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Abstract 
 

GM2 gangliosidoses encompass a group of chronic neurodegenerative disorders 
characterized by metabolic defects in ganglioside catabolism and marked intralysosomal 
accumulation of GM2 in central nervous system (CNS)-resident neurons. Included in this 
group are Tay-Sachs and Sandhoff disease. Human cases of Tay-Sachs and Sandhoff 
disease present with devastating neurological deterioration; however, murine models 
display drastically divergent phenotypes. Tay-Sachs mice avoid pathology via a sialidase-
mediated bypass of β-hexosaminidase A (HEXA) deficiency, though the precise 
mechanism of avoidance is not fully elucidated. The following work aimed to: i) 
determine if the murine sialidase-mediated bypass could be potentiated in human cells, 
and ii) help clarify the mechanism of disease avoidance in Tay-Sachs animals. 
 Adenoviral overexpression of truncated CCAAT displacement protein (CDP831-

1505) in human Tay-Sachs neuroglia augmented neuraminidase 1/lysosomal sialidase 
(NEU1) protein levels, which reduced intralysosomal GM2 accumulations. Chromatin 
immunoprecipitation revealed binding of CDP831-1505 to the human NEU1 promoter in 
Tay-Sachs neuroglia. These results provide mechanistic and functional evidence 
supporting therapeutic exploitation of NEU1 for Tay-Sachs disease. 
 Comparison of immunological responses of bone marrow-derived macrophages 
(BMDMs) to pathogen associated molecular patterns (PAMPs) or GM2 demonstrated that 
Sandhoff macrophages secrete increased TNF and reduced IL-10 following 
lipopolysaccharide stimulation. GM2 treatment failed to stimulate an immune response. 
Such behaviour occurred in the absence of clearly observable intralysosomal ganglioside 
accumulations. Altered LAMP2 protein size, potentially due to aberrant glycosylation, is 
hypothesized to disrupt autophagosomal/lysosomal fusion. Subsequent autophagosomal 
accumulation could result in inherent macrophage hypersensitivity and immunologic 
irritability. Downstream interleukin-10 (IL-10)/signal transducer and activator of 
transcription 3 (Stat3) axis, mitogen activated protein kinase (MAPK), and glycogen 
synthase kinase 3-beta (GSK3β) signaling pathways were affected in Sandhoff BMDMs. 
These data indicate inherent differences in immunological responses of BMDMs from 
Sandhoff mice, presumably related to their β-hexosaminidase B (HEXB) deficiency. 
 Data presented here provides evidence to suggest a paradigm shift in the 
neurodegenerative model of Tay-Sachs and Sandhoff Diseases towards one that places 
immune cells as an initiating factor for widespread neuroinflammation. 
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CHAPTER 1 
 

INTRODUCTION 
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1.1 Glycosphingolipids 
 

Glycosphingolipids (GSLs) are a type of glycolipid that contain 
sphingosine and include gangliosides, cerebrosides and globosides1. Glycolipids 
consist of a carbohydrate component and a lipid chain and play a crucial role in 
supplying energy to cells. Additional functions include roles in cellular 
recognition, eukaryotic cell membrane stability, processes of cell-matrix and cell-
cell adhesion, metabolism, and immune response1, 2, 3. The composition of the 
sugar and lipid moieties attached to the sphingosine in GSLs can vary greatly in 
size and complexity1, 4. 
 Gangliosides are modified GSLs that contain at least one N-
acetylneuraminic acid (sialic acid) residue linked to the oligosaccharide chain. 
Like GSLs, gangliosides are found in the plasma membrane in a similar 
orientation and participate in cell-cell signaling and cellular recognition events3,4. 
There is much variation in the spatial, temporal and type of ganglioside 
expression between tissues and species. Gangliosides are usually concentrated in 
lipid rafts and are highly prevalent in the nervous system where they account for 
approximately 10-12% of all lipids and 20-25% of the outer layer of neuronal 
membranes. The synthesis of gangliosides occurs in a stepwise fashion in the 
Golgi from lactosylceramide (LacCer) and involves the activity of both 
sialyltransferases and glycosyltransferases5. GM3, the simplest ganglioside, is 
synthesized in the cis-region of the Golgi by the sialyltransferase, GM3 synthase. 
Conversely, those enzymes that catalyze the latter steps of ganglioside synthesis 
are located in the trans-Golgi compartment1, 5. The importance of gangliosides in 
brain formation and development is well documented6. Furthermore, during brain 
development, the quantity and the degree of sialylation of gangliosides 
increases7. Studies have shown that mature mouse brains contain approximately 
8 times more gangliosides than embryos and that the complexity of these lipids 
increases with age7. Treatment of cells in vitro and in vivo with injections of 
gangliosides results in rapid internalization of these molecules by cells and 
tissues6, 8, 9. 
 Proper breakdown of intralysosomal lipids is necessary for normal 
cellular function10. Catalysis of complex membrane associated glycoconjugates 
occurs via the “endosomal-lysosomal system” or “vascular apparatus” and 
involves plasma membrane-derived, clathrin-containing, endosomal 
compartments that subsequently develop into mature, digestion-competent 
lysosomes. These lysosomal vesicles are involved in the degradation of cellular 
components and utilize acid hydrolases contained within their highly acidic (pH≈ 
4.5-5) lumen. Once in the lysosome, the internalized membrane-associated 
macromolecules are degraded in a step-wise fashion by lysosome-resident 
enzymes10, 11. It is by this pathway that the cell breaks down the sphingolipids 
found to accumulate in lysosomal storage disorders. 
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GSLs and ganglioside catabolism has been thoroughly studied over the 
past few decades. Investigation has revealed that faults at any step in the 
catabolic pathway lead to the development of one or more lysosomal storage 
disorders (LSDs) (Figure 1)10. More specifically, mutations associated with 
improper or reduced activity in catabolic enzymes or cofactors lead to defects in 
the acid hydrolysis of endogenous intralysosomal molecules, resulting in the 
storage of certain liposaccharides12. 
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Figure 1. Sphingolipid Metabolism. Deficiencies in enzymatic activity at any 
step of the catabolic pathway results in accumulation of the corresponding 
substrate. The red boxes designate portions of the pathway that are of direct 
relevance. Modified from Kolter, et al. (2006)10. 
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Lysosomal deposits and accumulations often result in a disturbance of 
normal cellular function once they reach a certain threshold. The resultant 
pathological events/symptoms are classified as LSDs. Lysosomal storage 
diseases are a group of more than forty rare and inherited metabolic disorders, 
each stemming from a different genetic mutation in a gene encoding a different 
lysosomal enzyme and are further classified either by the material that is 
primarily stored or by the deficient enzyme13, 14, 15. Most LSDs follow an 
autosomal recessive pattern of inheritance, however, several disorders 
(Mucopolysaccharidosis type II, Fabry disease and Danon disease) are X-
linked16. The severity of the resulting illness stems from the nature of the defect 
and is directly related to how much residual enzymatic activity remains and thus 
the extent of macromolecule accumulation13, 16, 17. Total eradication of activity 
results in an infantile or early-onset of disease, more severe symptoms, poorer 
prognosis and often death during childhood. Conversely, adult-onset, which is 
associated with milder symptoms and a more optimistic prognosis, is typically 
observed in cases with supportive residual enzyme activity. 

LSDs have been a topic of intensive study over the past several decades. 
Although the prevalence of such diseases amongst the general population is not 
considered high (cumulatively estimated to affect ~1/7,700), amid several sub-
populations, termed “carrier populations”, disease alleles are much more 
prevalent14, 18, 19, 20. 

Currently, no cure exists for lysosomal storage diseases, however, over 
the past two decades treatment options have drastically improved13, 16. In more 
recent years, several promising methods such as bone marrow transplantation and 
enzyme replacement therapy (ERT) have been explored with some success21, 22, 

23, 24. Gene therapy has also gained credence as an emerging therapeutic 
alternative over the last several years24, 25. The rationale behind each of these 
potential therapies is to reestablish/restore the deficient enzymatic activity to aid 
in clearance of accumulated intralysosomal metabolic intermediates. Treatments 
based on other principles include substrate reduction therapy whereby the 
production of the deficient enzyme’s substrate is reduced to a level manageable 
by the residual enzyme activity, and the utilization of chemical chaperones that 
act to stabilize the mutated enzyme16, 22, 26, 27, 28, 29, 30, 31, 32, 33. While these methods 
have been successfully implemented in the treatment of several LSDs, the 
expense of clinical implementation of such treatments is enormous and is 
currently one of their major drawbacks13. One potential, yet relatively unexplored 
therapeutic avenue is the development of alternate gene therapy. Such therapeutic 
options aim to circumvent the primary defect by shunting the accumulated 
substance through a metabolic bypass. Ideally, this bypass would be achieved 
through manipulation of an endogenous pathway; however, the specific 
mechanism to be utilized would be compound/disease-specific. 

Analogous to the catabolic pathway, defects in sphingolipid biosynthesis 
also lead to devastating and often lethal outcomes. Given the essential role of 
sphingolipids during embryogenesis and development, many symptoms of 
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systemic knockout mutations are masked by an embryonic lethal phenotype34. 
However, evidence provided from other studies suggests not all defects in 
sphingolipid biosynthesis will result in lethality. For example, decreased C18-
ceramide synthesis has been linked to non-lethal events such as head and neck 
squamous cell carcinomas35. 
 

1.2 GM2 Gangliosidoses 
 

The designation GM2 gangliosidoses encompasses a group of diseases 
whose pathological outcomes and similar clinical phenotypes result from distinct 
molecular defects, all of which cause the intralysosomal accumulation of GM2 
gangliosides. There are three inherited (autosomal recessive) disorders grouped 
into this class of neurodegenerative diseases: Tay-Sachs, Sandhoff and GM2 
Activator deficiency36. Mutations affecting each of the subunits or the cofactor of 
the enzyme β-hexosaminidase, which is involved in the catabolic breakdown of 
these lipids, leads to the toxic buildup of GM2 ganglioside36. It is this toxic 
buildup that indirectly initiates the biological cascade towards progressive 
neuronal apoptosis, eventually leading to nervous system dysfunction and patient 
death10, 12, 37, 38.  

Deposits of undigested intermediate lipids in neurons are contained 
within membranous cytoplasmic bodies (MBCs). These MCBs are composed of 
endosomal membranes with plasma membrane (PM) lipids rafts enroute to the 
lysosome for degradation10, 39. Storage of these lipid components causes 
increased levels of endoplasmic reticulum (ER) and golgi body stress40. Pro-
apoptotic pathways have been shown to encourage cell death in cells 
experiencing significant ER stress41. These changes are also accompanied by 
alterations in neuronal morphology, neuronal signal transmission and neuronal 
cell receptor signaling, which lead to astrogliosis and immune cell (specifically 
microglial/macrophage) activation41, 42. This extensive immune response, 
augmented by positive feedback signaling between immune cells of the central 
nervous system (CNS) and CNS-resident damaged/apoptotic neuronal cells, leads 
to considerable neuroinflammation and subsequent neurodegeneration including 
denervation of the spinal cord, brain stem and cerebellum, basal ganglia and 
cerebral cortex41, 42. 
 
 

1.3 β-Hexosaminidase  
 

β-hexosaminidase A (HEXA) is an essential enzyme responsible for 
partial catabolism of negatively charged ganglioside species such as GM2 
ganglioside in the lysosomes of cells in the central and peripheral nervous 
system43. Its ability to cleave N-acetylgalactosamine from GM2 is dependent 
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upon proper function of its two subunits (α and β) – each of which is encoded by 
a separate gene (HEXA and HEXB, respectively) and its cofactor, GM2 activator 
protein43. The activator protein functions by hoisting the substrate (GM2) into the 
enzyme’s active site for catalysis. Defects in any of these three critical pieces 
leads to an accumulation of GM2 in the lysosomes of neurons and development 
of neurodegenerative disorders20, 43. As mentioned previously, these disorders 
constitute the class, “GM2 gangliosidoses”. Successful catabolism of GM2 
ganglioside within the lysosome yields the product, GM3, and does not result in 
the lysosomal buildup of catabolic intermediates. 
 β-hexosaminidase B (HEXB) is also involved in the breakdown of lipids 
in the lysosome. More specifically, HEXB cleaves uncharged substrates and is 
responsible for the conversion of GA2 to lactosylceramide, and globoside to 
globotriacylceramide44. In contrast to HEXA, HEXB is composed of two β 
subunits, both encoded by the HEXB gene. Homozygous defects in the gene 
encoding the β subunit lead to a deficiency of both enzymes (HEXA and HEXB), 
resulting in a type of GM2 gangliosidosis called Sandhoff Disease45. 

Biosynthesis of hexosaminidase in the ER results in a pro-
hexosaminidase isozyme, which undergoes proteolytic and glycosidic post-
translational processing in the late endosome or the lysosome before reaching 
maturity20. Genetic mapping initiatives have localized HEXA (gene encoding the 
pro-α subunit) to 15q23-24 and HEXB (gene encoding the pro-β subunit) to 
5q1344. 
 
 

1.4 Tay-Sachs disease 
 

Tay-Sachs disease (TSD) is a chronic, autosomal recessive lysosomal 
storage disorder that is characterized by profound neurodegeneration and for 
which no cure is currently available. TSD is caused by a deficiency in the HEXA 
enzyme due to mutations in the gene encoding its alpha subunit46, 47. Over 100 
mutations in HEXA have been identified, each of which lead to the inhibition of 
the function of HEXA. As a result of this enzymatic deficiency, neuronal cells 
accumulate harmful levels of GM2 ganglioside in their lysosomes leading to their 
premature death36, 37, 38, 41. Consequently, motor malfunctions, seizures, ataxia, 
tremors, muscular atrophy and in many cases death of the individual follow46. 
TSD can be classified into three sub-types (infantile, juvenile and adult) by its 
age of onset and coinciding severity of neurological symptoms, and is 
diagnosable by a characteristic cherry red spot on the macula46. The frequency of 
HEXA mutant alleles is approximately 1/300, however, several “carrier 
populations” have been recognized in which this frequency is drastically 
elevated. Ashkenazi (Eastern European) Jews, French Canadians of southeastern 
Quebec, and Cajuns of southern Louisiana are all considered to have HEXA 
mutations at frequencies significantly more prevalent than the general population 
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(e.g. Ashkenazi Jews ~ 1/27 – 1/30)18, 19, 48. The Ashkenazi Jew and Cajun 
populations both share the same most prevalent mutation – an insertion of four 
base pairs (bp) (TATC) in exon 11 of HEXA at position 1278, which creates an 
altered reading frame, and a premature stop codon nine base pairs downstream of 
the insertion18, 19, 20. However, French Canadians most commonly possess a long 
sequence deletion in the HEXA gene, which renders its product non-functional48. 

Symptom severity in Tay-Sachs disease is inversely proportional to the 
age of onset. For example, subjects with the infantile form of TSD suffer from 
rapid neurological deterioration in their second year of life and fail to maintain 
visually evoked cortical responses after 16 months of age49. Conversely, patients 
with late-onset Tay-Sachs (LOTS) disease present saccadic eye movement but 
have otherwise unaffected afferent visual pathways50. LOTS patients experience 
dampened neurological symptoms (in comparison to infantile and juvenile onset 
cases) such as general clumsiness in early childhood, which often worsens into 
ataxia and general weakness in the second and third decade of life with 
subsequent denervation atrophy in middle-aged and elderly individuals51. 
Additionally, LOTS patients often suffer from adulthood neuropsychiatric illness 
such as catatonic schizophrenia, hallucinations, anxiety and depression but most 
still maintain cognitive capacity52, 53. Furthermore, symptom nature and temporal 
presentation can vary in a case-dependent manner even within a single class of 
onset. This phenomenon is typically observed in late-onset cases of the disease51. 
Given this outstanding clinical heterogeneity, it is expected that studies would 
show weak correlation between neurological decline and the severity of disease 
phenotype. 

Sandhoff Disease (SD), like TSD is an autosomal recessive, lysosomal 
storage disorder. SD is a specific type of GM2 gangliosidosis caused by a 
deficiency of both the HEXA and HEXB enzymes, and results in the toxic 
buildup of GM2 gangliosides in a variety of cell types45, 54. These deficiencies 
arise from mutation(s) in the gene encoding the β subunit of β-hexosaminidase, 
HEXB45. In a similar fashion to that described previously, elevated stores of GM2 
ganglioside in the CNS causes progressive neurodegeneration, ultimately 
resulting in death45. SD, too, is classified by its age of onset and corresponding 
neurological symptoms into categories identical to those established for TSD. In 
humans, SD and TSD follow a similar pathological course and share the same 
symptoms10, 45. Thus, they cannot be clinically distinguished from one another. 
 
 

1.5 Sialidase and regulation of the human sialidase promoter 
 

Sialic acid is a nine-carbon hexose terminal monosaccharide derivative of 
neuraminic acid, which possess N- or O- substituted domains. It is found bound 
to glycoproteins and glycolipids in both animal tissue and bacteria55. Both 
sialidase and sialyltransferase activity determines the extent of sialylation on cell 
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surface glycoproteins and thus, the magnitude of negative cell surface charge56. 
Additionally, the degree of sialylation functions to regulate cell identification, 
cell adhesion, cell-cell interactions, cell proliferation and to maintain 
conformational stability57. For example, cell surface expression of molecules 
such as sialylated Lewis X (sLex)/CD15, which binds to selectin, can be 
regulated by post-Golgi membrane sialidase activity58. 
 Sialidase enzymatically removes sialic acid whereas sialyltransferases 
catalyze the addition of sialic acid to nascent oligosaccharides56. Neuraminidase 
1 is the lysosomal form of the sialidase enzyme, which hydrolytically cleaves 
terminal alpha-2,3 and alpha-2,6 linked sialic acid residues59. Most important to 
this project is the 46 kDa enzymatic glycoprotein, neuraminidase 1/lysosomal 
sialidase (NEU1)60. It associates with protective protein/cathepsin A (PPCA) 
prior to segregation to the lysosome and forms a heterotrimeric complex with 
beta-galactosidase. Studies have demonstrated that optimal activity of lysosomal 
sialidase occurs at an acidic pH of 4.560, 61. The human NEU1 gene has been 
mapped to chromosome 6p21 within the major histocompatibility complex 
(MHC) and the mouse gene to chromosome 17 near the H-2D end of its MHC61. 
Structural mutations in the neuraminidase 1 gene lead to a condition called 
Sialidosis, whereas defects in PPCA cause galactosialidosis60. Sequencing of the 
sialidase promoter has uncovered a CCAAT box that is responsive to several 
proteins such as C/EBP (CCAAT enhancer-binding protein) and CCAAT 
displacement protein (CDP)62. The full form of CDP is associated with 
transcriptional repression63. However, in its N-terminally truncated form has 
been shown to cause augmented expression of NEU1 (Figure 2)64. It has been 
hypothesized that truncated CDP can no longer effectively suppress transcription 
via competitive concealment of the upstream activator domain of the sialidase 
gene. Thus, regardless of CDP attachment to its DNA binding domain, activators 
of the sialidase gene can still be recruited for the initiation of transcription. An 
alternate hypothesis concerning the ability for CDP to actively increase 
transcription has also been put forth; however, a putative mechanism has yet to 
be elucidated, and until falsified, this possibility cannot be ignored. 

Sialidases have been the topic of much study due to their extensive 
impact on many cellular and physiological processes. By acting on molecules 
such as glycoproteins and glycolipids, sialidase plays a direct role in normal 
cellular behaviours and thus, altered activity may play a role in disease and 
pathology. As discussed in previous sections, lysosomal sialidase is intimately 
involved in the catabolism of lipids in lysosomes where it acts to desialylate 
these sialoglycoconjugates65. Deficiency of lysosomal sialidase (NEU1) results 
in the lysosomal storage disease, Sialidosis (Mucolipidosis type I)65. This fatal 
disease is characterized by an accumulation of mucopolysaccharides in cells such 
as neurons, bone marrow and other immune cells. Individuals suffering from this 
illness often show symptoms of hepatosplenomegaly, skeletal malformations, 
myoclonus, ataxia, tremors, and impaired vision66, 67, 68. Additionally, patients 
show signs of mental retardation and normally die before 1 year of age66. Recent 
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work has described sialidase as being intimately associated with toll-like receptor 
(TLR) 2, 3, and 4 activation and signaling. Specifically, activation of NEU1 is 
induced by the interaction of TLR receptors and their ligands. Activated NEU1 
(lysosomal sialidase) has been shown to desialylate sugar N-glycan moieties on 
complexes such as MyD88/TLR4 leading to subsequent activation of NFκB, a 
potent transcription factor in the regulation of immune responses and cytokine 
production69. Amith et al. (2009) demonstrated that NFκB activation in 
macrophage and dendritic cells is dependent upon the removal of α-2,3-sialyl 
residues linked to β-galactoside on TLR469, 70. Together, these findings present 
strong evidence for the involvement of sialidase in the neuroinflammatory 
process. 
 
 

1.7 The connection between neuroinflammation and neurodegeneration 
 

In the CNS, the process of inflammation changes dramatically from that 
of peripheral tissue. Since the brain and the spinal cord are isolated from the rest 
of the body by the blood brain barrier, very few pathogen-recognizing antibodies 
are able to enter and circulate in the CNS. Innate immune responses in the CNS 
are ignited by systemic invasion of pathogens and the development of an 
adaptive immune response occurs afterward. Thus, the central nervous system 
must possess and utilize its own antigen-presenting cells, which recognize and 
phagocytose foreign particles and subsequently activate the T-cells of the 
immune system; microglial cells perform this function71. Production of immuno-
modulatory molecules secreted by these cell types is elevated in many 
neurological disorders, linking the complex progression of neurodegeneration 
with the inflammatory process71, 72, 73. Two types of neuroinflammation exist: 
acute and chronic. In the prior type, acute neuronal injury triggers microglial 
activation and subsequent phagocytosis of deceased cells and debris material73. 
The definitive aspect of an acute response is inflammation that subsides once 
“cleanup” is complete. Conversely, chronic neuroinflammatory responses 
involve sustained microglial activation and consequently, continual production of 
microglial inflammatory mediators such as proinflammatory cytokines, 
chemokines, proteases and amyloid precursor protein (APP)71, 72. Persistent 
production of these molecules facilitates neuronal death. As a consequence of 
chronic activation, microglia may lose some of their trophic functions, once 
again contributing to the induction of neurodegeneration via 
neuroinflammation72. 

The role of the inflammatory process in neurodegeneration has been well 
documented in Alzheimer’s, amyotrophic lateral sclerosis (ALS) and prion-
related diseases74, 75, 76. Prior work has temporally studied the events leading to 
neurodegeneration and has found that microglial activation precedes large events 
of neuronal cell death in Sandhoff disease mice77. Furthermore, cDNA 
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microarray analysis revealed an upregulation of genes related to a microglia-
dominated inflammatory process prior to acute neurodegeneration77. 
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Figure 2. CCAAT displacement protein binding activity. Depicted above is the 
full-length CDP protein. CDP contains four domains: CR1-3 and a cut 
homeodomain (HD), which are utilized in combination to carry out its promoter 
binding activities. The CR1 and CR2 domains take place in transient binding and 
CCAAT box displacing activity. Conversely, the CR3 and HD components are 
responsible for stable interaction with DNA at the consensus sequence 
ATCGAT. Modeled after Nepveu, et al. (2001)63. HD (cut homeodomain), CR 
(cut repeat). 
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1.8 The role of immune cells in the propagation of neuroinflammation 
 

Microglia are glial cells that act as the isolated macrophage population in 
the CNS. Therefore, microglia serve as the primary mechanism of CNS defense. 
Studies stimulating their toll-like receptors have found that these cells are an 
important component of both the innate and active immune response, and active 
immunity in the brain and the spinal cord is linked to the regulation of 
neuroinflammation78, 79. Microglia are derived from CD45+ bone marrow cells in 
the fetal brain and subsequently differentiate from CD14+ monocytes to make up 
approximately 20% of the brain’s total glial cell population71. Expression of cell 
surface proteins changes with their state of differentiation and activation80, 81. For 
example, differentiation from monocyte to microglia results in subsequent loss of 
CD14 and other myeloid-lineage markers80. However, many of these proteins 
may reappear upon injury in activated microglial cells; reexpression of CD14 
was found in the CNS following stroke and HIVE82. Work utilizing the mouse 
model for Alzheimer’s disease describes CD14’s response to amyloid peptide 
and shows that mice with a genetic deficiency for CD14 show reduced microglial 
activation and subsequent neuronal death83. These findings strongly suggest that 
CD14 contributes to the neuroinflammatory response that is associated with 
neurodegenerative disorders. In contrast to the low levels expressed by 
undifferentiated microglia, active-phagocytic microglia express high levels of 
MHC class II proteins that they use to act as antigen-presenting cells, which 
activate T-cells to further the immune response71, 84. To prevent damage to 
critical neurons of the CNS, microglia must act quickly and to even minute 
pathological changes. In addition to dealing with harmful and infectious 
pathogens, microglial cells also take part in the scavenger cell processes such as 
cleaning up damaged and dying neurons71, 81. 

Like macrophages, microglia display a great degree of phenotypic and 
genotypic plasticity71, 81. Their state depends upon several factors including their 
present responsibility and relative location and similar to macrophages, they 
require appropriate stimulation in order to undergo their stepwise 
transformation/activation processes84. Under normal conditions, most microglial 
cells are found in their resting/ramified or quiescent state71, 81. In this form, a 
microglia’s cell body is reduced in size while its branches or projections, which 
are constantly surveying its proximity, are large and branched. Ramified 
microglia serve as a constant “surveillance team”, whose duty is to detect and 
react readily to minute pathological changes81. Glutamate receptor agonists, 
proinflammatory cytokines, cell necrosis factors (i.e. TNF-α), lipopolysaccharide 
(LPS) and extracellular potassium can trigger an activation response. Each of 
these compounds interact with cell surface receptors on microglia85, 86, 87. For 
example, LPS binds to LPS-binding protein (LBP) in the serum and interacts 
with its binding partner CD1480. CD14 then networks with TLR4 to create a 
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heteromeric receptor complex with myeloid differentiation protein-2 (MD-2) and 
induces the step-wise process of immunoactivation and cytokine production80. 
Additional cell surface receptors have been implicated in microglial response to 
LPS. For example, the CD11b (MAC1) integrin receptor serves as a TLR4-
independent receptor for LPS and work using MAC1 -/- microglia demonstrates 
that these cells do not produce superoxide and other cytokines and reactive 
oxygen species (ROS) in response to LPS treatment88. During the process of 
immunoactivation, microglia can take on an activated but non-phagocytic form. 
Transformation from the quiescent to the non-phagocytic activated stage involves 
the retraction of peripheral branches, changes in protein expression and the 
secretion of signals involved in the proinflammatory cascade (i.e. cytokines, 
recruitment and proinflammatory molecules). In addition to these changes, it is 
during this stage that the microglia will begin to rapidly expand in preparation for 
an impending immune response. Furthermore, microglia in their most mature 
active form can become phagocytic and take on an amoeboid-like morphology81. 
Activated phagocytic microglia also possess the ability to migrate to the site of 
infection, engulf foreign bodies (e.g. viruses, bacteria, etc.) and display 
phagocytosed particles for T-cell activation71, 81. As the “housekeeping” cells of 
the CNS, microglia (in their amoeboid and resting forms) constantly monitor 
their surroundings for foreign material, apoptotic/damaged cells, 
extracellular/foreign DNA or neural tangles. In addition to their ability to sense 
and phagocytose the above material, microglia can take up extracellular lipids 
and other cellular waste. In neurodegenerative diseases, apoptotic cells and/or 
cellular debris are abundant and in the CNS, microglia serve as the primary 
mechanism aiding in their breakdown and disposal71, 81. Once an activated 
phagocytic microglia becomes completely engorged with phagocytic material, it 
is referred to as a granular corpuscle, which is unable to take up additional 
infectious material, and appears grainy in comparison to their non-engorged 
counterparts. 

Microglia also aid in regional homeostatic maintenance by controlling the 
secretion of proinflammatory cytokines and immune cell chemo-attractants84. 
Studies have confirmed that microglial-produced TNF induces inflammation and 
neuronal cell apoptosis84. Prior work has shown that microglia are responsive, 
become activated, and secrete further IFN-γ in response to IFN-γ treatment87. 
This positive feedback pathway results in a cascade of microglial activation. 
Furthermore, activation of microglia stimulates NFκB, MAPK and MyD88-
independent pathways that result in inflammatory mediator production78, 85. Also, 
measurable amounts of MDC, IL-8, and MIP-3β, involved in dendritic and T-cell 
recruitment, are produced by microglia81. In addition to the secretion of 
proinflammatory factors in response to LPS, microglia also activate NADPH 
oxidase, allowing for the production of extracellular superoxide and intracellular 
ROS. Elevated intracellular ROS concentrations are crucial for proinflammatory 
signaling. Interestingly and in support of this, NADPH deficient mice show a 
50% reduction in TNF mRNA levels in response to LPS85. Superoxide 
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production in response to LPS stimulation has been recognized as independent of 
TLR4 activity; however, ROS species generated from this superoxide have been 
implicated in the production of TNF (through a TLR4 independent pathway)85. 
Furthermore, LPS exposure has been shown to induce nitric oxide (NO) 
production, which significantly up-regulated CD11b, a signal of microglia 
activation. Other known activators of NO production, such as IFN-γ, 
polyinosinic:polycytidylic acid (Poly I:C), IL-1β and HIV type1 gp120, all 
induced CD11b expression through the NO pathway89. Additionally, it has been 
shown that NO induces CD11b expression through the GC-cGMP-PKG-CREB 
pathway and that this pathway may be linked to neurodegenerative 
pathogenesis89. 

While the primary function of microglial cyto- and chemokine production 
is to protect the central nervous system, persistent and excessive activation 
contributes to neurotoxicity and neuropathology84. In response to homeostatic 
abnormalities in the CNS, microglia respond with the release of molecules that 
can regulate innate defenses, initiate adaptive processes, recruit additional 
support, and aid in tissue restoration84. These immunoregulatory signals act in an 
auto- and paracrine fashion, allowing microglia to communicate with other CNS-
resident cell types (e.g. neurons, infiltrating leukocytes, astrocytes, etc.)84. 
Neuronal tissue is sensitive to the inflammatory process, and thus, microglial 
defense responses are tightly regulated. As a result, microglia are hesitant to 
initiate immune responses and cause CNS inflammation that may potentially lead 
to CNS damage84. Therefore, in the context of neurodegenerative disease, one 
can compare this mechanism to a double-edged sword, whereby immune 
responses and cytokine production is intended to act in a protective manner, 
however, aberrant control/overactivation results in pathological consequences. 
 Macrophages, like microglia, are vital in the initiation and propagation of 
both immune and inflammatory responses90. Monocytes and differentiated 
macrophages secrete both pro- and anti-inflammatory cytokines such as TNF, 
MIP-1α, IL-10 and MCP-191. As such their proinflammatory functions have been 
implicated in many chronic diseases such as atherosclerosis and those of 
neurodegenerative nature such as multiple sclerosis, ALS, Tay-Sachs, Sandhoff 
and Alzheimer’s disease71, 75, 79, 90, 92. Thus, a proposed therapeutic strategy to 
combat the effects of macrophage damage in the CNS has suggested the use of 
antibodies to interfere with monocyte recruitment and passage across the blood-
brain barrier93. 

The profound similarities in the behaviour and origin of macrophages and 
microglia provide rationale for comparing inter-genotype bone marrow-derived 
macrophage (BMDM) behaviour and cytokine secretion in mouse models of 
neurodegeneration. 
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1.9 The roll of Toll-like receptors in inflammatory signaling 
 
 Toll-like receptors are single membrane-spanning pattern recognition 
receptors (PRRs) that are involved in the initiation of immune responses. TLRs 
recognize molecules that fall under the pathogen-associated molecular patterns 
(PAMPs) classification94. Material such as bacterial DNA, flagellin, 
lipopolysaccharide, peptidoglycans, and lipopeptides are all classified as 
PAMPs94. The expression of TLRs has been identified on macrophages as well 
as on both microglial and astrocytes in the CNS95. Activated TLRs interact with 
cytoplasmic adapter molecules (MyD88, MAL/TIRAP, TRIF and TRAM) to 
trigger/propagate two distinct downstream signaling pathways; the MyD88-
dependent pathway and the TRAM and TRIF cascade (also known as the 
MyD88-independent pathway)94. Protein kinase pathways such as those 
involving PI3K, IKKs and MAP3Ks are involved in the signaling cascade 
responsible for the activation of transcription factors, which ultimately result in 
altered expression of genes involved in the immune response94. More 
specifically, TLR4 signaling in microglia leads to activation of NFκB and the 
downstream production of cytokines (e.g. IL-1, TNF and IL-6) or chemokines 
(e.g. IL-8/CXCL8) through the MyD88-dependent pathways (Figure 3)94. TRAM 
and TRIF-mediated signaling activates IFN regulatory factor-3 (IRF-3) and 
several IFN-β dependent genes94, 96. 
 Crystallography studies of the human TLR3 ectodomain have indicated 
that TLRs share a highly glycosylated horseshoe-shaped structure with fifteen 
sites for potential N-linked glycosylation97. These N-linked glycosylation sites 
are found within the inner concave surface, are sialylated in the TLRs inactive 
state, and can be acted upon by sialidase to invoke TLR activation97. Sequence 
analysis suggests that the ectodomain of TLR4 contains nine N-glycosylation 
sites, each of which can be acted upon by NEU1 and thus, play a role in TLR 
activation and successive signaling69, 70. 

Microglial cells express mRNA for TLRs 1-9, including TLR4, and the 
stimulation of this receptor plays a pivotal role in their activation, which can lead 
to autoregulatory microglial apoptosis and neuronal cell death78, 98. Typically, 
TLR4 is considered to be the primary receptor for LPS94. It has been 
demonstrated that stimulation with LPS (TLR4 ligand) resulted in macrophage 
and microglial activation, ROS production, and caused brain microglia to 
undergo apoptosis85. Recent work by Fernandez-Lizarbe et al. (2009) has 
supported TLR4’s role in microglial activation and neuronal cell death99. Their 
work showed evidence confirming TLR4-mediated microglial activation, 
cytokine production, and subsequent neuron death. Additionally, TLR4 -/- mice 
were devoid of ethanol-induced microglial activation, further supporting their 
hypothesis99. Furthermore, work by Jung et al. (2005) demonstrated that TLR4 is 
associated with microglial apoptosis through the action of autocrine/paracrine 
IFN-β production100. Other work has revealed that many external stimuli induce 
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microglial activation through TLR-mediated pathways. For example, Poly I:C 
responses utilize TLR3 and reaction to CpG DNA is mediated by TLR978, 101. 
 The presence of gangliosides indisputably leads to the activation of 
microglia86, 102, 103. Gangliosides cause the activation of NFκB, leading to the 
production of IL-1β, TNF and inducible nitric oxide synthase (iNOS). The JAK-
STAT inflammatory signaling pathway has been implicated in ganglioside-
stimulated microglial activation. Gangliosides were shown to activate JAK1 and 
JAK2 as well as cause Stat1 and signal transducer and activator of transcription 3 
(Stat3) phosphorylation, leading to increased ICAM-1 and MCP-1 
transcription103. Furthermore, neuraminidase treatment has been shown to have a 
dose-dependent inhibitory effect on the phosphorylation of STAT1, indicating 
that the sialic acid component of the gangliosides may play a crucial role in JAK-
STAT-mediated microglial activation103. Additionally, asialo derivatives of GM1 
were not able to induce STAT phosphorylation and transcription of iNOS, 
ICAM-1 and MCP-1103. More recently, Min et al. (2004) showed that the 
microglial ganglioside response occurs via the protein kinase C (PKC) and 
NADPH oxidase pathways102. Moreover, protein kinase A (PKA) has also been 
implicated in ganglioside-mediated microglial production of proinflammatory 
cytokines86. 

Microglia also respond to Poly I:C via TLR3. Wild-type primary culture 
microglia upregulate TLR3 and IFN-β mRNA in response to synthetic dsRNA 
Poly I:C and secrete TNF and IL-6 in a dose-dependent manner. In support of 
these findings, TLR3 -/- mice were found to have reduced microglial activation 
following infection with West Nile virus101. Furthermore, wild-type mice 
displayed clear microgliosis following Poly I:C injection, whereas this phenotype 
was virtually nonexistent in TLR3 -/- animals104. CpG-induced microglia 
activation has also been shown to cause upregulation of cytokine and chemokine 
production at both the transcription and protein level78. Cells react to CpG-
containing oligonucleotide motifs via TLR9. 
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Figure 3. TLR4 signaling pathway. Toll-like receptors mediate transmembrane 
intracellular responses to extracellular stimuli. This figure depicts TLR4 
signaling during LPS stimulation. Binding of LPS to the extracellular domain of 
TLR4 initiates intracellular signaling via the MyD-88 dependent and/or MyD-88 
independent pathway(s). The MyD-88 dependent kinase cascade culminates in 
NFκB and/or AP1 translocation into the nucleus and corresponding gene 
transcription. TLR signaling is intimately linked with inflammatory processes 
such as cytokine secretion. 
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1.10 Recent work on LSDs in transgenic animal models 
 

Recent advancements in transgenic, cloning and knockout/knock-in 
technologies have allowed comprehensive study of lysosomal storage diseases. 
Such strategies have been used to produce murine models possessing defects in 
the genes, HEXA and HEXB. These mice, like their human counterparts have 
deficiencies in the enzyme β-hexosaminidase, however, their corresponding 
phenotypes differ drastically from those seen in humans105, 106. As outlined 
previously, human GM2 gangliosidoses all present with clinically 
indistinguishable phenotypes. Conversely, hexa -/- (TSD) and hexb -/- (Sandhoff) 
mice display drastically different disease progression. At 3-4 months of age, hexb 
KO mice develop neurological symptoms and die of profound neurodegeneration 
approximately 4-6 weeks later. In contrast, the disease course experienced by 
hexa KO mice is greatly delayed; these mice remain virtually asymptomatic into 
their 2nd year of life105, 106. Tay-Sachs mice avoid disease for a significant 
proportion of their lifespan by utilizing a sialidase-mediated bypass of HEXA 
deficiency in the catabolism of intralysosomal gangliosides64. In HEXA deficient 
patients, a significant accumulation of GM2 gangliosides occurs in the lysosomes 
as a result of an inability to break GM2 down to GM3. However, in hexa -/- 
mice, GM2 can be metabolized through an alternative pathway where it is 
desialylated by murine lysosomal sialidase (human NEU1 homolog) to the asialo 
derivative, GA2, and then further broken down to lactosylceramide by the HEXB 
isozyme (Figure 4)64. Sandhoff mice are unable to utilize this bypass to cope with 
accumulated GM2 ganglioside because they are also deficient in HEXB activity. 
As a result, Sandhoff mice show significant intralysosomal accumulations of 
GM2 and GA2 gangliosides45, 105. Investigation into the mechanism responsible 
for the pathophysiology seen in the hexb -/- mice has revealed significant 
neuronal apoptosis and subsequent denervation in areas of the spinal cord, 
cerebellum and brain stem105. Furthermore, neuronal GM2 accumulation has 
been shown to occur in these regions as well as other parts of the brain105. These 
findings are consistent with those observed in human subjects. As such, the 
Sandhoff (hexb -/-) mouse is an important animal model that closely mimics 
human neuropathology and can be used to study disease progression.  

Wada et al. have demonstrated that the process of neuronal death in these 
mice was preceded by increased transcription of genes involved in microglia-
mediated inflammation77. Furthermore, Wu and Proia (2004) show evidence for 
peripheral microglial invasion into the CNS and heightened astrocyte MIP-1α 
expression. Decreased invasion and immune-cell-mediated neuronal death could 
be observed following abolishment of MIP-1α expression92. Thus, evidence 
supports cytokine-induced, macrophage/microglial-mediated neuronal apoptosis 
as the prevailing mechanism responsible for neurodegeneration in Sandhoff 
disease. 
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Figure 4. Sialidase mediated bypass utilized by hexa -/- (Tay-Sachs) mice. 
HEXA deficiency in hexa knockout mice renders them unable to catabolize GM2 
via the typical pathway. However, Tay-Sachs animals avoid intralysosomal 
accumulation of GM2 through the utilization of a lysosomal sialidase-mediated 
bypass. This circumventive mechanism converts GM2 to its asialo-derivative, 
GA2, before further processing to lactosylceramide by residual HEXB activity. 
In Sandhoff (hexb -/-) mice, no residual HEXB activity remains, resulting in a 
blockage of both the normal catabolic and bypass pathways. Figure adapted from 
Igdoura et al (1999)64. Cer (ceramide), GlcCer (glucosylceramide), LacCer 
(lactosylceramide), HEXA (β-hexosaminidase A), HEXB (β-hexosaminidase B). 



MSc Thesis - David A. Egier                               McMaster University - Biology 

 21 

 

1.11 Research Objectives 
 
Part I 

As discussed above, previous work has illustrated that hexa -/- mice avoid 
classical pathological symptom development by lessening intralysosomal 
ganglioside accumulation via a sialidase-mediated bypass. However, whether 
humans naturally utilize this mechanism of disease avoidance has not been well 
studied. The recent creation of a truncated protein able to increase sialidase 
transcription (CDP831-1505), its packaging into a suitable delivery vector, and 
infection of human neuroglia cells has suggested that this bypass may be possible 
in human cells. Immunohistochemical analysis has shown decreased GM2 
ganglioside in TSD neuroglia with increased sialidase activity. Furthermore, 
overexpression of sialidase via adenoviral infection with exogenous NEU1 
showed a marked reduction in GM2 accumulation in human Tay-Sachs 
fibroblasts. Recent work by Matthew Johnson has shown that overexpression of a 
truncated repressor protein, CCAAT displacement protein, is able to increase 
sialidase activity in human TSD neuroglia. These observations lend credence to 
the pursuit of compounds capable of transcriptionally regulating lysosomal 
sialidase, for the treatment of human Tay-Sachs disease. However, there is a lack 
of in vitro empirical evidence linking the overexpression of truncated CDP to 
increased protein levels of lysosomal sialidase and lessening of intralysosomal 
GM2 accumulation. As such, the goals of this aspect of my research were to: i) 
observe the effects of CDP overexpression on sialidase protein expression in 
human TSD neuroglia, ii) examine the effects of CDP overexpression on the 
ganglioside profile of TSD neuroglia, and iii) investigate the potential 
mechanism(s) of action of CDP on the lysosomal sialidase promoter.  
 

The pinnacle objective of this aim is to uncover pharmacological 
compounds capable of regulating sialidase for the eventual treatment of Tay-
Sachs disease via the sialidase-mediated bypass. 
 
 
Part II 

Previous work has demonstrated that Tay-Sachs (hexa -/-) mice escape 
neurodegeneration and are asymptomatic until approximately 2 years of age. This 
differs significantly from the progression of Tay-Sachs disease in humans as well 
as the mouse model of Sandhoff disease that begin to present neurodegenerative 
symptoms at about 3-4 months of age. Furthermore, prior work has uncovered a 
sialidase-mediated bypass pathway utilized by Tay-Sachs mice in which 
accumulated GM2 is indirectly converted to lactosylceramide via sialidase and 
HEXB though the asialo intermediate, GA2. The current hypothesis states that 
the bypass pathway sufficiently alleviates intralysosomal ganglioside 
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accumulation in hexa -/- animals to levels below the threshold required for 
imminent and profound pathology; however the downstream events through 
which disease is avoided in hexa -/- mice and presumably mediated in hexb -/- 
animals is currently unexplored. Given this drastic difference in disease 
progression between these two closely related lysosomal storage disorder mouse 
models, we further hypothesize that the subsequent lack of pathology can be 
explained via differences in immunoregulation and resultant CNS pathology. 
Moreover, it is predicted that given similar stimulation, the immune response of 
bone marrow derived macrophages from Tay-Sachs mice will be dampened 
compared to that of the Sandhoff (hexb -/-) mouse. Extrapolated in vivo, this 
could explain their retarded progression of disease (i.e. complex 
neuropathology). The aims of this objective were to: i) investigate physiological 
characteristics of hexa -/- and hexb -/- bone marrow-derived macrophages, ii) 
assess the extent of ganglioside accumulation in immune cells, and iii) study the 
response of bone marrow-derived macrophages to various types of stimuli and 
examine downstream signaling. 
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CHAPTER 2 
 

MATERIALS AND METHODS 
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2.1 Cell Culture 
 

Normal (CRB/Nor) and Tay-Sachs (CRB/TSD) neuroglia cells were 
provided by Dr. Brooks at the Kingsbrook Jewish Medical Center (New York, 
NY). Cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) 
supplemented with 15% fetal bovine serum (FBS), 1% penicillin and 
streptomycin, and 0.1% fungizone. Bone Marrow Derived Macrophages were 
cultured in Roswell Park Memorial Institute (RPMI) media supplemented with 
10% FBS, 1% penicillin and streptomycin, 0.1% fungizone and 2% 1M 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES). 
 
 

2.2 Use of Recombinant Adenovirus (Ad) 
 

Construction of the AdCDP831-1505 adenoviral vector was performed by 
Matthew Johnson and is thoroughly described in his Master’s thesis. Infection of 
CRB/TSD neuroglia with AdCDP831-1505, AdSialidase, AdCathepsin A, Adβ-gal, 
or AdPFG140 was performed for 30 minutes in a minimal volume of phosphate-
buffered saline (PBS)++ at 37°C. Culture dishes were rocked every 5 minutes to 
ensure even distribution of virus. Following infection, cells were replenished 
with fresh DMEM supplemented as outlined in 2.1. Infection duration was 72 
hours unless otherwise indicated. 
 
 

2.3 Western Blotting 
 

Cells were harvested in 100µL radioimmunoprecipitation assay (RIPA) 
buffer (50mM Tris, 150mM NaCl, 1% NP-40, 0.5% deoxycholic acid, 0.1% 
sodium dodecyl sulfate (SDS), pH 7.4) and frozen at -80°C. Protein 
determination was performed using the Lowry Assay (BioRad). Lysates were 
combined with 6x loading buffer and boiled at ~95°C for 5 minutes. Prepared 
samples were loaded (in equal protein quantity) into a 10% Tris-glycine SDS-
polyacrylamide gel electrophoresis (PAGE) resolving gel with a 5% stacking gel, 
and run for 2.5 hours at 90V. Run gels were blotted onto nitrocellulose 
membranes for 70 minutes at 90V. Membranes were blocked for ≥ 1 hour at 
room temperature with 5% non-fat powdered milk in tris-buffered saline with 
Tween-20 (TBST) (10mM Tris-HCl, 150mM NaCl, 0.05% Tween-20). Blocked 
membranes were then incubated on a tilting rocker with the indicated primary 
antibody at the specified concentration (see section 2.12) overnight at 4°C. 
Following overnight incubation with the primary antibody, blots were washed 
with TBST before begin incubated with the appropriate horseradish peroxidase 
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conjugated secondary antibody at a dilution of 1:10,000 for 1-2 hours. 
Membranes were washed again with TBST before being incubated with ECL 
reagent (GE Healthcare) for 2 minutes. Luminescent membranes were exposed to 
Amersham Hyperfilm ECL high chemiluminescence imaging film (GE 
Healthcare). 

Blots subjected to additional probing were first stripped by washing with 
harsh strip buffer (10mL 0.5M Tris pH 6.8, 70mM SDS, 0.7% β-ME) twice for 
15 minutes at 55°C. Stripped blots were then blocked, probed and developed as 
described above. 
 
 

2.4 Ganglioside Extraction, Thin Layer Chromatography (TLC) and Mass 
Spectroscopy 

 
CRB/Nor and CRB/TSD cells were infected as described in 2.2 with 

20MOI AdCDP831-1505, AdSialidase, AdCathepsin A, or Adβ-gal. 96 hours post-
infection, cells were trypsinized and pelleted via centrifugation (10 minutes at 
2050rcf). Media was removed from the tubes and pellets were frozen at -80°C. 
Thawed pellets were resuspended in 200µL ddH2O and sonicated using a pulsing 
probe sonicator (40% output for ~10 seconds). Aliquots of lysed cells were 
collected to determine protein concentration via the Lowry assay (BioRad) and 
for western blot analysis. The remaining 160µL of lysate was then added to 
3.2mL of chloroform:methanol (1:1). The following steps were subsequently 
performed: i) water bath sonication for 30 minutes, ii) centrifugation for 15 
minutes (at 2050rcf), iii) collection of supernatant, and iv) addition of 4mL of 
chloroform:methanol:ddH2O (10:10:1). Steps i-iii were repeated and following 
removal of the second supernatant (step iii), the pellet was resuspended in 
chloroform:methanol:sodium acetate (0.8M) (30:60:8). Steps i-iii were repeated a 
final time and supernatants (pooled for each sample) were evaporated under an 
airstream overnight at room temperature. Dried lipids were resuspended in 
chloroform:methanol:ddH2O (30:60:8) and kept at pH 11, using KOH, for 4 
hours at 50°C. Samples were subsequently cooled and brought to pH 7 using 
glacial acetic acid. Saponified debris was pelleted via centrifugation (at 2050rcf) 
and washed once with chloroform:methanol:ddH2O (10:10:1). Supernatants were 
collected and evaporated overnight as described above. Dried lipids were 
dissolved in chloroform:methanol:ddH2O (10:10:1), run through a Sephadex G-
50 quick spin column (Roche), and then passed through a diethylaminoethyl 
(DEAE) sepharose column (GE Healthcare). The collected solutions were 
evaporated overnight and the dried samples subsequently dissolved in 
chloroform:methanol:potassium chloride (0.1M) (3:48:47). Each sample was 
then passed through a Sep-PAK C18 reverse phase column (Waters), eluted, and 
evaporated overnight. Extracted gangliosides were dissolved in 100µL of 
chloroform:methanol:ddH2O (10:10:1). 
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Dissolved samples were spotted on a silica gel TLC plate in 1.5cm lanes, 
0.5cm apart. Loading volume was normalized to the initial protein concentration 
of pre-extraction lysates. TLC plates were run in a pure acetone phase, dried, 
then run in a chloroform:methanol:calcium chloride (0.2%) (60:35:8) phase. Run 
plates were allowed to dry before being spray with resorcinol (Sigma) in 10.6% 
H2SO4. Stained plates were baked in a 110-120°C oven between 2 pieces of 
clean glass for 60 minutes and visualized using incandescent backlighting. 
Photos were captured using a Canon DSLR and quantified using ImageJ 
software. 

Samples to be sent for analysis by mass spectroscopy were isolated from 
unstained silica gel TLC plates. Samples were run in duplicate to allow for the 
determination of band location. Subsequent to running of the second phase, the 
TLC plate was cut in half using a glass-cutting tool. One half of the plate was 
stained with resorcinol as previously described. The location of the band to be 
scraped was determined by overlaying the unstained half onto the stained half. 
Gangliosides were eluted from the scraped silica in 200µL of methanol with 
gentle vortexing. Samples were subsequently spun at 1000rpm for 5 minutes to 
pellet the silica. Supernatants were transferred and pooled in a fresh tube, 
evaporated under nitrogen gas, and resuspended in 100µL of chloroform. 
Extracted samples were then analyzed by Matrix-assisted laser 
desorption/ionization-Time of flight (MALDI-TOF) mass spectroscopy at the 
McMaster Regional Centre for Mass Spectroscopy. M/Z results were screened 
using the mass spectroscopy search tool on the Human Metabolome Database. 
 
 

2.5 Primary Cell Isolation from Murine Bone Marrow and Macrophage 
lineage differentiation 
 

Male mice of the indicated age and genotype were anesthetized with 5% 
tribromoethanol (Avertin; Sigma) at a dose of 0.25mL/20g body weight. Femurs, 
tibiae and humeri were isolated from anesthetized mice, cleaned of muscle tissue 
and marrow was flushed with 1mL of RPMI culture media supplemented as 
described in 2.1. Cells were pelleted at 4°C in a microfuge at 1000rcf for 10 
minutes, media was removed, and the pellet was resuspended in supplemented 
RPMI media with 5ng/mL macrophage colony stimulating factor (M-CSF) 
(Invitrogen). Resuspended cells were plated in 6- or 24-well tissue culture plates 
(unless otherwise indicated), washed every 48 hours with PBS, and differentiated 
to macrophages in culture for 10 or 12 days. Fresh M-CSF-supplemented RPMI 
culture media was added following each PBS wash. Differentiated macrophages 
were treated with PAMPs at the indicated concentration for the specified duration 
prior to media collection and cell harvest. 
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2.6 Detection of Inflammatory Mediators via Enzyme-linked 
Immunosorbent Assay (ELISA) 
 

Cell media samples collected from bone marrow derived macrophage 
cultures following PAMP stimulation were assayed for TNF, IL-6, IL-10, MCP-
1, and/or IL-1β using Opt-EIA ELISA reagents, standards and antibodies (BD 
Biosciences). Culture media samples were pre-plated and diluted accordingly in 
an uncoated 96-well plate before being transferred to the coated ELISA plate; 
this prevented intra-plate time course variation. Measurements obtained from 
ELISAs were normalized to total protein concentration as determined by the 
Lowry assay (BioRad). 
 
 

2.7 Specific Sialidase Activity Assay 
 

Media was removed and cultured cells were washed twice with ice-cold 
PBS. 100µL of ice-cold ddH2O was added directly to each well. Repetitive 
pipetting was used to ensure cell lysis. 50µL of cell lysate was transferred to its 
corresponding reaction mixture containing 100mg/mL BSA, sodium acetate 
buffer (0.8M) and 4-methylumbelliferyl-n-acetyl-α-D-neuramide (4-Mu-NANA) 
as a substrate for sialidase. Reaction mixtures were incubated for 1 hour at 37°C, 
after which the reactions were stopped with 2mL of 0.1M 2-amino-2-methyl-1-
propanol (MAP), pH 10.5. 200µL of the stopped reaction mixture was plated in a 
black 96-well plate and fluorescence was measured using an LS Reader Plate 
Fluorometer (Perkin Elmer). Specific sialidase activity was normalized to cell 
lysate protein concentration as determined by the Lowry Assay (BioRad). 
 
Note: This assay was performed in the dark. 
 
 

2.8 Immunocytochemistry 
 

Bone marrow-derived macrophages were cultured and differentiated to 
macrophages as described in 2.5. Differentiated macrophages were washed twice 
with ice-cold PBS and subsequently fixed with 3.7% formaldehyde for 30 
minutes at room temperature. Fixed cells were permeabilized for 30 minutes at 
room temperature with 0.5% Triton-X 100 in PBS. Blocking was performed with 
10% goat serum in PBS for 1 hour at room temperature. Primary antibodies (α-
CD11b and α-SAP-A) were incubated overnight at 4°C in PBS with 1% goat 
serum. Cells were washed with PBS-T (PBS + 0.1% Tween 20) prior to addition 
of the fluorescent secondary antibodies (in PBS + 1% goat serum). Secondary 
antibodies (Texas Red - Alexa 594 and Bodipy-F - Alexa 488) were incubated in 
the dark for 1.5 hours. Cells were washed again and Hoechst nuclear stain was 
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added at 1:1000 in PBS for 10 minutes. Excess Hoechst stain was rinsed away 
with PBS and glass cover slides were mounted using ProLong Gold Antifade 
Reagent (Invitrogen). Images were captured using a Zeiss Axiovert 200 
microscope (with a Zeiss HBO 100 mercury lamp) and Zeiss Axiovision 
software. CD11b, SAP-A and Hoechst images were taken through the Cy3, FITC 
and DAPI filters, respectively. Image exposures were held constant for each 
channel.  
 
 

2.9 Chromatin Immunoprecipitation (ChIP) 
 

ChIP was performed using the ChIP-IT™ Express Enzymatic kit (Active 
Motif) in combination with the ChIP-IT™ Human Control Kit (Active Motif). 
CRB/TSD neuroglia were grown in 150cm dishes with DMEM culture media as 
described in 2.1. When dishes reached ~75% confluency, cultures were either left 
untreated or infected with PFG140 (mock virus) or AdCDP831-1505 at 20MOI as 
described in 2.2. 72 hours post infection, cells were fixed with 3.7% 
formaldehyde containing 1% methyl alcohol (Sigma) in minimal DMEM culture 
media for 8 minutes. Washed cells were subsequently harvested by scraping with 
a rubber policeman, pelleted via centrifugation and frozen at -80°C. Frozen cell 
pellets were thawed on ice before being resuspended in lysis buffer. Samples 
were incubated on ice for 30 minutes, transferred to a dounce homogenizer and 
dounced on ice with ~125-150 strokes to aid in nuclei release (monitored via 
phase contrast microscopy). Released nuclei were spun down, resuspended in 
digestion buffer and warmed to 37°C for 5 minutes. Warmed chromatin was 
sheared using the supplied enzymatic shearing cocktail (200U/mL) for 10 
minutes at 37°C with gentle vortexing every 2.5 minutes. ChIP reactions were set 
up using 21µg of sheared chromatin. RNA Polymerase II and mouse IgG control 
antibodies were purchased from Active Motif and the α-HA tag antibody was 
acquired from Santa Cruz Biotechnology. 2µg of each antibody was utilized for 
each ChIP reaction. Protein G magnetic beads were preincubated with rabbit α 
mouse bridging antibody (Jackson Immuno Research) before being added 
directly to the ChIP reaction mixture. Briefly, 25µL of protein G beads were 
mixed with 5µL of bridge antibody (per reaction) and incubated for 1 hour at 4°C 
on an end-over-end rotator. Protein G beads were then washed to remove residual 
unbound bridge antibody before being utilized for ChIP. ChIP reactions were set 
up as follows: 
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Treatment ChIP Antibody Reaction Number 

RNA polymerase II 1 
Mouse IgG 2 

 
Uninfected 

Anti-hemagglutinin 3 
RNA polymerase II 4 
Mouse IgG 5 

 
AdCDP831-1505 
 Anti-hemagglutinin 6 

RNA polymerase II 7 
Mouse IgG 8 

 
PFG140 (mock) 
 Anti-hemagglutinin 9 

 
ChIP reactions were incubated overnight (~20 hours) at 4°C on an end-

over-end rotator. Samples were then washed a total of three times before eluting 
the chromatin from the protein G magnetic beads, and reversing the cross-linking 
between the eluted chromatin and associated transcription factors. Supernatants 
were then transferred to fresh 200µL polymerase chain reaction (PCR) tubes, 
heated to 95°C for 15 minutes in a thermocycler, and incubated with proteinase 
K for 1 hour at 37°C. The resultant DNA was then used immediately for PCR. 
5µL of template was used in each reaction and input controls were diluted 1 in 10 
prior to use. Expected product sizes for the CR3-HD and intergenic primer sets 
were 144bp and 101bp, respectively. 
 
PCR conditions: 
 
PCR program: 94°C for 4 minutes 

[94°C for 30 seconds 
59°C for 30 seconds 
72°C for 30 seconds] 
72°C for 4 minutes 

 
Note: Bracketed steps were repeated for 36 cycles. 
 
CR3-HD primer sequences: Fwd 5’-ATT CTC TCC ACG ACG ACA GG-3’ 

         Rev 5’-ACT GGC TGG GGT GAA GAA G-3’  
 
Intergenic primer sequences: Fwd 5’-CTA GAA GGC CAA AGG CAT CA-3’ 

           Rev 5’-GTA TCC AGG CTC CCT TCC TT-3’ 
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2.10 Antibodies 
 
Western Blotting: Western blots performed on cell lysates (CRB/TSD neuroglia 
or hexa -/-, hexb -/-, glb1 -/-, or wild type BMDMs) were probed using the 
following primary antibodies: α-75 sialidase (generated by the Igdoura lab; 
1:4000; rabbit α human), α-HA tag (Santa Cruz Biotechnology; 1:1000; mouse), 
α-phosphorylated-p38 (Santa Cruz Biotechnology; 1:500; rabbit), α-total-p38 
(Santa Cruz Biotechnology; 1:500; rabbit), α-phosphorylated-Stat3 (Cell 
Signaling Technology; 1:1000; rabbit), α-total-Stat3 (Cell Signaling Technology; 
1:1000; rabbit), α-Mpg-1 (Cell Sciences; 1:2000; rabbit), α-Gpnmb (Novus 
Biologicals; 1:1000; rabbit), α-β actin (Cell Signaling Technology; 1:1000; 
mouse), α-phosphorylated GSK3α/β (Cell Signaling; 1:1000; rabbit), α-total 
GSK3β (Cell Signaling; 1:1000; rabbit), α-Grp78 (BD Biosciences; 1:1000; 
mouse), α-LAMP2 (Developmental Studies Hybridoma Bank; 1:1000; rat), 
and/or α-GAPDH (R&D Systems; 1:2000; goat). 
 
Immunocytochemistry: Immunocytochemical analysis of hexa -/-, hexb -/-, glb1 -
/- and/or wild type BMDMs utilized the following primary anybodies: α-CD11b 
(BD Biosciences; 1:250; rat), α-Gpnmb (Novus Biologicals; 1:200; rabbit), α-
Mpg-1 (Cell Sciences; 1:200; rabbit), α-Mac3 (BD Biosciences; 1:200; rat), α-
Grp78 (BD Biosciences; 1:400; mouse), and α-SAP-A (1:500; rabbit). 
Corresponding secondary antibodies: Texas Red (Invitrogen; Alexa 594; 1:400; 
goat α rat), Texas Red (Invitrogen, Alexa 594; 1:400; goat α mouse), and 
Bodipy-F (Invitrogen; Alexa 488; 1:400; goat α rabbit). 
 
Chromatin Immunoprecipitation: ChIP analysis of CRB/TSD AdCDP831-1505 
infected neuroglia utilized the following antibodies: α-RNA Polymerase II 
(Active Motif; 2µg/rxn; mouse), Mouse IgG (Active Motif; 2µg/rxn; mouse) and 
α-HA tag (Santa Cruz Biotechnology; 2µg/rxn; mouse). Bridge antibody used 
between primary and protein G magnetic beads: rabbit α mouse IgG (Jackson 
Immuno Research; 9µg/rxn). 
 
 

2.11 Statistical Methods 
 

One-way analyses of variance (ANOVA), Tukey’s Post Hoc testing and 
all other statistical analyses were conducted using GraphPad Prism 5.0 Software 
(GraphPad Software Inc., La Jolla, California). Significance was defined as P< 
0.05. Graphs are shown with standard errors unless otherwise indicated. 
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CHAPTER 3 
 

RESULTS 
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SECTION I 
 

3.1 Lysosomal sialidase levels in CRB/TSD neuroglia following AdCDP831-

1505 infection. 
 
The normal and Tay-Sachs neuroglia primary cell lines (CRB/Nor and 

CRB/TSD, respectively) were gifted from Dr. Brooks at the Kingsbrook Jewish 
Medical Centre (New York). Prior work in our lab has been conducted on the 
human lysosomal sialidase promoter and has established CCAAT displacement 
protein as a repressor capable of influencing lysosomal sialidase expression. 
Moreover, endogenous CDP expression has been confirmed using RNA 
extracted from CRB/Nor and CRB/TSD neuroglia. Furthermore, previous studies 
in our lab have demonstrated a marked increase in sialidase promoter (~50-fold) 
and specific sialidase activity (~5-8-fold) in CRB/TSD cells following transient 
transfection with a construct expressing the truncated CDP831-1505 protein. 
However, prior attempts to provide sound evidence to support these findings at 
the protein level have been unsuccessful. 

To assess sialidase protein expression following infection with truncated 
CDP831-1505 protein, infection of these cells was performed with AdCDP831-1505 at 
100 and 400MOI, followed by the addition of proteasomal and lysosomal 
inhibitors of protein degradation (Mg132 and E64, respectively) 24 hours later. 
Cells were harvested 72 hours post infection and subjected to SDS-PAGE. 
Western blotting for lysosomal sialidase revealed an MOI-dependent increase in 
sialidase protein levels in infected lysates versus uninfected controls (Figure 5). 
Further probing with an α-HA antibody revealed a direct correlation between 
MOI and levels of HA-tag-bound CDP831-1505 protein. No differences in sialidase 
protein expression were observed between groups receiving no post-infection 
treatment, Mg132 or E64. Thus, infection with the CDP831-1505 truncation was 
correlated with a subsequent increase in lysosomal sialidase protein expression. 
This was consistent with previous findings that transfection with the CDP831-1505 
construct stimulates lysosomal sialidase promoter activity as well as specific 
sialidase activity with 4-Mu-NANA as a substrate. 
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Figure 5. Sialidase protein expression in Tay-Sachs neuroglia infected with 
adenovirus expressing truncated CDP831-1505. Tay-Sachs neuroglia were infected 
with 100 or 400MOI of AdCDP831-1505 and subsequently treated with inhibitors 
of protein degradation (0.6µM Mg132 or 10µM E64) 24 hours post infection. 
Cells were harvested 48 hours after inhibitor addition. 50µg of cell lysate was 
loaded and run on SDS-PAGE. Membranes were probed for hemagglutinin (HA) 
to assess infection efficacy, and sialidase to evaluate resultant protein expression. 
Neuroglia cultures infected with AdCDP831-1505 displayed an MOI-related 
increase in sialidase protein level. MOI (multiplicity of infection), Tx 
(treatment). 
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3.2 GM2 ganglioside accumulation in CRB/TSD neuroglia following 
sialidase augmentation via AdCDP831-1505. 
 

Tay-Sachs disease, resulting from a biochemical deficiency in HEXA, is 
hallmarked by intralysosomal accumulation of GM2 ganglioside. Such 
accumulations may then lead to increased ER stress and eventual cellular 
apoptosis. Widespread neuronal apoptosis in the CNS triggers 
neuroinflammation and propagates the positive feedback neurodegenerative 
pathway. Previous work has demonstrated that Tay-Sachs mice, while genetically 
identical to the human condition, are biochemically distinct regarding their 
disease progression and [lack of] symptom presentation. Studies by Igdoura et al. 
(1998) have revealed a bypass mechanism whereby hexa -/- mice utilize sialidase 
(rather than the deficient HEXA enzyme) in the sequential degradation of GM2 
ganglioside, thereby lessening intralysosomal lipid accumulation and avoiding 
disease pathology. Previous hypotheses have implicated that an insufficient 
quantity of human lysosomal sialidase is responsible for the absence of an 
operational sialidase-mediated bypass in human tissue. Further (and previously 
published) work showed that infection with an adenoviral vector expressing 
human lysosomal sialidase (AdSialidase) lessened intralysosomal GM2 
ganglioside accumulation in human neuroglia, lending credence to the previous 
hypothesis. Moreover, prior work has also provided evidence that truncations of 
the CCAAT displacement protein can act as an in vitro enhancer for the human 
neuraminidase 1 gene and data presented in 3.1 confirmed that endogenous 
lysosomal sialidase protein could be unregulated using adenoviral delivery of 
CDP831-1505. 

To assess whether modulation of the endogenous human lysosomal 
sialidase promoter could result in lessened intralysosomal ganglioside 
accumulation, TSD neuroglia cultures were grown to ~70% confluency and 
infected with 20MOI of Adβ-gal, AdCDP831-1505 or AdSialidase + AdCathepsinA 
(AdCA). 96 hours post-infection, cells were harvested and gangliosides 
extracted. Isolated gangliosides were then separated using silica gel thin layer 
chromatography; loading was normalized to the protein concentration of the cell 
lysates used as input material for the ganglioside extraction. GM2 (top band of 
doublet quantified) was quantified relative to levels of GM1 starting material 
using densitometry following resorcinol staining. TSD neuroglia treated with 
AdCDP831-1505 or AdSialidase + AdCA exhibited significantly reduced GM2 
relative to uninfected and mock infected controls (Figure 6 and 7). This data was 
generated from 5 independent experiments. Final GM2/GM1 quantification ratios 
were pooled for each treatment group to calculate statistics. 

One observation to note is the difference in migratory behavior observed 
between murine (Sandhoff brain controls) and human (CRB/TSD samples) GM2 
and GA2 species. Murine GM2 and its asialo-GA2 migrated more slowly up the 
silica gel TLC than did their human-derived counterparts. This behaviour may be 
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attributed to interspecies size variation of the ganglioside sphingosine-linked 
fatty acid chain, and was not considered to affect the primary observations 
regarding GM2 accumulation. 
 To confirm the identity of TLC-separated gangliosides, mass 
spectroscopy was performed on methanol-extracted gangliosides isolated from a 
silica gel TLC. Gangliosides were extracted from hexb -/- cerebellums, and 
subsequently pooled, evaporated, and resuspended in a low volume to increase 
total ganglioside concentration. Cerebellum-derived ganglioside samples were 
run in duplicate on a silica gel TLC plate. The plate was then cut in half, one half 
was stained and the other half was left unstained. The two halves were aligned; 
samples were collected from unstained plate, and extracted in 100% methanol. 
Extracted samples were evaporated and resuspended in 100% chloroform. 
MALDI-TOF mass spectroscopy was performed by the McMaster Regional 
Centre for Mass Spectroscopy and results were screened using the MS Search 
tool on the Human Metabolome Database (HMDB). 
 Samples scraped from putative GM2 and GA2 bands contained their 
predicted species. More specifically, the GM2 sample contained a peak at 
1417.8379, which corresponded to a GM2 ionization M/Z in the HMBD (Figure 
8B). Similarly, the GA2 mass spectra displayed a marked M/Z peak at 1243.8201 
(Figure 8C). However, each sample also contained many M/Z peaks that could 
potentially correspond to other ganglioside species, which suggested that the 
samples were not pure and likely contained other gangliosides.  
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Figure 6. Levels of GM2 ganglioside in Tay-Sachs neuroglia following 
infection with AdCDP831-1505. Cultured Tay-Sachs neuroglia were infected with 
20MOI of adenovirus expressing β-galactosidase (β-gal), truncated CDP831-1505 
(AdCDP), or were simultaneously infected with adenoviruses containing 
sialidase and cathepsin A (AdSial + AdCA). Cells were harvested after 96 hours. 
Gangliosides isolated from harvested cell pellets were separated using silica gel 
thin layer chromatography and stained with resorcinol. Bands corresponding to 
GM2 and GM1 were quantified using ImageJ software (n=5). Tay-Sachs 
neuroglia treated with either AdCDP831-1505 or AdSial + AdCA exhibited 
significantly reduced GM2, quantified as mean band intensity of GM2/GM1, 
relative to cells infected with mock (β-gal) virus (*P < 0.05; **P < 0.01). 
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Figure 7. Representative silica gel thin layer chromatography plate of 
gangliosides isolated from Tay-Sachs neuroglia cells infected with AdCDP831-

1505. Cultured Tay-Sachs neuroglia were infected with 20MOI of adenovirus 
expressing β-galactosidase (β-gal), truncated CDP831-1505 (AdCDP831-1505), or 
were simultaneously infected with adenoviruses containing sialidase and 
cathepsin A (AdSial + AdCA). Cells were harvested after 96 hours. Gangliosides 
isolated from harvested cell pellets were separated using silica gel TLC and 
stained with resorcinol. Bands corresponding to GM2 and GM1 (see above) were 
quantified using ImageJ software. Experiment was replicated 5 times and data 
was pooled. 
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Figure 8. Mass spectroscopy on gangliosides separated via silica gel Thin 
Layer Chromatography. Gangliosides were isolated from hexb -/- cerebellums 
and separated in duplicate via silica gel TLC. The TLC plate was cut in two and 
one half was stained with resorcinol. Both halves were aligned post-staining and 
the silica from the corresponding locations on the unstained half were scraped 
and collected. Gangliosides were extracted from the scraped silica, and were 
analyzed using MALDI-TOF mass spectroscopy at the McMaster Regional 
Centre for Mass Spectroscopy. Masses were screened using the Human 
Metabolome Database. (A) Silica gel TLC plate showing the analyzed 
ganglioside species. (B) The mass spectra from the putative GM2 sample 
contained a peak corresponding to GM2 (peak beneath arrow). (C) The mass 
spectra from the putative GA2 sample contained a peak corresponding to GA2 
(peak beneath arrow). The species isolated from the silica gel TLC plate 
contained the predicted GM2 and GA2 gangliosides. 
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3.3 In vitro examination of truncated CDP831-1505 binding to the human 
sialidase promoter. 
 

Previous data has shown augmented human lysosomal sialidase promoter 
activity and specific sialidase activity for 4-Mu-NANA in human Tay-Sachs 
neuroglia when transfected with a CDP831-1505 expressing vector. Data presented 
in 3.1 and 3.2 have shown increased protein expression of lysosomal sialidase as 
well as decreased intralysosomal GM2 ganglioside accumulation in human TSD 
neuroglia following infection with AdCDP831-1505. Furthermore, analysis of the 
human lysosomal sialidase promoter has identified several putative domains 
capable of CDP-dependent regulation, including multiple CDP831-1505 (CR3-HD) 
binding sites. It was therefore hypothesized that truncated CDP831-1505, which 
retains the CR3-HD stable DNA binding domain (but lacks the functional 
repression domain), will compete with endogenous CDP for its binding site and 
effectively inhibit repression of sialidase expression. 

To determine if CDP831-1505 acts in cis on the promoter of human 
lysosomal sialidase, chromatin immunoprecipitation was carried out on 
untreated, PFG140 (mock) infected, and AdCDP831-1505 infected TSD neuroglia. 
Primer sets were designed using Primer3 software to target a putative CR3-HD 
binding site in the lysosomal sialidase promoter (Figure 9). Each primer set 
generated a single product of the expected size when genomic DNA isolated 
from Tay-Sachs neuroglia was used as a template in a pre-ChIP PCR trial (data 
not shown). 

Chromatin was isolated from formaldehyde-fixed neuroglia and 
enzymatically sheared for 10 minutes (duration was determined by prior 
optimization) using a random cutting shearing cocktail obtained from Active 
Motif. Enzymatic shearing helps to ensure consistent and easily reproducible 
generation of inter-nucleosome chromatin fragments within and between ChIP 
samples. Assessment of chromatin shearing efficiency via TBE gel 
electrophoresis revealed that all samples were optimally sheared with chromatin 
fragments of 150 - ~900bp in size (Figure 10). Sheared chromatin samples from 
uninfected, mock infected and AdCDP831-1505 infected cells were then utilized in 
ChIP reactions using an anti-hemagglutinin (HA) antibody against truncated 
CDP831-1505. Appropriate positive (RNA polymerase II) and negative (mouse 
IgG) control antibodies were also employed. Nine ChIP reactions were prepared 
as described in Table 1. 
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Table 1. Treatment and antibody combinations used to set up ChIP reactions to 
investigate binding of truncated CDP831-1505 to the human lysosomal sialidase 
promoter. 
 

Treatment ChIP Antibody Reaction Number 
RNA polymerase II 1 
Mouse IgG 2 

 
Uninfected 

Anti-hemagglutinin 3 
RNA polymerase II 4 
Mouse IgG 5 

 
AdCDP831-1505 
 Anti-hemagglutinin 6 

RNA polymerase II 7 
Mouse IgG 8 

 
PFG140 (mock) 
 Anti-hemagglutinin 9 
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Enriched, post-ChIP chromatin samples were subsequently used in PCR 
reactions for the CR3-HD promoter fragment previously hypothesized to contain 
a putative CR3-HD binding site. PCR products were run on 1% TBE agarose 
gels. ChIP reactions using the RNA polymerase II antibody (reactions 1, 4 and 7) 
showed an intense PCR product of ~144bp, indicative of a successful post-ChIP 
sequence enrichment (Figure 11A). Reactions set up with the mouse IgG 
antibody (reactions 2, 5 and 8) displayed minimal-to-no post-PCR product, 
signifying no enrichment (Figure 11A). Conversely, only the AdCDP831-1505 
infected chromatin sample (reaction 6) displayed a PCR product following anti-
HA pull down, providing evidence for in vitro binding of truncated CDP831-1505 to 
the promoter of human lysosomal sialidase at the amplified CR3-HD site (Figure 
11A). Neither the uninfected nor the mock (PFG140) infected samples 
demonstrated sequence enrichment following anti-HA pull down (reactions 3 and 
9) (Figure 11A). Furthermore, all PCR reactions for the CR3-HD sequence 
produced a single band of expected size (~144bp). 

Post-ChIP DNA samples were also used in PCR to amplify a region 
~48kb upstream of the human NEU1 promoter that was predicted to be devoid of 
CDP binding (Figure 9). Positive control (RNA polymerase II) ChIP reactions 
displayed positive enrichment (Figure 11B). Unexpectedly, ChIP reactions using 
anti-HA also showed faint, yet evident sequence enrichment. Since this region 
was not predicted to be a hot spot for truncated CDP binding, these results seem 
to be indicative of potential non-specific binding of the anti-HA antibody (Figure 
11B). However, since the degree of enrichment is faint in anti-HA pulled down 
untreated neuroglia versus AdCDP831-1505 infected cells, the observed positive 
enrichment at this intergenic site may perhaps be attributable to a novel CDP 
binding site as opposed to non-specific anti-HA binding. 

It should be noted that PFG140 (mock virus) infected samples displayed 
identical results to uninfected samples. 

Such data provides strong evidence to support the current hypothesis that 
truncated CDP831-1505 binds to CR3-HD binding sites in the human lysosomal 
sialidase promoter and positively regulates promoter activity. 
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Figure 9. Human Neuraminidase 1 promoter and putative CCAAT 
Displacement Protein binding site. The human lysosomal sialidase (NEU1) 
promoter was manually scanned for the CCAAT Displacement Protein CR3-HD 
consensus binding sequence, ATCGAT, in close proximity to a CCAAT 
sequence. Furthermore, the promoter and other upstream intergenic regions were 
also scanned for regions devoid of potential CDP binding sites. Primers were 
designed using Primer3 software to amplify a 101bp intergenic region 
approximately 48kb upstream of the Neu1 translational start site. This site was 
utilized as a negative control site devoid of truncated CDP binding sites. A 
potential CD3-HD/CCAAT binding site was identified approximately 300bp 
upstream of the NEU1 ATG translational start site (bolded and shaded in green). 
PCR primers were designed to amplify this region of the 5’ UTR using Primer3 
software. This primer pair yielded a 144bp product. Forward primer sequences 
appear bolded and in blue text; reverse primers were inversely complimentary to 
the bolded orange sequence. 
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Figure 10. Assessment of enzymatic shearing of chromatin isolated from TSD 
neuroglia. Chromatin was isolated from formaldehyde-fixed TSD neuroglia 72 
hours post-infection. Isolated chromatin was then enzymatically sheared for 10 
minutes using an enzymatic shearing cocktail from Active Motif. Sheared 
chromatin samples were run on a 1.5% TAE agarose gel to determine the 
thoroughness of DNA fragmentation. All samples displayed multiple DNA bands 
in 150bp increments spanning from 150bp to approximately 1000bp. Such 
patterning was indicative of proper shearing. Tx (treatment). 
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Figure 11. Chromatin Immunoprecipitation of truncated CDP831-1505 in Tay-
Sachs neuroglia infected with AdCDP831-1505. Cultured Tay-Sachs neuroglia 
were left untreated or infected with 20MOI of empty adenovirus (PFG140) or 
adenovirus expressing truncated CDP831-1505 (AdCDP831-1505). Cells were 
harvested 72hours post-infection and subjected to chromatin 
immunoprecipitation (ChIP) using the ChIP-IT Express Enzymatic kit (Active 
Motif). ChIP reactions were set up with approximately 21µg of chromatin. 
Positive (RNA polymerase II; +) and negative (Mouse IgG; -) control antibodies 
were obtained from Active Motif. An anti-hemagglutinin (HA-tag) antibody was 
used to pull down truncated CDP831-1505. (A) PCR for the putative truncated CDP 
binding site in the promoter of human NEU1 was performed using 
immunoprecipitated chromatin and yielded a 144bp product. PCR product was 
run on 1% TBE agarose gel and stained with ethidium bromide prior to 
visualization. Chromatin isolated from AdCDP831-1505 infected Tay-Sachs 
neuroglia and pulled down with anti-hemagglutinin (HA) exhibited positive 
enrichment of the CR3-HD sequence predicted to contain the truncated CDP 
binding site. (B) PCR for a region ~48kb upstream of the human NEU1 
translational start site (as depicted in Figure 8) was performed on 
immunoprecipitated chromatin and yielded a 101bp product. Positive control 
(RNA polymerase II) ChIP reactions displayed positive enrichment. 
Unexpectedly, ChIP reactions using anti-HA also showed enrichment, indicative 
of potential non-specific antibody binding or the existence of an unidentified 
and/or promiscuous CDP binding site. PCR product was run on 1% TBE agarose 
gel and stained with ethidium bromide prior to visualization. Note: PFG140 
(mock virus) infected samples are not shown, as they displayed identical results 
to uninfected samples. Ab (antibody), HA (hemagglutinin). 
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SECTION II 
 

3.4 Examination of morphological characteristics of bone marrow-derived 
macrophages from Tay-Sachs and Sandhoff disease mice. 
 

Previous work has demonstrated that Tay-Sachs (hexa -/-) mice escape 
neurodegeneration and are asymptomatic until approximately 2 years of age. This 
differs significantly from the progression of Tay-Sachs disease in humans, as 
well as the mouse model of Sandhoff disease that begin to present 
neurodegenerative symptoms at about 3-4 months of age. The discovery of a 
sialidase-mediated bypass of HEXA deficiency in Tay-Sachs mice shed light on 
a mechanism of disease avoidance. The current hypothesis states that sialidase 
combined with retained HEXB activity (in hexa -/- mice) is responsible for 
keeping accumulated GM2 below a critical threshold required for widespread 
illness; however, it is unclear if the presence of this metabolic bypass affects 
other aspects of disease progression. The relationship between 
neuroinflammation and neurodegeneration in lysosomal storage disorders has 
been well established. Since CNS-resident microglia and peripherally derived, 
CNS-recruited macrophages are known to play critical roles in these processes, 
differences in Tay-Sachs and Sandhoff bone marrow-derived macrophage 
behaviour under conditions of stimulation were investigated. Bone marrow was 
collected from femurs, tibiae and humeri of wild type, hexa -/-, and hexb -/- 
animals, cultured, and differentiated as described in section 2.5. Differentiated 
macrophages were left untreated or stimulated with LPS (10µg/mL) for 24 hours. 
Cell size and the number of peripheral projections on untreated and LPS-
stimulated macrophage cultures were quantified as measures of invasiveness and 
to gauge intracellular communication. 

HEXB deficient cultures treated with LPS were significantly smaller in 
cell size (as quantified by total cellular area/nuclear area) relative to LPS treated 
wild type cultures. No other intergenotype differences were observed. 
Expectedly, cells in LPS treated cultures were significantly larger than their 
untreated counterparts (Figure 12A). Quantification of the number of projections 
around the cellular periphery of untreated versus LPS stimulated cells revealed 
that wild type and hexa -/- derived cultures possess significantly greater numbers 
under conditions of LPS stimulation. A similar trend was observed in hexb -/- 
cultures, but it did not reach significance (Figure 12B).  

Together these results suggest that hexa -/- bone marrow-derived 
macrophages may be similar in invasiveness to those found in wild type animals 
and therefore, HEXA deficiency in peripherally derived macrophages does not 
seem to affect their migratory behaviour. Conversely, hexb -/- BMDMs seem to 
be immature by comparison or activated to a lesser extent at 24 hours post 
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stimulation. Furthermore, their significant reduction in quantity of projections 
suggests they may display lessened communicative ability and be less phagocytic 
relative to wild type or hexa -/- macrophages. 



MSc Thesis - David A. Egier                               McMaster University - Biology 

 47 

 

 
 
Figure 12. Quantification of cell size and quantity of peripheral projections in 
LPS stimulated hexa -/- and hexb -/- bone marrow-derived macrophages. Bone 
marrow was isolated from hexa -/-, hexb -/-, and wild type mice and 
differentiated in culture with M-CSF for 12 days. Following differentiation, cells 
were treated with LPS for 24 hours. Cultures were stained with hematoxylin, 
analyzed via phase contrast microscopy and parameters quantified using 
Axiovision software. (A) Total cellular area normalized to nuclear area was 
significantly greater in LPS treated cultures compared to their unstimulated 
counterpart (**P< 0.001). LPS treated cultures were round and flat as opposed to 
the long, thin, and polarized phenotype of unstimulated cells. Wild type cultures 
treated with LPS were significantly larger than hexb -/- under similar conditions 
(*P< 0.01). (B) Wild type and hexa -/- BMDMs treated with LPS possessed a 
significantly greater number of peripheral projections relative to their untreated 
counterparts (*P< 0.05; **P< 0.001). HEXB deficient cultures showed a similar 
trend, however, it did not reach significance. No significant differences in 
projection quantity were observed between wild type, hexa -/-, or hexb -/- 
cultures. wt (wild type). 
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3.5 Measurement of inflammatory mediators from hexa -/- and hexb -/- bone 
marrow-derived macrophages following stimulation with PAMPs. 
 

Having observed no obvious morphological differences amongst wild 
type, Tay-Sachs, and Sandhoff BMDMs to suggest variation in invasiveness, 
alternate explanations were sought to explain the profound disparity in 
neurodegeneration between these genotypes. One hypothesis to explain the 
phenomenon of disease avoidance in hexa -/- mice stems from the connection 
between their lessened intralysosomal ganglioside accumulation, and the 
neuroinflammatory and neurodegenerative processes. More specifically, it was 
hypothesized that when exposed to similar stimuli, the immune response of bone 
marrow-derived macrophages from hexb -/- mice would be more severe 
compared to that of macrophage derived from Tay Sachs mice. Alternately 
stated, HEXA deficient BMDMs would have a dampened immune response 
compared to that of hexb -/- cultures. 

To test this hypothesis, bone marrow was collected from femurs, tibiae 
and humeri of wild type (n=2), hexa -/- (n=2) and hexb -/- (n=2) animals and 
cultured as described in section 2.5. Primary cells were differentiated toward the 
macrophage lineage in culture for 12 days using M-CSF. Differentiated 
macrophages were either left untreated or subsequently stimulated with LPS 
(10µg/mL), Poly I:C (25µg/mL), CpG Flu 1668 (1µM) (collectively referred to 
as PAMPs), or GM2 ganglioside (GM2) (25µg/mL) for 24 hours. Cell culture 
media was sampled at 2, 4, 8, 12, and 24 hours post-stimulation and later assayed 
for presence/quantity of secreted cytokines. “Zero” measurements were obtained 
from fresh culture media. 

Measurement of secreted cytokines at 24 hours post-PAMP stimulation 
was conducted for IL-1β, IL-10, IL-6 and MCP1. Because TNF secretion is 
known to peak much earlier than 24 hours post-stimulation, we chose not to 
measure it across all stimulants at this time point. LPS and Poly I:C treatments 
profoundly augmented secretion of all measured cytokines (with the exception of 
IL-1β) (Figure 13). Conversely, CpG Flu 1668 only minimally increased IL-6 
and IL-10 secretion, while IL-1β remained below the assay’s level of detection 
and MCP-1 did not differ significantly from its untreated baseline (Figure 13). 
Collectively, this data insinuates that inflammatory signaling in BMDMs is most 
sensitive/responsive to TLR3 and TLR4 ligands, whereas molecules acting 
through TLR9 show only nominal effects. Given that accumulated GM2 in 
Sandhoff mice is correlated with a heightened inflammatory state and that 
gangliosides has been shown to act as TLR4 ligands107, it was hypothesized that 
GM2 would evoke similar behaviour to that observed with LPS or Poly I:C. 
Unexpectedly, GM2 treatment did not stimulate secretion of any measured 
cytokine from wild type, hexa -/- or hexb -/- BMDMs (Figure 13). In fact, GM2 
appeared to have marginally suppressed MCP1 secretion across all genotypes 
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relative to baseline (untreated) levels (Figure 13D). Also of particular interest 
was that hexb -/- bone marrow-derived macrophages secreted significantly more 
IL-6 than wild type and hexa -/- counterparts when treated with Poly I:C. 
Similarly, hexb -/- LPS-treated macrophages secreted more IL-6 than wild type 
and hexa -/- BMDMs, however, this trend did not reach significance (Figure 
13C). Additionally, hexb -/- macrophages receiving LPS secreted significantly 
less IL-10 and MCP1 in relation to similarly treated wild type and hexa -/- cells 
(Figure 13B and D). 
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Figure 13. Cytokine secretion from hexa -/-, hexb -/- and wild type bone 
marrow-derived macrophages 24 hours after stimulation with PAMPs or GM2. 
Bone marrow was isolated from hexa -/-, hexb -/-, and wild type mice (n=2 per 
genotype) and differentiated in culture with M-CSF for 12 days. Following 
differentiation, cells were treated with LPS, Poly I:C, CpG Flu 1668 or GM2. 
Culture media was collected 24 hours post-treatment and assayed for secretion of 
IL-1β (A), IL-10 (B), IL-6 (C), and MCP1 (D). (A) Cells receiving treatments 
other than LPS as well as those receiving no treatment were below the IL-1β 
assay’s level of detection. LPS stimulated hexa -/- BMDMs exhibited 
significantly reduced (P< 0.001) IL-1B secretion compared to wild type and hexb 
-/- cells. (B) Cells receiving no treatment or GM2 were below the detectable 
level of the assay. Hexb -/- BMDMs exposed to LPS secreted significantly less 
(P< 0.001) IL-10 than either hexa -/- or wild type cells, whereas hexa -/- 
secretion was not significantly different from wild type levels. Hexb -/- cells also 
secreted significantly less (P< 0.05) IL-10 than hexa -/- BMDMs when treated 
with Poly I:C. (C) Cells receiving no treatment or GM2 were below the 
detectable level of the assay. Hexb -/- BMDMs receiving Poly I:C treatment 
secreted significantly more (P< 0.001) IL-6 than their hexa -/- counterparts. (D) 
MCP1 secretion from hexb -/- BMDMs treated with LPS is significantly 
dampened in comparison to hexa -/- and wild type cells (P< 0.05 and P< 0.001, 
respectively). Hexa -/- cells receiving Poly I:C treatment secreted significantly 
more (P< 0.01) MCP1 than hexb -/- BMDMs exposed to the same treatment. No 
tx (untreated), wt (wild type). 
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Having observed some interesting results at 24 hours post-treatment, 
combined with the fact that different cytokines may be secreted at various times 
post-stimulation, we sought to quantify cytokine secretion temporally from 2 
hours post-treatment through experiment termination (at 24 hours). 

ELISA testing of cell media supernatants was performed for TNF, IL-1β, 
IL-6, IL-10, MCP1 and IFN-γ. Time course analysis of cytokine secretion 
revealed shocking intergenotype differences in LPS-stimulated secretion of 
MCP1 and TNF (Figure 14D and E). LPS-stimulated MCP1 secretion from hexb 
-/- macrophages was significantly reduced compared to their wild type and hexa -
/- counterparts at all time points beyond 2 hours (Figure 14D). Conversely, LPS-
stimulated TNF secretion from hexb -/- macrophages was significantly higher at 
12 hours, peaking 4 hours later than hexa -/- and wild type cells. Moreover, hexb 
-/- TNF secretion levels remained significantly higher at 24 hours post treatment 
(Figure 14E). 

Under conditions of Poly I:C stimulation, the previously observed 
differences in MCP1 and TNF secretion were abolished, insinuating that these 
differences in behaviour are PAMP-specific (Figure 15D and E). However, IL-6 
secretion from hexb -/- BMDMs was higher than all other genotypes and reached 
significance at 24 hours post-treatment, providing further support for PAMP-
specific genotypic differences in cytokine secretion (Figure 15C). 

To elucidate whether BMDM response to GM2 treatment resulted in 
secretion of quick-responding TNF and our prior window of analysis was too 
narrow, we measured TNF secretion from GM2-receiving cultures at all sampled 
post-treatment time points. In agreement with initial observations, the addition of 
exogenous, purified GM2 does not stimulate secretion of the early responding 
cytokine, TNF (Figure 16). 
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Figure 14. Cytokine secretion from hexa -/-, hexb -/- and wild type bone 
marrow-derived macrophages at multiple time points following LPS treatment. 
Bone marrow was isolated from hexa -/-, hexb -/-, and wild type mice (n=2 per 
genotype) and differentiated in culture with M-CSF for 12 days. Following 
differentiation, cells were treated with LPS and culture media was collected at 2, 
4, 8, 12 and 24 hours post-treatment. Cell-free supernatants were subsequently 
assayed for IL-1β (A), IL-10 (B), IL-6 (C), MCP1 (D), and TNF (E) secretion. 
IL-1β secretion from hexb -/- BMDMs was dampened (P= 0.06) at 24 hours 
relative to other genotypes (A). IL-10 secretion from hexb -/- cells was 
significantly dampened (P< 0.05) at 8 and 12-hour time points (B), whereas no 
inter-genotype differences were observed regarding secretion of IL-6 over 8 
hours (C). Hexb -/- BMDMs secreted significantly less MCP1 than cells derived 
from hexa -/- and wild type mice from 4 hours onwards (P< 0.05) (D). 
Conversely, LPS-stimulated TNF secretion from hexb -/- macrophages was 
significantly higher at 12 hours (P< 0.01), peaking 4 hours later than hexa -/- and 
wild type cells. Hexb -/- TNF secretion also remained at significantly higher 
levels up to 24 hours post treatment (P< 0.001) (E). wt (wild type). 
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Figure 15. Cytokine secretion from hexa -/-, hexb -/- and wild type bone 
marrow-derived macrophages at multiple time points following Poly I:C 
treatment. Bone marrow was isolated from hexa -/-, hexb -/-, and wild type mice 
(n=2 per genotype) and differentiated in culture with M-CSF for 12 days. 
Following differentiation, cells were treated with Poly I:C and culture media was 
collected at 2, 4, 8, 12 and 24 hours post-treatment. Cell-free supernatants were 
subsequently assayed for IL-6 (A), MCP1 (B), and TNF (C) secretion. (A) Poly 
I:C-stimulated IL-6 secretion from hexb -/- BMDMs was significantly augmented 
in comparison to their hexa -/- counterparts (P< 0.05); however, the trend 
compared to wild type did not reach significance. Although not significant, the 
inverse trend was observed with regards to MCP1 secretion, where hexa -/- 
BMDMs secreted the largest quantity (B). (C) TNF secretion following Poly I:C 
treatment did not differ significantly between genotypes. wt (wild type). 
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Figure 16. Cytokine secretion from hexa -/-, hexb -/- and wild type bone 
marrow derived macrophages at multiple time points following GM2 treatment. 
Bone marrow was isolated from hexa -/-, hexb -/-, and wild type mice (n=2 per 
genotype) and differentiated in culture with M-CSF for 12 days. Following 
differentiation, cells were treated with GM2 ganglioside and culture media was 
collected at 2, 4, 8, 12 and 24 hours post-treatment. Cell-free supernatants were 
subsequently assayed for TNF secretion. Treatment of cultured bone marrow 
macrophages with purified GM2 did not stimulate measurable secretion of TNF 
at any assayed time point. wt (wild type). 
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3.6 Investigating potential mediators of/cellular responses to differential 
cytokine secretion in hexa -/- and hexb -/- bone marrow-derived 
macrophages. 

 
To investigate whether differences in intralysosomal accumulation of 

ganglioside may contribute to these differences in observed cytokine secretion 
and potentially immunoregulatory behaviour, hexb -/-, hexb +/- and wild type 
(hexb +/+) BMDMs were subjected to immunocytochemical analysis using SAP-
A, a lysosomal marker, CD11b, a surface marker of macrophage lineage 
differentiation, and fluorescent Texas Red (Alexa 594) and Bodipy-F (Alexa 
488) secondary antibodies. 

All cells displayed marked CD11b labeling around the cell periphery, 
indicating that cells of all genotypes underwent M-CSF-directed macrophage 
lineage differentiation. More interestingly, hexb -/- cells possessed a trend toward 
larger, sharper and more distinct lysosomal SAP-A labeling, consistent with and 
suggestive of swollen, ganglioside packed lysosomes (Figure 17). 

To further investigate whether hexb -/- lysosomes, which appeared 
swollen during the previous immunocytochemical analysis, were enlarged as a 
result of accumulated gangliosides, untreated or LPS (10µg/mL) stimulated bone 
marrow-derived macrophage cultures from wild type, hexa -/-, and hexb -/- 
cultures were subjected to Oil Red O and hematoxylin staining. Analysis of Oil 
Red O stained wild type, hexa -/-, and hexb -/- cultures by bright field/differential 
interference contrast microscopy revealed no clear lipid staining (Figure 18). 
More specifically, cells appeared completely devoid of Oil Red O lipid labeling. 

Additional experimentation was also performed to reexamine ganglioside 
accumulation in bone marrow-derived macrophages from HEXA, HEXB, and 
GLB1 deficient (β-galactosidosis) mice. Gangliosides were extracted from 
cultures of unstimulated BMDMs from wild type, Tay-Sachs, Sandhoff, and glb1 
-/- mice and separated using silica gel thin layer chromatography as described in 
2.4. Consistent with the lack of lipid accumulation observed in Oil Red O stained 
cultures, no accumulated GM2 or GA2 gangliosides were observed (Figure 19). 
Together, this data suggested that primary bone marrow cells differentiated to 
macrophages in vitro might not accumulate intralysosomal gangliosides. 
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Figure 17. Immunocytochemical analysis of hexb -/- bone marrow-derived 
macrophages stained for CD11b and SAP-A. Macrophages were obtained from 
bone marrow cultured from wild type, hexb -/- and hexb +/- mice via M-CSF-
driven differentiation for 12 days. Immunocytochemical analysis was performed 
to assess macrophage lineage differentiation using the macrophage surface 
marker CD11b and to evaluate lysosomal appearance using the lysosomal marker 
SAP-A. Extensive CD11b staining in the cell periphery of all genotypes 
indicated marked macrophage-like differentiation. Hexb KO macrophages 
displayed a trend towards more intense and further marked SAP-A lysosomal 
staining, suggestive of enlarged lysosomal compartments presumably from 
increased accumulation of lysosomal gangliosides. wt (wild type). Scale bar = 
5µm 
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Figure 18. Oil Red O staining of bone marrow-derived macrophage cultures 
from wild type, hexa -/- and hexb -/- animals. Macrophages were obtained via 
M-CSF differentiation of cultured bone marrow. Primary cultures were 
differentiated for 12 days and treated with LPS for 24 hours prior to lipid staining 
with Oil Red O. Cells were fixed, permeabilized, and incubated with fresh Oil 
Red O for 1 hour prior to hematoxylin staining. No distinct Oil Red O staining 
was observed in either untreated or LPS stimulated cultures. wt (wild type). Scale 
bar = 50µm 
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Figure 19. Silica gel thin layer chromatography plate of gangliosides isolated 
from Tay-Sachs and Sandhoff bone marrow-derived macrophages. 
Macrophages were differentiated and cultured from bone marrow of wild type, 
hexa -/-, hexb -/-, and glb1 -/- mice. Gangliosides were isolated from harvested 
cell pellets, separated using silica gel thin layer chromatography, and stained 
with resorcinol. No visible accumulations were observed in any genotype, 
suggesting that peripheral macrophages may not accumulate a substantial 
quantity of ganglioside. 
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 Intralysosomal GM2 accumulation has previously been linked to 
increased LAMP2 (lysosomal-associated membrane protein 2). Moreover, 
immunological studies have shown co-localization between GM2 and LAMP2. 
To further examine if intralysosomal accumulation may play a role in the altered 
behaviour observed in hexb -/- bone marrow-derived macrophage cultures, 
LAMP2 (~110 kDa) expression was evaluated via western blotting. BMDMs 
were stimulated with LPS or Poly I:C for 24 hours and subsequently subjected to 
SDS-PAGE. A trend towards increased LAMP2 expression was observed in 
untreated glb1 -/- cultures. Similarly, LPS stimulated hexb -/- macrophages 
showed an increase in LAMP2 protein levels relative to all other genotypes; 
however, neither of these observations reached statistical significance (Figure 
20). Of particular interest is the apparent disparity in LAMP2 protein size in hexb 
-/- and glb1 -/- cultures. More specifically, under untreated conditions, LAMP2 
protein expressed by macrophage cultures derived from hexb -/- and glb1 -/- 
animals was smaller and larger, respectively, relative to the protein expressed by 
wild type and hexa -/- cells (Figure 20A). When treated with either LPS or Poly 
IC, glb1 -/- LAMP2 protein remains up-shifted. Conversely, the shift in LAMP2 
size in hexb -/- cultures becomes less apparent or may even disappear (Figure 
20B and C). Given the role of hexosaminidase in the cleavage of terminal N-
acetyl hexosamines, and the presence of these moieties on LAMP2, this data 
suggest that deficiency of both HEXA and HEXB (i.e. Sandhoff; hexb -/-) 
isozymes results in improper processing of lysosomal-associated glycosylated 
proteins such as LAMP2 in addition to intralysosomal accumulation of catabolic 
ganglioside intermediates. Perhaps the altered glycosylation state and/or 
difference in expression levels of LAMP2 contribute to cellular immunological 
responses. 

Prior studies have demonstrated that intralysosomal ganglioside 
accumulation causes marked endoplasmic reticulum (ER) stress in diseased 
neurons108, 109. Such stress carried the potential to explain the altered behaviour 
observed in hexb -/- BMDMs. To examine if diseased hexb -/- BMDM cultures 
showed increased ER stress independent of clearly visible ganglioside 
accumulation, western blots for the ER stress marker, Grp78 (~78 kDa), were 
performed on LPS or Poly I:C stimulated wild type, hexa -/-, hexb -/-, and glb1 -
/- (model of GM1 gangliosidosis) bone marrow-derived macrophage cultures. If 
hexb -/- cells were experiencing accumulation-independent ER stress, one would 
expect levels of Grp78 protein to be significantly augmented. Grp78 protein 
expression was significantly reduced in untreated hexb -/- and glb1 -/- BMDMs 
relative to wild type cultures (Figure 21A). Similar results were observed under 
conditions of LPS stimulation; however, hexb -/- and glb1 -/- macrophages also 
expressed significantly less Grp78 when compared to hexa -/- cultures (Figure 
21B). This trend was abolished when cultures were treated with Poly I:C. Poly 
I:C stimulation resulted in increased Grp78 expression in glb1 -/-, a trend that 
reached significance relative to hexb -/- expression levels (Figure 21C).  
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Figure 20. LAMP2 western blot of untreated, LPS, or Poly I:C stimulated hexa 
-/-, hexb -/-, and glb1 -/- bone marrow-derived macrophages. Bone marrow was 
isolated from hexa -/-, hexb -/-, glb1 -/-, and wild type mice (n=1 per genotype) 
and differentiated in culture with M-CSF for 12 days. Following differentiation, 
cells were treated with LPS or Poly I:C and cell lysates were collected 24 hours 
post treatment. Cell lysates were subjected to western blotting and probed for 
LAMP2, a marker of the intralysosomal accumulation observed in lysosomal 
storage disorders. No significant intergenotype differences in LAMP2 protein 
levels were observed. However, untreated glb1 -/- BMDMs and LPS stimulated 
hexb -/- both displayed a trend for increased LAMP2. Marked disparity in 
LAMP2 protein size was observed in untreated hexb -/- and glb1 -/- 
macrophages, suggestive of potentially altered mature protein glycosylation. Tx 
(treatment), wt (wild type). 
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Figure 21. Grp78 western blot of untreated, LPS, or Poly I:C stimulated hexa -
/-, hexb -/-, and glb1 -/- bone marrow-derived macrophages. Bone marrow was 
isolated from hexa -/-, hexb -/-, glb1 -/-, and wild type mice (n=1 per genotype) 
and differentiated in culture with M-CSF for 12 days. Following differentiation, 
cells were treated with LPS or Poly I:C and cell lysates were collected 24 hours 
post treatment. Cell lysates were subjected to western blotting and probed for 
Grp78, a marker for ER stress. (A) Significantly reduced Grp78 expression was 
observed in hexb -/- and glb1 -/- BMDM cultures relative to wild type 
macrophages (*P< 0.01). (B) LPS treated hexb -/- and glb1 -/- BMDMs 
displayed significantly reduced levels of Grp78 protein relative to both wild type 
and hexa -/- cultures (*P< 0.05, **P< 0.001). (C) Grp78 expression in glb1 -/- 
BMDMs was significantly greater than hexb -/- expression when stimulated with 
Poly I:C (*P< 0.05). Tx (treatment), wt (wild type). 
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Prior microarray data on brain tissue isolated from hexb -/- mice has 
shown significant transcriptional augmentation of several macrophage-associated 
genes, including macrophage expressed protein 1 (Mpg1) and glycoprotein 
(transmembrane) NMB (Gpnmb), each correlated with immune cell activation 
and inflammatory responses. To investigate whether these proteins are also 
upregulated in hexb -/- BMDMs and thus, potentially linked to their genotype-
specific cytokine secretion profile, cell lysates from wild type, hexa -/- and hexb -
/- bone marrow-derived macrophages stimulated with LPS (10µg/mL) or Poly 
I:C (25µg/mL) were subjected to SDS-PAGE and western blotting. Samples 
were loaded equally based on levels of total cellular protein and blots were 
probed for Mpg1 (~95 kDa) and Gpnmb (~55-60 kDa) proteins. 

Mpg1 protein levels were significantly elevated in hexb -/- BMDMs 
under conditions of stimulation (LPS and Poly I:C treatments) (Figure 22B and 
C). Untreated wild type cultures displayed significantly increased Mpg1 
expression compared to hexa -/- BMDMs (Figure 22C).  

Gpnmb protein expression was significantly augmented in hexb -/- 
BMDMs under LPS treated conditions (Figure 23A). Conversely, no 
intergenotype differences in Gpnmb protein levels were observed in Poly I:C 
treated BMDMs (Figure 23B). Moreover, Gpnmb protein was below the level of 
detection in untreated cells (data not shown). 

The significant increase in Mpg1 and Gpnmb expression under conditions 
of LPS stimulation is in agreement with the previously collected microarray data. 
However, one cannot ignore the marked differences in untreated Mpg1 protein 
expression or Poly I:C stimulated Gpnmb expression between CNS resident and 
peripheral cells. Such behaviour might suggest that these genetic defects have 
diverse cell-type-specific effects. Furthermore, the stimulation-specific 
difference in Gpnmb expression provides evidence for genotypic variation in 
response to stimuli. 
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Figure 22. Mpg1 western blot of untreated, LPS, or Poly I:C stimulated hexa -
/- and hexb -/- bone marrow-derived macrophages. Bone marrow was isolated 
from hexa -/-, hexb -/- and wild type mice (n=2 per genotype) and differentiated 
in culture with M-CSF for 12 days. Following differentiation, cells were treated 
with LPS or Poly I:C and cell lysates were collected 24 hours afterward. Cell 
lysates were subjected to western blotting and probed for Mpg1. (A) Untreated 
BMDMs displayed significantly elevated Mpg1 protein expression relative to 
hexa -/- BMDMs (*P< 0.05). HEXB deficient BMDMs displayed significantly 
augmented levels of Mpg1 in comparison to wild type and hexa -/- cultures under 
conditions of LPS stimulation (*P< 0.01)(B). This relationship remained 
significant in comparison to hexa -/- BMDMs when treated with Poly I:C (*P< 
0.05)(C). Tx (treatment), wt (wild type). 
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Figure 23. Gpnmb western blot of LPS or Poly I:C stimulated hexa -/- and 
hexb -/- bone marrow-derived macrophages. Bone marrow was isolated from 
hexa -/-, hexb -/- and wild type mice (n=2 per genotype) and differentiated in 
culture with M-CSF for 12 days. Following differentiation, cells were treated 
with LPS or Poly I:C and cell lysates were collected 24 hours afterward. Cell 
lysates were subjected to western blotting and probed for Gpnmb. Gpnmb 
expression was undetectable by western blotting in untreated cells. (A) HEXB 
deficient BMDMs displayed significantly augmented Gpnmb levels in 
comparison to wild type-derived BMDMs when treated with LPS (*P< 0.01). (B) 
Poly I:C treated cultures displayed no significant intergenotype differences. Tx 
(treatment), wt (wild type). 
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To further investigate the pattern of Grp78, Mpg1, SAP-A, and Gpnmb 

expression in bone marrow-derived macrophages, immunocytochemistry was 
performed on untreated and LPS (10µg/mL) stimulated cultures derived from 
wild type, hexa -/-, hexb -/-, and glb1 -/-mice. CD11b labeling was also utilized 
to assess primary culture differentiation to macrophages. Bone marrow was 
differentiated to macrophages in culture with M-CSF for 12 days at which point 
culture media was replaced with fresh media containing LPS (untreated cultures 
received fresh media without LPS). LPS stimulation was conducted for 24 hours 
prior to immunocytochemical analysis. 
 Grp78 expression was observed almost exclusively in the nucleus 
amongst all genotypes. Additional perinuclear labeling was noted in selected 
cells. However, the pattern of Grp78 expression did not differ between genotypes 
(Figures 24 and 25).  

Mpg-1 displayed clear perinuclear labeling. Additionally, marked Mpg-1 
labeling was observed in the peripheral projections of bone marrow macrophages 
(Figures 24 and 25). Furthermore, untreated cells possessed fewer points of 
marked peripheral Mpg-1 expression than did their LPS stimulated counterparts. 
 Gpnmb labeling in untreated cells was marked and perinuclear (Figure 
26). In LPS stimulated cultures, expression became more diffuse and 
increasingly homogenous throughout the nucleus and cytoplasm (Figure 27).  
 Labeling of untreated and LPS stimulated BMDM cultures for CD11b 
confirmed differentiation of primary cultures to macrophages (Figures 28 and 
29). It also demonstrated culture purity and revealed little-to-no myocytic or 
fibroblastic culture contamination.  

SAP-A expression in untreated and LPS stimulated cultures revealed a 
punctate pattern of labeling similar to that observed in Mpg-1 probed cultures 
(Figures 28 and 29). Prior immunocytochemical labeling outlined in Figure 17 
suggested a trend for increased SAP-A labeling in hexb -/- BMDMs. Contrary to 
that observation, SAP-A labeling in this experiment did not appear to markedly 
differ between genotypes. As such, and in agreement with other data presented in 
this section, it is not believed that these cells possess significant intralysosomal 
ganglioside accumulations. 
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Figure 24. Immunocytochemical analysis of untreated bone marrow-derived 
macrophages labeled with Mpg1 and Grp78. Bone marrow was isolated from 
wild type, hexa -/-, hexb -/- and glb1 -/- mice (n=1 per genotype) and 
differentiated in culture with M-CSF for 13 days. Immunocytochemical analysis 
was performed to assess expression of Mpg1 and to evaluate BiP/Grp78 staining, 
a marker of endoplasmic reticulum (ER) stress. Mpg-1 labeling appeared to be 
perinuclear with additional punctate labeling in cytoplasmic peripheral 
projections. Marked nuclear and perinuclear expression of Grp78 was observed. 
However, the pattern of Grp78 expression did not appear to differ between 
genotypes. Scale bar = 100µm 
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Figure 25. Immunocytochemical analysis of LPS stimulated bone marrow-
derived macrophages labeled with Mpg1 and Grp78. Bone marrow was isolated 
from wild type, hexa -/-, hexb -/- and glb1 -/- mice (n=1 per genotype) and 
differentiated in culture with M-CSF for 12 days. Following differentiation, cells 
were treated with LPS for 24 hours. Immunocytochemical analysis was 
performed to assess expression of Mpg1 and to evaluate BiP/Grp78 staining, a 
marker of endoplasmic reticulum (ER) stress. Mpg-1 labeling was more diffuse 
and cytoplasmic compared to that observed in untreated cultures. Punctate 
labeling in cytoplasmic peripheral projections remained and appeared more 
numerous in LPS stimulated cultures. Marked nuclear and perinuclear expression 
of Grp78 was observed. However, the pattern of Grp78 expression did not appear 
to differ between genotypes. Scale bar = 100µm 
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Figure 26. Immunocytochemical analysis of untreated bone marrow-derived 
macrophages labeled with Gpnmb. Bone marrow was isolated from wild type, 
hexa -/-, hexb -/- and glb1 -/- mice (n=1 per genotype) and differentiated in 
culture with M-CSF for 13 days. Immunocytochemical analysis was performed 
to assess expression of the transmembrane glycoprotein, Gpnmb. Marked 
perinuclear Gpnmb labeling was observed in all genotypes. Scale bar = 100µm 
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Figure 27. Immunocytochemical analysis of LPS stimulated bone marrow-
derived macrophages labeled with Gpnmb. Bone marrow was isolated from wild 
type, hexa -/-, hexb -/- and glb1 -/- mice (n=1 per genotype) and differentiated in 
culture with M-CSF for 12 days. Following differentiation, cells were treated 
with LPS for 24 hours. Immunocytochemical analysis was performed to assess 
expression of the transmembrane glycoprotein, Gpnmb. Gpnmb expression 
appeared to be less perinuclear than that observed in untreated BMDM cultures. 
Diffuse and homogenous cytoplasmic localization was observed. Scale bar = 
100µm 
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Figure 28. Immunocytochemical analysis of untreated bone marrow-derived 
macrophages labeled with SAP-A and CD11b. Bone marrow was isolated from 
wild type, hexa -/-, hexb -/- and glb1 -/- mice (n=1 per genotype) and 
differentiated in culture with M-CSF for 13 days. Immunocytochemical analysis 
was performed to assess differentiation to macrophages and observe lysosomal 
SAP-A labeling. SAP-A labeling was punctate and lysosomal; however, no 
intergenotypic differences were observed. Marked cell surface CD11b labeling 
was indicative of differentiated macrophage cultures. Scale bar = 100µm 
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Figure 29. Immunocytochemical analysis of LPS stimulated bone marrow-
derived macrophages labeled with SAP-A and CD11b. Bone marrow was 
isolated from wild type, hexa -/-, hexb -/- and glb1 -/- mice (n=1 per genotype) 
and differentiated in culture with M-CSF for 12 days. Following differentiation, 
cells were treated with LPS for 24 hours. Immunocytochemical analysis was 
performed to assess differentiation to macrophages and observe lysosomal SAP-
A labeling. SAP-A labeling was punctate and lysosomal; however, no 
intergenotypic differences were observed. Marked cell surface CD11b labeling 
was indicative of differentiated macrophage cultures. Scale bar = 100µm 
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Previous investigation revealed significant differences in cytokine 

secretion between wild type, hexa -/- and hexb -/- BMDMs. More specifically, 
TNF secretion from LPS stimulated hexb -/- macrophages was significantly 
augmented relative to their wild type and hexa -/- counterparts. Given that LPS 
signaling proceeds via the TLR4 receptor, we sought to measure activation of the 
proximal downstream signaling and feedback pathways, p38 and Stat3. Since 
TLR4 activation has been shown to inactivate glycogen synthase kinase 3-beta 
(GSK3β) as a means of regulating cytokine secretion via MyD88-dependent and 
MyD88-independent responses, levels of phosphorylated and total GSK3 were 
also assessed.  

Cell lysates were generated from cultures of bone marrow-derived 
macrophages treated for 24 hours with either LPS (10µg/mL) or Poly I:C 
(25µg/mL) and were analyzed by western blot. Samples were loaded equally 
based on levels of total cellular protein and blots were probed for p38 (~38 kDa), 
Stat3 (~86 kDa), and GSK3 (~46 kDa). Hexb -/- BMDMs expressed significantly 
reduced phospho-Stat3/total Stat3 in comparison to wild type and hexa -/- 
derived BMDMs when treated with LPS (Figure 30A), an observation which was 
abolished when cells were treated with Poly I:C (Figure 30B). Expectedly, since 
untreated BMDMs do not secrete measurable amounts of IL-6, these cells did not 
produce quantifiable levels of phosphorylated Stat3 protein (data not shown). 
Phospho-p38/total p38 expression in hexb -/- BMDMs was significantly elevated 
compared to wild type BMDMs when treated with LPS (Figure 31B). Poly I:C 
treatment did not measurably activate the p38 signaling pathway across all tested 
genotypes, which may have been a result of technical issues given that untreated 
cells expressed detectable levels of phospho-p38 (data not shown). Untreated 
hexb -/- BMDMs produced significantly more phospho-p38/total p38 compared 
to hexa -/- cells, but this trend did not reach significance relative to wild type 
cultures (Figure 31A). Phosphorylated GSK3β levels were significantly elevated 
in both untreated and LPS stimulated hexb -/- BMDMs (Figure 32A and B). 
Although Poly I:C treatment resulted in a similar pattern of expression, the trend 
did not reach significance (Figure 32C). 

Such cytokine secretion patterns and downstream cellular signaling 
behaviours, combined with a lack of observable intralysosomal ganglioside 
accumulation, point towards an intrinsic genetic difference in hexb -/- bone 
marrow-derived macrophages that materializes as hypersensitization to PAMPs 
and potentially other immune response-invoking stimuli. 
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Figure 30. Stat3 western blot of hexa -/- and hexb -/- bone marrow-derived 
macrophages stimulated with LPS or Poly I:C. Bone marrow was isolated from 
hexa -/-, hexb -/- and wild type mice (n=2 per genotype) and differentiated in 
culture with M-CSF for 12 days. Following differentiation, cells were treated 
with LPS or Poly I:C and cell lysates were collected 24 hours post treatment. 
Cell lysates were subjected to western blotting and probed for phosphorylated 
and total Stat3. Untreated cells produced immeasurable quantities of 
phosphorylated Stat3 (data not shown). (A) LPS treated hexb -/- BMDMs 
displayed significantly reduced activated Stat3 in comparison to both wild type 
and hexa -/- derived cells (*P< 0.05). (B) No significant intergenotype 
differences were observed in Poly I:C treated cultures. Tx (treatment), wt (wild 
type). 
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Figure 31. P38 western blot of untreated or LPS stimulated hexa -/- and hexb -
/- bone marrow-derived macrophages. Bone marrow was isolated from hexa -/-, 
hexb -/- and wild type mice (n=2 per genotype) and differentiated in culture with 
M-CSF for 12 days. Following differentiation, cells were treated with LPS and 
cell lysates were collected 24 hours post treatment. Cell lysates were subjected to 
western blotting and probed for phosphorylated and total p38. Untreated (A) and 
LPS (B) treated hexb -/- BMDMs exhibited a significant increase in activated 
p38 when compared to wild type and hexa -/-, or wild type macrophages, 
respectively (*P< 0.05). Tx (treatment), wt (wild type). 
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Figure 32. GSK3 western blot of untreated, LPS, or Poly I:C stimulated hexa -
/- and hexb -/- bone marrow-derived macrophages. Bone marrow was isolated 
from hexa -/-, hexb -/- and wild type mice (n=2 per genotype) and differentiated 
in culture with M-CSF for 12 days. Following differentiation, cells were treated 
with LPS or Poly I:C and cell lysates were collected 24 hours post treatment. 
Cell lysates were subjected to western blotting and probed for phosphorylated 
and total GSK3β. (A) Untreated hexa -/- and hexb -/- cultures displayed 
significantly elevated phosphorylated GSK3β compared to wild type cells (*P< 
0.05, **P< 0.01). (B) Only hexb -/- cells exhibited a significant increase in 
phospho-GSK3β when treated with LPS (*P< 0.05). (C) No significant 
differences were observed amongst Poly I:C treated cultures; however, a trend 
for significantly elevated phospho-GSK3β existed between both hexb -/- and 
hexa -/-, and wild type BMDMs. Tx (treatment), wt (wild type). 



MSc Thesis - David A. Egier                               McMaster University - Biology 

 76 

Taking into consideration previously published literature that links 
sialidase activity with TLR4 signaling69, 70, 110, measurement of specific sialidase 
activity under conditions of PAMP and GM2 treatment was performed. 
Differentiated BMDM cultures were treated with LPS (10µg/mL), Poly I:C 
(25µg/mL), CpG Flu 1668 (1µM), or GM2 (25µg/mL) for 24 hours. Cell lysates 
were obtained and specific sialidase activity was measured as described in 2.7. 

Untreated and LPS treated wild type BMDMs showed significantly 
higher specific sialidase activity than hexa -/- cells receiving similar treatment. 
Wild type macrophages consistently possessed the highest sialidase activity 
within each treatment, with the exception of the Poly I:C treated BMDMs. 
BMDMs from hexa -/- mice showed the lowest activity across all treatments. 
Some treatments had dramatically opposing effects on each genotype (relative to 
untreated conditions), such as that of Poly I:C on hexb -/- BMDM specific 
sialidase activity (augmented) versus wild type (suppressed) and hexa -/- 
(indifferent). Poly I:C treated hexb -/- cells displayed significantly elevated 
activity compared to hexa -/- BMDMs exposed to the same treatment. CpG Flu 
1668 and GM2 treated hexa -/- BMDMs displayed higher activity than their 
untreated counterparts. LPS did not have a stimulatory effect on the specific 
sialidase activity of any genotype at this time point (Figure 33). 

 While several intergenotype and inter-treatment differences were 
observed, they did not correlate with the altered pattern of TLR4-mediated 
cytokine secretion witnessed in hexb -/- BMDMs. Thus, it was hypothesized that 
variation in sialidase activity is not responsible for the hypersensitization of 
HEXB deficient macrophages. 
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Figure 33. Specific sialidase activity of hexa -/-, hexb -/- and wild type bone 
marrow-derived macrophages following stimulation with PAMPs. Bone 
marrow was isolated from hexa -/-, hexb -/- and wild type mice (n=2 per 
genotype) and differentiated in culture with M-CSF for 12 days. Following 
differentiation, cells were treated with either LPS, Poly I:C, CpG Flu 1668 or 
GM2. 24 hours post-treatment, cells were harvested and whole-cell specific 
sialidase activity was measured. Specific sialidase activity differed significantly 
across treatments and between genotypes. Untreated and LPS treated wild type 
BMDMs showed significantly higher activity than hexa -/- cells receiving similar 
treatment. Wild type macrophages consistently possessed the highest sialidase 
activity within each treatment, with the exception of the Poly I:C treated 
BMDMs. BMDMs from hexa -/- mice showed the lowest activity across all 
treatments. Some treatments had dramatically opposing effects on each genotype 
such as that of Poly I:C on hexb -/- BMDM specific sialidase activity 
(augmented) versus wild type (suppressed) and hexa -/- (indifferent). Poly I:C 
treated hexb -/- cells displayed significantly elevated activity compared to hexa -
/- BMDMs exposed to the same treatment. CpG Flu 1668 and GM2 treated hexa 
-/- BMDMs displayed higher activity than their untreated counterparts. LPS did 
not have a stimulatory effect on the specific sialidase activity of any genotype at 
this time point. Differences in specific sialidase activity did not correlate with the 
observed pattern of TLR4-mediated cytokine secretion. Tx (treatment), wt (wild 
type). 
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CHAPTER 4 
 

DISCUSSION 
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4.1 CPD-mediated modulation of lysosomal sialidase as a potential candidate 
alternate gene therapy mechanism for the treatment of Tay-Sachs disease. 
 

The designation GM2 gangliosidoses encompasses a group of diseases 
whose pathological outcomes and similar clinical phenotypes result from distinct 
molecular defects, all of which cause the intralysosomal accumulation of GM2 
gangliosides in CNS-resident neurons. There are three inherited (autosomal 
recessive) disorders grouped into this class of neurodegenerative diseases: Tay-
Sachs, Sandhoff and GM2 Activator deficiency36. Symptom severity and their 
age-of-onset are heavily dependent on the responsible genetic defect. Moreover, 
disease severity is indirectly proportional to the age-of-onset. Affected 
individuals may present with a variety of the following clinical manifestations: 
cherry red spot on the macula, mental and/or physical retardation, 
psychological/psychosocial disorders, motor malfunctions, seizures, blindness, 
ataxia, tremors, muscular atrophy and in many cases death46. 

Treatment of Tay-Sachs disease presents difficulties not typically 
encountered with peripherally-originating/centralized illnesses. Its intimate 
relationship with the central nervous system requires that peripherally-introduced 
therapeutic strategies/agents be able to cross the blood-brain barrier. 
Furthermore, and similar to other conditions involving the CNS, neuropathology 
accumulated prior to treatment cannot be reversed. Therefore, the pinnacle aim of 
therapeutic intervention in Tay-Sachs disease is lessening further degradation, 
and restoration of peripheral nervous system function. 

Attempts to reduce the amount of stored ganglioside in the GM2 
gangliosidoses have been met with limited success. Previous literature has 
presented several therapeutic strategies for the treatment of Tay-Sachs, including 
the use of pharmacological chaperones, substrate reduction, gene therapy, and 
enzyme replacement therapies24, 25, 29, 31, 111. While each of these approaches 
target the defective pathway directly, none have been completely successful in 
ameliorating disease pathology. The data presented in section I of chapter 3, 
which builds upon work previously conducted in the Igdoura laboratory, fortifies 
a novel alternate gene mechanism in human Tay-Sachs neuroglia for future 
therapeutic application in the treatment of Tay-Sachs disease. 

Previous work utilizing the genetic Tay-Sachs murine model revealed a 
lack of human Tay-Sachs-associated symptoms and the maintenance of 
phenotypic normality (compared to wild type animals) until approximately 1 year 
of life105, 106. Further investigation uncovered the mechanism responsible for their 
disease avoidance - a lysosomal sialidase-mediated metabolic bypass of HEXA 
deficiency64. Murine lysosomal sialidase was able to act on accumulated GM2 
and initiate its conversion to GM3 (via HEXB action) through its asialo 
intermediate, GA2 (Figure 4). Prior work in the Igdoura laboratory sought to 
investigate if this bypass pathway could be replicated in human cells. 
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Previous work performed a functional comparison of human and mouse 
lysosomal sialidase promoters in both human and mouse cell lines and revealed 
that an inherently more active murine promoter may be at least partially 
responsible for the higher levels of lysosomal sialidase and resultant sialidase-
mediated bypass in hexa -/- mice. While these results implicated differences in 
basal lysosomal sialidase promoter activity as contributing to a murine-specific 
sialidase-mediated bypass, they did not discredit the possibility that post-
translational events may also contribute, or that differences in enzymatic affinity 
for GM2 might exist. 

In silico analysis of the human lysosomal sialidase promoter granted 
insight into the structure and regulatory elements of human NEU1. The existence 
of putative CDP binding sites in the human promoter, combined with previous 
work, which validated CDP as a modulator of murine Neu1 promoter activity, 
lead to the selection of CDP as a candidate transcription factor for further 
analysis. 

Prior evaluation of the effects of CDP and six truncations on the human 
lysosomal sialidase promoter demonstrated the ability for CDP831-1505 to 
substantially increase (~5-fold) NEU1 promoter function. Although these results 
were in contrast to full-length CDP’s reputation as a transcriptional repressor, the 
possibility that full-length CDP may act as a potent transcriptional activator of 
the human NEU1 promoter was invalidated by its minimal effect on human 
lysosomal sialidase promoter activity. Since CDP831-1505 retains the CR3 and HD 
domains predicted to be involved in stable DNA binding, but lacks the CR1 
domain that in combination with CR2 may be responsible for transient DNA 
binding and repression of promoter activity, it is hypothesized that truncated 
CDP831-1505 has lost its repressive capacity. More specifically, CDP831-1505 may 
act through a “dominant negative”-like mechanism to competitively inhibit 
repression of human sialidase by blocking full-length CDP from stably binding 
the human NEU1 promoter for transient repression. The CR1 deficiency of 
CDP831-1505 renders it incapable of CCAAT box displacement. Although contrary 
to this hypothesis, the possibility that CDP831-1505 acts to directly stimulate 
promoter activity cannot be excluded. 

Using the ATCGAT consensus sequence, multiple potential CR3-HD 
binding sites were discovered within the 1500bp promoter region immediately 5’ 
of the ATG start codon of NEU1. However, the number of acceptable candidates 
was diminished due to the absence of an adjacent CCAAT binding sequence. 
Furthermore, many of the originally selected CDP binding sites deviated from 
the consensus sequence by >2 bases. As such, only the CD3-HD/CCAAT 
binding domain closest to the ATG codon was analyzed via ChIP for CDP831-1505 
binding. Given that CDP’s DNA binding ability is known to be promiscuous, it 
may be beneficial to assess the previously excluded CR3-HD binding sites. ChIP 
conducted on Tay-Sachs neuroglia infected with adenovirus expressing CDP831-

1505 provided evidence for the association of truncated CDP831-1505 and the human 
NEU1 promoter, presumably at the putative CR3-HD/CCAAT binding site. This 
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finding supports the current cis inhibition of repression hypothesis. In support of 
this hypothesis is the observation that a naturally occurring 110 kDa isoform of 
CDP, which is comprised of the same combination of DNA-binding domains as 
CDP831-1505, acts to activate transcription in vitro112. Unexpectedly, the PCR 
primers designed to amplify an upstream region not predicted to be a hot spot for 
truncated CDP binding, seemed to indicate potential non-specific binding of the 
anti-HA antibody (Figure 11B). However, since the degree of enrichment was 
faint in anti-HA pulled down untreated neuroglia versus AdCDP831-1505 infected 
cells, the observed positive enrichment at this intergenic site may perhaps be 
attributable to a novel CDP binding site as opposed to non-specific anti-HA 
binding. In fact, retrospective analysis revealed a previously unrecognized 
potential CR3-HD binding sequence within the amplified intergenic region. If 
truncated CDP bound at this newly appreciated CR3-HD binding site, it could 
result in the type of background amplification observed in the control reactions. 
Thus, the ChIP data presented provides strong evidence to support the current 
hypothesis that truncated CDP831-1505 interacts with CR3-HD binding sites in the 
human lysosomal sialidase promoter. It should be noted, however, that at this 
point it cannot be concluded whether CDP831-1505 acts to inhibit promoter 
repression or to activate lysosomal sialidase through a currently unidentified 
mechanism. 

Infection of Tay-Sachs neuroglia with AdCDP831-1505 resulted in an MOI-
dependent increase in intracellular levels of sialidase protein, and was previously 
shown to augment specific sialidase activity. The ability of CDP to influence 
levels of sialidase protein and functional activity in human cells is crucial for the 
utilization of this transcription factor or its binding site/mechanism of 
transcriptional activation for alternate gene therapy. However, this manipulative 
ability would be inadequate if it were unable to affect levels of intralysosomally 
accumulated GM2. 

Silica gel TLC analyses of Tay-Sachs neuroglia provided evidence that 
modulation of sialidase via CDP831-1505 is capable of reducing intracellular GM2 
accumulation. Moreover, it provided confirmation of the decrease in GM2 using 
antibody independent methods (organic phase ganglioside extraction and TLC). 
Accumulated GM2 acted upon by sialidase in the bypass results in low-level 
conversion to GA2. Previously conducted FACS analysis demonstrated that GA2 
was also decreased in CRB/TSD neuroglia following AdCDP831-1505, and AdSial 
+ AdCA infection, suggesting that when sialidase activity is upregulated newly 
formed GA2 is more readily accessible by HEXB for conversion to 
lactosylceramide (Figure 4). Thin layer chromatography does not possess the 
sensitivity to confirm, nor refute this previous observation. Aside from verifying 
the ability of CDP831-1505 to activate a sialidase-mediated bypass capable of 
reducing GM2 stores in Tay-Sachs cells, these observations support 
pharmaceutical stimulation of the endogenous lysosomal sialidase gene as a 
potential treatment for HEXA deficient GM2 gangliosidoses. 
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Confirmation of the identity of the predicted ganglioside species run on 
silica gel TLC via MALDI-TOF mass spectroscopy revealed the presence of the 
predicted species within each corresponding sample (Figure 8). However, each 
sample also contained multiple other ganglioside species likely due to the fact 
that silica gel TLC separation may have resulted in incomplete separation of each 
species. The resultant minute quantities of incompletely separated (i.e. smeared) 
sample would not be noticeable when visualized with resorcinol staining, but the 
highly sensitive MALDI-TOF mass spectroscopy is capable of detecting even 
minuscule amounts. It is therefore only possible to claim that GM2 and GA2 
gangliosides were present in each sample, but not that they were the predominant 
species. Nonetheless, purified, tissue culture grade bovine GM2 displayed an 
identical pattern of migration as the predicted GM2 band in the hexb -/- murine 
cerebellum sample (data not shown). 

The precise quantity of intralysosomal GM2 clearance that is required to 
restore normal cell function and prevent cell death is currently unknown; 
however, prior reports have suggested that marginal restoration (~10%) of 
enzymatic activity provides sufficient aid to substantially diminish/abolish 
clinical symptoms24, 113. Presumably then, a threshold exists below which 
intralysosomal ganglioside accumulations become manageable and non-lethal. 
Although the reductions described in this work do not result in total amelioration 
of intracellular ganglioside accumulation, it is hypothesized that the extent that 
the human sialidase-mediated bypass lessens accumulations would be sufficient 
to show considerable improvement in clinical symptom severity. 

The pursuit of effective treatments or, ideally, a cure, remains a 
fundamental motive for studying human disease. Discovery of the lysosomal 
sialidase-mediated bypass in Tay-Sachs mice demonstrated the existence of an 
alternate, endogenous metabolic pathway to metabolize GM2. It was 
subsequently hypothesized that activation of this bypass in Tay-Sachs patients, 
could reduce GM2 accumulation and lessen, or completely halt pathologic 
symptom development. Previous data, combined with the newly acquired 
findings presented in this thesis demonstrate that CDP831-1505 markedly augments 
endogenous human NEU1 promoter activity, resulting in elevated lysosomal 
sialidase protein levels and enzymatic activity in what appears a cell-type 
specific manner. Furthermore, elevated sialidase activity is capable of lessening 
pathologic ganglioside accumulations found in human Tay-Sachs cells. 

The data presented in section I of chapter 3 of this thesis, for the first time 
establishes a completed potential mechanism utilizing endogenous lysosomal 
sialidase, for the treatment of Tay-Sachs disease. Moreover, it provides 
compelling evidence that warrants further investigation into modulation of 
human lysosomal sialidase as an effective alternate gene therapy technique for 
Tay-Sachs disease. Screening and testing candidate compounds from chemical 
databases is the next logical step in the progression towards clinically testable 
pharmaceutical modulation of sialidase. Lucrative agents would be those that 
have the capacity to markedly evoke lysosomal sialidase expression, and the 
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capability to cross the blood-brain barrier. Whether the influence of such 
pharmaceutical modulation is restricted to NEU1 must also be explored, and will 
certainly require investigation prior to clinical trials. It is anticipated that this 
therapeutic approach may result in a less invasive and more cost-effective 
treatment option for patients suffering from Tay-Sachs. Perhaps, the use of 
alternate gene therapy in combination with existing, yet incompletely successful 
options such as those briefly mentioned above, could generate a more potent 
therapeutic strategy. The utilization of the aforementioned sialidase-mediated 
bypass pathway also supports pursuit of other circumventive mechanisms, which 
may be exploited to treat other lysosomal storage disorders. 
 
 

4.2 Evaluation of inflammatory responses following PAMP or GM2-
stimulation in bone marrow-derived macrophages from Tay-Sachs and 
Sandhoff mice. 
 
 Tay-Sachs and Sandhoff disease are both chronic, and often lethal, 
lysosomal storage disorders that result in profound neurodegeneration in 
progressed cases. Development and study of hexa -/- (Tay-Sachs) mice quickly 
exposed their unique mechanism of lysosomal sialidase-mediated disease 
avoidance. Conversely, Sandhoff mice consistently developed human-type 
symptoms, and fall victim to the illness at approximately 120 days of age. While 
this bypass of HEXA deficiency allowed Tay-Sachs mice to avoid disease via 
lessening of intralysosomal accumulation in CNS-resident neurons below the 
threshold required for widespread neuropathology, the later events through which 
disease was avoided in hexa -/- mice had yet to be explored. Given the link 
between neuroinflammation and neurodegeneration, as well as the recruitment of 
peripherally derived macrophages to the CNS in progressed illness, comparison 
of immunological characteristics and response to stimuli of bone marrow-derived 
macrophages from Tay-Sachs and Sandhoff animals was conducted. 
 The generation of differentiated macrophage cultures from primary cell-
rich bone marrow offered several advantages. Firstly, culturing of bone marrow 
does not require the use of immunostimulants to increase cell yield (as is the case 
with thioglycolate-elicited peritoneal macrophage isolation). Furthermore, 
maturation characteristics can be controlled through the addition of selective 
differentiation compounds to in vitro primary cell cultures. M-CSF 
differentiation produces large macrophages, with mature structural features and 
organelles, and defined cytoplasmic projections114. Lastly, although in vitro M-
CSF-differentiated macrophages do not share the same local environment as 
CNS-resident microglia, both are derived from bone marrow and thus, possess a 
similar origin115. Moreover, microglia and macrophages share many cell surface 
markers116; however, their unique morphological aspects and CNS residence 
classifies them as a distinct cell type115. During Tay-Sachs and Sandhoff disease 
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progression, pathology-related disruption of the blood-brain barrier allows 
immature monocytes and bone marrow-derived macrophages to be recruited to 
the CNS via astrocyte-produced MCP1 and blood vessel transport115, 117, 118. 
Therefore, comparison of BMDMs provided valid insight into the 
immunoregulatory differences between Tay-Sachs and Sandhoff mice. 

PAMP stimulation of hexa -/- and hexb -/- BMDM cultures exposed 
several morphological differences. While cultures of all genotypes exposed to 
LPS possessed larger cellular size (relative to nuclear area), intergenotype 
comparison of LPS stimulated cultures showed that HEXB deficient cultures 
were significantly smaller than their wild type counterparts. Furthermore, 
quantification of the number of projections around the periphery of untreated 
versus LPS stimulated cells revealed that only wild type and hexa -/- derived 
cultures possess significantly greater numbers under conditions of LPS 
stimulation. Although hexb -/- cultures demonstrated a similar trend, it did not 
reach significance. Such data suggests that hexa -/- BMDMs may behave 
similarly to wild type, whereas hexb -/- macrophages appear either immature by 
comparison, or activated to a lesser extent at 24 hours post stimulation119. 
Moreover, cell size in alveolar macrophages has been linked to phagocytic 
capacity120. As such, hexb -/- macrophages may have reduced capacity for 
phagocytosing CNS-resident debris. Cytoplasmic projections are often used by 
activated macrophages for intercellular communication and are actively involved 
in migration and phagocytosis121. While no clear distinction in the interaction of 
neighbouring cells was observed, the possession of fewer projections in hexb -/- 
macrophages may therefore suggest the potential for compromised 
communication ability. Decreased phagocytic capacity in conjunction with 
superfluous cellular debris from dying neurons could result in amplified 
neuroinflammation. Further examination of the features of Tay-Sachs and 
Sandhoff macrophages should be conducted via electron microscopy. 

Measurement of secreted IL-1β, IL-10, IL-6 and MCP1 in cell culture 
media via ELISA at 24 hours post stimulation did not reveal any apparent 
intergenotype variation in secretion in response to PAMP treatments. 

Given the current hypothesis that accumulated GM2 released by dying 
CNS-resident neurons propagates proinflammatory behaviour, leading to further 
neuroinflammation and greater neurodegeneration by interaction with cell-
surface TLR4107, it was predicted that treatment of bone marrow cultures with 
exogenous GM2 would result in obvious augmentation in inflammatory 
responses. Contrary to this hypothesis, introduction of high-dose GM2 (in vitro 
dosage based on published literature) did not induce marked cytokine secretion. 
In fact, all measured cytokines remained below the assay’s minimal level of 
detection. Therefore, all observed differences are due solely to variation in 
cellular protein, rather than accurately measured quantity of immunoregulatory 
molecules. Measurement of TNF in GM2 stimulated culture media at all sampled 
post treatment time points solidified the original finding that GM2 does not 
stimulate cytokine secretion. Since these macrophages clearly expressed TLR4 in 
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culture (as evidenced by their drastic inflammatory reaction to LPS), yet are 
unresponsive to GM2, this data suggests that accumulated ganglioside released 
from apoptotic cells in the CNS may not play a significant role in stimulating 
CNS-resident microglia and/or recruited macrophages. It is not possible to 
elucidate an alternative mechanism at this point without further investigation; 
however, discounting GM2 as a major contributor in progressed GM2 
gangliosidoses (namely, Tay-Sachs and Sandhoff disease) automatically implies 
other factors and/or apoptosis-associated molecules as the major 
neuroinflammatory and thus, neurodegenerative stimuli. While this evidence 
supports a lack of GM2-mediated TLR4 activation, cultured BMDMs may still 
internalize the exogenously introduced GM2. In fact, current literature suggests 
that cells (specifically microglia and macrophages) rapidly internalize exogenous 
gangliosides122, 123. Chronic internalization (as opposed to the transient 24 hour 
incubation period used in experimentation) via phagocytosis or transmembrane 
diffusion may be required to observe GM2-mediated macrophage cell stress and 
resultant immunological responses. Future experimentation should monitor 
cytokine secretion and other markers of cell stress in GM2-treated BMDMs over 
a longer duration. Although the data appears convincing, one cannot rule out 
other non-mechanistic explanations. For example and as mentioned previously, 
interspecies variation in ganglioside fatty acid chain structure exists between 
many mammals and could possibly play a role in ligand-receptor 
recognition/binding. The GM2 used to treat the murine-derived BMDMs was of 
bovine origin and thus, may not be effectively recognized by mouse-resident cell 
surface toll-like receptors. 

Additional examination of cytokine (TNF, IL-1β, IL-10, IL-6 and MCP1) 
secretion at multiple post-stimulation time points exposed marked differences in 
TNF, MCP1, and IL-10 production. Specifically, TNF secretion was significantly 
elevated in hexb -/- BMDMs relative to hexa -/- and wild type cultures at 12 and 
24 hours post LPS stimulation. HEXB deficient macrophages also secreted 
significantly less MCP1 in comparison to their HEXA deficient and wild type 
counterparts beginning at 4 hours following LPS treatment. This significant 
reduction in MCP1 secretion was maintained at 24 hours post treatment. 
Furthermore, a significant reduction in IL-10 secretion was observed in hexb -/- 
BMDMs at 8 and 12 hours post LPS stimulation. Contrary to these observations, 
treatment of cultures with Poly I:C did not result in similar secretion patterns, 
suggesting that TLR3-mediated behaviour is differently affected by HEXA and 
HEXB deficiencies. These results therefore suggest that only selected TLR 
pathways (specifically TLR4) may behave abnormally, and only in response to 
select stimuli (e.g. LPS versus GM2 treatment). The fact that Sandhoff-derived 
BMDMs displayed uniquely hypersensitive behaviour to stimulation (i.e. marked 
differences in cytokine secretion), but did not demonstrate typical features of 
intralysosomal accumulations, meant that their genetically introduced HEXB 
deficiency must have been influencing these actions via a alternative mechanism. 
Although the work presented in this thesis has yet to fully elucidate a candidate 
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mechanism, it lends credence to an alternate hypothesis regarding the 
neuroinflammatory and neurodegenerative cascade in Sandhoff and potentially 
other ganglioside storage disorders. This hypothesis states that diseased 
macrophages in Sandhoff disease (and possibly other ganglioside storage 
illnesses) are innately hypersensitized in their responses to stimuli through an 
accumulation-independent mechanism, such that the magnitude (and perhaps 
duration) of their stress-induced inflammatory reaction is augmented relative to 
that observed in wild type animals. The observed augmentation in LPS-
stimulated TNF secretion illuminates a potentially prominent proinflammatory 
mechanism via which profound neurodegeneration in hexb -/- animals could be 
mediated. In support of this, examination of hexb tnf double knockout animals by 
members of the Igdoura laboratory has demonstrated that these mice display 
reduced neuroinflammation, lessened CNS-resident cellular apoptosis, delayed 
onset of peripheral dysfunction, and a significantly prolonged lifespan. Lower 
levels of anti-inflammatory IL-10 secretion could also predispose HEXB 
deficient macrophages to secretion of prolonged, undampened cytokine storms 
through lessened repression of TNF secretion124. To ensure that the lack of a 
predicted increase in anti-inflammatory IL-10 secretion was not due to the 
relatively narrow sampling window, future secretion studies should study IL-10 
secretion at 48 and 72 hours post treatment. Such prolonged intense 
inflammatory activity could be responsible for the profound apoptotic and 
neurodegenerative symptoms observed in Sandhoff disease. 

Immunocytochemical labeling, Oil Red O staining, and ganglioside 
extraction followed by silica gel TLC separation were employed to investigate 
intralysosomal lipid accumulations as a possible explanation for the altered 
inflammatory behaviour in HEXB deficient BMDMs. Although anti-SAP-A 
lysosomal labeling suggested that hexb -/- macrophages were swollen, potentially 
from intralysosomal ganglioside accumulations, further investigation, which 
utilized methodology capable of direct ganglioside measurement, was unable to 
observe such accumulation. LPS stimulated BMDM cultures stained with Oil 
Red O appeared devoid of intracellular lipids. However, since these cultures were 
not lipid loaded, and Oil Red O only stains neutral lipids, it is unlikely that any 
accumulated ganglioside would be visible via this technique. Thus, from this data 
it is only possible to conclude that neither hexa -/-, nor hexb -/- BMDMs 
accumulate intracellular neutral lipids as a result of their metabolic deficiencies. 
Future investigation of ganglioside accumulation in fixed cultures should employ 
the borohydride-periodate acid-Schiff method, which has been proven in the 
literature as a robust method for ganglioside staining125, 126, 127, 128. Silica gel TLC 
separation performed on gangliosides extracted from untreated BMDMs showed 
no evidence of accumulation, supporting the hypothesis that hexb -/- 
macrophages possess intrinsic differences that are responsible for their 
aggravated behaviour. One notable requirement for the success of this protocol is 
the necessity for large amounts of starting material. It is therefore possible that 
no accumulated ganglioside was observed because of an insufficient amount of 
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initial material. If differences in accumulated ganglioside were definitively 
present in bone marrow-derived macrophages, the resultant cellular stress could 
be responsible for the observed differences in their in vitro immune response and 
in vivo pathology in Sandhoff mice. However, the absence of accumulated 
ganglioside is not a reason to cast doubt on experimental methodology. While it 
is clear from current literature that macrophages synthesize and can accumulate 
gangliosides (e.g. Niemann-Pick disease)129, support for the ability of bone 
marrow-derived macrophages to develop substantial ganglioside accumulations 
during temporary in vitro culture is non-existent. In this aspect, BMDMs are 
likely dissimilar to isolated CNS-resident, mature, ganglioside-laden neurons in 
that they may not display accumulation of these compounds in short-term in vitro 
cultures. Further support for this hypothesis comes from additional 
immunocytochemical labeling performed on hexa -/-, hexb -/-, and glb1 -/- 
BMDMs using SAP-A. Contrary to prior immunocytochemical data, but in 
agreement with findings from the Oil Red O and ganglioside extraction analyses, 
no intergenotype differences were observed in the pattern or intensity of SAP-A 
labeling. Interestingly, incubation of Tay-Sachs and Sandhoff-derived BMDMs 
with GM2 did not elicit a stress-induced immune response. 

Analysis of LAMP2 expression in cultured BMDMs revealed only minor 
differences in total quantity. However, marked differences existed in the state of 
LAMP2 glycosylation in hexb -/- and glb1 -/- derived cultures. More specifically, 
LAMP2 expressed by glb1 -/- BMDMs was retarded in migration, suggesting 
incomplete cleavage or processing of N-acetyl hexosamines. Given the genetic 
defects in these bone marrow cultures, it is hypothesized that the resultant 
enzymatic deficiencies in the β-hexosaminidase isozymes and β-galactosidase 
may be responsible. Previous studies have linked LAMP protein expression to 
cytokine secretion and immune cell responses130, 131. Furthermore, studies have 
demonstrated that LAMP expression is fundamental for the fusion of 
phagosomes with lysosomes132. 

Grp78 expression in cultured hexb -/- and glb1 -/- BMDMs revealed 
reduced protein levels in comparison to wild type and hexa -/- macrophages. 
Such observations are in agreement with the observed lack of ganglioside 
accumulation in bone marrow macrophage cultures since accumulated 
intralysosomal ganglioside has been linked to ER stress in a murine model of 
GM1 gangliosidosis (glb1 -/-)108. While this data initially appears contradictory 
to the ganglioside accumulation work presented in this thesis, it is important to 
note that Tessitore, et al. (2004) studied cultured neurons and neurospheres, as 
opposed to the primary cell-derived macrophage cultures108. It also remains 
possible that cells primarily targeted in gangliosidoses (neurons) may respond 
differently to intralysosomal accumulation than infiltrating immune cells. 
Furthermore, since the Sandhoff (hexb -/-) mouse model was generated by 
completely knocking out hexb expression105, one does not expect this hexb 
mutation to directly influence ER stress levels as would occur if the genetic 
alteration (e.g. via site directed mutagenesis) generated an incorrectly folded 
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protein133. Such mutations often cause ER retention of misfolded substrates, and 
are associated with increased BiP/GRP78134. However, the lack of increase in 
Grp78 expression in hexb -/- macrophage cultures does not completely discount 
the existence of augmented levels of ER stress in hexb -/- BMDMs. Rather, 
reduced Grp78 expression may indicate deterioration in the ability of diseased 
cells to respond to cell stressors and conditions that result in ER stress. 
Alternatively, literature has suggested that cells are capable of secreting Grp78135, 

136. Although this thesis presents minimal data to substantiate the following 
hypothesis, it may be possible that diseased-state macrophages secrete greater 
amounts of Grp78 than do their wild type counterparts, resulting in the observed 
pattern of reduced intracellular Grp78. Future experimentation should examine 
levels of other ER stress markers such as Chop, and secreted Grp78, as well as 
downstream modulators of cell death such as Jnk2 and Caspase-12. These studies 
are necessary to provide greater insight into disease-associated ER stress and 
subsequent cell death in cultured BMDMs. 

Given the published involvement of sialidase in the regulation of TLR-
mediated responses, the potential for altered levels of sialidase activity to play a 
role in the observed phenotype was investigated. However, no differences in 
sialidase activity that could explain the differences in cytokine secretion were 
observed amongst stimulated BMDMs from hexa -/- and hexb -/- mice. 
Therefore, present data suggests that an alternate mechanism be responsible for 
the intrinsic hypersensitization observed in HEXB deficient macrophages. 

Using the data presented thus far, a model for ganglioside-independent 
hexb -/- hypersensitization has been developed. Autophagolysosomal-mediated 
breakdown of intracytoplasmic components requires LAMP2-dependent 
phagosomal fusion with lysosomes from the endocytic pathway132. Acid 
hydrolases contained within the mature lysosomal compartment are crucial for 
degradation of the autophagolysosomal contents. It is hypothesized that 
alterations in LAMP2 result in partial or full obstruction of this fusion process 
(Figure 34). Such fusion inhibition would result in autophagosomal accumulation 
and ultimately, altered cellular behaviour137. In neurons, alteration of LAMP2 
glycosylation and subsequent autophagosomal abnormalities may contribute to 
the initiation of the neurodegenerative cascade. Alternatively, such abnormalities 
in immune cells may result in their hypersensitization and subsequent 
immunoactivation, similar to that presented in this thesis. Early onset of cytokine 
secretion (perhaps even prior to ganglioside-related neuronal dysfunction) could 
be the driving force behind the neurodegenerative cascade. Given that 
autophagosomes contain heat shock protein 70 (Hsp70; Hsc70) and microtubule-
associated protein 1 light chain 3 (MAP1-LC3), intracytoplasmic buildup of 
these entities may result in a compensatory response to lessen BiP/Grp78 protein 
production. This hypothesis could also lend support to the reduced Grp78 protein 
levels previously presented and discussed in this thesis. In agreement with the 
observation that Gpnmb protein expression was upregulated in LPS treated hexb 
-/- macrophages, prior literature has linked Gpnmb to the phagocytic process. 
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More specifically, Gpnmb has been identified as a required component for the 
recruitment of LC3 to the phagosome, where subsequent co-localization of these 
proteins takes place138. Gpnmb aids in acidification of the early phagosome (prior 
to late endosomal/lysosomal fusion) and promotes crosstalk between the 
phagocytic and macroautophagic processes138. It is therefore possible that 
increased Gpnmb protein levels are an indication of impairment of 
autophagosomal fusion. However, it has yet to be determined whether this 
observed increase in Gpnmb is simply due to autophagosomal accumulation or 
alternatively, active upregulation of Gpnmb production in an attempt to rescue 
the defective fusion process. 

Prior cytokine data demonstrated an absence of quantifiable 
immunological response in BMDM cultures treated with exogenous GM2. 
Furthermore, in the absence of measureable quantities of ganglioside 
accumulation in BMDM cultures, hexb -/- macrophages displayed a marked 
sensitivity to PAMP stimulation. The proposed LAMP-associated, 
autophagosomal-centralized model identifies a potential mechanism that is in 
accord with these observations (i.e. specific to the hexb -/- genetic deficiency and 
independent of ganglioside accumulation). Moreover, this hypothesis conforms 
to previously published work that uncovered autophagy defects and blockages in 
other lysosomal storage disorders139, 140, 141. Although current data suggests that 
this model may contribute to the pathological processes observed in Sandhoff 
and glb1 -/- animals, it is presently unclear whether this is the primarily 
mechanism or whether it operates secondary to and/or in conjunction with a 
neuronal GM2-centralized process. Moreover, this data potentially challenges the 
current temporal order of neuroinflammation and neurodegeneration. Whether 
neuron-resident GM2 accumulation or immune cell hypersensitization initiates 
the pathological cascade is also a topic of debate. Simply put, these processes can 
thought of in the context of the “chicken or the egg” causality dilemma. 

Further investigation into the signaling mechanisms that may be altered in 
conjunction with cytokine secretion revealed intergenotype differences in the 
Stat3 feedback pathway, p38 MAPK signaling and GSK3β phosphorylation. As 
expected, untreated BMDMs did not possess detectable levels of phosphorylated 
Stat3. Activated Stat3 levels in LPS stimulated hexb -/- BMDMs were 
significantly reduced compared to levels in wild type and hexa -/- cultures. This 
data is in agreement with current literature, as IL-10 expression is responsible for 
phosphorylation-dependent activation of Stat3, and IL-10 secretion from LPS 
treated HEXB deficient cultures was significantly reduced. Considering the anti-
apoptotic roles of both IL-10 and Stat3, lessened levels of these vital 
immunoregulatory molecules may aid in a pattern of hypersensitive and 
exaggerated proinflammatory hexb -/- behaviour. The disappearance of 
intergenotype differences in phosphorylated Stat3 under conditions of Poly I:C 
treatment remains in line with the apparent lack of influence of TLR3 ligands on 
hexb -/- behaviour. 
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P38 MAPK phosphorylation was significantly elevated (relative to total 
protein levels) in hexb -/- BMDMs during untreated and LPS stimulated 
conditions. These results directly support the increase in TNF secretion, as LPS-
induced NFκB-mediated TNF production is known to involve p38 MAPK 
phosphorylation and downstream kinase signaling142, 143, 144. Previous studies 
have reported that IL-10 receptor-mediated feedback acts to inhibit activation of 
the protein kinase-2 pathway by targeting p38 MAPK 
phosphorylation/activation. Therefore, increased phosphorylation of p38 may 
also be an artifact of the observed decrease in IL-10 production and subsequent 
feedback in HEXB deficient BMDMs124 (Figure 35). This pro- and anti-
inflammatory balance in regulatory activity is crucial for preserving immune 
homeostasis and minimizing collateral CNS damage during neuroinflammatory 
episodes. The LPS-independent increase in phosphorylated p38 levels implies 
that p38 activity is also being influenced by TLR-independent mechanisms. A 
multitude of cellular stimuli are capable of p38 regulation either via modulation 
of its upstream effectors, MKK3 and MKK6, or through direct action on p38 
itself. More specifically, interleukins, cytokines, environmental stresses, and 
growth factors can influence p38 activity through their respective receptors. For 
example, epidermal growth factor (EGF) interaction with the EGF receptor 
(EGFR), or insulin or other growth factors binding to receptor tyrosine kinases 
are able to modulate MKKs upstream of p38145, 146. Furthermore, transforming 
growth factor-beta (TGFβ) can influence p38 directly through binding with 
TGFβR1147. G-protein coupled receptors (GPCRs) are also capable of 
influencing MKK and downstream p38 activity in response to environmental 
stressors and other GPCR agonists148. Given the multitude and complexity of p38 
regulation, and the minimal data collected thus far, it would be difficult to 
hypothesize which pathways are mediating the observed responses. 

Lastly, phosphorylated GSK3β (relative to total GSK3β levels) was 
significantly elevated in untreated and LPS treated HEXB deficient BMDMs. 
Although significance was not reached, a similar trend existed in Poly I:C treated 
cultures. Furthermore, untreated hexa -/- BMDMs expressed significantly more 
phosphorylated GSK3β than wild type cultures and was similar in expression to 
hexb -/- cells. This relationship was not maintained upon stimulation with LPS or 
Poly I:C. Prior evidence suggests that GSK3 helps to control early TLR4-
mediated signaling149. More specifically, phosphorylation of GSK3 has been 
linked to suppression of proinflammatory cytokine secretion and augmentation of 
anti-inflammatory cytokines150. Such control has been attributed to TLR-
dependent AKT-mediated phosphorylation of GSK3β through the PI3K 
pathway151, 152 (Figure 35). The significant increase in phosphorylated GSK3β 
(relative to total) in hexb -/- BMDMs under all treatment conditions is potentially 
in agreement with the previous findings of elevated proinflammatory behaviour. 
Augmented GSK3β phosphorylation may be attempting to counteract the 
increase in TNF secretion from LPS-stimulated HEXB deficient BMDMs. 
Furthermore, these findings support the hypothesis that Sandhoff-derived 
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BMDMs are inherently more inflammatory. Such behaviour is in line with 
previously published work which found that TNF-induced macrophage cross-
tolerance, which may be used as a mechanism to avoid stimulant-induced 
apoptosis, was dependent on and mediated by GSK3153. The lack of 
phosphorylated GSK3-influenced Stat3 activation and increased IL-10 anti-
inflammatory immunosuppression observed in HEXB deficient BMDM cultures 
further supports the notion of a disconnect in the balance of immune homeostasis 
(Figure 35). In addition to modulating production of immunological molecules, 
GSK3β regulates the metabolism of β-catenin and in effect, β-catenin-dependent 
transcription154. Further investigation into β-catenin regulation in hexb -/- 
BMDMs should be conducted. 
 The data presented in this section demonstrates for the first time, 
differences in the inherent characteristics of bone marrow-derived macrophages 
in Sandhoff mice relative to their Tay-Sachs and wild type counterparts. Their 
smaller activated cell size and insignificant, yet notable decrease in the quantity 
of cytoplasmic projections, indicated that they may be immature compared to 
wild type and hexa -/- cultures. Their intrinsic hypersensitization to TLR4 
stimulants was exemplified by a significant increase in LPS secretion when 
stimulated with LPS and was supported by increased levels of phosphorylated 
p38. Evidence for altered regulation of the IL-10/Stat3 feedback/regulatory axis 
was also observed. More specifically, HEXB deficient macrophages produced 
decreased IL-10 following LPS treatment and expressed decreased quantities of 
phosphorylated Stat3. Such abnormalities would encourage intense and 
prolonged inflammatory responses in Sandhoff mice, potentially leading to 
progressive neurodegeneration. Elevated levels of phosphorylated GSK3β may 
be indicative of a compensatory response to dampen excessive proinflammatory 
behaviour. Furthermore, the presence of increased phosphorylated p38 and 
GSK3β under unstimulated conditions suggests that TLR-independent 
mechanisms are also influencing immune behaviour. Although preliminary 
evidence has been presented to suggest that defects in autophagosomal/lysosomal 
fusion may be present in hexb -/- macrophages, a link between this process and 
the observed immunological and immunoregulatory differences has yet to be 
firmly established. Such observations, combined with a lack of response to 
extracellular GM2 provide evidence for augmented inflammatory behaviour in 
response to presently unidentified CNS-resident compounds. Alternatively, the 
lack of short-term incubation GM2-mediated immune activation suggests that 
chronic exposure to ganglioside may be required for producing marked cell 
stress. However, the lack of apparent ganglioside accumulation in these HEXB 
deficient cultures advocates for an alternate mechanism (perhaps 
autophagosomal accumulation) for hypersensitization to cellular stress.  
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Figure 34. Proposed model of autophagosomal and lysosomal fusion blockage. 
Cultures of BMDMs from Tay-Sachs and Sandhoff mice revealed marked 
differences in their immunologic behaviour in response to extracellular toll-like 
receptor stimuli. Furthermore, such disturbances in hexb -/- bone marrow-derived 
macrophage behaviour appear to occur independently of intralysosomal 
ganglioside accumulations. It is hypothesized that the enzymatic deficiency may 
lead to defects in the fusion between autophagosomes and mature lysosomes 
from the endocytic pathway. Such blockage would prevent the formation of 
autophagolysosomes, consequently leading to autophagosomal accumulation, 
retention of catabolic substrates, and a residual buildup of HSP70 and Grp78. 
This buildup may result in a compensatory reduction of Grp78 levels, while 
pushing the cell into an aggravated state. Figure adapted from VisiScience 
Science Slides 2011 (VisiScience, Chapel Hill, North Carolina). Hsc70 (Hsp70; 
Heat shock protein 70), LC3 (MAP1LC3; Microtubule-associated protein 1 light 
chain 3). 
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Figure 35. Summary of aberrant signaling observed in hexb -/- bone marrow-
derived macrophages. Cultures of bone marrow-derived macrophages exhibited 
profound differences in cytokine secretion and other immunohomeostatic 
processes. Alterations in phospho-p38, phospho-GSK3β, phospho-Stat3, and IL-
10 were observed in HEXB deficient cultures. TLR4-dependent increase in LPS 
secretion was correlated with augmented phosphorylated p38 and GSK3β. 
Conversely, decreased levels of phosphorylated Stat3 protein and IL-10 secretion 
were observed under the same conditions. Downstream TLR4 signaling 
influences PI3K, and subsequent AKT phosphorylation. Negative regulation of 
GSK3β activity via AKT-mediated phosphorylation remains a putative 
compensatory control mechanism for augmented proinflammatory hexb -/- 
behaviour. GSK3β influences c-Jun phosphorylation and thus, its transcriptional 
influence on AP1-mediated inflammatory cytokine production. However, the 
influence of GSK3β on the anti-inflammatory axis appears to be disconnected 
(reduced rather than increased Stat3/IL-10 feedback), suggesting a major 
immunosuppressive defect in hexb -/- cultures. Although not shown in this 
figure, AKT and GSK3β also influence levels of nuclear NFκB. Additionally, 
GSK3β activity influences nuclear translocation of β-catenin and β-catenin-
dependent transcription. Given that phosphorylated p38 and GSK3β were both 
elevated in untreated hexb -/- macrophages, a TLR4-independent pathway must 
also exist; however, whether these findings are linked to defects in 
autophagosomal/lysosomal fusion is presently unclear. AKT (PKB; protein 
kinase B), AP1 (activator protein 1), CREB (cAMP response element-binding), 
DUSP1 (dual specificity protein phosphatase 1), IL-10 (interleukin-10), P-
GSK3β (phosphorylated glycogen synthase kinase 3 beta), Stat3 (signal 
transducer and activator of transcription 3). 
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