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Abstract 

Gangliosides are glycolipids abundantly expressed on the extracellular layer of several cells in the 

central nervous system. Gangliosides influence cell-cell interactions, neuronal development, as well 

as axonal growth and stability and are targets of autoimmunity in several neurological disorders. 

Multiple sclerosis (MS) is a chronic inflammatory neurodegenerative disease attributed to the 

depletion of lipids and myelin components. Anti-ganglioside antibodies (AGA) have been studied in 

MS, yet their relevance to disease processes remains poorly characterized. 

Our objective was to compare serum AGA levels between healthy controls (HC) and participants 

with either a single demyelinating event known as clinically isolated syndrome (CIS), or confirmed 

MS of relapsing-remitting (RRMS), secondary progressive (SPMS), or primary progressive (PPMS) 

MS types. Enzyme-linked immunosorbent assays (ELISA) were used to measure levels of antibodies 

to the gangliosides GA1, GM1, GM2, GD1a, GD1b, and GQ1b. Levels of each AGA measured were 

not significantly different between HCs and CIS or any MS subgroup. However, they were generally 

negatively associated with age and there were correlations between several AGAs in MS 

participants. Predictive modeling demonstrated an inverse relationship between AGAs to GM1 and 

GD1b, where the likelihood of having MS is increased with higher levels of anti-GM1 and lower 

levels of anti-GD1b. Higher levels of anti-GD1b and lower levels of anti-GM1 were associated with 

a greater likelihood of being in the CIS group. Our study showed that patterns and interactions exist 

between AGA levels amongst different MS groups and that analyzing a single ganglioside is of 

limited value. The predictive potential of AGA levels to GM1 and GD1b in distinguishing MS type 

highlight the potential of AGA signatures to aid the discerning disease course and shed light on the 

underlying pathophysiology of MS.  
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Lay Summary 

Multiple sclerosis (MS) is a disease of the brain and spinal cord characterized by neuron and axonal 

loss. MS affects approximately 100,000 Canadians, typically presenting in young adulthood with 

loss of balance, disturbances in vision, bladder function, cognition, and severe weakness or paralysis. 

Gangliosides are fatty substances on brain cells that are critical for development and function. 

Immune cells that produce antibodies recognizing gangliosides, either before or after damage in the 

brain, may drive or worsen damage in MS patients. We measured if there is a difference in the 

antibodies recognizing several gangliosides in the blood of MS patients with different disease 

courses compared to healthy people. We found that age is associated with antibody levels and levels 

tend to be associated with the likelihood of having the disease, even certain MS types. This work 

will help us identify and understand the relationships between antibodies to gangliosides and MS 

subtypes.  
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 Introduction 

1.1 Multiple Sclerosis 

Multiple Sclerosis (MS) is a chronic inflammatory autoimmune neurodegenerative disease 

that affects mainly the highly myelinated neurons in the central nervous system (CNS). Pathology 

affects the brain stem and cerebellum, cerebrum, optic nerve, and spinal cord, and is marked by the 

presence of chronic inflammation, demyelination, and loss of neuroglial cells (1-3). As many as 

100,000 Canadians and approximately 2.5 million people worldwide are living with MS, making it 

the most common cause of non-traumatic disability in young adults, deteriorating their productivity 

and quality of life (4-6). 

1.1.1 Different clinical presentations of MS 

The clinical presentation of MS symptoms is heterogeneous. Symptoms of sensory weakness, 

mobility, vision disturbances in the form of optic neuritis, as well as poor coordination and cognitive 

deficiency (3) can present throughout the disease course. However, there are three different courses 

of MS characterized by disability over time. 

1.1.1.1 MS disease course types 

The three well-characterized disease courses in MS are relapsing-remitting (RR), secondary 

progressive (SP), and primary progressive (PP) MS. Clinically isolated syndrome (CIS) is 

characterized by a clinical demyelinating event that may transition to a diagnosis of confirmed MS; 

approximately 85% of MS patients initially presented as CIS patients (7) (Figure 1). These three 

types are related in terms of disease course over time, especially RRMS and SPMS. Approximately 

85% of MS patients are diagnosed with RRMS at the onset. This type is characterized by a period of 

symptom exacerbation and disease activity (relapse) followed by a remission period with improved 

symptoms and no flare-ups. After approximately 15 years, almost half of RRMS patients convert to 
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a progressive disease type (SPMS), with the accumulation of progression and neurological disability 

independent of the relapses seen in the RR stage (8, 9). Until recently, this was the prognosis for 

most individuals living with MS. However, the use of newer disease-modifying therapies has been in 

some studies  associated with delayed conversion to SPMS (10). 

Ten to 15 percent of MS cases are diagnosed with a primary progressive type disease 

(PPMS), where patients develop symptoms of disability regardless of relapse or remission symptoms 

(11). 

Figure 1. Disease courses relevant to multiple sclerosis (MS).  
Clinically isolated syndrome (CIS), primary progressive (PPMS), relapsing-remitting (RRMS), and 
secondary progressive MS (SPMS). 
 

1.1.1.2 Diagnosis of MS  

As MS is a heterogeneous disease by nature, patients present with different clinical courses, 

neuro-demyelinating lesion type and appearance, risk factors, and response to therapy (12). No MS-

specific markers for diagnosis exist to date. CIS is the initial manifestation of MS as clinical 
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demyelinating symptoms occur. Thereafter, if these patients pass the differential diagnosis and 

present with another attack that fulfills the McDonald criteria, they receive a diagnosis of MS (13). 

The absolute diagnosis of MS depends mainly on the patient’s clinical history of demyelinating 

symptoms, on cerebrospinal fluid (CSF) analyses, and laboratory examinations such as magnetic 

resonance imaging (MRI) of the lesion plaques (14). The first MS diagnostic criteria were developed 

in 2001 by the neurologist Ian McDonald and his team, and it has been revised multiple times over 

the years with the most recent revision published in 2017 (15). The criteria focus on two main 

factors: the establishment of dissemination in space and time of the clinical attack caused by 

demyelinating, or clinical episodes, or abnormalities (lesions) in the CNS (16). Dissemination in 

space stands for the occurrence of one or more T2 lesions – an MRI measurement used to visualize 

MS inflammatory lesions - in CNS regions commonly affected in MS, namely the periventricular, 

juxta-cortical, infratentorial, and spinal cord regions. Dissemination in time refers to demyelination 

attacks that occurred at different time periods (i.e. more than one attack history) (16). 

1.1.2 Epidemiology and risk factors of MS  

 MS is a complex, heterogeneous disease, not only in its clinical presentation and pathology 

but also in the factors associated with risk for developing MS. Interactions between several complex 

factors including genetics, environment, history of previous infections, as well as demographic 

factors have been implicated in the course of disease onset and development (17). 

1.1.2.1 Age and sex as MS risk factors   

Although some cases (10%) are diagnosed prior to age 18 or in late middle age, the disease 

typically presents during young adulthood (age 20 to 49 years), with peak incidence occurring at age 

30, and peak prevalence at age 50 (18, 19). Among the 2.5 million people affected by the disease 

around the world, females account for approximately 75% of the MS population, indicating their 
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higher susceptibility to the disease relative to males. Specifically, the female to male ratio difference 

is highest in MS patients with the relapsing type of the disease compared to progressive MS types. In 

RRMS and SPMS where the initial disease course is relapsing type, the female to male ratio is 

approximately (3:1) (20, 21). Interestingly, in PPMS type, the prevalence of the disease in both sexes 

is almost equal (1.1:1) (22). Moreover, the prevalence in females decreases with increasing age at 

diagnosis, and PPMS is more frequent in older patients (>50 years) with more men getting diagnosed 

than women (23). Also, male RRMS patients have faster disease progression in their expanded 

disability status scale (EDSS), a scale used to measure disability in MS patients, than females, while 

in PPMS, sex is not associated with EDSS (24). Researchers have hypothesized that the female X-

chromosome may influence autoimmunity, as susceptibility to MS disease in females was also 

increased in animal models. However, no X-chromosome specific regions have been identified to 

have an impact on MS susceptibility (25). 

1.1.2.2 Genetic and environmental risk factors   

 Several environmental and genetic risk factors are associated with MS. The higher incidence 

of MS in certain populations strengthens the plausibility of a role for genetics in MS. Studies 

revealed the association of some genetic variants with MS risk. For example, several human 

leukocyte antigen (HLA) alleles, also known as a major histocompatibility complex (MHC), alleles 

have been linked with MS disease risk. A10.5% of the genetic variance underlying risk in MS has 

been attributed to the MHC locus (26). HLA class II alleles DRB1*1501, DRB1*0301, and 

DRB1*1303 are associated with higher disease susceptibility risk, where the bolded allele risk is 

consistently observed in nearly all MS populations (27, 28). HLA-DRB allelic heterogeneity is 

observed in different populations. The HLA-DRB1*1501 haplotype is more common in northern 

Europeans, whereas HLA-DRB1*0301, HLA-DRB1*1303, and HLA-DRB1*0405 haplotypes are 
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common in Mediterranean populations (29). Associations with MS are also observed with some 

class I alleles: the HLA class I allele A2 was associated with a decreased disease susceptibility risk 

or protection against MS (30). Both HLA classes I and II are expressed on innate immune cells and 

are essential in antigen presentation to CD8+ and CD4+ T lymphocytes respectively (31). Genome-

wide studies also showed several single nucleotide polymorphism genetic variants that are associated 

with MS risk, especially in adaptive immune system related gene loci (31-35). 

 MS has been associated with sun exposure (linked to vitamin D levels), smoking, Epstein-

Barr virus infection, and adolescent obesity (36, 37). These environmental risk factors are believed 

to influence and interact with the HLA-DRB1 haplotypes that lead to risk assessments in MS 

pathogenesis. Although there are inconsistent theories about the specific mechanistic effect of HLA 

allelic variation on MS development, both the genetic and environmental factors are believed to 

influence both adaptive and innate immunity processes contributing to MS (10-12). 

 

1.2 Multiple Sclerosis Pathogenesis 

The mechanisms underlying the pathogenesis of MS remain unclear. However, damaging 

inflammation in the CNS, with an unknown initiation factor followed by incomplete repair is 

believed to be a primary underlying cause of the disease. Responsiveness to 

immunomodulatory/suppressive therapies as well as similarities between the histopathology of MS 

lesions and other characteristics shared in the experimental autoimmune encephalomyelitis (EAE) 

MS mouse model are behind assumptions researchers have about the immunopathological pathways 

driving damage in MS (38). However, when proceeding with any such assumptions, one must 

consider the differences in MS subtypes, the relative “spontaneity” observed in MS compared to the 
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inducible disease demonstrated in animal models, and the relative failure of any single preclinical 

model of MS to recapitulate the full spectrum of disease characteristics observed in MS (39).  

1.2.1 Outside in versus inside out theory of MS pathogenesis and the roles of T and B 

lymphocytes  

Two theories of MS pathogenesis have been proposed in research, that is whether the 

pathology process is initiated peripherally (outside-in) or within the CNS (inside-out) (40).  

1.2.1.1 Outside-in theory 

In the outside-in theory, T cells are peripherally activated, potentially by cross-reactivity or 

by immune mediators through bystander activation (e.g., during viral infection). These activated T 

cells travel to the CNS, crossing the blood-brain barrier (BBB) where they encounter their immune 

target, presumed to be myelin but as yet not fully established (41-44) (Figure 2). Monocytes and B 

cells are also recruited, and along with their soluble mediators, are thought to drive the CNS 

pathology observed, including demyelination, glial activation, axonal damage, and 

neurodegeneration. Previously, pathological examinations in MS patients demonstrated the presence 

of T and B cell infiltration in MS lesions when there is evidence of active demyelination and 

neurodegeneration present, regardless of MS disease type (45). These lymphocyte infiltrations were 

increased in the initial disease stage, and were predominantly CD8+ T cells, with smaller amounts of 

CD4+ T cells and B cells (39, 45-47). Immunomodulatory anti-inflammatory therapies and more 

recently those targeting T and B cells or B cells alone have been shown to be more effective than the 

first immunosuppressive or steroid therapies utilized in MS (48). Many target the key lymphocytes 

implicated in disease. Roles of CD8+ T cells and B cells in the immunopathology of MS may be 

primarily post disease initiation whereas CD4+ T cells role is involved more in the generation of 

inflammatory steps prior to disease onset as some genetic studies have suggested (39, 49). To better 
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understand the disease process occurring in MS, researchers have utilized MS-mimicking animal 

models such as EAE. CNS myelin antigen (e.g. myelin oligodendrocyte glycoprotein, myelin basic 

protein, or myelin proteolipid protein) administration with adjuvants and activators such as pertussis 

Figure 2. Immuno-pathogenesis of MS. 
Peripherally activated T and B cells cross the blood-brain barrier and are reactivated inside the 
CNS following interactions with brain immune cells. This leads to the production of cytokines 
such as interferon-gamma (IFN-γ) and tumor necrosis factor-alpha (TNF-α) by reactivated T 
cells, as well as antibodies by reactivated B cells. Microglia, the resident CNS immune cells, as 
well as recruited monocytes that develop into tissue macrophages are also activated. The cells 
as well as inflammatory mediators (secreted cytokines, antibodies, reactive oxygen species, and 
complement) interact with neurons, oligodendrocytes, and axonal components both directly 
and indirectly leading to demyelination and ultimately neurodegeneration and axonal loss. 
Antigen-presenting cell (APC). 
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toxin resulted in the generation of pathogenic CD4+ Th1 and Th17 cells in the local draining lymph 

nodes. The infiltration of these autoreactive immune cells from the periphery to the CNS is at the 

root of both relapsing-remitting and progressive type models of the disease (50, 51). 

 In general, there are two types of immune responses: Innate and adaptive. In the innate 

immune response, non-specific immune reactions are initiated when foreign substance antigens, 

namely pathogen-associated molecules such as microbial products, stimulate Toll-like receptors 

specific to different groups of pathogens. Post activation, certain cytokines are produced which later 

direct the adaptive immune response. The innate immune reaction plays a prominent role in MS 

disease initiation and progression, determining the role of  T and B cells in MS pathogenesis (52). 

For instance, when antigen-presenting cells like immature dendritic cells are stimulated through 

Toll-like receptors activation, they initially induce T regulatory cells to release inhibitory cytokines 

such as transforming growth factor-β or interleukin (IL)-10. However, when dendritic cells mature, 

they enhance CD4+ T cells to differentiate into either Th1, Th2, or Th17 phenotypes. Th1 and Th17 

are pro-inflammatory cell phenotypes whereas Th2 cells have regulatory anti-inflammatory effects 

(53). Studies in EAE showed that glatiramer acetate - an immunomodulatory MS therapy - enhances 

Th2 differentiation thereby reducing inflammation (54). In the adaptive immune response, antigen-

presenting cells such as dendritic cells, macrophages, B cells, and microglia present specific antigens 

through MHC classes to T lymphocytes. Once the T cells are activated, they differentiate into 

effector CD4+ or CD8+ T cells depending on specific interleukins. Th1, Th2, and Th17 

differentiated from CD4+ effector cells produce several specific distinct cytokines. Th1 cells secrete 

pro-inflammatory cytokines such as interferon-gamma (IFN-γ), tumor necrosis alpha (TNF-α), and 

several interleukins such as IL-2, IL-12, and IL-23, whereas Th17 cells secrete IL-17, IL-21, IL-22, 

and IL-26. Both Th1 and Th17 are observed to enhance inflammation in MS (55, 56). 
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 B cells regulate antigen-specific immune responses via B cell receptors and antibody 

production, and these functions typically require T cell help. Upon B cell activation to a plasma cell, 

antibodies are secreted which can accumulate in the tissue or circulate in the blood. Antibodies can 

serve to target pathogens for destruction but can also act by interference, binding receptors critical 

for pathogen entry into cells. They have the potential to secrete both pro and anti-inflammatory 

cytokines, including IL-6, and to increase T cell differentiation toward Th17, as well as prevent the 

generation of regulatory T cells. Studies in MS and EAE showed that B cells also produce 

granulocyte-macrophage colony stimulating factor which also enhances the expression of TNF-α and 

IL-6 (57). Importantly, B cells have been localized to lymphoid-like structures in cortical regions of 

the brain in MS, and are thought to contribute significantly to both disease onset and disease 

progression, either through antigen presentation or antibody and cytokine production (58). 

 Activated T and B cells travel to the CNS, and one major route is crossing the BBB (59). It 

consists of brain microvascular endothelial cells, pericytes, and astrocyte end-feet. Tight junctions 

between these microvascular endothelial cells hinder the passage of substances such as plasma 

proteins, antibodies, and other factors from blood to the brain (60). However, despite this barrier, 

peripherally activated T cells have been shown to cross the BBB because adhesion molecules such 

as integrins and chemokine receptors are expressed on their surface, and this enables them to adhere 

and diffuse through the BBB (53, 61). Infiltrated T cells interact with CNS microglia and other 

antigen-presenting cells like B cells, and hence reactivation occurs. 

 These reactivated T cells secrete inflammatory cytokines such as IFN-g, TNF-α, and IL-2. 

IFN-g increases the expression of MHC class II in the CNS, leading to further T cell activation and 

chemokine production that attract and activate monocytes and macrophages in the CNS. Following 

activation through T cell help, B cells become plasma cells and begin secreting specific antibodies 
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which are presumed to bind to CNS myelin components, and contribute to demyelination (Figure 2) 

(57) through immune-mediated recognition by complement proteins, or by targeting for destruction 

by immune cells. 

1.2.1.2 Inside out theory  

Some researchers believe it is possible that for some MS patients, the pathology process 

starts from damage within the CNS, and that this may be triggering events that draw immune cells 

and lead to the demyelination process. This was proposed because of similarities observed between 

spinal cord injury and MS, where the axonal damage, neurodegeneration, demyelination, and 

oligodendrocyte apoptosis are all observed in a similar timeline (40). 

1.2.2 Intrathecal oligoclonal antibodies in MS 

Immunoglobulin G (IgG) antibodies also known as oligoclonal bands (OCBs) were detected 

in the CSF of 95% of MS patients, irrespective of their type of disease, disease activity, or type of 

therapy (62). These bands were used diagnostically in MS and to predict CIS patients who may be at 

higher risk of progression to MS. OCBs detected in the CSF but not in the serum are believed to be 

generated from plasma and B cells in the CNS, driven by unknown autoantigen recognition (62, 63). 

 The presence of the intrathecal OCBs hinted that there is CNS-directed autoimmunity or 

undergoing damage. Treatment with natalizumab, a peripherally acting inhibitor of immune cell 

migration to the CNS (anti-very late antigen-4 (VLA4) monoclonal antibody), decreased disease 

activity and levels of intrathecal OCBs. This suggested that the migration of (autoreactive) immune 

cells from the periphery to the CNS may be a driver of B cell activation and hence the production of 

OCB antibodies in the CNS (64-67). 
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1.3 Demyelination, myelin lipid loss, and axonal damage biomarkers in MS 

Myelin is a cholesterol dominant structure that insulates the axons of neuronal cells in the 

nervous system. Schwann cells are responsible for the myelination of neurons in the periphery, 

whereas, in the CNS, myelin is produced by oligodendrocytes. Myelination plays an important role 

in the protection of axons. It also facilitates cell-to-cell interactions and speeds up the electrical 

conduction when the exchange of information between axons and oligodendrocytes occurs during 

normal brain development (68). The dry mass of both the CNS and peripheral nervous system 

myelin consists of 70-85% lipids and around 15-30% proteins. The CNS myelin lipid bilayer 

contains mainly cholesterol, phospholipids, and a lesser amount of glycolipids (Figure 3).  

 

Figure 3. CNS myelin schematic. 
The myelin lipid bilayer contains mainly cholesterol (not shown here), phospholipid, and glycolipids. 
Gangliosides are part of the glycolipid structures. 
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 Direct or indirect damage to neurons and associated axons in both the peripheral and central 

nervous system, can be associated with demyelination, axonal loss, and ultimately 

neurodegeneration. Consequently, the debris of these components is found in the body tissue fluids, 

including in blood and CSF. Several damage markers are being investigated as potential biomarkers 

for MS diagnostic purposes as well as for monitoring of treatment responses. As one example, 

neurofilaments are the main component of the cytoskeleton in mature neurons and intermediate 

filaments of neurons and are particularly abundant in myelinated axons. The estimated molecular 

weights of human neurofilament subunits are 61.5, 102.5, and 112.5 kDa, thus designated light, 

medium, and heavy chain, respectively (69). Neurofilament light levels have been used as a marker 

of axonal damage for decades in both animal models and humans. Indeed, the field of neurofilament 

research is rapidly expanding and neurofilament levels in CSF and serum are under investigation as 

markers of disease activity and progression in several neurological conditions, including MS (70). 

Preliminary MRI studies suggest that some of the earliest tissue changes in the MS disease course 

are diffuse and subtle abnormalities in myelinated white matter regions and that individuals showing 

these diffuse abnormalities progress faster on disability measures (71, 72). Notably, post-mortem 

examination of those regions shows that these changes are linked to a loss of myelin lipids rather 

than proteins, with some axonal loss (73). Interestingly these are not associated with an 

inflammatory response (74). These findings raise the possibility that changes arise from a primary 

neurodegenerative phenomenon (as in the inside-out hypothesis), and point to myelin lipids as 

plausible targets in the disease process. 

 Similarly, the presence of antibodies against myelin lipids and proteins in CSF or serum has 

been studied in the context of several autoimmune neuropathological diseases, including MS (75-
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79). In MS though, the primary events and location of the disease are not yet clear. Given this, it is 

difficult to determine whether the anti-myelin component antibodies found in MS patient 

biospecimens originate from the periphery and act upon the CNS component after crossing the BBB, 

or are produced subsequent to a primary neurodegenerative process that activates the immune 

response and the production of antibodies by B cells within the CNS. 

 

1.4 Contributions of complement to MS development 

 Although MS is a predominantly T and B cell-mediated disease, innate immune system 

components also play important roles in MS pathophysiology. Both the complement system and its 

activation products have established roles relevant to neuro-inflammation in MS (80). The classical 

pathway involves a sequential binding of C3, C4, C5, and C6 through C9 components and the 

formation of the membrane attack complex, a channel enabling water and electrolytes to flow and 

lyse the cell osmotically. Partial attachment of some of these components in an alternative manner – 

C3b, C4b, or C5b – can drive complement-mediated lysis secondary to antibody-mediated 

opsonization and Fc-mediated destruction when engaged by immune cells. Several histological 

reviews of MS lesions showed complement components and activation products in the white matter 

plaques in brain tissue, as well as in the grey matter regions (81-84). Increased complement markers 

in the CSF or serum have also been described, and similar to some of the staining patterns described 

in the grey matter, tend to be associated primarily with progressive forms of MS (80). 

 

1.5 The importance of finding disease-specific biomarkers in MS 

MRI is the primary tool used to diagnose MS. However, brain atrophy and similar 

assessments typically provide a “big picture” assessment of neuroaxonal damage and are primarily 
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retrospective in nature (85). The fact that the precise neurodegenerative mechanism in MS is not well 

understood hinders the development of therapeutics for MS, and although several exist, none has 

widespread efficacy in managing the progressive types of MS, and many have important side effects 

(86). Therefore, it becomes critical to determine the most appropriate therapeutic approach for each 

patient living with MS. Most existing medications work as immunomodulators and have been 

effective only for RRMS (87) or for early or “active” progressive MS, where the activity is typically 

defined by changes on MRI. While successful treatment options for RRMS have tripled in the past 

decade, only recently have disease modifying-treatments been approved that show modest benefit in 

progressive or primary progressive MS (PPMS) through specific T and B or B cell depletion (10, 88-

91). Understanding and distinguishing the processes driving pathology in different MS types and 

their association with measurable clinical biomarkers will assist in optimizing treatment decisions, to 

improve quality of life for MS patients. Such research may also shed light on novel therapeutic 

targets better aimed at limiting progression and disability.  

 

1.6 Gangliosides 

 The name ganglioside was first assigned to acidic glycosphingolipid structures found in 

ganglion cells (92). These acidic glycolipid biomolecules are abundantly expressed in brain nerve 

tissues, and to a lesser extent in other body tissue fluids. They consist of a hydrophobic lipid 

structure linked with carbohydrate moieties. Gangliosides are involved in cell to cell recognition, 

interaction, and adhesion, as well as synaptic transmission enhancement, owing to their Ca2+ binding 

capacity, contributing to the regeneration and maintenance of several cell types, including immune 

and nerve cells (93, 94). Gangliosides are part of the glycolipid structures abundantly expressed on 

the extracellular plasma membrane layer of nerve cells, where they exhibit several cell to cell 
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interaction functions. Gangliosides are especially abundant in the myelin lipid bilayer, and more so 

in neurons than in other cell types (95). They also act as functional receptors for myelin associated 

glycoprotein; a myelin protein with roles in myelin and axon interaction stability, as well as in 

neuronal growth (96). Mutations in ganglioside synthase genes are associated with 

neurodevelopment problems and neuronal damage or neurodegeneration in mice models (97). 

1.6.1 Molecular structure of gangliosides  

 Gangliosides are sialic acid-containing glycolipid biomolecules with a ceramide hydrophobic 

lipid moiety linked to one or more carbohydrate residues including glucose, galactose, and N-acetyl-

galactosamine (Figure 4). Sialic acids N -acetyl-neuraminic acid or N-glycolylneuraminic acid are 

Figure 4. Schematic of ganglioside structure.  
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found in the carbohydrate moiety of gangliosides (98). Of these, N-acetyl-neuraminic acid (NeuAc) 

is the main sialic acid residue found in humans. The structure and nomenclature of gangliosides are 

mainly derived from the number of sialic acid units linked to the inner carbohydrate moiety 

(M=mono or 1, D, di- or 2, T, tri- or three, and Q, quarter or four; those members lacking the sialic 

acid units are asialic, or A), and according to their thin layer chromatography migration order as per 

Svennerholm (99). For example, in GD3, the G stands for ganglioside, D means two sialic acid 

molecules, while the number 3 represents its migration order on thin-layer chromatography. The 

nomenclature naming also follows the biosynthesis series of these glycolipid biomolecules. 

1.6.2 The biosynthesis of gangliosides 

 The initial biosynthesis of gangliosides occurs in the inner membrane of the endoplasmic 

reticulum, after which they are modified and more carbohydrate moieties are added in the Golgi 

apparatus by glycosyltransferase enzymes. They are then transferred by vesiculation to the outer 

leaflet of the plasma membrane where they reside within the sphingolipid-rich rafts (100, 101).  

1.6.3 Tissue expression of gangliosides and their functions 

 Gangliosides are present and concentrated on cell surfaces, and can also be found in body 

fluids. Their abundance and complexity are highest in brain tissues, especially in the outer leaflet of 

neuronal plasma membranes where their abundance is five times higher in the grey matter than in the 

white matter (94). In mammals, the formation of these glycolipids is initiated during embryonic 

brain development. During this crucial period in development, gangliosides change from simple 

precursors such as GM3 and GD3 to more complex ones like GD1a, GD1b and so on, owing to 

changes in expression levels of ganglioside synthase enzymes, including glycosyltransferases (98). 

The major brain gangliosides include GM1, GD1a, GD1b, and GT1b (93). GQ1b is also common in 

the brain and plays a role in synaptic plasticity, long-term potentiation, and advancement in 
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cognitive function (102). Table 1 presents a summary of current knowledge of the expression of six 

gangliosides studied in this thesis.  

Table 1. The expression of gangliosides in the mammalian nervous system 
Ganglioside Expression of Gangliosides 

GA1 
 

Minor brain ganglioside (93)  
Periphery: unknown 
Brain: unknown 
Spinal cord: unknown 
Cell types:  

Expressed on subsets of dorsal root ganglion (DRG) neurons [r] (103) 

GM1 

Major brain ganglioside (93), typically colocalized to myelin with myelin associated 
glycoprotein (MAG) [h, r] (102)  

Periphery:  
High on motor axons  and less on sensory axons [r, h] (104, 105) 

Brain: 
Mainly on WM regions [m] (102): high on corpus callosum, myelinated lower 

layers of cerebral cortex, and WM tracts of brainstem and cerebellum [m]  
High to moderate on nuclei of brainstem, thalamus, and hypothalamus [m] 

Spinal cord:  
Strong to moderate expression in WM tracts, weak in GM [h, r] (104, 105) 

Cell types: 
Moderate in oligodendrocytes and astrocytes [h, r] (106, 107)  
Expressed on NG2+ OPC in MS and other neurological diseases [h] (108) 
Strong on abaxonal Schwann cells, and DRG neurons [r] (105) 

GM2 

Minor ganglioside in the nervous system (109) 
Periphery: unknown 
Brain:   

More prominent in developing mammalian [ferret] brain than the adult brain 
(cortical development) (110) 

Increased in post-traumatic brain injury mouse models in the hippocampus, 
thalamus, and hypothalamus [m](111)  

Spinal cord:  
Weak expression  [h] (104) 

Cell types: 
High on immortalized motor neuron-like and neuroblastoma spinal cord hybrid 

cell lines (112) 
Increased on microglia and astrocytes following newborn alcohol exposure [m] 

(109, 113) 
Weak on oligodendrocyte precursor cells but increased on NG2+ cells in MS and 

OND [h] (108) 
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Ganglioside Expression of Gangliosides 

GD1a 

Major brain ganglioside and acts as neuronal ligands for MAG (93, 114) 
Periphery: 

Strongly on motor axons  and less on sensory axons [r] (105) 
Brain: 

Mainly in GM regions (102, 106): strong to moderate on the olfactory bulb, 
cerebral cortex, basal ganglia, amygdala, hippocampal layers, brainstem, and 
cerebellar cortex [m, r] 

Mild or absent in most WM regions as well as diencephalon region of the GM [m] 
(102) 

Spinal cord: 
Low expression in GM [r, h] (104, 105) 

Cell types: 
Oligodendrocyte precursor cells (108), Schwann cells, and a low % of DRG neurons 

[r](105) 

GD1b 

Major brain ganglioside (93) 
Periphery:  
Strongest on the surface of sensory neurons in the dorsal root ganglion, moderate 
throughout the motor and sensory axons [r, h] (105)  
Brain: 

Widely expressed in GM and WM (102, 106) 
Strongly on the olfactory bulb, all layers of cerebral and cerebellar cortex, basal 

ganglia, amygdala, thalamus, epithalamus, hypothalamus, and brainstem [m] 
Weak to moderate on hippocampus [m] 

Spinal cord:  
Both on white and grey regions (104, 115) 

Cell types:  
Majority of medium and large DRG neurons and lesser on small neurons [r, m, h] 

(105), astrocytes (106) 

GQ1b 

Predominantly on GM regions and serves as a neuronal ligand for MAG (106, 114) 
Periphery: 

High in the paranodes and neuromuscular junctions of oculomotor, trochlear, 
abducens nerves, and muscles spindles in limb [h] (116, 117) 

Brain: 
Observed only on the cerebellum and brainstem GM [r] (106)  

Spinal cord:  
Low expression [h] (104) 

Cell types: 
Marginal on astrocytes and DRG neurons [h] (107) 
Negligible on oligodendrocytes and Schwann cells [h] (107) 

h= human, m= mouse, r= rat; GM= grey matter, WM= white matter, DRG=dorsal root ganglion. 
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GA1 and GM2 are minor brain gangliosides. Although GA1 expression is limited in the brain other 

than to some subsets of DRG neurons, its expression is extensive and well characterized throughout 

cells of the immune system (118). GM2 is a minor brain ganglioside, yet the accumulation and 

storage of GM2 is the cause of Tay-Sachs disease, a rare genetic disorder that progressively destroys 

brain and spinal cord neurons (101).  

The distribution of these major brain gangliosides was first examined using 

immunohistochemistry and biochemistry assessment methods. GM1 is mainly expressed in white 

matter and some nuclei, especially hypothalamic nuclei. GD1a and GD1b are predominantly 

expressed in the grey matter, with the latter also expressed in the white and grey matter of the spinal 

cord. GQ1b is localized in the para-nodal regions (93, 102). Both GM1 and GD1b are found 

predominantly in astrocytes in the healthy human brain. GD1a is expressed in oligodendrocyte 

precursor cells and a small percentage of these oligodendrocyte precursors co-express GM2 (108). 

 A recent study indicated that GM1 gangliosides play an important role in maintaining 

neuronal functions in mammals, protecting them from neurodegeneration. A decrease in GM1 and 

other gangliosides biosynthesis in older age is associated with neuronal loss (100). GM1 has a well 

described neuroprotective profile in experimental models of spinal cord injury, stroke, and both 

Huntington’s and Parkinson’s disease (119). Studies suggest this may be due to the fact that GM1 

activates protective pathways similar to neurotrophic factors such as brain-derived neurotrophic 

factor, that give way to other mechanisms that ultimately inhibit inflammation, excitotoxicity, and 

oxidative stress (120, 121). This may explain why GM1 administration in clinical trials for spinal 

cord injury, stroke, as well as Parkinson’s disease resulted in some signs of benefit (119).  
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1.6.4 Immunological roles for gangliosides in different pathological settings 

1.6.4.1 Immunomodulators 

 Given their location on the outer leaflet of plasma membranes, gangliosides play several 

important roles in the immune system. The negative charge on their sialic acid component acts as a 

shield, to limit membrane attachment by other macromolecules, as well as cell to cell contact. 

However, some viruses, bacteria, and parasites can exploit gangliosides and sialic acids as their 

receptors, causing human diseases (93). Sialic acid and gangliosides act as a protector of cells 

against the possible attack of one’s own complement immune system. The latter can cause strong 

cytotoxic reactions and inflammation, following complement component binding and subsequent 

degradation through either the classical or alternative complement pathways. By binding with 

complement regulatory protein factor H when surfaces are subject to C3b deposition, the sialic acid 

component of gangliosides protects cells from the complement system (93, 122, 123).  

 A recent review of ganglioside expression on immune cells showed that subclasses of 

immune cells express different gangliosides (118). GM1, GM2, GD1a, and GD1b are expressed on 

myeloid progenitors (monocytes and macrophages) and mast cells. GM1 is also expressed on 

neutrophils, eosinophils, and T cells. GA1 is preferentially expressed on B cells, natural killer cells, 

basophils, mast cells, and bone marrow-derived dendritic cells (118). Interactions between immune 

cells, such as for microtubule arrangements, are influenced by gangliosides and for this reason, 

exposure of immune cells to different gangliosides has been shown to interfere with immune cell 

communication, activation, as well as apoptosis (91). Gangliosides have immunosuppressive 

functions of potential relevance to both autoimmune as well as neoplastic settings, given that shed 

gangliosides are potent inhibitors of monocyte accessory cell function (124), including antigen 

presentation capacity and cytokine production (125).  
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1.6.4.2 Gangliosides as targets of autoimmunity in neuropathological diseases 

 Molecular mimicry is defined as the structural resemblance or similarity between microbial 

foreign molecules as antigenic determinants- (e.g. from bacteria, viruses, etc..) and self-molecules 

from the mammalian hosts (126). Antibodies formed in response to infection can then bind the host’s 

self-antigens through cross-reactivity, initiating an autoimmune cascade. Molecular mimicry has 

been studied in several autoimmune diseases, including neuropathological diseases. In MS, 

molecular mimicry was detected between myelin basic protein and Epstein-Barr virus latent epitope 

(antigen) EBNA-1, when CD8+ T cells isolated from MS patients were activated by peptides derived 

from both myelin basic protein and EBNA-1(127). In another study, cross-reactivity between 

hepatitis B virus polymerase and myelin basic protein epitopes was demonstrated to induce EAE-

like disease (128, 129). Although the sialic acid component of gangliosides is not highly 

immunogenic, their glycan part is believed to be. T cell reactivity toward gangliosides was reported 

in different subtypes of MS, whereby gangliosides isolated from MS patient blood stimulated 

specific T cell clones. These T cells appeared to get activated by some gangliosides but not others, 

presumably because of differences in their glycan structure (130, 131).  

 Guillain Barre syndrome (GBS) is one of the main peripheral neuropathological diseases 

implicating anti-ganglioside antibodies (AGA) and autoimmunity (132). This syndrome is now 

recognized as a spectrum of neuropathies with varying levels of motor or sensory symptoms, along 

with demyelinating or other pathologies (133). These neuropathies have been linked to ganglioside 

molecular mimicry in the context of several bacterial and viral infections, including Campylobacter 

jejuni, cytomegalovirus, Epstein-Barr virus, and Mycoplasma pneumonia (132). The 

lipopolysaccharide and glycoprotein component of these bacteria and viruses, respectively, show 

structural similarity with the glycan structures of gangliosides in the nervous system. Campylobacter 
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jejuni has been shown to display glycolipid mimicry with GM1 extensively, yet also with GM1b, 

GD1a, GQ1b, and GT1a (134). AGA to GM1, GQ1b, and GD1a are most commonly associated with 

GBS spectrum disorders (133). The localization of gangliosides on the outer leaflet of the plasma 

membranes, specifically the glycan part that is outward-facing, means that they are accessible to 

AGA. Somewhat uniquely, anti-GM2 (IgG or IgM) antibodies have been detected in rare cases of 

GBS attributed to antibodies with cross-reactivity to cytomegalovirus (135, 136).  

AGA screening is part of a diagnostic workup in patients presenting with neuropathies, and 

patterns of reactivity to certain gangliosides over others has been linked both to the nature (motor or 

sensory, demyelinating or other), and course (acute vs chronic) of symptoms, and can ultimately 

influence disease management (133).  

 AGAs have also been detected in amyotrophic lateral sclerosis (137), Alzheimer’s disease 

(138), Parkinson disease (139) as well as MS (140), although their relationship to the 

pathophysiology of these diseases is uncertain. Several studies have compared AGA serum levels in 

individuals with MS versus healthy individuals, utilizing a variety of methods and reactivity 

measures. Most studies have tested for one or only a few select AGA such as anti-GM1, anti-GD1a, 

or anti-GD1b antibody levels, in MS patients with predominantly relapsing-remitting or progressive 

courses (140-144). One recent study showed an association between serum IgG AGA (GM1, GD3, 

GD2, GD1b, GM2, and GQ1b) and MRI measures of cerebral MS involvement and damage. That 

study examined nearly 100 lipids, proteins, and other potential autoantigens, as well as markers of 

CNS damage and their association with disease severity related MRI measures of brain damage. The 

authors concluded that AGAs warrant further investigation as promising biomarkers for monitoring 

disease pathology and progression (145).  
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1.7 Rationale and Hypothesis: 

 The heterogeneous nature of MS disease and the uncertainty around its etiology make it 

difficult to predict its clinical presentation, its disease type, or the probability of disease progression 

and disability. The diagnosis and characterization of MS subtypes depend mainly on MRI 

examinations, clinical symptoms, and occasionally CSF analysis (14). As there are several MS-like 

diseases, clinicians need to perform a differential diagnosis to confirm a diagnosis of MS and 

develop an appropriate treatment plan. As MRI and CSF examinations are expensive and invasive, 

respectively, efforts are expanding towards finding specific blood biomarkers that would have 

predictive value in characterizing MS and its different subtypes.  

 Given that MS is a CNS disease and that gangliosides are abundantly expressed in CNS 

tissues, it is not surprising that several AGAs have been identified in MS cases. Most of these 

examinations were qualitative, whereby they reported on percent reactivity or positive response 

rather than actual AGA serum levels (135, 137, 146-148). These studies often focused on comparing 

anti-ganglioside reactivities in healthy controls or other neurological diseases compared to those in 

MS patients, regardless of the specific MS subtype. Examining a limited number of AGA and not 

categorizing patients according to MS subtypes may have reduced the depth of information derived 

from those studies. We sought to expand on this. 

 In this project, we examined serum levels of AGA (both IgG and IgM simultaneously) for 

six different gangliosides (GA1, GM1, GM2, GD1a, GD1b, GQ1b) in CIS, and three different 

subtypes of MS including RRMS, SPMS, and PPMS in comparison to healthy controls (HC). 

 We hypothesized that there is a significant difference in AGA serum levels in different MS 

subtypes when compared to HCs. More specifically, we hypothesized that compared to HCs: 
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a) MS patients (i.e. RRMS, SPMS, and PPMS combined) and CIS patients have higher levels of 

serum AGA. 

b) RRMS, SPMS, and PPMS patients individually have higher levels of serum AGA 

The specific aims of this cross-sectional observational study are: 

1. To measure and compare serum AGA levels in the study groups using commercially 

available enzyme-linked immunosorbent assay (ELISA). 

2. To examine the association between participant’s demographics, clinical characteristics, and 

serum AGA levels (secondary analyses). 
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 Materials and Methods 

2.1  Assessment of serum anti-ganglioside antibodies 

2.1.1 Study cohorts:  

 This study was approved by the University of British Columbia (UBC) clinical research 

ethics board (H15-03027) and all participants provided written informed consent. HC and patients 

with either CIS or MS according to 2017 MacDonald criteria (15) in the age range of 19-70 years 

were included. Any pregnant individual or those with a history of recent steroid use (3 months), 

active infectious disease, other known neurological diseases, or cancer were excluded. Participants 

in the MS group with contraindications to MRI (this study was part of a larger project also aimed at 

examining MRI correlates and disease subgroups), or use of second line disease-modifying therapies 

(Alemtuzumab, Ocrelizumab, Natalizumab, or Fingolimod) were also excluded. However, use of 

first line disease-modifying therapies including glatiramer acetate and interferon-b 1a, or 1b was 

permitted. A total of 83 MS patients from 3 subgroups (33 RRMS, 30 SPMS, 20 PPMS) as well as 

20 CIS patients all seen at the UBC MS clinic, were enrolled with intent to recruit into each of the 

four study groups. HC (n=35) were also recruited through referrals from MS clinic staff and subjects 

participating in the MS portion of the project as well as through poster advertisements and pamphlets 

located throughout the hospital and on the UBC campus. Efforts were made to recruit HC of age and 

sex that were similar to those of the MS and CIS participants. 

 Demographic characteristics (age, sex) were obtained through self-report while clinical 

characteristics (disease duration (DD) and EDSS) were obtained from the participants’ medical 

chart, closest to the date of blood collection. DD for MS participants is calculated from the time of 

MS diagnosis whereas, in CIS participants, it is measured from the time of first presentation with 

clinical demyelinating symptoms. Venous blood was collected into serum SSTTM separation tubes 
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(Becton Dickinson, CA) and processed within 30 minutes following a standardized protocol, and 

stored at -70°C until thawed for the AGA assays. 

2.1.2 Enzyme-linked immunosorbent assays  

 A commercially available ELISA: GanglioCombi ELISA: EK-GCO-U (BÜHLMANN 

Laboratories AG, Schönenbuch, Switzerland) was used to assess the serum AGA levels (both IgG 

and IgM) of six gangliosides (GA1, GM1, GM2, GD1a, GD1b, or GQ1b). The assays were 

conducted following the manufacturer’s instructions. To assess inter-assay variability, aliquots from 

a sample comprised of pooled serum from four MS participants showing CNS damage on MRI 

analyses were assayed on each ELISA plate. To account for plate to plate variability, we 

standardized all sample OD values on a given plate to a plate factor (the OD of a pooled sample on a 

single plate/mean OD of that same pooled sampled run on all assay plates).  

 Log transformations of these plate-standardized optical density (OD) measurements were 

used to represent AGA levels. 

2.1.3 Statistical Analysis: 

 Age and AGA levels were compared between groups using unpaired t-test and one-way 

ANOVA with Dunnett’s multiple comparisons respectively. The Fisher’s exact test was used to 

compare sex proportions of each disease group to the HC group. Given the increased prevalence of 

MS in females, a secondary analysis was performed to assess differences in AGA levels between 

each of the disease groups and HC within each sex using an unpaired t-test or Mann-Whitney test 

according to the data distribution. As an additional exploratory analysis, sex and age-matched 

comparisons between HC, CIS, and specific MS groups (individuals of the same sex and within ±2 2 

years of age) were performed using a paired t-test or Wilcoxon test. Linear regression analyses were 

used to investigate associations between AGA levels, and with participant clinical and demographic 
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characteristics, namely age and sex for all study participants, and DD and EDSS for participants with 

MS. For the serum AGA levels, three models were utilized to examine the effect of participant’s 

parameters on the AGA levels of the whole cohort, the disease cohort, and of the confirmed MS 

cohort respectively. Model 1 included HC (reference), CIS, and MS participants; model 2 included 

CIS (reference) and each of the three MS subgroups (RRMS, SPMS, PPMS), and model 3 (as a 

refinement of model 2 to eliminate any recruitment bias introduced by the CIS group) which 

included only the RRMS (reference), SPMS, and PPMS subgroups. For these models, age, sex, and 

MS groups were forced in (a priori decision) and the variance inflation factor was applied to test for 

multicollinearity between the variables age, sex, and group type to ensure it was less than 2.5. Other 

factors such as DD and EDSS were examined univariately but not included when building the 

models as the date of EDSS assessment varied and the short DD within the CIS group could 

introduce undue bias.  

 Exploratory predictive modeling using nominal logistic regression was applied to 

differentiate CIS from various types of MS. The outcome variable included four levels: CIS, RRMS, 

SPMS, and PPMS. The predictors included: age, sex, and the log levels of antibodies to each of the 

six gangliosides (GA1, GM1, GM2, GD1a, GD1b, GQ1b). An a priori decision was made to include 

age and sex to enhance the face validity of the analysis, and these variables were locked into the 

model. To achieve model parsimony and thereby avoid overfitting, AGAs were removed from the 

model using a backward elimination procedure, after full model fits were performed. Variable 

removal was initially governed by reduction in the corrected Akaike Information Criterion.  

Variable elimination was halted when a potential interaction was detected between two AGA, as 

evidenced by large changes in the parameter estimate of the final AGAs in the model. Paired t-tests 

were performed between GM1 and GD1b in every group to test the mean difference. 



 

 

 
28 

Further exploration of the relationship between these two markers was performed with the 

Spearman’s Rho correlation coefficient and through visualization of any potential interaction using 

the prediction equation derived from the reduced nominal logistic regression model.  

The predictive performance of the model was assessed through examination of the area under the 

receiver operator characteristic curve (AUC) and the likelihood ratio (LR) test to examine the 

accuracy and ability of the model to discriminate between groups, respectively, when only age and 

sex are included in the model compared to when the AGAs are added. A p-value of less than 0.05 

was considered statistically significant. All statistics were done using GraphPad Prism version 8.3.1, 

2019 for MacOS, San Diego, California USA, and JMP Pro version 15.0.0 for MacOS, SAS institute 

Inc., Cary, NC, 1989-2019 unless indicated. 
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 Results 

3.1 Study participant characteristics 

 The study cohorts were composed of 35 HC, 20 CIS, and 83 MS participants, the latter 

divided into 3 groups: 33 RRMS, 30 SPMS, and 20 PPMS (Table 2). The ages of HC (mean ± 

standard deviation [SD] 45.0 ± 13.5 years) were comparable to our RRMS participants (43.2 ± 9.9 

years). CIS participants were younger (36.5 ± 12.5; p=0.025) and both SPMS and PPMS participants 

were older than our HC group (56.6 ± 5.0; p<0.0001 and 60.0 ± 7.2; p=<0.0001). The ratio of 

females to males in the HC, CIS, RRMS, and SPMS groups ranged from 1.5 to 3; only the PPMS 

group was significantly different from HC with nearly twice as many males than females (p=0.048) 

(Table 2a, Figure 5). Table 2b shows the log AGA levels of the study participants. 

 

Table 2a. Study group clinical and demographic characteristics 

Parameter 

 
HC 

(n = 35) 
 

CIS 
(n = 20) 

 MS (n=83) 

 RRMS 
(n = 33) 

SPMS 
(n = 30) 

PPMS 
(n = 20) 

Age, y 45 ± 14 
(22 – 68) 

*37 ± 13 
(21 – 60)  43 ± 10 

(24 – 59) 
*57 ± 5 

(48 – 69) 
*60 ± 7 

(45 – 70) 
Sex, n 
F/M 
(% F) 

23/12 
(66%) 

15/5 
(75%)  21/12 

(64%) 
18/12 
(60%) 

*7/13 
(35%) 

Disease 
duration, y NA 2.0 ± 2.0 

(0.2 – 8.0)  12.7 ± 8.7 
(0.5 – 41.0) 

22.2 ± 7.6 
(8.0 – 34.0) 

12.9 ± 9.9 
(1.0 – 36.0) 

EDSS 
score NA 1.4 ± 1.1 

(0.0 – 4.0)  2.1 ± 1.0 
(0.0 – 4.0) 

5.2 ± 1.6 
(2.0 – 8.0) 

4.9 ± 1.4 
(2.0 – 6.5) 

Data are presented as mean ± SD (range). EDSS = expanded disability status scale, NA=not 
applicable. *p<0.05 versus HCs in the given group and variable. Age differences were tested using 
unpaired t-test. Sex differences were tested using Fisher’s exact test. 
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Table 2b: Study participant log AGA levels 

 

AGA HC 
(n = 35) 

CIS 
(n = 20) 

 MS (n = 83) 

 RRMS 
(n = 33) 

SPMS 
(n = 30) 

PPMS 
(n = 20) 

Mean ± SD (Range) 

GA1 -1.19 ± 0.34 
(-1.90 to -0.49) 

-1.22 ± 0.33 
(-1.74 to -0.41)  -1.13 ± 0.35 

(-1.94 to -0.43) 
-1.30 ± 0.29 

(-2.06 to -0.81) 
-1.30 ± 0.24 

(-1.74 to -0.86) 

GM1 -0.95 ± 0.28 
(-1.68 to -0.34) 

-0.93 ± 0.34 
(-1.50 to -0.09)  -0.82 ± 0.40 

(-1.72 to -0.06) 
-0.88 ± 0.35 

(-1.68 to -0.02) 
-0.97 ± 0.32 

(-1.65 to -0.40) 

GM2 -0.92 ± 0.32 
(-1.59 to -0.27) 

-0.84 ± 0.37 
(-1.50 to -0.11)  -0.76 ± 0.48 

(-1.63 to 0.27) 
-0.96 ± 0.31 

(-1.49 to -0.16) 
-0.98 ± 0.34 

(-1.60 to -0.34) 

GD1a -0.88 ± 0.32 
(-1.53 to -0.30) 

-0.84 ± 0.33 
(-1.30 to -0.11)  -0.78 ± 0.45 

(-1.84 to 0.02) 
-0.88 ± 0.35 

(-1.48 to -0.09) 
-0.89 ± 0.41 

(-1.50 to -0.05) 

GD1b -0.90 ± 0.30 
(-1.66 to -0.34) 

-0.75 ± 0.31 
(-1.13 to -0.03)  -0.76 ± 0.42 

(-1.75 to 0.03) 
-0.83 ± 0.37 

(-1.48 to -0.04) 
-0.93 ± 0.30 

(-1.39 to -0.32) 

GQ1b -1.50 ± 0.41 
(-2.03 to -0.50) 

-1.40 ± 0.40 
(-1.92 to -0.43)  -1.51 ± 0.37 

(-2.09 to -0.55) 
-1.52 ± 0.47 

(-2.43 to -0.10) 
-1.63 ± 0.42 

(-2.30 to -0.69) 

Figure 5. Study participants’ age and sex distribution  
Age distribution (left), and sex distribution (right). Bars represent interquartile ranges in the age 
distribution graph.  
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3.2 No significant univariate differences in anti-ganglioside antibody levels between HC 

and CIS or MS participants 

 The percent coefficient of variation for each AGA were as follows: GA1 (15.1%), GM1 

(10.3%), GM2 (19.9%), GD1a (9.1%), GD1b (9.9%) and GQ1b (32.4%). These were calculated over 

all assay plates (n=29) and are in accordance with the coefficient of variation conveyed by the 

manufacturer. No significant differences were detected when comparing the mean log OD of any 

serum AGA between HCs and CIS, or between HC and MS participants (Figure 6). Similarly, no 

significant differences were detected when comparing HCs to each MS group (RRMS + SPMS + 

PPMS) (data not shown). Post hoc exploratory analyses similar to those presented in Figure 6 but 

segregated by sex also showed no detectable differences (Figure 7). Similarly, secondary analyses 

within a subset of sex- and age (±2 years)- matched participants did not show any significant 

differences in any AGA levels (data not shown). In the sex-segregated analyses, although the 

differences did not reach significance within the reduced sample size, some comparisons showed 

tendencies toward different AGA levels compared to HC (p≤0.1). 
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These included a tendency toward higher levels of GD1b in CIS and MS vs. HC (Figure 7a), as well 

as GD1b and GM2 levels in RRMS vs. HC among female participants (Figure 7b). Within male 

participants, the pattern was different, with GA1 showing a tendency toward lower levels among 

SPMS and PPMS compared to HC (Figure 7b). 
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Figure 6. AGA level comparison between HC and CIS, or MS 
One way ANOVA with Dunnett’s multiple comparison. Bars represent mean and SD. P-values are 
corrected comparisons to HC. 
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Figure 7. Sex segregated analysis of participant groups. 
Unpaired t test and Mann-Whitney tests in a) HC vs. CIS or MS and b) HC vs. RRMS, SPMS, or 
PPMS. Red=female and blue=male, log OD values are represented. Bars represent mean and 
SD or median and IQR. P-values are uncorrected comparisons to HC, and bolded if p≤0.1. 
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3.3 Associations between AGA levels and participant characteristics  

 The associations between AGA levels and participant’s clinical and demographic data were 

assessed in the following three ways: 1. HC vs. CIS and MS, 2. CIS vs. RRMS, SPMS, and PPMS, 

and 3. RRMS vs. SPMS and PPMS.  

3.3.1 AGA levels toward several gangliosides are inversely associated with age. 

 Univariate analyses among all participants revealed that older age is associated with lower 

levels of AGA specific for GM2, GD1a, and GD1b (Table 3). A Post-hoc analysis segregating HCs, 

CIS, and MS participants showed inverse correlations in MS participants between age and serum 

levels for four of the six AGA studied, namely GA1 (p=0.04), GM2 (p=0.004), GD1a (p=0.01), and 

GD1b (p=0.04) (Figure 8). In CIS participants, AGA levels to GM2 (p=0.01) showed a similar age 

effect and GD1a (p= 0.08) also tended to be affected by age. Based on the R2 values the strongest 

relationships between age and AGA levels were observed in the CIS groups, although the varying 

study size limited the ability to reach statistical significance. These relationships were not seen 

among the HCs although GD1a showed a tendency in the same direction.  
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Table 3. Univariate and multivariate linear regression analysis results of model 1: HC, CIS, MS (n = 138) 

Univariate sex comparisons between female and male AGA levels were done using unpaired t-test and Mann Whitney test according to 

normality. Univariate comparisons between HC, CIS, and MS groups were done using Ordinary one-way ANOVA with Dunnett’s multiple 

comparison. Significance p<0.05. Bold represents p values ≤0.10. β = regression coefficient, R2 = r squared, CI = confidence interval. 

 
 Univariate  Multivariate 

AGA Variable  β 95% CI P-value     R2 β 95% CI P-value 

GA1 

Age (per year)  -0.004 -0.008 to 0.0001 0.051  

0.055 

-0.005 -0.010 to -0.001 0.028 
Sex (ref. female)  – -0.032 to 0.190 0.160  0.051 -0.005 to 0.107 0.072 

Group (ref. HC) 
CIS  – -0.173 to 0.233 0.925  -0.036 -0.145 to 0.074 0.518 

MS  – -0.098 to 0.194 0.682  0.007 -0.075 to 0.090 0.864 

GM1 

Age (per year)  -0.003 -0.007 to 0.002 0.218  

0.040 

-0.004 -0.009 to 0.001 0.098 

Sex (ref. female)  – -0.180 to 0.055 0.292  -0.029 -0.089 to 0.030 0.332 

Group (ref. HC) 
CIS  – -0.236 to 0.192 0.961  -0.049 -0.166 to 0.067 0.403 

MS  – -0.229 to 0.079 0.447  0.080 -0.008 to 0.168 0.074 

GM2 

Age (per year)  -0.008 -0.013 to -0.004 0.001  

0.114 

-0.010 -0.015 to -0.004 0.0003 
Sex (ref. female)  – -0.233 to 0.016 0.082  -0.040 -0.104 to 0.024 0.215 

Group (ref. HC) 
CIS  – -0.313 to 0.163 0.705  -0.048 -0.173 to 0.076 0.441 

MS  – -0.206 to 0.136 0.858  0.081 -0.013 to 0.175 0.090 

GD1a 

Age (per year)  -0.007 -0.012 to -0.003 0.002  

0.089 

-0.009 -0.015 to -0.004 0.001 
Sex (ref. female)  – -0.168 to 0.089 0.543  -0.005 -0.069 to 0.058 0.867 

Group (ref. HC) 
CIS  – -0.266 to 0.202 0.934  -0.066 -0.190 to 0.058 0.294 

MS  – -0.201 to 0.135 0.870  0.083 -0.010 to 0.177 0.080 

GD1b 

Age (per year)  -0.006 -0.010 to -0.001 0.013  

0.070 

-0.006 -0.011 to -0.001 0.017 
Sex (ref. female)  – -0.214 to 0.028 0.130  -0.036 -0.097 to 0.025 0.244 

Group (ref. HC) 
CIS  – -0.365 to 0.077 0.251  0.016 -0.103 to 0.135 0.792 

MS  – -0.229 to 0.088 0.508  0.053 -0.037 to 0.143 0.244 

GQ1b 

Age (per year)  -0.004 -0.094 to -0.0001 0.149  

0.022 

-0.003 -0.009 to 0.003 0.341 

Sex (ref. female)  – -0.133 to 0.128 0.942  0.011 -0.063 to 0.084 0.777 

Group (ref. HC) 
CIS  – -0.363 to 0.157 0.581  0.061 -0.082 to 0.205 0.399 

MS  – -0.143 to 0.231 0.822  -0.043 -0.151 to 0.065 0.433 
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Figure 8. Linear regression of AGA levels (log OD) versus age (y) in healthy controls 
(black), CIS participants (blue), and MS participants (red (RRMS), purple (SPMS), and 
orange (PPMS)). Significance p<0.05; Bold represents p values ≤0.10. β= regression 

coefficient, R2= r squared. 
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3.3.2 Multivariable analyses of AGA levels 

 Age and sex were included in the multivariable analyses (Table 3 and 4a, b) but DD and 

EDSS were not, as neither showed any meaningful association univariately. This was also motivated 

by some varying length of time elapsed between the study visit and the EDSS assessments. Finally, 

given that CIS participants are intrinsically less likely to undergo a clinic visit, hence be enrolled in 

our study if they are not progressing, it was felt that DD for this group may introduce bias.  

Model 1: In our model 1 multivariable analyses that included age, sex, and group type (CIS and MS 

vs. HC as reference), higher AGA levels specific for GA1 (p=0.028), GM2 (p=0.0003), GD1a 

(p=0.001), and GD1b (p=0.017) were independently associated with younger age (Table 3). GM1 

showed a weak association (p=0.098) whereas GQ1b showed no association with age. Sex had no 

significant effect on the level of antibodies to any ganglioside. There were no significant 

independent associations observed with the CIS or MS group although the latter tended to be 

associated with (p≤0.1) higher levels of AGA specific to GM1, GM2, and GD1a than observed in 

HC.  

Model 2: The multivariable linear regression analyses for model 2 with the three MS subgroups and 

CIS participants as reference, are presented in Table 4a. For this model, the sample size was reduced 

to 103, and the only independent associations detected were higher GM2 and GD1a AGA levels 

among younger participants. 

Model 3: A similar multivariable model that included only the three MS groups (RRMS as 

reference) (Table 4b) showed once again an independent association between higher AGA for GD1a 

and younger age; GM2 tended in the same direction. 
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Table 4a. Multivariable linear regression analysis results of model 2: CIS, RRMS, SPMS, PPMS (n = 
103) 

AGA Variable R2 β 95% CI P-value 

GA1 

Age (per year) 

0.094 

-0.005 -0.012 to 0.002 0.126 

Sex (ref. female) 0.046 -0.017 to 0.110 0.152 

Group (ref. 

CIS) 

RRMS 0.079 -0.027 to 0.184 0.141 

SPMS -0.022 -0.135 to 0.091 0.703 

PPMS -0.027 -0.166 to 0.113 0.706 

GM1 

Age (per year) 

0.051 

-0.004 -0.012 to 0.004 0.309 

Sex (ref. female) -0.044 -0.119 to 0.030 0.239 

Group (ref. 

CIS) 

RRMS 0.049 -0.073 to 0.172 0.426 

SPMS 0.052 -0.079 to 0.184 0.430 

PPMS -0.005 -0.167 to 0.158 0.956 

GM2 

Age (per year) 

0.151 

-0.012 -0.020 to -0.003 0.006 
Sex (ref. female) -0.060 -0.137 to 0.018 0.130 

Group (ref. 

CIS) 

RRMS 0.048 -0.081 to 0.176 0.462 

SPMS 0.014 -0.123 to 0.151 0.841 

PPMS 0.068 -0.102 to 0.237 0.428 

GD1a 

Age (per year) 

0.095 

-0.012 -0.021 to -0.004 0.005 
Sex (ref. female) -0.013 -0.091 to 0.066 0.748 

Group (ref. 

CIS) 

RRMS -0.002 -0.131 to 0.128 0.980 

SPMS 0.059 -0.080 to 0.198 0.400 

PPMS 0.096 -0.075 to 0.267 0.269 

GD1b 

Age (per year) 

0.079 

-0.006 -0.014 to 0.002 0.153 

Sex (ref. female) -0.059 -0.134 to 0.016 0.124 

Group (ref. 

CIS) 

RRMS 0.018 -0.106 to 0.142 0.773 

SPMS 0.028 -0.105 to 0.160 0.680 

PPMS -0.017 -0.181 to 0.147 0.836 

GQ1b 

Age (per year) 

0.038 

-0.004 -0.013 to 0.005 0.400 

Sex (ref. female) -0.002 -0.090 to 0.085 0.961 

Group (ref. 

CIS) 

RRMS -0.020 -0.165 to 0.124 0.781 

SPMS 0.025 -0.130 to 0.180 0.749 

PPMS -0.071 -0.262 to 0.120 0.463 

Significance p<0.05. β = regression coefficient, R2 = r squared, CI = confidence interval. 
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Table 4b. Multivariable linear regression analysis results of model 3: RRMS, SPMS, PPMS (n = 83) 
AGA Variable R2 β 95% CI P-value 

GA1 

Age (per year) 

0.083 

-0.003 -0.011 to 0.006 0.516 

Sex (ref. female) 0.030 -0.040 to 0.101 0.389 

Group (ref. 

RRMS) 

SPMS -0.042 -0.142 to 0.057 0.400 

PPMS -0.048 -0.170 to 0.074 0.436 

GM1 

Age (per year) 

0.053 

-0.003 -0.014 to 0.007 0.501 

Sex (ref. female) -0.052 -0.134 to 0.031 0.215 

Group (ref. 

RRMS) 

SPMS 0.017 -0.100 to 0.134 0.775 

PPMS -0.038 -0.182 to 0.105 0.595 

GM2 

Age (per year) 

0.132 

-0.009 -0.020 to 0.002 0.096 
Sex (ref. female) -0.072 -0.160 to 0.015 0.104 

Group (ref. 

RRMS) 

SPMS -0.039 -0.164 to 0.085 0.530 

PPMS 0.012 -0.141 to 0.165 0.877 

GD1a 

Age (per year) 

0.088 

-0.013 -0.024 to -0.002 0.023 
Sex (ref. female) -0.024 -0.113 to 0.066 0.599 

Group (ref. 

RRMS) 

SPMS 0.009 -0.118 to 0.137 0.883 

PPMS 0.055 -0.101 to 0.211 0.486 

GD1b 

Age (per year) 

0.083 

-0.007 -0.018 to 0.004 0.194 

Sex (ref. female) -0.065 -0.150 to 0.020 0.133 

Group (ref. 

RRMS) 

SPMS 0.021 -0.099 to 0.142 0.730 

PPMS -0.017 -0.165 to 0.131 0.824 

GQ1b 

Age (per year) 

0.018 

-0.004 -0.016 to 0.009 0.561 

Sex (ref. female) -0.001 -0.098 to 0.096 0.983 

Group (ref. 

RRMS) 

SPMS 0.046 -0.092 to 0.184 0.511 

PPMS -0.052 -0.222 to 0.117 0.540 

Significance p<0.05. Bold represents p values ≤0.10. β = regression coefficient, R2 = r squared, CI = 

confidence interval.  

 

3.3.3 Associations between AGA levels are evident within and between participant groups 

 Analyses of several AGAs in a single serum specimen and in all participant groups affords a 

unique opportunity to examine relationships between AGA levels to the different gangliosides and 

how these may differ according to participant groups. 

3.3.3.1 Correlation between AGA levels amongst study participants  

 Pairwise correlations between the six AGA studied are presented in Table 5 and Figure 9. 

Moderate to strong positive correlations (r = 0.69 to 0.89) were observed between GM1, GM2,  
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Table 5. Pearson’s correlation between AGA levels to each of the different gangliosides in study 
participants (MS + CIS) and healthy controls (HC) 

Pearson’s r and p values are presented, bold indicates significance. Values of HCs are clear and 

those for CIS + MS are shaded. 
 

  CIS + MS (n = 103) 

HC 
(n = 35) 

AGA 
levels GA1 GM1 GM2 GD1a GD1b GQ1b 

GA1 X 
0.591 

P < 0.0001 
0.590 

P < 0.0001 
0.567 

P < 0.0001 
0.594 

P < 0.0001 
0.172 

P = 0.083 

GM1 0.520 
P = 0.001 

X 
0.695 

P < 0.0001 
0.780 

P < 0.0001 
0.886 

P < 0.0001 
0.168 

P = 0.090 

GM2 0.486 
P = 0.003 

0.765 
P < 0.0001 X 

0.737 
P < 0.0001 

0.737 
P < 0.0001 

0.262 
P = 0.008 

GD1a 0.489 
P = 0.003 

0.704 
P < 0.0001 

0.693 
P < 0.0001 X 

0.810 
P < 0.0001 

0.234 
P = 0.018 

GD1b 0.480 
P = 0.004 

0.811 
P < 0.0001 

0.807 
P < 0.0001 

0.720 
P < 0.0001 X 

0.192 

P = 0.052 

GQ1b -0.052 

P = 0.768 

-0.010 

P = 0.953 

-0.024 

P = 0.890 

0.198 

P = 0.254 

0.043 

P = 0.806 
X 

Figure 9. AGA levels correlation in healthy controls (left), and CIS + MS participants (right). 
In these correlations the circular size reflects the relative correlation. Values inside circles 

represent Pearson’s r. 
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GD1a, and GD1b AGA levels among both HCs and CIS + MS. Correlations involving GA1 in either 

HC or CIS + MS were consistently weaker, and AGA specific to GQ1b showed the lowest 

correlation with other AGAs (r = -0.05 to 0.26).  

3.3.4 Predictive modeling with nominal logistic regression distinguishes MS from CIS 

 The full model including all MS subgroups as well as CIS with the parameters of age, sex, 

and the six AGA levels yielded areas under the receiver operator characteristic curve (AUC) that 

ranged from 0.83 - 0.87. After the elimination of GM2, GQ1b, GA1, and GD1a, the two remaining 

AGA’s specific for GD1b and GM1 had a likelihood ratio (LR) p-values of 0.09 and 0.03, 

respectively. Adherence to the corrected Akaike Information Criterion would dictate the removal of 

GD1b. However, this yielded a greater than 80% effect on the parameter estimates for GM1 and 

inflated the LR p-value to 0.42. This was clear evidence of effect modification and dictated the 

reintroduction of GD1b into the model (149). The final reduced model which included age, sex, 

GD1b, and GM1 yielded AUC’s that ranged from 0.80 - 0.85 and LR p-values of <0.0001, 0.605, 

0.089, and 0.033, respectively. However, when only age and sex were included in the model, the 

AUC range was 0.78 – 0.84, and LR p-values were p<0.0001 and 0.435 respectively. The minimal 

change in AUC between the full and reduced model provides substantial evidence that the four 

excluded AGAs contributed very little in terms of model performance.  

 Bivariate investigation of GM1 and GD1b (Figures 10a,b) illustrates the correlation detected 

earlier in Table 5 and Figure 9. However, visualization of the prediction equation illustrated several 

important findings. Assuming median values for GM1 and GD1b, approximately 92% of participants 

in our study will have either RRMS or CIS if they are under 40 years of age. Figure 10a depicts the 

scenario for a male at 30 years of age. As age increases, the incidence of SPMS and PPMS is 

predicted to increase and account for approximately 90% of cases at the age of 60 years. Figure 10b 
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shows the same scenario in a female at age 55. Sex had minimal effect on these probabilities as 

reflected by the large flat lines in the central panels. In younger participants, increasing values of 

GM1 resulted in higher probabilities of RRMS, while increasing values of GD1b conversely resulted 

in higher probabilities of CIS. Specifically, the magnitude of the change in GD1b and GM1 in CIS 

vs RRMS are quite different yet the change direction is the same (mean difference: -0.18, p=0.0002 

and -0.06, p=0.0031 respectively). In older participants, SPMS and PPMS account for a larger 

proportion of the general MS probability, and this is largely a function of increasing age. However, 

GM1 and GD1b do influence which type of MS will be most likely in a given clinical scenario 

(Figures 10a, 10b). In summary, although these AGAs demonstrate a high degree of positive 

correlation, they appear to have an opposing influence on MS type.  
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Figure 10a. Relationship of AGA levels to CIS and MS participant subgroups. (A-C) represents 

the relationship and associated likelihood of a 30 year old male with varying GM1 and GD1b 

AGA levels (increasing from left to right across x-axis) and the likelihood of being in a specific 

participant group (CIS, RRMS, SPMS or PPMS) depicted on the left. Lines in each panel 

represent the logit of each parameter and define the areas associated with the probability of 

each disease type. Keeping age constant at 30 years, when both GM1 and GD1b AGA are 

approximately at median values, approximately half of participants fall within the RRMS group 

(panel A). With a similar level of GD1b AGA and a lower level of GM1 AGA, the proportion of 

participants in the CIS group increases (panel B). With GM1 at median levels and GD1b levels 

increased (panel C), the proportion of participants in the CIS group increases further and that in 

the RRMS group decreases.  
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Figure 10b. Relationship of AGA levels to CIS and MS patient groups.  
(D-F) represents the relationship and associated likelihood of a 55 year old female with 

varying GM1 and GD1b AGA levels (increasing from left to right across x-axis) and the 

likelihood of being in a specific MS subgroup (CIS, RRMS, SPMS or PPMS) depicted on the left. 

Lines in each panel represent the logit of each parameter and define the areas associated 

with the probability of each disease type. Keeping age constant at 55 years, when both GM1 

and GD1b AGA are approximately at median values, approximately half of participants fall 

within the SPMS group (panel D). With a similar level of GD1b AGA and a higher level of GM1 

AGA, the proportion of participants in the RRMS group increases while the proportion of 

participants in the SPMS and PPMS groups decreases (panel E). With GM1 at median levels 

and GD1b levels increased (panel F), the proportion of participants in the CIS group increases 

and that in the RRMS group decreases.  
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 Discussion 

 Our cross-sectional study employed a reproducible ELISA based format to examine antibody 

levels as well as responses to several gangliosides in MS subgroups compared to healthy controls. 

Although we did not find significant differences between levels of any one AGA in HC and either 

CIS or MS participant group levels, our study showed that potential interactions between different 

AGA levels as well as higher AGA levels to some gangliosides may be associated with one type of 

MS more than another. While the measurement of antibodies to a single ganglioside may yield 

limited information, employing a panel to examine several reactivities has the potential to 

distinguish as well as predict specific MS types. 

 

4.1 Anti-ganglioside antibody levels can distinguish and potentially predict specific MS types. 

4.1.1 Interactions between levels of different AGA may predict disease groups  

 One advantage of our study design was the ability to gain information on reactivities to six 

different gangliosides in each participant. This provided the unique opportunity to examine potential 

interactions between AGA levels for each of the gangliosides studied and revealed the predictive 

potential for GD1b and GM1 AGA levels to distinguish CIS from MS participants. While GD1b 

AGA levels were not readily distinguishable between study groups when sexes were pooled, GD1b 

AGA levels tended to be higher in female CIS as well as MS participants compared to HC. In 

contrast, GM1 AGA tended to be higher in female MS participants than CIS or HC. Predictive 

modeling demonstrated that while AGA to GD1b can be linked to both CIS and MS group 

participants, the likelihood of belonging to the MS group is higher with higher levels of GM1 AGA. 
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Although this interaction was largely independent of sex, older age and increasing GM1 AGA levels 

were also associated with an increased likelihood of being in the PPMS or SPMS groups. 

 Sixty to 80% of individuals with a demyelinating event and evidence of damage on MRI will 

develop MS, compared to 20% of those with a demyelinating event but no MRI abnormalities. 

Given this, clinicians are very interested in identifying markers that may be more sensitive to the 

likelihood that an individual will, or perhaps already has, transitioned to MS (150, 151). For both the 

clinician considering treatment interventions and the individual being evaluated, this distinction is 

very important: CIS is a single episode while MS involves many, typically with flare-ups. With CIS, 

symptoms may never happen again, but MS is lifelong and without a cure. Accurate early diagnosis 

is important because initiating therapy can delay or prevent a second neurologic attack (and therein 

MS), and treatment may also limit future episodes, and ultimately disability. The current diagnostic 

criteria are based on evidence for dissemination in space and time. This typically relies on the patient 

recollection of symptoms, which can be subjective at a time, or MRI that can reveal evidence of 

historical or recent damage in different brain regions.  

 Several studies have linked GM1 AGA to MS. In one study, although anti-GM1 antibodies 

(IgM/IgG) were found in 40% of RRMS vs 3% of HC, their presence was not associated with WM 

or GM cerebral atrophy in MS patients (152). In a second study, anti-GM1 IgG serum titers were 

significantly different between RRMS and HC, but not SPMS and HC (140, 153). Interestingly, only 

RRMS showed increased serum IgG GM1 AGA levels over HC, whereas RRMS and SPMS both 

had increased serum levels of GM2, GD1a, and GD1b AGA (144). One study noted that RRMS 

patients have increased serum GM1 and GD1a during their first MS attack, with GD1b levels 

remaining similar to HC, while another found GM1 and GD1a significantly raised in the CSF of MS 

patients compared to HC (143, 154). One could postulate that GM1 and GD1a represent free 
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gangliosides generated after early damage and that these gangliosides may be the triggers for AGA 

responses that appear later in RRMS disease. An important link between antibodies to GD1a and a 

failure to repair in progressive MS is further supported by animal studies demonstrating that anti-

GD1a antibodies caused inhibition of axonal regeneration after peripheral nervous system neuronal 

damage in mice (155). 

 Our findings may also shed light on the pathogenic mechanisms behind CIS, and ultimately 

MS. Specifically, a predominance of higher GD1b AGA in CIS suggests that GD1b AGAs are 

amongst the first to appear in demyelinating episodes. Notably, they are also the predominant AGA 

in acute sensory ataxic neuropathies or chronic sensory and ataxic-focused neuropathies (133). In 

contrast, GM1 and GD1a AGA are particularly common in both acute and chronic disorders where 

they are thought to specifically target neurons and axons in the peripheral nervous system (156, 

157). In amyotrophic lateral sclerosis (ALS), antibodies to either GM1 or GD1a gangliosides or both 

were present in 78% of patients compared to 8% of healthy controls, and reactivities to GD1a or 

GM1 were associated with upper motor neuron or lower motor neuron symptoms, respectively 

(158). GM1 AGAs are particularly prevalent in the acute motor neuropathies, as well as in the 

multifocal motor and chronic ataxic neuropathies (the latter with ophthalmoplegia) (133).  One study 

with particular relevance to our results explored the presence of GM1 and GD1b antibodies in Miller 

Fisher patients grouped with Guillain Barre Syndrome (GBS) patients. The GD1b ganglioside is 

present in peripheral nerves on the surface of sensory neurons in the dorsal root 

ganglion.  Antibodies to GD1b are more strongly associated with pure sensory GBS rather than 

motor GBS. Individuals with anti-GD1b but without anti-GM1 antibodies recovered faster to walk 

independently when compared to patients with both anti-GD1b and anti-GM1 antibodies. This 

suggested that the presence of AGA to GM1 is associated with a failure to recover, as the acute 
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phase was not significantly worse (159). However, irrespective of recovery in humans, the induction 

of an EAE like disease in rabbits immunized with GD1b supports the concept that anti-GD1b 

autoantibodies may be implicated more in the disease process rather than simply being a marker of 

damage (160, 161).  

Our study would suggest that AGAs to GD1b have less to do with any process unique to MS 

and that MS is often seen with AGA to a broader panel of gangliosides, beyond those detected in 

primary attacks or episodes. 

4.1.2 Responses to certain gangliosides may distinguish specific MS subtypes from HC 

 Although our study was not sufficiently powered to detect significant differences in AGA 

levels to different gangliosides amongst the MS groups, we did notice some interesting patterns. In 

our multivariate models, the MS group tended (p≤0.1) toward having higher levels of AGA specific 

to GM1, GD1a, and GM2.  

 A number of studies have linked antibodies to GD1a with both PPMS and a particularly 

severe form of “malignant” MS, also referred to as highly active or aggressive MS, in which patients 

present with an aggressive course and rapid accumulation of disability (162). In other studies, anti-

GD1a IgM antibodies were not detected in HC but were seen in 13% of PPMS individuals and 8% of 

RRMS and SPMS individuals (163). Separately, IgG to GD1a was shown to be elevated in 20% of 

MS patients, and further breakdown in this group found that levels were increased in 40% of 

individuals with malignant MS vs 6% of individuals with benign MS (164). As mentioned 

previously, the prevalence of GD1a in both serum and CSF of MS patients may be a driver for these 

GD1a AGA responses, although differences in RRMS against PPMS levels have not been described 

(143, 154). Irrespective of their origin, the potential for anti-GD1a antibodies to recognize and bind 
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GD1a on oligodendrocyte precursors may be linked directly to damage (with the aid of complement) 

or disease progression, through impairment of their maturation and/or remyelination. 

 Most MS studies have examined AGA levels of common brain gangliosides (GM1, GD1a, 

and GD1b); we examined these and three others in CIS and three different MS disease courses. We 

found that increased levels of AGA to GM2 tended to be associated with MS. In the few studies that 

examined anti GM2 antibodies in MS, increased anti-GM2 reactivity of both IgG and IgM types was 

observed in RRMS MS, whereas only GM2-specific IgG antibody titers were detected in secondary 

progressive MS participants (144, 165). The exact role of anti-GM2 antibodies in MS is unknown 

although one study showed a correlation between AGA levels to GM2 with MRI markers of damage 

and disease severity (145).  

 GM2 is normally expressed in only small amounts in healthy CNS and was initially 

associated with a progressive brain and spinal cord damaging genetic disorder called Tay Sachs’ 

disease (101, 108). Increased immunoreactivity to GM2 is also seen in normal immature neurons 

during the process of dendritic growth but diminishes once the cells mature (166). Interestingly, 

AGAs to GM2 are not associated with the majority of the peripheral acute neuropathies and have 

been linked to chronic cytomegalovirus infection or chronic neuropathies (167, 168). However, 

increased GM2 expression in the CNS has been documented in experimental murine models of post-

traumatic brain injury as well as newborn alcohol exposure, where increases were noted in both 

astrocyte and microglial populations (111, 113). In this regard, GM2 and AGA to GM2 appear 

linked to inflammatory processes driven by glial or immune populations, rather than directly from 

purely neurodegenerative processes origins. 

 Both in our study and several others, despite some inconsistencies, it appears that AGA 

levels do vary yet some patterns are associated with MS groups. Thus, cells and structures 
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expressing gangliosides in the CNS are likely targets of AGA-mediated damage through immune 

processes, if afforded access across BBBs. Because expression of GD1a is exclusive to 

oligodendrocyte precursors in the healthy human CNS, GD1a AGAs are a prime suspect in 

demyelinating processes associated with degenerative processes and disability. However, the 

preferential induction of several other gangliosides (GM1, GM2, GD1b, and GD3) in NG2+ 

oligodendrocyte precursors during MS makes these cells a particularly prominent target for 

pathologic immunity across several MS subtypes (108).  

 

4.2 AGA levels in MS are associated with age but not sex in our study group 

 Our study demonstrated that AGA levels are independently associated with age. Younger age 

was generally associated with higher AGA levels in MS participants, and this was particularly 

evident for GA1, GM2, GD1a, and GD1b. However, the same pattern was seen for a few AGA in 

HC and CIS participants, notably GM2 which showed a significant association with age in CIS. In 

analyses that controlled for sex and group type, age remained a significant predictor of GD1a AGA 

levels in MS participant groups.   

 Previous studies have reported that anti-GM1 and anti-GM2 IgM were associated with 

younger age in MS and other neurological disorders, and primarily with motor disturbances (146). 

However, the majority of studies do not describe analyses that investigate possible relationships with 

age, or control for an age effect when interpreting data. Because our ELISA measured both IgG or 

IgM together, it cannot distinguish which antibody isotype is related to age. Notably, the fact that 

our PPMS and SPMS subgroups typically showed lower levels of AGA than CIS or RRMS may be 

related to the fact that participants in these groups were older, rather than to the disease process 

itself.  
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 Sex did not show a significant effect on AGA levels in our study. Furthermore, when 

matched for age and sex, our comparison of log OD values for AGAs to the different gangliosides 

did not identify significant differences between the HC and CIS or MS groups. Similarly, both 

univariate and multivariate analyses showed no association between sex and levels of AGA in any 

group. Interestingly though, the post-hoc sex-segregated analysis revealed that females were the 

primary drivers behind the tendency towards greater AGA to GM1, GM2, GD1a, and GD1b in MS 

vs. HC, and AGA to GQ1b and GD1b in CIS participants vs. HC. These results may be confounded 

by the younger age of female participants in those groups. These observations suggest that further 

studies with greater numbers of participants, specifically, males at younger ages, would be needed to 

better characterize sex as a predictor of AGA levels in MS.  

  

4.3 AGA positive responses relative to HC were beyond the scope of the study. 

 Many studies of AGAs in disease compare the proportion of individuals that respond to a 

particular ganglioside in an affected participant group to the proportion that do in a group of healthy 

individuals. Such studies typically establish a threshold for a “positive” response, based on some 

factor, typically based on 2 or 3 standard deviations greater than the mean levels of AGA observed 

in a healthy control group. Our study demonstrated an age effect on AGA levels in MS groups as 

well as HC that must be considered and corrected. We had already noted that the variability in AGA 

levels in our HC groups was large. Furthermore, as mentioned earlier, our univariate and 

multivariate analyses showed that AGA levels, particularly those specific to GA1, GM2, GD1a, and 

GD1b, are significantly associated with age.  
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Therefore, when we tried to replicate the approach of other studies, setting a threshold of AGA 

levels at 1.5 or 2.0 SD from the mean, this yielded a relatively low number of observations to be 

considered as a positive response. More importantly, given the clear relationship between age and 

AGA level observed for several AGAs, it became clear that applying a threshold based on mean 

levels and standard deviation that did not account for age would be inappropriate. Figure 11 

illustrates this point. Applying thresholds of the mean + 1.5 SD or 2.0 SD, the number of older 

participants exceeding the threshold is greatly underrepresented. Similarly, because AGA levels are 

higher in younger participants, the latter may be overrepresented among those deemed to have a 

“positive” response if the threshold does not account for age. Given that the threshold levels can be 

cohort or even group-specific depending on ages and sex, and may likely also be dependent on the 

type of antibody measured (i.e. IgM vs. IgG), applying a single threshold across all groups was not 

appropriate in our study. Thus, more complex and granular approaches beyond the scope of this 

study must be applied if response rates are being examined. 

Figure 11. Linear regression of AGA levels (log OD) versus age (y) in healthy controls (black), 
CIS (blue) and MS participants (red (RRMS), purple (SPMS), and orange (PPMS)). Significance 

p<0.05; bold represents p values <0.10. β= regression coefficient, R2= r squared. The 95% 

confidence intervals for the linear regression are shown in each graph. Pink line is mean AGA 

level (log OD) of HC. Orange line is the mean AGA level (log OD) +1.5 SD and the green line is the 

+2 SD. Blue line is the upper 95% confidence interval limit for the regression in HC.  
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4.4 Study strengths 

 The primary strengths of our study lay in our comprehensive approach to examining 

antibodies to several different gangliosides, in a study group comprising healthy, CIS (or pre-MS) 

and individuals in each of the confirmed MS clinical subgroups. A review of the literature reveals a 

paucity of studies investigating AGA in CIS populations, thus no studies have thus far examined 

AGA levels in both CIS and MS subgroups this extensively. 

 Uniquely, our study analyzed the continuous data obtained from AGA levels and applied 

them in a multivariate model which enabled us to distinguish parameters that independently 

predicted AGA levels, adjusting for possible confounders. Furthermore, the concurrent measure of 

several AGA in each participant afforded the unique opportunity to perform predictive modeling, 

based on relationships between the different AGA studied. Although it was not a goal of this study, 

these biospecimens were collected synchronously with advanced MRI imaging such that values for 

each AGA can also be analyzed in the future for their association with markers of active 

inflammation or CNS damage such as demyelination or brain atrophy. Such analyses may provide 

further insight into the relationships between AGA and specific disease processes.  

 Our study utilized a reproducible assay that assesses multiple AGA, and this was done in 

different disease groups. This afforded the opportunity to examine relationships between AGA levels 

and their predictive relevance to disease.  

 A review of the literature examining AGA in MS, as well as other pathologies, shows a 

myriad of approaches to detecting AGA. Early assays utilized either blot approaches or the ability of 

patient-derived antibodies to target ganglioside in cultured cells or ganglioside-loaded vesicles and 

were thus more qualitative than quantitative in nature (146, 169, 170). Such cumbersome assays also 

limited the potential to screen large numbers of specimens or to screen for multiple AGA. This 

•  
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historic paucity of standardized AGA assays in the literature further hindered comparability of 

findings from one operator to another, or from one study to another (171). Most ELISA and dot-blot 

techniques are widely accepted to have significant inter-and intra-laboratory variation and usually 

need to utilize carefully defined local cut-off values and controls (172). The plate-bound ELISA 

utilized in our study allows for reproducible and sensitive assay of several gangliosides within a 

single specimen, and the multi-well format limits variability by accommodating samples from 

several participants. We showed that the assay can be readily standardized for multiple plates, 

reducing variability and enabling a more accurate evaluation of AGA, both within and between 

participants.  

 

4.5 Study limitations  

 This thesis involved an exploratory study to examine and compare the levels of six AGA in 

distinct MS subgroups and healthy controls. A cross-sectional observational study of this nature has 

some limitations. AGA levels in serum consist of a one-time measurement, therefore the associations 

observed do not imply causal relationships. In addition, in this study, we are lacking information 

about additional environmental factors such as smoking status, ethnicity, vitamin D level, body mass 

index (BMI) measurements, and comorbidities that may impact measurements of interest. A larger 

study sample would be desirable to consider more factors. 

 MS is a heterogeneous and chronic disease that frequently takes the course of CIS to RRMS 

and then to SPMS, with differing levels of a clinical deficit as well as inflammatory activity within 

each stage. Furthermore, researchers and clinicians are particularly interested in processes related to 

disease onset, as from CIS to MS, and disease progression, as from RRMS to SPMS Given this, the 

relevance of specific AGA to disease processes may be better inferred by a longitudinal study, over 
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the course of 10 years or more, something that was not possible here. Similarly, examining CIS 

patients several years after their first and only demyelinating event would be important. Because CIS 

patients who do not progress to MS are not typically seen in the clinic several years after their 

primary demyelinating clinical event, any AGA measure associated with “failing” to progress cannot 

easily be captured by cross-sectional studies such as ours.  

 Both IgM and IgG antibody deposits have been detected in acute and chronic MS lesions and 

may play roles in MS pathology (173). IgM antibodies are rapidly produced as potent mediators of 

acute inflammation and have a shorter half-life than IgG antibodies, where production typically takes 

more time and subsequent exposures (174). Approximately 80% of circulating IgM are natural 

autoantibodies produced by B cell clones that are reactivated, and able to neutralize antigens before 

the engagement of B cells to secrete antigen-specific IgG antibodies and the associated potent 

inflammatory response (175). Therefore, the prevalence of IgM in the blood compared to the ability 

of smaller IgG to pass into the tissue partly explains why the latter is typically associated with 

greater pathogenicity (157). For example, the occurrence of anti-glycolipid IgG antibodies without 

their correspondent IgM antibodies has been noted in several neurological diseases (176). 

Additionally, studies have shown that serum IgM measurements were higher in an RRMS first attack 

than in progressive MS types, suggesting a greater systemic immune activation in the first wave that 

targets multiple antigens including gangliosides (144). Although the isotype of antibodies can reveal 

information about their function and how they were generated temporally, studies investigating a 

broad spectrum of neurological disorders showed that most anti-glycolipid IgG-antibodies associated 

with disease occurred without their IgM counterpart (176). We could not specify isotypes in our 

study because the ELISA assays used employ a mixture of enzymatically tagged secondary 

antibodies to human IgG and IgM. However, we acknowledge that having the ability to distinguish 
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IgG from IgM responses may provide valuable insight into the timeline of antibody production, and 

may distinguish between the likelihood of single versus repeated exposures driving AGA responses 

in MS.  
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 Conclusions and future directions 

 Finding disease-specific and clinically relevant blood biomarkers is an important area in MS 

research. Past observations of decreases in certain glycolipid components in MS patients with 

normal-appearing white matter led to our investigation of their potential role as targets in MS 

pathogenesis.  

 We evaluated the serum levels of AGA in different MS disease courses, and we hypothesized 

that antibodies against CNS gangliosides would be higher in MS compared to CIS and HC 

respectively. We did not verify our hypothesis as no significant difference in serum levels was 

detected between the groups. However, we clearly showed that younger age was associated with 

higher AGA levels and that this was not related to sex. Through logistic regression modeling, we 

further showed a relationship between AGA to GM1 and GD1b that holds predictive promise in MS, 

whereby higher GD1b levels are associated with a greater likelihood of having CIS, whereas higher 

GM1 levels are linked to a greater likelihood of having MS. Positive response rates to specific 

gangliosides could not be analyzed here because of the age effect in both healthy controls, CIS, and 

MS groups, especially since the age distribution was uneven between groups. 

In this first study investigating AGA to six different gangliosides, it is perhaps not surprising 

that three of the AGA with relevance to MS disease groups in our study, namely GM1, GD1a, and 

GD1b, are amongst the most abundant gangliosides in the brain. Thus an examination of anti-GT1b 

antibodies, the fourth major brain ganglioside, should be considered in future studies. Additionally, 

the detection of AGA in CSF in addition to the peripheral circulation would be fundamental to 

distinguishing antibodies that may be produced within the CNS. The latter would reflect CNS 

inflammation more directly than antibodies originating from and expanding in the periphery. 

Although CSF sampling is challenging and typically only done for diagnostic purposes, this may be 
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a viable add-on to consider in larger retrospective studies where those biospecimens exist. Future 

studies would benefit from antibody isotype determination, and the inclusion of longitudinal data 

from CIS individuals that may or may not transition to MS as well as those with PPMS or followed 

from RRMS to SPMS. Our findings point toward AGA relevance in MS pathophysiology and as 

biomarkers of disease type. However, a confirmatory study in a larger cohort, with the inclusion of 

demographics, environmental factors, and comorbidities will serve to enhance the significance and 

impact of these results, and help determine the clinical utility of AGA as possible biomarkers of 

disease prognosis.   
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