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ABSTRACT 

Background: Both the innate and adaptive immune systems contribute to autoimmune injury 

in multiple sclerosis (MS).  We have been particularly interested in elucidating the role of the 

innate γδ T-cell population in MS pathogenesis.  In particular, some γδ T-cells that express 

Fc receptors (FcR), such as CD16, that bind antibody are more prominent with MS disease 

progression and have been shown to exert cytolysis via antibody-dependent cellular 

cytotoxicity (ADCC). We postulated that if there were also relevant and detectable 

antibodies in MS patients that might engage these FcR-bearing γδ T-cells then this might be 

a purported mechanism of neuro-axonal injury. A search for antibodies specific to axonal 

elements in MS revealed the presence of antibodies to neurofascin (Nfasc).  

Methods: Anti-Nfasc antibody titres, and concentrations of the light and heavy chains of 

neurofilament (NfL and NfH, respectively), markers of neuro-axonal injury, were measured 

in the sera and cerebrospinal fluid (CSF) of MS patients using enzyme-linked 

immunosorbent assays (ELISA), including those that underwent autologous hematopoietic 

stem cell transplantation (aHSCT), both prior to and yearly for 3 years thereafter. HeLa cells 

were transfected with the axonal variant of Nfasc, Nfasc-186, and were utilized as targets in 

ADCC assays involving γδ T-cells as the effectors, and anti-Nfasc antibodies that were 

enriched from MS patient sera.  

Results: Positive anti-Nfasc antibody titres were detected in of 22% and 25% of MS patient 

sera and CSF, respectively. The most elevated serum titres were in secondary progressive 

MS (SPMS), and highest CSF titres in relapsing-remitting MS (RRMS) (p<0.05 and 

p<0.0001, respectively, vs. other neurological disease [OND] controls). Patient serum and 

CSF antibody titres correlated and, in the CSF, the titres correlated positively with the 
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concentration of NfL. Though NfL and NfH concentrations declined markedly following 

aHSCT in the CSF, anti-Nfasc antibody titres failed to decline. When co-cultured with 

CD16+ γδ T-cells in the presence of MS patient-derived anti-Nfasc antibodies, the percent 

specific cytolysis of the Nfasc-transfected HeLa cells was significantly greater than that of 

the non-transfected control HeLa cells, at 18% and 1%, respectively, indicating cytolytic kill 

via ADCC.  

Summary: Anti-Nfasc antibodies were detectable in the sera and CSF of MS patients, and 

rarely in OND controls, suggesting they are relevant to MS. Higher titres in the serum 

support peripheral synthesis, while higher CSF titres in the relapsing phase, that correlate 

with serum titres, imply that antibodies access the CNS during periods of active 

inflammation that are associated with disruption of the blood-CSF barrier. CSF anti-Nfasc 

antibody titres correlated strongly with the release of NfL, suggesting that axonal injury 

could be related to the presence of Nfasc-specific antibodies. Following aHSCT, CSF NfL 

and NfH release were reduced without concomitant CSF anti-Nfasc antibody reductions, 

suggesting that the presence alone of anti-Nfasc antibodies is not enough to cause axonal 

injury. Indeed, when co-cultured with CD16+ γδ T-cells in the presence of MS patient-

derived anti-Nfasc antibodies, the percent specific cytolysis of the Nfasc-transfected HeLa 

cells was significantly greater than that of the non-transfected control HeLa cells, proving 

that FcR-bearing γδ T-cells can cause axonal damage by lysing axonal membranes via 

ADCC, when armed with axon-specific antibodies such as anti-Nfasc. This is the first report 

of γδ T-cell-mediated cytolysis by ADCC using both γδ T-cells and antibodies derived from 

MS patients. 
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CHAPTER 1. Introduction 

Overview of thesis 

 The research focus was to investigate the role of anti-neurofascin antibodies in a γδ T-

cell-mediated mechanism of antibody-dependent cellular cytotoxicity, to gain a better 

understanding of the mechanisms used to target neuro-axonal elements in the context of 

multiple sclerosis, and to correlate these findings with the degree of neurodegeneration, as 

evidenced by the release of neurofilaments. In the present Chapter, basic concepts relating to 

MS immunopathogenesis are reviewed, including identified autoantibodies and the role of γδ 

T-cells. This will be followed by an introduction to neurofascin and the role of neurofascin-

specific antibodies in MS. Lastly, autologous hematopoietic stem cell transplantation will be 

addressed as a means to eliminate the cellular immune components that instigate central 

nervous system (CNS) inflammation in the context of MS. Neurofilaments will be described 

as quantitative indicators of neurodegenerative disease activity, or cessation thereof, 

occurring at the neuro-axonal level in the absence of inflammatory stimuli. Chapter 2 is a 

description of the materials and methods used to perform the studies described in Chapters 3-

5.  

Multiple Sclerosis 

General Introduction and Clinical Features: MS is a chronic disease of the central nervous 

system that is characterized by co-existent inflammatory demyelination and 

neurodegeneration. It is the most common cause of neurological disability, non-traumatic in 

nature, in young adults in North America and Europe, with more than 2.5 million individuals 

affected (1-3). MS is three-to-four times more common in women than men (4), it shortens 

the average patient’s lifespan by seven-to-eight years, some have difficulty performing 
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household and employment tasks satisfactorily by ten years from disease onset, and 

approximately half of patients are non-ambulatory by twenty-five years (5).  

Genetic susceptibility: There is both genetic and environmental involvement in MS disease 

pathogenesis. It is most common in Caucasians, with the highest prevalence in northern 

Europe (6). The risk increases in individuals with a family history of MS, and ranges from 

0.2% in the general European population to 2-4% in siblings of MS patients and 30% in the 

monozygotic twins of MS patients (7). 

The human leukocyte antigen (HLA) was the first genetic locus to be associated with 

MS. Genes encoded in this region play a role in almost all immune-related disorders (8), and 

nearly half of the genes associated with an increased risk of MS are shared with other 

autoimmune diseases such as Crohn’s disease, Type 1 diabetes and rheumatoid arthritis (9; 

10). The strongest association of the HLA locus is the DRB1*1501 allele (11); its frequency 

is between 3-20% of the European population. The frequency of the gene increases as the 

population risk of MS increases from the South to North of Europe (12). Each copy of the 

allele increases the risk of MS 3-fold, and it is the strongest risk factor for developing MS 

(9). In addition, HLA-DRB1*0301 and *1303, HLA-A*0201 and the HLA-DPB1*0301 (13) 

are associated with MS, with changes in risk between 26% and 200% (9). 

 There are 57 non-HLA gene associations that increase the risk of MS, including the 

cytokine receptor genes for IL-2 (IL2RA) and IL-7 (IL7R) (14-16), cytokines (IL12A, IL12B), 

co-stimulatory molecules (CD58, CD6, CD40, CD80, CD86), and signal transducer 

molecules (TYK2, STAT3) (9). Together with the HLA variants, these genes explain 25% of 

sibling recurrence risk (9). The effects of less common or rare variants in the genome are less 

well understood but may still contribute to MS susceptibility. Examples include the 

TNFRSF1A gene, which doubles the risk of MS (17; 18) and 3 variants of the CYP27B1 gene 
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that cause a lack of 1-alpha-hydroxylase, which prevents the conversion of 25-

hydroxyvitamin D to its biologically active form 1,25-hydroxyvitamin D (19). 

 Very few candidate genes have an obvious neurological function; mutations in 

MANBA and GALC can result in myelination complications and, while variation in the 

KIF21B gene, a member of the kinesin family, is associated with MS, it also plays a role in 

other autoimmune diseases, suggesting that its association might be immunological rather 

than neurological (7; 20; 21). The clinical heterogeneity of MS has been difficult to explain 

with regards to genetic association, though there is a relationship between higher genetic risk 

and earlier age at onset; for each copy of HLA-DRB1*1501 an individual carries, the age at 

onset decreases by nearly one year (9). 

Epidemiology:  Geographically, the prevalence of  MS varies   greatly.   Estimates as   low   

as  ≤ 20/100,000 have been reported for Malta (22), while in Scotland (23), Northern 

Ireland (24), and parts of Scandinavia, high incidence of ≤ 200/100,000 have been reported 

(25; 26).  In Canada, the prevalence of MS ranges from <100/100,000 in Newfoundland and 

Labrador (27) to approximately 300/100,000 in Saskatchewan (28). In a study of MS 

parental ancestry, non-specific European ancestry positively correlated with MS while 

British ancestry was associated with less risk (29). 

The mean age at onset is 30 years of age; 70% of patients present symptoms between 

the ages of 20 and 40 years (30), and onset after 55 years is rare. Since 1970, the MS 

prevalence ratio of women to men has increased prominently to 2.3-3.5:1, which 

demonstrates that MS prevalence is on the rise in women but not in men (31-34). The 

influence of gender on the clinical features of MS is not as evident as its effect on 

prevalence, however, women have a slightly lower prevalence of primary progressive MS 
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and a slightly younger mean age at onset. In addition, the female:male ratio decreases as the 

age at onset increases (35; 36). It is possible that external factors, such as environmental or 

hormonal stimuli, cause different epigenetic modifications of deoxyribonucleic acid (DNA) 

between men and women (4). The X chromosome has been implicated as having a direct role 

in autoimmunity (37). In experimental autoimmune encephalomyelitis (EAE), an animal 

model of MS, susceptibility is increased by the presence of two X chromosomes, 

independently of hormones (38), however, there has been no confirmation that any MS 

susceptibility genes are located on the X chromosome in humans (4). Gender differences in 

the immune system may also play a role. Adoptive transfer of EAE caused stronger 

symptoms when the T-cells were derived from female mice (39), and female recipients were 

much more susceptible to developing EAE (40). Vitamin D-enriched diets ameliorated the 

EAE disease course for female mice but the protection was abrogated when ovarectomy was 

performed (41). In humans a protective role for estrogen hormones in conjunction with 

vitamin D has been shown with respect to T-cell reactivity and disease course (42). 

MS susceptibility is also associated with month of birth, whereby birth in the spring 

is associated with increased risk in the northern hemisphere, and the same is observed for 

autumn births in the southern hemisphere (43). This indicates that seasonal environmental 

agents may have some bearing on the risk of future MS development, and both maternal 

exposure to ultraviolet radiation or viral infections during pregnancy have been proposed to 

have an effect (44; 45). 

There are a number of environmental factors associated with MS risk; the best 

documented include Epstein-Barr virus (EBV) exposure, smoking, and, as briefly stated 

above, low vitamin D concentrations. Ninety-nine percent of patients display seropositivity 

for EBV, however, this finding is complicated by the concurrently high rates of infection in 
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the general population. Suggestions for EBV and MS associations include immortalization of 

autoreactive B-cells, molecular mimicry with the CNS as the target, and modification of the 

‘hygiene hypothesis’ with respect to the fact that MS is rare amongst EBV-negative 

individuals, who would normally be considered at greater risk if the hypothesis formulation 

were true (46; 47). Smoking approximately doubles the risk of developing MS, and the 

growing number of women who partake may explain, in part, the increasing MS incidence 

observed in women (48; 49). 

Lower serum concentrations of vitamin D have been associated with an increased risk 

for MS development and they correlate with disability and brain atrophy (50). It is thought 

that the latitudinal gradient observed in the natural history of MS may be the result of lower 

serum vitamin D concentrations with increased distance from the equator (51). Vitamin D is 

converted into its active form in the liver and the kidneys; it then binds the vitamin D 

receptor in a wide variety of tissues and, in cells of the immune system, downregulates Th1 

responses and enhances regulatory T-cell activity (52). 

Disease Subtypes: Approximately 85% of patients are diagnosed with a relapsing/remitting 

course of MS (RRMS), where neurological deficits develop and last for several days to 

months and gradually improve (5; 53).  Two thirds of RRMS patients will ultimately 

transition into a second phase of disease, secondary progressive MS (SPMS), that is 

characterized by unremitting, irreversible neurological decline that is less associated with 

relapses. The remaining 15% of patients have a primary progressive (PPMS) course of 

disease that is characterized by a continuous worsening of neurological deficits in the 

absence of specific relapses (5; 54). The median age at onset of progression is 40 years of 

age, regardless of whether the course was progressive at onset or secondary to an earlier 

relapsing/remitting phase (55; 56). 
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In addition, there is subset of patients who experience a controversial course of 

disease, referred to as benign MS. Studies have demonstrated that it was present in 20-26% 

of patients, that were followed for up to 50 years (57). There is a lack of consensus with 

respect to what defines this course but it is most often considered present when the Expanded 

Disability Status Scale (EDSS) score of a patient remains ≤ 3.0 for at least 10 years after 

disease onset (58). McAlpine described these patients as “without restriction of activity for 

normal employment and domestic purpose but not necessarily symptom-free,” after a mean 

disease duration of more than 18 years (57). Though its definition is largely based on 

physical disability, namely of ambulation, it can be associated with significant non-motor 

symptoms including cognitive impairment, fatigue and depression (58; 59). 

Prognosis: The prognosis varies greatly from patient to patient. Older age at onset, long 

tract-related dysfunction, such as muscle spasticity or bladder involvement, progressive 

initial disease course, and male gender are associated with poor outcomes, while younger age 

at onset, optic neuritis as the initial symptom, initial relapsing/remitting disease course, and 

being female are associated with a much better prognosis (36). 

Immunopathogenesis 

Clinical features: Nerve impulse conduction of myelinated axons in the CNS is dependent 

upon the high-density clusters of voltage-gated sodium (Nav) channels at the nodes of 

Ranvier (60) between the ensheathing glia. Both the paranodal junctions and nodes of 

Ranvier must be intact to support saltatory conduction (61). The reversible disability 

experienced in RRMS is caused by a breach in the blood-CSF barrier and resultant focal 

inflammatory demyelination and axonal loss, caused by infiltrating autoimmune components.  

This results in temporary conduction block at the nodes of Ranvier and appearance of 

subsequent neurological symptoms. Resolution of the inflammatory response, reorganization 
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of axonal Nav channels and remyelination help restore transmission and contribute to clinical 

remission. The axonal transection that occurs early in RRMS does not always manifest 

clinically due to the ability of the CNS to compensate for neuronal loss (5). 

 Immune-mediated CNS tissue injury is considered the primary pathology of MS, and 

the major cause of progressive and lasting disability is axonal loss (62). But for many years 

myelin was thought to be the target of autoreactive T-cells in MS, and demyelination was the 

primary disability-causing result, with newly-demyelinated axons becoming susceptible to 

soluble or cellular immune components by virtue exposure (63). The axonal component of 

MS has, historically, received less attention but since the late 1990s research has refocused 

on the role of axonal loss and neurodegeneration as the primary cause of irreversible and 

permanent neurological disability in MS (5). Currently, MS pathobiology is described as a 

primary demyelinating disease with secondary degeneration of axons. Demyelination may be 

T-cell- or antibody-mediated, or due to the death of myelinating oligodendrocytes (OGD) 

(64). 

Axonopathy: A reduction in axon density has been observed in active and chronic MS lesions 

as well as normal-appearing white matter (NAWM) (63; 65; 66). Markers for axonopathy are 

dephosphorylated neurofilaments, disturbances in axonal transport (β-amyloid precursor 

protein [APP]), expression of specific sodium channels, and transection of axons (63; 67-69). 

There is a strong correlation between the degree of inflammation and the frequency of 

transected axons (67; 68), and early transection might result from exposure to inflammatory 

mediators (5), such as reactive oxygen species (ROS), proteolytic enzymes, free radicals and 

cytokines (70), as well as CD8+ T-cells (71-73). In addition, though they have not received as 

much attention until recently, it has been postulated that autoantibodies may play a role in 

MS immunopathogensis. 
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Breakdown of the blood-CSF barrier  

The microvasculature of CNS capillaries and post-capillary venules is composed of 

blood-CSF barrier endothelial cells. They lack fenestrations, display low pinocytic activity 

and have high efflux transporter activity, which restricts transcellular diffusion (74-76). 

Additionally they express tight and adherens junction proteins that limit paracellular flow. 

Tight junctions are composed of members of 3 transmembrane protein families, the claudins, 

the occludins and junctional adhesion molecules. These protein complexes form lipid rafts 

and are anchored to actin filaments. Adherens junctions are composed of transmembrane 

proteins such as vascular endothelial-cadherin and are linked to the actin cytoskeleton by 

catenins α, β, and p120 (77-81). The blood-CSF barrier endothelium is supported by 

pericytes (82; 83) and two basement membranes. The vascular basement membrane consists 

of extracellular matrix (ECM) molecules including laminins 8 and 10, type IV collagen, and 

perlecan (84; 85). The parenchymal basement membrane is composed of laminins 1 and 2, 

and dystroglycan, and the ensheathing astrocytic endfeet, which cover almost the entire 

abluminal surface of the microvasculature (77; 86). The perivascular space, the small area 

between the basement membranes, is a key area for reactivation of lymphocytes after they 

cross the blood-CSF barrier endothelial cells (86). Furthermore, astrocytes and microglia are 

closely associated with the blood-CSF barrier, and influence maintenance, integrity and 

immune regulation, though both are implicated in blood-CSF barrier dysfunction through the 

secretion of inflammatory cytokines in neuropathological conditions such as MS (77; 78; 87-

89). 

Despite a highly regulated blood-CSF barrier, leukocyte entry into the CNS is an 

early event in MS. Resting T-cells are limited in their ability to access the CNS parenchyma 

yet freshly activated T-cells, even with irrelevant antigen specificity, can enter the CNS (90; 
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91). Leukocyte migration further permeabilizes the blood-CSF barrier, which permits the 

infiltration of additional leukocytes (92; 93). The entry of inflammatory immune cells into 

the CNS is most likely the first step in MS that induces neuroinflammation, blood-CSF 

barrier compromise and permits the formation of lesions (94; 95).  

Activated immune cells from MS patients directly enhance permeability of the blood-

CSF barrier by expressing and secreting pro-inflammatory mediators such as cytokines and 

other soluble factors, ROS, and matrix metalloproteinases (MMPs) (88). Elevated tumour 

necrosis factor (TNF)-α in serum and peripheral blood mononuclear cells (PBMCs) 

correlates with disease activity and progression in MS (96; 97), and interferon (IFN)-γ tends 

to be elevated in MS, particularly during relapses (98; 99). These cytokines act 

synergistically to influence the expression of a variety of chemokines (88), such as CXCL9 

and -10, CX3CL1, and CCL3, -4, and -5, which promotes adhesion and migration of 

leukocytes across the blood-CSF barrier endothelial cells (100-103). They also upregulate the 

expression of cell adhesion molecules (CAMs) that are important for capture and adhesion of 

T-cells to the CNS microvasculature (94; 104), such as ICAM-1, (105; 106) VCAM-1 (105-

107), and the E- and P-selectins (108; 109). Furthermore, they upregulate members of the IL-

6 family that can be involved in the generation of Th17-expressing cells (110). Th17 mRNA 

is elevated in the PBMCs of clinically isolated syndrome (CIS) and RRMS patients (98; 

111), particularly during relapse (112; 113). The blood-CSF barrier endothelial cells of MS 

patients express the IL-17R, and engagement promotes down-regulation of occludin and 

causes endothelial cell dysregulation, which is thought to result in leukocyte migration (114; 

115). Migrating leukocytes produce ROS, which disrupt junctional proteins (116). Upon 

CNS entry they continue to produce oxidative damage to astrocytes that further compromises 
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the blood-CSF barrier (117). Inflammatory cytokines lead to the leukocyte production of 

MMPs that are effectors of inflammation and degradation of ECM components that are 

important for migration (118). Disease activity in MS correlates with the potential of PBMCs 

to degrade ECM components (119) and MMP-8 and -9 are upregulated in MS sera (97; 120-

122).  

Autoantibody-induced Mechanisms of Pathogenesis 

Demyelination: Antibodies are frequently observed in acute MS lesions, and they can induce 

demyelination by several mechanisms. Most commonly they are observed in conjunction 

with complement deposition. Complement components bind antibodies, leading to activation 

of the complement cascade, the assembly of the membrane attack complex and, finally, 

target destruction. Antibodies also opsonize target antigens for phagocytosis of the antigen-

antibody complexes by macrophages (123) that produce TNF-α and nitric oxide, that have 

both been implicated in demyelination and oligodendrocyte (OGD) toxicity (124). Less 

commonly, autoantibodies bound to tissue have been shown to alter the migratory pathway 

of autoantigen-specific T-cells to the site, resulting in the infiltration of effector cells of the 

adaptive immune system and subsequent tissue destruction (125). Besides their role in the 

activation of immune effectors or the complement pathway, antibody deposition itself might 

induce demyelination. Pathogenic anti-myelin oligodendrocyte glycoprotein (MOG) 

antibodies have been shown to repartition MOG into lipid rafts, which induces both a stress-

related pathway that upregulates heat shock protein (HSP)-70, and reduces cytoskeletal 

integrity through changes in surface phosphorylation that leads to a retraction of OGD 

processes and cell membranes (126; 127).  

Rat spinal cord implantation of an immunoglobulin (Ig)M-antigalactocerebroside 

hybridoma caused focal demyelination and remyelination, along with the presence of axonal 
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and blood-CSF barrier damage. The lesions resembled those observed in MS and were 

probably the result of the interaction between intrathecal IgM and complement, and 

macrophages (128). A similar hybridoma secreting IgM-antisulfatide produced similar 

lesions and also prevents remyelination at sites where the hybridomas persist, due to ongoing 

damage to OGD precursor cells that express sulfatide (129). 

Antibody-dependent cellular cytotoxicity: It is not known if there is a pathogenic component 

to the generation of autoantibodies in MS or whether their production is a secondary 

consequence of the hallmark immune-mediated tissue destruction that permits the exposure 

of otherwise sequestered antigens to immune effectors. ADCC is a lytic process whereby 

FcR-expressing effector cells, usually of the innate immune system, lyse target cells that are 

bound to specific immunoglobulin (Ig)G antibodies (123; 130). Lysis is carried out by the 

release of inflammatory mediators such as perforin or granzymes, by the interaction of FasL 

and TRAIL, or by the production of cytokines (131). 

Autoantibodies in MS 

There is a growing list of reactive Ig molecules, detected in the sera and CSF of MS 

patients, and they have been implicated as potential effectors in the pathogenesis of MS, 

though there is currently little evidence to substantiate this hypothesis in vivo.  Intrathecal 

IgM antibodies are the first immune effectors present in the MS CNS, and their presence 

predicts disease course (132-135). Though antibody presence in MS is well documented, 

most target antigens have yet to be elucidated. The first CNS-specific antibodies identified in 

MS were OGD-specific and included antibodies that targeted intracellular MBP (136) and 

myelin-associated glycoprotein (MAG) (137). Anti-MOG antibodies were later discovered 

(138), followed by anti-proteolipid protein (PLP) antibodies in a small subset of patients 

(139). The majority of MS patients, however, do not exhibit reactivity to MOG (140), but 
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evidence supporting therapeutic plasma exchange in disease amelioration for a proportion of 

patients (141) suggests there are more to be discovered.  

Oligodendroglial Antigens: Oligodendroglial antigens are plausible targets of autoimmunity 

due to OGD distribution and their large surface area in the CNS architecture. MS serum IgG 

has been shown to recognize tubulin β4, collapsin response mediator protein (CRMP)-5, 

CNPase I and transketolase. MS CSF IgG also recognized 2’,3’-Cyclic-nucleotide 3’-

phosphodiesterase (CNPase) I and transketolase in addition to CRMP2 (142). CNPase 1 is 

involved in membrane biogenesis and maintenance in myelinating cells (143), while tubulin 

β4 plays a role in the OGD microtubule establishment for molecular transport during 

myelination (144). Transketolase was largely expressed by mature OGD but also in the 

OGD-precursor cells near lesion borders, probably because of its fundamental role in the 

pentose-phosphate pathway (PPP) (145), which is also involved in myelination. Antibodies 

to transaldolase were detected in the sera of approximately 30% of MS patients assayed but 

not in other autoimmune patients, and antibodies were also detected in the CSF of 76% of the 

seropositive patients (146; 147). Transaldolase is a rate-limiting enzyme of the PPP and is 

involved in the maintenance of cellular integrity by neutralizing reactive oxygen 

intermediates (145-147), and not surprisingly, transaldolase is lost at demyelinated sites. It is 

not yet known whether antibody production occurs early in the course of disease (147), or if 

production is ongoing in NAWM. 

Several studies have indicated that antibody production may be MS subtype-specific. 

SPMS and PPMS patients exhibited an increase in CNS-reactive IgG antibodies to isoforms 

of CNP, MOG, OGD-specific protein and PLP, none of which were detected in RRMS 

patients (148). In addition, antibodies to galactocerebroside, which accounts for one third of 
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CNS myelin lipid content, were detected in the sera of MS patients, with significantly high 

titres in RRMS patients. In addition they were identified in the plasma in marmoset RR-EAE 

but with later appearance than other anti-lipid autoantibodies, anti-MOG and anti-MBP 

(149). Galactocerebroside-reactive antibodies have demyelinating properties both in vitro 

(150-152) and in vivo (128; 153; 154), though their pathogenic role in the context of MS 

remains elusive. In addition, IgM and IgG antibodies that target sulfatide, a myelin 

glycosphingolipid that plays a role in OGD differentiation, were detected in the CSF of 20% 

of MS patients; significantly more than in other neurological diseases (OND) and controls. 

Anti-sulfatide antibodies were detected in all subtypes of MS, though the frequency was 

higher in SPMS (30%) than RRMS (15%) and PPMS (14%) (155). 

Neuro-axonal antigens: MS CSF IgG has been shown to recognize cytoskeletal molecules 

Sirtuin 2, Radixin and actin-interacting protein 1, preferentially in SPMS. MS serum IgG 

recognized cytoskeletal α-centractin, CRMP1, pyruvate kinase and syntaxin-binding protein 

1 (142). The cytoplasmic subcellular localization of these molecules suggests that antibodies 

are produced following neuroaxonal injury. CRMP1 plays a role in neurite outgrowth and 

growth cone steering (156) while syntaxin-binding protein 1 participates in synaptic vesicle 

docking and fusion in neuronal cells (157).  

Intrathecal production of antibodies to the light chain of the neuronal structural 

protein, neurofilament, has been observed in PPMS and SPMS. Titres correlated with disease 

duration and the EDSS, and the antibodies bound neuronal components in almost all patients 

assessed (158). A significant correlation was observed between antibodies specific to the 

light chain of neurofilament (NfL) and magnetic resonance imaging (MRI) markers of 

inflammation and tissue destruction, the strongest being for the parenchymal fraction, a 
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measure of atrophy. The correlations were especially strong for the RRMS phase of disease 

(159). 

Ubiquitous antigens: Antigen microarray analysis identified serum autoantibody signatures 

that were associated with the clinical subtypes of MS. RRMS patients reacted more often 

with IgM reactivity to HSP60 and HSP70, but this was not the case for SPMS and PPMS 

patients (148). The proteasome is a ubiquitous complex responsible for non-lysosomal 

protein degradation in eukaryotes, and autoantibodies to proteasomal subunits have been 

identified in MS patients (160). IgM and IgG anti-proteasome antibodies were detected, 

respectively, in 66% and 61% of MS sera and CSF compared to no healthy controls and, of 

these patients, 67% were seropositive at the time of the first attack, suggesting that anti-

proteasome antibodies are present very early in the course of disease. Interestingly, 

proteasome seropositivity was also reported in other inflammatory autoimmune diseases such 

as systemic lupus erythematosus (SLE) (161; 162) and Sjogren’s syndrome (163), though the 

prevalence of anti-proteasome seroreactivity in MS remains significantly higher (160). 

Antibodies to β-arrestin were detected in the sera of more than half of MS patients 

assayed, but not in the CSF or in OND. Serum titres were higher in patients in relapse 

compared to those in remission (164). In addition, anti-glycan IgG antibodies have been 

detected in the CSF (165) and sera (IgM) of RRMS patients (166; 167) and the presence of 

higher serum concentrations of at least one anti-glycan antibody (anti-GAGA2, -GAGA3,  -

GAGA4, and –GAGA6) at the time of first presentation predicted a shorter time to first 

relapse (167). Furthermore, a synthetic glycopeptide antigenic probe, termed CSF114(Glc), 

has been established as a tool to detect, isolate and characterize N-glucosylated 

autoantibodies as biomarkers of MS. An essential β-hairpin conformation exposes the 
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minimal epitope, Asn(Glc), to autoantibodies, recognizing them with high affinity and 

specificity. Using this method, high-titre IgM antibodies were detected in 21% of RRMS 

patients (the IgG response was unspecific) (168; 169), which supports the emphasis not only 

on IgG antibodies in MS (170) but that IgM binds different glycosylated epitopes (129). 

Glycoprotein antigens: IgM and IgG2 autoantibodies to peptide and glycosylated epitopes of 

glycoprotein contactin-2/TAG-1 were identified in the sera and CSF of MS patients. 

Contactin-2/TAG-1 is sequestered in the juxtaparanodal region of myelinated axons on both 

the axolemma and myelin sheath where it is involved in the clustering of voltage-gated 

potassium channels (Kv) (171; 172). While adoptive transfer of TAG-1-specific CD4+ T-cells 

induced EAE with lesions in the cerebral cortex and spinal cord, co-transfer of TAG-1-

specific monoclonal antibodies (mAb) did not alter the immunopathology observed, 

suggesting the TAG-1 antigen is not available for binding in vivo (173). 

A proteomics-based approach, however, identified an additional glycoprotein, 

neurofascin (Nfasc), as a target of autoantibodies in MS (173; 174). Nfasc-specific antibodies 

were identified in the sera of MS patients; when immuno-affinity purified they recognized 

and bound to Nfasc186-transfected HeLa cells. Subsequent investigation into their functional 

role in the context of EAE demonstrated a rapid and considerable increase in initial disease 

severity. Histological examination resulted in no significant differences between anti-Nfasc 

antibody-treated subjects and their control counterparts in the degree of inflammation or 

demyelination observed, but disease exacerbation was associated with an increase in 

immunoreactivity for β-APP. Of pivotal importance, antibody binding was restricted to the 

nodes of Ranvier, where it colocalized with Nav, suggesting its target is Nfasc-186, rather 

than the oligodendroglial Nfasc-155 isoform. 
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Gamma-delta (γδ) T-cells  

The human γδ T-cell receptor (TCR) was first discovered in 1986 (175). It has since 

been shown that γδ T-cells are important effector elements of the immune system, unique in 

their ability to bridge the gap between what are known traditionally as the innate and 

adaptive immune systems. γδ T-cells have pluripotent abilities; they are capable of assessing 

the identity of invading organisms and lysing them directly, or initiating a secondary 

response from the adaptive immune system.  

Like αβ T-cells, γδ T-cells develop in the thymus and generate their diverse TCR via 

recombinant activating gene (RAG)-mediated V(D)J recombination (176). Most circulating 

γδ T-cells lack CD4/CD8 (177; 178), though some γδ T-cells are weakly CD8+  (179). In 

adults γδ T-cells comprise 0.5-5% of circulating CD3+ T-cells, with Vγ2+Vδ2+ T-cells being 

the most prevalent (180-182), and capable of rapid proliferation upon antigenic encounter 

(183). Effector Vγ2+Vδ2+ subsets resemble cytotoxic natural killer (NK) cells with high 

levels of perforin and NK receptors (CD16, CD94, NKG2A, killer-cell Ig-like receptors 

[KIR] and others) and with low levels of chemokine receptors (184; 185). 

Biological Function: Many functions of γδ T-cells have been described. They are involved in 

immune and tumour surveillance (186), they lyse specific target cells (187; 188) and can act 

as professional antigen-presenting cells (APC) to αβ T-cells in vitro (189). Human γδ T-cells 

are capable of phagocytosis, and subsequent antigen processing and presentation on the 

major histocompatibility complex (MHC)-II (183). When stimulated, they can produce and 

express de novo MHC-II molecules and express adhesion molecules and cluster with naïve 

αβ T-cells, inducing their proliferation and differentiation into T helper (Th)1/2 cells, as well 

as inducing the differentiation of CD8+ naïve αβ T-cells into alloreactive cytotoxic T 
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lymphocytes (CTL)s (189). γδ T cells produce and release a full spectrum of cytokines and 

chemokines (190; 191), can exist phenotypically and functionally as distinct Th1/Th2 subsets 

(191-194) and can provide the necessary help for B-cells to make Ig (191; 195-198). 

Antigen Recognition: What truly sets γδ T-cells apart from their αβ T-cell relatives is that 

they are largely unrestricted of MHC molecules (191; 199-201) and do not require the 

processing and subsequent presentation of antigen (202). The TCR of γδ T-cells is a 

specialized pattern recognition receptor, similar to that of an antibody, which gives this T-

cell subset a unique and widespread capacity for reactivity to an array of largely non-peptide 

antigens.  Examples include modified phospholipids, lipoproteins and oligonucleotides (203-

205). They also recognize alkylamines (205), glycolipids (206; 207) and unprocessed 

proteins directly, such as viral proteins (205; 208) and HSP (209-212). They also express 

specialized receptors for non-classical stress-induced MHC class-I-like molecules such as 

MICA or MICB (213; 214) and glycolipids linked to CD1 (215). While many of these 

antigens are produced by pathogens, others are cellular manifestations of stress or 

transformations, (216; 217) suggesting that γδ T-cells are inherently self-reactive. There is a 

fine balance between self-immunotolerance and autoimmunity and it is, therefore, 

conceivable that a slight disturbance could shift the response towards self-reactivity (217). 

γδ T cells in MS: γδ T-cells are more numerous in MS CSF than controls (218) and they are 

concentrated in plaque tissue compared to other organs (219-221). Brain-derived γδ T-cell 

receptors demonstrate limited heterogeneity, which is indicative of a localized clonal 

response to antigen (218; 222-224). γδ T-cells recognize HSP, which are expressed on OGD 

in MS (225-227) and they release cytokines that are directly cytotoxic to human OGD in 

vitro (228), possibly via a perforin-mediated mechanism (221), and perforin is increased in 
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the brains (229) and blood (113) of MS patients. Human OGD are also susceptible to γδ T-

cell-mediated killing via NKG2D (230). Although OGD may be injured by a Fas (CD95)-

mediated mechanism (231-233), and γδ T-cells are Fas-ligand positive (191), the majority of 

OGD death is probably via a lytic pathway and not by apoptosis (234). 

γδ T cells can be responsible for the early damage and clinical symptoms of EAE 

induced by myelin-reactive  αβ T cells (235) and may provide the necessary early signals for 

infiltrating autoreactive MBP cells (235; 236). They have a restricted pattern of δ chain gene 

rearrangement, demonstrate an activated immunophenotype, expressing CD25 (IL-2R) and 

CD56 (237) and MS disease progression is positively correlated with an increase in CD16+ 

γδ T-cells (217) that are known to induce ADCC (130).    

FcγRIII (CD16): CD16 is a low-affinity Type III activating receptor that binds the Fc portion 

of IgG. Two nearly identical CD16 transcripts exist, encoded by two homologous genes: 

FcγRIIIa and FcγRIIIb. CD16a is expressed by a number of leukocytes including 

macrophages, NK cells, granulocytes and γδ T-cells (238). Its cytoplasmic tail associates 

with an FcRγ chain, and engagement triggers immunoreceptor tyrosine-based activation 

motif (ITAM)-dependent activation that is initiated by SRC-family protein kinase-mediated 

phosphorylation of tyrosine residues at the FcRγ-ITAM motif. This recruits Syk kinase to 

interact with the phosphorylated ITAM, which activates PI-3K and PLCγ to mobilize Ca2+ 

and stimulate MAPK, reorganizing the cytoskeleton (239). In spite of weak binding affinity, 

immune-complexed IgG enables more than one low-affinity receptor to bind antibody 

concurrently; therefore, cells with multiple FcγRs have higher avidity for opsonized targets 

(240-242). On the contrary, CD16b expression is exclusive to neutrophils. It does not contain 

an intracytomplasmic tail, and functions as a decoy receptor (238).  
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Downstream effector functions of CD16-immune complex engagement include 

phagocytosis, cytokine release and ADCC (243). Activation of CD3 or CD16 on resting γδ 

T-cells results in a highly cytotoxic cell population that can release cytokines, such as TNF-

α, upon CD16 engagement (185; 244). The existence of a population of CD16-expressing γδ 

T-cells suggests the possibility that these cells might have cytotoxic capabilities indirectly 

via ADCC through CD16 engagement and subsequent activation. 

CD16-expressing γδ T-cells are decreased in number in Graves’ Disease (Bossowski 

et al., 2003), SLE (245) and rheumatoid arthritis (246), whereas they are increased in the 

blood of patients affected by active inflammatory bowel disease (247) and Sjögren’s 

syndrome (248). With respect to MS, CD16 is expressed in active lesions and NAWM, as 

well as on perivascular macrophages and endothelial cells in the MS brain (249). The 

percentage of circulating CD16+ γδ T-cells is significantly increased in patients, particularly 

in those with a progressive disease course. The percentage of CD16+ γδ T-cells correlated 

with both disease duration (years since disease onset) and EDSS. Control and MS patient-

derived γδ T-cells were also shown to upregulate their expression of CD16 following 

exposure to proinflammatory cytokines, IL-2, IL-12 and IL-15 (217). 

Antibody-dependent cellular cytotoxicity: ADCC is a mechanism of cell-mediated defense 

whereby an effector cell of the immune system lyses a target cell that is opsonized by 

specific antibodies; it has generally been described in the context of limiting viral infection 

and tumour cells. NK cells are thought to be the key mediators of classical ADCC since they 

do not co-express inhibitory FcR, but it can also be mediated by macrophages and 

granulocytes (131; 238). The effector cell possesses FcR that bind the Fc portion of specific 

antibodies bound to a target, usually a virus-infected cell. Upon binding, a strong activating 
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signal is elicited and the effector cell responds with the release of pro-inflammatory 

cytokines that destroy the target (250).  

CD16+ Vγ9Vδ2 T-cells recognized and exerted ADCC on CD20+ B-cell targets in 

conjunction with rituximab, a genetically engineered chimeric murine/human mAb (251). 

Rituximab acts through several mechanisms but a homozygous valine at amino acid position 

158 of CD16 is thought to result in a higher affinity for IgG that preferentially mediates 

ADCC, rather than complement-mediated cell lysis or induction of apoptosis (252). γδ T-

cell-mediated ADCC has since been confirmed in the Freedman laboratory; CD16+ γδ T-cells 

specifically lysed rituximab-coated target cells (Burkitt’s B lymphoma, expressing CD20) in 

vitro. Lysis correlated with rituximab concentration, surface CD16 expression, and effector-

to-target (E:T) ratio (130). 

Neurofascin 

Neurofascin was initially discovered in the chick (253), and is an ankyrin-binding 

CAM of the CNS (254) that is regulated by tyrosine phosphorylation (255). It belongs to the 

neuronal L1 subgroup of the Ig superfamily of glycoproteins that also includes L1, Neural 

cell adhesion molecule L1-like protein (CHL1) and neural cell adhesion molecule (NrCAM).  

Together these polypeptides regulate the development and maintenance of neuronal elements 

and their networks (256-258). 

Structure: The Nfasc gene maps to human chromosome 1q31-q32 (259). It is subject to a 

great deal of alternative mRNA splicing and, in the chicken, is expressed temporally 

throughout development in at least fifty isoforms through the generation of ten alternatively 

spliced exons (260), suggesting a complex network of possible interactions in neural 
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regulation (261) from early development to structural maintenance in the mature nervous 

system.  

Four major Nfasc variants, Nfasc-155, -160, -180 and -186, are expressed in the 

nervous system (Hassel et al., 1997), though expression of Nfasc-160 and -180 is thought to 

be limited to early development and they are not expressed in the mature CNS (262). The 

two most thoroughly-characterized Nfasc isoforms are Nfasc-155 and Nfasc-186, named for 

their molecular mass on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE), and their expression is cell-type-specific with Nfasc-186 expressed by cells of 

neuronal lineage and Nfasc-155 expressed by myelinating Schwann cells or OGD (263; 264). 

They exhibit a high degree of sequence homology (265). The extracellular domain of all 

Nfasc variants contains six Ig-like domains. These are followed by four fibronectin (FN)-III 

repeats in the Nfasc-155 variant, while the third is absent from Nfasc-186. Additionally, the 

fourth FN-III domain is replaced by a mucin-like domain (rich in proline, alanine and 

threonine) and a fifth FN-III domain is present at the proximal end of the cytoplasmic portion 

of the protein. All Nfasc polypeptides contain a single transmembrane domain and a short 

cytoplasmic tail that binds to cytoskeletal elements such as ankyrinG (254) and ezrin, which 

allows for signal transduction (266). Lastly the N-terminal Ig1-Ig4 domains form a 

horseshoe-like structure that mediates homophilic interactions in trans between membranes 

(267; 268). This interaction is responsible for neurite transduction (267). 

Localization and function: Nfasc is implicated in many physiological processes including the 

outgrowth of neurites, fasciculation, and interneuronal adhesion (265; 269-272).  More 

importantly, it is necessary for the localization, assembly, and organization of axon initial 

segments and nodes of Ranvier in both the CNS and peripheral nervous system (PNS) (273-

276). 
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Structural Variants 

Neurofascin-155: Oligodendroglial Nfasc-155 expression begins at the onset of myelination 

(262; 264). It is targeted to the paranodal loops of the sheath where it associates with 

contactin and contactin-associated-protein (Caspr) on the axonal membrane to form a 

complex at the paranodal junction that flanks the node of Ranvier (264; 277; 278). Once 

axonal ensheathment is underway oligodendroglial mRNA transcripts decline abruptly, 

suggesting Nfasc may be, at least in part, responsible for mediating and signaling the 

recognition and subsequent interaction between axonal and glial counterparts at the onset of 

myelination (263; 264). 

Neurofascin-186: Nfasc-186 is localized to the axonal membrane at the node of Ranvier in 

the mature nervous system where it associates mainly with ankyrinG, NrCAM, and a high-

density cluster of Nav channels (275; 279; 280), suggesting its importance in the initiation 

and propagation of action potentials (281). It accumulates by an ankyrin-independent 

mechanism, but spatial maintenance is dependent upon ankyrin-binding (282).  

Temporal Expression: Nfasc and its binding associates are detected along a very similar 

timeline temporally, though variation has been documented. In CNS spinal motor neurons, 

Nav and ankyrinG precede (pan)Nfasc expression in the nodes of Ranvier (283); however, in 

the PNS, Nfasc-186 precedes the Nav channel clustering and ankyrinG recruitment, and 

nearly always accumulates before Nfasc-155 (275; 284). The expression of the Nav channel 

β1 subunit, specifically, is initialized in the rat sciatic nerve and in the brain along the same 

timeline as Nfasc (days 3 and 10, post-natally), and their interaction persists through 

adulthood, supporting the importance of Nfasc in node of Ranvier formation as well as in 

stabilizing the mature node. Interaction between the β1 and β2 Nav channel subunits and 
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Nfasc occurs at the Ig1 and FN2 sites of Nfasc (275; 285). Interestingly, Nav channel β 

subunits have CAM properties in that they interact with ECM and cytoskeletal elements, and 

they are involved in cell migration and aggregation (286; 287). In support of Nfasc-186 as a 

regulator of the mature nervous system, neurite outgrowth was inhibited by the expression of 

the fifth FN-III domain of adult Nfasc-186 (261; 274). 

Disturbance: The importance of Nfasc is exhibited in subjects where it is absent or its 

expression disrupted. The interplay between nodal molecules is necessary for the correct 

assembly of Nav channels, and Nfasc-186 appears to be pivotal in the process as clustering 

fails to occur in Nfasc-186-null animals (278).  Nfasc-186-deficient mice also suffer from 

abnormal PNS node of Ranvier formation and disrupted localization of ankyrinG and Nav 

channels (278), which are recruited to the node of Ranvier after Nfasc targeting (273). These 

mice also exhibit disorganization of the paranodal junctions, which reduces conduction 

velocity and results in muscle paresis and tremors (278; 288; 289). Ablation of the Ig5 and 

Ig6 domains of mouse Nfasc-155 abolishes functionality; septate junctions are absent with 

Caspr and contactin diffusing from the paranodes and juxtaparanodal potassium channels 

redistributing in the direction of the nodes. Additionally, contactin fails to associate with 

Nfasc-155. Ablation of Nfasc-186 Ig5 and Ig6, however, is not functionally catastrophic 

(290). 

Neurofascin alteration in MS: Neurofascin was first implicated as a target of the immune 

system in MS when it was observed that Nfasc-155+ paranodal structures were altered both 

within and adjacent to actively demyelinating white matter lesions, post-mortem, and that it 

was associated with damaged axons, prior to demyelination (291). 

Neurofascin antibodies in MS: Anti-Nfasc antibodies have been detected in the sera of as 

many as 30% of MS patients (174; 292; 293) and, functionally, they recognize and bind to 
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Nfasc-186-expressing cells in vitro (174). In the context of EAE, co-transferred pan-Nfasc 

antibodies colocalized with Nav channels at the nodes of Ranvier, and were shown to enhance 

initial disease severity that likely resulted from acute axonal injury (174). An axonopathic 

autoantibody response was again responsible for increased disease severity when animals 

were primed with Nfasc-186 prior to EAE induction (294). These reports provide evidence 

that the CNS target is Nfasc-186, rather than the oligodendroglial Nfasc-155 isoform (174). 

Commercial pan-anti-Nfasc antibodies bound to the axonal surface of myelinating 

cultures generated from embryonic rat spinal cord and resulted in complement-dependent 

loss of axons and secondary complete demyelination (292).  Additionally, when one 

individual patient-derived IgG fraction was depleted of anti-Nfasc-155, the resultant IgG 

fraction was unable to mediate demyelination and axonal loss in vitro, confirming that Nfasc 

can, indeed, be a target of an injurious response in MS and also suggests that pathogenic 

mechanisms differ between patients (292). In a subsequent report, one third of MS patient-

derived anti-Nfasc antibodies mediated complement-dependent demyelination of terminally-

differentiated OGD in a myelinating culture system. Autoantibodies capable of 

demyelination were detected more frequently in RRMS patients than PPMS (292). 

Neurofascin in the peripheral nervous system: Inflammatory demyelinating diseases also 

occur in the PNS. Nfasc density was diminished at the nodes of Ranvier prior to the onset of 

clinical symptoms in a model of Guillain Barré Syndrome (acute inflammatory 

demyelinating polyneuropathy [AIDP]) in the Lewis rat, induced by immunization against 

peripheral myelin. Subsequently, nodes lacking Nav channels and ankyrinG were observed, 

and correlated with increasing demyelination. This suggests that adhesive molecules of the 

nodes are disrupted or lost first, and that diffusion of Nav channels is dependent upon 

paranodal disruption. Conduction deficits were also observed, antibodies directed at both 
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Nfasc-155 and -186 were detected in the sera of these animals and antibody deposition at the 

nodes of Ranvier was independent of complement (295). 

Autologous hematopoietic stem cell transplantation  

History and therapeutic benefits in EAE and MS: Conventional disease modifying therapies 

(DMT) for MS largely target cellular components of the immune system and the blood-CSF 

barrier, and have proven efficacious with regards to reducing relapse rates (2; 296), slowing 

clinical disease progression (2), and reducing the number of new lesions (297; 298); though 

during the latter progressive phase, efficacy declines as the neurodegenerative processes 

seem to be habitually independent of immune-mediated inflammation (299-301). 

The therapeutic benefits of autologous hematopoietic stem cell transplantation 

(aHSCT) for the treatment of severe autoimmune disease in animals and humans are well 

documented. Since 1996, it has become a promising treatment for systemic sclerosis (302), 

SLE (303-305), juvenile idiopathic arthritis (306), hematologic immune cytopenia (307), and 

MS (297; 298; 308-316).  The rationale for its use in the treatment of MS has come from 

studies in EAE that demonstrated reversal of clinical symptoms and prevention of relapses 

following allogeneic transplant (317-319). Others demonstrated suppression of chronic EAE 

and the induction of tolerance to the immunizing antigens with high-dose cyclophosphamide 

treatment for the elimination of immunocompetent lymphocytes and recovery by syngeneic 

bone marrow transplantation (320-322). 

Procedure: Hematopoietic stem cells (HSC) are derived from the bone marrow, and typically 

express CD34, CD133, CD45. They give rise to blood cells including red blood cells, T- and 

B-lymphocytes, NK cells, macrophages, granulocytes and monocytes (323; 324). HSCs are 

harvested from bone marrow by aspiration from the ileac crest or they are mobilized into the 

peripheral blood by use of cyclophosphamide (1.5-4.0 g/m2 over 1-2 days, followed by G-
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CSF (5-12 µg/kg/day) until the harvest is complete. HSCs are identified by CD34 expression, 

collected by leukapheresis, depleted of T-cells, and cryopreserved until engraftment. A 

minimum dose of 3x106 CD34+ cells/kg bodyweight is generally administered. In addition, a 

potent immune-ablative conditioning regimen (Busulphan 9.6 mg/kg, Cyclophosphamide 

200 mg/kg, rabbit Anti-thymocyte globulin (ATG) 5 mg/kg) is undertaken within 1-2 months 

of stem cell collection to eliminate autoreactive clones (lymphocytes and hematopoietic 

cells) from the peripheral blood, bone marrow, lymphoid tissue and the CNS. The graft is 

then thawed and infused through a central venous catheter; recovery of cell counts occurs 10-

20 days thereafter. Autoreactive T-cells that survive the conditioning regimen or that are 

reinfused with the graft are depleted with polyclonal anti-thymocyte globulin or thymocyte-

specific mAbs (314). 

Clinical outcomes: Three-year follow-up studies have reported that most patients did not 

progress clinically (as assessed by EDSS) (298; 325), most had fewer relapses (309), 

contrast-enhancing MRI activity was suppressed (297; 298; 308-310; 326; 327) and brain 

atrophy declined (328; 329). 

Neurofilaments as indicators of neurodegeneration in MS 

Structure and clinical features: Neurofilaments are classified as Type IV intermediate 

filaments (330), and are the most abundant structural proteins in neurons. They are primarily 

localized in the axons and dendrites, and consist of filaments composed of heteropolymers of 

4 subunits, each 10 nm in diameter (331). The light (61 kDa) and medium (NfM; 102.5 kDa) 

chains are coded on chromosome 8p21 and consist of 543 and 916 amino acids, respectively, 

and the heavy (NfH; 111 kDa) chain is coded on chromosome 22q12.2 and consists of 1020 

amino acids (332). The fourth subunit is α-internexin in the CNS or peripherin in the PNS 
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(330; 331). Neurofilament proteins are released into the CSF in episodes of acute CNS 

destruction such as cerebral infarction (333; 334) and subarachnoid hemorrhage (334), and 

are also predominant in neurodegenerative diseases such as amyotrophic lateral sclerosis, 

Alzheimer’s disease, (335) and MS. 

Neurofilament heavy chain: NfH exerts regulatory influence on axonal transport and cell 

structure homeostasis (332). Its C-terminal domain, consisting of 42 lysine-serine-proline 

repeats (336-338), is the most extensively phosphorylated protein in the human brain (332; 

338-340) and is highly resistant to protease degradation (332; 340-343).  It has been 

associated with chronic CNS injury and predominates in the CSF of PPMS and SPMS 

patients (344), which likely indicates accumulation of axonal damage. Importantly, it has 

been consistently related to disease progression as measured by the EDSS (332; 345-347), 

though it has been correlated with relapse activity as well (345; 347). 

Neurofilament light chain: Due to its relative abundance and the existence of specific 

detection assays, neurofilament release associated with MS has focused largely on NfL. It is 

the most abundant of the neurofilaments, and plays an essential role as the backbone of the 

fibre, to which NfM and NfH co-polymerize (348). NfL is considered a marker of acute 

inflammatory axonal damage; in MS it is more concentrated during relapse than remission, it 

correlates with contrast-enhancing lesions, its levels are elevated in patients with OCB, and it 

relates to CSF cell count (347; 349-352). NfL is enriched in RRMS CSF compared to 

controls (219; 333; 349; 350; 353; 354) and it is decreased following treatment in RRMS and 

SPMS (355; 356). In addition, NfL has been indicated as a good predictor of conversion to 

clinically-definite MS (357) and, when compared to NfH as a therapeutic biomarker 

following natalizumab treatment, NfL emerged as superior with changes being more 

pronounced than with NfH, though the latter demonstrated improved correlation in patients 
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experiencing a relapse. It has not, however, definitively been shown to correlate with disease 

progression (356; 358; 359).  

It has been proposed that the presence of neurofilaments in the CSF may be an 

indicator of ongoing neurodegeneration in MS (345; 355; 360-362). As such, neurofilament 

has naturally emerged as biomarker for disease activity, a measure of clinical disability (344; 

347; 349-351; 356; 359; 362) and as a potential prognostic indicator (352; 363). 

Summary 

MS is an autoimmune demyelinating neurodegenerative disease of the CNS 

characterized by a multitude of mechanisms with involvement from both the innate and 

adaptive immune systems. γδ T-cells are thought to bridge this gap through their unique 

approach to antigen recognition, and more recently the gap was further reduced when, in 

their role as effectors, γδ T-cells specifically lysed target cells via ADCC (130; 251). In 

parallel, antibodies targeting the axonal glycoprotein Nfasc were identified in a proportion of 

MS sera. Harvested antibodies bound to Nfasc-186-expressing targets, and were pathogenic 

both in vitro and in vivo by demyelination and impairment of axonal transport, respectively 

(174), but the effector mechanisms involved and the extent to which antibodies specific to 

self-antigens are pathogenic remain unknown. Autoantibody-mediated targeting of the CNS 

could, thus, provide an alternative mechanism whereby γδ T-cells are pathogenic in the 

context of immune dysregulation in MS. Furthermore, immune dysregulation in MS is 

supported by patient improvement following the elimination of cellular immune components 

and autologous hematologic reconstitution. Quantification of neurodegenerative markers as a 

means of assessing neuronal integrity in both the presence and absence of inflammatory 

stimuli might provide evidence that neurodegeneration in MS is at least in part immune-
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mediated, and that patient improvement is the result of a cessation of neurodegenerative 

activity.  

 

RESEARCH OVERVIEW 

Hypotheses 

(i) MS patients produce antibodies to neurofascin; production is subtype-specific and 

correlates with neurodegeneration; (ii) In the absence of CNS inflammation following 

autologous hematopoietic stem cell transplantation, neuro-axonal elements are preserved; 

(iii) γδ T-cells induce ADCC by binding MS patient-derived anti-neurofascin antibodies. 

Research Questions 

1. Are anti-Nfasc antibodies detectable in the sera and CSF of MS patients, and do they 
correlate with neurodegeneration? [Chapter 3] 
 
2. In the absence of inflammation following aHSCT, is neurofilament release reduced 
[Chapter 4] 
 
3. Do anti-neurofascin antibodies interact with γδ T-cells to lyse Nfasc-expressing target 
cells?[Chapter 5] 
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CHAPTER 2. Materials and methods 

2.1 Patients and sample collection 

2.1.1 Anti-neurofascin antibody study 

Sera and CSF samples were obtained from MS patients and OND controls at the time 

of diagnostic assessment at the MS Centre of the Ottawa Hospital General Campus. Samples 

were chosen retrospectively based on MS subtype, according to the “revised McDonald 

criteria” (364).  

2.1.2 Autologous Hematopoietic Stem Cell (aHSCT) study 

Sera and CSF were obtained at 4 time points from MS patients enrolled in the 

Canadian MS aHSCT study. Briefly, the subjects were between the ages of 18 and 50 years 

and had a diagnosis of active MS with relapses or progression, and sustained impairment. 

They were considered at high risk for progression and experienced disease activity such as 

deterioration in the EDSS or significant relapses in the previous 2 years. 

2.1.3 Blood and cerebrospinal fluid collection 

Blood was collected by venipuncture into a vacutainer containing no anticoagulant 

and allowed to rest for 30-45 min to permit clotting, after which time the tube was 

centrifuged for 10 min at 2400 rpm in an IEC Centra GP8R centrifuge (Thermo Fisher 

Scientific, Burlington, ON) with the brake turned off. Sera were removed to 5 ml 

polypropylene tubes. CSF was obtained by lumbar puncture, centrifuged at 2400 rpm for 10 

min to remove cells and removed to a fresh 5 ml polypropylene tube. Sera and CSF were 

immediately stored at -80°C.  
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2.2 Anti-neurofascin antibody detection, purification, and characterization 

2.2.1 Anti-Nfasc antibody Enzyme-linked immunosorbent assay (ELISA)  

 Wells of a 96-well microplate (Costar, Cole-Parmer Canada Inc., Montreal, QC) were 

coated with 100 µl of 5 µg/ml recombinant rat Nfasc-155 (R&D Systems, Cedarlane 

Laboratories, Burlington, ON) and incubated at 4°C overnight. The contents were removed 

and the wells were briefly washed 3 times with phosphate-buffered saline (PBS) containing 

0.05% Tween-20. Extraneous binding sites were blocked with 200 µl of blocking buffer (5% 

human serum albumin [Alburex HS-25, CSL Behring AG] in PBS) for 1 h with gentle 

agitation. Sera were diluted 100-fold in sample buffer (blocking buffer containing 0.05% 

Tween-20) and 100 µl were plated, in duplicate, and incubated for 1 h at room temperature 

(for CSF, 250 µl of undiluted CSF were added). A commercial goat anti-human neurofascin 

antibody (P-19) (Santa Cruz Biotechnology Inc., Santa Cruz, California) was used as a 

positive control. The plates were extensively washed, and 200 µl of 10-3 goat anti-human 

IgG-horseradish peroxidase (HRP) in sample buffer (or 10-4 rabbit anti-goat IgG-HRP for the 

positive control) were added to the sample wells and incubated at 37°C with 5% CO2 for     1 

h. Next, 150 µl of 3,3’,5,5’ tetramethylbenzidine (TMB) substrate reagent (BD Biosciences 

Pharmingen, Mississauga, ON) were added to each well and incubated in the dark for 5 min. 

The reaction was stopped with the addition of 100 µl of 1 M H2SO4. The absorbance was 

measured at λ450 nm using a microplate photometer (Multiskan Ascent 354; Thermo Fisher 

Scientific).  

2.2.2 Western Blots 

0.5 µg (5 µl of 0.1 µg/µl) of recombinant rat Nfasc-155 was mixed with 10 µl of 4x 

LDS sample buffer (Life Technologies, Burlington, ON) and heated at 70°C for 10 min. The 
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protein standard consisted of 4 µl of SeeBlue® Pre-stained protein standard (Life 

Technologies) and 4 µl of MagicMark XP Western Protein Standard (Life Technologies). 

Samples were electrophoresed in 4-12% NuPAGE® Bis-Tris gels (Life Technologies) at 200 

V for 45 min in NuPAGE® MES running buffer (Life Technologies). Proteins were 

transferred to a polyvinylidene fluoride (PVDF) membrane (Thermo Scientific, Burlington, 

ON) in transfer buffer (20% methanol, 25 mM Tris-HCl in ddH2O) at 30 V for 1 h. The 

membrane was blocked in 5% skim milk in Tris-buffered saline (TBS; 50 mM Tris-Cl, 150 

mM NaCl, pH 7.5) for 1 h at room temperature or overnight at 4°C. The PVDF membrane 

was probed with high or low (anti-Nfasc antibody)-titre serum diluted 100-fold or CSF 

diluted 2-fold (or a commercial goat anti-human Nfasc antibody diluted 1:500 was used as a 

positive control) in 5% skim milk overnight at 4°C. The membrane was extensively washed 

with washing buffer (0.1% Tween-20 in PBS). The membrane was then probed with 

1:14,000 goat anti-human IgG- HRP (or a rabbit anti-goat IgG-HRP for the positive control) 

in 5% skim milk for a minimum of 1 h at room temperature. The membrane was washed 

extensively, and during that time the enhanced electrochemiluminescence (ECL) solution 

was prepared by combining 400 µl of each of the following stock solutions:  

Solution 1: 1 M Tris/HCl, 90 mM p-Coumaric acid, 250 mM Luminol in DMSO 

Solution 2: 1 M Tris/HCl, 30% H2O2 in dH2O 

In a dark room, the membrane was placed in a propylene sheet protector and 800 µl of ECL 

solution were added. A sheet of CL-XPosure film (Thermo Scientific) was placed on top and 

the film was developed using a Kodak M35A X-ray film processor. 
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2.2.3 Purification of serum-derived anti-Nfasc antibodies 

The NHS HP SpinTrap kit (GE Healthcare, Mississauga, ON) was utilized in 

conjunction with the NHS HP SpinTrap Buffer kit according to the manufacturer’s 

instructions to purify anti-Nfasc antibodies from MS patient sera. Except where stated, all 

washes and equilibration steps involved the addition 400 µl of reagent, each step was 

repeated 3 times, and all centrifuge steps were performed at 150xg using an Eppendorf 

5417R centrifuge (Thermo Fisher Scientific). Briefly, 400 µl of 50% gel slurry containing 

sepharose beads was placed into a SpinTrap column, which was placed into a 2 ml 

microcentrifuge tube and centrifuged to remove the storage solution before being 

equilibrated with ice-cold 1 mM HCl. Next, 450 µg of recombinant rat Nfasc-155 was 

suspended in 300 µl of coupling buffer (0.75 M triethanolamine; 2.5 M NaCl, pH 8.3) and 

added to the column and mixed end-over-end for 30 min at room temperature. The tube was 

centrifuged to remove unbound protein. The column was then blocked with a series of 

incubations alternating between high and low pH (2.5 M ethanolamine/2.5 M NaCl [pH 8.3] 

and 0.5 M NaAc/2.5 M NaCl [pH 4.0]) and equilibrated with binding buffer (0.5 M Tris; 1.5 

M NaCl, pH 7.5). Next, 300 µl of high-titre patient serum was mixed with 100 µl of binding 

buffer and added to the column, mixed end-over-end for 1 h, and then repeated to maximize 

the anti-Nfasc antibody yield. The column was then washed with wash buffer (0.5 M Tris; 

1.5 M NaCl; 2 M urea, pH 7.5). Anti-Nfasc antibodies were eluted with the addition of 200 

µl of elution buffer (1 M glycine-HCl, pH 2.9) and by centrifuging for 1 min at 1000xg. 

Eluted antibodies were immediately neutralized with 45 µl 1 M Tris (pH 9) and stored at -

80°C until use. 
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2.2.4 Quantification of MS patient-derived anti-Nfasc antibodies 

Wells of a 96-well microplate were coated with 100 µl of 5 µg/ml recombinant rat 

Nfasc-155 and incubated at 4°C overnight. The contents were removed and the wells were 

briefly washed 3 times with PBS containing 0.05% Tween-20. Extraneous binding sites were 

blocked with 200 µl of 5% HSA in PBS (blocking buffer) for 1 h with gentle agitation. A 6 

point standard curve was generated by making serial dilutions of a commercial goat anti-

human Nfasc antibody. One hundred µl of each standard and a 10-fold dilution of harvested 

anti-Nfasc antibodies were added to appropriate wells and incubated for 1 h at room 

temperature with gentle agitation. The contents of the wells were removed and the plate was 

washed extensively. 100 µl of rabbit anti-goat IgG-HRP diluted 10-4 and goat anti-human 

IgG-HRP diluted 5 x 10-3 were added to appropriate wells, and the plate was incubated for 1 

h at 37°C. The plate was again washed extensively and 150 µl of TMB were added to each 

well and incubated for 5 min in the dark. The reaction was stopped with the addition of 100 

µl of 1 M H2SO4. The absorbance was measured at λ450 using a microplate photometer and 

a standard curve was generated using the OD values and known concentrations of the 

standard curve.  

2.2.5 Anti-Neurofascin IgG Profiling  

The Human IgG Subclass Profile kit (Invitrogen, Burlington, ON) was utilized 

according to the manufacturer’s instructions and all steps were performed at room 

temperature. The lyophilized human serum control and human IgG subclass standard were 

reconstituted with 1 ml diluent buffer. A 6-point standard curve of the human IgG subclass 

standard was then generated with serial dilutions. Fifty µl of each human subclass-specific 

antibody (IgG1, IgG2, IgG3, IgG4) were added to appropriate IgG antibody pre-coated wells, 
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except for the zero wells. Then 50 µl of 1:5 diluted MS patient-derived anti-Nfasc antibody, 

standards, or the human serum control were added to respective wells and incubated for 30 

min. The contents were removed and the wells washed 3 times with wash buffer. Next, 100 

µl of diluted peroxidase anti-human IgG conjugate solution was added to each well and 

incubated for 30 min. The washes were repeated and 100 µl of TMB were added to each well 

and incubated for 10 min in the dark. Quickly, 100 µl of stop solution were added to each 

well and the plate tapped gently to mix. The absorbance was measured at λ450 using a 

microplate photometer and a standard curve was generated using the OD values and known 

concentrations of the standard curve. 

2.3 Stable Transfection of HeLa cells 

HeLa cells  (CCL-2; originally obtained from ATCC) kindly provided by Dr. Kathryn 

Wright (Dept. of BMI, University of Ottawa) were seeded at 2 x 105 cells per well of a 24-

well plate (Costar) and cultured in complete Roswell Park Memorial Instituate medium 

(cRPMI) overnight or until reaching 80% confluency. The full-length turbo-green fluorescent 

protein (tGFP)-tagged human neurofascin-186 cDNA clone in a pCMV6-AC-GFP vector 

was obtained from Origene (Rockville, Maryland, USA). The NCBI accession number is 

NM_001005388.2. The HeLa cell culture medium was replaced with 500 µl of opti-MEM, 

reduced-serum medium (Life Technologies) and transfection was carried out with the 

addition of 0.5 µg of the tGFP-tagged human neurofacin-186 cDNA clone and 0.75 µl of 

lipofectamine (Life Technologies). The cells were incubated for 6 hours at 37°C, then the 

media was replaced with cRPMI. The following day the medium was replaced with selection 

medium; cRPMI supplemented with 700 µg/ml geneticin (G418; Invitrogen, Burlington, 

ON), and it was replaced every other day thereafter. Flow cytometry was used to assess the 
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transfection efficiency, and performed using a Coulter FC500 flow cytometer (Beckman 

Coulter) equipped with one Argon laser. A tube containing control, untransfected (tGFP-) 

HeLa cells was used to set up the voltage and compensation values and the emission of tGFP 

was redirected through the 500 nm specific band-pass optical filter and detected through 

FL1. Ten thousand events were acquired.  

The transfection efficiency as measured by the percentage of tGFP+ cells was <10%, 

thus the tGFP+ cells were separated by fluorescence-activated cell sorting (FACS; StemCore 

Flow Cytometry Facility, Ottawa Hospital Research Institute) and re-seeded in selection 

medium with replacement every other day until use. 

2.4 Immunohistochemistry 

 Control and Nfasc-transfected HeLa cells were seeded at 6 x 105 cells/well of an 8-

well Lab-Tek II chamber slide (Cole Parmer Canada Inc.) and incubated overnight at 37°C to 

promote adherence. The following day, the medium was removed, and the chambers were 

washed with PBS. The chamber was removed and the slide was fixed in ice-cold methanol 

for 10 min. Fifty µl of universal protein block (Dako, Burlington, ON) was applied to each 

section and allowed to incubate for 30 min at room temperature.  

A rabbit anti-human Nfasc antibody raised against an intracellular domain of Nfasc, 

recognizing Nfasc-155 and Nfasc-186, was kindly provided by Dr. Peter Brophy at the 

Centre for Neuroregeneration at the University of Edinburgh and was used as a positive 

control. It was diluted 1:1000 and MS patient-derived anti-Nfasc antibodies were diluted 1:2 

in blocking buffer (1:5 universal protein block in 5% bovine serum albumin [BSA] buffer [5 

g BSA in 100 ml 0.01 M PBS; pH 7.6]) and 30 µl were carefully added to the appropriate 

chambers and incubated for overnight at 4°C in the dark. Fifty µl of wash buffer (0.01 M 
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Tween-20 in PBS) were applied to each section and allowed to incubate for 5 min at room 

temperature. The buffer was pipetted off and the step repeated. Secondary antibodies, donkey 

anti-human-cy 3 and donkey anti-rabbit-cy 3, (Jackson ImmunResearch, West Grove, 

Pennsylvania, USA) were diluted 1:600 in 0.01 M PBS and 30 µl were added to appropriate 

sections and incubated for 30 min at room temperature in the dark. Washes were repeated 

before the sections were counter-stained with 1:200 Hoechst for 10 min in the dark. Washes 

were repeated and cover slips were applied. Immunofluorescence was performed using a 

Zeiss LSM 510 Meta laser scanning confocal microscope (Zeiss Canada, Mississauga, 

Canada).  

2.5 Blood samples and γδ  T-cells 

2.5.1 Peripheral blood mononuclear cell isolation from whole blood 

Fresh blood samples were obtained by venipuncture from MS patients, using heparin 

as an anticoagulant. PBMCs were isolated by density gradient centrifugation according to 

standard procedures. In a 50 ml conical tube, 15 ml of whole blood was washed with 30 ml 

of PBS. Fifteen ml of Ficoll-Hypaqe (Pharmacia Biotech AB, Uppsala, Sweden) was 

underlayered carefully and the tube centrifuged at 300xg for 30 min at room temperature in 

an IEC Centra GP8R centrifuge, with the brake turned off. The buffy coat, enriched in 

PBMCs, was transferred to a new 50 ml conical tube and washed twice with 45 ml of PBS 

and resuspended at 1 x 106 cells/ml in cRPMI.  

2.5.2 γδ T-cell Expansion 

γδ T-cells were expanded as previously described (221). Wells of a 24-well culture 

plate were treated sequentially with 300 µl (5 µg/ml) of sheep anti-mouse IgG (The Binding 

Site, Birmingham, UK) in PBS for 1 h at 37°C, 300 µl cRPMI for 5 min at room 
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temperature, and a 10-6  monoclonal anti-TCRγδ antibody (courtesy of Dr. Mike Brenner, 

Harvard University, titrated to yield maximum stimulation) for 30 min at 37°C. PBMCs 

isolated as described above were seeded in treated wells at 3 x 106 cells/well in a total of 3 ml 

of cRPMI. Cells were incubated at 37°C in a humidified atmosphere supplied with 5% CO2. 

Fifty U/ml IL-2 (a gift from Hoffmann-La Roche, Nutley, NJ) was added the following day. 

On the fifth day, the medium was replaced with serum-free AIM V medium (Life 

Technologies) and cultured for an additional 3 to 5 days with the addition of fresh IL-2.  

2.5.3 Purification of γδ T-cells by complement lysis 

γδ T-cell cultures were further purified by the elimination of the  αβ T-cells using the 

complement lysis procedure.  Cultures were collected following expansion, washed, and 

suspended in 100 µl of PBS. The number of contaminating  αβ T-cells was calculated by 

multiplying the total number of collected cells (enumerated with a haemacytometer) with the 

percentage of this population as determined by flow cytometry. For every 1 x106  αβ T-cells, 

4 µg (4 µl from stock) of each anti-CD4 and anti-CD8 mAbs were added and incubated at 

4°C for 30 min. Cells were washed with ice-cold PBS and resuspended in PBS at room 

temperature. Two-to-three hundred µl of sterile baby rabbit complement (C’) was added to 

the cells that were incubated in a water bath at 37°C for 30 min with occasional agitation. 

The cells were washed and suspended in 3 to 5 ml cRPMI, dependent on the determination of 

the final cell count. Cytolysed cellular debris was removed by passing the cell suspension 

through a 40 µm sterile nylon strainer (Falcon, Thermo Fisher Scientific).  Purified γδ T-cells 

were seeded and cultured for future use under the same conditions as described above, or 

suspended in 5% DMSO in FBS and cryopreserved in liquid nitrogen. 
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2.5.4 Extracellular staining of γδ T-cells by flow cytometry 

 Extracellular staining with mAbs and flow cytometry were used to investigate the 

percentage of γδ T-cells in cultures, in addition to the percentage of γδ T-cells that expressed 

CD16. Freshly expanded or previously-frozen γδ T-cells were washed with flow cytometry 

buffer (5% BSA in PBS with 0.1% [w/v] sodium azide) and 105 cells were suspended in 100 

µl of flow cytometry buffer in each of 4 microcentrifuge tubes. Cells in the first tube were 

not stained and were used as an autofluorescence control. Cells in the additional tubes were 

stained with 2 µl FITC-TCRγδ (BD Biosciences, Mississauga, ON), 2 µl phycoerythrin (PE)-

CD16 (Beckman Coulter, Mississauga, ON) and a combination of the two mAbs. The tubes 

were incubated at 4°C in the dark for 20 min before they were washed with 1 ml of flow 

cytometry three times, and finally suspended in 400 µl flow cytometry buffer for analysis. 

Flow cytometry was performed using a Coulter FC500 flow cytometer. Ten thousand events 

were acquired for all tubes. 

2.5.5 Anti-Nfasc antibody binding to γδ T-cells  

 105 γδ T-cells were seeded in wells of a 96-well round-bottom microplate (Costar) in 

cRPMI. One µg of MS patient-derived anti-Nfasc antibody was added and the microplate 

was incubated for 1 h at 37°C. The cells were transferred to 1.5 ml microcentrifuge tubes and 

centrifuged at 2500 rpm for 4 min. The medium was removed and the cells washed three 

times with 1 ml of cold flow cytometry buffer. All but 100 µl of flow cytometry buffer was 

removed and the 4 µl of PE-conjugated mouse monoclonal anti-human IgG(Fab) (ExBio 

Antibodies, Cedarlane Laboratories) was added, and the tubes incubated for 30 min at 4°C in 

the dark. The cells were washed three times with 1 ml of flow cytometry buffer and 
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resuspended in 350 µl in flow cytometry buffer for analysis. Flow cytometry was performed 

using a Coulter FC500 flow cytometer. Ten thousand events were acquired for all tubes. 

2.6 γδ  T-cell ADCC Killing Assay 

2.6.1 Co-culture of γδ T-cells and HeLa cells in the presence of anti-Nfasc antibodies 

Control and tGFP+ HeLa cells were seeded at 105 cells/well of a 24-well flat-bottom 

plate (Costar) in cRPMI. tGFP+ HeLa cell medium was supplemented with 800 µg/ml 

geneticin. The cells were cultured overnight to promote adherence. The following day, the 

medium in each well was replaced with 1 ml of cRPMI in the absence of geneticin. To 

appropriate wells, 1 µg of MS patient-derived anti-Nfasc antibody (derived from patient 

1304 and 1023), or IgG isotype control antibody (Sigma-Aldrich, Burlington, ON) was 

added and incubated for 1 h at 37°C. MS patient-derived γδ T-cells with high CD16 

expression were added in a 4:1 ratio with the HeLa cells (4 x 105) and incubated for 4 h at 

37°C.                               

2.6.2 Flow Cytometric analysis of ADCC 

 After co-culturing, the medium from each well containing the γδ T-cells and detached 

HeLa cells was transferred into 1.5 ml microcentrifuge tubes. The tubes were centrifuged at 

2500 rpm for 3 min and the supernatant discarded. The adherent HeLa cells that remained 

were detached with the addition of 200 µl of 1 mM ethylenediaminetetraacetic acid (EDTA) 

(in PBS) to each well, and incubating the plate at 37°C for 10 min. The plate was gently 

tapped, 500 µl of flow cytometry buffer was added to each well, and the cells were 

resuspended and added to the appropriate 1.5 ml microcentrifuge tubes with the previously 

collected cells. The tubes were centrifuged for 3 min at 2500 rpm and the supernatant 

discarded. Three µl of 1.5 mM propidium iodide (PI) was added to each suspension and 
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incubated at 4°C in the dark for 20 min. The cells were washed 3 times with 1 ml flow 

cytometry buffer, then resuspended in 350 µl and placed into a flow tube for immediate flow 

cytometric analysis. Acquisition was performed on the FC500 flow cytometer. The emissions 

of tGFP and PI were redirected through specific band-pass optical filters - 500 nm for tGFP 

and 575 nm for PI - and detected through FL1 and FL2, respectively. Compensations were 

adjusted by running control and transfected (tGFP+) HeLa cells separately. Cell mixtures 

were then assessed and 10,000 events from each tube were acquired. Percent specific lysis 

was defined as: 

 

2.7 Detection of CSF Neurofilaments 

2.7.1 Quantification of CSF phosphorylated neurofilament-heavy chain 

The Human Phosphorylated Neurofilament H ELISA was obtained from Biovendor 

Research and Diagnostic Products (Candler, NC, USA). The sandwich enzyme immunoassay 

permits the quantitative measurement of the human phosphorylated NfH from serum, plasma 

and CSF. All steps were performed at room temperature, according to the manufacturer’s 

instructions. Briefly, previously cryopreserved CSF samples were diluted 1:3 in dilution 

buffer and 100 µl were incubated, in duplicate, in microplate wells pre-coated with chicken 

polyclonal anti-pNFH antibody for 60 min, followed by thorough washing. Captured NfH 

was detected upon incubation for 60 min with 100 µl of a rabbit polyclonal anti-pNfH 

detection antibody. After washing, 100 µl of HRP-conjugated anti-rabbit antibody was added 

for 60 min. After an additional washing step, 100 µl of TMB was added and incubated for 15 

min. The reaction was stopped with the addition of 100 µl of stop solution. The absorbance, 

% specific lysis =% total lysis – (% spontaneous lysis +% γδ T-cell-mediated lysis) x100  
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measured using a microplate photometer, at λ650 nm was subtracted from the absorbance at 

λ450 nm. A standard curve was generated by plotting the mean absorbance of the standards 

against the known concentration of the standards in logarithmic scale.  

2.7.2 Quantification of CSF Neurofilament-light chain 

The NF-light® (Neurofilament light) ELISA was obtained from UmanDiagnostics 

(Umea, Sweden). The solid-phase sandwich ELISA permits the quantitative determination of 

human NfL in CSF. All steps were performed at room temperature, according to the 

manufacturer’s instructions; all wash steps consisted of 3 washes with 300 µl of wash 

solution, and all incubations were performed with agitation on an orbital shaker (The Belly 

Dancer, Storvall Life Science Inc., Greensboro, USA) at 700 rpm. Briefly, CSF samples 

were diluted 1:1 with sample dilution buffer to a final volume of 220 µl. The lyophilized 

bovine NfL standard was reconstituted and diluted according to the standard dilution table 

provided. Wells of the pre-coated anti-NfL microplate were washed, 100 µl of each standard 

or sample were added, in duplicate, and the plate was incubated for 1 h. The contents were 

removed, the plate washed, and 100 µl of biotin anti-NF mAb were added to each well and 

incubated for 45 min. The plate was washed and 100 µl of HRP conjugate were added to 

each well and incubated for 30 min. The plate was washed and 100 µl of TMB were added to 

each well and incubated for 15 min. The reaction was stopped with the addition of 50 µl of 

8% v/v H2SO4. The absorbance was measured at λ450 nm using a microplate photometer. 

The concentration was then calculated by plotting the mean absorbance against the known 

standard concentrations in a linear scale.	   
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2.8 Statistics 

Comparisons between multiple groups were evaluated with the nonparametric 

Kruskal-Wallis one-way Analysis of Variance (ANOVA). When statistical significance was 

noted, Dunn’s post-hoc test was applied for determination of significant differences between 

the multiple groups. Comparisons between 2 groups were evaluated with the Mann-Whitney 

U Test. The Wilcoxon signed rank test was used to compare repeated measurements in 

individuals over time. For correlation analyses, the Shapiro-Wilk test determined that the 

data were not normally distributed; therefore, R coefficients were obtained using the 

Spearman’s rank correlation coefficient; p values obtained by linear regression. p-values < 

0.05 were considered statistically significant.  

Statistical analyses were performed using Statistica v6.0 (Statsoft, Inc., Tulsa, USA) and 

GraphPad Prism v4.02 (GraphPad Software, Inc., La Jolla, USA). 
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CHAPTER 3. Anti-neurofascin antibodies access the CNS during periods of active 

inflammation and are associated with neuro-axonal injury. 

 

ABSTRACT 

Background: γδ T-cells have been shown to express FcR and they are capable of binding 

antibody. These FcR-bearing cells correlate with disease progression in MS and have been 

shown to exert ADCC. This led us to wonder if there were relevant and detectable antibodies 

that might engage γδ T-cell FcR in the context of contributing to the immunopathogenesis of 

MS. A search for antibodies specific to axonal elements in MS revealed the presence of 

antibodies to neurofascin, and previously reported findings suggested these might be good 

candidates.  

Methods: Sera and CSF were obtained for diagnostic purposes. A direct ELISA was 

developed to measure anti-Nfasc antibody titres in the sera and CSF of clinically confirmed 

MS patients and OND controls. A commercial ELISA was used to quantify the 

concentrations of NfL, a marker of acute axonal injury. 

Results: Positive anti-Nfasc antibody titres were detected in of 22% and 25% of MS patient 

sera and CSF, respectively. Stratification according to MS disease subtype indicated that this 

might be a factor in anti-Nfasc antibody production. In the sera, the mean SPMS titre was the 

most elevated (p<0.05 vs. OND controls), while in the CSF the mean RRMS titre was the 

highest (p<0.0001 vs. OND controls). MS patient serum and CSF anti-Nfasc antibody titres 

correlated (p=0.001), and this was not observed for controls (p=0.65). Anti-Nfasc antibody 

titres failed to correlate directly with disease duration or patient age, though CSF anti-Nfasc 
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antibody titres were significantly reduced in patients over 50 years of age. CSF anti-Nfasc 

antibody titres correlated positively with NfL (p=0.0003).  

Summary: Anti-Nfasc antibodies were present and detectable in both the sera and CSF of 

MS patients, and rarely in OND controls, suggesting they are relevant to MS. Higher titres in 

the serum support peripheral synthesis, while higher CSF titres in the relapsing phase imply 

that antibodies access the CNS during periods of active inflammation that are associated with 

disruption of the blood-CSF barrier. CSF anti-Nfasc antibody titres correlated strongly with 

the release of NfL, suggesting that axonal injury could be an immune-mediated pathology, 

and that Nfasc-specific antibodies might be involved.  

INTRODUCTION 

Multiple sclerosis is an inflammatory autoimmune disease of the CNS that is 

characterized by demyelination and axonopathy. Though the exact patho-immunological 

mechanisms that produce the damage underlying the disease are incompletely understood, 

there are many suspected processes, including mechanisms mediated by autoantibodies that 

target CNS myelin and neuro-axonal elements. The first CNS-specific autoantibodies 

identified in MS were OGD-specific and included antibodies that targeted intracellular MBP 

(136) and myelin-associated glycoprotein (MAG) (137). Anti-MOG antibodies were later 

discovered (138), followed by anti-PLP antibodies in a small subset of patients (139). 

Nerve impulse conduction of myelinated axons in the CNS is dependent upon high-

density clusters of Nav channels at the nodes of Ranvier (60). Both the paranodal junctions 

and nodes of Ranvier must be intact to support saltatory conduction (61), and antibodies that 

target this CNS architecture have recently acquired attention, such as those specific to Nfasc. 

Antibodies to Nfasc, a protein expressed at the paranodes and the nodes of Ranvier, 

were detected in the sera of 30% of MS patients, which recognized and bound to Nfasc-186-
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expressing cells in vitro (174). The role of these MS patient-derived antibodies was not 

assessed but, in the context of EAE, co-transferred pan-Nfasc antibodies colocalized with 

Nav channels at the nodes of Ranvier and were shown to enhance initial disease severity that 

likely resulted from acute axonal injury (174). The pan-Nfasc antibodies also bound the 

axonal surface of myelinating cultures, where they mediated complement-dependent injury 

to axons that led to secondary demyelination, while depletion of anti-Nfasc-155 antibodies 

abrogated the entire effect on axonal injury. These findings suggest that targeting Nfasc with 

complement-fixing antibodies might be a mechanism of axonal injury in MS (292). When 

rats were primed with Nfasc-186 (but not Nfasc-155) prior to EAE induction, subsequent 

disease severity was increased as the result of an axonopathic autoantibody response (294).  
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RESEARCH OVERVIEW 

Rationale and Hypothesis 

As MS progresses evidence of axonal injury mounts. Progressive phases of disease 

are characterized by an increase in the presence of antibody-forming follicle-like structures 

in the meninges and the presence of a greater B-cell component and antibody. Some of this 

antibody might be targeting axonal structures and, thus, mediating axonal injury. This role 

might be fulfilled by anti-Nfasc antibody and if so, it should be present in higher titres and in 

greater proportions of patients entering the progressive phase of disease. 

Therefore, I hypothesize that anti-Nfasc antibodies are present in the serum and CSF 

of MS patients. Anti-Nfasc antibody titres are elevated in progressive forms of disease in 

comparison to relapsing disease and OND controls, and are associated with disease duration 

and neuro-axonal injury.  

 

Research Questions 

1. Are anti-Nfasc antibodies detected in the serum of MS patients? 

2. Are anti-Nfasc antibodies detected in the CSF of MS patients? 

3. Is there a relationship between anti-Nfasc antibody titres and MS disease course? 

4. Is there a relationship between anti-Nfasc antibody titres and neuro-axonal damage in 
   MS, as indicated by the release of neurofilament proteins into the CSF? 
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RESULTS 

Titration of anti-Nfasc antibodies 

Sera were titrated to establish the linear range of the ELISA in order to make 

determinations of antibody titre in samples of unknown concentration. Sera were titrated to 

10-3, and ELISA was performed. Antibody detection was linear for dilutions from 1:50 to 

1:500 for the three sera assessed, with R2 values of 0.9865, 0.9188 and 0.8872 (Fig. 3.1A). 

This established a linear curve, and subsequent ELISAs were performed with sera diluted 

100-fold.  The same assay was conducted for MS patient CSF with 2-, 10- and 50-fold 

dilutions of the neat samples. Antibody detection was linear for the neat samples through to 

50-fold dilutions, with R2 values of 0.947, 0.9358 and 0.9024 (Fig. 3.1B).  
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Figure 3.1 Detecting the linear range of anti-Nfasc antibodies in sera and CSF. 

Dilution series of MS sera and CSF were prepared and assessed for the presence of anti-
Nfasc antibodies using ELISA. (A), Serum antibody detection was linear for the range of 
dilutions between 1:50 and 1:500 with R2 values of 0.9188 (PPMS, n red squares), 0.8872 
(SPMS, ! green triangles) and 0.9865 (SPMS, u blue diamonds) for the three sera 
assessed. (B), CSF antibody detection was linear for the range of dilutions from neat to 1:50 
with R2 values of 0.9358 (RRMS, u blue diamonds), 0.9024 (SPMS, ! green triangles) 
and 0.947 (RRMS, n red squares) for the 3 CSF assessed.  
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Proportions of positive anti-Nfasc antibody titres in sera and CSF 

 Sera from 183 individuals were evaluated using direct ELISA for the presence of 

antibodies specific for Nfasc-155, including 55 RRMS, 42 PPMS, 29 SPMS patients and 19 

patients who possibly had MS, as these individuals probably represent the earliest of the 

disease cohorts. Thirty-eight individuals with OND such as stroke or migraine were 

examined as controls. Titres derived from 100-fold dilutions that were greater than 2 

standard deviations from the mean of the OND controls were considered positive, and anti-

Nfasc antibodies were detected in 22% of MS patient sera (15.1% of RRMS, 27.5% of PPMS 

and 28% of SPMS) (Fig. 3.2) compared to 9.1% and 7.5% of patients who possibly had MS 

and OND controls, respectively. 

 CSF from 126 individuals were assessed using indirect ELISA for the presence of 

antibodies specific for Nfasc-155 including 38 RRMS, 21 PPMS, 24 SPMS patients, 14 

patients who possibly had MS, and 29 OND controls. Anti-Nfasc antibodies were detected in 

the CSF of 25.3% of the MS patients (36.1% of RRMS, 9.5% of PPMS and 22% of SPMS) 

assessed (Fig 3.3) in comparison to 25% and 3.3% of patients who possibly had MS and 

OND controls, respectively. 
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Figure 3.2 Detection of anti-Nfasc antibodies in MS patient sera. 

The presence of anti-Nfasc antibodies was assessed in the sera of MS patients by ELISA. An 
OD greater than 2xSD of the mean of the OND controls was considered positive (denoted by 
large horizontal bar). Positive titres were detected in 22% of MS patient sera in comparison 
to 7.5% of OND controls. When stratified by disease course positive titres were detected in 
the sera of 28% of SPMS (median OD 0.325), 27.5% PPMS (median OD 0.201), 15.1% 
RRMS patients (median OD 0.162), and 9.1% of patients who possibly had MS (median OD 
0.151). The most elevated serum antibody titres were observed in SPMS (mean OD 0.423) 
and PPMS (mean OD 0.367) followed by RRMS patients (mean OD 0.275), OND controls 
(mean OD 0.221), and patients who possibly had MS (mean OD 0.173). The mean for each 
group is denoted with a short horizontal bar. n=126 MS patients (55 RRMS, 42 PPMS and 
29 SPMS), 19 patients who possibly had MS and 38 OND controls. p-values obtained by 
Kruskal-Wallis ANOVA and Dunn’s post-hoc test. 
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Figure 3.3 Detection of anti-Nfasc antibodies in MS patient CSF. 

The presence of anti-Nfasc antibodies was assessed in the CSF of MS patients by ELISA. An 
OD greater than 2xSD of the mean of the OND controls was considered positive (denoted by 
large horizontal bar). Positive titres were detected in 25.3% of MS patient CSF in 
comparison to 3.3% of OND controls. Positive anti-Nfasc antibody titres were detected in 
36.1% of the RRMS patients (median OD 0.1116) compared with 25% of patients who 
possibly had MS (median OD 0.0758), 22.2% of SPMS (median OD 0.0859), and 9.5% of 
PPMS patients (median OD 0.0563). The most elevated titres were detected in RRMS (mean 
OD 0.199), followed by SPMS (mean OD 0.143) and PPMS patients (mean OD 0.074). The 
mean OD for the individuals who possibly had MS and OND controls were 0.076 and 0.044, 
respectively. The mean for each group is denoted with a short horizontal bar. n=83 MS 
patients (38 RRMS, 21 PPMS and 24 SPMS), 14 patients who possibly had MS and 29 OND 
controls. p-values obtained by Kruskal-Wallis ANOVA and Dunn’s post-hoc test.  
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Disease Duration  

Axonal disease tends to increase with disease duration; therefore, disease duration 

was examined in the context of its relationship to anti-Nfasc antibody titres. Patient history 

was available for only a subset of the cohort (126/183 and 71/126, respectively, for patients 

evaluated for serum and CSF anti-Nfasc antibody titres), thus disease duration was calculated 

for this limited group of subjects.  

The mean disease duration for patients who were evaluated for the presence of serum 

anti-Nfasc antibodies was 5.1 years (median 3.4 years), 5.9 years (median 4.5 years), and 9.4 

years (median 7.25) for RRMS, PPMS, and SPMS, respectively. It was 4.4 (median 1.2 

years) and 4.2 years (median 5.5 years) for the patients who possibly had MS and OND 

controls, respectively.  

The mean disease duration for the patients who were assessed for the presence of 

CSF anti-Nfasc antibodies was 4.6 years (median 3 years), 5.9 years (median 4.5 years), and 

12.2 years (median 9 years) for RRMS, PPMS, and SPMS, respectively. It was 4.7 years 

(median 1.2 years) and 6.5 years (median 6.5) for patients who possibly had MS and OND 

controls, respectively.  

As expected, the mean disease duration was significantly greater for SPMS patients 

than for RRMS patients in the analyses of both serum and CSF (p<0.05 and p<0.01, 

respectively) (Fig 3.4A and Fig 3.4B, respectively). No correlations were observed, 

however, between the respective mean serum or CSF anti-Nfasc antibody titre and duration 

of disease for any MS subtype (p=0.9358 and 0.3902 for RRMS; p=0.7994 and 0.4941 for 

PPMS; and p=0.7502 and 0.5747 for SPMS). The mean and median disease duration data for 

each group is shown in Table A1 of APPENDIX II. 
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Figure 3.4 Disease duration is longer in SPMS than RRMS. 

When patient history was available, the disease duration (the time from the onset of clinical 
symptoms to sample collection) was calculated for 126/183 and 71/126 of the individuals 
assessed for serum and CSF anti-Nfasc antibodies, respectively. For the (A) serum and (B) 
CSF analyses, the disease duration was significantly longer for SPMS compared to RRMS 
patients. Data represent the disease duration in years for individual patients. The mean 
disease duration for each group is denoted with a short horizontal bar. *p<0.05 and **p<0.01 
vs. RRMS, obtained by Kruskal-Wallis ANOVA and Dunn’s post-hoc test. 
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Patient Age at sample collection 

Axonal disease also tends to increase with age, thus age was examined in the context 

of its relationship to anti-Nfasc antibody titres. With respect to the serum analysis, the mean 

age of the subjects at sample collection was 38.2, 47.6 and 38.4 years for RRMS, PPMS, and 

SPMS patients, respectively. It was 40.5 and 43.6 for the patients who possibly had MS and 

the OND controls. The PPMS cohort was significantly older than RRMS and SPMS patients 

(p<0.001 and p<0.01, respectively). 

For the CSF analysis, the mean age of the subjects was 36.1, 46.2, and 38.5 for 

RRMS, PPMS, and SPMS, respectively. It was 40 and 42.6 years, respectively, for the 

patients who possibly had MS and the OND controls. The age at sample collection was 

significantly greater for PPMS than RRMS patients (p<0.01).  

When linear regression analysis was applied to anti-Nfasc antibody titres in the serum 

and CSF, respectively, in the context of patient age, no significant correlations were observed 

in any of the MS subtypes (p=0.8491 and 0.7785 for RRMS; p=0.9071 and 0.3746 for 

PPMS; and p=0.8734 and 0.3546 for SPMS, respectively). The mean and median age at 

sample collection for each group is shown in Table A1 of APPENDIX II. 

Stratification of MS patients by age 

Recently, it was suggested that inflammation and neurodegeneration are reduced in 

older MS patients, and that the boundary approaches 54 years of age (365).  To investigate 

whether a similar phenomenon could be observed in this MS cohort, patients were stratified 

by age, over or under the age of 50 years. There were no significant age differences 

calculated between any subgroups in the patients under or over 50 years of age. With respect 

to patients under the age of 50, SPMS patients assessed for serum anti-Nfasc antibodies were 

significantly older than patients who possibly had MS (p<0.001), but no other age 
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differences were observed for patients who were assessed for serum or CSF anti-Nfasc 

antibody titres. 

When comparing patients under the age of 50 to those over, CSF anti-Nfasc antibody 

titres were significantly greater in MS patients under the age of 50 than patients over the age 

of 50 (p=0.001), while there was no difference in serum anti-Nfasc antibody titres for the 

same group (p=0.516) (Fig 3.5). However, RRMS serum from subjects over 50 contained 

significantly reduced anti-Nfasc titres than did SPMS patients less than 50 years of age 

(p=0.016) (Fig 3.6). 
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Figure 3.5 CSF anti-Nfasc antibody titres decrease with age in MS. 

The MS patient cohort for whom disease duration data were available was stratified into 
groups older and younger than 50 years of age. The CSF anti-Nfasc antibody titres were 
elevated in MS patients under 50 years of age compared to patients over 50 years of age. 
Data represent the anti-Nfasc antibody titres for individual patients. The mean anti-Nfasc 
antibody titre for each group is denoted with a short horizontal bar.  ***p=0.001 obtained by 
Mann-Whitney U test.  
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Figure 3.6 Serum anti-Nfasc antibody titres are reduced in older RRMS patients. 

The serum anti-Nfasc antibody titres from MS patients for whom disease duration data was 
available were stratified according to disease course (RRMS or SPMS) and age. The serum 
anti-Nfasc antibody titres were reduced in RRMS patients older than 50 years compared to 
SPMS patients under 50 years of age. Data represent the serum anti-Nfasc antibody titres for 
individual MS patients. The mean for each group is denoted with a short horizontal bar. 
*p=0.016, compared to RRMS patients >50 years, obtained by t test. 
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Stratification of serum anti-Nfasc antibody titres by MS disease course 

Stratification according to MS subtype indicated that this might be a factor in anti-

Nfasc antibody production. Antibodies were detected in the sera of 28% of SPMS patients 

(median OD 0.325), 27.5% PPMS (median OD 0.201), 15.1% RRMS (median OD 0.162), 

and only 9.1% of patients who possibly had MS (median OD 0.151) (Fig 3.2). 

The highest serum antibody titres were observed in SPMS (mean OD 0.423; p< 0.05 

and p< 0.01 vs. OND controls and possible-MS, respectively) and PPMS (mean OD 0.367; 

p< 0.05 vs. possible-MS) followed by RRMS patients (mean OD 0.275), which were not 

significantly different from the titres of the OND controls (mean OD 0.221) or the patients 

who possibly had MS (mean OD 0.173). Additionally, a statistically significant difference 

was observed between the anti-Nfasc antibody titres of SPMS and RRMS (p< 0.05) (Fig 

3.2). To support these results, Western blots were performed with a subset of the sera, 

consisting of low and high anti-Nfasc antibody titres. Bands were observed in the 150 kD 

range, consistent with the molecular weight of Nfasc-155 (Fig 3.7).   
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Figure 3.7 MS serum and CSF anti-Nfasc antibody detection by Western blot. 

Western blots were performed using high and low (anti-Nfasc antibody) titre sera and CSF, 
as determined by ELISA. Bands representing anti-Nfasc antibodies were observed in the 150 
kD range, which is consistent with the molecular weight of Nfasc-155. Three high-titre and 1 
low-titre sera and 1 high-titre and 2 low-titre CSF were assessed. 
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Stratification of CSF anti-Nfasc antibody titres by MS disease course 

When antibody titres were examined according to MS disease course the profile of 

titres differed to what was observed in the sera. Positive anti-Nfasc antibody titres were 

detected in 36.1% of the RRMS patients (median OD 0.1116) compared with 22.2% of 

SPMS (median OD 0.0859), 9.5% of PPMS patients (median OD 0.0563). Furthermore, anti-

Nfasc antibodies were also identified in 25% (median OD 0.0758) of patients who possibly 

had MS (Fig 3.3).  

The highest titres were detected in RRMS (mean OD 0.199; p< 0.001 vs. OND 

controls), followed by SPMS (mean OD 0.143; p< 0.01 vs. OND controls) and PPMS 

patients (mean OD 0.074; p> 0.05, ns). The mean OD for the individuals who possibly had 

MS and OND controls were 0.076 and 0.044, respectively. A statistically significant 

difference was also observed between RRMS and PPMS patients (p<0.05) (Fig 3.3). As was 

performed with the sera, these observations were supported by Western blot analysis with a 

subset of low and high titre CSF samples (Fig. 3.7). Bands in the 150 kD range were, again, 

observed, which is consistent with the molecular weight of Nfasc-155. 

Correlation of anti-Nfasc antibody titres in serum and CSF 

A correlation between the sera and the CSF would suggest that peripheral antibody 

enters the CNS, likely during break-down of the blood-CSF barrier, which is more likely to 

occur in the inflammatory stage of disease, RRMS. Correlation analyses were performed for 

100 individuals whose serum and CSF were both available in the sample bank. In the 27 

OND controls and the 13 individuals who possibly had MS, there was no correlation between 

serum and CSF titres (p=0.651 and 0.448, respectively), whereas a positive correlation was 

observed for the 60 MS patients (p=0.001) (Fig 3.8). When the MS patient data were 

stratified according to MS disease subtype statistically significant correlations were observed 
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in the RRMS and PPMS patient groups (p=0.011 and 0.017, respectively) and, while there 

was a trend towards a correlation for the SPMS cohort, it was not statistically significant 

(p=0.079).  

No correlation, however, was observed between either CSF (p=0.8031) or serum 

(p=0.8278) and the EDSS, which suggests that antibody titres are not predictive of disease 

progression, as measured by that scale. 
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Figure 3.8 Anti-Nfasc antibody titres correlate in MS sera and CSF. 

(A) Positive correlations were observed between the serum and CSF anti-Nfasc antibody 
titres for the MS patients (p=0.001). A lack of significant correlation was observed for the 
(B) individuals who possibly had MS (p=0.448) and the (C) OND controls (p=0.651). Data 
represent the serum and CSF anti-Nfasc antibody OD (450 nm). n= 60 MS patients, 27 OND 
controls, and 13 individuals who possibly had MS. Correlation coefficients obtained using 
Spearman’s rank correlation coefficient; p values obtained by linear regression analysis.  
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Measurement of NfL in the CSF of MS patients 

 Levels of NfL in the CSF tend to correlate with acute axonal damage. To investigate 

neuro-axonal injury in a subset of the greater MS cohort, NfL concentrations were measured 

in the CSF of 36 randomly chosen MS patients, consisting of 18 RRMS, 8 PPMS and 10 

SPMS patients, as well as in 10 OND controls that were previously evaluated for the 

presence of anti-Nfasc antibodies. The highest mean NfL concentration was measured in the 

RRMS cohort (mean 3176.3 pg/ml, p<0.01 vs. OND controls) followed by PPMS (1630.6 

pg/ml, p>0.05, ns) and SPMS (mean 995.6 pg/ml, p>0.05, ns). The mean NfL concentration 

for the OND controls was 604.7 pg/ml (Fig 3.9). 
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Figure 3.9 NfL is enriched in RRMS CSF. 

The CSF NfL concentration was measured in a cohort of MS patients by commercial ELISA. 
CSF specimens were diluted 1:1 with sample buffer and assayed in duplicate according to the 
manufacturer’s instructions. The mean NfL concentration was 3176.3 pg/ml (p<0.01 vs. 
OND controls) for the RRMS patient cohort, 1630.6 pg/ml (p>0.05, ns) for the PPMS patient 
cohort, and 995.6 pg/ml (p>0.05, ns) for the SPMS patient cohort. The mean NfL 
concentration for the OND controls was 604.7 pg/ml. Data represent CSF NfL concentrations 
for individual patients. The mean of each patient group is denoted by a short horizontal bar. 
n= 36 MS patients (18 RRMS, 8 PPMS, 10 SPMS) and 10 OND controls. p values obtained 
by Kruskal-Wallis ANOVA and Dunn’s post-hoc test.  
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Correlation of anti-Nfasc antibody titres with acute axonal degeneration 

 Linear regression analysis was performed using the measured CSF anti-Nfasc 

antibody titres and calculated NfL concentrations. A strong positive correlation was observed 

for the MS patients (p=0.0003), and was not observed in the OND controls (p=0.883) (Fig 

3.10). The positive correlation was driven by the RRMS subgroup (p=0.0001), as the 

correlations were not statistically significant for either the PPMS (p=0.3533) or SPMS 

(p=0.5331) subgroups.  
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Fig 3.10 CSF anti-Nfasc antibody titres correlate with acute axonal injury in MS. 

A positive correlation was observed between the anti-Nfasc antibody titres and the NfL 
concentrations for (A) the MS patients (p=0.003). A lack of significant correlation was 
observed for the (B) OND controls (p=0.883). Data represent the anti-Nfasc antibody titre 
and the NfL concentration for individual patients. n=36 MS patients and 10 OND controls. 
Correlation coefficients obtained using Spearman’s rank correlation coefficient; p values 
obtained by linear regression analysis. 
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DISCUSSION 

There is a wealth of knowledge supporting a role for γδ T-cells in the pathogenesis of 

multiple sclerosis.  They are generally involved in immune surveillance and have 

multipotential capabilities for target elimination, both directly through specific target lysis 

and by functioning as APCs for additional immune effectors. Some γδ T-cells express FcR, 

and they are capable of binding antibody and eliciting an ADCC response. This begs the 

question of whether there are relevant, detectable antibodies that might engage γδ T-cell FcR 

in the context of contributing to the immunopathogenesis of MS. Of particular interest would 

be antibodies directed to neuro-axonal elements as these might contribute to the irreversible 

loss observed pathologically. 

A search for antibodies specific to axonal elements revealed descriptions of 

antibodies to neurofascin, a bi-variant glycoprotein expressed on both myelinating OGD at 

the paranode and on the axonal surface at the nodes of Ranvier. Reports suggested these 

antibodies might play a pathogenic role, thus an investigation was undertaken to determine if 

the potential pathogenicity might be a consequence of an interaction with FcR-bearing γδ T-

cells that gain entry into the CNS in the context of MS. 

Relevance to MS 

The first phase of the study was to, indeed, determine if the antibodies were present, 

detectable and specific to MS, thus an ELISA was developed. In the serum, positive anti-

Nfasc antibody titres were detected in 22% MS patients, compared with 7.5% of OND 

controls. This is consistent with a previous study that reported the detectable presence of 

anti-Nfasc antibodies in 20 to 30% of MS patients, and the occasional OND control (174). In 

the CSF, positive titres were detected in nearly 28% of MS patients and merely 3% of OND 
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controls. These observations suggested that the presence of antibodies to Nfasc was relevant 

to MS and that, perhaps, antibody production was associated with inflammation. 

With respect to the detection of antibodies in the occasional OND subjects, it might 

have been expected that these individuals had experienced some other event that led to the 

exposure of neuro-axonal elements to the immune system. Interestingly, the only subject 

with a positive anti-Nfasc antibody titre in the CSF was diagnosed with macular edema, an 

inflammatory condition of the retina that results in break-down of the blood-retinal barrier. 

Of the 3 OND controls with positive serum titres, 2 experienced spinal stenosis and cervical 

spine compression. The third was diagnosed with recurrent ovarian carcinoma and 

concomitant Celiac disease, another autoimmune disease that is associated not only with the 

production of autoantibodies (366) but also shares genetic risk loci with MS (9). 

However, a lack of definitive disease specificity was not unanticipated, as there is a 

precedent for autoimmune antibody responses in non-MS controls. Antibodies specific to 

MOG and Nogo-A, a neurite outgrowth inhibitor, have been detected previously in the CSF 

of controls (174; 367).  

Compartmentalization 

The blood-CSF barrier plays a central role in restricting the movement of soluble and 

cellular components from the periphery to the CNS, but despite a tightly controlled system, 

blood-CSF barrier dysfunction is one of the earliest pathological mechanisms in MS (88). An 

examination of anti-Nfasc antibody titres demonstrated that antibody concentrations were 

augmented in the serum when compared to the CSF, which suggests that they are synthesized 

and compartmentalized in the periphery. Peripheral antibodies to additional neuro-axonal 

elements have previously been identified in MS, including antibodies to cytoskeletal 

molecules α-centractin, CRMP1, pyruvate kinase and syntaxin-binding protein 1 (142) and 
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juxtaparanodal contactin-2/TAG-1 (173), and supports antibody synthesis to neuro-axonal 

elements as a potential mode of pathogenesis.  

In the CSF, anti-Nfasc antibody titres were greatest in the RRMS subjects, suggesting 

that peripheral antibody is gaining entry to the CNS, and driving up titres during periods of 

active inflammation that are associated with increasing disruption of the blood-CSF barrier. 

Albeit lower than those measured for the relapsing subjects, the SPMS titres were also 

significantly greater than the OND controls, suggesting that peripheral antibody continues to 

diffuse across the blood-CSF barrier and into the CNS. SPMS is characterized by fewer 

relapses than RRMS patients but these individuals do continue to relapse and have contrast-

enhancing lesions. Furthermore, endothelial abnormality continues in inactive SPMS lesions, 

NAWM and cortical grey matter (368), thus it is not surprising that CSF anti-Nfasc antibody 

titres are lower than those patients with active disease but nevertheless augmented when 

compared to OND controls.  

Augmented peripheral antibody production was similar between the non-relapsing 

cohorts, yet little anti-Nfasc antibody was detected in the CSF of the PPMS non-relapsing 

sub-group; here the CSF titre was not significantly different than the OND controls. This 

points to blood-CSF barrier integrity as a potential reason for the disparity. While some 

degree of CNS inflammation is present in PPMS, it is reduced comparatively, with RRMS 

and SPMS, and this has been previously reported (369). PPMS patients have fewer and 

smaller cerebral abnormalities (370), including fewer focal brain lesions (370; 371) and 

contrast-enhancing lesions (372; 373), which might suggest that break-down of the blood-

CSF barrier is a less prominent feature of this course. Secondly, there is less parenchymal 

inflammatory cell infiltration associated with PPMS (369), thus if anti-Nfasc antibodies enter 
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the CNS via γδ T-cell FcR engagement then intrathecal concentrations could be reduced if 

activated peripheral T-cells were prevented entry. 

Disease Duration and Age 

It is known that neurodegenerative processes tend to increase with age and duration 

of MS, and that immunological abnormalities are associated with disease progression (374).  

Altered cytokine profiles have been associated with MS disease progression, including the 

enhanced production of pro-inflammatory IL-12 and its β subunit, IL12p40, in SPMS 

compared to RRMS with concomitant reduction in IL-10 (375; 376), which might be due to a 

reduction in IL-10-producing CD5+ B-cells in SPMS (377). Interestingly, CD4+CCR5+ T-

cells are resistant to apoptosis in progressive MS (378), and the sustained populations of T-

cells might influence the longevity and function of B-cells. With respect to MS-specific 

antibodies, little is currently known about how antibody production, the potential for injury 

or inhibition of repair are associated with disease progression. Progressive MS patients 

exhibited an increase in CNS-reactive antibodies to isoforms of CNP, MOG, OGD-specific 

protein and PLP (148), and NfL-specific antibodies are enriched in the CSF of progressive 

MS patients compared to RRMS (158), which is in contrast to a wealth of literature that 

suggests NfL is released upon acute axonal injury and is associated more strongly with 

relapsing disease (347; 349-352). Fewer specific antibodies to NfL might, then, be expected 

in progressive MS, though there is the possibility that they were synthesized during the 

relapsing phase and persisted. 

To investigate these concepts further in the context of anti-Nfasc antibody synthesis, 

the symptomatic disease duration was calculated for each subject. This assessment was 

limited by the fact that sera and CSF are obtained at the time of diagnosis, which tends to be 
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in younger individuals, thus patient numbers are limited across some age groups. 

Furthermore, symptomatic history was not available for all of the samples evaluated, 

therefore, disease duration was calculated and assessed in a smaller cohort within the larger, 

complete group of subjects, when it was possible to determine the disease duration at the 

time of sample collection. First, the expectation that the mean disease duration would have 

been longer for the SPMS cohort in comparison to the RRMS cohort was confirmed 

statistically. Anti-Nfasc titres, however, did not correlate with disease duration in either the 

sera or the CSF, which suggests that the augmented antibody titres in progressive MS might 

relate to something else, such as phenotypically distinct B-cell subsets or dissimilar 

regulatory mechanisms.  

Next, anti-Nfasc antibody titres were assessed in the context of age at sample 

collection. The PPMS subjects were older than the RRMS subjects, which was expected 

given that PPMS is typically associated with an older age at onset than RRMS, 

approximately 10 years later (average age is approximately 39) (379). There was, however, 

no correlation observed between age and CSF or serum anti-Nfasc antibody titres.  

The most prominent distinction between progressive patients and relapsing or patients 

who possibly have MS is that those with progressive disease have endured its pathological 

mechanisms longer. While anti-Nfasc antibody synthesis is apparently a common 

phenomenon in MS, the lack of a direct association between disease duration or patient age 

and anti-Nfasc antibody titres suggests that differences between these patients might pertain 

more to changes of intrinsic immune function or deregulation, as these occurrences indeed 

correlate with disease duration and age (380).  

It has been suggested that the peripheral immune system becomes more dysregulated 

as patients transition from relapsing to progressive MS (380). This notion suggests that 
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antigen-specific adaptive immunity targeting myelinated elements of the CNS is 

predominantly involved in RRMS. In contrast, dysfunction of specific innate immunity may 

prevail in progressive disease as chronic inflammation is related to the activation of 

peripheral dendritic cells. This, in turn, leads to continued activation of CNS microglia and 

diffuse inflammation that injures axons and is exhibited clinically as progressive 

accumulation of disability (380; 381). However, contrary to that line of thought, systemic B-

cells and plasmablasts were significantly increased in SPMS and they correlated with disease 

progression (382). Functionally, however, what role these cells play in pathogenesis remains 

unclear. In this investigation the highest serum anti-Nfasc antibody titres were detected in 

progressive MS and, while B-cell numbers were not investigated, it is possible that the 

increased titres observed in SPMS pertain to changes in B-cell regulation, such as 

dysfunction in B-cell longevity. B-cell-activating factor (BAFF), a member of the TNF 

family, is essential for B-cell development and survival (383-385). Its most critical signal 

transduction receptor is BAFF-R, which is expressed mainly on B-cells (386). T-cell BAFF 

mRNA levels were significantly higher in MS compared to controls, and were significantly 

higher in SPMS patients. Similarly, BAFF-R mRNA expression was significantly greater in 

MS patient-derived B-cells compared to controls, and was increased in SPMS and PPMS 

(387).  These findings suggest that B-cell homeostasis could be altered in progressive courses 

of MS, such that B-cell survival and longevity might be extended. In the case of antibody-

secreting cells, such a mechanism could result in the continued secretion of antibody and, 

therefore, augmented titres compared to subjects that do not overexpress mRNA for BAFF 

and its receptor. 

Furthermore, it was recently shown that inflammation and neurodegeneration subside 

with older age in MS; CXCL13, MMP-9, and NfL were all reduced in the CSF of patients 
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over the age of 54 years (365). To determine if a similar phenomenon was evident in the 

older subjects in this cohort, the anti-Nfasc antibody titres were stratified into two groups 

according to patient age, those older and younger than 50 years of age at sample collection. 

CSF anti-Nfasc antibody titres were significantly reduced in patients over 50 years of age 

when compared to those under 50 years, while there was no parallel difference observed in 

the serum. This suggests that the pathological mechanisms involved do not reflect changes in 

antibody synthesis, but that blood-CSF barrier compromise might be reduced with increasing 

age. Blood-CSF barrier involvement is, in fact, supported by the findings of Khademi et al. 

where reductions in CXCL13, MMP-9 and NfL were reported. In MS, MMPs are thought to 

facilitate immune cell entry into the CNS (388) and CXCL13 is a B-cell chemo-attractant 

(389), with augmented concentrations in MS CSF (390-392). CXCL13 is associated with 

relapse as it is correlates with disease exacerbation, and high concentrations are thought to 

predict conversion to clinically-definite MS (365; 393).  Reductions in these factors might 

facilitate inhibition of immune cell entry into the CNS. With respect to the current 

investigation, this might lessen further blood-CSF barrier injury, thus inhibiting the diffusion 

of serum components and, therefore, anti-Nfasc antibody into the CNS. Furthermore, if anti-

Nfasc antibody enters the CNS via engagement of γδ T-cell FcR, then antibody titres in that 

compartment would be reduced if the T-cells were restricted to the periphery.  

Analysis of patients under the age of 50 in the present study demonstrated higher 

titres of serum anti-Nfasc antibody in SPMS patients compared to those who possibly had 

MS, but all other significant differences that were observed between subgroups initially, 

when age was not considered, were lost in this subsequent analysis. However, in both 

analyses, serum anti-Nfasc antibody titres were significantly higher in SPMS than RRMS, 

thus additional examination of these 2 groups was performed. A comparison of RRMS and 
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SPMS showed no statistical differences between serum anti-Nfasc titres in younger RRMS 

patients and older SPMS patients; however, there was significantly more anti-Nfasc antibody 

detected in the serum of the younger SPMS patients when compared to the older RRMS 

patients. This indicates that, in the serum, the lower titres measured in RRMS patients over 

the age of 50 years is what drives the statistical significance between the SPMS and RRMS 

patients overall. And while the difference in anti-Nfasc antibody titres between RRMS 

patients younger and older than 50 years of age was not statistically significant (p<0.09), 

there was a pattern of lower titres in the older subjects. Taken together, and keeping in mind 

that the findings cited by Khademi et al. were derived from studies of CSF markers as 

opposed to serum markers, these findings might reflect a mechanistic difference in antibody 

synthesis and persistence between RRMS and SPMS that could also be age-dependent, and 

might support a decline in inflammatory activity with increasing age in RRMS. 

Disease course  

In MS, the disease course is defined on the basis of clinical phenotype, though 

distinguishing the disease course on the basis of pathogenesis is much more difficult as there 

are shared elements across all disease courses. Additionally, by definition, all SPMS patients 

derive from RRMS, though precisely when that occurs is unknown, and distinguishing them 

is nearly impossible during the transition. The most prominent distinguishing feature of 

relapsing disease is the presence of inflammatory signals. 

RRMS is characterized by more frequent active and detectable inflammation marked 

by clinical relapses and the presence of new CNS lesions that enhance with contrast due to 

the increasing immune-mediated permeability of the blood-CSF barrier, and correlate with 

perivascular inflammation (394). Relapses are associated with more numerous myelin-

reactive T-cells in the circulation (395), proinflammatory cytokine expression in peripheral 
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T- and B-cells (396) a decreased peripheral Treg/Th17 ratio (397), greater numbers of γδ T-

cells in the CSF (218), as well as proinflammatory cytokine-secreting B-cells (396). 

Demyelinating lesions characteristically consist of areas of primary demyelination, some 

degree of axonal transection, and inflammatory infiltrates that contain T- and B-cells, 

macrophages and activated microglia (389).  

On the other hand, PPMS and SPMS are characterized by progressive clinical 

deterioration in the absence of relapses. These courses are characterized by diffuse 

inflammation in the white matter, fewer inflammatory processes in white matter lesions, 

demyelination of the cerebral cortex (398), and yet an increased proportion of Ig-secreting 

cells in chronic lesions (399).  

When anti-Nfasc antibody titres were examined according to disease course the most 

augmented titres were measured in the sera of the SPMS cohort, while in the CSF the 

greatest titres were measured in the RRMS subjects. The disparity in antibody titres between 

RRMS and both PPMS and SPMS suggests that in the absence of active inflammation in the 

progressive courses, anti-Nfasc antibodies are confined to the periphery, and that increased 

antibody entry into the CNS is probably a consequence of active inflammation in RRMS.  

Contribution to axonal loss 

The presence of MS-relevant antibodies that gain entry into the CNS prompted an 

inquiry into how this might cause injury and whether they were contributing to axonal loss. 

Currently one of the most reliable assessments of axonal loss is the measurement of NfL in 

the CSF as this polypeptide has been established as a marker for acute neurodegeneration due 

to its release into the extracellular space and the CSF upon axonal injury or loss. The 

increased mean NfL concentration in the CSF of RRMS patients is supported by previous 

reports stating that NfL is enriched in RRMS CSF compared to controls (333; 349; 350; 353; 
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400), and suggests that immune-mediated axonal transection occurs primarily in the 

relapsing phase of MS, which is in agreement with the seminal finding that active lesions 

contain the greatest degree of transected axons (68). Furthermore, in MS patients, anti-Nfasc 

antibody titres correlated strongly with NfL release and were driven by the RRMS cohort, 

which provides additional support for NfL as a marker of acute axonal injury in the relapsing 

phase of MS, and also suggests that antibodies to Nfasc might be involved. Acute axonal 

injury has been previously associated with inflammation in MS, where the most extensive 

axonal injury has been observed in the active lesions of relapsing subjects, compared to 

slowly-expanding and inactive lesions and NAWM, though this is likely due to the 

enrichment of active lesions in the relapsing cohort compared to the progressive (401), an 

occurrence that is probably a factor in the cohorts examined in this investigation as well. 

The absence of a correlation between anti-Nfasc antibody titres and NfL in the 

progressive cohorts might be due to the use of NfL as an indicator of neurodegeneration as 

opposed to the heavy chain of neurofilament (NfH), which is the preferred marker for 

chronic accumulating axonal damage and has been associated with injury in both PPMS and 

SPMS (332; 356; 359). It could also suggest that neurodegeneration occurs independently of 

inflammatory processes during this phase of disease, a notion that has received a great deal 

of attention in recent years. MRI and MRS studies demonstrate only moderate correlations 

between contrast-enhancement and brain and spinal cord atrophy (402-405), profound axonal 

loss in NAWM has been shown to develop independently of axonal injury in demyelinated 

lesions (406-408), and ongoing myelin degradation has been observed in the cerebral cortex 

in the absence of parenchymal lymphocytic infiltration (409; 410).  
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Caveats 

It is important to accept these interpretations with caution as these analyses reflect 

antibody titres at a single point in time and, might not be demonstrative of true physiological 

levels, or at least what would be expected during a period of stability. This pertains 

especially to the RRMS subjects who were at greater risk of experiencing heightened 

inflammatory activity in the form of relapses. Sample collection surrounding relapse activity 

may bias the results in favour of increased titres that might be short-lived, particularly in the 

CNS compartment. Furthermore, it is possible that the OD values obtained from the 

immunoassay do not reflect the true antibody titre. The assay binds antibody that is specific 

to Nfasc-155 and, while the two variants share a high degree of homology, it is possible that 

there are peripheral antibodies that target Nfasc-186-specific antigens only.  

The MS patients in this study were defined on the basis of disease course, which 

largely describes the clinical phenotype. Distinguishing the disease course on the basis of 

pathogenesis is much more challenging as there are shared elements across all disease 

courses. While contrast-enhancing lesions, for example, are rare in PPMS and these 

individuals do not experience relapses, secondary progressive MS patients indeed experience 

occasional relapses with the presence of contrast-enhancing lesions, which might make them 

more similar to RRMS, from which they derive, than PPMS patients. There also may have 

been RRMS patients in transition to SPMS at the time of sample collection, which further 

confounds the distinction. It is, therefore, difficult to state with certainty that the patients are 

categorized into the groups in which they belong from the perspective of pathogenesis. 

It cannot be ignored that anti-Nfasc antibodies are not exclusive to MS with respect to 

their potential involvement in disease pathogenesis. They have additionally been associated 

with the peripheral demyelinating disease Guillain Barré Syndrome (411; 412) and, most 
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recently, they have been identified in the serum and CSF patients presenting with combined 

central and peripheral demyelination (CCPD).  Patients with positive titres responded to 

plasma exchange, suggesting that the antibodies had pathogenic potential, and they 

recognized mainly Nfasc-155, though binding to Nfasc-186 was observed in some patients 

(293), which is similar to what has been observed in MS (174; 292). In the CCPD patients 

CNS involvement was partly typical for MS, and included the presence of contrast-

enhancing lesions, but the presence of OCB was rare, suggesting that these patients have 

distinct CNS involvement different than that observed in MS. It is, therefore, unlikely that 

anti-Nfasc antibody-positive CCPD is a coincidence of MS and Guillain Barré Syndrome but 

probably a unique condition due to a common immunopathogenic mechanism between CNS 

and PNS demyelination. Epitope spreading is a distinct possibility to explain the central and 

peripheral lesions, however, they often occurred almost simultaneously, which is contrary to 

that suggestion (293).  

Summary and Future Directions 

The presence of anti-Nfasc antibodies in such a great proportion of MS patients 

compared to OND controls indicates that these antibodies are relevant to MS. Higher titres in 

the serum suggest that they are synthesized in the periphery, while higher CSF titres in the 

relapsing phase suggests that they access the CNS during periods of active inflammation that 

are associated with disruption of the blood-CSF barrier. Anti-Nfasc antibody titres failed to 

correlate directly with disease duration or patient age, though CSF anti-Nfasc antibody titres 

were significantly reduced in patients over 50 years of age with no parallel discrepancy 

observed in the serum, suggesting that blood-CSF barrier compromise might be reduced with 

increasing age, rather than alterations in antibody synthesis. Finally, in MS, CSF anti-Nfasc 
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antibody titres correlated strongly with the release of NfL, suggesting that axonal injury is an 

immune-mediated pathology, and that Nfasc-specific antibodies might be involved.  

It was hypothesized that anti-Nfasc antibodies might mediate neuro-axonal injury in 

the presence of γδ T-cells in the context of MS pathogenesis. The CSF titres were elevated in 

RRMS patients, suggesting that antibodies might gain access to the CNS by diffusion 

through an inflamed blood-CSF barrier, or by engagement of FcR-expressing T-cells. If 

antibodies enter the CNS under inflammatory conditions, then titres should be reduced in the 

absence of inflammation. To test this hypothesis, CSF derived from a cohort of MS patients 

undergoing aHSCT for the treatment of aggressive MS will be evaluated for anti-Nfasc 

antibody titres and potential axonal injury, as measured by the release of neurofilaments. 

With this cohort of patients, it is possible to evaluate the concentrations of antibodies and 

neurofilaments before the procedure, when the patients were plagued by active disease, and 

afterwards, in a state that is essentially free of immune-mediated disease activity. 
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CHAPTER 4. Reduction in measures of axonal injury by autologous hematopoietic 

stem cell transplantation in MS patients. 

	  

ABSTRACT 

Background aHSCT has emerged as a promising treatment for severe autoimmune diseases, 

such as MS, that are uncontrolled with current DMT (302). A cohort of MS patients that 

were plagued with aggressive disease including multiple relapses, deterioration in the EDSS 

score, and worsening MRI underwent aHSCT. This procedure definitively eliminates 

inflammation, which provides an opportunity to investigate CNS tissue responses in MS, 

separated from the potent ongoing inflammatory activity. It has always been presumed, but 

never proven, that inflammation in MS contributes to ongoing axonal injury. One of the more 

promising biomarkers for axonal disease is neurofilament, a structural protein exclusive to 

neurons and axons, which is released into the extracellular space and CSF upon neuro-axonal 

injury. Neurofilament release has been measured in patients with MS, indicative of ongoing 

axonal injury. We were, therefore, interested in knowing whether this highly effective 

treatment for MS inflammation would change the ultimate release of neurofilament, thus 

showing indirectly that inflammation was responsible for neuro-axonal injury.  

Methods: A cohort of 19 MS patients with an aggressive course underwent aHSCT, which 

consisted of HSC mobilization and harvest, immune-ablation, and reconstitution with an 

autologous stem cell graft of CD34+ cells, depleted of T lymphocytes. Patients were 

followed-up for a minimum of 3 years, and clinical (neurological) assessment and laboratory 

tests (collection of blood [serum] and CSF) were conducted at 1, 2, and 3 years post-aHSCT. 

MRI was used to assess the volume of contrast-enhancing lesions and the T1- and T2-

weighted (T1W and T2W, respectively) lesion volumes, and MRS was used to evaluate the 
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ratio of NAA/Cr. Anti-Nfasc antibody titres were measured by an ELISA developed in-

house, and commercial ELISAs were obtained to measure patient CSF NfH and NfL 

concentrations at each of the 4 time points.  

Results: In this cohort of MS patients that underwent aHSCT for the treatment of an 

aggressive course of MS, the mean anti-Nfasc antibody titre was not significantly reduced in 

the CNS compartment following the procedure (p=0.1514 at 3 years post-aHSCT vs. 

baseline), but was significantly reduced in the sera (p=0.0024 at 3 years post-aHSCT vs. 

baseline). The concentration of both CSF neurofilament variants, initially measured to be 

quite high, decreased in the 3 years following aHSCT. The reduction was most pronounced 

for the NfL variant with a statistically significant decrease immediately at the 1 year post-

aHSCT time point (p=0.002 vs. baseline). More time was required to reach a statistically 

significant reduction in the concentration of NfH; it was achieved at the 2 year time point 

(p=0.003 vs. baseline). The significant reductions were maintained for both variants for the 

duration of the follow-up period. The concentration of NfH and NfL correlated with MR 

spectroscopy metrics of neuronal integrity (NAA/Cr), as well as with contrast-enhancing, 

T1W and T2W lesion volumes, depending on the disease course, but not with the EDSS.  

Summary: aHSCT definitively shuts down inflammation in this aggressive disease cohort, 

and provides an opportunity to investigate CNS tissue responses in MS in the absence of 

inflammation. Anti-Nfasc antibody titres were significantly reduced in the sera with 

concomitant persistence in the CSF, which might suggest that, though antibody is being 

cleared in the periphery, it may have become trapped behind a repaired blood-CSF barrier. In 

spite of anti-Nfasc antibody persistence, however, NfL and NfH concentrations were 

reduced, which could suggest that antibody-mediated injury was abrogated in the absence of 

FcR-bearing γδ T-cells. The concentrations of measured NfH and NfL were also associated 
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with other measures suggestive of reduced neuro-axonal damage such as a decrease in brain 

atrophy, fewer new T1W lesions and overall progression-free survival. These data support 

the notion that inflammation is driving axonal injury in MS and once it is eliminated there is 

no longer evidence of neuro-axonal damage. 

INTRODUCTION 

MS is a chronic disease of the CNS that is characterized by co-existent inflammatory 

demyelination and neurodegeneration. Conventional immunomodulatory therapies largely 

target cellular components of the immune system and the blood-CSF barrier, and have 

proven efficacious with regards to reducing clinical relapse rates, slowing clinical disease 

progression, and reducing the number of new lesions (413; 414), but they are still not 

curative. Their efficacy seems greatest in the relapsing/remitting phase, but they have shown 

a limited capacity for preventing or mending the neurodegenerative process that dominates 

more the secondary progressive phase of disease where the role of the immune system is less 

prominent (299-301). 

The use of aHSCT is becoming increasingly prevalent for the treatment of severe 

autoimmune diseases (302-307), including MS (297; 298; 308-316). The rationale is based 

on the ability to eliminate the autoreactive immune cells by intense immunosuppression 

followed by complete immune reconstitution through the engraftment of previously 

harvested aHSCs. Autologous HSCT has been shown to elicit profound qualitative changes 

in the immunological cell repertoire, which suggests that further to its immunosuppressive 

capacity, aHSCT probably resets the immune system, including tolerance to previously self-

reactive antigens (314). Follow-up studies have reported that the majority of patients did not 

progress clinically (298; 325), most had fewer relapses (309), contrast-enhancing MRI 
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activity was suppressed (297; 298; 308-310; 326; 327), and brain atrophy declined (328; 

329). 

Neurofilament polypeptides are released into the extracellular space and CSF upon 

neuronal injury, both traumatic and neurodegenerative in nature; most notably in MS (415). 

Neurofilaments are structural proteins that are almost exclusively, and abundantly, expressed 

in neurons, which makes them specifically indicative, and potential biomarkers, of neuro-

axonal injury or loss. The potential for γδ T-cell-mediated ADCC in the presence of anti-

Nfasc antibodies was evaluated in the context of neuro-axonal injury with the measurement 

of the light and heavy neurofilament subunits. NfL is considered a marker of acute 

inflammatory injury; its concentrations are greater during relapse and in patients with OCB, 

it correlates with contrast-enhancing lesions, and it relates to CSF cell count (349). On the 

contrary, NfH was associated with chronic CNS injury, predominates in the CSF of 

progressive MS patients (344), and correlates with the EDSS (332; 345-347). 
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RESEARCH OVERVIEW 

Rationale and Hypothesis 

Autologous HSCT is associated with well-documented remissions of autoimmune 

diseases for significant lengths of time, and can be considered a reset of the immune system, 

with high-dose immunosuppression used to abolish the autoimmune processes thought to 

contribute to the development of MS. The CSF concentration of neurofilaments is thought to 

indicate the degree of ongoing damage to neurons or axons. 

 I hypothesize that the release of neurofilament polypeptides is an indicator of active 

inflammatory-induced neurodegeneration in MS. If anti-Nfasc antibodies enter the CNS by 

diffusion across an inflamed blood-CSF barrier or via engagement of γδ T-cell-expressing 

FcR, a definitive treatment that completely ablates inflammation, such as immunoablation 

and aHSCT, should lessen the destructive injury they might mediate to neurons and axons 

and, thus, reduce the concentrations of measured neurofilament proteins in the CSF.  

 

Research Questions 

 
1. When detectable inflammation is eliminated, is anti-Nfasc antibody reduced? 

2. Is CNS NfH release specific to MS when compared to OND? 

3. Does intense immunosuppressive therapy result in a decline in CSF NfH and NfL?  

4. When inflammation is eliminated, is there a relationship between anti-Nfasc antibody 
    titres and indicators of neurodegeneration, NfH and NfL release? 
 
5. Do the CSF concentrations of NfH and NfL correlate with clinical observations? 
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RESULTS 

Anti-Nfasc antibody titres were measured in the sera and CSF of 19 patients that 

underwent aHSCT for treatment of an aggressive MS disease course. Serum and CSF were 

collected from each patient at baseline, prior to transplantation, and at 1, 2, and 3 years post-

aHSCT.  

Measurement of Anti-Nfasc antibody in the serum 

The OD value of 0.435 (2xSD of the mean of the serum anti-Nfasc antibody OD in 

the OND control group) was applied as a limit to distinguish negative from positive titres in 

this cohort. At baseline, positive titres were measured in 87.5% of individuals; at 1, 2 and 3 

years post-aHSCT 94.1%, 53.8% and 66.7% were positive, respectively (Fig 4.1). 

The mean serum anti-Nfasc antibody OD was 0.892 (SD, 0.629) at baseline (Fig 4.1). 

At 1 year post-aHSCT, the OD declined to 0.691 (SD, 0.284) though it failed to reach 

statistical significance (p=0.1516 vs. baseline). The mean anti-Nfasc antibody OD was 

reduced further at 2 years post-aHSCT to 0.561 (SD, 0.336, p=0.001 vs. baseline) and, while 

it rose slightly at 3 years post-aHSCT to 0.602 (SD, 0.235, p=0.0024 vs. baseline), the 

difference remained statistically significant. 
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Figure 4.1 Serum anti-Nfasc antibody titres are elevated in aggressive MS. 

Serum anti-Nfasc antibody titres were measured by ELISA in a cohort of MS patients that 
underwent aHSCT for the treatment of aggressive MS. Sera were collected from each patient 
prior to transplantation (baseline), and at 1, 2, and 3 years post-aHSCT. The OD (450 nm) of 
0.435 (2xSD of the mean of the serum anti-Nfasc OD in the OND control group) was applied 
as a limit to distinguish negative from positive titres in this cohort (denoted with a large 
horizontal bar). Positive titres were measured in 87.5% of patients at baseline, and in 94.1%, 
53.8% and 66.7% of patients at 1, 2, and 3 years post-aHSCT, respectively. The mean serum 
anti-Nfasc antibody OD was 0.892 (SD, 0.629) at baseline and 0.691 (SD, 0.284) at 1 year. 
The mean anti-Nfasc antibody OD was reduced significantly at 2 and 3 years post-aHSCT, 
with means of 0.561 (SD 0.336) and 0.602 (SD, 0.235), respectively. Data represent the anti-
Nfasc antibody OD for individual patients, and the mean anti-Nfasc antibody OD at each 
study time point is denoted by a short horizontal bar. n=19. ***p=0.001 and **p=0.0024 vs. 
baseline, obtained by the Wilcoxon signed rank test. 
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Measurement of anti-Nfasc antibody in the CSF  

The OD value of 0.154 (2xSD of the mean of the CSF anti-Nfasc antibody OD in the 

OND control group) was applied as a limit to distinguish negative from positive titres in this 

cohort. At baseline, positive titres were measured in 23.5% of patients; at 1, 2 and 3 years 

post-aHSCT 29.4%, 7.7% and 8.3% were positive (Fig 4.2). 

The mean CSF anti-Nfasc antibody OD at baseline was 0.125 (SD, 0.094) (Fig. 4.2). 

At 1 year post-aHSCT the OD was slightly less at 0.111 (SD, 0.069, p=0.2513 vs. baseline), 

at 2 years it had decreased to 0.082 (SD, 0.067, p=0.4143 vs. baseline) and at 3 years post-

aHSCT it had declined further to 0.074 (SD, 0.083, p=0.1514 vs. baseline). In spite of the 

serial reductions of the anti-Nfasc antibody OD at each subsequent measurement, the 

reductions were not statistically significant. 

Correlation of anti-Nfasc antibody titres in serum and CSF 

A positive correlation between the serum and CSF would indicate that peripheral 

antibody was gaining entry into the CNS during periods of active inflammation, marked by 

blood-CSF barrier breakdown. An examination of serum and CSF anti-Nfasc antibody titres 

revealed that they did not correlate at any time point throughout the study (p=0.7207, 0.3783, 

0.4591, and 0.5137 for baseline, 1 year, 2 years, and 3 years post-aHSCT, respectively). 

The IgG Index and albumin quotient remain stable throughout the aHSCT study 

The CSF index is an indicator of the relative amount of CSF IgG compared to that of 

the serum, and an increase of the index reflects CNS IgG synthesis. The CSF IgG index was 

measured at each time point of the aHSCT study and there were no statistical differences 

observed between the means at any time point (p=0.1186). 
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The albumin quotient (Qalb) is a comparison of serum and CSF albumin 

concentrations, and is an indicator of blood-CSF barrier permeability. The mean Qalb was 

equal, statistically, at each time point throughout the study. 
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Figure 4.2 CSF anti-Nfasc antibody titres remain stable following aHSCT. 

CSF anti-Nfasc antibody titres were measured by ELISA in a cohort of MS patients that 
underwent aHSCT for the treatment of aggressive MS. CSF samples were collected from 
each patient prior to transplantation (baseline), and at 1, 2, and 3 years post-aHSCT. The OD 
(450 nm) of 0.154 (2xSD of the mean of the serum anti-Nfasc OD in the OND control group) 
was applied as a limit to distinguish negative from positive titres in this cohort (denoted with 
a large horizontal bar). Positive titres were measured in 23.5%, 29.4%, 7.7% and 8.3% of 
patients at baseline and 1, 2, and 3 years, respectively. The mean CSF anti-Nfasc antibody 
OD was 0.125 (SD, 0.094) at baseline, and 0.111 (SD, 0.069; p=0.2513 vs. baseline), 0.082 
(SD, 0.067; p=0.4143 vs. baseline), and 0.074 (SD, 0.083; p=0.1514 vs. baseline) at 1, 2, and 
3 years post-aHSCT, respectively. Data represent the anti-Nfasc antibody OD for individual 
patients, and the mean anti-Nfasc antibody OD at each study time point is denoted by a short 
horizontal bar. n=19. No statistically significant differences were observed. p values were 
obtained by the Wilcoxon signed rank test. 
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NfH is preferentially released in MS compared to other neurological diseases 

NfH predominates in progressive MS and has been shown to reflect its chronic 

neurodegenerative component. To determine if NfH is specific to MS, it was measured in the 

CSF of 19 MS patients with an aggressive disease course 60 days prior to undergoing 

aHSCT (baseline), in addition to 28 OND control patients that were sub-categorized into 

inflammatory and non-inflammatory OND. Demographic information pertaining to the 

patients that underwent aHSCT and the OND controls is shown in Tables A2 and A3, 

respectively, of APPENDIX II. 

The mean NfH concentration for the MS patients was 840 pg/ml (SD, 401 pg/ml), 

and was significantly higher than the means observed for both of the non-MS neurological 

disease groups, which were 217 (SD, 38 pg/ml, p < 0.001 vs. MS) and 210 pg/ml (SD, 34 

pg/mL, p < 0.001 vs. MS) for the inflammatory and non-inflammatory OND controls, 

respectively (Fig 4.3). 
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Fig 4.3 Chronic neuro-axonal damage is specific to MS. 

The CSF NfH concentration was measured by commercial ELISA in a cohort of MS patients 
that underwent aHSCT for the treatment of aggressive MS, and a cohort of OND controls 
that was divided into inflammatory and non-inflammatory OND subgroups. For the MS 
patients CSF was obtained 60 days prior to treatment (baseline), and at 1, 2, and 3 years post-
aHSCT. For the OND controls, CSF was obtained at the time of diagnostic assessment. The 
MS patients had significantly higher CSF NfH concentrations (p<0.001) than both the 
inflammatory and non-inflammatory OND cohorts. Data represent the CSF NfH 
concentration of individual patients. The mean NfL concentration for each patient group is 
represented by a short horizontal bar. n=19 MS patients that underwent aHSCT and 28 OND 
controls. p values were obtained by Kruskal-Wallis ANOVA and Dunn’s post-hoc test.   
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Measurement of NfH and NfL in the CSF of patients undergoing aHSCT 

The neurofilament heavy and light subunits have been considered potential 

biomarkers for disease activity in MS. To investigate the role for aHSCT in the reduction of 

neuro-axonal injury, the CSF concentrations of NfH and NfL were measured at baseline, and 

yearly for 3 years in the MS patients following aHSCT, as a means of quantifying the degree 

of chronic, accumulating and early acute neuro-axonal injury that had occurred.  

There was an insignificant decrease in the concentration of NfH from 840 pg/ml at 

baseline to 805 pg/ml (SD, 397 pg/ml) at 1 year post-aHSCT (p=0.56 vs. baseline) (Fig 4.4). 

At 2 years post-aHSCT, the mean NfH concentration had significantly decreased to 579 

pg/mL (SD, 133 pg/ml, p=0.001 vs. baseline) and it declined further at 3 years to 540 pg/mL 

(SD, and 53 pg/ml, p=0.005 vs. baseline).  

At baseline, the mean CSF NfL concentration was 2777 pg/ml (SD 3113 pg/ml); it 

was markedly reduced to 815 pg/ml (SD, 588 pg/ml, p=0.002 vs. baseline) at 1 year post-

aHSCT and continued to decrease at 2 and 3 years post-aHSCT to 464 pg/ml (SD, 220 pg/ml, 

p=0.003 vs. baseline) and 305 pg/ml (SD, 194 pg/ml, p=0.002) (Fig 4.5), respectively.  

A correlation between the concentrations of NfH and NfL would indicate that chronic 

and acute neurodegeneration occur concomitantly. The concentration of CSF NfH and NfL 

correlated at baseline (p=0.0111) and at 1 year post-aHSCT (p=0.0085), but the correlation 

was abolished thereafter (Fig 4.6). 
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Fig 4.4 Chronic neuro-axonal damage is reduced in the absence of inflammation. 

The concentration of CSF NfH was measured by commercial ELISA in a cohort of MS 
patients that underwent aHSCT for the treatment of aggressive MS. CSF was obtained from 
each patient 60 days prior to treatment (baseline), and at 1, 2, and 3 years post-aHSCT. The 
mean NfH concentration was 840 pg/ml at baseline, and was 805 pg/ml (p=0.56 vs. baseline, 
ns), 579 pg/ml (p=0.001 vs. baseline) and 537 pg/ml (p=0.005 vs. baseline), respectively, at 
1, 2, and 3 years post-aHSCT. Data represent the NfH concentration of each individual at 
each study time point. SPMS patient data are represented with (�) red circles and RRMS 
patients with (�) black circles. The mean NfH concentration at each study time point is 
denoted with a short horizontal bar. n=19.  p values were obtained by the Wilcoxon signed 
rank test. 
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Fig 4.5 Acute neuro-axonal damage is reduced in the absence of inflammation. 

The concentration of CSF NfL was measured by commercial ELISA in a cohort of MS 
patients that underwent aHSCT for the treatment of aggressive MS. CSF was obtained from 
each patient 60 days prior to treatment (baseline), and at 1, 2, and 3 years post-aHSCT. The 
mean NfL concentration was 2777 pg/ml at baseline, and was markedly reduced to 815 
pg/ml (p=0.002 vs. baseline), 464 pg/ml (p=0.003 vs. baseline) and 305 pg/ml (p=0.002 vs. 
baseline), respectively, at 1, 2, and 3 years post-aHSCT. Data represent the NfL 
concentration of each individual at each study time point. SPMS patient data are represented 
with (�) red circles and RRMS patients with (�) black circles. The mean NfL concentration 
at each study time point is denoted with a short horizontal bar. n=19. p values were obtained 
by the Wilcoxon signed rank test. 
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Fig 4.6 Acute and chronic neuro-axonal damage occur concomitantly in MS. 

Positive correlations were observed between the CSF NfL and NfH concentrations at 
baseline (upper left panel; p=0.0111) and at 1 year (upper right panel; p=0.0085) post-
aHSCT, but the relationship was abolished thereafter. Data represent the NfL and NfH 
concentrations for individual MS patients. n=19. Correlation coefficients obtained using 
Spearman’s rank correlation coefficient; p values obtained by linear regression analysis. 
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Relationship between Anti-Nfasc antibody titre and measures of disease activity 

The mean CSF anti-Nfasc antibody titre correlated with the NfH concentration at 

baseline (p=0.045) (Fig 4.7) and at 1 (p=0.031) and 2 (p=0.001) years post-aHSCT, but the 

correlation was abolished at the 3 year time point. In contrast, the mean CSF NfL 

concentration failed to correlate with the mean CSF anti-Nfasc antibody titre at baseline 

(p=0.823) (Fig 4.8), but it correlated significantly at 1 year (p=0.001), 2 years (p=0.032), and 

3 years (p=0.019) post-aHSCT. 

Serum-derived anti-Nfasc antibody titres failed to correlate with NfL and NfH at any 

time point throughout the study.   
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Fig 4.7 CSF anti-Nfasc antibody titres correlate with chronic neuro-axonal damage in 
the absence of inflammation. 
 
The CSF anti-Nfasc antibody titres and NfH concentrations were obtained by ELISA for a 
cohort of MS patients who underwent aHSCT for the treatment of aggressive MS. CSF was 
obtained from each patient 60 days prior to treatment (baseline), and at 1, 2, and 3 years post-
aHSCT. Positive correlations were observed at baseline (p=0.045), and at 1 (p=0.031) and 2 
years (p=0.001) post-aHSCT. A lack of positive correlation was observed at 3 years post-
aHSCT. Data represent the anti-Nfasc antibody OD and the NfH concentration for individual 
patients. n=19. Correlation coefficients obtained using Spearman’s rank correlation 
coefficient; p values obtained by linear regression analysis. 
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Fig 4.8 CSF anti-Nfasc antibody titres correlate with acute neuro-axonal damage in the 
absence of inflammation. 

The CSF anti-Nfasc antibody titres and NfL concentrations were obtained by ELISA a cohort 
of MS patients who underwent aHSCT for the treatment of aggressive MS. CSF was 
obtained from each patient 60 days prior to treatment (baseline), and at 1, 2, and 3 years post-
aHSCT. A lack of positive correlation was observed at baseline (p=0.823) in the presence of 
inflammation, and positive correlations were observed at 1 (p=0.001), 2 (p=0.032), and 3 
years (p=0.019) post-aHSCT. Data represent the anti-Nfasc antibody titre and the NfL 
concentration for individual patients. n=19. Correlation coefficients obtained using 
Spearman’s rank correlation coefficient; p values obtained by linear regression analysis. 
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Relationship between neurofilament concentration and measures of CNS destruction and 

biochemical changes in the brain 

MS patients underwent MR imaging to assess the presence and volume of contrast-

enhancing lesions, which indicate focal lesion areas with blood-CSF barrier involvement 

(416), in addition to the T1W and T2W lesion volumes, which reflect the severity of tissue 

injury in terms of axonal density and the inflammatory aspects of MS by differentiating 

between lesions and NAWM, respectively (417). Patients also underwent MR spectroscopy 

to assess biochemical changes in the brain as measured by the ratio of NAA/Cr, which is 

considered a metabolic marker of the integrity of neurons and axons (418) as lower 

concentrations of NAA are associated with axonal loss and dysfunction (418; 419). 

No statistically significant correlations were observed between CSF NfH or NfL 

concentrations and contrast-enhancing, T1W and T2W lesion volume or NAA/Cr at any time 

point throughout the study when all of the patients were considered. 

Active inflammation is associated more strongly with RRMS, and chronic 

neurodegeneration with SPMS, thus the data were stratified according to disease course to 

ascertain if disease activity is associated with neuro-axonal injury differently in RRMS and 

SPMS.  

In RRMS, the NfL concentration correlated positively with the volume of contrast-

enhancing (p=0.017) (Fig 4.9), T1W (p=0.0006) (Fig 4.10) and T2W (p=0.007) lesions (Fig 

4.11), and negatively with the ratio of NAA/Cr (p=0.003) (Fig 4.12), only at baseline.  

In SPMS, the T2W lesion volume correlated modestly with NfL concentrations at 1 

(p=0.042) and 3 years (p=0.037) post-aHSCT (Fig 4.13) as well as with NfH concentrations 

at 1 (p=0.032) and 3 years (p=0.006) (Fig 4.14).  
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The NfH concentration failed to correlate with the NAA/Cr ratio at any time point for 

either disease course. In addition, the concentrations of NfL and NfH did not correlate with 

the EDSS at any time point throughout the study. 

 Progression-free survival was achieved for 73% of the individuals at the 3 year time 

point when the collection of biological samples was completed. No additional patient in this 

cohort has experienced MS disease progression since that time, and some have been free of 

progression for more than 10 years. 
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Fig 4.9 Acute neuro-axonal damage correlates with contrast-enhancing lesions in the 
presence of inflammation in RRMS. 

A positive correlation was observed between the CSF concentration of NfL and contrast-
enhancing lesions at baseline. No new lesions were observed in any patient following 
aHSCT. Data represent the NfL concentration and the T1W lesion volume for individual MS 
patients; n=19. Correlation coefficients obtained using Spearman’s rank correlation 
coefficient; p values obtained by linear regression analysis. 
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Fig 4.10 Acute neuro-axonal damage correlates with the T1W lesion volume in the 
presence of inflammation in RRMS. 

A positive correlation was observed between the CSF concentration of NfL and the T1W 
lesion volume at baseline (upper left panel). A lack of significant correlation was observed at 
1, 2, and 3 years post-aHSCT (upper right, bottom left and bottom right panels, respectively). 
Data represent the NfL concentration and the T1W lesion volume for individual MS patients; 
n=19. Correlation coefficients obtained using Spearman’s rank correlation coefficient; p 
values obtained by linear regression analysis. 
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Fig 4.11 Acute neuro-axonal damage correlates with the T2W lesion volume in the 
presence of inflammation in RRMS. 

A positive correlation was observed between the CSF concentration of NfL and the T2W 
lesion volume at baseline (upper left panel). A lack of significant correlation was observed at 
1, 2, and 3 years post-aHSCT (upper right, bottom left and bottom right panels, respectively). 
Data represent the NfL concentration and the T2W lesion volume for individual MS patients; 
n=19. Correlation coefficients obtained using Spearman’s rank correlation coefficient; p 
values obtained by linear regression analysis. 
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Fig 4.12 Acute neuro-axonal damage correlates with neuronal integrity in the presence 
of inflammation in RRMS. 

A negative correlation was observed between the CSF concentration of NfL and the NAA/Cr 
ratio at baseline (upper left panel). A lack of significant correlation was observed at 1, 2, and 
3 years post-aHSCT (upper right, bottom left and bottom right panels, respectively). Data 
represent the NfL concentration and the NAA/Cr ratio for individual MS patients; n=19. 
Correlation coefficients obtained using Spearman’s rank correlation coefficient; p values 
obtained by linear regression analysis. 
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Fig 4.13 Acute neuro-axonal damage correlates with the T2W lesion volume in the 
absence of inflammation in SPMS. 

Positive correlations were observed between the CSF NfL concentration and the T2W lesion 
volume at 1 (upper right panel) and 3 years (bottom right panel) post-aHSCT. A lack of 
significant correlation was observed at baseline (upper left panel) and at 2 years (bottom left 
panel) post-aHSCT. Data represent the NfL concentration and the T2W lesion volume for 
individual MS patients; n=19. Correlation coefficients obtained using Spearman’s rank 
correlation coefficient; p values obtained by linear regression analysis. 
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Fig 4.14 Chronic neuro-axonal damage correlates with the T2W lesion volume in the 
absence of inflammation in SPMS. 

Positive correlations were observed between the CSF NfH concentration and the T2W lesion 
volume at 1 (upper right panel) and 3 years (bottom right panel) post-aHSCT. A lack of 
significant correlation was observed at baseline (upper left panel) and at 2 years (bottom left 
panel) post-aHSCT. Data represent the NfH concentration and the T2W lesion volume for 
individual MS patients; n=19. Correlation coefficients obtained using Spearman’s rank 
correlation coefficient; p values obtained by linear regression analysis. 
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DISCUSSION	  

Anti-Nfasc antibody titres and aHSCT 

In the previous Chapter, the presence of anti-Nfasc antibodies in the sera and CSF of 

MS patients was discussed. The CSF titres were greatest in the RRMS cohort, suggesting that 

the antibodies gained access to the CNS by diffusion through an inflamed blood-CSF barrier 

or potentially via engagement of FcR-expressing T-cells. If more anti-Nfasc antibodies gain 

entry into the CNS under conditions of active inflammation, then the antibody titres should 

be reduced upon the elimination of inflammation. To test this hypothesis, anti-Nfasc 

antibody titres were measured in the serum and CSF of a cohort of MS patients with an 

aggressive course who underwent aHSCT, in essence, to reset their immune systems.  What 

is particularly special about this cohort is that it was possible to evaluate the serum and CSF 

anti-Nfasc antibody concentrations before the procedure, when the individuals were plagued 

by active disease, and for a minimum of 3 years thereafter to observe if and how the antibody 

concentrations persisted in a state that was largely free of immune-mediated disease activity. 

The procedure eliminated the autoreactive and, presumably, pathogenic T-cells that are 

thought to be responsible for the attack on CNS elements. Complete hematologic and, 

therefore, immunologic reconstitution with autologous progenitor HSC followed.  

The majority of these subjects, approximately 87%, had a positive serum titre for 

anti-Nfasc antibody at baseline. The proportion was 94% at 1 year post-aHSCT, but was 

markedly reduced at 2 and 3 years to 54% and 67%, respectively. In the CSF compartment 

the baseline titres paralleled what was observed in the greater MS population studied here 

where approximately 24% MS patients had detectable antibodies to Nfasc. The proportion 

increased insignificantly to 29% of patients 1 year later, but was then reduced to less than 
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10% at both 2 and 3 years post-aHSCT, which supports antibody production as a component 

of the acute inflammatory process. 

Despite a reduction in the proportion and magnitude of positive CSF titres at 2 and 3 

years post-aHSCT, the decreases were not statistically significant. The opposite, however, 

held true for the anti-Nfasc antibody titres in the serum, where although a high proportion of 

positive titres persisted throughout the study, there was a substantial and significant titre 

reduction at 2 years post-aHSCT, and it remained at that level at least until the 3 year time 

point when sample collection was completed.  

The increased serum titres compared to those in the CSF provide further support that 

the antibodies are synthesized and compartmentalized in the periphery, and the reduction of 

peripheral anti-Nfasc antibody following the elimination of T-cells suggests not only that 

anti-Nfasc antibody is being cleared but that its synthesis is an element of an inflammatory 

immune response that might be T-cell dependent and; indeed, the generation of memory B-

cells is a T-cell dependent mechanism (420). 

The flow of serum components into the CNS is a consequence of acute inflammatory 

blood-CSF barrier injury. It is not completely understood if blood-CSF barrier disruption 

precedes immune cell entry, but migration modifies permeability and is accompanied by the 

secretion of inflammatory cytokines and ROS, which facilitate their entry into the CNS (88). 

It is, thus, likely that T-cell elimination may have prevented further attack and, therefore, 

permitted some degree of blood-CSF barrier repair. The CSF anti-Nfasc antibody titres 

decreased with each subsequent yearly measurement, probably as the result of a less 

permeable blood-CSF barrier that would prevent serum components, including antibody, 

from diffusing freely. Furthermore, if anti-Nfasc antibodies enter the CNS via engagement of 

FcR-bearing autoreactive immune cells, such as γδ T-cells, then the removal of the T-cells 



CHAPTER 4. Reduction in measures of axonal injury by autologous hematopoietic stem cell 
transplantation in MS. 

	   134 

would result in concomitant reductions in CNS anti-Nfasc antibody titres. The reductions in 

the CSF, however, were not statistically significant and this might be because antibodies are 

known to persist for long periods of time, which is known to occur in the case of OCB (421; 

422), but also because it is possible that antibody-secreting plasma cells became trapped in 

the CNS compartment behind a less permeable blood-CSF barrier following aHSCT.  

Neurofilament release is reduced following aHSCT 

Clinical disease progression is characterized by irreversible disability in MS (56) and 

is currently challenging to predict (352). There is potential in body fluid markers, or 

biomarkers, to predict disease progression and monitor responsiveness to therapy. In MS, the 

CSF has been investigated for potential biomarkers since CSF is in direct contact with brain 

tissues, and might contain indicators of disease pathogenesis that could be useful for 

diagnostic and prognostic assessment. Axonal loss is an irreversible process and is the cause 

of disease progression in MS (56; 423). The neurodegenerative process begins during the 

early stages of disease (424), and neurofilament protein subunits are promising candidate 

biomarkers for MS disease progression. 

Neurofilaments are the major structural components of the axon cytoskeleton and are 

composed of three chains that differ in size based on the length of their C-terminal tails; the 

light, medium and heavy chains. To date, the medium chain subunit has not been 

investigated with respect to neurological disease. As the result of axonal damage, 

neurofilaments are released into the extracellular fluid where they can be measured. While 

the light and heavy chains share a common parent protein, and how they relate to axonal 

disease shares considerable overlap, there is evidence that they relate differently to biological 

and pathological functions in MS (352). NfL is associated with early, more subtle acute 

inflammatory disease activity that might be modulated with treatment. In contrast, NfH is 
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associated with later stages of neuronal damage and is thought to reflect the more severe 

ongoing irreversible injury that reflects disease progression. Nevertheless, the simultaneous 

measurement of NfH and NfL might provide a more comprehensive picture of the key steps 

that occur in the progression of MS. In the context of aHSCT, a unique opportunity is 

provided to investigate both the acute and chronic neuro-axonal injury that occurs in an 

aggressive disease state, separated from the potent inflammatory response. Validated 

commercial sandwich ELISAs were used for the quantitative measurement the CSF 

concentrations of the (phosphorylated) NfH (Biovendor) and NfL (UmanDiagnostics) chains 

in this cohort of MS patients with highly discriminatory antibodies to rod region epitopes.  

CSF NfH was measured in a cohort of patients with aggressive MS and compared to 

patients with confirmed diagnoses of other neurological conditions, either classically 

inflammatory (such as transverse myelitis, [TM]) or non-inflammatory (such as migraines) in 

nature (patient information is shown in Table A3 of APPENDIX II). The NfH concentrations 

were nearly identical for both of the OND cohorts and highly significantly less than for the 

MS patients, suggesting that neuronal injury or death that results in the release of NfH into 

the CSF is specific to MS, at least when compared to the other conditions that were 

investigated. The reduced NfH concentrations might have been expected in the cohort of 

non-inflammatory OND controls as these conditions are not classically associated with 

neurodegeneration. The comparatively reduced NfH concentration in the inflammatory OND 

cohort, however, is particularly interesting. More than half of the patients examined in this 

cohort (6/10) had confirmed diagnoses of TM. TM is similar to MS in that it is a CNS 

disorder marked by inflammation, perivascular monocytic and lymphocytic infiltration, 

demyelination and neuro-axonal injury (425). Lesions, however, are restricted to the spinal 

cord and could be the result of infection, demyelinating inflammation or a systemic 
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autoimmune reaction (426). The release of neurofilament has not yet been investigated in 

TM though it is generally considered an acute condition, thus, investigating NfL in this 

context would probably be more relevant. If neuro-axonal injury occurs in the absence of 

NfH release, it might reflect neuro-axonal damage that can recover, and indeed, the majority 

of patients do (425). The patients in this cohort demonstrated clinical evidence of MRI 

activity, recurrent relapses and deterioration of EDSS scores, which all point to disease 

progression. The elevated mean concentration of CSF NfH in this patient cohort appears to 

act as a biological marker for clinical disease manifestation, and suggests that NfH release is 

specific to MS due to the chronic, smoldering nature of the condition, which has been 

demonstrated previously (332). 

The individuals in this MS cohort were experiencing a highly aggressive disease 

course leading up to aHSCT. NfL concentrations were significantly reduced at 1 year post-

aHSCT, particularly in those whose levels were most elevated at baseline. The concentration 

was reduced to less than the baseline mean for all individuals at 1 year post-aHSCT, and the 

mean concentration continued to decline to at least 3 years when the follow-up collection of 

CSF was completed. The reductions in NfL and NfH concentrations, however, failed to 

correlate with anti-Nfasc antibody titres, and this might pertain to disease pathogenesis that 

relates to disease course. Almost 60% of this cohort was classified as RRMS while the 

remainder were SPMS and, despite the common aggressive disease course experienced by 

all, the disease characteristics that resulted in similar clinical manifestations likely varied 

between the subtypes. The RRMS patients were more likely to experience aggressive 

immune-mediated inflammation, whereas the SPMS group may have experienced more 

neurodegenerative processes. It might not be surprising then, that despite noticeable 

reductions in the mean NfL and NfH concentrations, the correlations with anti-Nfasc 
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antibody titres within some individuals might not have been as strong because NfL might 

have been a more meaningful marker for RRMS and NfH for SPMS. More importantly, 

however, if γδ T-cells can act as effectors in a mechanism of ADCC in concert with anti-

Nfasc antibodies, the failure to correlate with indicators of neuro-axonal injury might pertain 

less to the actual antibody levels in the CNS, but more to the fact that the T-cells are no 

longer present to engage the neuro-axonal autoantibodies; thereby reducing axonal injury. 

Neurofilaments as potential biomarkers 

These findings provide support for NfL as an indicator of acute axonal injury, and 

NfH as a marker for chronic, accumulating injury as have been previously reported (340). 

The NfL concentrations were dramatically reduced following aHSCT, which supports a 

lessening of immunopathogenic disease processes that might be associated with the 

elimination of T-cells. The reductions of NfH, while significant, were more modest in 

comparison. These patients continue to have MS, and if neurodegenerative processes occur 

independently of inflammatory immune-mediated disease processes, particularly in the 

SPMS cohort, then chronic axonopathy might persist. The NfL reductions in this progressive 

cohort are supported by parallel observations from a recent study that demonstrated 

significant reductions in CSF NfL concentrations in a cohort of progressive MS patients 

following mitoxantrone or rituximab therapy (427), which suggests that immunosuppressive 

therapy reduces ongoing neuro-axonal destruction. In addition, significant reductions of NfL 

have been observed following natalizumab therapy in RRMS patients (356; 361). 

Clinical responses to treatment require time to evolve, and what is observed in terms 

of tissue destruction at any given time point is likely more a reflection of what damaging 

inflammation occurred previously. Considering the marked NfL reduction at 1 year post-

aHSCT, this indicates that, in the absence of inflammation, acute neuro-axonal injury might 
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lessen or recover relatively quickly. Surprisingly, though not reaching statistical significance, 

the mean NfL concentration at 3 years post-aHSCT was nearly half of that measured in a 

group of 10 OND controls. Thus, immunoablation was effective with respect to the removal 

of the inflammatory components in these patients, and this was associated with a reduction, 

perhaps cessation, of acute immune-mediated neuro-axonal tissue destruction post-aHSCT. 

The continued presence of measurable NfL suggests that, even in non-inflammatory 

conditions or potentially “normal” individuals, some degree of neurodegeneration or neuro-

axonal turnover occurs. A recent report suggested that it might, at least in part, be an aspect 

of normal ageing (345). 

The mechanisms underlying chronic neuro-axonal injury were not as swift to respond 

to aHSCT as the mean concentration was not significantly reduced as early as that of NfL, 

which likely reflects the severe damage that was ongoing leading up to treatment. If, 

however, a greater reduction in NfH release did occur in the year following aHSCT, it is 

possible that it was masked by ongoing CNS atrophy as the result of the toxic conditioning 

regimen undergone by the patients that crosses the blood-CSF barrier and causes tissue 

damage. Furthermore, some degree of neurodegeneration may occur independently of 

inflammatory processes, particularly in progressive MS. It is likely that once a certain level 

of neurodegeneration occurs, it becomes unstoppable; and treatment with immune 

modulators is unlikely to alter the neurodegenerative process. The natural history of MS 

demonstrates that once an EDSS score of 4 is reached, relapse activity is less relevant to 

neurodegeneration (55), and the majority of the patients in this cohort had scores beyond that 

threshold.  A significant reduction in the concentration of NfH was observed at 2 years post-

aHSCT, and indicates that active inflammation probably contributes to neurodegeneration in 
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MS, and that elimination of this inflammation leads to a marked reduction of axonal loss and, 

ultimately, disease progression (355; 428). 

If NfL reflects early, acute injury and NfH reflects chronic, non-inflammatory 

neurodegeneration, then aHSCT might be expected to stop the release of NfL, but not NfH. 

Greater reductions in NfL concentrations were observed, that declined beyond the levels of 

the OND controls, suggesting that its release was stopped. Though NfH declined 

significantly, it remained elevated compared to OND controls, suggesting that 

neurodegeneration, not unexpectedly, continues. Only a very modest NfH reduction was 

observed between 2 and 3 years post-aHSCT, and the concentration was nearly identical in 

all of the patients at the 3 year time point. CSF was not obtained thereafter, thus it is not 

possible to continue the biological assessment of neuro-axonal injury but this might be an 

indication that the concentrations had plateaued and that a new baseline level of ongoing 

neurodegeneration had been reached, that was independent of inflammation.  

Correlations with clinical observations 

Following aHSCT no new lesions were observed, neuronal integrity improved (as 

measured by the NAA/Cr ratio), and most patients remained free of progression, indicating 

that disease activity was lessened in the absence of inflammation. When the entire cohort 

was examined, however, no statistically significant correlations were detected between the 

clinical measures of disease activity or the EDSS and the CSF concentrations of either 

neurofilament subunit. The heterogeneity of MS might be the cause of this and, in spite of a 

common aggressive phenotype, the disease processes could be highly variable between 

patients, both mechanistically and temporally. Biological responses, such as changes in 

neurofilament release, are likely to be observed more rapidly due to the high rate of CSF 

turnover (352) than clinical responses that require time for development, such as changes in 
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lesion volume and metabolite concentrations, which may or may not later be reflected in the 

EDSS score. The release of NfL has rarely been associated with the EDSS (356), probably 

because it is more associated with acute injury that might be recoverable and might not 

manifest clinically as physical disability. On the other hand, several studies have found a 

correlation between NfH release and the EDSS in the progressive phase of disease (332; 345-

347), which supports this type of injury as irreversible and leading to progression. The failure 

of NfH release to correlate with the EDSS score in the current study not only pertains to the 

time lag that might be expected between biological improvement and the potential for 

subsequent clinical manifestation of that improvement, and that some clinical deficit might 

result from demyelination and conduction block, but also to the fact that NfH release is 

associated with axonal transection that cannot be repaired, thus improvement in the EDSS 

score might not be expected. Furthermore, in the short-term, clinical measures might not be 

adequately sensitive to reflect ongoing disease activity (365). Interestingly, at the 3 year time 

point, almost half of the individuals in the cohort had experienced improvement of the EDSS 

score, which might relate more to the reduction in NfL release as this type of damage is more 

likely to recover. Regardless, the failure of neurofilament release to correlate with the EDSS 

is not unexpected and indicates that even upon a reduction in neuro-axonal injury, clinical 

manifestation of the reduction may or may not occur, likely depending on the degree of 

damage and how that relates to physical disability. This suggests that the EDSS is probably 

not a sensitive enough tool for assessing neuro-axonal injury in MS. 

The majority of this cohort experienced clinical stabilization (progression-free 

survival), some for as long as 10 years following aHSCT. The accumulation of disability in 

the progressive phase of MS is thought to result from irreversible neuro-axonal damage 

(419), and the remarkable reductions in CSF NfL and NfH concentrations following aHSCT 
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suggest that, in the absence of inflammatory stimuli that cause injury to neuro-axonal 

elements, disease progression is slowed or even halted. Nevertheless, some patients 

progressed clinically during the 3 year follow-up.  Interestingly, four of the five who 

progressed were RRMS patients, which might suggest that they were already in transition to 

a progressive course at the time of the procedure. There is the possibility that surviving 

autoreactive T-cells were re-introduced with the autologous graft and could have continued 

an assault on CNS components, however, the complete absence of new inflammatory lesions 

post-aHSCT suggests this possibility is highly unlikely. All of the patients demonstrated the 

re-emergence of myelin-autoreactive T-cells as early as 6 months post-aHSCT (429). It is 

known, however, that these can be obtained from non-MS patients as well (430), as OGD are 

considered an immunodominant cell type. It is most likely that progression in these patients 

is the result of the neurodegenerative component of MS that occurs independently of 

inflammation. 

Disease Course 

All of the MS patients in the cohort shared an aggressive disease course but clinical 

disease activity is often more pronounced in the relapsing/remitting phase of MS. The cohort 

consisted of both RRMS (12/19) and SPMS (7/19) patients, thus the data were examined 

accordingly to assess any differences that might be attributed to disease course. With respect 

to NfL, the baseline concentrations were nearly identical between the RRMS and SPMS 

patients, however, following aHSCT, the NfL concentrations for the SPMS patients were 

half to one third of the concentrations of the RRMS patients, which suggests that the 

inflammatory component might remain more active in the relapsing cohort. The procedure 

eliminates T-cells but patients experience proportionally higher numbers of potentially 

autoreactive B-cells, therefore, it is possible that injurious immune-mediated mechanisms are 
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ongoing, particularly in the RRMS cohort. In contrast, the mean NfH concentration was 

elevated by 25% in the RRMS cohort at baseline, with much more pronounced serial 

reductions in post-aHSCT concentrations in comparison to the SPMS cohort, which 

demonstrated a comparatively modest reduction by the end of the follow-up period. This 

provides support for the occurrence of chronic neurodegeneration in the earlier phases of 

disease, which was previously established by Trapp et al., in the seminal publication that 

indicated that the majority of axonal transection occurred in early active MS lesions (68). 

The disease course is also likely to play a role in disease pathogenesis, thus the 

relationship between clinical measures of disease activity and the release of neurofilament 

subunits was examined in the context of RRMS and SPMS patients within the larger cohort. 

In the RRMS subjects, the NfL concentration correlated positively with the contrast-

enhancing lesion volume, which was similarly reported in a recent study (431), both the T1W 

and T2W lesion volumes, and negatively with the ratio of NAA/Cr at baseline, supporting the 

relationship between acute axonal destruction and active lesion formation and reduced 

neuronal integrity in the presence of inflammation. Indeed, the majority of transected axons 

in MS are observed in active lesions (68). Post-aHSCT, the relationships between acute 

neuro-axonal injury and disease activity were abolished, indicating a cessation of destructive 

axonal injury and suggesting that, in the absence of active inflammation, NfL might not be a 

good indicator of ongoing neurodegeneration. This is the first study to assess the release of 

NfL following immunoablation and aHSCT in a cohort of patients with a tendency for 

disease progression and, indeed, NfL as a biomarker has not proven as reliable as NfH with 

respect to the progressive phase of MS (344) where the active immune system is different 

than that of the relapsing/remitting phase.  
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With respect to the SPMS patients, both the NfL and NfH concentrations correlated 

with the T2W lesion volume, which differentiates between lesions and NAWM, at two of the 

three time points following aHST. While it is possible that both acute and chronic disease 

mechanisms are functioning independently, if NfL release is caused by active inflammation, 

it is more likely that when lesion formation continues in the progressive phase of MS, that it 

might be of a chronic, burning nature that concomitantly releases NfL from focal lesion areas 

or damages adjacent tissue. In contrast, the concentration of NfH remained elevated until 

after NfL was reduced, which might suggest that active inflammation directly affects both 

acute and chronic neurodegeneration in MS, and that, perhaps, upon the alleviation of acute 

injury, chronic neurodegeneration can begin to subside.  

These observations emphasize heterogeneity between RRMS and SPMS, even within 

aggressive disease courses that might blur the clinical distinctions between them, and with a 

relapsing contingent that could have already been in transition to the progressive phase. In 

agreement with a previous study (356), the neuro-axonal destruction that results in the 

release of NfL appears to be congruent with measures of inflammatory disease activity 

preferentially in the relapsing/remitting phase of disease, as it was not indicative of 

destructive activity in the progressive patients, perhaps because the threshold of axonal loss 

was already reached, and continuing axonal loss was then unstoppable. 

Interpretation 

The results presented herein demonstrate that aHSCT is an effective alternative 

treatment for aggressive MS. Immunoablation and autologous hematopoietic and, therefore, 

immunological reconstitution reduces axonal destruction that is thought to be responsible for 

the irreversible disability that is associated with MS. This is demonstrated by marked post-

treatment declines in the release of both NfL and NfH subunits into the CSF that are 
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accompanied clinically by a lack of new lesions, improvement in neuronal integrity and 

progression-free survival for the majority of the individuals.  

All of the patients in this cohort experienced aggressive disease courses, and though 

NfL has historically been considered a potential biomarker for  “early” or “acute” axonal 

destruction, it can be argued that it is more appropriately an indicator of active inflammation 

in MS. This is evidenced by marked and significant CSF NfL reductions in the absence of 

inflammation. Moreover, it correlated positively with contrast-enhancing, T1W and T2W 

lesion volumes and negatively with the ratio of NAA/Cr in RRMS patients at baseline in the 

presence of inflammation, but not following aHSCT. Furthermore, it failed to correlate with 

measures of active inflammation at baseline in SPMS patients where inflammatory activity 

might be of a different nature. 

The data suggest that chronic neurodegeneration might consist of components that are 

both dependent upon and independent of inflammation. NfH failed to correlate with the 

majority of clinical measures of disease activity in both RRMS and SPMS cohorts, both in 

the presence and absence of inflammation. This implies that it might be a distinct pathogenic 

entity that might be associated with progression, which has been suggested previously (432-

434), and is supported here by significant elevations in MS patients in comparison to 

inflammatory and non-inflammatory OND controls. In the absence of inflammation, 

however, NfH was significantly reduced, though not as rapidly as the reduction of NfL. This 

might suggest that chronic neurodegeneration could be influenced by mechanisms of acute 

axonal damage. It is possible that modulating or suppressing the active inflammatory 

component of the MS disease course might prevent some degree of the chronic destruction 

that commonly defines the progressive phase of MS, and that this might help to prevent 
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irreversible injury, which could, therefore, prolong the transition to the progressive phase 

where DMT have not been efficacious. 

Caveats  

These findings must be cautiously accepted as the sample size is small with only 19 

patients, and data are missing for 1 or more time points for 7 subjects. Clinically, the 

individuals in this cohort were declining rapidly as aHSCT approached but that does not 

necessarily imply that immune-mediated tissue injury was the greatest factor in disease 

pathogenesis as neurodegenerative factors might be of more importance in this cohort. Of the 

19 followed in the study 7 were classified as SPMS, a subtype of MS not generally defined 

by active inflammation. Indeed, in the SPMS sub-group of this cohort anti-Nfasc antibody 

titres did not correlate with the contrast-enhancing lesions and the T1W lesion volume, 

measures of lesion area that consists of neuro-axonal destruction and loss, at any time 

throughout the study. Thus, blood-CSF barrier disruption and flow of antibody into the CNS 

might have been a less important factor at baseline for this cohort, and it might not be 

surprising then that CSF anti-Nfasc antibody titres were not significantly reduced throughout 

the study. Nevertheless, MS is a highly heterogeneous CNS disease, yet it is classified into 

distinct subtypes, based on several clinical parameters that cannot provide a comprehensive 

representation of disease activity. While the majority of the subjects were classified as 

RRMS, it is likely that some individuals had already begun the transition to SPMS and it is 

possible that disease activity during this period fails to accurately represent what would 

commonly be observed in either course, and this might further confound data interpretation.  

NfL and NfH release are associated more strongly with acute and chronic disease 

activity, respectively, but this cohort of patients is not composed of truly acute (RRMS) and 

chronic (SPMS) patients, as they are all actively relapsing and progressing. To better gauge 
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how neurofilament release relates to disease activity in MS, a more structured definition of 

RRMS and SPMS would be required. Perhaps then, a more comprehensive picture of how 

neurofilament release relates to disease course could be developed. 

NfH appears to be specific to MS in comparison to OND. The CSF from the OND 

cohort, particularly the subjects with inflammatory OND, were derived from individuals with 

mainly acute conditions, such as TM, thus it is perhaps not unanticipated that NfH was not 

highly concentrated in those CSF samples as it has been more closely associated with chronic 

neurodegeneration. An assessment of NfL in these cohorts might provide a more 

comprehensive representation of the neurodegenerative processes that might be occurring in 

these subjects, especially for the inflammatory conditions, as NfL is likely to be a superior 

indicator of acute axonal injury.    

 Finally, concentrations of NfL and NfH were not investigated in the sera. An 

understanding of how the CSF and serum neurofilament concentrations correlate in MS 

patients would be extremely beneficial for patients and practitioners, as serum is much less 

invasive to obtain. 

Conclusions and Future Directions 

 In the absence of inflammation following aHSCT, serum anti-Nfasc antibody titres 

were reduced, suggesting that antibody was being cleared but, more importantly, that 

antibody production might have been an element of an inflammatory immune response that 

was T-cell dependent. The decrease in the CSF of this cohort, while not statistically 

significant, suggests that anti-Nfasc antibodies might persist for long periods of time behind 

a repaired blood-CSF barrier in the absence of T-cell-induced inflammation. Furthermore, 

the findings presented here support that immune-mediated neuro-axonal damage occurs in 

MS. In the absence of inflammation, neuro-axonal injury, as evidenced by the concentrations 
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of NfL and NfH subunits, is markedly reduced yet still persists for at least 3 years. This 

supports a role for γδ T-cell-induced neuro-axonal ADCC, as even in the presence of 

persistent anti-Nfasc antibody, neuro-axonal injury was significantly reduced in the absence 

of T-cells. 

	   γδ T-cells have long been associated with MS disease pathogenesis. Most recently, 

CD16+ γδ T-cells have been positively correlated with MS disease progression (217) and 

shown to induce ADCC (130), though an MS patient-derived target autoantibody has yet to 

be investigated in this context. It is possible that the anti-Nfasc antibody titres alone fail to 

correlate with some measures of disease in MS because the mechanism requires both the 

antibodies and CD16+ γδ T-cells in order for the injury to occur. I, therefore, propose that a 

mechanism of MS pathogenesis could involve a scenario whereby γδ T-cells could bind the 

Fc region of anti-Nfasc antibodies via CD16, and subsequently induce ADCC of Nfasc-

expressing elements.
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CHAPTER 5.  γδ  T-cells mediate cytolysis via ADCC in the presence of MS           

patient-derived anti-Nfasc antibodies 

 

ABSTRACT 

Background: Higher titres of anti-Nfasc antibodies are detected in the sera and CSF of MS 

patients. The antibody titres correlated with indicators of neuro-axonal injury in the CSF, 

raising the possibility that axonal injury may be immune-mediated and that it could involve 

interaction with anti-Nfasc antibodies. Following aHSCT, a definitive treatment shutting 

down all evidence of inflammation with resultant reductions in CSF neurofilament release, 

CSF anti-Nfasc antibody titres remained elevated. This suggested that the presence alone of 

anti-Nfasc antibodies is not enough to cause axonal injury.  I propose a possible mechanism 

for anti-Nfasc-mediated axonal injury via ADCC, thus requiring the co-presence of FcR-

bearing cells.  This might explain the failure to correlate higher titres of anti-Nfasc antibodies 

with measures of axonal injury (neurofilament release) in aHSCT treated MS patients, since 

the treatment virtually shuts the blood-CSF barrier, thereby preventing the entry of FcR-

bearing cells such as CD16+ γδ T-cells into the CNS. 

Methods: Anti-Nfasc antibodies were captured from sera using affinity chromatography. 

HeLa cells were stably transfected with a full-length tGFP-tagged human Nfasc-186 cDNA 

clone. An ADCC cytolysis assay was developed to assess the ability of γδ T-cells to cytolyse 

Nfasc-expressing target HeLa cells in the presence of MS patient-derived anti-Nfasc 

antibodies. 

Results: Anti-Nfasc antibodies were harvested from high titre MS patient sera and were 

shown to consist largely of IgG1 and IgG2 isotypes. HeLa cells were transfected with a full-
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length human Nfasc-186 clone. When co-cultured with CD16+ γδ T-cells in the presence of 

MS patient-derived anti-Nfasc antibodies, the percent specific cytolysis of the Nfasc-

transfected HeLa cells was significantly greater than that of the non-transfected control HeLa 

cells, at 18% and 1%, respectively, indicating cytolytic kill via ADCC.  

Summary: These experiments prove that FcR-bearing γδ T-cells can cause axonal damage 

by lysing axonal membranes via ADCC, when armed with axon-specific antibodies such as 

anti-Nfasc. This is the first report of γδ T-cell-induced cytolysis by ADCC using both γδ T-

cells and antibodies derived from MS patients. 

 

INTRODUCTION 

γδ T-cells are important effector elements of the innate immune system. They are 

capable of assessing the identity of invading micro-organisms and lysing them directly, or 

initiating a secondary response from the adaptive immune system. They have, however, been 

invoked in MS immunopathogenesis; they are more numerous in MS CSF than controls 

(218) and are concentrated in lesions (219-221). Additionally, brain-derived γδ TCRs 

demonstrate limited heterogeneity, which is indicative of a localized clonal response to 

antigen (218; 222-224). γδ T-cells have been known to exert cytotoxic effects on OGD (228; 

230) and they recognize a variety of surface molecules that are upregulated upon cellular 

stress, such as HSP, which are expressed on OGD in MS (225-227).  

γδ T-cells expressing CD16 were shown to correlate positively with MS disease 

progression (217) and were capable of inducing target-directed ADCC (130), a mechanism 

they are more commonly known to exert in response to infection. For example, γδ T-cells 

lyse Staphylococcal enterotoxin-coated target cells in the presence of serum containing 
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enterotoxin-specific antibodies (435). ADCC is a lytic process whereby FcγR-expressing 

effector cells, usually of the innate immune system, lyse target cells that are bound to 

specific IgG antibodies (123; 130). Target lysis is carried out by the release of inflammatory 

mediators such as perforin or granzymes, by the interaction of FasL and TRAIL, or by the 

production of cytokines (131). 

In Chapter 3, the detection of anti-Nfasc antibodies in MS patient sera and CSF was 

discussed, and shown to be relevant to MS. Anti-Nfasc antibodies were compartmentalized 

in the periphery, and possibly gain entry into the CNS during periods of active inflammation, 

as the CSF titres were augmented in relapsing/remitting patients but not in progressive 

patients where disruption of the blood-CSF barrier is a less prominent feature of the disease 

course. CSF concentrations of NfL, a marker of axonal injury, correlated with anti-Nfasc 

antibody titres in relapsing/remitting patients. 

Antibody may be crossing the blood-CSF barrier as a soluble factor, but may also be 

transported in by activated γδ T-cells via engagement of CD16, a low-affinity FcγR, where it 

is possible that the immune complex is capable of inducing cytolysis of Nfasc-expressing 

axonal elements via ADCC. In a cohort of MS patients undergoing aHSCT for the treatment 

of aggressive MS, CSF concentrations of NfL were dramatically reduced while a 

concomitant reduction was not observed in titres of anti-Nfasc antibody. This indicated that 

the antibodies alone were incapable of causing much damage. One possible explanation for 

this is that antibody persists for long periods of time behind the non-inflamed blood-CSF 

barrier and requires the entry of FcR-bearing cells to bind the antibody and cause axonal 

damage via ADCC. Once inflammation is eliminated, as in aHSCT, it is difficult for cells, 

such as γδ T-cells, to gain entry to the CNS, and the reduction in axonal injury may be 
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explained by this inability and, therefore, further ADCC cytolysis of axonal elements would 

be stopped.  

RESEARCH OVERVIEW 

Rationale and Hypothesis 

Anti-Nfasc antibodies were detected in the sera and CSF of MS patients in this study 

and previously (174; 293), and MS patient-derived anti-Nfasc antibodies have been shown to 

elicit axonal transection and demyelination in vitro (292). In Chapter 3, CSF anti-Nfasc 

antibody titres were shown to correlate with markers of axonal injury (CSF neurofilaments). 

CD16+ γδ T-cells correlated with clinical measures of MS disease progression and were 

shown to be capable of cytolysis via ADCC (130; 217). 

I hypothesize that in MS, γδ T-cells can damage axonal membranes via ADCC when 

bound by CD16 to the Fc portion of anti-Nfasc antibodies that localize to the CNS. I will 

demonstrate the plausibility of this hypothesis by demonstrating in vitro the ADCC-specific 

lysis of Nfasc-expressing target cells with FcR-bearing γδ T-cells bound to anti-Nfasc 

antibodies, with both cells and antibodies derived from MS patients. 

Research Questions 

1. What is the IgG subtype profile of the anti-Nfasc antibodies derived from MS patients? 

2. Do MS patient-derived anti-Nfasc antibodies bind to Nfasc-expressing HeLa cells?   

3. Do CD16-expressing γδ T-cells bind to the anti-Nfasc antibodies via their Fc region? 

4. Do CD16-expressing γδ T-cells specifically cytolyse Nfasc-expressing HeLa cells in the 
    presence of MS patient-derived anti-Nfasc antibodies?  
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RESULTS 

Quantification of MS patient-derived anti-Nfasc antibodies 

 Anti-Nfasc antibodies were harvested from the sera of MS patients by affinity 

chromatography. The concentrations of the eluted fractions were extrapolated by first 

generating a standard curve of known commercial anti-Nfasc antibody concentration. The 

concentrations of the eluted antibodies for the 4 serial elutions from SPMS patient 1304 were 

0.6636 µg/µl, 6 ng/µl, 4.75 ng/µl, and 0.24 ng/µl, respectively. For the antibodies derived 

from PPMS patient 1023 the concentrations of the serially eluted antibodies were 0.1229 

µg/µl, 8.77 ng/µl, 5.59 ng/µl, and 5.46 ng/µl, respectively. 

Anti-Nfasc antibody IgG isotype profile  

Not all antibodies will bind to FcR, thus it was important to know whether the 

enriched antibodies were IgG1 and/or IgG2, the isotypes that will engage FcR. Some other 

isotypes, such as IgG3, are superior activators of complement and might not require ADCC to 

lyse target cells. A human IgG subclass profile kit was utilized to determine the IgG isotype 

profile for the anti-Nfasc antibodies that were purified from 2 MS patients. Both anti-Nfasc 

fractions largely consisted of IgG1 and IgG2 antibodies. Proportionally, the anti-Nfasc 

antibodies derived from patient 1304 consisted of 33% IgG1 and 63% IgG2. For anti-Nfasc 

antibodies derived from patient 1023, 40% consisted of IgG1 and 57% IgG2. The anti-Nfasc 

antibodies derived from patient 1304 consisted of 3.1% IgG3 and < 1% IgG4. They were 

reversed in the anti-Nfasc antibodies derived from patient 1023, where the IgG4 isotype made 

up 3% of the IgG antibodies, but there was no discernable IgG3 (Fig 5.1). Thus, the isotype 

profile demonstrates that a sizable proportion of the enriched anti-Nfasc antibody is of the 

IgG2 isotype, which is likely capable of binding to FcR. Only a small portion of the enriched 
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anti-Nfasc antibody was the IgG3 isotype, which has superior complement-fixing capabilities 

(436), and could potentially lyse targets alone. 
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Fig 5.1 MS patient-derived anti-Nfasc antibodies are IgG1 and IgG2. 

Anti-Nfasc antibodies were enriched from high-titre (anti-Nfasc antibody) MS patient sera 
by affinity chromatography using the NHS HP SpinTrap. IgG profiling of the eluted 
antibodies was performed using the Human IgG Subclass kit. Anti-Nfasc antibodies derived 
from patient 1304 (blue bars) consisted of 33% IgG1, 63% IgG2, and 3.1% IgG3. Anti-Nfasc 
antibodies derived from patient 1023 (red bars) consisted of 40% IgG1, 57% IgG2, and 3% 
IgG4. IgG4 for patient 1304 and IgG3 for patient 1023 were not discernable. 
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Neurofascin transfection of HeLa cells 

The inability to secure a natural neuronal Nfasc-expressing target (detailed in 

APPENDIX I) led to the decision to transfect HeLa cells with the neuronal variant of human 

Nfasc (Nfasc-186). HeLa cells were chosen because they are not readily lysed by γδ T-cells. 

This was important because a high degree of γδ T-cell-mediated lysis could have masked 

increased cytolysis in the presence of antibodies. 

Upon completion of the transfection procedure, the percentage of tGFP+ cells was 

low, less than 10%, thus the cells were grown, sorted by FACS, and the tGFP+ cells were 

allowed to expand. The percentage of tGFP+ HeLa cells was confirmed by flow cytometry 

before each subsequent use (Fig 5.2), and also confirmed by IHC with confocal microscopy 

(Fig 5.3). 
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Figure 5.2 HeLa cell Nfasc expression detected by flow cytometry. 

Representative histograms representing non-transfected control (upper panel) and Nfasc-
transfected (tGFP+) HeLa cells (lower panel). The emission of tGFP was redirected through 
the 500 nm specific band-pass optical filter and detected through FL1. The fluorescence 
emitted by the transfected HeLa cells was increased by 1-2 magnitudes when compared to 
the non-transfected cells.  
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Binding of anti-Nfasc antibodies to Nfasc-expressing targets and γδ T-cells	  

 Antibody binding to its target antigen and to an effector cell is required for the 

induction of ADCC. MS patient-derived anti-Nfasc antibodies were added to methanol-fixed 

control and transfected HeLa cells. Using IHC with confocal microscopy, positive control 

rabbit anti-human Nfasc antibody and MS patient-derived anti-Nfasc antibodies were shown 

to bind to Nfasc-transfected HeLa cells (Fig 5.3 and Fig 5.4, respectively). It was, however, 

not possible to demonstrate that the antibodies bound to the γδ T-cells via flow cytometry, 

using a conjugated anti-human IgG(Fab)-specific secondary antibody. 
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Figure 5.3 Nfasc-expression in HeLa cells. 

Representative immunofluorescence image of transfected HeLa cells (white arrowheads) 
obtained by confocal microscopy displaying Nfasc-expression (tGFP+; green; upper right 
panel) co-localizing with control rabbit anti-human Nfasc antibody (red; bottom left panel) in 
the overlay (bottom right panel). Nuclear labeling by Hoechst; bars = 20 µm.  
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Figure 5.4 MS patient-derived anti-Nfasc antibodies bind Nfasc-expressing HeLa cells. 

Representative immunofluorescence image of transfected HeLa cells obtained by confocal 
microscopy displaying Nfasc-expression (tGFP+; green; upper right panel) co-localizing with 
MS patient-derived anti-Nfasc antibody (red; bottom left panel) in the overlay (bottom right 
panel). Nuclear labeling by Hoechst; bars = 20 µm. 
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γδ T-cells exert ADCC cytolysis on Nfasc-expressing targets	  

 Having shown that the Nfasc-specific enriched antibody fraction contained antibody 

of the IgG2 isotype, which is known to induce ADCC, and that it bound to Nfasc-expressing 

HeLa cells, but did not mediate lysis independently, I next needed to determine if FcR-

bearing γδ T-cells could induce ADCC of Nfasc-expressing targets in the presence of anti-

Nfasc antibodies. The mean percentage of spontaneous lysis observed in the control and 

transfected HeLa cells prior to the addition of γδ T-cells was 14.6% (SD 5.7%) and 10% (SD 

9.8%), respectively. The mean additional HeLa cell cytolysis in the presence of γδ T-cells 

was 11% (SD 4.7%) and 10% (SD 7.1%) for the control and transfected HeLa cells, 

respectively, indicating that both control and transfected HeLa cells were equally susceptible 

to γδ T-cell cytotoxicity in the absence of binding antibodies. In the presence of MS patient-

derived anti-Nfasc antibody (derived from patient 1304) specific γδ T-cell-induced cytolysis 

was observed in 18.3% of Nfasc-transfected HeLa cells in comparison to 1.3% of the non-

transfected controls, indicating that the combination of Nfasc-specific antibodies and CD16-

expressing γδ T-cells increased cytolysis of Nfasc-expressing target cells by a full order of 

magnitude (>10-fold). 

γδ T-cell FcR engagement has been known to cause activation, thus an IgG isotype 

control antibody was used to determine if antibody-binding alone was capable of activating 

the γδ T-cells and eliciting HeLa cell lysis. In the presence of the IgG isotype control the 

percentage of cytolysis 4.5% and 3.7% for non-transfected control and transected HeLa cells, 

respectively, indicating that simple antibody binding to the FcR on γδ T-cells was 

insufficient to induce lysis of the HeLa cells; only the combination of Nfasc-specific 

antibody and the γδ T-cells was capable of significantly increasing the lysis of Nfasc 

expressing HeLa cells. 
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Not all combinations of γδ T-cells and anti-Nfasc antibodies resulted in substantial 

ADCC with Nfasc-expressing HeLa cells and anti-Nfasc antibody. Assays were repeated 

with γδ T-cells derived from five additional MS patients (expressing CD16 from 18% to 

63.7%) but no significant increases in cytolysis were noted (Table 5.1). When experiments 

were conducted with the same γδ T-cell cultures, but in the presence of anti-Nfasc antibody 

derived from a different MS patient (patient 1023), again no substantial increases in cytolysis 

were noted. These observations indicate that this mechanism of ADCC via γδ T-cells binding 

to anti-Nfasc is highly selective for the right combination of cell and antibody. Further 

experiments might help to determine what particular characteristics of γδ T-cell or antibody 

might favour the ADCC reaction. Since γδ T-cells and anti-Nfasc antibodies are present in 

the CNS of many patients, it might also explain why only in certain patients we observe 

evidence of axonal damage. 

Table 5.1: Specific γδ  T-cell-mediated cytolysis of HeLa cell targets in the presence of 
MS patient-derived anti-Nfasc antibody (Ab1304) 

MS 
Patient ID 

MS 
Subtype 

% γδTCR/ 
CD16+ 

% Specific Cytolysis 
Control HeLa 

% Specific Cytolysis 
Transfected HeLa 

891 RRMS 32.1 1.3 18.3 
1046 PPMS 18.9 -3.7 -1.4 
1012 PPMS 28.4 2.8 -1.4 
893 PPMS 63.7 -2 -3.5 
1372 RRMS 18 -2.2 -0.1 
1316 RRMS 59.7 -8.4 7.1 
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DISCUSSION 

 In Chapter 3, it was established that the presence of anti-Nfasc antibodies may be 

relevant to mechanisms of CNS injury in MS. Antibodies were detected in high titres in the 

CSF of relapsing/remitting patients, with higher titres correlating with neuro-axonal injury, 

as evidenced by the release of NfL. Despite undergoing a definitive treatment to stop all 

inflammation, aHSCT patients still had measurable anti-Nfasc antibodies in their CSF, but no 

longer with the concomitant increase in NfL release [Chapter 4]. This suggested that the 

simple presence of the anti-Nfasc antibodies alone was insufficient to produce axonal injury. 

One possible explanation is that the treatment in these patients sealed the blood-CSF barrier, 

thus blocking the transition of inflammatory cells, such as γδ T-cells, which are capable of 

binding the anti-Nfasc antibodies and causing axonal damage via ADCC. 

Effector functions of antibodies 

Autoantibodies are frequently detected in MS lesions and have been implicated in MS 

pathogenesis, not only through specific antigen recognition-associated effector functions, but 

also possibly by biochemical mechanisms. They are most commonly observed in conjunction 

with complement deposition, which leads to target destruction via the membrane attack 

complex. Antibody and complement deposition have been observed in situ in areas of active 

demyelination with concomitant association of myelin destruction (437), and serum 

antibodies have been shown to bind OGD and elicit complement-dependent IgG 

autoantibody-mediated demyelination of terminally differentiated OGD and their contiguous 

myelin sheaths (292; 438). Opsonization and phagocytosis is an alternative effector 

mechanism whereby antibodies bind a target antigen specifically, and the antigen-antibody 

complex is subsequently phagocytosed by macrophages, which leads to cell and tissue 

destruction. Phagocytic cells containing Ig and myelin protein have been observed in MS 
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lesions and EAE brain tissue (437; 439). In addition, targeted anti-MOG antibody binding 

has been shown to phosphorylate proteins related to cellular stress responses, with 

subsequent reduction in cytoskeletal integrity, which results in the retraction of OGD 

processes and cell membranes (126; 127).  

In the context of the experiments outlined herein, anti-Nfasc antibodies alone were 

unable to lyse Nfasc-expressing HeLa targets. First, the majority of anti-Nfasc antibodies 

isolated were of the IgG1 and IgG2 isotypes, which are only weakly capable of fixing 

complement (436).  Secondly, no complement was present in the cultures as culture media 

were inactivated with heat prior to the assays. And finally, the γδ T-cells were expanded 

from PBMCs through activation of the γδ TCR, and contaminating αβ T-cells were 

eliminated by complement lysis.  

ADCC 

 ADCC is a lytic process whereby FcγRIIIA (CD16)-expressing effector cells, usually 

of the innate immune system, lyse target cells that are bound to specific IgG antibodies (123; 

130). Target destruction is carried out by the release of inflammatory mediators such as 

perforin or granzymes, by the interaction of FasL and TRAIL, or by the production of 

cytokines (131).  

Activation of γδ T-cells via CD16 engagement results in a highly cytotoxic cell 

population that can release cytokines, such as TNF-α (185; 244), and the existence of CD16-

expressing γδ T-cells suggests the possibility that these cells might have cytotoxic 

capabilities indirectly via ADCC through CD16-engagement and subsequent activation. A 

role for γδ T-cells in neuro-axonal injury is particularly interesting as CD16+ MS patient-

derived γδ T-cells have been shown to correlate with disease progression in MS, and to exert 
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ADCC of rituximab-coated targets (130; 217), a humanized mAb that recognizes B-cell 

CD20.  γδ T-cell ADCC cytolysis involving MS patient-derived antibody, however, has not 

been reported previously. 

Anti-Nfasc antibodies were harvested from the sera of two high-titre MS patients by 

affinity chromatography, and the resultant IgG fractions consisted mainly of IgG1 and IgG2 

isotypes. Though the greatest proportion of IgG in adult serum is IgG1, and its proportion 

remains high in the sera of these individuals, it is remarkable that the majority of the anti-

Nfasc antibodies harvested from these MS patients is of the IgG2 isotype, given that IgG2 is 

generally considered to be the most potent IgG effector in autoimmune diseases (440-442). 

Furthermore, IgG2a has been shown to exhibit enhanced ADCC activity compared to IgG2b 

(443), though the proportions of IgG2a or IgG2b were not evaluated in the harvested IgG 

fractions in the current study. 

When studies using neuronal cultures were dismissed (see APPENDIX I), HeLa cells 

were chosen as a suitable target cell for transfection as they grow rapidly in culture, and 

findings from the Freedman laboratory demonstrated that HeLa cells are relatively resistant 

to γδ T-cell-mediated cytolysis. Furthermore, a previous report demonstrated successful 

Nfasc-transfection of HeLa cells (174). 

Our interest lies in the γδ T-cell-mediated immunopathogenic mechanisms that might 

target neuro-axonal elements and contribute to the irreversible injury that is associated with 

MS. In contrast to Nfasc-155, the oligodendroglial variant, Nfasc-186, is expressed 

exclusively on neurons and axons. Pan-neurofascin antibodies selectively bind to Nfasc-186 

in culture and in vivo, where they have been shown to affect axonal transport, suggesting that 

the axonal variant is the antigenic target (174), perhaps because it is more accessible in vivo 
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than Nfasc-155. Thus, for these reasons Nfasc-186, the neuro-axonal variant that is expressed 

at the nodes of Ranvier, was chosen and transfection was carried out.  

With the successful Nfasc-transfection and growth of HeLa cells, an ADCC cytolysis 

assay was developed that involved Nfasc-transfected HeLa cells as targets and MS patient-

derived γδ T-cells as effectors in the presence or absence of MS patient-derived anti-Nfasc 

antibodies. Various trials were conducted using combinations of E:T ratios and lengths of 

time for co-culture. Small E:T ratios (less than 4:1) failed to exert noticeable target lysis, 

while longer, such as overnight, co-culture incubations and greater E:T ratios resulted in 

nonspecific lysis of the majority of targets. Finally the assays were established with 4:1 E:T 

ratios with 4 hours of co-culture incubation. The assays demonstrated that the non-

transfected control and transfected HeLa cells were equally susceptible to γδ T-cell cytolysis, 

and that transfection alone did not make the HeLa cells more susceptible to γδ T-cell-

mediated cytolysis. 

Previous work suggested that FcR-bearing γδ T-cells might be important in causing 

neuro-axonal injury in MS if they were to bind antibodies capable of recognizing neuro-

axonal targets and inflicting damage via ADCC. This work now provides direct proof of the 

plausibility of this proposed mechanism of immune injury in MS, and demonstrates for the 

first time that γδ T-cells can exert ADCC in the presence of MS patient-derived anti-Nfasc 

antibody. Co-culture of MS patient-derived γδ T-cells in the presence of MS patient-derived 

anti-Nfasc antibody 1304 significantly augmented cytolysis of Nfasc-transfected HeLa cells 

14-fold higher than the control HeLa cells. 

ADCC is a highly multifactorial mechanism and there is likely to be involvement 

from a variety of variables. To tease them apart at a basic level would require a large number 



Chapter 5. γδ T-cells mediate cytolysis via ADCC in the presence of MS patient-derived anti-
Nfasc antibodies. 

	   170 

of assays that would investigate the importance of the antibody isotype profile, the affinity of 

CD16 for IgG and, of course, how these relate to the specificity of disease course.  I believe 

the γδ T-cell-induced target cell lysis in the presence of anti-Nfasc antibodies is specific 

because the γδ T-cell cultures were nearly pure; at least 98% of cells in all cultures expressed 

the γδ TCR, thus it is unlikely that other immune cells had any effect. It remains possible, 

however, that a small number of contaminating immune cells persisted in the γδ T-cell 

cultures. The procedure for γδ T-cell expansion eliminates contaminating cells that express 

the αβ TCR, and monocytic cells and macrophages are eliminated by attrition as factors for 

their survival were withheld from the culture medium. It is, therefore, improbable that Nfasc-

expressing HeLa cells that were opsonized with anti-Nfasc antibody could have been 

recognized and destroyed by another immune cell. The enriched anti-Nfasc antibody fraction 

contained a large proportion of IgG2, which is capable of mediating ADCC, and augmented 

lysis was not observed in the presence of the IgG isotype control. Low-affinity engagement 

of γδ T-cells and the anti-Nfasc antibodies alone could tickle γδ T-cell FcRs, or promote 

activation that might augment γδ T-cell cytotoxicity towards the HeLa cell targets. Had non-

specific activation been applicable, however, enhanced cytolysis would also have been 

observed in the control HeLa cultures in the presence of anti-Nfasc antibodies as well since 

antigenic specificity would have been irrelevant, but that was not observed. Taken together, 

the combined data and controls indicate that cytolysis was accomplished via ADCC. 

Furthermore, lysis was independent of complement activation, which is an important 

function of IgG antibodies, due to heating of the culture medium. 
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Antibody heterogeneity 

The PPMS patient-derived anti-Nfasc antibody (patient 1023) fraction failed to exert 

any effect in the ADCC cytolysis assays, regardless of the γδ T-cell culture, which suggests 

that the synthesis of antibodies in disease does not always relate to a biological consequence 

in terms of effector function (123), and diversity in disease pathogenesis provides one 

explanation. MS is heterogeneous in terms of histopathology, CSF phenotype, disease 

course, and therapeutic responsiveness. In accordance, different disease mechanisms surely 

play a role in tissue destruction between individuals (64). The relative proportion of IgG2 in 

this antibody fraction was consistent with that of the anti-Nfasc antibody derived from 

patient 1304, which was shown to mediate ADCC, and helps to negate the possibility that the 

antibody alone could fix complement. It is unlikely that all patients have a prominent 

antibody response, and specific autoantibodies might characterize a distinct clinical subtype 

(123). While the total CSF IgG concentrations have been shown to be higher in PPMS than 

RRMS (444), very few of these antibody targets have been identified and, moreover, their 

functional capacity is unknown. Demyelinating IgG autoreactivity (containing autoantibodies 

to Nfasc) was a prominent feature of RRMS sera but not of PPMS, which suggests that IgG 

autoantibodies might play a less prominent role in the PPMS disease course (292). However 

while PPMS patients have been shown to display the highest prevalence of anti-MOG 

antibodies, a parallel increase in complement activity was not observed; it was similar for all 

sera, regardless of disease course (438). The presence of anti-ganglioside antibodies 

correlates with progressive MS (445), yet PPMS patients showed no evidence of IgM against 

myelin lipids compared to significant proportions of RRMS and SPMS (446). These findings 

highlight the heterogeneity in MS with respect to antibody production and effector function, 

even within disease courses.  



Chapter 5. γδ T-cells mediate cytolysis via ADCC in the presence of MS patient-derived anti-
Nfasc antibodies. 

	   172 

MS subtype and cells 

The number of γδ T-cell cultures assayed was small and included cells derived from 3 

PPMS and 3 RRMS patients. Specific cytolysis of Nfasc-expressing HeLa cells was not 

observed in any one of the PPMS-derived cultures, which is consistent with the non-

inflammatory nature of this disease course when compared to RRMS and SPMS. 

Comprehensive immunophenotyping of CSF and blood-derived leukocytes has demonstrated 

that though considerable overlap exists between the MS courses, SPMS patients are 

immunologically more analogous to RRMS than to PPMS patients. RRMS patients have 

more CD4+ and CD8+ T-cells and B-cells compared to PPMS, and RRMS and SPMS have 

elevated proportions of B-cells in comparison with non-inflammatory neurologic disease. 

Also, higher proportions of monocytes and granulocytes are observed in PPMS compared to 

RRMS (447). 

γδ T-cell CD16 

To exert ADCC the effector γδ T-cells require the expression of CD16; CD16+ γδ T-

cells exert potent cytotoxicity through a variety of mechanisms but produce low levels of 

cytokines in contrast to CD16- γδ T-cells that produce higher levels of cytokines but have 

less potential for cytotoxicity (185). A previous investigation in the Freedman laboratory 

observed that γδ T-cell-induced ADCC cytolysis increased with the increasing number of 

CD16+ γδ T-cells (130). Each cytolysis assay performed herein was conducted with the same 

E:T ratio, which indicates that there were more CD16+ γδ T-cells in populations that 

consisted of higher percentages of CD16-expressing cells. However, the percentage of 

CD16+ cells varied greatly between the γδ T-cells assayed, and cytolysis did not relate 

significantly to CD16 expression. This might be because there are a minimal number of cells 
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required to generate a maximal signal and, therefore, increasing the number would not have 

an effect at the chosen E:T ratio. Furthermore, it is unlikely that all FcR engage polyclonal 

antibody with the same affinity. 

Though γδ T-cell CD16 expression increases with disease progression in MS (217), 

FcR and IgG cytotoxicity have not been directly implicated in MS disease pathogenesis. 

FcγR, however, are important for mediating MOG-induced EAE (448). It has been suggested 

that allelic polymorphisms in FcR might correlate with Ig-based therapeutics by their 

variable affinity for Ig and, indeed, the low-affinity homozygous genotype of FcγRIIIA-158 

was associated with a more favourable response to mAb TNF inhibitor therapy for 

inflammatory arthritis (449) and improved response to rituximab in non-Hodgkin’s 

lymphoma (450). FcR affinity might be a considerable factor, given the significantly 

different affinities they display for the IgG subclasses (451). Affinity could influence the 

downstream effector functions of FcR-Ig engagement such as ADCC cytotoxicity, 

complement-dependent cytotoxicity or apoptosis, and has been shown for chimeric CD16 

that bound humanized mAb with higher affinity and exerted greater cytotoxicity (452). 

Moreover, the R131 allele of CD32 (FcγRIIA) is over-represented in SLE compared to 

closely-related discoid lupus erythematosus and primary antiphospholipid syndrome. This 

allelic variant has lower affinity for IgG2 and contributes to impaired clearance of circulating 

immune complexes, which might influence disease expression (453; 454). An investigation 

into the allelic polymorphisms of γδ T-cell CD16 in MS could shed some light on how this 

molecule might mediate ADCC in the context of MS.  

 In addition to FcR heterogeneity in ADCC, co-activation signals might enhance the 

response. Activation of CD16 in resting and IL-2-activated NK cells was enhanced by 
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engagement of non-activating receptors 2B4, NKG2D, DNAM-1 and CD2, and resulted in 

increased target ADCC cytolysis (455). These receptors and others, such as CD137, are also 

expressed by γδ T-cells (185; 456-458), with ligands concomitantly expressed by some HeLa 

cells (459-462). Given the selectivity of γδ T-cell-mediated ADCC demonstrated herein, 

interaction with one or more co-activating receptors could account for the increased 

cytolysis. 

The specificity of the pathogenic response almost certainly varies between MS 

patients, as has been shown herein and previously (292). Defining the specificity of these 

autoantibodies is imperative to the elucidation of their clinical significance. The relative 

rarity of this result suggests that ADCC is not a primary mechanism of γδ T-cell-induced 

cytotoxicity in most MS patients, particularly with respect to PPMS. Of the effector 

functions known to be exerted by γδ T-cells, target cell lysis via the release of inflammatory 

immune mediators such as perforin or granzymes, or through direct effector-to-target contact 

via Fas/FasL have come to be the most widely reported. I now demonstrate for the first time 

that MS patient-derived γδ T-cells can exert ADCC of a disease-relevant target, Nfasc-

expressing cells, in the presence of anti-Nfasc antibody derived from a MS patient. 

Caveats 

A number of technical caveats that may have had an effect on the results must be 

considered. Firstly, the γδ T-cells were previously expanded and frozen, often for a number 

of years. While observations from the Freedman laboratory indicate that the CD16 phenotype 

and cytotoxicity persist upon thawing, the γδ T-cells used for these experiments, 

nevertheless, may not be as potently cytotoxic following cryopreservation. In addition, the 

CD16 expression was highly variable between the γδ T-cell cultures. Given that γδ T-cell 
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ADCC potentially correlates with CD16 expression, future experiments should consist of 

cultures with more uniform CD16 expression. This can be achieved by expanding γδ T-cells 

and using FACS to obtain pure populations of CD16-expressing cells, which can then be 

used, not only for identical numbers of CD16-expressing cells in future assays, but to 

investigate different proportions to determine if a dose-response exists. 

The search for a neuronal cell that expressed Nfasc consistently proved to be very 

challenging. As discussed in APPENDIX I, various cell lines were assessed. Some failed to 

grow efficiently, others appeared to express Nfasc only transiently, and some derivative 

cultures consisted mostly of astrocytes, rather than neurons. The decision to transfect HeLa 

cells with the neuronal variant of Nfasc introduced the caveat that the target cell was not of 

neuronal origin, however, it eliminated the variable and transient expression of the target 

antigen and allowed for consistency between assays. Moreover, it confirmed that the ADCC 

was indeed directed at the neuro-axonal variant of Nfasc. In the future, however, the search 

for a Nfasc-expressing cell could be resumed. 

It was not possible to demonstrate that the MS patient-derived anti-Nfasc antibody 

bound via its Fc region to γδ T-cell CD16 using flow cytometry. Attempts at demonstrating 

binding involved the addition of the anti-Nfasc antibodies to γδ T-cells both prior to and post 

fixation, and incubating at 37, 21 and 4°C, followed by the addition of a conjugated anti-

human IgG(Fab) antibody. Augmented extracellular staining was not observed in the 

presence of anti-Nfasc antibodies. CD16 is a low-affinity FcR, thus antibody may have 

bound, but detached during fixation or washing, which would prevent binding of the 

conjugated secondary antibody. Nevertheless, the MS patient-derived anti-Nfasc antibodies 

recognized and bound transfected HeLa cells and increased cytolysis of the transfected HeLa 
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cells was observed in the presence of anti-Nfasc antibodies. Furthermore, while it is possible 

for IgG alone to tickle the FcR and mediate nonspecific activation that could augment 

lethality, this phenomenon was not observed in the presence of the isotype control, which 

suggests against this mechanism and leaves only the γδ T-cell-FcR-bound antibody inducing 

cytolysis in an ADCC fashion as the only plausible explanation for the enhanced lysis of the 

Nfasc-expressing HeLa cells in the presence of MS patient-derived anti-Nfasc antibody.  

Additionally, it was not possible to demonstrate MS patient-derived anti-Nfasc 

antibody binding to Nfasc-transfected HeLa cells by flow cytometry. Unsuccessful attempts 

were made to bind the antibody to detached HeLa cells both prior and post-fixation. HeLa 

cells adhere to the substrate of the culture vessel, and it is possible that upon detachment, 

alteration of the cell membrane resulted in the inaccessibility of surface-expressed Nfasc-

186, which could, thus, prevent binding. Anti-Nfasc antibody was then added to adherent 

HeLa cells prior to detachment, however binding could not be observed using this method 

either. EDTA, rather than trypsin, was used to detach the cells for flow cytometric analysis to 

prevent cleavage of Nfasc-186, though it remains possible that the EDTA prohibited the 

antibody-antigen engagement.  

Cytolysis was not accomplished in any culture in the presence of the anti-Nfasc 1023 

antibody. A variety of reasons might account for this but the most evident would be that the 

IgG2 in the fraction consisted of the IgG2b isotype, which does not elicit downstream exertion 

of ADCC. Following antigenic stimulation B-cells undergo isotype switching, which enables 

the alteration of effector function and, thus, contributes diversity to the humoural immune 

response. It is possible that the preferential response of the antibodies derived from this MS 

patient might have been to initiate a complement cascade, though these experiments were not 

repeated in the presence of complement. 
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There are a number of factors that, if known, might have been beneficial for 

experimental design. It would have been of interest to know if CD16+ γδ T-cells were 

increased in the patients with higher anti-Nfasc antibody titres, as this might provide a clue 

as to which patients might be expected to experience this form of pathogenesis. Additionally, 

it would be of interest to determine if ADCC cytolysis is specific to a subset of cells bearing 

a particular phenotype, as γδ T-cells exist in distinct populations and can be described by 

their variable region gene segments, ligand expression, such as NK receptor expression, 

capacity for antigen recognition and effector function (463). Furthermore, which 

inflammatory mediators are responsible for target cytolysis remains unknown. Assessing the 

presence of perforin or granzymes in the culture medium might shed some light on the lytic 

mechanisms elicited upon antibody engagement. Moreover, it is unknown if there is an 

optimal amount of target-bound IgG that is required to elicit an ADCC cytolytic response. It 

is known, for example, that the amount of antigen-specific IgG bound to CD4+ T-cells is an 

important element for the initiation of robust ADCC in HIV infection (464). 

Interpretation and Future Directions 

The etiology of immune dysregulation in MS is not well understood. A combination 

of genetic factors and environmental stimuli are thought to be responsible for the 

development and persistence of immune dysfunction whereby elements of the CNS are 

targeted, causing focal and diffuse tissue injury throughout the CNS. For most patients, as 

the disease progresses the active inflammatory relapsing-remitting phase transitions to that of 

a less inflammatory but progressive neurodegenerative nature marked by fewer relapses yet 

clinical disability progression. The majority of DMT for MS target the immune system and 

the blood-CSF barrier; they have proven efficacy with respect to reducing relapse rates and 
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slowing disease progression though, during the latter progressive phase, efficacy declines as 

the neurodegenerative processes seem largely independent of immune-mediated 

inflammation. 

Many components of the immune system, both innate and adaptive, are involved in 

MS pathology, which is initiated by leukocyte infiltration into the CNS, though it is unclear 

whether blood-CSF dysfunction might precede immune cell entry. PBMCs have been 

considered the major cellular effectors, producing an array of cytokines, ROS, MMPs, and 

other soluble factors that lead to tissue injury and recruitment of additional immune effectors. 

Antibody production by B-cells is now known to be a common immune mechanism in MS, 

though few antigenic targets have been identified, and their pathological significance remains 

elusive. Activated B-cells produce and secrete antibody in the periphery, but as MS 

progresses, they have been shown to do this in the CNS as well, in follicle-like structures in 

the meninges. In the current study, antibodies specific to the cell adhesion molecule, Nfasc, 

were detected in a proportion of MS patients. Antibody was detected in the serum but also in 

the CSF, thus it is possible that some of these B-cells are triggered to release localized anti-

Nfasc antibody in the brain, though the intrathecal presence of antibody could also reflect 

diffusion through a compromised blood-CSF barrier, or transportation by penetrating 

FcR(CD16)-bearing cells, usually of the innate immune system, which can bind the Fc 

region of IgG antibodies. 

CSF anti-Nfasc antibody titres were greater in the relapsing/remitting course than the 

progressive courses, and the serum and CSF titres correlated in MS patients, which suggests 

that localized antibody production in the CNS is less likely, and that peripheral antibody 

diffuses or is transported into the CNS through the compromised blood-CSF barrier during 

periods of active inflammation which occur more commonly in RRMS. In a separate cohort 
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of MS patients that underwent aHSCT for treatment of aggressive disease, anti-Nfasc 

antibody titres were reduced following the procedure in the serum, however, a concomitant 

reduction was not observed in the CSF. None of these individuals experienced additional 

lesions post-aHSCT, suggesting that antibody entry did not occur by diffusion. B-cells are 

not targeted by the immunoablative regimen, therefore, it is possible that antibody-producing 

cells became trapped post-aHSCT behind a less permeable blood-CSF barrier in the absence 

of inflammation and continued to produce anti-Nfasc antibodies. 

In this study, it was shown for the first time that some γδ T-cells are capable of 

inducing ADCC cytolysis of Nfasc-186-expressing cells in the presence of MS patient-

derived anti-Nfasc antibodies, which supports a role for both γδ T-cells and antibodies in MS 

pathogenesis, particularly with respect to neuro-axonal injury or transection, which are 

thought to drive disease progression and permanent disability. In MS patients anti-Nfasc 

antibody titres correlated with acute neuro-axonal injury. The significant correlation was 

driven by the RRMS cohort, which suggests that anti-Nfasc antibodies are contributing to 

injury during periods of active inflammation. Perhaps then, it is not a coincidence that γδ T-

cells are more numerous in the CSF (218), more concentrated in lesions (219-221) thought to 

be responsible for some of the early damage and clinical symptoms observed in EAE (235). 

It might, therefore, be possible that during periods of active inflammation in MS γδ T-cells, 

in the presence of anti-Nfasc antibodies, could injure neuro-axonal elements via ADCC. 

Furthermore, CSF NfL and NfH were greatly reduced following aHSCT, despite the 

intrathecal persistence of anti-Nfasc antibody, which supports a role for an additional 

component, such as T-cells, perhaps γδ T-cells, in antibody-mediated axonal injury in MS. If 

γδ T-cells can act as effectors in a mechanism of ADCC in concert with anti-Nfasc 
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antibodies, then the reduction of injury in the presence of antibody alone might be because 

the T-cells were no longer present to engage the autoantibodies and subsequently mediate 

ADCC, thereby reducing axonal injury.  

The data demonstrate that γδ T-cell-mediated Nfasc-specific ADCC is an important 

potential mechanism early in the disease course. Anti-Nfasc antibodies are synthesized early 

in MS; this was demonstrated by already higher CSF titres in RRMS and by lower titres in 

the patients who were classified as probably having MS, particularly in the periphery where 

they are probably synthesized. Correlations were observed between the serum and CSF of 

MS patients, which indicates that peripheral antibody is gaining entry to the CNS through the 

blood-CSF barrier, which displays evidence of compromise during periods of active 

inflammation that are more common in RRMS. CSF anti-Nfasc antibody concentrations 

correlated positively with NfL, a marker of acute axonal injury, and the significance was 

driven by the RRMS cohort. In addition, CSF antibody titres were reduced in patients over 

the age of 50 years, suggesting that blood-CSF permeability declines with with age.  

Furthermore, γδ T-cell-induced ADCC of Nfasc-expressing cells in the presence of 

MS patient-derived anti-Nfasc antibodies was shown to be possible. More experiments are 

needed to understand how this might relate to disease course and progression, and while 

neuro-axonal injury and degeneration occur in all stages of MS, it is probable that this 

mechanism has more impact in the earlier stages as immune-mediated mechanisms are less 

prominent in the progressive phase, and seminal findings by Trapp et al. demonstrated that 

the majority of axonal transection occurs in active lesions in RRMS (68). With respect to the 

ADCC mechanism proposed herein, firstly, Nfasc must be accessible to become a target, 

therefore, immune system antigen-presenting cells must have access to the CNS and this 



Chapter 5. γδ T-cells mediate cytolysis via ADCC in the presence of MS patient-derived anti-
Nfasc antibodies. 

	   181 

occurs predominantly in the relapsing/remitting phase during periods of active inflammation 

and blood-CSF barrier permeability. Upon peripheral antibody production, to injure CNS 

tissues by ADCC, both the antibody and γδ T-cells must gain access to the CNS and the 

simplest way for this to occur is through the inflamed and, therefore, permeable blood-CSF 

barrier in RRMS, though the antibody could also gain entry by binding to γδ T-cell FcRs. 

Despite the neurodegenerative processes that occur in the later phases of MS, the data 

indicate that immune-mediated mechanisms, such as ADCC, may be less important in PPMS 

and SPMS. While the serum antibody titres were elevated in the progressive patients 

compared to RRMS, they did not correlate with neuro-axonal injury, likely because the 

blood-CSF barrier becomes less permeable as the autoimmune component becomes less 

prominent as the disease progresses. Indeed, the intrathecal anti-Nfasc titres were lower in 

progressive patients. Long-lived plasma cells might continue to produce anti-Nfasc antibody 

in the periphery that could persist for long periods of time, though it might be irrelevant if its 

target antigen is inaccessible. In contrast, it is likely that some immune cells can cross the 

blood-CSF barrier via normal trafficking, independently of permeability. Whether or not 

CD16+ or CD16- γδ T-cells have such capabilities, however, remains unknown.  

A previous study demonstrated that CD16+ γδ T-cells are capable of mediating 

ADCC, and that specific lysis correlates with increasing CD16 expression (130; 217). It 

might have been expected then, that the γδ T-cells derived from progressive MS patients 

would have been more likely to mediate ADCC in the cytolysis assays described herein. Not 

one of the three assays that used γδ T-cells derived from PPMS patients demonstrated 

enhanced cytolysis in the presence of anti-Nfasc antibodies, and the γδ T-cells that were 

shown to mediate ADCC were derived from an RRMS patient. Furthermore, the γδ T-cell 
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CD16 expression did not appear to relate to ADCC capability in the assays described. 

Additional experiments are, therefore, required to determine if disease course or CD16 

expression are associated with γδ T-cell-mediated ADCC. The study that demonstrated a 

dose response for CD16+ γδ T-cell-mediated ADCC utilized a commercially purified mAb, 

whereas the antibody fraction used for these experiments was polyclonal and enriched from 

patient sera, thus making qualitative observations more complicated. It is unlikely, for 

example, that all CD16+ γδ T-cells engage polyclonal antibodies with the same affinity and 

the antibody fraction both within and between patients is likely heterogeneous. Moreover it is 

possible that the mechanism was saturated and that the experimental approach requires 

manipulation to optimize the conditions for ADCC. 

The data presented herein provide evidence that γδ T-cell-mediated ADCC is possible 

in the presence of MS patient-derived anti-Nfasc antibody. The enhanced CSF anti-Nfasc 

antibody titres in the RRMS cohort that correlated with acute neuro-axonal injury strongly 

suggest that this mechanism may be more relevant in the earlier relapsing/remitting course of 

MS in comparison to the progressive courses. It would, therefore, be beneficial to target this 

mechanism early in the disease course as DMT are effective almost exclusively during 

periods of disease with a pronounced inflammatory component. DMT have been shown to 

reduce relapse rates and slow disease progression. As patients transition to a more 

progressive phase, however, neurodegeneration proceeds in the absence of inflammatory 

mechanisms, therefore, early treatment to modify the immune component is imperative to 

prolonging the time to the development of progressive MS. The importance of immune 

system modification is evident in a cohort of MS patients that underwent aHSCT as a 

treatment for aggressive MS. Serum anti-Nfasc antibody titres in this cohort declined 
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following treatment, which suggests that B-cell activation and antibody production are at 

least somewhat T-cell dependent. In contrast, however, the CSF titres were not significantly 

reduced, likely because antibody-secreting B-cells became trapped behind a repaired blood-

CSF barrier. Interestingly, both acute and chronic neuro-axonal injury were markedly 

reduced following treatment and this might because, even in the continued presence of 

antibody, the elimination of nearly all T-cells, including γδ T-cells, prevents the initiation of 

ADCC and preserves neuro-axonal elements. Furthermore, the majority of individuals in this 

cohort have remained free of disease progression, which is likely attributed to the 

preservation of neuro-axonal elements in the absence of some autoreactive immune cells and 

mechanisms. There is evidence that aHSCT elicits profound qualitative changes in the 

immunological cell repertoire which suggests that aHSCT might reset the immune system 

and could promote tolerance to formerly self-reactive antigens (314). 

 In conclusion, anti-Nfasc antibodies can be detected in a proportion of MS patients. 

The data suggest that they are produced in the periphery and that they enter the CNS during 

periods of active inflammation, likely during the relapsing/remitting phase, where they 

correlate with neuro-axonal injury. It is shown here for the first time, that these cells can 

mediate ADCC of Nfasc-expressing cells in the presence of MS patient-derived anti-Nfasc 

antibodies, and suggests that γδ T-cell-mediated ADCC of neuro-axonal elements could be a 

mechanism in the pathogenesis of MS. Prevention of neuro-axonal injury is particularly 

important in MS as it is thought to be the cause of the irreversible disability associated with 

MS.
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SUMMARY AND CONCLUSIONS 

There are many purported mechanisms of immune-mediated CNS injury, but the 

exact cause for neuro-axonal injury is unknown and may be different among patients. Both 

innate and adaptive immune mechanisms have been considered but we have been interested 

in mainly those of the innate immune system, in particular, the γδ T-cell component. We 

previously identified a subset of γδ T-cells that bear FcR (CD16+) that seemed to be more 

prominent as the disease progressed, raising suspicion that they might be involved in disease 

progression.  Typically progression is thought to arise from increasing neuro-axonal injury so 

we considered how FcR-bearing γδ T-cells might be involved in causing this type of damage. 

Since we also demonstrated that the FcR-bearing γδ T-cells were capable of mediating 

ADCC, we postulated that if they were to encounter antibodies that were directed against 

axonal elements then this might represent a mechanism underlying disease progression. 

I considered several different antibodies to neuro-axonal elements but identified 

antibodies to Nfasc as a good potential candidate for binding to γδ T-cell FcR, as they had 

already been detected to be elevated in MS patients, and were shown to be involved in 

axonal injury both in vitro and in vivo in EAE. An ELISA was developed to detect and 

quantify Nfasc-specific antibodies in MS patient sera and CSF. Anti-Nfasc antibody titres 

were found to be elevated in MS patients, in both relapsing and chronic disease, compared to 

OND controls. Antibody titres were higher in the serum than the CSF, indicating that they 

were synthesized in the periphery and probably accessed the CNS by diffusing through an 

inflamed blood-CSF barrier, which is more associated with the active relapsing/remitting 

phase of disease. 
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I next wanted to determine if these anti-Nfasc antibodies correlated with known 

markers for axonal injury, so as not to rely simply on the clinical definition of “progressive 

disease”, as MS is clinically highly heterogeneous. The release of neurofilaments into the 

CSF has been strongly associated with neuro-axonal injury, so these were quantified in the 

CSF of the patients that were also evaluated for the presence of anti-Nfasc antibodies. A 

positive correlation was observed between the presence of higher anti-Nfasc antibody titres 

and the amount of NfL release, especially in RRMS. 

Having identified antibodies that correlated with axonal injury, it was important to 

know if this indicated a direct effect of anti-Nfasc antibody on causing the injury or an 

indirect effect that might require additional elements such as FcR-bearing γδ T-cells, which 

would be part of an inflammatory infiltrate in MS.  To investigate this, I took advantage of a 

cohort of patients that underwent aHSCT, a procedure that completely abrogates 

inflammation. I found that despite the treatment, these patients still had measurable quantities 

of anti-Nfasc antibodies in the CSF.  However, despite the presence of high levels of anti-

Nfasc antibody, there was a significant reduction in NfL and NfH, suggesting that the 

presence of anti-Nfasc antibodies alone was insufficient to produce axonal injury. The 

missing component may well have been the presence of an FcR-bearing γδ T-cell that was no 

longer present as a result of the aHSCT. 

In order to provide direct evidence that γδ T-cells bearing FcR could bind to anti-

Nfasc antibodies and injure Nfasc-expressing targets I transfected HeLa cells with the axonal 

variant of Nfasc (-186), then used anti-Nfasc antibodies that were enriched from high-titre 

MS patient sera and put them in co-culture with MS patient-derived γδ T-cells. I observed γδ 

T-cell-induced cytolysis of Nfasc-transfected HeLa cells that was augmented by more than a 
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full order of magnitude in the presence of anti-Nfasc antibodies, which is indicative of 

cytolytic kill via ADCC. 

I demonstrated here for the first time a mechanism by which the innate immune 

system (γδ T-cells) can cause injury to axons, the type of damage which is believed to 

underlie disease progression in MS. Therapeutics aimed at, perhaps, the reduction of Nfasc 

antibodies, the expression of FcR on γδ T-cells, or the cytolytic function of γδ T-cells might 

offer new avenues for treating MS disease progression, given that there is currently no 

effective treatment. 

 

 



References 

	   187 

REFERENCES 

1. Hauser SL, Oksenberg JR: The neurobiology of multiple sclerosis: genes, inflammation, and 
neurodegeneration. Neuron 52:61-76, 2006 
2. Noseworthy JH, Lucchinetti C, Rodriguez M, Weinshenker BG: Multiple sclerosis. N Engl J Med 343:938-
952, 2000 
3. Weinshenker BG: Epidemiology of multiple sclerosis. Neurol Clin 14:291-308, 1996 
4. Harbo HF, Gold R, Tintore M: Sex and gender issues in multiple sclerosis. Ther Adv Neurol Disord 6:237-
248, 2013 
5. Trapp BD, Nave KA: Multiple sclerosis: an immune or neurodegenerative disorder? Annu Rev Neurosci 
31:247-269, 2008 
6. Compston A, Coles A: Multiple sclerosis. Lancet 372:1502-1517, 2008 
7. Goris A, Liston A: The immunogenetic architecture of autoimmune disease. Cold Spring Harb Perspect Biol 
4, 2012 
8. Jersild C, Svejgaard A, Fog T: HL-A antigens and multiple sclerosis. Lancet 1:1240-1241, 1972 
9. Sawcer S, Hellenthal G, Pirinen M, Spencer CC, Patsopoulos NA, Moutsianas L, Dilthey A, Su Z, Freeman 
C, Hunt SE, Edkins S, Gray E, Booth DR, Potter SC, Goris A, Band G, Oturai AB, Strange A, Saarela J, 
Bellenguez C, Fontaine B, Gillman M, Hemmer B, Gwilliam R, Zipp F, Jayakumar A, Martin R, Leslie S, 
Hawkins S, Giannoulatou E, D'Alfonso S, Blackburn H, Martinelli Boneschi F, Liddle J, Harbo HF, Perez ML, 
Spurkland A, Waller MJ, Mycko MP, Ricketts M, Comabella M, Hammond N, Kockum I, McCann OT, Ban 
M, Whittaker P, Kemppinen A, Weston P, Hawkins C, Widaa S, Zajicek J, Dronov S, Robertson N, Bumpstead 
SJ, Barcellos LF, Ravindrarajah R, Abraham R, Alfredsson L, Ardlie K, Aubin C, Baker A, Baker K, Baranzini 
SE, Bergamaschi L, Bergamaschi R, Bernstein A, Berthele A, Boggild M, Bradfield JP, Brassat D, Broadley 
SA, Buck D, Butzkueven H, Capra R, Carroll WM, Cavalla P, Celius EG, Cepok S, Chiavacci R, Clerget-
Darpoux F, Clysters K, Comi G, Cossburn M, Cournu-Rebeix I, Cox MB, Cozen W, Cree BA, Cross AH, Cusi 
D, Daly MJ, Davis E, de Bakker PI, Debouverie M, D'Hooghe M B, Dixon K, Dobosi R, Dubois B, Ellinghaus 
D, Elovaara I, Esposito F, Fontenille C, Foote S, Franke A, Galimberti D, Ghezzi A, Glessner J, Gomez R, 
Gout O, Graham C, Grant SF, Guerini FR, Hakonarson H, Hall P, Hamsten A, Hartung HP, Heard RN, Heath 
S, Hobart J, Hoshi M, Infante-Duarte C, Ingram G, Ingram W, Islam T, Jagodic M, Kabesch M, Kermode AG, 
Kilpatrick TJ, Kim C, Klopp N, Koivisto K, Larsson M, Lathrop M, Lechner-Scott JS, Leone MA, Leppa V, 
Liljedahl U, Bomfim IL, Lincoln RR, Link J, Liu J, Lorentzen AR, Lupoli S, Macciardi F, Mack T, Marriott M, 
Martinelli V, Mason D, McCauley JL, Mentch F, Mero IL, Mihalova T, Montalban X, Mottershead J, Myhr 
KM, Naldi P, Ollier W, Page A, Palotie A, Pelletier J, Piccio L, Pickersgill T, Piehl F, Pobywajlo S, Quach HL, 
Ramsay PP, Reunanen M, Reynolds R, Rioux JD, Rodegher M, Roesner S, Rubio JP, Ruckert IM, Salvetti M, 
Salvi E, Santaniello A, Schaefer CA, Schreiber S, Schulze C, Scott RJ, Sellebjerg F, Selmaj KW, Sexton D, 
Shen L, Simms-Acuna B, Skidmore S, Sleiman PM, Smestad C, Sorensen PS, Sondergaard HB, Stankovich J, 
Strange RC, Sulonen AM, Sundqvist E, Syvanen AC, Taddeo F, Taylor B, Blackwell JM, Tienari P, Bramon E, 
Tourbah A, Brown MA, Tronczynska E, Casas JP, Tubridy N, Corvin A, Vickery J, Jankowski J, Villoslada P, 
Markus HS, Wang K, Mathew CG, Wason J, Palmer CN, Wichmann HE, Plomin R, Willoughby E, Rautanen 
A, Winkelmann J, Wittig M, Trembath RC, Yaouanq J, Viswanathan AC, Zhang H, Wood NW, Zuvich R, 
Deloukas P, Langford C, Duncanson A, Oksenberg JR, Pericak-Vance MA, Haines JL, Olsson T, Hillert J, 
Ivinson AJ, De Jager PL, Peltonen L, Stewart GJ, Hafler DA, Hauser SL, McVean G, Donnelly P, Compston A: 
Genetic risk and a primary role for cell-mediated immune mechanisms in multiple sclerosis. Nature 476:214-
219, 2011 
10. Zhernakova A, van Diemen CC, Wijmenga C: Detecting shared pathogenesis from the shared genetics of 
immune-related diseases. Nat Rev Genet 10:43-55, 2009 
11. Olerup O, Hillert J: HLA class II-associated genetic susceptibility in multiple sclerosis: a critical evaluation. 
Tissue Antigens 38:1-15, 1991 
12. Dean G, Yeo TW, Goris A, Taylor CJ, Goodman RS, Elian M, Galea-Debono A, Aquilina A, Felice A, 
Vella M, Sawcer S, Compston DA: HLA-DRB1 and multiple sclerosis in Malta. Neurology 70:101-105, 2008 
13. Field J, Browning SR, Johnson LJ, Danoy P, Varney MD, Tait BD, Gandhi KS, Charlesworth JC, Heard 
RN, Stewart GJ, Kilpatrick TJ, Foote SJ, Bahlo M, Butzkueven H, Wiley J, Booth DR, Taylor BV, Brown MA, 
Rubio JP, Stankovich J: A polymorphism in the HLA-DPB1 gene is associated with susceptibility to multiple 
sclerosis. PLoS One 5:e13454, 2010 
14. Hafler DA, Compston A, Sawcer S, Lander ES, Daly MJ, De Jager PL, de Bakker PI, Gabriel SB, Mirel 
DB, Ivinson AJ, Pericak-Vance MA, Gregory SG, Rioux JD, McCauley JL, Haines JL, Barcellos LF, Cree B, 



References 

	   188 

Oksenberg JR, Hauser SL: Risk alleles for multiple sclerosis identified by a genomewide study. N Engl J Med 
357:851-862, 2007 
15. Gregory SG, Schmidt S, Seth P, Oksenberg JR, Hart J, Prokop A, Caillier SJ, Ban M, Goris A, Barcellos 
LF, Lincoln R, McCauley JL, Sawcer SJ, Compston DA, Dubois B, Hauser SL, Garcia-Blanco MA, Pericak-
Vance MA, Haines JL: Interleukin 7 receptor alpha chain (IL7R) shows allelic and functional association with 
multiple sclerosis. Nat Genet 39:1083-1091, 2007 
16. Lundmark F, Duvefelt K, Iacobaeus E, Kockum I, Wallstrom E, Khademi M, Oturai A, Ryder LP, Saarela 
J, Harbo HF, Celius EG, Salter H, Olsson T, Hillert J: Variation in interleukin 7 receptor alpha chain (IL7R) 
influences risk of multiple sclerosis. Nat Genet 39:1108-1113, 2007 
17. De Jager PL, Jia X, Wang J, de Bakker PI, Ottoboni L, Aggarwal NT, Piccio L, Raychaudhuri S, Tran D, 
Aubin C, Briskin R, Romano S, Baranzini SE, McCauley JL, Pericak-Vance MA, Haines JL, Gibson RA, 
Naeglin Y, Uitdehaag B, Matthews PM, Kappos L, Polman C, McArdle WL, Strachan DP, Evans D, Cross AH, 
Daly MJ, Compston A, Sawcer SJ, Weiner HL, Hauser SL, Hafler DA, Oksenberg JR: Meta-analysis of 
genome scans and replication identify CD6, IRF8 and TNFRSF1A as new multiple sclerosis susceptibility loci. 
Nat Genet 41:776-782, 2009 
18. Goris A, Fockaert N, Cosemans L, Clysters K, Nagels G, Boonen S, Thijs V, Robberecht W, Dubois B: 
TNFRSF1A coding variants in multiple sclerosis. J Neuroimmunol 235:110-112, 2011 
19. Ramagopalan SV, Dyment DA, Cader MZ, Morrison KM, Disanto G, Morahan JM, Berlanga-Taylor AJ, 
Handel A, De Luca GC, Sadovnick AD, Lepage P, Montpetit A, Ebers GC: Rare variants in the CYP27B1 gene 
are associated with multiple sclerosis. Ann Neurol 70:881-886, 2012 
20. Consortium TIMSG: The expanding genetic overlap between multiple sclerosis and type I diabetes. Genes 
Immun 10:11-14, 2009 
21. Goris A, Boonen S, D'Hooghe M B, Dubois B: Replication of KIF21B as a susceptibility locus for multiple 
sclerosis. J Med Genet 47:775-776, 2010 
22. Dean G, Elian M, de Bono AG, Asciak RP, Vella N, Mifsud V, Aquilina J: Multiple sclerosis in Malta in 
1999: an update. J Neurol Neurosurg Psychiatry 73:256-260, 2002 
23. Rothwell PM, Charlton D: High incidence and prevalence of multiple sclerosis in south east Scotland: 
evidence of a genetic predisposition. J Neurol Neurosurg Psychiatry 64:730-735, 1998 
24. Gray OM, McDonnell GV, Hawkins SA: Factors in the rising prevalence of multiple sclerosis in the north-
east of Ireland. Mult Scler 14:880-886, 2008 
25. Binzer M, Forsgren L, Holmgren G, Drugge U, Fredrikson S: Familial clustering of multiple sclerosis in a 
northern Swedish rural district. J Neurol Neurosurg Psychiatry 57:497-499, 1994 
26. Tienari PJ, Sumelahti ML, Rantamaki T, Wikstrom J: Multiple sclerosis in western Finland: evidence for a 
founder effect. Clin Neurol Neurosurg 106:175-179, 2004 
27. Sloka JS, Pryse-Phillips WE, Stefanelli M: Incidence and prevalence of multiple sclerosis in Newfoundland 
and Labrador. Can J Neurol Sci 32:37-42, 2005 
28. Hader WJ, Yee IM: Incidence and prevalence of multiple sclerosis in Saskatoon, Saskatchewan. Neurology 
69:1224-1229, 2007 
29. Warren S, Svenson L, Woodhead S, Warren KG: Parental ancestry and risk of multiple sclerosis in Alberta, 
Canada. Neuroepidemiology 15:1-9, 1996 
30. O'Connor P: Key issues in the diagnosis and treatment of multiple sclerosis. An overview. Neurology 
59:S1-33, 2002 
31. Ahlgren C, Oden A, Lycke J: High nationwide prevalence of multiple sclerosis in Sweden. Mult Scler 
17:901-908, 2011 
32. Compston A, Coles A: Multiple sclerosis. Lancet 359:1221-1231, 2002 
33. Orton SM, Ramagopalan SV, Brocklebank D, Herrera BM, Dyment DA, Yee IM, Sadovnick AD, Ebers 
GC: Effect of immigration on multiple sclerosis sex ratio in Canada: the Canadian Collaborative Study. J 
Neurol Neurosurg Psychiatry 81:31-36, 2010 
34. Wallin MT, Culpepper WJ, Coffman P, Pulaski S, Maloni H, Mahan CM, Haselkorn JK, Kurtzke JF: The 
Gulf War era multiple sclerosis cohort: age and incidence rates by race, sex and service. Brain 135:1778-1785, 
2012 
35. Bergamaschi R: Prognostic factors in multiple sclerosis. Int Rev Neurobiol 79:423-447, 2007 
36. Confavreux C, Vukusic S: The clinical epidemiology of multiple sclerosis. Neuroimaging Clin N Am 
18:589-622, ix-x, 2008 
37. Selmi C: The X in sex: how autoimmune diseases revolve around sex chromosomes. Best Pract Res Clin 
Rheumatol 22:913-922, 2008 



References 

	   189 

38. Smith-Bouvier DL, Divekar AA, Sasidhar M, Du S, Tiwari-Woodruff SK, King JK, Arnold AP, Singh RR, 
Voskuhl RR: A role for sex chromosome complement in the female bias in autoimmune disease. J Exp Med 
205:1099-1108, 2008 
39. Voskuhl RR, Pitchekian-Halabi H, MacKenzie-Graham A, McFarland HF, Raine CS: Gender differences in 
autoimmune demyelination in the mouse: implications for multiple sclerosis. Ann Neurol 39:724-733, 1996 
40. Kawakami N, Lassmann S, Li Z, Odoardi F, Ritter T, Ziemssen T, Klinkert WE, Ellwart JW, Bradl M, 
Krivacic K, Lassmann H, Ransohoff RM, Volk HD, Wekerle H, Linington C, Flugel A: The activation status of 
neuroantigen-specific T cells in the target organ determines the clinical outcome of autoimmune 
encephalomyelitis. J Exp Med 199:185-197, 2004 
41. Spach KM, Hayes CE: Vitamin D3 confers protection from autoimmune encephalomyelitis only in female 
mice. J Immunol 175:4119-4126, 2005 
42. Correale J, Villa A: Role of CD8+ CD25+ Foxp3+ regulatory T cells in multiple sclerosis. Ann Neurol 
67:625-638, 2010 
43. Torkildsen O, Grytten N, Aarseth J, Myhr KM, Kampman MT: Month of birth as a risk factor for multiple 
sclerosis: an update. Acta Neurol Scand Suppl:58-62, 2012 
44. Saastamoinen KP, Auvinen MK, Tienari PJ: Month of birth is associated with multiple sclerosis but not 
with HLA-DR15 in Finland. Mult Scler 18:563-568, 2011 
45. Staples J, Ponsonby AL, Lim L: Low maternal exposure to ultraviolet radiation in pregnancy, month of 
birth, and risk of multiple sclerosis in offspring: longitudinal analysis. Bmj 340:c1640, 2010 
46. Levin LI, Munger KL, Rubertone MV, Peck CA, Lennette ET, Spiegelman D, Ascherio A: Temporal 
relationship between elevation of epstein-barr virus antibody titers and initial onset of neurological symptoms 
in multiple sclerosis. Jama 293:2496-2500, 2005 
47. Ascherio A, Munger KL: 99th Dahlem conference on infection, inflammation and chronic inflammatory 
disorders: Epstein-Barr virus and multiple sclerosis: epidemiological evidence. Clin Exp Immunol 160:120-124, 
2010 
48. Celius EG, Smestad C: Change in sex ratio, disease course and age at diagnosis in Oslo MS patients through 
seven decades. Acta Neurol Scand Suppl:27-29, 2009 
49. Koch-Henriksen N, Sorensen PS: The changing demographic pattern of multiple sclerosis epidemiology. 
Lancet Neurol 9:520-532, 2010 
50. Weinstock-Guttman B, Zivadinov R, Qu J, Cookfair D, Duan X, Bang E, Bergsland N, Hussein S, 
Cherneva M, Willis L, Heininen-Brown M, Ramanathan M: Vitamin D metabolites are associated with clinical 
and MRI outcomes in multiple sclerosis patients. J Neurol Neurosurg Psychiatry 82:189-195, 2011 
51. Hassan-Smith G, Douglas MR: Epidemiology and diagnosis of multiple sclerosis. Br J Hosp Med (Lond) 
72:M146-151, 2011 
52. Eikelenboom MJ, Killestein J, Kragt JJ, Uitdehaag BM, Polman CH: Gender differences in multiple 
sclerosis: cytokines and vitamin D. J Neurol Sci 286:40-42, 2009 
53. Schumacker GA, Beebe G, Kibler RF, Kurland LT, Kurtzke JF, McDowell F, Nagler B, Sibley WA, 
Tourtellotte WW, Willmon TL: Problems Of Experimental Trials Of Therapy In Multiple Sclerosis: Report By 
The Panel On The Evaluation Of Experimental Trials Of Therapy In Multiple Sclerosis. Ann N Y Acad Sci 
122:552-568, 1965 
54. Wingerchuk DM, Lucchinetti CF, Noseworthy JH: Multiple sclerosis: current pathophysiological concepts. 
Lab Invest 81:263-281, 2001 
55. Confavreux C, Vukusic S: Age at disability milestones in multiple sclerosis. Brain 129:595-605, 2006 
56. Confavreux C, Vukusic S: Natural history of multiple sclerosis: a unifying concept. Brain 129:606-616, 
2006 
57. McAlpine, Compston N: Some aspects of the natural history of disseminated sclerosis. Q J Med 21:135-
167, 1952 
58. Correale J, Ysrraelit MC, Fiol MP: Benign multiple sclerosis: does it exist? Curr Neurol Neurosci Rep 
12:601-609, 2012 
59. Amato MP, Zipoli V, Goretti B, Portaccio E, De Caro MF, Ricchiuti L, Siracusa G, Masini M, Sorbi S, 
Trojano M: Benign multiple sclerosis: cognitive, psychological and social aspects in a clinical cohort. J Neurol 
253:1054-1059, 2006 
60. Ritchie JM, Rogart RB: Density of sodium channels in mammalian myelinated nerve fibers and nature of 
the axonal membrane under the myelin sheath. Proc Natl Acad Sci U S A 74:211-215, 1977 
61. Poliak S, Peles E: The local differentiation of myelinated axons at nodes of Ranvier. Nat Rev Neurosci 
4:968-980, 2003 



References 

	   190 

62. Bjartmar C, Wujek JR, Trapp BD: Axonal loss in the pathology of MS: consequences for understanding the 
progressive phase of the disease. J Neurol Sci 206:165-171, 2003 
63. Bruck W, Stadelmann C: Inflammation and degeneration in multiple sclerosis. Neurol Sci 24 Suppl 5:S265-
267, 2003 
64. Lucchinetti C, Bruck W, Parisi J, Scheithauer B, Rodriguez M, Lassmann H: Heterogeneity of multiple 
sclerosis lesions: implications for the pathogenesis of demyelination. Ann Neurol 47:707-717, 2000 
65. Kornek B, Storch MK, Weissert R, Wallstroem E, Stefferl A, Olsson T, Linington C, Schmidbauer M, 
Lassmann H: Multiple sclerosis and chronic autoimmune encephalomyelitis: a comparative quantitative study 
of axonal injury in active, inactive, and remyelinated lesions. Am J Pathol 157:267-276, 2000 
66. Bitsch A, Schuchardt J, Bunkowski S, Kuhlmann T, Bruck W: Acute axonal injury in multiple sclerosis. 
Correlation with demyelination and inflammation. Brain 123 (Pt 6):1174-1183, 2000 
67. Ferguson B, Matyszak MK, Esiri MM, Perry VH: Axonal damage in acute multiple sclerosis lesions. Brain 
120 (Pt 3):393-399, 1997 
68. Trapp BD, Peterson J, Ransohoff RM, Rudick R, Mork S, Bo L: Axonal transection in the lesions of 
multiple sclerosis. N Engl J Med 338:278-285, 1998 
69. Kornek B, Storch MK, Bauer J, Djamshidian A, Weissert R, Wallstroem E, Stefferl A, Zimprich F, Olsson 
T, Linington C, Schmidbauer M, Lassmann H: Distribution of a calcium channel subunit in dystrophic axons in 
multiple sclerosis and experimental autoimmune encephalomyelitis. Brain 124:1114-1124, 2001 
70. Hohlfeld R: Biotechnological agents for the immunotherapy of multiple sclerosis. Principles, problems and 
perspectives. Brain 120 (Pt 5):865-916, 1997 
71. Babbe H, Roers A, Waisman A, Lassmann H, Goebels N, Hohlfeld R, Friese M, Schroder R, Deckert M, 
Schmidt S, Ravid R, Rajewsky K: Clonal expansions of CD8(+) T cells dominate the T cell infiltrate in active 
multiple sclerosis lesions as shown by micromanipulation and single cell polymerase chain reaction. J Exp Med 
192:393-404, 2000 
72. Huseby ES, Liggitt D, Brabb T, Schnabel B, Ohlen C, Goverman J: A pathogenic role for myelin-specific 
CD8(+) T cells in a model for multiple sclerosis. J Exp Med 194:669-676, 2001 
73. Medana I, Martinic MA, Wekerle H, Neumann H: Transection of major histocompatibility complex class I-
induced neurites by cytotoxic T lymphocytes. Am J Pathol 159:809-815, 2001 
74. Fenstermacher J, Gross P, Sposito N, Acuff V, Pettersen S, Gruber K: Structural and functional variations in 
capillary systems within the brain. Ann N Y Acad Sci 529:21-30, 1988 
75. Oldendorf WH, Cornford ME, Brown WJ: The large apparent work capability of the blood-brain barrier: a 
study of the mitochondrial content of capillary endothelial cells in brain and other tissues of the rat. Ann Neurol 
1:409-417, 1977 
76. Sedlakova R, Shivers RR, Del Maestro RF: Ultrastructure of the blood-brain barrier in the rabbit. J 
Submicrosc Cytol Pathol 31:149-161, 1999 
77. Abbott NJ, Ronnback L, Hansson E: Astrocyte-endothelial interactions at the blood-brain barrier. Nat Rev 
Neurosci 7:41-53, 2006 
78. Alvarez JI, Cayrol R, Prat A: Disruption of central nervous system barriers in multiple sclerosis. Biochim 
Biophys Acta 1812:252-264, 2011 
79. Brightman MW, Reese TS: Junctions between intimately apposed cell membranes in the vertebrate brain. J 
Cell Biol 40:648-677, 1969 
80. Kniesel U, Wolburg H: Tight junctions of the blood-brain barrier. Cell Mol Neurobiol 20:57-76, 2000 
81. Schulze C, Firth JA: Immunohistochemical localization of adherens junction components in blood-brain 
barrier microvessels of the rat. J Cell Sci 104 (Pt 3):773-782, 1993 
82. Daneman R, Zhou L, Kebede AA, Barres BA: Pericytes are required for blood-brain barrier integrity during 
embryogenesis. Nature 468:562-566, 2010 
83. Kamouchi M, Ago T, Kitazono T: Brain pericytes: emerging concepts and functional roles in brain 
homeostasis. Cell Mol Neurobiol 31:175-193, 2010 
84. Mrass P, Weninger W: Immune cell migration as a means to control immune privilege: lessons from the 
CNS and tumors. Immunol Rev 213:195-212, 2006 
85. Sixt M, Engelhardt B, Pausch F, Hallmann R, Wendler O, Sorokin LM: Endothelial cell laminin isoforms, 
laminins 8 and 10, play decisive roles in T cell recruitment across the blood-brain barrier in experimental 
autoimmune encephalomyelitis. J Cell Biol 153:933-946, 2001 
86. Owens T, Bechmann I, Engelhardt B: Perivascular spaces and the two steps to neuroinflammation. J 
Neuropathol Exp Neurol 67:1113-1121, 2008 



References 

	   191 

87. Hawkins BT, Davis TP: The blood-brain barrier/neurovascular unit in health and disease. Pharmacol Rev 
57:173-185, 2005 
88. Larochelle C, Alvarez JI, Prat A: How do immune cells overcome the blood-brain barrier in multiple 
sclerosis? FEBS Lett 585:3770-3780, 2011 
89. Miljkovic D, Timotijevic G, Mostarica Stojkovic M: Astrocytes in the tempest of multiple sclerosis. FEBS 
Lett 585:3781-3788, 2011 
90. Hickey WF: Basic principles of immunological surveillance of the normal central nervous system. Glia 
36:118-124, 2001 
91. Ludowyk PA, Willenborg DO, Parish CR: Selective localisation of neuro-specific T lymphocytes in the 
central nervous system. J Neuroimmunol 37:237-250, 1992 
92. Biernacki K, Prat A, Blain M, Antel JP: Regulation of cellular and molecular trafficking across human brain 
endothelial cells by Th1- and Th2-polarized lymphocytes. J Neuropathol Exp Neurol 63:223-232, 2004 
93. Seguin R, Biernacki K, Rotondo RL, Prat A, Antel JP: Regulation and functional effects of monocyte 
migration across human brain-derived endothelial cells. J Neuropathol Exp Neurol 62:412-419, 2003 
94. Engelhardt B: Molecular mechanisms involved in T cell migration across the blood-brain barrier. J Neural 
Transm 113:477-485, 2006 
95. Raine CS, Cannella B, Duijvestijn AM, Cross AH: Homing to central nervous system vasculature by 
antigen-specific lymphocytes. II. Lymphocyte/endothelial cell adhesion during the initial stages of autoimmune 
demyelination. Lab Invest 63:476-489, 1990 
96. Ensoli F, Fiorelli V, Lugaresi A, Farina D, De Cristofaro M, Collacchi B, Muratori DS, Scala E, Di 
Gioacchino M, Paganelli R, Aiuti F: Lymphomononuclear cells from multiple sclerosis patients spontaneously 
produce high levels of oncostatin M, tumor necrosis factors alpha and beta, and interferon gamma. Mult Scler 
8:284-288, 2002 
97. Ozenci V, Rinaldi L, Teleshova N, Matusevicius D, Kivisakk P, Kouwenhoven M, Link H: 
Metalloproteinases and their tissue inhibitors in multiple sclerosis. J Autoimmun 12:297-303, 1999 
98. Frisullo G, Nociti V, Iorio R, Patanella AK, Marti A, Caggiula M, Mirabella M, Tonali PA, Batocchi AP: 
IL17 and IFNgamma production by peripheral blood mononuclear cells from clinically isolated syndrome to 
secondary progressive multiple sclerosis. Cytokine 44:22-25, 2008 
99. Kahl KG, Kruse N, Toyka KV, Rieckmann P: Serial analysis of cytokine mRNA profiles in whole blood 
samples from patients with early multiple sclerosis. J Neurol Sci 200:53-55, 2002 
100. Chui R, Dorovini-Zis K: Regulation of CCL2 and CCL3 expression in human brain endothelial cells by 
cytokines and lipopolysaccharide. J Neuroinflammation 7:1, 2010 
101. Holman DW, Klein RS, Ransohoff RM: The blood-brain barrier, chemokines and multiple sclerosis. 
Biochim Biophys Acta 1812:220-230, 2011 
102. Quandt J, Dorovini-Zis K: The beta chemokines CCL4 and CCL5 enhance adhesion of specific CD4+ T 
cell subsets to human brain endothelial cells. J Neuropathol Exp Neurol 63:350-362, 2004 
103. Zozulya AL, Reinke E, Baiu DC, Karman J, Sandor M, Fabry Z: Dendritic cell transmigration through 
brain microvessel endothelium is regulated by MIP-1alpha chemokine and matrix metalloproteinases. J 
Immunol 178:520-529, 2007 
104. Battistini L, Piccio L, Rossi B, Bach S, Galgani S, Gasperini C, Ottoboni L, Ciabini D, Caramia MD, 
Bernardi G, Laudanna C, Scarpini E, McEver RP, Butcher EC, Borsellino G, Constantin G: CD8+ T cells from 
patients with acute multiple sclerosis display selective increase of adhesiveness in brain venules: a critical role 
for P-selectin glycoprotein ligand-1. Blood 101:4775-4782, 2003 
105. Ruprecht K, Kuhlmann T, Seif F, Hummel V, Kruse N, Bruck W, Rieckmann P: Effects of oncostatin M 
on human cerebral endothelial cells and expression in inflammatory brain lesions. J Neuropathol Exp Neurol 
60:1087-1098, 2001 
106. Wosik K, Biernacki K, Khouzam MP, Prat A: Death receptor expression and function at the human blood 
brain barrier. J Neurol Sci 259:53-60, 2007 
107. Wong D, Dorovini-Zis K: Expression of vascular cell adhesion molecule-1 (VCAM-1) by human brain 
microvessel endothelial cells in primary culture. Microvasc Res 49:325-339, 1995 
108. Carvalho-Tavares J, Hickey MJ, Hutchison J, Michaud J, Sutcliffe IT, Kubes P: A role for platelets and 
endothelial selectins in tumor necrosis factor-alpha-induced leukocyte recruitment in the brain 
microvasculature. Circ Res 87:1141-1148, 2000 
109. Wong D, Prameya R, Dorovini-Zis K: Adhesion and migration of polymorphonuclear leukocytes across 
human brain microvessel endothelial cells are differentially regulated by endothelial cell adhesion molecules 
and modulate monolayer permeability. J Neuroimmunol 184:136-148, 2007 



References 

	   192 

110. Bettelli E, Carrier Y, Gao W, Korn T, Strom TB, Oukka M, Weiner HL, Kuchroo VK: Reciprocal 
developmental pathways for the generation of pathogenic effector TH17 and regulatory T cells. Nature 
441:235-238, 2006 
111. Babaloo Z, Babaie F, Farhoodi M, Aliparasti MR, Baradaran B, Almasi S, Hoseini A: Interleukin-17A and 
interleukin-17F mRNA expression in peripheral blood mononuclear cells of patients with multiple sclerosis. 
Iran J Immunol 7:202-209, 2010 
112. Durelli L, Conti L, Clerico M, Boselli D, Contessa G, Ripellino P, Ferrero B, Eid P, Novelli F: T-helper 17 
cells expand in multiple sclerosis and are inhibited by interferon-beta. Ann Neurol 65:499-509, 2009 
113. Matusevicius D, Kivisakk P, He B, Kostulas N, Ozenci V, Fredrikson S, Link H: Interleukin-17 mRNA 
expression in blood and CSF mononuclear cells is augmented in multiple sclerosis. Mult Scler 5:101-104, 1999 
114. Huppert J, Closhen D, Croxford A, White R, Kulig P, Pietrowski E, Bechmann I, Becher B, Luhmann HJ, 
Waisman A, Kuhlmann CR: Cellular mechanisms of IL-17-induced blood-brain barrier disruption. Faseb J 
24:1023-1034, 2010 
115. Kebir H, Kreymborg K, Ifergan I, Dodelet-Devillers A, Cayrol R, Bernard M, Giuliani F, Arbour N, 
Becher B, Prat A: Human TH17 lymphocytes promote blood-brain barrier disruption and central nervous 
system inflammation. Nat Med 13:1173-1175, 2007 
116. Haorah J, Knipe B, Leibhart J, Ghorpade A, Persidsky Y: Alcohol-induced oxidative stress in brain 
endothelial cells causes blood-brain barrier dysfunction. J Leukoc Biol 78:1223-1232, 2005 
117. van Horssen J, Schreibelt G, Drexhage J, Hazes T, Dijkstra CD, van der Valk P, de Vries HE: Severe 
oxidative damage in multiple sclerosis lesions coincides with enhanced antioxidant enzyme expression. Free 
Radic Biol Med 45:1729-1737, 2008 
118. Nygardas PT, Hinkkanen AE: Up-regulation of MMP-8 and MMP-9 activity in the BALB/c mouse spinal 
cord correlates with the severity of experimental autoimmune encephalomyelitis. Clin Exp Immunol 128:245-
254, 2002 
119. Oki T, Takahashi S, Kuwabara S, Yoshiyama Y, Mori M, Hattori T, Suzuki N: Increased ability of 
peripheral blood lymphocytes to degrade laminin in multiple sclerosis. J Neurol Sci 222:7-11, 2004 
120. Alexander JS, Harris MK, Wells SR, Mills G, Chalamidas K, Ganta VC, McGee J, Jennings MH, 
Gonzalez-Toledo E, Minagar A: Alterations in serum MMP-8, MMP-9, IL-12p40 and IL-23 in multiple 
sclerosis patients treated with interferon-beta1b. Mult Scler 16:801-809, 2010 
121. Lichtinghagen R, Seifert T, Kracke A, Marckmann S, Wurster U, Heidenreich F: Expression of matrix 
metalloproteinase-9 and its inhibitors in mononuclear blood cells of patients with multiple sclerosis. J 
Neuroimmunol 99:19-26, 1999 
122. Waubant E, Goodkin DE, Gee L, Bacchetti P, Sloan R, Stewart T, Andersson PB, Stabler G, Miller K: 
Serum MMP-9 and TIMP-1 levels are related to MRI activity in relapsing multiple sclerosis. Neurology 
53:1397-1401, 1999 
123. Weber MS, Hemmer B, Cepok S: The role of antibodies in multiple sclerosis. Biochim Biophys Acta 
1812:239-245, 2011 
124. Ziemssen T, Ziemssen F: The role of the humoral immune system in multiple sclerosis (MS) and its 
animal model experimental autoimmune encephalomyelitis (EAE). Autoimmun Rev 4:460-467, 2005 
125. Lou YH, Park KK, Agersborg S, Alard P, Tung KS: Retargeting T cell-mediated inflammation: a new 
perspective on autoantibody action. J Immunol 164:5251-5257, 2000 
126. Marta CB, Montano MB, Taylor CM, Taylor AL, Bansal R, Pfeiffer SE: Signaling cascades activated 
upon antibody cross-linking of myelin oligodendrocyte glycoprotein: potential implications for multiple 
sclerosis. J Biol Chem 280:8985-8993, 2005 
127. Marta CB, Oliver AR, Sweet RA, Pfeiffer SE, Ruddle NH: Pathogenic myelin oligodendrocyte 
glycoprotein antibodies recognize glycosylated epitopes and perturb oligodendrocyte physiology. Proc Natl 
Acad Sci U S A 102:13992-13997, 2005 
128. Rosenbluth J, Schiff R, Liang WL, Dou WK, Moon D: Antibody-mediated CNS demyelination: focal 
spinal cord lesions induced by implantation of an IgM anti-galactocerebroside-secreting hybridoma. J 
Neurocytol 28:397-416, 1999 
129. Rosenbluth J, Schiff R, Liang WL, Dou W: Antibody-mediated CNS demyelination II. Focal spinal cord 
lesions induced by implantation of an IgM antisulfatide-secreting hybridoma. J Neurocytol 32:265-276, 2003 
130. Chen Z, Freedman MS: CD16+ gammadelta T cells mediate antibody dependent cellular cytotoxicity: 
potential mechanism in the pathogenesis of multiple sclerosis. Clin Immunol 128:219-227, 2008 
131. Seidel UJ, Schlegel P, Lang P: Natural killer cell mediated antibody-dependent cellular cytotoxicity in 
tumor immunotherapy with therapeutic antibodies. Front Immunol 4:76, 2013 



References 

	   193 

132. Villar LM, Masjuan J, Gonzalez-Porque P, Plaza J, Sadaba MC, Roldan E, Bootello A, Alvarez-Cermeno 
JC: Intrathecal IgM synthesis in neurologic diseases: relationship with disability in MS. Neurology 58:824-826, 
2002 
133. Villar LM, Masjuan J, Gonzalez-Porque P, Plaza J, Sadaba MC, Roldan E, Bootello A, Alvarez-Cermeno 
JC: Intrathecal IgM synthesis predicts the onset of new relapses and a worse disease course in MS. Neurology 
59:555-559, 2002 
134. Villar LM, Masjuan J, Gonzalez-Porque P, Plaza J, Sadaba MC, Roldan E, Bootello A, Alvarez-Cermeno 
JC: Intrathecal IgM synthesis is a prognostic factor in multiple sclerosis. Ann Neurol 53:222-226, 2003 
135. Mandrioli J, Sola P, Bedin R, Gambini M, Merelli E: A multifactorial prognostic index in multiple 
sclerosis. Cerebrospinal fluid IgM oligoclonal bands and clinical features to predict the evolution of the disease. 
J Neurol 255:1023-1031, 2008 
136. Panitch HS, Hooper CJ, Johnson KP: CSF antibody to myelin basic protein. Measurement in patients with 
multiple sclerosis and subacute sclerosing panencephalitis. Arch Neurol 37:206-209, 1980 
137. Wajgt A, Gorny M: CSF antibodies to myelin basic protein and to myelin-associated glycoprotein in 
multiple sclerosis. Evidence of the intrathecal production of antibodies. Acta Neurol Scand 68:337-343, 1983 
138. Xiao BG, Linington C, Link H: Antibodies to myelin-oligodendrocyte glycoprotein in cerebrospinal fluid 
from patients with multiple sclerosis and controls. J Neuroimmunol 31:91-96, 1991 
139. Warren KG, Catz I: Relative frequency of autoantibodies to myelin basic protein and proteolipid protein in 
optic neuritis and multiple sclerosis cerebrospinal fluid. J Neurol Sci 121:66-73, 1994 
140. Mayer MC, Meinl E: Glycoproteins as targets of autoantibodies in CNS inflammation: MOG and more. 
Ther Adv Neurol Disord 5:147-159, 2012 
141. Keegan M, Konig F, McClelland R, Bruck W, Morales Y, Bitsch A, Panitch H, Lassmann H, Weinshenker 
B, Rodriguez M, Parisi J, Lucchinetti CF: Relation between humoral pathological changes in multiple sclerosis 
and response to therapeutic plasma exchange. Lancet 366:579-582, 2005 
142. Lovato L, Cianti R, Gini B, Marconi S, Bianchi L, Armini A, Anghileri E, Locatelli F, Paoletti F, 
Franciotta D, Bini L, Bonetti B: Transketolase and 2',3'-cyclic-nucleotide 3'-phosphodiesterase type I isoforms 
are specifically recognized by IgG autoantibodies in multiple sclerosis patients. Mol Cell Proteomics 7:2337-
2349, 2008 
143. Sprinkle TJ: 2',3'-cyclic nucleotide 3'-phosphodiesterase, an oligodendrocyte-Schwann cell and myelin-
associated enzyme of the nervous system. Crit Rev Neurobiol 4:235-301, 1989 
144. Terada N, Kidd GJ, Kinter M, Bjartmar C, Moran-Jones K, Trapp BD: Beta IV tubulin is selectively 
expressed by oligodendrocytes in the central nervous system. Glia 50:212-222, 2005 
145. Hazell AS, Todd KG, Butterworth RF: Mechanisms of neuronal cell death in Wernicke's encephalopathy. 
Metab Brain Dis 13:97-122, 1998 
146. Banki K, Colombo E, Sia F, Halladay D, Mattson DH, Tatum AH, Massa PT, Phillips PE, Perl A: 
Oligodendrocyte-specific expression and autoantigenicity of transaldolase in multiple sclerosis. J Exp Med 
180:1649-1663, 1994 
147. Colombo E, Banki K, Tatum AH, Daucher J, Ferrante P, Murray RS, Phillips PE, Perl A: Comparative 
analysis of antibody and cell-mediated autoimmunity to transaldolase and myelin basic protein in patients with 
multiple sclerosis. J Clin Invest 99:1238-1250, 1997 
148. Quintana FJ, Farez MF, Viglietta V, Iglesias AH, Merbl Y, Izquierdo G, Lucas M, Basso AS, Khoury SJ, 
Lucchinetti CF, Cohen IR, Weiner HL: Antigen microarrays identify unique serum autoantibody signatures in 
clinical and pathologic subtypes of multiple sclerosis. Proc Natl Acad Sci U S A 105:18889-18894, 2008 
149. Menge T, Lalive PH, von Budingen HC, Cree B, Hauser SL, Genain CP: Antibody responses against 
galactocerebroside are potential stage-specific biomarkers in multiple sclerosis. J Allergy Clin Immunol 
116:453-459, 2005 
150. Fry JM, Weissbarth S, Lehrer GM, Bornstein MB: Cerebroside antibody inhibits sulfatide synthesis and 
myelination and demyelinates in cord tissue cultures. Science 183:540-542, 1974 
151. Saida T, Saida K, Silberberg DH: Demyelination produced by experimental allergic neuritis serum and 
anti-galactocerebroside antiserum in CNS cultures. An ultrastructural study. Acta Neuropathol 48:19-25, 1979 
152. Raine CS, Johnson AB, Marcus DM, Suzuki A, Bornstein MB: Demyelination in vitro. Absorption studies 
demonstrate that galactocerebroside is a major target. J Neurol Sci 52:117-131, 1981 
153. Fierz W, Heininger K, Schaefer B, Toyka KV, Linington C, Lassmann H: Synergism in the pathogenesis 
of EAE induced by an MBP-specific T-cell line and monoclonal antibodies to galactocerebroside or a myelin 
oligodendroglial glycoprotein. Ann N Y Acad Sci 540:360-363, 1988 



References 

	   194 

154. Morris-Downes MM, Smith PA, Rundle JL, Piddlesden SJ, Baker D, Pham-Dinh D, Heijmans N, Amor S: 
Pathological and regulatory effects of anti-myelin antibodies in experimental allergic encephalomyelitis in 
mice. J Neuroimmunol 125:114-124, 2002 
155. Ilyas AA, Chen ZW, Cook SD: Antibodies to sulfatide in cerebrospinal fluid of patients with multiple 
sclerosis. J Neuroimmunol 139:76-80, 2003 
156. Higurashi M, Iketani M, Takei K, Yamashita N, Aoki R, Kawahara N, Goshima Y: Localized role of 
CRMP1 and CRMP2 in neurite outgrowth and growth cone steering. Dev Neurobiol 72:1528-1540, 2012 
157. Pevsner J, Hsu SC, Scheller RH: n-Sec1: a neural-specific syntaxin-binding protein. Proc Natl Acad Sci U 
S A 91:1445-1449, 1994 
158. Silber E, Semra YK, Gregson NA, Sharief MK: Patients with progressive multiple sclerosis have elevated 
antibodies to neurofilament subunit. Neurology 58:1372-1381, 2002 
159. Eikelenboom MJ, Petzold A, Lazeron RH, Silber E, Sharief M, Thompson EJ, Barkhof F, Giovannoni G, 
Polman CH, Uitdehaag BM: Multiple sclerosis: Neurofilament light chain antibodies are correlated to cerebral 
atrophy. Neurology 60:219-223, 2003 
160. Mayo I, Arribas J, Villoslada P, Alvarez DoForno R, Rodriguez-Vilarino S, Montalban X, De Sagarra MR, 
Castano JG: The proteasome is a major autoantigen in multiple sclerosis. Brain 125:2658-2667, 2002 
161. Feist E, Dorner T, Kuckelkorn U, Schmidtke G, Micheel B, Hiepe F, Burmester GR, Kloetzel PM: 
Proteasome alpha-type subunit C9 is a primary target of autoantibodies in sera of patients with myositis and 
systemic lupus erythematosus. J Exp Med 184:1313-1318, 1996 
162. Arribas J, Luz Rodriguez M, Alvarez-Do Forno R, Castano JG: Autoantibodies against the multicatalytic 
proteinase in patients with systemic lupus erythematosus. J Exp Med 173:423-427, 1991 
163. Feist E, Kuckelkorn U, Dorner T, Donitz H, Scheffler S, Hiepe F, Kloetzel PM, Burmester GR: 
Autoantibodies in primary Sjogren's syndrome are directed against proteasomal subunits of the alpha and beta 
type. Arthritis Rheum 42:697-702, 1999 
164. Ohguro H, Chiba S, Igarashi Y, Matsumoto H, Akino T, Palczewski K: Beta-arrestin and arrestin are 
recognized by autoantibodies in sera from multiple sclerosis patients. Proc Natl Acad Sci U S A 90:3241-3245, 
1993 
165. Kasai N, Pachner AR, Yu RK: Anti-glycolipid antibodies and their immune complexes in multiple 
sclerosis. J Neurol Sci 75:33-42, 1986 
166. Schwarz M, Spector L, Gortler M, Weisshaus O, Glass-Marmor L, Karni A, Dotan N, Miller A: Serum 
anti-Glc(alpha1,4)Glc(alpha) antibodies as a biomarker for relapsing-remitting multiple sclerosis. J Neurol Sci 
244:59-68, 2006 
167. Freedman MS, Laks J, Dotan N, Altstock RT, Dukler A, Sindic CJ: Anti-alpha-glucose-based glycan IgM 
antibodies predict relapse activity in multiple sclerosis after the first neurological event. Mult Scler 15:422-430, 
2009 
168. Lolli F, Mazzanti B, Pazzagli M, Peroni E, Alcaro MC, Sabatino G, Lanzillo R, Brescia Morra V, Santoro 
L, Gasperini C, Galgani S, D'Elios MM, Zipoli V, Sotgiu S, Pugliatti M, Rovero P, Chelli M, Papini AM: The 
glycopeptide CSF114(Glc) detects serum antibodies in multiple sclerosis. J Neuroimmunol 167:131-137, 2005 
169. Lolli F, Mulinacci B, Carotenuto A, Bonetti B, Sabatino G, Mazzanti B, D'Ursi AM, Novellino E, Pazzagli 
M, Lovato L, Alcaro MC, Peroni E, Pozo-Carrero MC, Nuti F, Battistini L, Borsellino G, Chelli M, Rovero P, 
Papini AM: An N-glucosylated peptide detecting disease-specific autoantibodies, biomarkers of multiple 
sclerosis. Proc Natl Acad Sci U S A 102:10273-10278, 2005 
170. Berger T, Rubner P, Schautzer F, Egg R, Ulmer H, Mayringer I, Dilitz E, Deisenhammer F, Reindl M: 
Antimyelin antibodies as a predictor of clinically definite multiple sclerosis after a first demyelinating event. N 
Engl J Med 349:139-145, 2003 
171. Traka M, Dupree JL, Popko B, Karagogeos D: The neuronal adhesion protein TAG-1 is expressed by 
Schwann cells and oligodendrocytes and is localized to the juxtaparanodal region of myelinated fibers. J 
Neurosci 22:3016-3024, 2002 
172. Girault JA, Peles E: Development of nodes of Ranvier. Curr Opin Neurobiol 12:476-485, 2002 
173. Derfuss T, Parikh K, Velhin S, Braun M, Mathey E, Krumbholz M, Kumpfel T, Moldenhauer A, Rader C, 
Sonderegger P, Pollmann W, Tiefenthaller C, Bauer J, Lassmann H, Wekerle H, Karagogeos D, Hohlfeld R, 
Linington C, Meinl E: Contactin-2/TAG-1-directed autoimmunity is identified in multiple sclerosis patients and 
mediates gray matter pathology in animals. Proc Natl Acad Sci U S A 106:8302-8307, 2009 
174. Mathey EK, Derfuss T, Storch MK, Williams KR, Hales K, Woolley DR, Al-Hayani A, Davies SN, 
Rasband MN, Olsson T, Moldenhauer A, Velhin S, Hohlfeld R, Meinl E, Linington C: Neurofascin as a novel 
target for autoantibody-mediated axonal injury. J Exp Med 204:2363-2372, 2007 



References 

	   195 

175. Brenner MB, McLean J, Dialynas DP, Strominger JL, Smith JA, Owen FL, Seidman JG, Ip S, Rosen F, 
Krangel MS: Identification of a putative second T-cell receptor. Nature 322:145-149, 1986 
176. Kazen AR, Adams EJ: Evolution of the V, D, and J gene segments used in the primate gammadelta T-cell 
receptor reveals a dichotomy of conservation and diversity. Proc Natl Acad Sci U S A 108:E332-340, 2011 
177. Yachie A, Ueno Y, Takano N, Miyawaki T, Taniguchi N: Developmental changes of double-negative 
(CD3+ 4-8-) T cells in human peripheral blood. Clin Exp Immunol 76:258-261, 1989 
178. Bluestone JA, Cron RQ, Barrett TA, Houlden B, Sperling AI, Dent A, Hedrick S, Rellahan B, Matis LA: 
Repertoire development and ligand specificity of murine TCR gamma delta cells. Immunol Rev 120:5-33, 1991 
179. Ferreira LM: Gammadelta T cells: innately adaptive immune cells? Int Rev Immunol 32:223-248, 2013 
180. Havran WL, Allison JP: Developmentally ordered appearance of thymocytes expressing different T-cell 
antigen receptors. Nature 335:443-445, 1988 
181. Strominger JL: Developmental biology of T cell receptors. Science 244:943-950, 1989 
182. Allison JP, Havran WL: The immunobiology of T cells with invariant gamma delta antigen receptors. 
Annu Rev Immunol 9:679-705, 1991 
183. Wu Y, Wu W, Wong WM, Ward E, Thrasher AJ, Goldblatt D, Osman M, Digard P, Canaday DH, 
Gustafsson K: Human gamma delta T cells: a lymphoid lineage cell capable of professional phagocytosis. J 
Immunol 183:5622-5629, 2009 
184. Fisch P, Meuer E, Pende D, Rothenfusser S, Viale O, Kock S, Ferrone S, Fradelizi D, Klein G, Moretta L, 
Rammensee HG, Boon T, Coulie P, van der Bruggen P: Control of B cell lymphoma recognition via natural 
killer inhibitory receptors implies a role for human Vgamma9/Vdelta2 T cells in tumor immunity. Eur J 
Immunol 27:3368-3379, 1997 
185. Angelini DF, Borsellino G, Poupot M, Diamantini A, Poupot R, Bernardi G, Poccia F, Fournie JJ, 
Battistini L: FcgammaRIII discriminates between 2 subsets of Vgamma9Vdelta2 effector cells with different 
responses and activation pathways. Blood 104:1801-1807, 2004 
186. Zocchi MR, Poggi A: Role of gammadelta T lymphocytes in tumor defense. Front Biosci 9:2588-2604, 
2004 
187. Davodeau F, Peyrat MA, Hallet MM, Gaschet J, Houde I, Vivien R, Vie H, Bonneville M: Close 
correlation between Daudi and mycobacterial antigen recognition by human gamma delta T cells and 
expression of V9JPC1 gamma/V2DJC delta-encoded T cell receptors. J Immunol 151:1214-1223, 1993 
188. Maziarz RT, Groh V, Prendergast M, Fabbi M, Strominger JL, Burakoff SJ: Non-MHC-restricted target-
cell lysis by a CD4-CD8- TCR alpha beta T-cell line, as well as by TCR gamma delta T-cell lines, results from 
lymphokine-activated killing. Int J Cancer 48:142-147, 1991 
189. Brandes M, Willimann K, Moser B: Professional antigen-presentation function by human gammadelta T 
Cells. Science 309:264-268, 2005 
190. Boismenu R, Havran WL: Intraepithelial gamma delta T cells exposed by functional genomics. Genome 
Biol 2:REVIEWS1031, 2001 
191. De Libero G: Tissue distribution, antigen specificity and effector functions of gamma delta T cells in 
human diseases. Springer Semin Immunopathol 22:219-238, 2000 
192. Ferrick DA, Schrenzel MD, Mulvania T, Hsieh B, Ferlin WG, Lepper H: Differential production of 
interferon-gamma and interleukin-4 in response to Th1- and Th2-stimulating pathogens by gamma delta T cells 
in vivo. Nature 373:255-257, 1995 
193. Musse AA, Boggs JM, Harauz G: Deimination of membrane-bound myelin basic protein in multiple 
sclerosis exposes an immunodominant epitope. Proc Natl Acad Sci U S A 103:4422-4427, 2006 
194. Wen L, Barber DF, Pao W, Wong FS, Owen MJ, Hayday A: Primary gamma delta cell clones can be 
defined phenotypically and functionally as Th1/Th2 cells and illustrate the association of CD4 with Th2 
differentiation. J Immunol 160:1965-1974, 1998 
195. Hayday A, Geng L: Gamma delta cells regulate autoimmunity. Curr Opin Immunol 9:884-889, 1997 
196. Wen L, Roberts SJ, Viney JL, Wong FS, Mallick C, Findly RC, Peng Q, Craft JE, Owen MJ, Hayday AC: 
Immunoglobulin synthesis and generalized autoimmunity in mice congenitally deficient in alpha beta(+) T 
cells. Nature 369:654-658, 1994 
197. Pulendran B, Banchereau J, Maraskovsky E, Maliszewski C: Modulating the immune response with 
dendritic cells and their growth factors. Trends Immunol 22:41-47, 2001 
198. Caccamo N, Battistini L, Bonneville M, Poccia F, Fournie JJ, Meraviglia S, Borsellino G, Kroczek RA, La 
Mendola C, Scotet E, Dieli F, Salerno A: CXCR5 identifies a subset of Vgamma9Vdelta2 T cells which secrete 
IL-4 and IL-10 and help B cells for antibody production. J Immunol 177:5290-5295, 2006 



References 

	   196 

199. Fisch P, Malkovsky M, Braakman E, Sturm E, Bolhuis RL, Prieve A, Sosman JA, Lam VA, Sondel PM: 
Gamma/delta T cell clones and natural killer cell clones mediate distinct patterns of non-major 
histocompatibility complex-restricted cytolysis. J Exp Med 171:1567-1579, 1990 
200. Haas W, Pereira P, Tonegawa S: Gamma/delta cells. Annu Rev Immunol 11:637-685, 1993 
201. Kabelitz D: Human gamma delta T lymphocytes. Int Arch Allergy Immunol 102:1-9, 1993 
202. Schild H, Mavaddat N, Litzenberger C, Ehrich EW, Davis MM, Bluestone JA, Matis L, Draper RK, Chien 
YH: The nature of major histocompatibility complex recognition by gamma delta T cells. Cell 76:29-37, 1994 
203. Tanaka Y, Sano S, Nieves E, De Libero G, Rosa D, Modlin RL, Brenner MB, Bloom BR, Morita CT: 
Nonpeptide ligands for human gamma delta T cells. Proc Natl Acad Sci U S A 91:8175-8179, 1994 
204. Bukowski JF, Morita CT, Tanaka Y, Bloom BR, Brenner MB, Band H: V gamma 2V delta 2 TCR-
dependent recognition of non-peptide antigens and Daudi cells analyzed by TCR gene transfer. J Immunol 
154:998-1006, 1995 
205. Bukowski JF, Morita CT, Brenner MB: Human gamma delta T cells recognize alkylamines derived from 
microbes, edible plants, and tea: implications for innate immunity. Immunity 11:57-65, 1999 
206. Poccia F, Gougeon ML, Bonneville M, Lopez-Botet M, Moretta A, Battistini L, Wallace M, Colizzi V, 
Malkovsky M: Innate T-cell immunity to nonpeptidic antigens. Immunol Today 19:253-256, 1998 
207. Garcia VE, Jullien D, Song M, Uyemura K, Shuai K, Morita CT, Modlin RL: IL-15 enhances the response 
of human gamma delta T cells to nonpeptide [correction of nonpetide] microbial antigens. J Immunol 160:4322-
4329, 1998 
208. Sciammas R, Johnson RM, Sperling AI, Brady W, Linsley PS, Spear PG, Fitch FW, Bluestone JA: Unique 
antigen recognition by a herpesvirus-specific TCR-gamma delta cell. J Immunol 152:5392-5397, 1994 
209. Haregewoin A, Soman G, Hom RC, Finberg RW: Human gamma delta+ T cells respond to mycobacterial 
heat-shock protein. Nature 340:309-312, 1989 
210. Haregewoin A, Singh B, Gupta RS, Finberg RW: A mycobacterial heat-shock protein-responsive gamma 
delta T cell clone also responds to the homologous human heat-shock protein: a possible link between infection 
and autoimmunity. J Infect Dis 163:156-160, 1991 
211. O'Brien RL, Happ MP, Dallas A, Palmer E, Kubo R, Born WK: Stimulation of a major subset of 
lymphocytes expressing T cell receptor gamma delta by an antigen derived from Mycobacterium tuberculosis. 
Cell 57:667-674, 1989 
212. Fisch P, Malkovsky M, Kovats S, Sturm E, Braakman E, Klein BS, Voss SD, Morrissey LW, DeMars R, 
Welch WJ, et al.: Recognition by human V gamma 9/V delta 2 T cells of a GroEL homolog on Daudi Burkitt's 
lymphoma cells. Science 250:1269-1273, 1990 
213. Pardoll DM: Immunology. Stress, NK receptors, and immune surveillance. Science 294:534-536, 2001 
214. Das H, Groh V, Kuijl C, Sugita M, Morita CT, Spies T, Bukowski JF: MICA engagement by human 
Vgamma2Vdelta2 T cells enhances their antigen-dependent effector function. Immunity 15:83-93, 2001 
215. Battistini L, Fischer FR, Raine CS, Brosnan CF: CD1b is expressed in multiple sclerosis lesions. J 
Neuroimmunol 67:145-151, 1996 
216. Kaufmann SH: gamma/delta and other unconventional T lymphocytes: what do they see and what do they 
do? Proc Natl Acad Sci U S A 93:2272-2279, 1996 
217. Chen Z, Freedman MS: Correlation of specialized CD16(+) gammadelta T cells with disease course and 
severity in multiple sclerosis. J Neuroimmunol 194:147-152, 2008 
218. Shimonkevitz R, Colburn C, Burnham JA, Murray RS, Kotzin BL: Clonal expansions of activated 
gamma/delta T cells in recent-onset multiple sclerosis. Proc Natl Acad Sci U S A 90:923-927, 1993 
219. Selmaj K, Brosnan CF, Raine CS: Colocalization of lymphocytes bearing gamma delta T-cell receptor and 
heat shock protein hsp65+ oligodendrocytes in multiple sclerosis. Proc Natl Acad Sci U S A 88:6452-6456, 
1991 
220. Wucherpfennig KW, Newcombe J, Li H, Keddy C, Cuzner ML, Hafler DA: Gamma delta T-cell receptor 
repertoire in acute multiple sclerosis lesions. Proc Natl Acad Sci U S A 89:4588-4592, 1992 
221. Zeine R, Pon R, Ladiwala U, Antel JP, Filion LG, Freedman MS: Mechanism of gammadelta T cell-
induced human oligodendrocyte cytotoxicity: relevance to multiple sclerosis. J Neuroimmunol 87:49-61, 1998 
222. Battistini L, Salvetti M, Ristori G, Falcone M, Raine CS, Brosnan CF: Gamma delta T cell receptor 
analysis supports a role for HSP 70 selection of lymphocytes in multiple sclerosis lesions. Mol Med 1:554-562, 
1995 
223. Nick S, Pileri P, Tongiani S, Uematsu Y, Kappos L, De Libero G: T cell receptor gamma delta repertoire 
is skewed in cerebrospinal fluid of multiple sclerosis patients: molecular and functional analyses of antigen-
reactive gamma delta clones. Eur J Immunol 25:355-363, 1995 



References 

	   197 

224. Stinissen P, Vandevyver C, Medaer R, Vandegaer L, Nies J, Tuyls L, Hafler DA, Raus J, Zhang J: 
Increased frequency of gamma delta T cells in cerebrospinal fluid and peripheral blood of patients with multiple 
sclerosis. Reactivity, cytotoxicity, and T cell receptor V gene rearrangements. J Immunol 154:4883-4894, 1995 
225. Freedman MS, D'Souza S, Antel JP: gamma delta T-cell-human glial cell interactions. I. In vitro induction 
of gammadelta T-cell expansion by human glial cells. J Neuroimmunol 74:135-142, 1997 
226. Borsellino G, Koul O, Placido R, Tramonti D, Luchetti S, Galgani S, Salvetti M, Gasperini C, Ristori G, 
Bonetti B, Bach S, Cipriani B, Battistini L: Evidence for a role of gammadelta T cells in demyelinating diseases 
as determined by activation states and responses to lipid antigens. J Neuroimmunol 107:124-129, 2000 
227. Rieckmann P, Smith KJ: Multiple sclerosis: more than inflammation and demyelination. Trends Neurosci 
24:435-437, 2001 
228. Freedman MS, Ruijs TC, Selin LK, Antel JP: Peripheral blood gamma-delta T cells lyse fresh human 
brain-derived oligodendrocytes. Ann Neurol 30:794-800, 1991 
229. Gasque P, Jones J, Singhrao SK, Morgan B: Identification of an astrocyte cell population from human 
brain that expresses perforin, a cytotoxic protein implicated in immune defense. J Exp Med 187:451-460, 1998 
230. Saikali P, Antel JP, Newcombe J, Chen Z, Freedman M, Blain M, Cayrol R, Prat A, Hall JA, Arbour N: 
NKG2D-mediated cytotoxicity toward oligodendrocytes suggests a mechanism for tissue injury in multiple 
sclerosis. J Neurosci 27:1220-1228, 2007 
231. Dowling P, Shang G, Raval S, Menonna J, Cook S, Husar W: Involvement of the CD95 (APO-1/Fas) 
receptor/ligand system in multiple sclerosis brain. J Exp Med 184:1513-1518, 1996 
232. D'Souza SD, Bonetti B, Balasingam V, Cashman NR, Barker PA, Troutt AB, Raine CS, Antel JP: Multiple 
sclerosis: Fas signaling in oligodendrocyte cell death. J Exp Med 184:2361-2370, 1996 
233. De Maria R, Testi R: Fas-FasL interactions: a common pathogenetic mechanism in organ-specific 
autoimmunity. Immunol Today 19:121-125, 1998 
234. Bonetti B, Raine CS: Multiple sclerosis: oligodendrocytes display cell death-related molecules in situ but 
do not undergo apoptosis. Ann Neurol 42:74-84, 1997 
235. Rajan AJ, Asensio VC, Campbell IL, Brosnan CF: Experimental autoimmune encephalomyelitis on the 
SJL mouse: effect of gamma delta T cell depletion on chemokine and chemokine receptor expression in the 
central nervous system. J Immunol 164:2120-2130, 2000 
236. Cipriani B, Borsellino G, Poccia F, Placido R, Tramonti D, Bach S, Battistini L, Brosnan CF: Activation 
of C-C beta-chemokines in human peripheral blood gammadelta T cells by isopentenyl pyrophosphate and 
regulation by cytokines. Blood 95:39-47, 2000 
237. Nowak J, Januszkiewicz D, Pernak M, Hertmanowska H, Nowicka-Kujawska K, Rembowska J, 
Lewandowski K, Nowak T, Wender M: Limited pattern of TCR delta chain gene rearrangement on the RNA 
level in multiple sclerosis. J Appl Genet 42:531-540, 2001 
238. Gessner JE, Grussenmeyer T, Kolanus W, Schmidt RE: The human low affinity immunoglobulin G Fc 
receptor III-A and III-B genes. Molecular characterization of the promoter regions. J Biol Chem 270:1350-
1361, 1995 
239. Schmidt RE, Gessner JE: Fc receptors and their interaction with complement in autoimmunity. Immunol 
Lett 100:56-67, 2005 
240. Nimmerjahn F, Ravetch JV: Fcgamma receptors: old friends and new family members. Immunity 24:19-
28, 2006 
241. Nimmerjahn F, Ravetch JV: Fcgamma receptors as regulators of immune responses. Nat Rev Immunol 
8:34-47, 2008 
242. Ravetch JV, Kinet JP: Fc receptors. Annu Rev Immunol 9:457-492, 1991 
243. Jefferis R, Lund J: Interaction sites on human IgG-Fc for FcgammaR: current models. Immunol Lett 82:57-
65, 2002 
244. Lafont V, Liautard J, Liautard JP, Favero J: Production of TNF-alpha by human V gamma 9V delta 2 T 
cells via engagement of Fc gamma RIIIA, the low affinity type 3 receptor for the Fc portion of IgG, expressed 
upon TCR activation by nonpeptidic antigen. J Immunol 166:7190-7199, 2001 
245. Riccieri V, Spadaro A, Parisi G, Taccari E, Moretti T, Bernardini G, Favaroni M, Strom R: Down-
regulation of natural killer cells and of gamma/delta T cells in systemic lupus erythematosus. Does it correlate 
to autoimmunity and to laboratory indices of disease activity? Lupus 9:333-337, 2000 
246. Bodman-Smith MD, Anand A, Durand V, Youinou PY, Lydyard PM: Decreased expression of 
FcgammaRIII (CD16) by gammadelta T cells in patients with rheumatoid arthritis. Immunology 99:498-503, 
2000 



References 

	   198 

247. Giacomelli R, Parzanese I, Frieri G, Passacantando A, Pizzuto F, Pimpo T, Cipriani P, Viscido A, Caprilli 
R, Tonietti G: Increase of circulating gamma/delta T lymphocytes in the peripheral blood of patients affected by 
active inflammatory bowel disease. Clin Exp Immunol 98:83-88, 1994 
248. Lamour A, Smith MD, Lydyard PM, Youinou PY: The majority of Fc gamma RIII-positive gamma delta T 
cells do not express HLA-DR in patients with primary Sjogren's syndrome. Immunol Lett 45:153-155, 1995 
249. Ulvestad E, Williams K, Vedeler C, Antel J, Nyland H, Mork S, Matre R: Reactive microglia in multiple 
sclerosis lesions have an increased expression of receptors for the Fc part of IgG. J Neurol Sci 121:125-131, 
1994 
250. Chan WK, Kung Sutherland M, Li Y, Zalevsky J, Schell S, Leung W: Antibody-dependent cell-mediated 
cytotoxicity overcomes NK cell resistance in MLL-rearranged leukemia expressing inhibitory KIR ligands but 
not activating ligands. Clin Cancer Res 18:6296-6305, 2012 
251. Tokuyama H, Hagi T, Mattarollo SR, Morley J, Wang Q, So HF, Moriyasu F, Nieda M, Nicol AJ: V 
gamma 9 V delta 2 T cell cytotoxicity against tumor cells is enhanced by monoclonal antibody drugs--
rituximab and trastuzumab. Int J Cancer 122:2526-2534, 2008 
252. Rastetter W, Molina A, White CA: Rituximab: expanding role in therapy for lymphomas and autoimmune 
diseases. Annu Rev Med 55:477-503, 2004 
253. Rathjen FG, Wolff JM, Chang S, Bonhoeffer F, Raper JA: Neurofascin: a novel chick cell-surface 
glycoprotein involved in neurite-neurite interactions. Cell 51:841-849, 1987 
254. Davis JQ, McLaughlin T, Bennett V: Ankyrin-binding proteins related to nervous system cell adhesion 
molecules: candidates to provide transmembrane and intercellular connections in adult brain. J Cell Biol 
121:121-133, 1993 
255. Garver TD, Ren Q, Tuvia S, Bennett V: Tyrosine phosphorylation at a site highly conserved in the L1 
family of cell adhesion molecules abolishes ankyrin binding and increases lateral mobility of neurofascin. J 
Cell Biol 137:703-714, 1997 
256. Burden-Gulley SM, Pendergast M, Lemmon V: The role of cell adhesion molecule L1 in axonal extension, 
growth cone motility, and signal transduction. Cell Tissue Res 290:415-422, 1997 
257. Hortsch M: Structural and functional evolution of the L1 family: are four adhesion molecules better than 
one? Mol Cell Neurosci 15:1-10, 2000 
258. Katidou M, Vidaki M, Strigini M, Karagogeos D: The immunoglobulin superfamily of neuronal cell 
adhesion molecules: lessons from animal models and correlation with human disease. Biotechnol J 3:1564-
1580, 2008 
259. Burmeister M, Ren Q, Makris GJ, Samson D, Bennett V: Genes for the neuronal immunoglobulin domain 
cell adhesion molecules neurofascin and Nr-CAM map to mouse chromosomes 1 and 12 and homologous 
human chromosomes. Mamm Genome 7:558-559, 1996 
260. Hassel B, Rathjen FG, Volkmer H: Organization of the neurofascin gene and analysis of developmentally 
regulated alternative splicing. J Biol Chem 272:28742-28749, 1997 
261. Pruss T, Kranz EU, Niere M, Volkmer H: A regulated switch of chick neurofascin isoforms modulates 
ligand recognition and neurite extension. Mol Cell Neurosci 31:354-365, 2006 
262. Kriebel M, Wuchter J, Trinks S, Volkmer H: Neurofascin: a switch between neuronal plasticity and 
stability. Int J Biochem Cell Biol 44:694-697, 2012 
263. Collinson JM, Marshall D, Gillespie CS, Brophy PJ: Transient expression of neurofascin by 
oligodendrocytes at the onset of myelinogenesis: implications for mechanisms of axon-glial interaction. Glia 
23:11-23, 1998 
264. Tait S, Gunn-Moore F, Collinson JM, Huang J, Lubetzki C, Pedraza L, Sherman DL, Colman DR, Brophy 
PJ: An oligodendrocyte cell adhesion molecule at the site of assembly of the paranodal axo-glial junction. J 
Cell Biol 150:657-666, 2000 
265. Davis JQ, Lambert S, Bennett V: Molecular composition of the node of Ranvier: identification of ankyrin-
binding cell adhesion molecules neurofascin (mucin+/third FNIII domain-) and NrCAM at nodal axon 
segments. J Cell Biol 135:1355-1367, 1996 
266. Bennett V, Baines AJ: Spectrin and ankyrin-based pathways: metazoan inventions for integrating cells into 
tissues. Physiol Rev 81:1353-1392, 2001 
267. Pruss T, Niere M, Kranz EU, Volkmer H: Homophilic interactions of chick neurofascin in trans are 
important for neurite induction. Eur J Neurosci 20:3184-3188, 2004 
268. Wei CH, Ryu SE: Homophilic interaction of the L1 family of cell adhesion molecules. Exp Mol Med 
44:413-423, 2012 



References 

	   199 

269. Rathjen FG, Schachner M: Immunocytological and biochemical characterization of a new neuronal cell 
surface component (L1 antigen) which is involved in cell adhesion. Embo J 3:1-10, 1984 
270. Grumet M, Mauro V, Burgoon MP, Edelman GM, Cunningham BA: Structure of a new nervous system 
glycoprotein, Nr-CAM, and its relationship to subgroups of neural cell adhesion molecules. J Cell Biol 
113:1399-1412, 1991 
271. Volkmer H, Leuschner R, Zacharias U, Rathjen FG: Neurofascin induces neurites by heterophilic 
interactions with axonal NrCAM while NrCAM requires F11 on the axonal surface to extend neurites. J Cell 
Biol 135:1059-1069, 1996 
272. Zhang X, Davis JQ, Carpenter S, Bennett V: Structural requirements for association of neurofascin with 
ankyrin. J Biol Chem 273:30785-30794, 1998 
273. Dzhashiashvili Y, Zhang Y, Galinska J, Lam I, Grumet M, Salzer JL: Nodes of Ranvier and axon initial 
segments are ankyrin G-dependent domains that assemble by distinct mechanisms. J Cell Biol 177:857-870, 
2007 
274. Koticha D, Maurel P, Zanazzi G, Kane-Goldsmith N, Basak S, Babiarz J, Salzer J, Grumet M: Neurofascin 
interactions play a critical role in clustering sodium channels, ankyrin G and beta IV spectrin at peripheral 
nodes of Ranvier. Dev Biol 293:1-12, 2006 
275. Lambert S, Davis JQ, Bennett V: Morphogenesis of the node of Ranvier: co-clusters of ankyrin and 
ankyrin-binding integral proteins define early developmental intermediates. J Neurosci 17:7025-7036, 1997 
276. Salzer JL: Polarized domains of myelinated axons. Neuron 40:297-318, 2003 
277. Charles P, Tait S, Faivre-Sarrailh C, Barbin G, Gunn-Moore F, Denisenko-Nehrbass N, Guennoc AM, 
Girault JA, Brophy PJ, Lubetzki C: Neurofascin is a glial receptor for the paranodin/Caspr-contactin axonal 
complex at the axoglial junction. Curr Biol 12:217-220, 2002 
278. Sherman DL, Tait S, Melrose S, Johnson R, Zonta B, Court FA, Macklin WB, Meek S, Smith AJ, Cottrell 
DF, Brophy PJ: Neurofascins are required to establish axonal domains for saltatory conduction. Neuron 48:737-
742, 2005 
279. McEwen DP, Isom LL: Heterophilic interactions of sodium channel beta1 subunits with axonal and glial 
cell adhesion molecules. J Biol Chem 279:52744-52752, 2004 
280. Van Wart A, Boiko T, Trimmer JS, Matthews G: Novel clustering of sodium channel Na(v)1.1 with 
ankyrin-G and neurofascin at discrete sites in the inner plexiform layer of the retina. Mol Cell Neurosci 28:661-
673, 2005 
281. Ango F, di Cristo G, Higashiyama H, Bennett V, Wu P, Huang ZJ: Ankyrin-based subcellular gradient of 
neurofascin, an immunoglobulin family protein, directs GABAergic innervation at purkinje axon initial 
segment. Cell 119:257-272, 2004 
282. Boiko T, Vakulenko M, Ewers H, Yap CC, Norden C, Winckler B: Ankyrin-dependent and -independent 
mechanisms orchestrate axonal compartmentalization of L1 family members neurofascin and L1/neuron-glia 
cell adhesion molecule. J Neurosci 27:590-603, 2007 
283. Xu X, Shrager P: Dependence of axon initial segment formation on Na+ channel expression. J Neurosci 
Res 79:428-441, 2005 
284. Schafer DP, Custer AW, Shrager P, Rasband MN: Early events in node of Ranvier formation during 
myelination and remyelination in the PNS. Neuron Glia Biol 2:69-79, 2006 
285. Ratcliffe CF, Westenbroek RE, Curtis R, Catterall WA: Sodium channel beta1 and beta3 subunits 
associate with neurofascin through their extracellular immunoglobulin-like domain. J Cell Biol 154:427-434, 
2001 
286. Isom LL, Ragsdale DS, De Jongh KS, Westenbroek RE, Reber BF, Scheuer T, Catterall WA: Structure 
and function of the beta 2 subunit of brain sodium channels, a transmembrane glycoprotein with a CAM motif. 
Cell 83:433-442, 1995 
287. Isom LL: The role of sodium channels in cell adhesion. Front Biosci 7:12-23, 2002 
288. Bhat MA, Rios JC, Lu Y, Garcia-Fresco GP, Ching W, St Martin M, Li J, Einheber S, Chesler M, 
Rosenbluth J, Salzer JL, Bellen HJ: Axon-glia interactions and the domain organization of myelinated axons 
requires neurexin IV/Caspr/Paranodin. Neuron 30:369-383, 2001 
289. Boyle ME, Berglund EO, Murai KK, Weber L, Peles E, Ranscht B: Contactin orchestrates assembly of the 
septate-like junctions at the paranode in myelinated peripheral nerve. Neuron 30:385-397, 2001 
290. Thaxton C, Pillai AM, Pribisko AL, Labasque M, Dupree JL, Faivre-Sarrailh C, Bhat MA: In vivo deletion 
of immunoglobulin domains 5 and 6 in neurofascin (Nfasc) reveals domain-specific requirements in myelinated 
axons. J Neurosci 30:4868-4876, 2010 



References 

	   200 

291. Howell OW, Rundle JL, Garg A, Komada M, Brophy PJ, Reynolds R: Activated microglia mediate 
axoglial disruption that contributes to axonal injury in multiple sclerosis. J Neuropathol Exp Neurol 69:1017-
1033, 2010 
292. Elliott C, Lindner M, Arthur A, Brennan K, Jarius S, Hussey J, Chan A, Stroet A, Olsson T, Willison H, 
Barnett SC, Meinl E, Linington C: Functional identification of pathogenic autoantibody responses in patients 
with multiple sclerosis. Brain 135:1819-1833, 2012 
293. Kawamura N, Yamasaki R, Yonekawa T, Matsushita T, Kusunoki S, Nagayama S, Fukuda Y, Ogata H, 
Matsuse D, Murai H, Kira J: Anti-neurofascin antibody in patients with combined central and peripheral 
demyelination. Neurology 81:714-722, 2013 
294. Lindner M, Ng JK, Hochmeister S, Meinl E, Linington C: Neurofascin 186 specific autoantibodies induce 
axonal injury and exacerbate disease severity in experimental autoimmune encephalomyelitis. Exp Neurol 
247:259-266, 2013 
295. Lonigro A, Devaux JJ: Disruption of neurofascin and gliomedin at nodes of Ranvier precedes 
demyelination in experimental allergic neuritis. Brain 132:260-273, 2009 
296. Steinman L: Immunotherapy of multiple sclerosis: the end of the beginning. Curr Opin Immunol 13:597-
600, 2001 
297. Mancardi GL, Saccardi R, Filippi M, Gualandi F, Murialdo A, Inglese M, Marrosu MG, Meucci G, 
Massacesi L, Lugaresi A, Pagliai F, Sormani MP, Sardanelli F, Marmont A: Autologous hematopoietic stem 
cell transplantation suppresses Gd-enhanced MRI activity in MS. Neurology 57:62-68, 2001 
298. Saiz A, Blanco Y, Carreras E, Berenguer J, Rovira M, Pujol T, Marin P, Arbizu T, Graus F: Clinical and 
MRI outcome after autologous hematopoietic stem cell transplantation in MS. Neurology 62:282-284, 2004 
299. Shirani A, Zhao Y, Karim ME, Evans C, Kingwell E, van der Kop ML, Oger J, Gustafson P, Petkau J, 
Tremlett H: Association between use of interferon beta and progression of disability in patients with relapsing-
remitting multiple sclerosis. Jama 308:247-256, 2012 
300. Trojano M, Paolicelli D, Tortorella C, Iaffaldano P, Lucchese G, Di Renzo V, D'Onghia M: Natural 
history of multiple sclerosis: have available therapies impacted long-term prognosis? Neurol Clin 29:309-321, 
2011 
301. Bergamaschi R, Quaglini S, Tavazzi E, Amato MP, Paolicelli D, Zipoli V, Romani A, Tortorella C, 
Portaccio E, D'Onghia M, Garberi F, Bargiggia V, Trojano M: Immunomodulatory therapies delay disease 
progression in multiple sclerosis. Mult Scler, 2012 
302. Farge D, Nash R, Laar JM: Autologous stem cell transplantation for systemic sclerosis. Autoimmunity 
41:616-624, 2008 
303. Jayne D, Passweg J, Marmont A, Farge D, Zhao X, Arnold R, Hiepe F, Lisukov I, Musso M, Ou-Yang J, 
Marsh J, Wulffraat N, Besalduch J, Bingham SJ, Emery P, Brune M, Fassas A, Faulkner L, Ferster A, Fiehn C, 
Fouillard L, Geromin A, Greinix H, Rabusin M, Saccardi R, Schneider P, Zintl F, Gratwohl A, Tyndall A: 
Autologous stem cell transplantation for systemic lupus erythematosus. Lupus 13:168-176, 2004 
304. Burt RK, Traynor A, Statkute L, Barr WG, Rosa R, Schroeder J, Verda L, Krosnjar N, Quigley K, Yaung 
K, Villa Bs M, Takahashi M, Jovanovic B, Oyama Y: Nonmyeloablative hematopoietic stem cell 
transplantation for systemic lupus erythematosus. Jama 295:527-535, 2006 
305. Marmont AM, Burt RK: Hematopoietic stem cell transplantation for systemic lupus erythematosus, the 
antiphospholipid syndrome and bullous skin diseases. Autoimmunity 41:639-647, 2008 
306. de Kleer I, Vastert B, Klein M, Teklenburg G, Arkesteijn G, Yung GP, Albani S, Kuis W, Wulffraat N, 
Prakken B: Autologous stem cell transplantation for autoimmunity induces immunologic self-tolerance by 
reprogramming autoreactive T cells and restoring the CD4+CD25+ immune regulatory network. Blood 
107:1696-1702, 2006 
307. Passweg JR, Rabusin M, Musso M, Beguin Y, Cesaro S, Ehninger G, Espigado I, Iriondo A, Jost L, Koza 
V, Lenhoff S, Lisukov I, Locatelli F, Marmont A, Philippe P, Pilatrino C, Quartier P, Stary J, Veys P, Vormoor 
J, Wahlin A, Zintl F, Bocelli-Tyndall C, Tyndall A, Gratwohl A: Haematopoetic stem cell transplantation for 
refractory autoimmune cytopenia. Br J Haematol 125:749-755, 2004 
308. Kozak T, Havrdova E, Pit'ha J, Gregora E, Pytlik R, Maaloufova J, Mareckova H, Kobylka P, Vodvarkova 
S: High-dose immunosuppressive therapy with PBPC support in the treatment of poor risk multiple sclerosis. 
Bone Marrow Transplant 25:525-531, 2000 
309. Carreras E, Saiz A, Marin P, Martinez C, Rovira M, Villamor N, Aymerich M, Lozano M, Fernandez-
Aviles F, Urbano-Izpizua A, Montserrat E, Graus F: CD34+ selected autologous peripheral blood stem cell 
transplantation for multiple sclerosis: report of toxicity and treatment results at one year of follow-up in 15 
patients. Haematologica 88:306-314, 2003 



References 

	   201 

310. Saccardi R, Mancardi GL, Solari A, Bosi A, Bruzzi P, Di Bartolomeo P, Donelli A, Filippi M, Guerrasio 
A, Gualandi F, La Nasa G, Murialdo A, Pagliai F, Papineschi F, Scappini B, Marmont AM: Autologous HSCT 
for severe progressive multiple sclerosis in a multicenter trial: impact on disease activity and quality of life. 
Blood 105:2601-2607, 2005 
311. Ni XS, Ouyang J, Zhu WH, Wang C, Chen B: Autologous hematopoietic stem cell transplantation for 
progressive multiple sclerosis: report of efficacy and safety at three yr of follow up in 21 patients. Clin 
Transplant 20:485-489, 2006 
312. Saccardi R, Kozak T, Bocelli-Tyndall C, Fassas A, Kazis A, Havrdova E, Carreras E, Saiz A, Lowenberg 
B, te Boekhorst PA, Gualandio F, Openshaw H, Longo G, Pagliai F, Massacesi L, Deconink E, Ouyang J, 
Nagore FJ, Besalduch J, Lisukov IA, Bonini A, Merelli E, Slavino S, Gratwohl A, Passweg J, Tyndall A, Steck 
AJ, Andolina M, Capobianco M, Martin JL, Lugaresi A, Meucci G, Saez RA, Clark RE, Fernandez MN, 
Fouillard L, Herstenstein B, Koza V, Cocco E, Baurmann H, Mancardi GL: Autologous stem cell 
transplantation for progressive multiple sclerosis: update of the European Group for Blood and Marrow 
Transplantation autoimmune diseases working party database. Mult Scler 12:814-823, 2006 
313. Su L, Xu J, Ji BX, Wan SG, Lu CY, Dong HQ, Yu YY, Lu DP: Autologous peripheral blood stem cell 
transplantation for severe multiple sclerosis. Int J Hematol 84:276-281, 2006 
314. Mancardi G, Saccardi R: Autologous haematopoietic stem-cell transplantation in multiple sclerosis. Lancet 
Neurol 7:626-636, 2008 
315. Xu J, Ji BX, Su L, Dong HQ, Sun XJ, Liu CY: Clinical outcomes after autologous haematopoietic stem 
cell transplantation in patients with progressive multiple sclerosis. Chin Med J (Engl) 119:1851-1855, 2006 
316. Burt RK, Loh Y, Cohen B, Stefoski D, Balabanov R, Katsamakis G, Oyama Y, Russell EJ, Stern J, Muraro 
P, Rose J, Testori A, Bucha J, Jovanovic B, Milanetti F, Storek J, Voltarelli JC, Burns WH: Autologous non-
myeloablative haemopoietic stem cell transplantation in relapsing-remitting multiple sclerosis: a phase I/II 
study. Lancet Neurol 8:244-253, 2009 
317. Cassiani-Ingoni R, Muraro PA, Magnus T, Reichert-Scrivner S, Schmidt J, Huh J, Quandt JA, Bratincsak 
A, Shahar T, Eusebi F, Sherman LS, Mattson MP, Martin R, Rao MS: Disease progression after bone marrow 
transplantation in a model of multiple sclerosis is associated with chronic microglial and glial progenitor 
response. J Neuropathol Exp Neurol 66:637-649, 2007 
318. van Bekkum DW: Stem cell transplantation for autoimmune disorders. Preclinical experiments. Best Pract 
Res Clin Haematol 17:201-222, 2004 
319. van Gelder M, van Bekkum DW: Treatment of relapsing experimental autoimmune encephalomyelitis in 
rats with allogeneic bone marrow transplantation from a resistant strain. Bone Marrow Transplant 16:343-351, 
1995 
320. Karussis DM, Slavin S, Ben-Nun A, Ovadia H, Vourka-Karussis U, Lehmann D, Mizrachi-Kol R, 
Abramsky O: Chronic-relapsing experimental autoimmune encephalomyelitis (CR-EAE): treatment and 
induction of tolerance, with high dose cyclophosphamide followed by syngeneic bone marrow transplantation. J 
Neuroimmunol 39:201-210, 1992 
321. Karussis DM, Slavin S, Lehmann D, Mizrachi-Koll R, Abramsky O, Ben-Nun A: Prevention of 
experimental autoimmune encephalomyelitis and induction of tolerance with acute immunosuppression 
followed by syngeneic bone marrow transplantation. J Immunol 148:1693-1698, 1992 
322. van Gelder M, Kinwel-Bohre EP, van Bekkum DW: Treatment of experimental allergic encephalomyelitis 
in rats with total body irradiation and syngeneic BMT. Bone Marrow Transplant 11:233-241, 1993 
323. Dexter TM, Ponting IL, Roberts RA, Spooncer E, Heyworth C, Gallagher JT: Growth and differentiation 
of hematopoietic stem cells. Soc Gen Physiol Ser 43:25-38, 1988 
324. Lawman MJ, Lawman PD, Bagwell CE: Ex vivo expansion and differentiation of hematopoietic stem 
cells. J Hematother 1:251-259, 1992 
325. Samijn JP, te Boekhorst PA, Mondria T, van Doorn PA, Flach HZ, van der Meche FG, Cornelissen J, Hop 
WC, Lowenberg B, Hintzen RQ: Intense T cell depletion followed by autologous bone marrow transplantation 
for severe multiple sclerosis. J Neurol Neurosurg Psychiatry 77:46-50, 2006 
326. Burt RK, Cohen BA, Russell E, Spero K, Joshi A, Oyama Y, Karpus WJ, Luo K, Jovanovic B, Traynor A, 
Karlin K, Stefoski D, Burns WH: Hematopoietic stem cell transplantation for progressive multiple sclerosis: 
failure of a total body irradiation-based conditioning regimen to prevent disease progression in patients with 
high disability scores. Blood 102:2373-2378, 2003 
327. Nash RA, Bowen JD, McSweeney PA, Pavletic SZ, Maravilla KR, Park MS, Storek J, Sullivan KM, Al-
Omaishi J, Corboy JR, DiPersio J, Georges GE, Gooley TA, Holmberg LA, LeMaistre CF, Ryan K, Openshaw 



References 

	   202 

H, Sunderhaus J, Storb R, Zunt J, Kraft GH: High-dose immunosuppressive therapy and autologous peripheral 
blood stem cell transplantation for severe multiple sclerosis. Blood 102:2364-2372, 2003 
328. Rocca MA, Mondria T, Valsasina P, Sormani MP, Flach ZH, Te Boekhorst PA, Comi G, Hintzen RQ, 
Filippi M: A three-year study of brain atrophy after autologous hematopoietic stem cell transplantation in 
rapidly evolving secondary progressive multiple sclerosis. AJNR Am J Neuroradiol 28:1659-1661, 2007 
329. Roccatagliata L, Rocca M, Valsasina P, Bonzano L, Sormani M, Saccardi R, Mancardi G, Filippi M: The 
long-term effect of AHSCT on MRI measures of MS evolution: a five-year follow-up study. Mult Scler 
13:1068-1070, 2007 
330. Fuchs E, Cleveland DW: A structural scaffolding of intermediate filaments in health and disease. Science 
279:514-519, 1998 
331. Lee MK, Cleveland DW: Neuronal intermediate filaments. Annu Rev Neurosci 19:187-217, 1996 
332. Petzold A: Neurofilament phosphoforms: surrogate markers for axonal injury, degeneration and loss. J 
Neurol Sci 233:183-198, 2005 
333. Norgren N, Rosengren L, Stigbrand T: Elevated neurofilament levels in neurological diseases. Brain Res 
987:25-31, 2003 
334. Zanier ER, Refai D, Zipfel GJ, Zoerle T, Longhi L, Esparza TJ, Spinner ML, Bateman RJ, Brody DL, 
Stocchetti N: Neurofilament light chain levels in ventricular cerebrospinal fluid after acute aneurysmal 
subarachnoid haemorrhage. J Neurol Neurosurg Psychiatry 82:157-159, 2010 
335. Rosengren LE, Karlsson JE, Karlsson JO, Persson LI, Wikkelso C: Patients with amyotrophic lateral 
sclerosis and other neurodegenerative diseases have increased levels of neurofilament protein in CSF. J 
Neurochem 67:2013-2018, 1996 
336. Betts JC, Blackstock WP, Ward MA, Anderton BH: Identification of phosphorylation sites on 
neurofilament proteins by nanoelectrospray mass spectrometry. J Biol Chem 272:12922-12927, 1997 
337. Miller CC, Ackerley S, Brownlees J, Grierson AJ, Jacobsen NJ, Thornhill P: Axonal transport of 
neurofilaments in normal and disease states. Cell Mol Life Sci 59:323-330, 2002 
338. Strong MJ, Strong WL, Jaffe H, Traggert B, Sopper MM, Pant HC: Phosphorylation state of the native 
high-molecular-weight neurofilament subunit protein from cervical spinal cord in sporadic amyotrophic lateral 
sclerosis. J Neurochem 76:1315-1325, 2001 
339. Nixon RA: The regulation of neurofilament protein dynamics by phosphorylation: clues to neurofibrillary 
pathobiology. Brain Pathol 3:29-38, 1993 
340. Petzold A, Keir G, Green AJ, Giovannoni G, Thompson EJ: A specific ELISA for measuring 
neurofilament heavy chain phosphoforms. J Immunol Methods 278:179-190, 2003 
341. Goldstein ME, Sternberger NH, Sternberger LA: Phosphorylation protects neurofilaments against 
proteolysis. J Neuroimmunol 14:149-160, 1987 
342. Pant HC: Dephosphorylation of neurofilament proteins enhances their susceptibility to degradation by 
calpain. Biochem J 256:665-668, 1988 
343. Sternberger LA, Sternberger NH: Monoclonal antibodies distinguish phosphorylated and 
nonphosphorylated forms of neurofilaments in situ. Proc Natl Acad Sci U S A 80:6126-6130, 1983 
344. Petzold A, Eikelenboom MJ, Keir G, Grant D, Lazeron RH, Polman CH, Uitdehaag BM, Thompson EJ, 
Giovannoni G: Axonal damage accumulates in the progressive phase of multiple sclerosis: three year follow up 
study. J Neurol Neurosurg Psychiatry 76:206-211, 2005 
345. Kuhle J, Leppert D, Petzold A, Regeniter A, Schindler C, Mehling M, Anthony DC, Kappos L, Lindberg 
RL: Neurofilament heavy chain in CSF correlates with relapses and disability in multiple sclerosis. Neurology 
76:1206-1213, 2011 
346. Petzold A, Mondria T, Kuhle J, Rocca MA, Cornelissen J, te Boekhorst P, Lowenberg B, Giovannoni G, 
Filippi M, Kappos L, Hintzen R: Evidence for acute neurotoxicity after chemotherapy. Ann Neurol 68:806-815, 
2010 
347. Teunissen CE, Iacobaeus E, Khademi M, Brundin L, Norgren N, Koel-Simmelink MJ, Schepens M, 
Bouwman F, Twaalfhoven HA, Blom HJ, Jakobs C, Dijkstra CD: Combination of CSF N-acetylaspartate and 
neurofilaments in multiple sclerosis. Neurology 72:1322-1329, 2009 
348. Lee MK, Xu Z, Wong PC, Cleveland DW: Neurofilaments are obligate heteropolymers in vivo. J Cell Biol 
122:1337-1350, 1993 
349. Lycke JN, Karlsson JE, Andersen O, Rosengren LE: Neurofilament protein in cerebrospinal fluid: a 
potential marker of activity in multiple sclerosis. J Neurol Neurosurg Psychiatry 64:402-404, 1998 
350. Malmestrom C, Haghighi S, Rosengren L, Andersen O, Lycke J: Neurofilament light protein and glial 
fibrillary acidic protein as biological markers in MS. Neurology 61:1720-1725, 2003 



References 

	   203 

351. Norgren N, Sundstrom P, Svenningsson A, Rosengren L, Stigbrand T, Gunnarsson M: Neurofilament and 
glial fibrillary acidic protein in multiple sclerosis. Neurology 63:1586-1590, 2004 
352. Teunissen CE, Khalil M: Neurofilaments as biomarkers in multiple sclerosis. Mult Scler 18:552-556, 2012 
353. Haghighi S, Andersen O, Oden A, Rosengren L: Cerebrospinal fluid markers in MS patients and their 
healthy siblings. Acta Neurol Scand 109:97-99, 2004 
354. Madeddu R, Farace C, Tolu P, Solinas G, Asara Y, Sotgiu MA, Delogu LG, Prados JC, Sotgiu S, Montella 
A: Cytoskeletal proteins in the cerebrospinal fluid as biomarker of multiple sclerosis. Neurol Sci 34:181-186, 
2013 
355. Gunnarsson M, Malmestrom C, Axelsson M, Sundstrom P, Dahle C, Vrethem M, Olsson T, Piehl F, 
Norgren N, Rosengren L, Svenningsson A, Lycke J: Axonal damage in relapsing multiple sclerosis is markedly 
reduced by natalizumab. Ann Neurol 69:83-89, 2011 
356. Kuhle J, Plattner K, Bestwick JP, Lindberg RL, Ramagopalan SV, Norgren N, Nissim A, Malaspina A, 
Leppert D, Giovannoni G, Kappos L: A comparative study of CSF neurofilament light and heavy chain protein 
in MS. Mult Scler 19:1597-1603, 2013 
357. Arrambide G, Espejo C, Yarden J, Fire E, Spector L, Dotan N, Dukler A, Rovira A, Montalban X, Tintore 
M: Serum biomarker gMS-Classifier2: predicting conversion to clinically definite multiple sclerosis. PLoS One 
8:e59953 
358. Axelsson M, Malmestrom C, Nilsson S, Haghighi S, Rosengren L, Lycke J: Glial fibrillary acidic protein: 
a potential biomarker for progression in multiple sclerosis. J Neurol 258:882-888, 2011 
359. Kuhle J, Malmestrom C, Axelsson M, Plattner K, Yaldizli O, Derfuss T, Giovannoni G, Kappos L, Lycke 
J: Neurofilament light and heavy subunits compared as therapeutic biomarkers in multiple sclerosis. Acta 
Neurol Scand 128:e33-36, 2013 
360. Guimaraes FA, Oliveira-Cardoso EA, Mastropietro AP, Voltarelli JC, Santos MA: Impact of autologous 
hematopoetic stem cell transplantation on the quality of life of patients with multiple sclerosis. Arq 
Neuropsiquiatr 68:522-527, 2010 
361. Gunnarsson M, Malmestrom C, Axelsson M, Sundstrom P, Dahle C, Vrethem M, Olsson T, Piehl F, 
Norgren N, Rosengren L, Svenningsson A, Lycke J: Axonal damage in relapsing multiple sclerosis is markedly 
reduced by natalizumab. Ann Neurol 69:83-89, 2010 
362. Khalil M, Enzinger C, Langkammer C, Ropele S, Mader A, Trentini A, Vane ML, Wallner-Blazek M, 
Bachmaier G, Archelos JJ, Koel-Simmelink MJ, Blankenstein MA, Fuchs S, Fazekas F, Teunissen CE: CSF 
neurofilament and N-acetylaspartate related brain changes in clinically isolated syndrome. Mult Scler 19:436-
442, 2012 
363. Salzer J, Svenningsson A, Sundstrom P: Neurofilament light as a prognostic marker in multiple sclerosis. 
Mult Scler 16:287-292, 2010 
364. Polman CH, Reingold SC, Edan G, Filippi M, Hartung HP, Kappos L, Lublin FD, Metz LM, McFarland 
HF, O'Connor PW, Sandberg-Wollheim M, Thompson AJ, Weinshenker BG, Wolinsky JS: Diagnostic criteria 
for multiple sclerosis: 2005 revisions to the "McDonald Criteria". Ann Neurol 58:840-846, 2005 
365. Khademi M, Kockum I, Andersson ML, Iacobaeus E, Brundin L, Sellebjerg F, Hillert J, Piehl F, Olsson T: 
Cerebrospinal fluid CXCL13 in multiple sclerosis: a suggestive prognostic marker for the disease course. Mult 
Scler 17:335-343, 2011 
366. Vives-Pi M, Takasawa S, Pujol-Autonell I, Planas R, Cabre E, Ojanguren I, Montraveta M, Santos AL, 
Ruiz-Ortiz E: Biomarkers for diagnosis and monitoring of celiac disease. J Clin Gastroenterol 47:308-313, 
2013 
367. Sospedra M, Martin R: Immunology of multiple sclerosis. Annu Rev Immunol 23:683-747, 2005 
368. Leech S, Kirk J, Plumb J, McQuaid S: Persistent endothelial abnormalities and blood-brain barrier leak in 
primary and secondary progressive multiple sclerosis. Neuropathol Appl Neurobiol 33:86-98, 2007 
369. Revesz T, Kidd D, Thompson AJ, Barnard RO, McDonald WI: A comparison of the pathology of primary 
and secondary progressive multiple sclerosis. Brain 117 (Pt 4):759-765, 1994 
370. Thompson AJ, Kermode AG, MacManus DG, Kendall BE, Kingsley DP, Moseley IF, McDonald WI: 
Patterns of disease activity in multiple sclerosis: clinical and magnetic resonance imaging study. Bmj 300:631-
634, 1990 
371. Kidd D, Thorpe JW, Thompson AJ, Kendall BE, Moseley IF, MacManus DG, McDonald WI, Miller DH: 
Spinal cord MRI using multi-array coils and fast spin echo. II. Findings in multiple sclerosis. Neurology 
43:2632-2637, 1993 



References 

	   204 

372. Smith ME, Stone LA, Albert PS, Frank JA, Martin R, Armstrong M, Maloni H, McFarlin DE, McFarland 
HF: Clinical worsening in multiple sclerosis is associated with increased frequency and area of gadopentetate 
dimeglumine-enhancing magnetic resonance imaging lesions. Ann Neurol 33:480-489, 1993 
373. Thompson AJ, Kermode AG, Wicks D, MacManus DG, Kendall BE, Kingsley DP, McDonald WI: Major 
differences in the dynamics of primary and secondary progressive multiple sclerosis. Ann Neurol 29:53-62, 
1991 
374. Vaknin-Dembinsky A, Weiner HL: Relationship of immunologic abnormalities and disease stage in 
multiple sclerosis: implications for therapy. J Neurol Sci 259:90-94, 2007 
375. Balashov KE, Smith DR, Khoury SJ, Hafler DA, Weiner HL: Increased interleukin 12 production in 
progressive multiple sclerosis: induction by activated CD4+ T cells via CD40 ligand. Proc Natl Acad Sci U S A 
94:599-603, 1997 
376. Soldan SS, Alvarez Retuerto AI, Sicotte NL, Voskuhl RR: Dysregulation of IL-10 and IL-12p40 in 
secondary progressive multiple sclerosis. J Neuroimmunol 146:209-215, 2004 
377. Niino M, Fukazawa T, Minami N, Amino I, Tashiro J, Fujiki N, Doi S, Kikuchi S: CD5-positive B cell 
subsets in secondary progressive multiple sclerosis. Neurosci Lett 523:56-61, 2012 
378. Julia E, Edo MC, Horga A, Montalban X, Comabella M: Differential susceptibility to apoptosis of CD4+T 
cells expressing CCR5 and CXCR3 in patients with MS. Clin Immunol 133:364-374, 2009 
379. Cottrell DA, Kremenchutzky M, Rice GP, Koopman WJ, Hader W, Baskerville J, Ebers GC: The natural 
history of multiple sclerosis: a geographically based study. 5. The clinical features and natural history of 
primary progressive multiple sclerosis. Brain 122 (Pt 4):625-639, 1999 
380. Weiner HL: A shift from adaptive to innate immunity: a potential mechanism of disease progression in 
multiple sclerosis. J Neurol 255 Suppl 1:3-11, 2008 
381. Lopez-Diego RS, Weiner HL: Novel therapeutic strategies for multiple sclerosis--a multifaceted adversary. 
Nat Rev Drug Discov 7:909-925, 2008 
382. Romme Christensen J, Bornsen L, Ratzer R, Piehl F, Khademi M, Olsson T, Sorensen PS, Sellebjerg F: 
Systemic inflammation in progressive multiple sclerosis involves follicular T-helper, Th17- and activated B-
cells and correlates with progression. PLoS One 8:e57820, 2013 
383. Batten M, Groom J, Cachero TG, Qian F, Schneider P, Tschopp J, Browning JL, Mackay F: BAFF 
mediates survival of peripheral immature B lymphocytes. J Exp Med 192:1453-1466, 2000 
384. Do RK, Hatada E, Lee H, Tourigny MR, Hilbert D, Chen-Kiang S: Attenuation of apoptosis underlies B 
lymphocyte stimulator enhancement of humoral immune response. J Exp Med 192:953-964, 2000 
385. Thompson JS, Schneider P, Kalled SL, Wang L, Lefevre EA, Cachero TG, MacKay F, Bixler SA, Zafari 
M, Liu ZY, Woodcock SA, Qian F, Batten M, Madry C, Richard Y, Benjamin CD, Browning JL, Tsapis A, 
Tschopp J, Ambrose C: BAFF binds to the tumor necrosis factor receptor-like molecule B cell maturation 
antigen and is important for maintaining the peripheral B cell population. J Exp Med 192:129-135, 2000 
386. Thompson JS, Bixler SA, Qian F, Vora K, Scott ML, Cachero TG, Hession C, Schneider P, Sizing ID, 
Mullen C, Strauch K, Zafari M, Benjamin CD, Tschopp J, Browning JL, Ambrose C: BAFF-R, a newly 
identified TNF receptor that specifically interacts with BAFF. Science 293:2108-2111, 2001 
387. Thangarajh M, Gomes A, Masterman T, Hillert J, Hjelmstrom P: Expression of B-cell-activating factor of 
the TNF family (BAFF) and its receptors in multiple sclerosis. J Neuroimmunol 152:183-190, 2004 
388. Kieseier BC, Seifert T, Giovannoni G, Hartung HP: Matrix metalloproteinases in inflammatory 
demyelination: targets for treatment. Neurology 53:20-25, 1999 
389. Pender MP, Greer JM: Immunology of multiple sclerosis. Curr Allergy Asthma Rep 7:285-292, 2007 
390. Bielekova B, Komori M, Xu Q, Reich DS, Wu T: Cerebrospinal fluid IL-12p40, CXCL13 and IL-8 as a 
combinatorial biomarker of active intrathecal inflammation. PLoS One 7:e48370, 2012 
391. Krumbholz M, Theil D, Cepok S, Hemmer B, Kivisakk P, Ransohoff RM, Hofbauer M, Farina C, Derfuss 
T, Hartle C, Newcombe J, Hohlfeld R, Meinl E: Chemokines in multiple sclerosis: CXCL12 and CXCL13 up-
regulation is differentially linked to CNS immune cell recruitment. Brain 129:200-211, 2006 
392. Kuenz B, Lutterotti A, Ehling R, Gneiss C, Haemmerle M, Rainer C, Deisenhammer F, Schocke M, 
Berger T, Reindl M: Cerebrospinal fluid B cells correlate with early brain inflammation in multiple sclerosis. 
PLoS One 3:e2559, 2008 
393. Brettschneider J, Czerwoniak A, Senel M, Fang L, Kassubek J, Pinkhardt E, Lauda F, Kapfer T, Jesse S, 
Lehmensiek V, Ludolph AC, Otto M, Tumani H: The chemokine CXCL13 is a prognostic marker in clinically 
isolated syndrome (CIS). PLoS One 5:e11986, 2010 



References 

	   205 

394. Katz D, Taubenberger JK, Cannella B, McFarlin DE, Raine CS, McFarland HF: Correlation between 
magnetic resonance imaging findings and lesion development in chronic, active multiple sclerosis. Ann Neurol 
34:661-669, 1993 
395. Pender MP, Csurhes PA, Greer JM, Mowat PD, Henderson RD, Cameron KD, Purdie DM, McCombe PA, 
Good MF: Surges of increased T cell reactivity to an encephalitogenic region of myelin proteolipid protein 
occur more often in patients with multiple sclerosis than in healthy subjects. J Immunol 165:5322-5331, 2000 
396. Romme Christensen J, Bornsen L, Hesse D, Krakauer M, Sorensen PS, Sondergaard HB, Sellebjerg F: 
Cellular sources of dysregulated cytokines in relapsing-remitting multiple sclerosis. J Neuroinflammation 
9:215, 2012 
397. Jamshidian A, Shaygannejad V, Pourazar A, Zarkesh-Esfahani SH, Gharagozloo M: Biased Treg/Th17 
balance away from regulatory toward inflammatory phenotype in relapsed multiple sclerosis and its correlation 
with severity of symptoms. J Neuroimmunol 262:106-112, 2013 
398. Kutzelnigg A, Lucchinetti CF, Stadelmann C, Bruck W, Rauschka H, Bergmann M, Schmidbauer M, 
Parisi JE, Lassmann H: Cortical demyelination and diffuse white matter injury in multiple sclerosis. Brain 
128:2705-2712, 2005 
399. Ozawa K, Suchanek G, Breitschopf H, Bruck W, Budka H, Jellinger K, Lassmann H: Patterns of 
oligodendroglia pathology in multiple sclerosis. Brain 117 (Pt 6):1311-1322, 1994 
400. Semra YK, Seidi OA, Sharief MK: Heightened intrathecal release of axonal cytoskeletal proteins in 
multiple sclerosis is associated with progressive disease and clinical disability. J Neuroimmunol 122:132-139, 
2002 
401. Frischer JM, Bramow S, Dal-Bianco A, Lucchinetti CF, Rauschka H, Schmidbauer M, Laursen H, 
Sorensen PS, Lassmann H: The relation between inflammation and neurodegeneration in multiple sclerosis 
brains. Brain 132:1175-1189, 2009 
402. Anderson VM, Fox NC, Miller DH: Magnetic resonance imaging measures of brain atrophy in multiple 
sclerosis. J Magn Reson Imaging 23:605-618, 2006 
403. Bielekova B, Kadom N, Fisher E, Jeffries N, Ohayon J, Richert N, Howard T, Bash CN, Frank JA, Stone 
L, Martin R, Cutter G, McFarland HF: MRI as a marker for disease heterogeneity in multiple sclerosis. 
Neurology 65:1071-1076, 2005 
404. Filippi M, Rocca MA: MRI evidence for multiple sclerosis as a diffuse disease of the central nervous 
system. J Neurol 252 Suppl 5:v16-24, 2005 
405. Zivadinov R, Cox JL: Neuroimaging in multiple sclerosis. Int Rev Neurobiol 79:449-474, 2007 
406. DeLuca GC, Williams K, Evangelou N, Ebers GC, Esiri MM: The contribution of demyelination to axonal 
loss in multiple sclerosis. Brain 129:1507-1516, 2006 
407. Evangelou N, DeLuca GC, Owens T, Esiri MM: Pathological study of spinal cord atrophy in multiple 
sclerosis suggests limited role of local lesions. Brain 128:29-34, 2005 
408. Lovas G, Szilagyi N, Majtenyi K, Palkovits M, Komoly S: Axonal changes in chronic demyelinated 
cervical spinal cord plaques. Brain 123 (Pt 2):308-317, 2000 
409. Bo L, Vedeler CA, Nyland H, Trapp BD, Mork SJ: Intracortical multiple sclerosis lesions are not 
associated with increased lymphocyte infiltration. Mult Scler 9:323-331, 2003 
410. Peterson JW, Bo L, Mork S, Chang A, Trapp BD: Transected neurites, apoptotic neurons, and reduced 
inflammation in cortical multiple sclerosis lesions. Ann Neurol 50:389-400, 2001 
411. Devaux JJ, Odaka M, Yuki N: Nodal proteins are target antigens in Guillain-Barre syndrome. J Peripher 
Nerv Syst 17:62-71, 2012 
412. Ng JK, Malotka J, Kawakami N, Derfuss T, Khademi M, Olsson T, Linington C, Odaka M, Tackenberg B, 
Pruss H, Schwab JM, Harms L, Harms H, Sommer C, Rasband MN, Eshed-Eisenbach Y, Peles E, Hohlfeld R, 
Yuki N, Dornmair K, Meinl E: Neurofascin as a target for autoantibodies in peripheral neuropathies. Neurology 
79:2241-2248, 2012 
413. Buck D, Hemmer B: Treatment of multiple sclerosis: current concepts and future perspectives. J Neurol 
258:1747-1762, 2011 
414. Polman CH, O'Connor PW, Havrdova E, Hutchinson M, Kappos L, Miller DH, Phillips JT, Lublin FD, 
Giovannoni G, Wajgt A, Toal M, Lynn F, Panzara MA, Sandrock AW: A randomized, placebo-controlled trial 
of natalizumab for relapsing multiple sclerosis. N Engl J Med 354:899-910, 2006 
415. Fialova L, Bartos A, Svarcova J, Zimova D, Kotoucova J, Malbohan I: Serum and cerebrospinal fluid light 
neurofilaments and antibodies against them in clinically isolated syndrome and multiple sclerosis. J 
Neuroimmunol 262:113-120, 2013 



References 

	   206 

416. Nesbit GM, Forbes GS, Scheithauer BW, Okazaki H, Rodriguez M: Multiple sclerosis: histopathologic 
and MR and/or CT correlation in 37 cases at biopsy and three cases at autopsy. Radiology 180:467-474, 1991 
417. van Waesberghe JH, Kamphorst W, De Groot CJ, van Walderveen MA, Castelijns JA, Ravid R, Lycklama 
a Nijeholt GJ, van der Valk P, Polman CH, Thompson AJ, Barkhof F: Axonal loss in multiple sclerosis lesions: 
magnetic resonance imaging insights into substrates of disability. Ann Neurol 46:747-754, 1999 
418. Watanabe H, Fukatsu H, Katsuno M, Sugiura M, Hamada K, Okada Y, Hirayama M, Ishigaki T, Sobue G: 
Multiple regional 1H-MR spectroscopy in multiple system atrophy: NAA/Cr reduction in pontine base as a 
valuable diagnostic marker. J Neurol Neurosurg Psychiatry 75:103-109, 2004 
419. Bjartmar C, Kidd G, Mork S, Rudick R, Trapp BD: Neurological disability correlates with spinal cord 
axonal loss and reduced N-acetyl aspartate in chronic multiple sclerosis patients. Ann Neurol 48:893-901, 2000 
420. Tobon GJ, Izquierdo JH, Canas CA: B lymphocytes: development, tolerance, and their role in 
autoimmunity-focus on systemic lupus erythematosus. Autoimmune Dis 2013:827254, 2013 
421. Thompson EJ, Kaufmann P, Rudge P: Sequential changes in oligoclonal patterns during the course of 
multiple sclerosis. J Neurol Neurosurg Psychiatry 46:547-550, 1983 
422. Walsh MJ, Tourtellotte WW: Temporal invariance and clonal uniformity of brain and cerebrospinal IgG, 
IgA, and IgM in multiple sclerosis. J Exp Med 163:41-53, 1986 
423. Dutta R, Trapp BD: Pathogenesis of axonal and neuronal damage in multiple sclerosis. Neurology 68:S22-
31; discussion S43-54, 2007 
424. Filippi M, Bozzali M, Rovaris M, Gonen O, Kesavadas C, Ghezzi A, Martinelli V, Grossman RI, Scotti G, 
Comi G, Falini A: Evidence for widespread axonal damage at the earliest clinical stage of multiple sclerosis. 
Brain 126:433-437, 2003 
425. Krishnan C, Kaplin AI, Pardo CA, Kerr DA, Keswani SC: Demyelinating disorders: update on transverse 
myelitis. Curr Neurol Neurosci Rep 6:236-243, 2006 
426. West TW: Transverse myelitis--a review of the presentation, diagnosis, and initial management. Discov 
Med 16:167-177, 2013 
427. Axelsson M, Malmestrom C, Gunnarsson M, Zetterberg H, Sundstrom P, Lycke J, Svenningsson A: 
Immunosuppressive therapy reduces axonal damage in progressive multiple sclerosis. Mult Scler 20:43-50, 
2014 
428. Freedman MS: Long-term follow-up of clinical trials of multiple sclerosis therapies. Neurology 76:S26-34, 
2011 
429. Darlington PJ, Touil T, Doucet JS, Gaucher D, Zeidan J, Gauchat D, Corsini R, Kim HJ, Duddy M, Jalili 
F, Arbour N, Kebir H, Chen J, Arnold DL, Bowman M, Antel J, Prat A, Freedman MS, Atkins H, Sekaly R, 
Cheynier R, Bar-Or A: Diminished Th17 (not Th1) responses underlie multiple sclerosis disease abrogation 
after hematopoietic stem cell transplantation. Ann Neurol 73:341-354, 2013 
430. Berthelot L, Laplaud DA, Pettre S, Ballet C, Michel L, Hillion S, Braudeau C, Connan F, Lefrere F, 
Wiertlewski S, Guillet JG, Brouard S, Choppin J, Soulillou JP: Blood CD8+ T cell responses against myelin 
determinants in multiple sclerosis and healthy individuals. Eur J Immunol 38:1889-1899, 2008 
431. Burman J, Zetterberg H, Fransson M, Loskog AS, Raininko R, Fagius J: Assessing tissue damage in 
multiple sclerosis: a biomarker approach. Acta Neurol Scand, 2014 
432. Stadelmann C: Multiple sclerosis as a neurodegenerative disease: pathology, mechanisms and therapeutic 
implications. Curr Opin Neurol 24:224-229, 2011 
433. Wilkins A, Scolding N: Protecting axons in multiple sclerosis. Mult Scler 14:1013-1025, 2008 
434. Ziemann U, Wahl M, Hattingen E, Tumani H: Development of biomarkers for multiple sclerosis as a 
neurodegenerative disorder. Prog Neurobiol 95:670-685, 2011 
435. Rust C, Orsini D, Kooy Y, Koning F: Reactivity of human gamma delta T cells to staphylococcal 
enterotoxins: a restricted reaction pattern mediated by two distinct recognition pathways. Scand J Immunol 
38:89-94, 1993 
436. Burton DR, Woof JM: Human antibody effector function. Adv Immunol 51:1-84, 1992 
437. Storch MK, Piddlesden S, Haltia M, Iivanainen M, Morgan P, Lassmann H: Multiple sclerosis: in situ 
evidence for antibody- and complement-mediated demyelination. Ann Neurol 43:465-471, 1998 
438. Zhou D, Srivastava R, Nessler S, Grummel V, Sommer N, Bruck W, Hartung HP, Stadelmann C, Hemmer 
B: Identification of a pathogenic antibody response to native myelin oligodendrocyte glycoprotein in multiple 
sclerosis. Proc Natl Acad Sci U S A 103:19057-19062, 2006 
439. Genain CP, Cannella B, Hauser SL, Raine CS: Identification of autoantibodies associated with myelin 
damage in multiple sclerosis. Nat Med 5:170-175, 1999 



References 

	   207 

440. Coutelier JP, van der Logt JT, Heessen FW, Warnier G, Van Snick J: IgG2a restriction of murine 
antibodies elicited by viral infections. J Exp Med 165:64-69, 1987 
441. Fossati-Jimack L, Ioan-Facsinay A, Reininger L, Chicheportiche Y, Watanabe N, Saito T, Hofhuis FM, 
Gessner JE, Schiller C, Schmidt RE, Honjo T, Verbeek JS, Izui S: Markedly different pathogenicity of four 
immunoglobulin G isotype-switch variants of an antierythrocyte autoantibody is based on their capacity to 
interact in vivo with the low-affinity Fcgamma receptor III. J Exp Med 191:1293-1302, 2000 
442. Markine-Goriaynoff D, Coutelier JP: Increased efficacy of the immunoglobulin G2a subclass in antibody-
mediated protection against lactate dehydrogenase-elevating virus-induced polioencephalomyelitis revealed 
with switch mutants. J Virol 76:432-435, 2002 
443. Nimmerjahn F, Ravetch JV: Divergent immunoglobulin g subclass activity through selective Fc receptor 
binding. Science 310:1510-1512, 2005 
444. Lourenco P, Shirani A, Saeedi J, Oger J, Schreiber WE, Tremlett H: Oligoclonal bands and cerebrospinal 
fluid markers in multiple sclerosis: associations with disease course and progression. Mult Scler 19:577-584, 
2013 
445. Acarin N, Rio J, Fernandez AL, Tintore M, Duran I, Galan I, Montalban X: Different antiganglioside 
antibody pattern between relapsing-remitting and progressive multiple sclerosis. Acta Neurol Scand 93:99-103, 
1996 
446. Villar LM, Masterman T, Casanova B, Gomez-Rial J, Espino M, Sadaba MC, Gonzalez-Porque P, Coret F, 
Alvarez-Cermeno JC: CSF oligoclonal band patterns reveal disease heterogeneity in multiple sclerosis. J 
Neuroimmunol 211:101-104, 2009 
447. Han S, Lin YC, Wu T, Salgado AD, Mexhitaj I, Wuest SC, Romm E, Ohayon J, Goldbach-Mansky R, 
Vanderver A, Marques A, Toro C, Williamson P, Cortese I, Bielekova B: Comprehensive immunophenotyping 
of cerebrospinal fluid cells in patients with neuroimmunological diseases. J Immunol 192:2551-2563, 2014 
448. Abdul-Majid KB, Stefferl A, Bourquin C, Lassmann H, Linington C, Olsson T, Kleinau S, Harris RA: Fc 
receptors are critical for autoimmune inflammatory damage to the central nervous system in experimental 
autoimmune encephalomyelitis. Scand J Immunol 55:70-81, 2002 
449. Tutuncu Z, Kavanaugh A, Zvaifler N, Corr M, Deutsch R, Boyle D: Fcgamma receptor type IIIA 
polymorphisms influence treatment outcomes in patients with inflammatory arthritis treated with tumor 
necrosis factor alpha-blocking agents. Arthritis Rheum 52:2693-2696, 2005 
450. Cartron G, Dacheux L, Salles G, Solal-Celigny P, Bardos P, Colombat P, Watier H: Therapeutic activity of 
humanized anti-CD20 monoclonal antibody and polymorphism in IgG Fc receptor FcgammaRIIIa gene. Blood 
99:754-758, 2002 
451. Nimmerjahn F, Bruhns P, Horiuchi K, Ravetch JV: FcgammaRIV: a novel FcR with distinct IgG subclass 
specificity. Immunity 23:41-51, 2005 
452. Kudo K, Imai C, Lorenzini P, Kamiya T, Kono K, Davidoff AM, Chng WJ, Campana D: T lymphocytes 
expressing a CD16 signaling receptor exert antibody-dependent cancer cell killing. Cancer Res 74:93-103, 2014 
453. Michel M, Piette JC, Roullet E, Duron F, Frances C, Nahum L, Pelletier N, Crassard I, Nunez S, Michel C, 
Bach J, Tournier-Lasserve E: The R131 low-affinity allele of the Fc gamma RIIA receptor is associated with 
systemic lupus erythematosus but not with other autoimmune diseases in French Caucasians. Am J Med 
108:580-583, 2000 
454. Zuniga R, Markowitz GS, Arkachaisri T, Imperatore EA, D'Agati VD, Salmon JE: Identification of IgG 
subclasses and C-reactive protein in lupus nephritis: the relationship between the composition of immune 
deposits and FCgamma receptor type IIA alleles. Arthritis Rheum 48:460-470, 2003 
455. Bryceson YT, March ME, Ljunggren HG, Long EO: Synergy among receptors on resting NK cells for the 
activation of natural cytotoxicity and cytokine secretion. Blood 107:159-166, 2006 
456. Groh V, Porcelli S, Fabbi M, Lanier LL, Picker LJ, Anderson T, Warnke RA, Bhan AK, Strominger JL, 
Brenner MB: Human lymphocytes bearing T cell receptor gamma/delta are phenotypically diverse and evenly 
distributed throughout the lymphoid system. J Exp Med 169:1277-1294, 1989 
457. Maniar A, Zhang X, Lin W, Gastman BR, Pauza CD, Strome SE, Chapoval AI: Human gammadelta T 
lymphocytes induce robust NK cell-mediated antitumor cytotoxicity through CD137 engagement. Blood 
116:1726-1733, 2010 
458. Toutirais O, Cabillic F, Le Friec G, Salot S, Loyer P, Le Gallo M, Desille M, de La Pintiere CT, Daniel P, 
Bouet F, Catros V: DNAX accessory molecule-1 (CD226) promotes human hepatocellular carcinoma cell lysis 
by Vgamma9Vdelta2 T cells. Eur J Immunol 39:1361-1368, 2009 



References 

	   208 

459. Hoffmann SC, Cohnen A, Ludwig T, Watzl C: 2B4 engagement mediates rapid LFA-1 and actin-
dependent NK cell adhesion to tumor cells as measured by single cell force spectroscopy. J Immunol 186:2757-
2764, 2011 
460. Hou S, Ge K, Zheng X, Wei H, Sun R, Tian Z: CD226 Involves in Immune Synapse Formation and 
Triggers NK Cell Activation via Its First Extracellular Domain. J Biol Chem, 2014 
461. Zhang C, Wang Y, Zhou Z, Zhang J, Tian Z: Sodium butyrate upregulates expression of NKG2D ligand 
MICA/B in HeLa and HepG2 cell lines and increases their susceptibility to NK lysis. Cancer Immunol 
Immunother 58:1275-1285, 2009 
462. Zhang L, Wang Q, Wang X, Ding P, Song J, Ma C, Sun W: Anti-CD137 monoclonal antibody promotes 
the direct anti-tumor effect mediated by peripheral blood-derived human dendritic cells in vitro. Cell Mol 
Immunol 1:71-76, 2004 
463. Blink SE, Miller SD: The contribution of gammadelta T cells to the pathogenesis of EAE and MS. Curr 
Mol Med 9:15-22, 2009 
464. Smalls-Mantey A, Doria-Rose N, Klein R, Patamawenu A, Migueles SA, Ko SY, Hallahan CW, Wong H, 
Liu B, You L, Scheid J, Kappes JC, Ochsenbauer C, Nabel GJ, Mascola JR, Connors M: Antibody-dependent 
cellular cytotoxicity against primary HIV-infected CD4+ T cells is directly associated with the magnitude of 
surface IgG binding. J Virol 86:8672-8680, 2012 
465. Horrocks GM, Lauder L, Stewart R, Przyborski S: Formation of neurospheres from human embryonal 
carcinoma stem cells. Biochem Biophys Res Commun 304:411-416, 2003 
466. Pon RA, Biggs NJ, Jennings HJ: Polysialic acid bioengineering of neuronal cells by N-acyl sialic acid 
precursor treatment. Glycobiology 17:249-260, 2007 
 
	  
	  
	  
	  



Statement of contribution of collaborators 

	   209 

STATEMENT OF CONTRIBUTION FROM COLLABORATORS 

Dr. Harry Atkins, Senior Scientist, University of Ottawa/OHRI. Co-Principal Investigator of 
the MS aHSCT program (Chapter 5). 

Mrs. Iva Stonebridge, Research Technician, Freedman Laboratory. Participated in the 
PBMC isolation, γδ T-cell expansion and purification, and flow cytometry acquisition 
(Chapter 4). 

Dr. Alexander Strom, Postdoctoral Fellow, Scott Laboratory. Provided technical assistance 
for Western blot and immunohistochemistry experiments (Chapter 3 and APPENDIX I). 

Dr. Christopher Patrick, Graduate Student, Scott Laboratory. Provided technical assistance 
for immunohistochemistry experiments (Chapter 4) and statistical guidance.



Appendix I 

	   210 

APPENDIX 1 

The hunt for Nfasc-expressing cells 

To test the ability of γδ T-cells to exert ADCC on Nfasc-expressing targets, a target 

first had to be obtained. The first cell line investigated was a murine N2a neuroblastoma 

(ATCC CCL-131), which was shown to weakly express Nfasc via Western blot (Fig 1). 

Subsequently, commercial and MS patient-derived anti-Nfasc antibodies were shown to bind 

N2a cells via flow cytometry (Fig 2). Two MS patient derived anti-Nfasc antibodies were 

assessed; 77.2% of N2a cells bound antibody derived from a PPMS patient (Fig 2) while 

only 39% of N2a cells bound antibody derived from an RRMS patient (not shown), which 

supports the heterogeneity in MS pathogenesis. While both the Western blot and flow 

cytometric assessments demonstrated that the patent-derived antibodies could bind, 

experiments with these cells were abandoned in favour of discovering a more relevant human 

cell line expressing Nfasc.  
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Figure 1: Murine N2a neuroblastoma expresses Nfasc-155. A Western blot 
demonstrating Nfasc expression of murine N2a neuroblastoma cells. Various 
concentrations of recombinant rat Nfasc-155 (rNF) and a lysate of N2a cells were 
electrophoresed by SDS-PAGE and transferred to a PVDF membrane. The membrane 
was probed with a 1:500 commercial goat anti-human Nfasc primary antibody and a 
1:14,000 rabbit anti-goat-HRP secondary antibody. Binding was visualized with the 
addition of ECL solution containing H2O2. A single band of approximately 120 kD 
was observed. 
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Figure 2: Commercial and MS patient derived anti-Nfasc antibodies bind 
murine N2a neuroblastoma. Murine neuroblastoma cells were fixed and primary 
antibodies consisting of a human IgG isotype control, a commercial anti-human 
Nfasc antibody, and a MS patient-derived anti-Nfasc antibody were bound. PE-
conjugated secondary antibodies consisted of goat anti-human IgG or rabbit anti-goat 
IgG. Flow cytometry data was acquired using a Coulter FC500 flow cytometer and 
10,000 events were acquired for each sample. The emission of PE was redirected 
through the 575 nm specific band-pass optical filters and detected through FL2. The 
fluorescence emitted by the commercial and MS patient-derived antibodies was 
increased by nearly a magnitude, compared to the isotype control. 
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A human BE(2)-M17 neuroblastoma (ATCC CRL-2267) cell line was next assessed 

by Western blot, however, it could not be shown to express Nfasc (not shown). Subsequently 

HCN-1A human cortical neuron (ATCC CRL-10442) cultures were established, but these did 

not grow efficiently in culture and studies using these cells were discontinued.  

Human NT2/D1 teratocarcinoma cell cultures were developed and differentiated into 

neurospheres and neurons. A rabbit anti-human Nfasc antibody raised against an intracellular 

domain of Nfasc, recognizing Nfasc-155 and Nfasc-186, was kindly provided by Dr. Peter 

Brophy at the Centre for Neuroregeneration at the University of Edinburgh, and was utilized 

to determine Nfasc expression via immunohistochemistry and confocal microscopy. The 

rabbit anti-Nfasc antibody bound to CD1 mouse brain (Fig 3A), and while cells of NT2/D1-

derived neurospheres initially expressed Nfasc (Fig 3B), expression was lost after one week 

of subsequent differentiation on matrigel (Fig 4). Furthermore, differentiating neurospheres 

expressed both neuron-specific enolase (NSE) and glial fibrillary acidic protein (GFAP) (Fig 

5D), which indicated that the cultures contained both neuronal and astocytic cells, 

respectively. 

When derivative neuron cultures were assessed for the expression of NSE and GFAP 

to distinguish neurons from glia (Fig 5), these cultures consisted of cells that only weakly 

expressed Nfasc in addition to NSE (Figs 5A and 5B) or GFAP alone (Fig 5C). GFAP+ cells, 

however, were greatly enriched in these cultures, indicating that the derivative cells were 

most likely astrocytes.  

The failure of any of the neuronal derivatives to express Nfasc consistently and the 

large number of GFAP-expressing cells in the neurosphere and neuro-derivative cultures 

resulted in the decision to abandon these experiments in favour of transfecting a human cell 

line with the full-length neuronal variant, Nfasc-186. 
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Figure 3: CD1 mouse brain and human NT2/D1-derived neurospheres express 
Nfasc. Representative immunofluorescence images obtained by confocal microscopy 
demonstrating (A) expression of Nfasc in CD1 mouse brain tissue and, (B) Nfasc co-
localizing with NSE on NT2/D1-derived neurospheres that were differentiated on 
matrigel. Primary antibodies consisted of 1:500 rabbit anti-human Nfasc (green) and 
1:500 mouse anti-human NSE (red). Secondary antibodies consisted of 1:600 goat 
anti-rabbit biotin and streptavidin-PC7 or donkey anti-mouse biotin and streptavidin 
cy-5. Nuclear labeling by 1:200 Hoechst (blue). 
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Figure 4: Nfasc expression decreases as neurosphere-derived neurons 
differentiate. Representative immunofluorescence image obtained by confocal 
microscopy demonstrating loss of Nfasc (green) expression in NT2/D1 neurosphere-
derived neurons after 1 week of differentiation on matrigel. Nuclear labeling by 1:200 
Hoechst (blue); neuron-specific enolase (NSE) (red). 
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Figure 5: NT2/D1-derived neurons express Nfasc. Representative 
immunofluorescence images obtained by confocal microscopy demonstrating 
expression of Nfasc in NT2/D1 teratocarcinoma cells that were cultured in conditions 
that favoured neuronal differentiation. (A and B), Neuronal cells derived from a 
“classical neuron culture” expressing colocalized NSE (red) and Nfasc (green). C, An 
astrocyte expressing GFAP (green), but not Nfasc (red). D, A differentiating 
neurosphere expressing both NSE+ (red) and GFAP+ (green) cells. Nulear labeling by 
1:200 Hoescht. 
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Materials and Methods: Culture of murine and human cells of neuronal lineage 

N2a neuroblastoma cells 

Culture conditions: Murine N2a cells were kindly provided by Dr. Fraser W. Scott. Aliquots 

containing 2 x 106 cryopreserved N2a cells (CCL-131; originally obtained from ATCC, 

Cedarlane Corporation, Burlington, ON) were thawed quickly, washed with PBS and 

cultured in a T75 flask in 25 ml in cRPMI (Life Technologies), supplemented with 10% FBS, 

2 mM glutamine, 100 U/mL penicillin G and 100 µg/ml streptomycin. Medium was replaced 

every 2 to 3 days. At confluency, the medium was removed and cells were scraped from the 

plate, resuspended in 4 ml cRPMI with gentle pipetting and passaged. 

Cell lysis for Western blots: N2a cells were trypsinized with 0.15% trypsin (Life 

Technologies) for 2 min at 37°C and suspended in 10 ml PBS in a 15 ml tube. 106 cells were 

transferred to a 1.5 ml eppendorf tube, centrifuged at 4000 rpm for 4 min, and the 

supernatant was removed. The pellet was resuspended in 0.5 ml lysis buffer (0.5% CHAPS 

in 10 mM Hepes buffer), and incubated on ice for 45 min. The contents were then sonicated, 

and the lysed sample was centrifuged at 20,800 rpm for 15 min at 4°C and the supernatant 

removed. To the pellet 100 µl ddH20 and 50 µl of 4x LDS sample buffer were added. The 

tubes were incubated for 10 min at 70°C and then stored at 4°C°C until use. 

NT2/D1 cell culture 

Culture conditions: NT2 neurons were derived from the human embryonic teratocarcinoma 

NTera2/cl.D1 (NT2/D1; ATCC CRL-1973, Cedarlane) cell line using adaptations of 

previously published protocols (Horrocks et al., 2003; Sandhu et al., 2003; Pon et al., 2007). 

NT2/D1 cells were seeded in a T25 polypropylene flask in 8 ml of complete high-glucose 

Dulbecco’s Modified Eagle Medium (cDMEM-HG) (Life Technologies) containing 2 mM 



Appendix I 

	   218 

L-glutamine, and supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin and 

100 µg/ml streptomycin. After 24 hours the medium was replaced and the cells were 

expanded to confluency. The culture was then trypsinized with 0.15% bovine pancreatic 

trypsin split into two T75 flasks and expanded to confluency. The protocol was then modified 

to accommodate the differentiation of neurospheres or classical neurons.  

Growth of Neurospheres: To promote neurosphere growth NT2/D1 cells were trypsinized as 

previously described (465; 466), and 5 x 105 cells were placed into a petri plate in 10 ml of 

cDMEM-HG to prevent adherence, and cultured for 1 to 2 days. The DMEM-HG was then 

replaced with differentiation medium (cDMEM-HG supplemented with 10 µM trans-retinoic 

acid [RA]) for 2 weeks, with medium replacement every 2-3 days. Neurospheres larger than 

100 µm were then harvested by passing the culture medium through a 100 µm nylon cell 

strainer (Falcon, BD Biosciences). For maturation, the neurospheres were backwashed into 

90 mm tissue-culture-grade petri plates freshly coated with poly-D-lysine (10 µg/ml; 

overnight absorption and dessication) (Sigma-Aldrich) and BD MatrigelTM (0.3 mg/ml in 

serum-free DMEM-HG) in maturation medium, which lacked RA but contained the DNA 

synthesis inhibitors cytosine β-D-arabinofuroside (AraC) (1 µM; first seven days only), 

uridine (10 µM) and 5-fluoro-2’deoxyuridine (FDU) (10 µM) (Sigma-Aldrich).  

Growth of classical neurons: Classical neuron cultures were established by seeding 2 x 106 

NT2/D1 precursor cells in differentiation medium in a T75 flask, with medium replacement 3 

times per week for 4 weeks. The conditioned medium was removed and saved, and the cells 

were trypsinized and cultured in 2 to 6 T75 flasks containing cDMEM-HG supplemented with 

DNA synthesis inhibitors as described above for 9 to 11 days, changing medium twice per 

week. The cells were trypsinized with 0.015% bovine pancreatic trypsin and the flasks were 
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gently swirled so that only the neuron layer detached. The action of trypsin was stopped with 

the addition of 10 ml of cDMEM-HG. 

Dissociation of Neurospheres: The NeuroCult® Chemical Dissociation Kit was obtained 

from StemCell Technologies (Vancouver, British Columbia). All steps were performed at 

room temperature. Culture medium with suspended neurospheres (< 100 µm) was placed in a 

15 ml tube and centrifuged at 400 rpm for 5 min. The supernatant was carefully removed, 

leaving less than 50 µl above the pelleted neurospheres. To the pellet, 0.5 ml of NeuroCult® 

Chemical Dissociation Solution A was added and the neurospheres were resuspended and a 

timer was set for 8 minutes. Next, 0.125 µl of NeuroCult® Chemical Dissociation Solution B 

was added to the cell suspension, the tube tapped gently to mix, and the timer was started. At 

the 3 min time point, the cell suspension was mixed by pipetting up and down 8 times with a 

P200 micropipettor set at 180 µl, then incubated until the 7 min time point. The cell 

suspension was again mixed by up and down pipetting 8 times. At 8 min, 40 µl of 

NeuroCult® Chemical Dissociation Solution C was added and mixed by pipetting up and 

down 8 times. Next, 350 µl of “Complete” NeuroCult® NSC Proliferation Medium was 

added to bring up the volume to approximately 1 ml, and the suspension was pipetted up and 

down. The cells in the single cell suspension were counted and 5 x 104 cells were seeded in 

each well of an 8-well Lab-Tek II chamber slide in maturation medium. 

Immunohistochemistry 

 Culture medium was removed from the chamber slides and the chambers were 

washed with PBS. The chamber was removed from each slide and adherent cells were fixed 

in ice-cold methanol for 5-10 min.  Forty µl universal protein block (Dako) was applied and 

allowed to incubate for 30 min at room temperature. Primary antibodies were diluted 
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accordingly in blocking buffer (1:5 universal protein block in 5% BSA buffer) and 35 µl 

were added to the appropriate chambers on the slide and incubated for over night at 4°C in 

the dark. Fifty µl of wash buffer (0.01 M Tween-20 in PBS) was applied to each section and 

allowed to incubate for 5 min at room temperature. The buffer was pipetted off and the step 

repeated. Secondary antibodies were diluted 1:600 in 0.01 M PBS, and 35 µl were added to 

appropriate sections and incubated for 30 min at room temperature in the dark. Washes were 

repeated and cover slips applied. Immunofluorescence was performed using a Zeiss LSM 

510 Meta laser scanning confocal microscope (Zeiss Canada). 
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APPENDIX II 

Additional Subject Information and demographics 

Table A1: Disease duration and age of MS patients that were evaluated for serum                               
and CSF anti-Nfasc antibody titres 

Serum 
  Disease Duration 

(yrs) 
Age at sample collection 

(yrs) 
Anti-Nfasc antibody 

OD (450 nm) 
MS Subtype n Mean Median Mean Median Mean Median 

RRMS 49 5.1 3.4 38.2 42.5 0.275 0.162 
PPMS 31 5.9 4.5 47.6 50.5 0.367 0.201 
SPMS 24 9.4 7.25 38.4 46 0.423 0.325 

Possible MS 15 4.4 1.2 40.5 44.5 0.173 0.149 
OND 6 4.2 5.5 43.6 46.5 0.221 0.157 

CSF 
RRMS 33 4.6 3 36.1 42.5 .199 0.1116 
PPMS 14 5.9 4.5 46.2 47 0.074 0.0563 
SPMS 14 12.2 9 38.5 42.5 0.143 0.0859 

Possible MS 11 4.7 1.2 40 44 0.076 0.0758 
OND 2 6.5 6.5 42.6 42.5 0.044 0.0251 

Table includes data only for patients for whom disease duration history was available. 

 

Table A2: Demographics of MS patients that underwent aHSCT 
 

Patient ID 
 

Sex 
MS disease 

course 
 

Age at aHSCT 
Onset to BMT 

(months) 
MS01 F SPMS 30 74 
MS02 M SPMS 33 95 
MS03 F SPMS 26 121 
MS04 M SPMS 41 134 
MS06 F SPMS 27 99 
MS08 M SPMS 33 254 
MS10 F SPMS 38 68 
MS13 F SPMS 37 81 
MS15 F RRMS 43 65 
MS16 M RRMS 32 90 
MS20 F RRMS 30 67 
MS24 F RRMS 35 87 
MS25 F RRMS 24 64 
MS27 F RRMS 30 129 
MS28 M RRMS 25 21 
MS29 F RRMS 42 88 
MS30 F RRMS 33 50 
MS31 M RRMS 35 144 
MS32 M RRMS 39 62 
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     Table A3: Demographics and CSF NfH concentration in OND controls  
 

Inflammatory OND 
 

Patient ID Sex Age Diagnosis NfH (pg/ml) 
934  F 42 Transverse myelitis 204.3 
981 F 26 Transverse myelitis 263.18 
1047 M 34 Transverse myelitis 221.52 
1064 F 33 Transverse myelitis 194.5 
1123 F 34 Transverse myelitis 167.34 
1216 F 49 Transverse myelitis 197.26 
1291 M 54 Optic neuropathy 255.28 
1386 F 42 Virus 192.24 
1468 F 33 Bilateral uveitis 192.54 
1640 F  47 Neurosarcoidosis 285.62 

 
Non-Inflammatory OND 

 
1212 F 36 Post-traumatic syndrome 206.06 
1278 F 53 Hypertension 197.1 
1281 F 41 Fibromyalgia 199.58 
1306 F 54 Glioma 205.08 
1310 F 36 Chronic Fatigue 195.56 
1344 F 38 Headaches 175.9 
1345 M 46 Pontine Disease 266.48 
1452 M 43 Vertigo 207.34 
1545 F 42 Migraine 256.5 
1614 F 24 Migraine 203.82 
1625 F 51 Migraine 197.86 
1628 M 25 Stress, anxiety 183.6 
1667 F 35 Stroke lesion 203.02 
1688 F 47 Benign positional vertigo 197.4 

 
1696 

 
F 

 
49 

Idiopathic intracranial 
hypertension 

 
314.12 

1714 F  50 Migraine 202.08 
1718 F 32 Migraine 189.42 
1739 F 38 Graves’ Disease 192.24 
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