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Abstract 

 

Anti-ganglioside antibodies have been implicated in autoimmune neuropathies 
for several decades. They are thought to elicit injury through binding to sites in 
the peripheral nervous system, where they activate the complement pathway to 
induce cell death. Patient serum is therefore regularly screened for these 
antibodies to aid in the diagnosis of various conditions. Recent work has found 
that complexes composed of gangliosides and other glycolipids can improve the 
detection of these antibodies beyond the signals detected to the single 
ganglioside species.  

In MMN research, complexes comprised of GM1 and GalC have been found to 
significantly enhance antibody detection in patient sera. In certain patients, 
however, antibody binding was only detected against these complexes and not 
the single antigens. This led some researchers to hypothesise that an 
unidentified class of antibody may have arisen that binds specifically to a neo-
epitope formed by the combination of the two glycolipids. It has also been 
hypothesised that that this complex may be the true target of immune mediated 
attack in MMN. 

This thesis sought to address this hypothesis by either cloning these antibodies 
directly from patient serum or through active immunisations with mice. Analysis 
of previously generated human monoclonal antibodies indicated that their 
behaviours were modified by complexes containing particular gangliosides or 
glycolipids. Furthermore, the antibodies behaviours were found to diverge, when 
they were screened against complexes comprised of gangliosides and different 
concentrations of accessory lipids. These findings suggested that the accessory 
lipids were interacting with the ganglioside headgroups to modify the 
presentation of different binding epitopes. This indicated that conformational 
modulation, rather than neo-epitope formation, may be responsible for complex 
enhancement  

Cloning antibodies from patient sera was unsuccessful but examination of the 
screening techniques suggested that the appearance of complex-dependent 
antibodies may have been an artefact. Attempts to induce complex-specific 
responses in mice were similarly unsuccessful but several anti-ganglioside and 
anti-sulfatide antibodies were created. The subsequent chapters focused on the 
characterisation of these antibodies and indicated that most of them bound well 
to solid-phase assays, cells and tissue and may therefore be of use in future 
studies. 

Taken together, the data from this thesis suggests that complex-dependent 
antibodies may not exist but are merely low concentrations of anti-ganglioside 
antibodies that are cis-enhanced by particular lipids. Future work should 
therefore focus on assessing how the ganglioside microenvironment modifies 
epitope presentation and how this affects the binding capabilities of anti-
ganglioside antibodies. 
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Figure 9.5 – Anti-sulfatide mAb binding to CST+/+ and CST-/- ex vivo 
preparations. 

GAME-M2, GAME-M5, GAME-G1 and GAME-G3 were probed against ex vivo 
preparations of CST+/+ and CST-/- tissue. The antibodies were found to bind to 
a Schwann cell on the periphery of the NMJ (arrows). 100 NMJs were examined 

for each tissue section and the number of bound cells were counted and 
expressed as a percentage. GAME-M2, GAME-M5 and GAME-G3 were found to bind 

to these cells significantly higher in CST+/+ tissue compared to CST-/- tissue. 
(Fisher’s exact test, P<0.0001) (n=2) GAME-G1 was not found to bind the cell in 

either tissue type.  
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GAME-M7 actually had the opposite effect and bound to a higher number of cells 

in the GalNAc T+/+ tissue (Fisher’s exact test, P<0.001). This suggested that the 

antibody preferentially bound to sulfatide molecules that were in a complex 

 

 

Figure 9.6 - Anti-sulfatide mAb binding to CST+/+ and CST-/- ex vivo 
preparations. 

GAME-M6, GAME-M7 and O4 were probed against ex vivo preparations of CST+/+ 
and CST-/-. The antibodies were found to bind to a Schwann cell on the 

periphery of the NMJ (arrows). 100 NMJs were examined for each tissue section 
and the number of bound cells were counted and expressed as a percentage. 

GAME-M6 and GAME-M7 were found to bind to these cells significantly higher in 
CST+/+ tissue compared to CST-/- tissue. (Fisher’s exact test, P<0.0001) (n=2) 

O4 was not found to bind the cell in either tissue type.  
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ganglioside rich microenvironment, contrary to the findings of the combinatorial 

glycoarray screening.  

GAME-G1, as demonstrated previously, was incapable of binding to either tissue 

type, suggesting that the sulfatide molecule was being obscured by another, 

non-ganglioside, lipid.  

Taken together, this data suggested that the biological binding patterns of the 

antibodies were more complex than they appeared using the combinatorial 

glycoarray. Future studies may therefore wish to examine the binding patterns 

of these antibodies against a range of transgenic mice to further clarify how 

complex gangliosides impact antibody binding. Further to this, it may also be 

worthwhile to repeat the experiment to confirm these initial findings, as it was 

only performed twice within this study due to tissue availability.  

9.2.5 Terminal Myelinating Schwann Cell Characterisation 

 

The specific binding of the anti-sulfatide antibodies to the terminal myelinating 

Schwann cell has, to our knowledge, not been demonstrated previously. This 

novel finding was therefore particularly interesting from an autoimmune 

neuropathy perspective, as it is currently unclear what targets these antibodies 

bind in tissue and how they bring about neurological injury.   

The properties of this cell were therefore characterised to ascertain whether the 

antibodies were capable of specifically injuring it. This was carried out by 

employing one of the anti-sulfatide antibodies to act as a cell marker, followed 

by the application of a series of protein or lipid markers that indicated different 

cellular subtypes. Due to the abundance of available antibody stock, GAME-M7 

was selected for this role.   

9.2.5.1 Cell Markers 

 

The experiments were carried out as per Section 2.13.1.5. The use of 

fluorescent mice in the previous antibody characterisation studies had already 

established that the cell was S100 positive, which indicated that it was a 

Schwann cell (Jessen & Mirsky, 2005; Zuo et al., 2004). To determine whether it  
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Figure 9.7 - Anti-sulfatide IgM mAb binding to GalNAcT-/- and GalNAcT+/+ ex 

vivo preparations 

GAME-M2, GAME-M5, GAME-M6 and GAME-M7 were probed against ex vivo 
preparations of GalNAc T+/+ and GalNAc T-/-. The antibodies were found to bind 

to a Schwann cell on the periphery of the NMJ (arrows). 100 NMJs were 
examined for each tissue section and the number of bound cells were counted 

and expressed as a percentage. There was no difference between the tissue for 
GAME-M5 and GAME-M6. GAME-M2 was found to bind significantly better to the 
cells in the GalNAc T-/- tissue whereas GAME-M7 was found to bind significantly 
better to GalNAc T+/+ tissue. (Fisher’s exact test, **=p<0.01, ***=p<0.001) (n=2) 

GAME-M6

GAME-M7

GAME-M5

GalNAc T-/-GalNAc T+/+

GAME-M2
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Figure 9.8 - Anti-sulfatide IgG mAb binding to GalNAcT-/- and GalNAcT+/+ ex 

vivo preparations 

GAME-G1 and GAME-G3 were probed against ex vivo preparations of GalNAc T+/+ 
and GalNAc T-/-. The antibodies were found to bind to a Schwann cell on the 

periphery of the NMJ (arrows). 100 NMJs were examined for each tissue section 
and the number of bound cells were counted and expressed as a percentage. No 
binding was detected to GAME-G1 in either tissue configuration. GAME-G3 was 
found to bind significantly better to GalNAc T-/- tissue. (Fisher’s exact test, 

****=p<0.0001) (n=2) 

 

 

was a myelinating or unmyelinating Schwann cell, it was necessary to probe the 

tissue with an anti-GD3 antibody called R24. Previous studies had established 

that this antibody specifically binds to unmyelinated cells, known as perisynaptic 

Schwann cells (pSc) (Halstead, Morrison, et al., 2005). 

The results of the experiment showed that there was no co-localisation of R24 

and GAME-M7, which clearly demonstrated that the cell was not a pSc (Figure 

GAME-G1

GAME-G3

GalNAc T-/-GalNAc T+/+
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9.9) The cells position also substantiated this finding, as it was always present 

outwith the NMJ, whereas pScs would overly the junction (Kang et al., 2004). 

Building upon this observation, it was hypothesised that the cell may have a role 

in myelination.  As such, an ex vivo TS preparation was probed with GAME-M7 

and either an anti-MAG or anti-MBP antibody (Quarles, 2007). The results of this 

experiment found that both MAG and MBP stained the axon leading to the NMJ 

but not the cell body of the terminal myelinating Schwann cell (Figure 9.10).  

GAME-M7 staining was polarised towards the NMJ, however, suggesting an 

overlap with both the MBP and MAG proteins. It is therefore possible that the 

cell is responsible for myelinating the axon, although further experiments would 

need to be performed to confirm this hypothesis. 

As discussed previously, it was thought that the cell may have a role in 

maintaining or repairing the nerve terminal. To examine whether this was true, 

the TS was probed with GAME-M7 and an anti-glial fibrillary acidic protein 

(GFAP) antibody to determine if it was a reactive Schwann cell (Court et al., 

2008). 

The results indicated that the anti-GFAP antibody stained the NMJ but was not 

enriched within the terminal myelinating Schwann cell itself (Figure 9.11). It was 

therefore concluded that the cell was not reactive. It may be worthwhile in 

future studies, however, to injure the nerve terminal and apply an anti-nestin 

antibody.  If the cell was reactive it would upregulate the protein, which could 

then be bound by the antibody (Hayworth et al., 2006). This was not performed 

in these experiments due to time constraints but would be useful for confirming 

the anti-GFAP findings.  

9.2.5.2 Incubation Conditions  

 

As the experiments proceeded, questions were raised about whether the 

antibody’s specific binding to the cell was a result of the blood nerve barrier 

(BNB). In particular, the observation that GAME-M7 was polarised towards the 

NMJ, suggested that, under standard conditions, the BNB may be preventing the 
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Figure 9.9 - Terminal Myelinating Schwann Cell Characterisation – 
perisynaptic Schwann cell exclusion 

Ex vivo preparations of TS were probed with GAME-M7 and R24. R24 was found to 
bind specifically to GD3 on the perisynaptic Schwann cells. GAME-M7 was not 

found to co-localise with the R24 staining, which indicated that the cell was not 
a pSc. 

 

antibody accessing other binding sites. To overcome this, changes were proposed 

in the incubation conditions, such as applying the antibody for a longer period of 

time or permeablising the tissue prior to its addition.  

For the longer incubation experiment, GAME-M7 was applied to an ex vivo 

preparation of WT TS for 5 hours at 37°C. Following incubation, the tissue was 

imaged, permeabilised with 0.5% Triton X-100 and then re-imaged. The purpose 

of the permeabilisation step was to ensure that the absence of antibody binding 

was not due to internalisation. The results indicated little difference between 

the two treatments, as antibody binding was only detected on the terminal 

myelinating Schwann cells in both the pre and post permeabilised tissue (Figure 

9.12).  

 

DAPI

Glia

GAME-M5

R24

Axon
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Figure 9.10 – Terminal Myelinating Schwann Cell Characterisation – Myelin 
Markers 

Ex vivo preparations of TS were probed with GAME-M7 (100µg/ml) for 1 hour and 
permeabilised. Anti-MAG or Anti-MBP antibodies were then applied overnight. A: 

The axon was MAG positive but the cell body of the terminal myelinating 
Schwann cell was not. B: The axon was also MBP positive but the cell body was 

not. There appeared to be a degree of polarisation of sulfatide positivity 
towards the NMJ in both tissues.  

 

Two possible reasons were given for these findings; either incubation times are 

irrelevant in overcoming the BNB or the antibody does not bind other Schwann 

cells.  

The pre-permeabilisation experiment sought to address which of these two 

reasons were valid. Ex vivo preparations of WT TS were therefore permeabilised 

and probed with GAME-M7 to establish if other sites could be targeted by anti- 
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Figure 9.11 –Terminal Myelinating Schwann Cell Characterisation – GFAP 

An ex vivo preparation of TS was probed with GAME-M7 (100µg/ml) for 1 hour 
and permeabilised. An anti-GFAP antibody was applied to determine if the cell 

was a reactive Schwann cell. The antibody stained the NMJ but did not appear to 
be focussed on the terminal myelinating Schwann cell, which indicated that it 

was not reactive.  

 

sulfatide antibodies. It was hypothesised that if the BNB was responsible for 

restricting antibody access, binding would be detected on the other Schwann 

cells surrounding the axon.  

The results of the experiment, however, disproved this hypothesis. No binding 

was detected on any of the other myelinating Schwann cells but binding was 

detected on the pSc and their processes (Figure 9.13). This was unexpected as 

the pSc had been demonstrated to lack sulfatide. Although this binding 

behaviour was only detected in a few of the NMJ, a possible explanation was 

that the permeabilisation process had damaged the tissue.  

Previous research on the NMJ had established that when the axon is damaged, 

the terminal myelinating Schwann cell will extend processes into the junction to 

aid in repair (Brill et al., 2011). This appears to explain the observations from 

this experiment and corroborates the belief that the cell was responsible for 

maintaining and repairing the nerve terminal. 
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Figure 9.12 – Longer Incubations of GAME-M7 with ex vivo preparations of WT 
TS.  

Ex vivo preparations of WT TS were incubated with GAME-M7 for 5 hours. 
Following incubation, the tissue was imaged and then permeabilised with 0.5% 
Triton X-100 and reimaged. Binding was only found to occur on the terminal 
myelinating Schwann cells (arrows) in both the pre and post permeabilised 

tissue.   

 

9.2.5.3 Complement Mediated Injury 

 

Whilst, the previous experiments confirmed that GAME-M7 was specifically 

targeting the terminal myelinating Schwann cell, it was still unclear if the 

antibody itself was able to induce an injury. To address this, a complement kill 

was performed in which the antibody and normal human serum (NHS) were 

applied to tissue, alongside a control that contained NHS only. A nucleus marker, 

EthD-1, was then applied and the number of positive nuclei were counted on 

each tissue section. 

300 mins

300 mins

+ 0.5% Triton



Chapter 9 – CHARACTERISATION OF ANTI-SULFATIDE ANTIBODIES 212 
 
 

 

Figure 9.13 – Binding of GAME-M7 to Permeabilised Tissue 

Ex vivo preparations of WT TS were light fixed in 1% PFA, followed by incubation 
with GAME-M7. No binding was detected to myelinated Schwann cells but binding 
was detected on the pSc and their processes. This only occurred infrequently in 

the tissue.  

 

As GAME-M7 was not applied to the control tissue, the kink in the axon as it 

joined the NMJ was used to estimate the position of the terminal myelinating 

Schwann cell (Figure 9.14). The results of these counts indicated that GAME-M7 

killed a significantly higher number of cells compared to NHS alone (Fisher’s 

exact test, P<0.0001).    

This data therefore confirmed that the antibody was pathogenic, which 

suggested that these cells may be the target of immune mediate injury in 

patients with high titres of anti-sulfatide antibodies. Further experiments will 

need to be performed to verify these findings and determine the relevance of 

the terminal myelinating Schwann cells in maintaining and repairing the NMJ in 

health and disease.  
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Figure 9.14 –GAME-M7 induced complement kill of Terminal Myelinating 
Schwann Cell 

An ex vivo preparation of WT TS was probed with GAME-M7. Control tissue was 
probed with Ringer’s solution alone. Normal human serum (NHS) was then 

applied to both tissues, followed by the application of EthD-1. As the control 
tissue did not contain the mAb, the kink in the axon as it joined the NMJ was 
used to estimate the position of the terminal myelinating Schwann cell. The 

number of EthD-1 positive nuclei in these positions was counted on each tissue. 
The experiment indicated that GAME-M7 injured a significantly higher number of 
terminal myelinating Schwann cells (arrow) than NHS alone (Fisher’s exact test, 

P<0.0001) (n=2) 

 

Unfortunately, these experiments could not be performed within the context of 

this thesis due to time restrictions but would be beneficial to furthering our 

understanding of the pathogenicity of anti-sulfatide antibodies.  

9.3 Discussion 

 

Although anti-sulfatide antibodies have long been associated with a wide range 

of demyelinating conditions (Alpa et al., 2007; Andersson et al., 2002; Ilyas, 

****

NHS OnlyGAME-M7 + NHS
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2003; Souayah et al., 2007), little is known about their specific mechanisms of 

action or whether they are in fact responsible for bringing about neurological 

injury.  

This, in part, is due to the discrepancy between animal and human studies. 

Whilst the preeminent mouse anti-sulfatide antibody, O4, has been 

demonstrated to bring about demyelination and dysmyelination in CNS cultures 

(Elliott et al., 2012; Rosenbluth & Moon, 2003), there has been difficulty in 

replicating the same findings using patient derived antibodies.  

Although some researchers have shown that these antibodies bind the sulfatide 

enriched myelin membrane (Petratos et al., 2000), others have found that 

binding could not be detected in either live CNS myelin or cells from the 

oligodendrocyte lineage (Brennan et al., 2011).  

The disparity between these findings is difficult to explain, but has been 

attributed to differences in the fine specificities of anti-sulfatide antibodies. O4, 

for example, has been shown to bind specifically to a sulfatide:SM complex, 

which is thought to form on the surface of the myelin sheath (Brennan et al., 

2011). If human antibodies are unable to bind this same complex, then it would 

be unlikely that they could bind tissue, raising the possibility that O4 is not 

entirely representative of the antibodies that arise in neuropathies.  

In an attempt to address the issue of antibody diversity, we generated several 

anti-sulfatide antibodies in the hope of creating one that more closely 

resembled those found in natural disease states. The aim of this chapter was to 

characterise the binding behaviours of these antibodies, through the use of both 

in vitro and ex vivo techniques, to establish their pathogenicity and whether 

they were representative of those antibodies that arise in demyelinating 

neuropathies.  

The initial characterisation experiments focussed on establishing the antibodies 

binding patterns to sulfatide and associated complexes. These studies 

demonstrated how the binding signals of the different antibodies were affected 

by the presence of different glycolipids, particularly gangliosides and SM.  

The inhibitory behaviour of gangliosides such as GD1a and GD1b, was similar to 

that observed with anti-ganglioside antibodies (Greenshields et al., 2009; Nobile-
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Orazio & Gallia, 2013). This suggested that the terminal sialic acid of the 

ganglioside headgroup was interacting with the sulfatide molecule, in a similar 

manner as it did with GM1, to obscure the binding epitope.  

Similarly, the presence of other gangliosides and lipids with long fatty acid 

chains, such as SM, would likely prevent certain antibodies accessing the 

sulfatide molecule, due to steric hindrance (Alving & Richards, 1977). These 

inhibitions varied between the different antibodies, however, with GAME-M2, 

GAME-M6 and GAME-M7 showing only slight inhibition with GD1a and GD1b, 

whilst the binding signal of GAME-G1 was completely abolished by all complex 

gangliosides and SM.  

Unusually, the ganglioside cis-inhibitions did not directly translate into 

differences in tissue binding patterns. In fact the only antibody that was found 

to be incapable of binding most, if not all, tissue was GAME-G1. It was 

hypothesised that this may be related to the presence of sulfatide:SM complexes 

in the plasma membrane. As indicated by the combinatorial glycoarray 

screening, these complexes would prevent antibody binding, which is consistent 

with the observations made using human derived anti-sulfatide antibodies 

(Brennan et al., 2011). This strongly supports the theory that sulfatide:SM 

complexes, rather than sulfatide, are the true targets of demyelinating 

antibodies in tissue.  

Aside from GAME-G1, the new anti-sulfatide antibodies behaved in a similar 

manner as O4. They were found to bind sulfatide enriched cells and tissues, 

including OPCs, Schwann cells and sciatic nerves (Mirsky et al., 1990; O’Rourke 

et al., 2014) but did not appear to differ substantially in their relative binding 

intensities. It was only when applied to ex vivo preparations of TS that the new 

antibodies were found to behave in a different manner.  

In this tissue, they appeared to bind exclusively to a cell on the periphery of the 

NMJ, known as the terminal myelinating Schwann cell. In contrast, O4 was not 

found to bind this cell whatsoever, suggesting that the presence of an 

unexamined lipid or protein was inhibiting the antibody from accessing its 

binding epitope.   

This novel finding was particularly interesting, as it suggested that more diverse 

anti-sulfatide antibodies existed than had previously been described. 
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Furthermore, the discovery that these antibodies bound exclusively to a cell in 

proximity to the NMJ, suggested that they may have a role in paralytic 

neuropathies.   

To further clarify these roles, experiments were performed to characterise this 

cell and its properties. The use of CST-/- mice confirmed that the antibodies 

were specifically binding to sulfatide, whilst the use of markers proved that it 

was indeed a Schwann cell. Preliminary investigations into its other functions 

were inconclusive but suggested that it may have roles in myelinating the axon.  

Examination of the literature found little mention of the cell but limited work, 

using laser ablation of individual Schwann cells at the NMJ, had suggested that it 

may function to repair the axon during Wallerian degeneration (Brill et al., 

2011). Further to this, it appears that it forms tight paranodal adhesions with 

the axon to prevent retrograde growth of the pScs suggesting that it may also 

have a major role in maintaining normal NMJ morphology.  

Through the use of a complement kill, it was confirmed that GAME-M7 was 

pathogenic and that the terminal myelinating Schwann cell can be the target of 

immune mediated injury. If this translates into human disease, it suggests that 

the cell may be targeted and injured in patients with high titres of circulating 

anti-sulfatide antibodies, which may result in a degree of dysfunction.   

Unfortunately, time constraints limited further characterisation of both the anti-

sulfatide antibodies and the terminal myelinating Schwann cell. However, the 

cells and particularly the antibodies hold great potential for investigating the 

roles of sulfatide in health and disease and should certainly be employed in 

future studies.  
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10 DISCUSSION 

 

10.1 Main Findings  

 

Multifocal motor neuropathy has been associated with anti-GM1 antibodies since 

its original conception in 1988 (Pestronk et al., 1988). Whilst the enhancing 

effects of accessory lipids, such as GalC and sulfated cholesterol, were noted 

not long after (Pestronk et al., 1997), it was not until recently that researchers 

began to intensify the use of ganglioside complexes in the interest of improving 

antibody detection (Galban-Horcajo et al., 2013; Nobile-Orazio & Gallia, 2013). 

As with the original studies, these experiments found that GM1:GalC complexes 

were capable of greatly improving the antibody detection rate; however, an 

interesting observation was made regarding an antibody subset. Whereas, most 

antibodies bound to both the single ganglioside and the complex, this subset 

appeared to only be capable of binding to the latter. This led some researchers 

to postulate that these antibodies may be binding to a neo-epitope formed by 

the combination of two different lipids (Rinaldi et al., 2010).  

If this hypothesis was correct, then it would suggest that a new class of antibody 

may exist that is complex-dependent. As serum studies detected higher levels of 

binding to these complexes than to GM1, it also raised the possibility that 

GM1:GalC complexes may be the true targets of immune mediated injury in 

MMN.  Based upon this premise, the main aim of this thesis was to either isolate 

one of these antibodies from patient serum or produce one through active 

immunisations with mice.  

As the thesis evolved, however, it became apparent that this premise may have 

been misguided. Analysis of the binding patterns of human monoclonal 

antibodies, patient sera studies and mouse immunisations indicated that what 

appeared to be complex-dependent antibodies were more likely low 

concentrations of normal antibodies that were cis-enhanced by particular lipids.  
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Despite not achieving its main aim, this thesis still furthered knowledge within 

the field of neuroimmunology through several novel findings. These included 

determining how the concentration of accessory lipids in complexes influences 

antibody binding, improvements in hybridoma production and the creation of 

several new anti-ganglioside and anti-sulfatide antibodies. These findings, along 

with their impact on current MMN research, are summarised here.  

10.1.1 The binding signals of human monoclonal anti-ganglioside  

  antibodies can be influenced by the presence of    

  secondary lipids 

  

The work carried out in the first sections of this thesis focussed on assessing the 

cis-inhibitions and cis-enhancements of several human monoclonal antibodies. 

Despite being employed in vast amounts of research (O’Hanlon et al., 1996, 

1998; Paterson et al., 1995; Willison et al., 1994), the fine specificities of these 

antibodies had yet to be fully elucidated, which impacted on determining their 

roles in disease.  

The results from these experiments confirmed many of the findings of previous 

research. In particular, they demonstrated that gangliosides containing terminal 

sialic acids, such as GD1a and GD1b, can obscure binding epitopes on the 

headgroup of GM1 molecules to prevent antibody binding (Greenshields et al., 

2009; Nobile-Orazio et al., 2010). This finding, more than any other, may explain 

the restricted injury experienced in MMN. 

Assuming that the monoclonal antibodies are representative of those found in 

patient sera, it could be postulated that the expression of GM1 in the absence of 

GD1a leaves certain tissue vulnerable to immune mediated attack. In contrast, a 

level of protection may be bestowed upon those tissues, which contain 

GM1:GD1a complexes, as the interaction of the two gangliosides will shield 

particular GM1 binding epitopes from the immune system. This will prevent 

certain antibodies from binding the tissue, thus preventing injury.  

This theory is somewhat supported by experimental data, as it has been 

demonstrated that anti-GM1 antibodies preferentially target the myelin and 

nodes of Ranvier (NoR) in motor nerves (Gong et al., 2002; Susuki et al., 2012). 

However, a sufficient explanation for why these sites are targeted and other 
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GM1 enriched tissues are spared has yet to be elucidated. The GM1:GD1a 

complex theory may offer a possible explanation but requires further study to 

verify this assumption.    

Aside from gangliosides, the antibodies binding signals were also found to be 

influenced by the presence of other lipids, including Chol, GalC, sulfatide, PS, 

SM and PC. Whilst the enhancing effect of GM1:GalC and GM1:sulfatide had been 

demonstrated previously (Galban-Horcajo et al., 2013, 2014; Nobile-Orazio et 

al., 2013), little data could be found on the abilities of the other lipids to 

enhance antibody binding.    

Based upon their comparatively small size and their expression in plasma 

membranes(Brown & Rose, 1992; DeBruin et al., 2005; Pike et al., 2002; M. 

Simons et al., 2000), however, it was hypothesised that they improved binding 

signals through their interactions with the ganglioside headgroup. Evidence from 

previous research supported this theory, as it has been shown that the various 

functional groups of lipids can form hydrogen bonding networks with gangliosides 

to alter their configuration (Lin et al., 2008; Lingwood & Simons, 2010; Lingwood 

et al., 2011; Mombelli et al., 2003; Stoffel & Bosio, 1997). This results in the 

exposure or concealment of different binding epitopes, which can affect the 

binding capabilities of anti-ganglioside antibodies.  

As GalC contains a higher number of hydrogen donors and acceptors than the 

other lipids (Hall et al., 2010), it is likely that it is able to confer a specific 

orientation upon a ganglioside. Certain antibodies may bind to epitopes that are 

optimally exposed in this orientation, which may explain the high levels of 

enhancements that clinical studies have found using GM1:GalC complexes.  

This finding, however, cast doubt upon the theory that neo-epitope formation is 

responsible for antibody enhancement.  In fact, the similar enhancing ability of 

the different accessory lipids was much more supportive of the theory of 

conformational modulation.  If this process is in fact responsible for antibody 

enhancement, then it suggests that the gangliosides local microenvironment is 

an important factor in determining the binding abilities of anti-ganglioside 

antibodies and the vulnerability of tissues to immune mediated attack.  
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10.1.2 The concentration of accessory lipids in complexes have   

  differing effects on antibody binding  

 

Subsequent chapters expanded on these findings further by analysing the effects 

differing concentrations of accessory lipids had upon antibody binding. This is a 

concept that has garnered little attention in array design, which is surprising 

considering that the proportions of lipids will differ in tissues in relation to their 

function and location. The results from these studies clearly demonstrated that 

higher concentrations not only enhanced certain binding signals but also 

distinguished the binding patterns of similar looking antibodies from one 

another.   

This led to the antibodies being classified as either concentration-dependent or 

concentration--independent based upon their abilities to bind ganglioside 

complexes containing high concentrations of accessory lipids. Under the 

assumption that these differences were related to the accessibility of the 

binding epitopes, it was hypothesised that varying the concentrations of 

accessory lipids had differential effects on the ganglioside headgroup 

orientation. This would result in the exposure of concealment of certain binding 

epitopes, which would alter the binding abilities of anti-ganglioside antibodies.   

The mechanism behind this interaction was again thought to be conformational 

modulation (Harschnitz et al., 2014). High concentrations of accessory lipids 

would form a considerably larger hydrogen bonding network with gangliosides 

than lower concentrations (Hall et al., 2010). As a result, they would be able to 

pull the ganglioside headgroup into a position more parallel to the membrane, 

which would optimally expose previously hidden binding epitopes. It was 

assumed that the concentration-dependent antibodies bound to these epitopes, 

whereas the concentration-independent antibodies bound to those that were 

readily available when the headgroup was perpendicular to the membrane 

(Figure 10.1).  
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Figure 10.1 – The concentration of accessory lipids has differing effects on 
antibody binding 

Both the concentration-dependent (orange) and concentration independent 
(blue) antibodies bind to different epitopes on the GM1 headgroup. When low 

proportions of GalC are added to the complex, the gangliosides change 
configuration, which improves the presentation of both binding epitopes. This 

enhances the binding ability of both antibodies. When the concentration is 
increased further, the ganglioside is pulled parallel to the membrane, better 

exposing the concentration-dependent epitope. As a result the binding signals of 
the concentration dependent antibodies increase further. In contrast, the 

binding signals of the concentration-independent antibodies do not change as 
the ganglioside epitope is already as well presented as possible.  

 

This demonstrated that these antibodies, which appeared very similar on ELISA, 

behaved completely differently when the lipid concentrations of the local 

microenvironment were modified. This was a concept that had not been 

explored previously but had repercussions, not only in assessing the diversity of 

antibodies, but also in determining their targets in vivo and the vulnerability of 

tissues to immune mediated attack. Furthermore, it also suggested that the -

standard 1:1 w:w complex configurations employed in clinical assays (Nobile-

Orazio & Gallia, 2013; Rinaldi et al., 2009) may be insufficient for detecting all 

classes of antibody.  

GM1 GM1:GalC 1:32 mol:molGM1:GalC 1:1 mol:mol

Galactose GalNAc

Glucose Ceramide

N-acetylneuraminic acid



Chapter 10 – DISCUSSION  222 
 
Although we were unable to demonstrate this using MMN patient serum 

ourselves, it does not mean that lipid concentration is not an important factor in 

antibody detection. In fact, parallel developments during the creation of this 

thesis showed that increasing the concentration of GalC in complexes improved 

the detection of anti-GM1 antibodies (Delmont et al., 2015), which corroborates 

this research. 

Taken together, these results suggest that the binding specificities of anti-

ganglioside antibodies are much more complicated than previously appreciated. 

The key to identifying biomarkers in patient sera therefore lies in creating 

diverse sets of antigens that resemble the endogenous plasma membrane as 

closely as possible. The work contained within this thesis and carried out within 

our laboratory (Halstead, unpublished data) are beginning to show the 

advantages of using these techniques, but researchers are going to have to 

increase the complexity of assays to further improve disease diagnosis. 

10.1.3 Conformational modulation is responsible for antibody   

  enhancement 

 

Although not demonstrated at a molecular level, the results from these studies 

provided strong evidence that conformational modulation, rather than neo-

epitope formation, was responsible for antibody enhancement. This was further 

confirmed through our attempts to clone a complex-dependent antibody directly 

from patient sera (data not shown). Whilst this attempt failed, analysis of the 

screening techniques indicated that antibodies that had previously been 

designated complex-dependent were actually standard antibodies that were cis-

enhanced.   

This strongly suggested that neo-epitope formation and complex-dependent 

antibodies were not responsible for the pathogenesis found in MMN. It is key to 

note, however, that this thesis did not prove this definitively.  These antibodies 

may still exist but may require more specialised techniques to isolate and 

identify them.  
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10.1.4 Improvements in hybridoma screening aid in identifying   

  larger numbers of antibodies 

 

Despite not achieving our main aim of producing a complex-dependent antibody, 

substantial improvements were still made in hybridoma production. These were 

necessary as the traditional ELISA method for antibody detection (Goodyear et 

al., 1999) was found to be insufficient for the aims of this thesis. This was due to 

the limitations of the technique, which could only be used to screen one 

antibody isotype against one target antigen.  

This was particularly problematic for high throughput screening, as the 

requirement to use high levels of supernatant, compounded with the quick 

growth rates of the hybridoma cells, made it impossible to successfully rescreen 

supernatant twice.  

To overcome these issues, we employed the use of the lipid microarray. This 

technique operated on a similar principle as the combinatorial glycoarray 

(Rinaldi et al., 2010) but worked on a much larger scale. Whereas the 

combinatorial glycoarray could print multiple targets to screen 12 samples in one 

run, the microarray was capable of printing a higher number of targets for 

screening up to 320 samples. 

In addition, the microarray employed the use of fluorescent antibodies as a 

secondary detection method, whereas ELISA used HRP-conjugated secondary 

antibodies. As a result the microarray was able to screen for two different 

antibody isotypes simultaneously, which allowed for the production of a larger 

number of antibodies from one mouse.   

This technique also allowed for an antibody to be partially characterised prior to 

the cloning step of production. Antibodies could therefore be selected for 

cloning based upon their desired binding patterns, which could be particularly 

useful for quickly selecting antibodies of interest.  

Overall, the improvements in screening were substantial. Through the use of the 

lipid microarray, supernatant could be screened quickly, larger numbers of 

antibodies could be detected and different isotypes could be selected. Whilst 

other researchers have produced similar techniques utilising their own bespoke 
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equipment (De Masi et al., 2005; Staudt et al., 2014), this appears to be the first 

time, to our knowledge, that a lipid microarray has been employed for the 

production of anti-carbohydrate antibodies.  

10.1.5 The combination of different characterisation methods   

  aids in determining the binding behaviours of anti-   

  carbohydrate antibodies  

 

Although it was not our original intention to create more antibodies against 

single lipid antigens, the success of the hybridoma fusions led us to produce a 

series of antibodies targeting gangliosides, glycolipids and sphingolipids. 

Subsequent studies determined the binding behaviours of these antibodies 

through the combination of various characterisation methods, including solid 

phase assays and immunofluorescence.  

One of the main benefits of combining different techniques was that they could 

be used to reconcile differences in antibody binding patterns. For example, the 

anti-GM1 antibody, GAME-G2, was found to be incapable of binding tissue unless 

it was first treated with neuraminidase. Examination of this antibody on solid-

phase assays explained this behaviour as it was demonstrated that the antibody 

was incapable of binding to GM1 when it was in complex with GD1a. By treating 

the tissue with neuraminidase, the sialic acid of GD1a was cleaved and the 

ganglioside was converted to GM1, thus allowing binding to take place.  

This same approach aided in explaining the tissue binding patterns of the other 

antibodies, which helped determine their potential uses in future research. 

Detailed descriptions of these uses are provided within Chapters 7 and 9 but 

they range from localising gangliosides within the plasma membrane to 

determining the vulnerability of particular tissues to antibody induced injury.  

10.1.6 Antibody diversity is an important factor in determining   

  the pathogenicity of anti-sulfatide antibodies  

 

Despite their implication in many demyelinating conditions, few monoclonal 

anti-sulfatide antibodies have ever been produced (Somner & Schachner, 1981). 

This, in part, is due to the success of the preeminent antibody, O4, which has 
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been shown to induce demyelination of sulfatide enriched cells and tissues both 

in vitro and in vivo (Elliott et al., 2012; Rosenbluth & Moon, 2003; Rosenbluth et 

al., 2004).  

The downfall of restricting research to just one anti-sulfatide antibody, 

however, is that antibody diversity will not be taken into account with the 

results. Not all antibodies will bind tissue in the same manner, raising questions 

about how representative O4 is of the general anti-sulfatide population.  

To address these issues, we generated a series of anti-sulfatide antibodies and 

probed them against various cells and tissues. As predicted, these antibodies 

displayed differential binding patterns, with some binding avidly to plasma 

membranes whilst others were incapable of binding at all.   

Analysis of the antibodies binding specificities in solid phase assays indicated 

that they differed in their abilities to bind sulfatide in the presence of other 

lipids. This suggested that they may bind to different components of the 

sulfatide molecule and may differ from O4.   

This was further confirmed through comparisons of the antibodies binding 

patterns in ex vivo preparations of mouse TS. In this tissue, the new anti-

sulfatide antibodies were found to bind to the terminal myelinating Schwann 

cell, whereas no binding was detected with O4.   

This suggested that some unknown lipid or protein in the local microenvironment 

of this cell was preventing O4 from accessing its binding epitope. This clearly 

demonstrated that the new antibodies, although similar to O4, were distinct in 

their ability to bind certain tissues.  

This has ramifications in assessing the pathogenicity of anti-sulfatide antibodies 

in various neuropathies. As GAME-M7 was shown to bind and injure the cell, it 

could be postulated that similar antibodies may arise in patients to bring about a 

form of neurological dysfunction not experienced by patients with antibodies 

that resemble O4.  

On the other side of the spectrum was the antibody GAME-G1, which was shown 

to be incapable of binding to any form of tissue. As discussed earlier, anti-

sulfatide antibodies were isolated from the CSF of MS patients but were found to 

be incapable of binding sulfatide enriched cells or tissues (Brennan et al., 2011). 
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It is likely that GAME-G1 resembles these antibodies, as both were shown to be 

incapable of binding sulfatide in the presence of SM.  

The absence of tissue binding antibodies could suggest that anti-sulfatide 

antibodies are not pathogenic in neuropathies but the work of a colleague that 

was produced in conjunction with this thesis may offer a possible explanation.  

She demonstrated that pathogenic antibodies are likely to bind tissue, illicit 

injury and be internalised, whereas non pathogenic antibodies will remain in the 

circulation (Cunningham, unpublished observations). 

It is therefore possible that antibodies, such as O4 and GAME-M7 bind and injure 

sulfatide enriched tissue and become internalised, whereas antibodies like 

GAME-G1 arise but remain in the circulation as they are unable to bind the 

glycolipid in the plasma membrane. Further work would need to be performed to 

confirm this hypothesis but the fact remains that anti-sulfatide antibodies may 

well be major factors in immune mediated injury in a variety of neuropathies.   

10.2 Future Work 

10.2.1 Improvements in the reliability of biomarkers 

 

The results within this thesis provided strong evidence that the configuration of 

a gangliosides local microenvironment has a large influence on the binding 

abilities of anti-ganglioside antibodies. This has been a concept that has been 

largely overlooked in neuropathy research despite ganglioside complexes being 

used in clinical studies since 2004 (Kaida et al., 2004). 

This is due to researchers focussing on associating particular antibody 

enhancements with different disease subtypes and outcomes rather than the 

composition of the complexes themselves (Créange et al., 2014; Kaida & 

Kusunoki, 2010; Notturno et al., 2009). However, this is an aspect of research 

that must be taken into consideration if we are to improve the reliability and 

effectiveness of biomarkers in disease diagnosis.  

Our laboratory has recently developed a lipid microarray technique, which 

allows serum to be screened against up to 400 separate targets simultaneously 

(Halstead, unpublished data). This equipment has allowed us to increase the 
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complexity of ganglioside complexes, by taking factors such as concentration 

and content into consideration.  

Ideally, complexes should resemble the plasma membrane as closely as possible. 

To achieve this, researchers are going to have to create antigen combinations 

consisting of a number of different gangliosides and accessory lipids at varying 

concentrations. By creating antigens that closely mimic the site of injury, it is 

much more likely that antibodies can be detected in sera that are reliable 

indicators of disease.  

This work, however, relies on the assumption that circulating anti-ganglioside 

antibodies are pathogenic. As discussed previously, a colleague’s work has 

suggested that pathogenic antibodies bind to gangliosides, elicit injury and are 

removed by internalisation (Cunningham, unpublished data). The remaining 

antibodies would therefore be unable to bind tissue and would remain in the 

circulation.  

If this same process is demonstrated in humans, then it would suggest that using 

patient serum to diagnose autoimmune neuropathies may be unreliable. Non-

binding antibodies may still be generated in certain conditions and may act as 

indicators of disease; however, further work needs to be performed to 

determine the validity of anti-ganglioside antibodies in the diagnosis of 

autoimmune neuropathies.   

10.2.2 Determining the existence of neo-epitopes and complex-  

  dependent antibodies 

 

The evidence from these studies provides strong support that conformational 

modulation is responsible for the enhancement produced by GM1:GalC 

complexes with MMN patient serum. However, despite the work carried out 

within this thesis, we were unable to demonstrate the interactions of these 

lipids at a molecular level.  

It is still possible that gangliosides may interact with one another to form neo-

epitopes, however, the abundance of these formations within the plasma 

membrane and their relevance in disease are unclear. The ideal method for 

elucidating whether antibodies could arise against these neo-epitopes would be 
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active immunisations with complexes consisting of covalently linked 

gangliosides.  

These complexes have been created by groups as this thesis was developed 

(Mauri et al., 2012); however, no immunisations have been performed to 

determine whether specific complex-dependent antibodies can be produced. 

This would be a worthwhile pursuit as the only way to prove or disprove the 

existence of these antibodies is to induce their generation in vivo. If these 

antibodies could be produced and were found to bind specific sites in the plasma 

membrane then it would suggest that they may well arise in humans and may be 

responsible for the pathogenesis of various autoimmune neuropathies.  

10.3 Closing Statement 

 

Overall this thesis was able to shed some light on the complexities of anti-

glycolipid antibodies. Through the analysis of their binding behaviours in solid 

phase assays and tissues, we were able to elucidate how the local 

microenvironment influences epitope access and how this affects the 

pathogenicity of these antibodies in disease.  

Furthermore, in our attempt to isolate a complex-dependent antibody, we were 

able to generate 10 new monoclonal antibodies targeting various gangliosides 

and glycolipids. These antibodies, particularly those targeting sulfatide, may be 

very useful in furthering our understanding of immune mediate attack in 

different neuropathies.  

Most importantly, this thesis demonstrated that diversity is an important factor 

in understanding the binding behaviours of different antibodies. This is a concept 

that is only truly beginning to be appreciated but has implications in 

understanding the roles that these antibodies have in both health and disease.  
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