 

Srivastava, S.K., and Beutler, E. (1973). Hexosaminidase-A and hexosaminidase-B: studies in Tay-Sachs’ 
and Sandhoff’s disease. Nature 241, 463. 

Suzuki, K., Proia, R.L., and Suzuki, K. (1998). Mouse Models of Human Lysosomal Diseases. Brain 
Pathol. 8, 195–215. 



 

 
 

75 

Svennerholm, L. (1962). The chemical structure of normal human brain and Tay-Sachs gangliosides. 
Biochem. Biophys. Res. Commun. 9, 436–441. 

Tabin, C.J., Hoffmann, J.W., Goff, S.P., and Weinberg, R.A. (1982). Adaptation of a retrovirus as a 
eucaryotic vector transmitting the herpes simplex virus thymidine kinase gene. Mol. Cell. Biol. 2, 426–
436. 

Takeda, K., Nakai, H., Hagiwara, H., Tada, K., Shows, T.B., Byers, M.G., and Myerowitz, R. (1990). 
Fine assignment of beta-hexosaminidase A alpha-subunit on 15q23-q24 by high resolution in situ 
hybridization. Tohoku J. Exp. Med. 160, 203–211. 

Tallaksen, C.M.E., and Berg, J.E. (2009). Miglustat therapy in juvenile Sandhoff disease. J. Inherit. 
Metab. Dis. 32 Suppl 1, S289–S293. 

Taylor, R.M., and Wolfe, J.H. (1997). Decreased lysosomal storage in the adult MPS VII mouse brain in 
the vicinity of grafts of retroviral vector-corrected fibroblasts secreting high levels of beta-glucuronidase. 
Nat. Med. 3, 771–774. 

Tay, W (1881). Symmetrical changes in the region of the yellow spot in each eye of an infant. Trans. 
Ophthalmol. Soc. 1, 55–57. 

Tropak, M.B., and Mahuran, D. (2007). Lending a helping hand, screening chemical libraries for 
compounds that enhance beta-hexosaminidase A activity in GM2 gangliosidosis cells. FEBS J. 274, 
4951–4961. 

Tropak, M.B., Reid, S.P., Guiral, M., Withers, S.G., and Mahuran, D. (2004). Pharmacological 
Enhancement of β-Hexosaminidase Activity in Fibroblasts from Adult Tay-Sachs and Sandhoff Patients. 
J. Biol. Chem. 279, 13478–13487. 

Tropak, M.B., Blanchard, J.E., Withers, S.G., Brown, E.D., and Mahuran, D. (2007). High-throughput 
screening for human lysosomal beta-N-Acetyl hexosaminidase inhibitors acting as pharmacological 
chaperones. Chem. Biol. 14, 153–164. 

Tropak, M.B., Bukovac, S.W., Rigat, B.A., Yonekawa, S., Wakarchuk, W., and Mahuran, D.J. (2010). A 
Sensitive Fluorescence-based Assay for Monitoring GM2 Ganglioside Hydrolysis in Live Patient Cells 
and their Lysates. Glycobiology 20, 356–365. 

Tropak, M.B., Yonekawa, S., Karumuthil-Melethil, S., Thompson, P., Wakarchuk, W., Gray, S.J., Walia, 
J.S., Mark, B.L., and Mahuran, D. (2016). Construction of a hybrid β-hexosaminidase subunit capable of 
forming stable homodimers that hydrolyze GM2 ganglioside in vivo. Mol. Ther. Methods Clin. Dev. 3, 
15057. 

Tsuji, D., Akeboshi, H., Matsuoka, K., Yasuoka, H., Miyasaki, E., Kasahara, Y., Kawashima, I., Chiba, 
Y., Jigami, Y., Taki, T., et al. (2011). Highly phosphomannosylated enzyme replacement therapy for 
GM2 gangliosidosis. Ann. Neurol. 69, 691–701. 

Valdmanis, P.N., Lisowski, L., and Kay, M.A. (2012). rAAV-Mediated Tumorigenesis: Still Unresolved 
After an AAV Assault. Mol. Ther. 20, 2014–2017. 



 

 
 

76 

Venugopalan, P., and Joshi, S.N. (2002). Cardiac involvement in infantile Sandhoff disease. J. Paediatr. 
Child Health 38, 98–100. 

Wada, R., Tifft, C.J., and Proia, R.L. (2000). Microglial activation precedes acute neurodegeneration in  
Sandhoff disease and is suppressed by bone marrow transplantation. Proc. Natl. Acad. Sci. U. S. A. 97, 
10954–10959. 

Walia, J.S., Altaleb, N., Bello, A., Kruck, C., LaFave, M.C., Varshney, G.K., Burgess, S.M., Chowdhury, 
B., Hurlbut, D., Hemming, R., et al. (2015). Long-term correction of Sandhoff disease following 
intravenous delivery of rAAV9 to mouse neonates. Mol. Ther. J. Am. Soc. Gene Ther. 23, 414–422. 

Walkley, S.U. (1995). Pyramidal neurons with ectopic dendrites in storage diseases exhibit increased 
GM2 ganglioside immunoreactivity. Neuroscience 68, 1027–1035. 

Walkley, S.U., Sikora, J., Micsenyi, M., Davidson, C., and Dobrenis, K. (2010). Lysosomal compromise 
and brain dysfunction: examining the role of neuroaxonal dystrophy. Biochem. Soc. Trans. 38, 1436–
1441. 

Wang, D.B., Dayton, R.D., Henning, P.P., Cain, C.D., Zhao, L.R., Schrott, L.M., Orchard, E.A., Knight, 
D.S., and Klein, R.L. (2010). Expansive gene transfer in the rat CNS rapidly produces amyotrophic lateral 
sclerosis relevant sequelae when TDP-43 is overexpressed. Mol. Ther. J. Am. Soc. Gene Ther. 18, 2064–
2074. 

Wang, F., Song, W., Brancati, G., and Segatori, L. (2011). Inhibition of endoplasmic reticulum-associated 
degradation rescues native folding in loss of function protein misfolding diseases. J. Biol. Chem. 286, 
43454–43464. 

Wang, X., Shin, S.C., Chiang, A.F.J., Khan, I., Pan, D., Rawlings, D.J., and Miao, C.H. (2015). 
Intraosseous delivery of lentiviral vectors targeting factor VIII expression in platelets corrects murine 
hemophilia A. Mol. Ther. J. Am. Soc. Gene Ther. 23, 617–626. 

Wherrett, J.R., and Cumings, J.N. (1963). Detection and resolution of gangliosides in lipid extracts by 
thin-layer chromatography. Biochem. J. 86, 378–382. 

Wortmann, S.B., Lefeber, D.J., Dekomien, G., Willemsen, M. a. a. P., Wevers, R.A., and Morava, E. 
(2009). Substrate deprivation therapy in juvenile Sandhoff disease. J. Inherit. Metab. Dis. 32 Suppl 1, 
S307–S311. 

Wraith, J.E., Scarpa, M., Beck, M., Bodamer, O.A., De Meirleir, L., Guffon, N., Meldgaard Lund, A., 
Malm, G., Van der Ploeg, A.T., and Zeman, J. (2008). Mucopolysaccharidosis type II (Hunter syndrome): 
a clinical review and recommendations for treatment in the era of enzyme replacement therapy. Eur. J. 
Pediatr. 167, 267–277. 

Wu, Y.-P., and Proia, R.L. (2004). Deletion of macrophage-inflammatory protein 1 alpha retards 
neurodegeneration in Sandhoff disease mice. Proc. Natl. Acad. Sci. U. S. A. 101, 8425–8430. 



 

 
 

77 

Wu, Y.Y., Sonnino, S., Li, Y.T., and Li, S.C. (1996). Characterization of an alternatively spliced GM2 
activator protein, GM2A protein. An activator protein which stimulates the enzymatic hydrolysis of N-
acetylneuraminic acid, but not N-acetylgalactosamine, from GM2. J. Biol. Chem. 271, 10611–10615. 

Wu, Z., Yang, H., and Colosi, P. (2010). Effect of genome size on AAV vector packaging. Mol. Ther. J. 
Am. Soc. Gene Ther. 18, 80–86. 

Yamada, T., Bando, H., Takeuchi, S., Kita, K., Li, Q., Wang, W., Akinaga, S., Nishioka, Y., Sone, S., and 
Yano, S. (2011). Genetically engineered humanized anti-ganglioside GM2 antibody against multiple 
organ metastasis produced by GM2-expressing small-cell lung cancer cells. Cancer Sci. 102, 2157–2163. 

Yamanaka, S., Johnson, M.D., Grinberg, A., Westphal, H., Crawley, J.N., Taniike, M., Suzuki, K., and 
Proia, R.L. (1994). Targeted disruption of the Hexa gene results in mice with biochemical and pathologic 
features of Tay-Sachs disease. Proc. Natl. Acad. Sci. U. S. A. 91, 9975–9979. 

Ylä-Herttuala, S. (2012). Endgame: glybera finally recommended for approval as the first gene therapy 
drug in the European union. Mol. Ther. J. Am. Soc. Gene Ther. 20, 1831–1832. 

Yu, R.K., Nakatani, Y., and Yanagisawa, M. (2009). The role of glycosphingolipid metabolism in the 
developing brain. J. Lipid Res. 50 Suppl, S440–S445. 

Yu, R.K., Tsai, Y.-T., Ariga, T., and Yanagisawa, M. (2011). Structures, biosynthesis, and functions of 
gangliosides--an overview. J. Oleo Sci. 60, 537–544. 

 


