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Summary 

Autoantibodies to myelin oligodendrocytes glycoprotein (MOG) are found in a proportion 

of patients with inflammatory demyelination and are detected with MOG-transfected 

cells. MOG is a transmembranous glycoprotein displayed on the outside of internodal 

myelin; its extracellular part forms an IgV-like fold. While the prototype anti-MOG mAb 

8-18C5 and polyclonal anti-MOG responses from different mouse strains largely 

recognize the FG loop of MOG, the human anti-MOG response is more heterogeneous 

and human MOG-Abs recognizing different epitopes were found to be pathogenic. 

The first aim of this thesis was to get further insight into details of antigen-recognition by 

human MOG-Abs focusing on the impact of glycosylation. MOG has one known N-

glycosylation site at N31 located in the BC loop linking two beta-sheets. Reactivity 

towards wild-type MOG and two different aglycosylated was measured using a cell-

based assay. Around 60 % of all patients (16/27) showed an altered reactivity to one or 

both of the mutations. 7 different patterns of recognition of the two glycosylation-deficient 

mutants by different patients were identified. In 7/27 patients the neutral glycosylation-

deficient mutant was recognized stronger. The glycan structures of HEK- and myelin-

derived MOG were determined by mass spectrometry. 

Previous studies from the lab have shown that MOG antibodies from patients are 

pathogenic by two different effector mechanisms, namely demyelination and 

enhancement of the activation of MOG-specific T cells, but it is unknown which Fc 

effector functions, complement activation and FcγR-activation, are linked to which 

pathomechanisms.  

The second part of this thesis is imbedded into the bigger aim to link these 

pathomechanisms to Fc-functions. To this end, the pathogenic mAb 8-18C5 is applied 

as a model system. A recombinant version of this mAb with a human IgG1 Fc part is 

used and 10 clones containing 12 different mutations in the Fc part were introduced. 

These mutations were selected based on previous publications with other recombinant 

mAbs. These mutated variants of the 8-18C5 were analysed for antigen-recognition, 

C1q-binding by ELISA, and FcγRIII activation with a reporter cell line. Thereby a panel 

of Fc variants of the anti-MOG mAb 8-18C5 was generated that differs with respect to 

C1q-binding and FcγRIII activation.  
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Together, this thesis showed the importance of the glycosylation site of MOG for binding 

of autoantibodies. The finding that the glycan provides a hindrance for antibody binding 

in a proportion of patients has implications for development of assays to enhance the 

sensitivity to detect antibodies to MOG and provided further insight into details of antigen-

recognition and extended the known heterogeneity of human autoantibodies against 

MOG. Moreover, the 8-18C5 variants cloned in this project provide the basis for future in 

vivo transfer experiments to link Fc effector functions to different aspects of disease 

pathology triggered by MOG autoantibodies.  

 

 

 

 

. 

 

 

 

 

 

 

 

 

 



6 
 

Zusammenfassung 

Autoantikörper gegen Myelin Oligodenrozyten Glykoprotein (MOG) werden bei einer 

Subgruppe von Patienten mit entzündlicher Demyelinisierung gefunden und mit MOG-

transfizierten Zellen detektiert. MOG ist ein transmembranes Glykoprotein, das auf der 

Außenseite des internodalen Myelin exprimiert wird; sein extrazellulärer Teil bildet eine 

Immunglobulin-artige Domäne. Während der Prototyp anti-MOG monoklonale Antikörper 

(mAk) Ab 8-18C5 und die polyklonalen anti-MOG Antikörper von verschiedenen 

Mäusestämmen vorwiegend die FG-Schleife von MOG erkennen, ist die menschliche 

anti-MOG Antwort heterogener und es wurde gefunden, dass menschliche MOG-Aks 

verschiede Epitope erkennen und pathogen sind. 

Das erste Ziel dieser Doktorarbeit war es, weiteren Einblick in Details der 

Antigenerkennung der menschlichen MOG-Aks zu erhalten und speziell die Rolle der 

Glykosylierung zu untersuchen. MOG hat eine bekannte N-Glykosylierungsstelle bei 

N31 in der BC-Schleife, die zwei beta-sheets verbindet. Die Reaktivität gegenüber 

Wildtyp MOG und zwei verschiedenen Glykosylierungs-defizienten Mutanten wurde 

unter Verwendung eines zellbasierten Assays gemessen. Diese Untersuchungen 

ergaben, dass etwa 60% aller Patienten mit MOG-Aks (16/27)  eine veränderte 

Reaktivität gegenüber einer oder beiden Mutationen zeigten. 7 verschiedene Muster der 

Antigenerkennung der beiden Glykosylierungs-defizienten Mutanten von verschiedenen 

Patienten wurden identifiziert. In 7/27 Patienten wurde die neutrale Glykosylierungs-

defiziente Mutante stärker erkannt. Die Glykanstrukturen von MOG von transfizierten 

HEK-Zellen von MOG aus Myelin wurden massenspektrometrisch bestimmt. 

Frühere Studien aus dem Labor haben gezeigt, dass MOG-Antikörper von Patienten 

pathogen sind durch zwei verschiedene Effektomechanismen, nämlich Demyelinisierung 

und Verstärkung der Aktivierung von MOG-spezifischen T-Zellen. Es ist jedoch nicht 

bekannt welche Fc-Effektorfunktionen, Komplementaktivierung und FcγR-Aktivierung 

mit welchem Pathomechanismus zusammenhängen. 

Der zweite Teil dieser Doktorarbeit wird in das größere Ziel eingebettet, herauszufinden, 

welche Pathomechanismen mit welchen Fc-Funktionen zusammenhängen. Zu diesem 

Zweck wird der pathogene mAb 8-18C5 als Modellsystem eingesetzt. Eine rekombinante 

Version dieses mAk mit einem humanen IgG1-FC Teil wird verwendet und 10 Klone mit 

12 verschiedenen Mutationen im Fc-Teil wurden eingeführt. Diese Mutationen wurden 

basierend auf früheren Veröffentlichungen mit andern rekombinanten mAks ausgewählt. 

Diese mutierten Varianten des 8-18C5 wurden auf Antigenerkennung, C1q-Bindung 



7 
 

durch ELISA und FcγRIII-Aktivierung mit einer Reporterzelllinie analysiert. So konnte ein 

Panel an Varianten des anti-MOG mAks 8-18C5 generiert werden, die sich hinsichtlich 

Bindung von C1q und Aktivierung von FcγRIII unterscheiden.  

Zusammengefasst, diese Doktorarbeit zeigte die Bedeutung der Glykosylierungsstelle 

von MOG für die Bindung von Autoantikörpern. Der Befund, dass das Glycan die 

Antikörperbindung bei einem Teil der Patienten behindert, hat Auswirkungen auf die 

Entwicklung von Tests zur Erhöhung der Empfindlichkeit für den Nachweis von 

Antikörpern gegen MOG und lieferte weiter Einblicke in Einzelheiten der 

Antigenerkennung und erweiterte die bekannte Heterogenität menschlicher 

Autoantikörper gegen MOG. Darüber hinaus bilden die in diesem Projekt geklonten 8-

18C5 Varianten die Grundlage für zukünftige Transferexperimente, um die Fc-

Effektorfunktionen mit verschiedenen Aspekten der durch MOG-Autoantikörper 

ausgelösten Krankheitspathologie zu verknüpfen. 
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Introduction 

1. Inflammatory demyelinating diseases of the central nervous 

system (CNS) 

Inflammatory demyelinating diseases of the CNS comprise a broad spectrum of diseases 

including multiple sclerosis (MS), neuromyelitis optica spectrum disorders (NMOSD), 

optic neuritis (ON) and acute disseminated encephalomyelitis (ADEM) (Figure 1). MS is 

the most common chronic inflammatory disease of the CNS, it affects 1 in 1000 people 

in Western countries (Sadovnick and Ebers 1993). There are two major forms of MS: (1) 

85-90% of the patients suffer from relapsing-remitting MS (RRMS), which is 

characterized by acute episodes of neurologic dysfunction, followed by periods of partial 

or complete remission with clinical stability between the relapses. After several years 

RRMS is followed by a secondary progressive MS (SPMS) phase in many patients, 

where there is an uninterrupted disease progression (Weinshenker et al. 1989). Some 

patients (10-15% of the cases) begin with primary progressive MS (PPMS) where there 

is disease progression from the onset (Kutzelnigg et al. 2005) 

NMOSD is a rare disease with higher prevalence in Asia (Jacob et al. 2013). The 

principal characteristics that distinguish NMOSD from MS are its selective involvement 

of optic nerves and spinal cord, and its characteristic longitudinally extensive spinal cord 

lesions that are detected most sensitively by magnetic resonance imaging (MRI) 

(Weinshenker et al. 2006). Moreover, the detection of neuromyelitis optica 

immunoglobulin G (NMO-IgG), an autoantibody in the serum of patients with NMOSD 

against AQP4, distinguishes NMOSD from other demyelinating disorders (Wingerchuk 

et al. 2007) 

ON is a common condition with higher incidence in Caucasians (1-5 in 100.000) and is 

characterized by a demyelinating inflammation of the optic nerve. It may be isolated or 

in association with MS or NMOSD. This condition usually presents a subacute unilateral 

loss of vision, although loss of vision in both eyes can also arise, either simultaneously 

or sequentially (Hickman et al. 2002). 

ADEM occurs predominantly during early childhood and has often a monophasic course. 

It is an immune-mediated inflammatory disorder of the CNS, which is commonly precede 

by an infection, and predominantly affects the white matter of the brain and spinal cord 

(Tenembaum et al. 2007). 
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Figure 1: Acquired CNS inflammatory demyelinating diseases. Figure taken from (Reindl 
et al. 2013) 

1.1 Role of B cells and antibodies 

T cells can induce blood-brain barrier disruption and CNS inflammation; therefore, MS 

has been considered for many years as a T-cell driven disease. In addition to 

autoreactive T cells, there are several evidences suggesting that B cells and antibodies 

are also key players in inflammatory demyelinating diseases of the CNS. 

Since it was first published, antibody production has become a diagnostic tool of 

neuroinflammatory disease (Kabat, Moore, and Landow 1942). Intrathecally produced 

antibodies can be visualized as oligoclonal bands (OCBs) in the cerebrospinal fluid 

(CSF) of MS patients (Obermeier et al. 2008). Together with the presence of clonally 

expanded B cells (CD138+ plasma cells) in the CSF (Von Büdingen et al. 2010) they 

indicate the existence of an antigen-driven B cell response. 

Moreover, in a subset of MS patients deposition of IgG and activated complement can 

be observed in demyelinating areas of brain lesions (Lucchinetti et al. 2000) Active NMO 

lesions also show IgM deposition and complement activation (Lucchinetti et al. 2002; 

Misu et al. 2013). Furthermore, a large proportion of patients with MS type II pathology 

benefit from plasma exchange (Keegan et al. 2005) and B cell depleting therapies, such 

as anti-CD20 antibody (i.e. Rituximab), reduce the relapses in some MS and NMO 

patients (Hauser et al. 2008; Trebst et al. 2014). 

Autoantibodies are relevant for the pathogenesis of demyelinating diseases of the CNS. 

Their importance was highlighted by the identification of IgG autoantibody (NMO-IgG) 

that localises in the blood-brain barrier and selectively binds to the water channel AQP4 

on astrocytes. This serological marker is a valuable tool to distinguish NMO from MS 
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(Lennon et al. 2004; Lennon et al. 2005). Transfer studies in which human anti-AQP4 

antibodies were injected into experimental autoimmune encephalomyelitis (EAE) mice, 

the animal model that closely resembles the clinical and pathological features of human 

MS, demonstrated the pathogenicity of these autoantibodies (Bennett et al. 2009; Bradl 

et al. 2009; Kinoshita et al. 2009). 

In addition to their role to generate antibodies, B cells also perform a wide range of 

functions which are crucial for the pathogenesis of MS and related CNS disorders. 

(Figure 2) 

 

Figure 2: Inflammatory and regulatory functions of B cells. B cells exert various pro-
inflammatory and immunoregulatory functions: They produce antibodies that can 
activate complement and ADCC. They are involved in the production and secretion of 
pro-inflammatory cytokines, antigen-presentation and follicular antigen-transport. On the 
other hand, they also produce anti-inflammatory cytokines and neurotrophic factors, as 
wells as producing antibodies with potential immunoregulatory functions. Figure taken 
from (Hoffmann and Meinl 2014) 

1.2 Therapeutic interventions targeting B cells and antibodies 

Due to the pathogenic role of B cells and autoantibodies in CNS inflammation, there has 

been a strong development of new therapeutic approaches to directly and specifically 

target them. 

Plasma exchange and immunoadsorption (IA) are used to remove circulating 

autoantibodies. These therapies are indicated for acute steroid-resistant relapses in MS 

and NMO patients (Heigl et al. 2013; Krumbholz and Meinl 2014). 
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B cell depletion can be accomplished using type I anti-CD20 monoclonal antibodies 

(mAb) and they have shown varying degrees of efficacy. Three of them, rituximab, 

ocrelizumab, and ofatumumab are currently in clinical use for MS. Rituximab, a chimeric 

mAb, depletes CD20+ B cells and reduces inflammatory brain lesions and clinical relapse 

in RRMS (Hauser et al. 2008) and some NMO patients also can benefit from it, since it 

reduces the levels of AQP4- specific antibodies (Pellkofer et al. 2011) (Jarius et al. 2016). 

Ocrelizumab is approved for RRMS and PPMS and differs from rituximab in that it has a 

humanized antibody backbone (Kappos et al. 2011; Montalban et al. 2017). 

Ofatumumab, a fully human monoclonal antibody, is used in RRMS where it has shown 

to reduce brain lesion in patients (Sorensen et al. 2014). A new class of type II anti-CD20 

antibodies, obinutuzumab, a humanized IgG1, is under development (Niederfellner et al. 

2011). 

Anti-CD20 mAbs efficiently deplete mature naïve and memory B cells, inhibit the 

development of short-lived plasma cells, but spare long-lived plasma cells. Contrary to 

CD20, CD19 is expressed from early B cell development to the last differentiation stage 

including plasma cells. Inebilizumab (MEDI-551) is a human IgG1 anti-CD19 mAb that 

was developed for the treatment of relapsing MS and has shown the capability to 

completely delete B cells in a phase I trial (Agius et al. 2019). 

2. Myelin Oligodendrocyte Glycoprotein (MOG) 

MOG consists of 218 amino acids and belongs to the immunoglobulin superfamily 

(Pham-Dinh et al. 1993). MOG is a minor component of CNS myelin (less than 0.05%) 

and is located in the outermost surface of the myelin (Brunner et al. 1989). The exact 

function of MOG is still unknown, but its structure and localization suggest a role as an 

adhesion molecule (Clements et al. 2003) and in accordance, MOG expresses the 

L2/HNK1 epitope, which is a marker for cell adhesion (Burger et al. 1993). MOG is able 

to bind the complement component C1q and might be able to regulate the classical 

complement pathway (Johns and Bernard 1997). In addition, MOG extracellular 

immunoglobular domain can bind to nerve growth factor (NGF) and its presence seems 

to help the rubella virus to entry the cells (Reindl and Waters 2019) A MOG knockout 

mouse, however, did not show any obvious phenotype (Delarasse et al. 2003). 

Among many candidate antigens were proposed as antibody targets in MS and related 

disorders, MOG is by far the one that has received more attention. This is due to the fact 

that it is localized in the outermost surface of the myelin sheath and that makes it 

accessible for the pathogenic autoantibodies (Mayer and Meinl 2012; Reindl and Waters 
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2019). Further studies in animal models demonstrated that MOG is indeed a target for 

demyelinating antibodies (see part 4). 

 

Figure 3: Distribution of CNS myelin protein: Common myelin proteins are found at the 
internode, the major myelin proteins are: Proteolipid protein (PLP) and Myelin basic 
protein (MBP). MOG is a minor component of the myelin and is located on the outermost 
surface of the myelin sheath. Figure taken from (Mayer and Meinl 2012). 

3. N-glycosylation and its role in antibody binding 

MOG has a single N-glycosylation site in Asn31 (N31) (Gardinier and Matthieu 1993). A 

second potential N-glycosylation site, Asn52, was found in mouse brain using tandem 

mass spectrometry, but it lacks the N-glycosylation consensus sequence N-!P-[SlT] and 

therefore it was not considered a high-confidence glycosylation site (Zielinska et al. 

2010).  

Some studies showed that using a MOG mutant, where the asparagine is substituted 

with aspartic acid, N31D mutant (O'Connor et al. 2007; Mayer et al. 2013) completely 

abolished MOG glycosylation. This aglycosylated MOG mutant is recognized at least as 

good as wild-type MOG (hMOG) and some patients (7%) recognized the N31D better 

than hMOG (Mayer et al. 2013; Spadaro et al. 2015). The higher recognition of N31D by 

the patients’ autoantibodies might be due to better accessibility to MOG when it’s lacking 

the polycarbohydrate chain at its upper, very exposed edge of its extracellular domain.  
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Previous studies have already highlighted the importance of glycosylation in antigen-

antibody recognition. Deglycosylation of the HIV envelope glycoprotein gp120 leads to 

increase recognition by neutralizing antibodies (Koch et al. 2003) and changes in the 

glycosylation pattern of HIV envelope are involved in the escape of HIV mechanism from 

neutralizing antibodies (Wei et al. 2003). Moreover, a subgroup of patients with 

aggressive chronic inflammatory demyelinating polyradiculoneuropathy have 

autoantibodies against contactin and in some the immunoreactivity is dependent on N-

glycans. Surprisingly, in one patient autoantibodies were selectively directed against 

contactin containing mannose-rich N-glycans (Labasque et al. 2014) 

4. MOG antibodies  

The first antibody responses against MOG were found on the sera of guinea pigs with 

chronic relapsing EAE induced by inoculation with homologous spinal cord in adjuvant. 

The serum  of these guinea pigs was injected on the subarachnoid space of wild-type 

rats and was able to induce in vivo demyelination and anti-MOG titers correlated with 

this pathogenic demyelination (Linington and Lassmann 1987). After that, evidences of 

the involvement in the pathogenesis of anti-MOG antibodies were found in Lewis rats 

(Adelmann et al. 1995), mice (Schluesener et al. 1987; Bourquin et al. 2003) and 

primates (Genain et al. 1995; Hart et al. 2004). It was observed in these animal models 

that, upon active immunization, MOG antibodies trigger an antibody-mediated 

demyelination.  

EAE can be induced either by active immunization with MBP or with adoptive transfer of 

T cells, e.g. specific for MBP. In the absence of anti-MOG antibodies, EAE is 

characterized by inflammation, without any sign of demyelination.  MOG antibodies 

induce demyelination in a complement dependent manner (Piddlesden et al. 1993) and 

require the breakdown of the blood-brain barrier to enhance pathology (Litzenburger et 

al. 1998). More recently, two studies showed that MOG antibodies can also enhance 

inflammation by increasing the antigen presentation to MOG-specific T cells in the CNS, 

helping them to be reactivated in the immune deprived CNS tissue (Flach et al. 2016; 

Kinzel et al. 2016). 

4.1. MOG antibodies in patients and epitope mapping 

The finding in EAE models clearly pointed out that MOG was a target candidate for 

human autoantibodies in CNS demyelinating diseases. It is well known, that only 

antibodies against conformational epitopes of MOG are associated with pathogenic 

demyelination (Mayer and Meinl 2012). Many studies have shown that anti-MOG 
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antibodies are found in 20-40% of children with ADEM, chronic relapsing inflammatory 

optic neuropathy, or paediatric MS (O'Connor et al. 2007; Mayer and Meinl 2012; Reindl 

and Waters 2019). In adult patients, antibodies to MOG have been detected in patients 

with AQP4-negative NMO spectrum disorder. Also, in special cases of MOG-antibody 

associated encephalomyelitis, in bilateral recurrent ON, and rarely in anti-NMDA-

receptor encephalitis and in adults with MS (Reindl et al. 2013; Hohlfeld et al. 2016).  

 

Figure 4: Overlapping features of MOG-antibody associated CNS disorders. 
Frequencies of antibodies against MOG found in patients with these diseases are 
indicated by the extent of overlap in the diagram. Figure taken from (Hohlfeld et al. 2016)  

It is currently discussed whether MOG-abs constitute a separate disease entity (Weber 

et al. 2018)  

A pervious study in the lab, used a panel of MOG mutants to get an insight into the 

epitope determination on native human MOG in different paediatric patient groups. They 

reported that anti-MOG antibodies predominantly recognise epitopes that connect the β 

strands of the extracellular MOG domain. The most frequently recognized epitope was 

P42, which is only present in human MOG, but not rodent MOG. In addition, 20% of the 

patients had antibodies against the His103:Ser104 epitope, which is the main target of 

the mAb 8-18C5 used in animal studies. Longitudinal analysis showed that the individual 

epitope pattern remained constant, with no evidence of epitope spreading (Mayer et al. 

2013) 
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5. Possible pathogenic mechanisms of MOG antibodies in 

humans 

Most anti-MOG antibodies are IgG1 isotype and can bind and activate the complement 

pathway, as well as bind to the Fc receptors (McLaughlin et al. 2009). Also, a posterior 

study showed that at high titers, antibodies to MOG can activate the complement 

cascade, leading to the formation of the terminal complement complex (TCC) and to the 

internalization of these antibodies (Mader et al. 2011). Moreover, purified anti-MOG 

antibodies from children  with clinically isolated syndrome (CIS) or ADEM have a natural 

killer mediated cytotoxic effect on MOG-expressing cells in vitro and antibody-dependent 

cell-mediated cytotoxicity (ADCC) correlated with antibody titers (Brilot et al. 2009). 

The involvement of human MOG-specific antibodies in the pathogenesis is also 

supported by in vivo studies. Transfer of sera from anti-MOG positive MS patients to 

EAE rats showed an enhancement of demyelination and complement deposition (Zhou 

et al. 2006). A different study, demonstrated that MOG-IgG from NMO patients causes 

myelin changes and alters the expression of axonal proteins when injected in mice 

brains. These effects were reversible within two weeks and were largely independent of 

the complement pathway (Saadoun et al. 2014).  

In addition, a previous study from the lab affinity-purified anti-MOG antibodies from 

patients’ sera and co-transfected them with MOG or MBP-specific T cells in Lewis rats. 

Anti-MOG antibodies together with T cells were able to induce EAE pathology in rats. 

Together with MBP-specific T cells, anti-MOG antibodies were able to breach the BBB 

and induce demyelination and C9 neo activation, which resembles the MS II pathology. 

On the other hand, when transfected with MOG-specific T cells, anti-MOG antibodies 

enhanced T cell infiltration and directed macrophages to the subpial parenchyma 

(Spadaro et al. 2018). 

5.1 Complement activation and Fcγ receptor activation as 

effector mechanisms of antibodies 

Antibodies are key players in both, innate and adaptive immunity, and when produced in 

response to a foreign antigen, they can mediate host protection. Through their antigen-

binding Fab domains, antibodies recognize their specific target antigen and the Fc 

domain is the responsible for mediating the diverse effector mechanisms triggered by 

this Fab-antigen interaction. Effector functions arise from the binding of the Fc domain 

to Fc-γ receptors (FcγR) and also the recruitment of the complement component C1q. 
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FcƳ receptors FcR 

Fc γ receptors (FcγRs) are expressed in diverse leukocytes cell types and when they 

interact with IgG the result is a variety of effector functions, including endocytosis of 

immune complexes, antibody-dependent cell-mediated phagocytosis (ADCP), ADCC, 

and initiation of anti-inflammatory pathways that actively suppress immunity 

(Nimmerjahn and Ravetch 2008). In figure 5 the different human FcγRs are shown with 

their function, affinity for IgG and their expression on different cell types. 

 

Figure 5: Human IgG receptors. (A) Schematic representation of human IgG receptors 
at the cell membrane (grey bar) and their association to the FcγR-chain dimer (black). 
Green boxes represent ITAMs; and the white box, the ITIM. (B) Human IgG receptor 
expression pattern. +, indicates expression; (+), inducible expression; +/-, very low 
percentages or rare subsets express the receptor; -, no expression; and NA, not 
analysed. ƚ detectable and functional expression in nonconventional Fcgr2c-Stop 
persons. Figure taken from (Bruhns 2018) 

There are evidences that both, support and contradict, for a role of FcγR in MS and EAE. 

In favour, in active MS lesions reactive microglia are strongly stained for FcγRI, FcγRII 

and FcγRIII (Ulvestad et al. 1994). Also, several studies actively induced EAE with MOG 

in C57Bl/6 mice knockout for FcγR (lacking FcγRI, FcγRIII and FcεRI) and in DAB/1 mice 

knockout for FcγR (lacking FcγRI, FcγRIII and FcεRI) and mice lacking only the FcγRII 

(Lock et al. 2002; Abdul-Majid et al. 2002). These studies showed that FcγR deficient 

mice develop an attenuated EAE and that FcγRII deficient mice exhibited a more severe 

EAE compared to WT mice.. In the same line, in a more recent study they used mice 

transgenically expressing human FcγRs and showed that FcγR interactions, especially 
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those involving FcγRIIA, are necessary and sufficient for MOG induced EAE 

exacerbation (Khare et al. 2018). Furthermore, functional expression of FcγR on 

systemic accessory cells, but not CNS-resident cells is vital for the development of CNS 

inflammation, independent of antigen-presenting cell function or Ab involvement (Urich 

et al. 2006). These studies highlighted the importance of FcγRs during the development 

of inflammation in the CNS.  On the other hand, EAE was induced by injecting MOG 35-

55 peptide in FcγR and C1q knockout mice,  and they  established that the demyelinating 

capacity of anti-MOG antibodies in vivo relies entirely on complement activation and is 

FcR-independent (Urich et al. 2006).  

Previous studies have provided a comprehensive mapping of the binding sites on human 

and murine IgG for the different FcγR and determined that the lower hinge region, 

composed of residues Leu234-Pro238, Ala327 and Pro329, are primarily the responsible for 

the IgG-FcγR interaction. Further studies proposed additional segments for each 

individual FcγR, e.g. for human FcγRI Gly316-Lys338 and for FcγRIII Lys274-Arg301 and 

Tyr407-Arg416. Amino acid substitutions in these residues can modify IgG- FcγR binding. 

For example. L235A or P329A mutations diminish IgG binding to all FcγR, while other 

mutation can improve IgG recognition to some FcγR, T256A or K290A improve IgG 

binding to FcγRII and FcγRIIIA (Shields et al. 2001).  

Complement 

Complement is a key component of the innate immunity that serves as a first line of 

defence against foreign and altered host cells. It is composed of plasma proteins which 

are mostly produced by the liver or membrane proteins expressed on the cell surface 

(Merle et al. 2015). Activation of the classical complement cascade leads to: direct cell 

lysis through complement-dependent cytotoxicity (CDC) and to the deposition of 

opsonins which trigger complement-dependent cell-mediated cytotoxicity (CDCC) and 

complement-dependent cell-mediated phagocytosis (CDCP). In addition, activation of 

the classical pathway stimulates B and T cell adaptive responses (Hess and Kemper 

2016).  

There are many evidences that demonstrate a role of the complement system in MS 

pathogenesis. Among many others, deposition of complement components and 

activation products have been found in the white matter plaques in MS brain tissue. 

Moreover, a complement dysregulation is also found in MS gray matter lesions, 

supporting that complement activation and dysregulation occur in all MS cases. (Tatomir 

et al. 2017)  
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A recent paper from our group, showed that patient-derived MOG-specific antibodies 

enhanced immune cell infiltration and induce demyelination with complement activation 

in a EAE rat model (Spadaro et al. 2018). Furthermore, anti-MOG antibodies could 

activate the complement cascade in vitro, resulting in the formation of the terminal 

complement complex (TCC) (Mader et al. 2011). On the other hand, MOG-specific 

human IgG1 antibodies that lack the ability to bind mouse complement, do not affect the 

ability of these antibodies to increase EAE disease activity (Khare et al. 2018) 

The region comprising the amino acids 318-337 is of the segments of the CH2 domain 

which binds to C1q. Specifically, C1q appears to interact with the charged side chains of 

residues Glu318, Lys320 and Lys322. Mutations in these positions lower the IgG affinity for 

C1q binding (Duncan and Winter 1988). Further studies also showed that site directed 

mutagenesis in the Pro331 of IgG also reduces C1q recognition (Tao, Smith, and Morrison 

1993). Also, there are mutations that can improve complement binding, i.e amino acids 

substitutions K326W and E333S, produced a 9-fold increase in CDC (Ratelade et al. 

2013). 

5.2 Role of Fc glycosylation 

Differences in the glycosylation of the Fc fragment modulates the effector function of IgG. 

An N-glycan is covalently attached to the side chain nitrogen atom of the highly 

conserved Asn297 of both heavy chains. The majority of these glycans are complex-type 

biantennary structures, however, a high degree of heterogeneity exists due to the 

presence of different monosaccharides. Differences in Fc glycosylation result in altered 

binding affinity for FcγRs and complement, which ultimately influences the effector 

mechanisms. For example, the presence of a core fucose (fucosylation) or the addition 

of N-acetylneuraminic acid (Neu5Ac) (sialylation) may have a decreased affinity for 

FcγRIIIa leading to an anti-inflammatory effect (Quast and Lünemann 2014; Russell et 

al. 2018). 

It is widely accepted that reducing the level of glycosylation in the Asn297 by EndoS 

treatment (an enzyme that cleaves the sugar moiety after the first GlcNac) or the 

absence of glycosylation due to site directed mutagenesis, reduces or abolishes the 

capability of IgG to bind to FcγRs and complement (Arnold et al. 2007). In addition, a 

more recent study showed that mouse IgG2c and human IgG1 and IgG3 subclasses 

maintain their in vivo activity when the glycan is composed of a mono- or disaccharide 

sugar residue via binding to FcγRs, but are unable to activate the complement pathway 

(Kao et al. 2015) 
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Objectives 

The main aims of this study were: 

• Asses the role of the MOG glycosylation site in autoantibody recognition and 

further identify the glycoforms on HEK EBNA derived MOG and in human myelin 

derived MOG using Mass spectrometry. 

 

• Determine the effector functions of the mAb r8-18C5. Generate a panel of 

muatated variants of the anti-MOGl mAb r8-18C5 with mutations on their Fc part 

and test them for their binding to complement and FcγR, using ELISA and 

luciferase reporter assays.  
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Materials and Methods 

6. Materials 

Patient material 

This study included sera of 27 patients with different inflammatory CNS diseases and 

healthy controls. Sera were provided by the medical team of the Institute of clinical 

Neuroimmunology of the Klinikum Großhadern (Munich, Germany) and Hacettepe 

University (Turkey). Original samples were stored at -80°C while working aliquots were 

stored at -20°C.  

Table 1: Details of the anti-MOG positive patients. 

Patient 
ID1 

Diagnosis2 Treatment at the point of blood 
drawn 

Sex Age 

1 LETM None F 22 

2 MS Teriflunomide F 60 

3 MS/NMOSD Steroids + Teriflunomide F 47 

4 ADEM None F 35 

5 CIS None F 47 

6 Relapsing ON None F 52 

7 MS Natalizumab M 39 

8 NMOSD Cyclophosphamide M 32 

9 ON None F 60 

10 RON Rituximab F 34 

11 RON Rituximab M 43 

12 ON Azathioprine M 37 

13 NMOSD Azathioprine M 35 

14 BON Azathioprine F 35 

15 
Relapsing 

encephalomyelitis 
Steroids + Plasmapheresis M 42 

16 Relapsing ON None F 48 

17 
Relapsing 

encephalomyelitis 
Azathioprine F 72 

18 
Relapsing 

encephalomyelitis 
Steroids M 35 

19 MS Glatiramer acetate F 60 

20 NMOSD Azathioprine M 45 

21 NMOSD None M 42 

22 Relapsing ON Azathioprine M 51 

23 NMOSD Glatiramer acetate F 38 

24 Monophasic encephalitis None F 36 

25 Relapsing ON None F 35 

26 Relapsing ON None M 57 

27 NMSOD Steroids M 33 
1Some patients have been previously described in more detail: Patient 17 in (Spadaro et 
al. 2015)  patients 7 and 19 in (Spadaro et al. 2016) and patients 15,16,22,23,25,26 and 
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27 in (Spadaro et al. 2018). 2We give the original diagnosis; It is currently discussed 
whether patients with MOG-Abs constitute a separate disease entity (Zamvil and Slavin 
2015; Jurynczyk et al. 2017; Di Pauli and Berger 2018; Jarius et al. 2018). LETM, 
longitudinal extensive transverse myelitis; NMOSD, neuromyelitis optica spectrum 
disorder; ADEM, acute disseminated encephalomyelitis; CIS, clinically isolated 
syndrome; ON, optic neuritis; RON, recurrent optic neuritis; BON, bilateral optic neuritis 

7. Methods 

7.1 Mutagenesis 

Using the “QuickChange Site-Directed Mutagenesis” kit (Stratagene, Santa Clara, CA, 

USA), point mutations were introduced into hMOG, using the vector MOG-EGFP-N1 as 

a template and the primers shown in Table 2 and the corresponding reverse complement 

primers. 

                           Table 2: Primers used for hMOG aglycosylated mutants 

Mutation Sequence forward primer 

N31D 5’-CAT ATC TCC TGG GAA GGA CGC TAC 

AGG CAT GGA GG-3’ 

N31A 5’-CAT ATC TCC TGG GAA GGC AGC TAC 

AGG CAT GGA GG-3’ 

                           

The same protocol was used to generate the different 8-18C5 variants from the wild-type 

vector 8-18C5 in the pTT5 vector (provided by Dr. Dieter Jenne)(Perera et al. 2012). In 

this case the primers shown in Table 3 were used for the mutagenesis and the 

aglycosylated mutants were always obtained using the T319L primers on the previously 

cloned variant. 

Table 3: Primers used for the 818C5 variants 

8-18C5 variant Mutation(s) Sequence forward primer 

Aglycosylated 8-18C5 T319L 5’-CAG TAC AAC AGC 

TTA TAC CGG GTG-3’ 

G801 K340E 5’-GGC AAA GAG TAC 

GAG TGC AAG TGT C-3’ 

 Q406R 5’-CAA CGG CAG ACC 

CGA GAA CAA C-3’ 

G802 L255K 5’-GAA CTG AAG GGA 

GGC CCT AG-3’ 
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 G246M 5’-GAA CTG AAG ATG 

GGC CCT AG-3’ 

 G247R 5’-CGA ACT GAA GAT 

GAG ACC TAG CG-3’ 

 L351Q 5’-GGT GTA CAC ACA 

ACC CCC TAG C-3’ 

G803 A350S 5’-GCC TTC ACC CAT 

CGA GAA AAC-3’ 

 P351S 5’-GCC TTC ATC CAT 

CGA GAA AAC-3’ 

K342A K342A 5’-GAG TAC AAG TGC 

GCA GTG TCC-3’ 

G804 K346W 5’-GTC CAA CTG GGC 

CCT GCC-3’ 

 E353S 5’-CCC CAT CTC AAA 

AAC CAT CAG C-3’ 

                                   

Table 4: Reagents for the PCR reaction 

Reagent Stock concentration of 

reagent 

Final concentration 

DNA template - 50 ng 

dNTPs 10mM 200 µM 

5x Phusion GC Buffer 5x 1x 

Forward primer 10 µM 0.5 µM 

Reverse primer 10 µM 0.5 µM 

Nuclease-free water - To 50 µl 

DMSO - 3% 

Phusion DNA polymerase - 2.0 units/50 µl PCR 
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Table 5: PCR program 

Stage Temperature Time  

Denaturation 98°C 30 seconds  

Denaturation 98°C 10 seconds 
35 repeats 

Annealing 68-72 °C 

(depending on the 

primer) 

30 seconds 

Extension 72°C 3 minutes 

Extension 72°C 10 minutes  

Cooling 4°C   

                                              

7.2 Transformation of competent bacterial cells by heat shock 

Plasmid amplification was done using competent NEB 5-α Competent E.coli (High 

efficiency) (New England Biolabs, Ipswich, MA, USA). For the transformation of NEB 5-

α Competent E.Coli, 100 ng of plasmid DNA was used to transform 50 µl of thawed 

bacterial cells. Cells were incubated for 30 minutes on ice and then heat-shocked for 90 

seconds at 42°C, followed by a 5 minutes incubation on ice. Then, 900 µl of SOC medium 

(Invitrogen, Karlsruhe, Germany) were added to the cells and they were place on a 

shaker at 180 rpm for 1 hour at 37°C. Afterwards, cells were centrifuge at 4000 rpm for 

5 minutes and the supernatant was discarded, all except 50-100 µl. Cells were 

resuspended and plated on LB-Amp agar or LB-Kan and incubated overnight at 37 °C. 

LB medium (for 1 L in water) consisted of: 10 g Bacto-tryptone (BD Biosciences, 

Heidelberg, Germany), 5 g yeast extract (BD Biosciences), and 10 g NaCl (Sigma-

Aldrich, Germany); it was brought to pH 7.5 using NaOH and sterilized by autoclaving. 

For LB-agar, 15 g of agar were dissolved in 1L of LB and sterilized by autoclaving. For 

LB-Amp agar, ampicillin (Sigma-Aldrich, Darmstadt, Germany) was added to a final 

concentration of 100 μg/mL, while for LB-Kan agar, kanamycin (Sigma-Aldrich) was 

added to a final concentration of 50 μg/ml. 20 mL of LB agar was poured onto 10 cm 

culture plate (Greiner, Frickenhausen, Germany) for casting and the plates were stored 

at 4 ºC until use. 

7.3 Plasmid preparation 

Plasmids DNA was purified from the overnight cultures using the Qiaspin Miniprep kit 

(Qiagen, Hilden, Germany) and following the protocol provided by the manufacturer. The 

purified DNA was sent for sequencing to the LMU Biocenter (Martinsried, Germany). 
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7.4 Cell culture of HeLa cells 

HeLa cells were cultivated in T75 cell culture flasks (BD Biosciences) at 37 °C and 10% 

CO2. Cells were passaged every 48 hours at a 1:10 ratio. In detail, cell culture medium 

was removed, cells were washed with 10 ml PBS (Invitrogen) and 2 ml Trypsin-EDTA 

(Invitrogen) were added. Cells were incubated for 5 minutes at 37 °C and trypsinization 

was neutralized by adding 8 ml of culture medium. 

HeLa culture medium              Dulbecco’s modified Eagle Medium (DMEM) (Invitrogen)  

                                                 10 % fetal calf serum (FCS) (Gibco,Karlsruhe, Germany 

                                                   1 % Penicillin/Streptomycin (Gibco)  

 

7.5 Cell culture of HEK 293 EBNA 1 cells  

HEK 293 EBNA 1 cells (provided by Dr. Dieter Jenne)  (Perera et al. 2012) were cultured 

in suspension in an incubator (Multitron Pro) with humidified atmosphere at 37 °C, 8 % 

CO2 and 110 rpm. Cells were passaged every 48-60 hours to a density of 200.000 

cells/ml.  

HEK 293 EBNA 1 culture medium               Freestyle 293 Expression medium (Gibco)  

                                                                           1 % Pluronic F-68 10 % (Gibco)  

                                                                           25 μg/ml Geneticin G418 (Gibco) 

7.6 Cell culture of TE cells 

TE cells (Pröbstel et al. 2011) were cultivated in T75 cell culture flasks (BD Biosciences) 

at 37 °C and 5% CO2. Cells were passaged every 48 hours at a 1:10 ratio. Briefly, cell 

culture medium was removed, cells were washed with 10 ml PBS (Invitrogen) and 2 ml 

Trypsin-EDTA (Invitrogen) were added. Cells were incubated for 5 minutes at 37 °C and 

trypsinization was neutralized by adding 8 ml of culture medium. 

TE culture medium                 Complete Roswell Park Memorial Institute (RPMI)(Sigma)  

                                                                    10 % fetal calf serum (FCS) (Gibco)  

                                                                    1 % Penicillin/Streptomycin (Gibco)  

                                                                    1% Sodium pyruvate (Gibco) 

                                                                    1 % Non-essential Amino Acids (Sigma)  

                                                                    10 mM L-glutamine (200mM, Gibco) 

 Selection antibiotic                                     2mg/ml of Geneticin (G418) (Invitrogen) 
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7.7 Transfection of HeLa cells with jetPRIME   

HeLa cells were seeded in a 100 mm culture dish (BD Bioscience) at a density of 0.2x106 

cells/ml. After 24 h cells were transiently transfected with jetPRIME (Polyplus, Illkirch, 

France) according to the instruction of the manufacturer. In detail, 15 µg of DNA were 

diluted in 500 µl of jetPRIME buffer and vortex for 10 seconds. Then, 30 µl of jetPRIME 

was added and the mix was again vortex for 10 seconds. After 10 minutes incubation at 

room temperature, the mixture was added to the cells for 24 hours.  

7.8 Transfection of HEK 293 EBNA 1 cells 

The heavy and light chains of the 8-18C5 antibody and its variants were expressed in 

serum free condition in suspension HEK 293 EBNA 1 cells. Cells were adjusted for 

transfection to a density of 1x106 cells/ ml. Polyethylenimine (PEI) transfection reagent 

(Polypro Transfection) (Polyplus) and DNA were added separately to Optipro serum free 

transfection reagent (Invitrogen), mixed and incubated for 30 minutes at RT. 1 μg DNA 

and 2 μg PEI were used for 1 ml of cell suspension. Optipro was used in a volume 

corresponding to 1/10 of the cell suspension volume. The transfection mixture was added 

dropwise to the cell suspension. After 24 h incubation, Bacto TC Lactalbumin 

Hydrolysate (BD Biosciences) was added to a final concentration of 0.5 %. 

7.9 Purification of recombinant protein by immobilized affinity 

chromatography (IMAC)  

His Trap HP columns (GE Healthcare, Penzberg, Germany) were used to purify 

recombinant human MOG and the 818C5 antibody and its mutants from the supernatant 

of HEK 293 EBNA 1 cells. The antibodies carry a C-terminal 6x His-tag which allows the 

binding to the nickel on the column. The culture supernatants were centrifuged at 1000 

rpm for 5 minutes at 4 °C, transferred to a new centrifuge tube and centrifuged again at 

3500 rpm for 20 minutes at 4 °C. As a next step, culture supernatants were filtered 

through a 0.22 μm filter (Merck Millipore, Darmstadt, Germany). Supernatants were 

dialyzed overnight at 4°C against binding buffer (100 mM Na2HPO4, 500 mM NaCl, 10 

mM imidazole, pH 7.4). For purification, the column was equilibrated with 10 column 

volumes binding buffer, then the sample was applied. Column was washed with 10 

column volumes binding buffer and then bounded protein was eluted by performing a 

linear imidazole gradient from 10 mM to 1 M imidazole. Wash and elution fraction were 

analyzed by SDS-Page, the fractions containing the purified protein were pooled and 

dialyzed against PBS overnight at 4 °C.  
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7.10 Deglycosylation by PNGase F 

In order to analyze the glycosylation of the different MOG-EGFP constructs, HeLa cells 

were transiently transfected with MOG-EGFP constructs, as described above. The cells 

from a 10 mm dish were suspended in 1 mL PBS then pelleted at 3000 rpm for 5 minutes 

in a bench top centrifuge. The cells were then lysed at 4°C for 1h in 1 mL RIPA buffer 

(150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 50 mM Tris pH8, 0.1% SDS) 

containing complete protease inhibitor cocktail (Roche Applied Science, Penzberg, 

Germany). The lysate was then pelleted at 14000 rpm for 15 minutes and the 

supernatant was analyzed.  

For deglycosylation, the supernatant was digested with PNGaseF (New England 

Biolabs) in Glycoprotein Denaturing Buffer (New England Biolabs), Glycobuffer 2 (New 

England Biolabs) and 1% NP40 (New England Biolabs) at 37°C overnight. PNGase 

digestion was also used in the different 8-18C5 variants and the same protocol was used. 

7.11 Determination of protein concentration 

Protein concentration was measured by using the Bicinchoninic acid (BCA) protein assay 

kit (Pierce, Rockford, IL, USA) according to the instructions of the manufacturer. 

7.12 Sodium Dodecyl Sulfate polyacrylamide gel electrophoresis 

(SDS PAGE) 

Gel electrophoresis was performed by using 4-12 % Bis Tris gels (Invitrogen) and an 

Xcell Mini Cell electrophoresis chamber (Invitrogen) filled with NuPAGE MOPS SDS 

Running buffer (Invitrogen). Samples were prepared by adding to 1-2 μg of protein 

NuPAGE LDS sample buffer (Invitrogen) and, if electrophoresis was performed under 

reducing conditions, NuPAGE sample reducing agent (Invitrogen). The samples were 

then incubated at 95 °C for 5 minutes and then loaded on the gel. Electrophoresis was 

carried out at 160 V for 90 minutes. 

10x NuPAGE MOPS SDS Running buffer                                        250 mM Tris  

                                                                                                          1.92 M Glycine  

                                                                                                          1 %(g/V) SDS 
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7.13 Protein detection by Coomassie blue staining 

After gel electrophoresis, gels were incubated on a shaker for 15 minutes with 

Coomassie blue staining solution (0.1 % Coomassie brilliant-blue R-250, 40 % methanol, 

10 % acetic acid) followed by incubation for 1 hour with destain solution (50 %methanol, 

7 % acetic acid). Destain solution was changed from time to time. Gel was stored 

overnight in a 7 % acetic acid solution at RT. 

7.14 Western blot 

The proteins were electro-blotted onto a nitrocellulose membrane at 60mA for 90 

minutes. The membrane was blocked on PBS containing 5% milk for 1h at room 

temperature. The membrane was incubated with the primary antibody diluted in 5% milk 

overnight at 4°C. Next day, the membrane was washed three times and incubated with 

the secondary antibody diluted in 5% milk for 1 hour at room temperature and then 

washed three times. The blots were developed using the Immobilion Western kit used 

(Millipore, Massachusetts, USA) and the Odyssey Fc Imaging system (LI-COR, Bad 

Homburg, Germany). 

Table 6: Antibodies and their dilutions used in the Western blots 

 

Antibody Type Dilution Company 

8-18C5 primary 1/500 - 

Anti-MBP primary 1/3000 Merck, Darmstadt, 

Germany 

Anti-GFP-HRP secondary 1/5000 Genetex, California, 

USA 

Anti-mouse-HRP secondary 1/2500 Promega, 

Wisconsin, USA 

 

7.15 Enzymatic biotinylation of hMOG 

hMOG was biotinylated by using the BirA biotin ligase Kit (Avidity, Aurora, CO, USA) 

according to the instruction of the manufacturer. The final reaction mixture was incubated 

overnight at 30 °C. Free biotin was removed by using 3 K centrifugal filters (Merck 

Millipore) and the sample was suspended in PBS (Invitrogen). Biotinylated hMOG was 

used to perform the C1q binding affinity of 8-18C5 variants and also to assess their 

binding to hMOG.  
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7.16 Serum screening for MOG-Abs by FACS 

Autoantibodies against conformationally intact MOG were detected by performing a cell-

based flow cytometry assay HeLa cells were transiently transfected with full length 

hMOG fused C-terminally to the EGFP N1 (CLONTECH Laboratories, Mountain View, 

CA, USA) vector or with EGFP alone (control cells). 24 hours after transfection, cells 

were plated in a 96 well FACS plate at a density of 50.000 cells/ well. Cells were pelleted 

by centrifuging them at a speed of 400 g for 5 minutes. Control and MOG-transfected 

cells were incubated with 100 μl of a 1:50 dilution of each serum and incubated for 45 

minutes at 4 °C. As a next step, cells were washed three times with 150 μl PBS/ 1 % 

FCS. MOG-specific IgG was detected with 100 μl of a 1:500 dilution of a biotin-SP-

conjugated goat anti-human IgG (Jackson ImmunoResearch, West Grove, PA, USA). 

Cells were incubated for 30 minutes at 4 °C. After three washing steps, cells were 

incubated with 100 μl of a 1:2000 dilution of Alexa Fluor® 647-conjugated Streptavidin 

(Jackson ImmunoResearch) and incubated in the dark for 30 minutes at 4 °C. After three 

washes, dead cells were stained with 100 μl of propidium iodide (Sigma-Aldrich) diluted 

1:2000 in PBS. FACS analysis was performed on a BD FacsVerse flow cytometer and 

data was analyzed with FlowJo (Tree Star Inc., Ashland, OR, USA). The human 

recombinant 8-18C5 was used as a positive control at a concentration of 0.5 μg/ml. The 

same protocol was used for the determination of the 8-18C5 variants affinity to MOG, 

with an antibody concentration of 0.5 μg/ml. Binding affinity was calculated as mean 

fluorescence intensity (MFI) (mutant) / MFI (EGFP only). The 8-18C5 variants were also 

tested for their affinity to MOG using an anti-Histidine-peroxidase (Merck) as a primary 

antibody and an anti-HRP Alexa Fluor® 647 (Jackson ImmunoResearch) 

7.17 Binding of recombinant 8-18C5 variants to hMOG  

Recombinant antibodies were also tested by ELISA to assess their affinity to hMOG. In 

detail, immobilized on a streptavidin coated 96 well plate (Nunc, Thermo Scientific, 

Karlsruhe, Germany) were coated with biotinylated hMOG for 2hours at room 

temperature 100 μl/well diluted in coating buffer (100 mM sodium carbonate, pH 9.5) to 

a final concentration of 1 μg/ml. After washing three times, each well was incubated 

overnight at 4°C with the recombinant antibodies diluted in incubation buffer (0.5 % BSA 

in PBS). Antibodies were serial diluted from a concentration of 10 μg/ml to 0.001 μg/ml. 

Negative control antibody was used at the same concentrations. Next day, after three 

washes, each well was incubated with 100 μl of a 1:5000 dilution of a horseradish 

peroxidase labeled goat anti-human IgG (Jackson Immuno Research) in the dark for 1 

hour at RT on a shaker. After washing, 100 μl of TMB (Sigma-Aldrich) were added and 
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the reaction was stopped after 7-8 minutes by using 50 μl of 1 M sulfuric acid. Optical 

density was measured with a Victor2 plate reader (Perkin Elmer Life Sciences, Waltham, 

MA, USA) at 450 nm and 540 nm for plate background. The anti-MOG reactivity was 

calculated as follows: ΔOD (450 nm-540 nm). 

7.18 C1q binding of recombinant 8-18C5 variants  

Recombinant antibodies were also tested by ELISA to their ability to bind to C1q. The 

same protocol than in section x was used, with the following modifications. After the 

overnight antibody incubation and the washes, each well was incubated with 100 µl of 

complement component C1q (Sigma-Aldrich) with a concentration of 10 µg/ml for 2 hours 

at RT. After three washes, each well was incubated with 100 μl of a 1:200 dilution of a 

HRP labeled anti-C1q (LsBio, Seattle, WA, USA) for 30 minutes at RT on a shaker. The 

detection was done as described above. 

7.19 Purification of hMOG-EGFP from HeLa cells using His-tag 

dynabeads  

His-Tag dynabeads (Invitrogen), previously bound with 8-18C5, were used to purify the 

hMOG-EGFP protein from transiently transfected HeLa cells.  In order to purify hMOG-

EGFP protein, HeLa cells were transiently transfected with hMOG-EGFP construct, as 

described above. The cells from a 10 mm dish were suspended in 1 mL PBS then 

pelleted at 3000 rpm for 5 minutes in a bench top centrifuge. The cells were then lysed 

at 4°C for 1h in 1 mL Pull-down buffer (3.25 mM sodium phosphate, 60 mM NaCl, 0.02% 

Tween, pH 7.4) with an addition of Tween until reaching a 0.5% and containing complete 

protease inhibitor cocktail (Roche Applied Science). The lysate was then pelleted at 

14000 rpm for 15 minutes and the supernatant was run through the His-tag dynabeads.  

For the purification, 2 mg of dynabeads magnetic beads were place in a 1.5 ml tube and 

incubated with 40 µg of the 818C5 diluted in 700 µl of binding/washing buffer (50 mM 

sodium phosphate, 300 mM NaCl, 0.02% Tween, pH 8). As mentioned above, the 818C5 

contains a His-tag which allows the binding to the nickel on the column. After 10 minutes 

incubation on a roller at room temperature, the beads were washed 4 times with washing 

buffer. Then, the HeLa cells supernatant was diluted in pull-down buffer and incubated 

for 30 minutes on the roller at room temperature. After 4 washes, the His-tag dynabeads 

were incubated with His elution buffer (300 mM Imidazol, 50 mM sodium phosphate, 300 

mM NaCl, 0.01% Tween) for 5 min on the roller and at room temperature. The elution 

fraction was stored at 4°C for further analysis.  
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7.20 Purification of myelin glycoproteins from bovine brain with 

Lentil-lectin sepharose 4B column 

Approximately 50 grams of bovine brain was homogenized in 240 ml 0.32 M sucrose 

and the addition of complete protease inhibitor cocktail (Roche Applied Science). The 

homogenate was centrifuged at 500g for 10 minutes at 4°C. The next steps were all 

carried out by a SW32 Ti rotor in the ultracentrifuge at 4°C. The supernatant was further 

centrifuged at 9100 rpm for 33 minutes. The supernatant was discarded and the pellets 

were resuspended in 0.32 M sucrose and centrifuged again at 9100 rpm for 33 minutes. 

This step was repeated once more. Then, the pellets were resuspended in 16 ml 0.32 M 

sucrose, overlaid on 10 ml of 0.85 M sucrose and centrifuged at 12000 rpm for 43 min. 

The myelin fraction collected in the interphase was diluted with equal amounts of distilled 

water and centrifuged at 9100 rpm for 33 minutes. The pellets were resuspended with 

200 ml of distilled water and homogenized for 30 minutes at 4°C on a rotary shaker and 

then they were centrifuged at 9100 for 33 minutes. The pellets were again homogenized 

as described above in 0.32 M sucrose overlaid in 0.85 M sucrose and centrifuged. Myelin 

proteins were separated in the interphase, diluted with distilled water and centrifuged as 

previously described. Finally, proteins were washed three times in distilled water and 

lysed overnight at 4°C in a rotary shaker with lysis buffer (3% Na-deoxycholat, 20 mM 

Tris, pH 8).  

In order to prepare the myelin proteins for the lentil-lectin sepharose 4B column (GE 

Healthcare) they were dialyzed against binding buffer (0.5% Na-deoxycholat, 20 mM 

Tris, pH 8) overnight at 4°C. Next day, the column was equilibrated with 10 column 

volumes binding buffer and then the myelin proteins were run through the column. After 

10 column volumes of washing buffer (20 mM Tris, pH 8) the myelin glycoproteins were 

eluted from the column with elution buffer (0.3 M methyl-α-D-mannopryranosid, 20 mM 

Tris, pH 7.4). The myelin glycoprotein fractions were kept at -80°C until further analysis. 

7.21 ADCC activity of the 8-18C5 variants using murine FcγRIII 

effector cells 

The 8-18C5 mutants were tested for their ability to activate mFcγIIIR using an ADCC 

reporter bioassay (Promega, Madison, WI, USA), the kit was used according to 

manufacturer’s instructions. Briefly, in a 96-well plate, 75.000 cells/well of effector cells 

mFcγIIIR were incubated with 25.000 cells/well of TE MOG cells (target cells). 

Afterwards, 5µg/ml of the different 8-18C5 mutants were added in each well. The 

antibody-cells mixtures were incubated for 12 hours at 37ºC. 
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Then, the 96-well plates were equilibrated to room temperature for 15 min and 75µl of 

Bio-Glo Reagent was added in each well. After 20 minutes incubation, luminescence 

was measured.  

7.22 Preparation of ethyl esterified released N-glycans from 

recombinant MOG   

An SDS-PAGE gel band corresponding to HEK cell derived MOG (15-20 µg, migrating 

at ~21 kDa) was reduced, alkylated and subsequently treated with N-glycosidase F 

(PNGase F; Roche Diagnostics, Mannheim, Germany) to release the N-glycans, as 

described previously (36). Additionally, 5 µg of HEK derived MOG was denatured and 

incubated overnight with PNGaseF in-solution at 37 °C (37, 38). Released N-glycans 

were subjected to the selective ethyl esterification of sialic acids, thereby introducing 

mass differences of +28.03 Da and -18.01 Da for α2,6-linked N-acetylneuraminic and 

α2,3 N-acetylneuraminic acid, respectively (37). Briefly, released glycans were incubated 

with the derivatization reagent (250 mM 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide 

and 250 mM 1-hydroxybenzotriazole in ethanol) and incubated for 60 min at 37°C. The 

derivatized glycans were enriched by cotton hydrophilic-interaction liquid 

chromatography (HILIC)−solid-phase extraction (SPE) as described before (39) and 

eluted in water. 

7.23 MALDI-TOF(/TOF)-MS(/MS) analysis of released glycans 

MALDI-TOF-MS analysis was performed on an UltrafleXtreme (Bruker Daltonics, 

Billerica, MA, USA) operated under flexControl 3.3 (Build 108; Bruker Daltonics). Two 

and 5 µL of the enriched ethyl esterified glycans were spotted on a MALDI target (MTP 

AnchorChip 800/384 TF; Bruker Daltonics) together with 1 µL of super-DHB (5 mg/mL in 

50% ACN and 1 mM NaOH). The spots were dried by air at room temperature. For each 

spot, a mass spectrum was recorded in the range from m/z 1000 to 5000, combining 

10000 shots in a random walk pattern at 1000 Hz and 200 shots per raster spot. Prior to 

the analysis of the samples, the instrument was calibrated using a peptide calibration 

standard (Bruker Daltonics). Tandem mass spectrometry (MALDI-TOF/TOF-MS/MS) 

was performed for the most abundant glycans using laser-induced dissociation, and 

compositions as well as structural features of N-glycans were assessed on the basis of 

the observed fragment ions. 

Tandem mass spectrometry (MALDI-TOF/TOF-MS/MS) was also used to identify the 

glycans from myelin derived MOG. 
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Data processing 

For automated relative quantification of the released glycans, the MALDI-TOF-MS files 

were converted to text files and analyzed using MassyTools (version 0.1.8.1.) (40) . 

Spectra were internally calibrated using glycan peaks of known composition with a S/N 

above nine, covering the m/z range of the glycans. Integration was performed on 

selected peaks from all glycans that were observed. For this, at least 95% of the 

theoretical isotopic pattern was included. Several quality parameters were used to 

assess the actual presence of a glycan i.e. the mass accuracy (between -10 and 10 

ppm), the deviation from the theoretical isotopic pattern (below 25%) and the S/N (above 

three) of an integrated signal. Analytes were included for relative quantification when 

present in at least half of the technical replicates (excluding poor quality spectra), 

resulting in a list of 58 glycans. Finally, only glycans with an intensity covering at least 

1% of the overall glycan abundance were selected, resulting in 28 glycans that were 

relatively quantified (as a fraction of the total glycan signal intensity). 

7.22 and 7.23 were done by Dr. Paul Hensberger and Agnes L. Hipgrave Ederveen from 

the lab of Prof. Dr. Manfred Wuhrer, Leiden. They provided the text of these paragraphs 

for the thesis. 

7.24 Statistics 

We tested 27 anti-MOG positive patients with wild-type MOG and two aglycosylated 

variants of MOG, N31A and N31D. Each serum was tested with each MOG variant 4-5 

times. A difference between two MOG variants was considered significant if the p-value 

was ≤0.05 of both the Quade omnibus-test and the post-hoc test and if the difference 

between the MFI ratios was ≤1. Calculations were performed in R version 3.2.3. 
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Results 

Parts of the following results were published in (Marti Fernandez et al. 2019) 

8.1 Characterization of the glycosylation deficient mutants  

It is unclear whether the increased binding to aglycosylated MOG by anti-MOG 

antibodies is due to the introduction of the negatively charged aspartate or due to the 

abrogation of glycosylation. To address this issue a neutral glycosylation deficient mutant 

of MOG (N31A) was generated (Marti Fernandez et al. 2019).  

First, the aglycosylated MOG mutants were tested to confirm the lack of glycosylation. 

Lysates of cells transfected with wild type MOG or with the mutants, N31A and N31D, 

each fused to EGFP were treated with PNGaseF. Cell lysates were separated by SDS-

PAGE, blotted and developed with anti-GFP mAb. PNGaseF treatment reduced the size 

of MOG while the sizes of the mutated variants N31A and N31D were not changed (Fig. 

6A). This showed that N31A and N31D are not glycosylated and that N31 is the only N-

linked glycosylation site used (Marti Fernandez et al. 2019).  

Secondly, the MOG mutants were analysed for recognition by r8-18C5 using the cell-

based assay, to see if the introduced mutations induced a gross alteration of MOG. We 

observed a similar expression and binding to r8-18C5 by both mutants compared to the 

wild-type MOG (Fig. 6B) (Marti Fernandez et al. 2019).  

 

Figure 6: N31A and N31D mutations completely abrogate MOG glycosylation and have 
unaltered binding to r8-18C5. (A) Cell lysates of HeLa cells transiently transfected with 
the mutants N31A, N31D or wild-type MOG were digested with PNGase F as indicated. 
Subsequently, proteins were separated by SDS gel, blotted and developed with anti-
GFP-HRP antibody. (B) HeLa cells were transfected with EGFP alone (closed gray 
graph), wild type MOG (green line), N31A (blue line) or N31D (orange line). Depicted is 
the reactivity of r8-18C5.  
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8.2 Heterogeneous response to two glycosylation deficient MOG 

mutants 

27 anti-MOG positive patients (Table 1) were tested with wild-type MOG and two non-

glycosylated variants of MOG, N31A and N31D in our cell-based assay. About 60 % of 

these patients (16/27) reacted to at least one of the two mutants different than to the wild 

type MOG. The raw data of the reactivity of each patient to each mutant are given in 

Table 7. 

7 different patterns of reactivity towards the different non-glycosylated variants of MOG 

(Table 7 and Figure 7 and 8) were identified. In 11/27 patients there was no significant 

difference in recognition of these MOG mutants (Figure 7). In 7/27 patients a higher 

reactivity to both non-glycosylated MOG variants was observed, but since they showed 

further diversity on their recognition, they were classified in two different groups. Six of 

these 7 patients responded to the two mutants similarly (Figure 8A), while another one 

had a higher reactivity to N31D compared to N31A (# 15) (Figure 8B). In 5 other patients 

a higher reactivity to N31D than to wild-type MOG was observed, while the reactivity to 

N31A was not higher than to wild-type MOG (Figure 8C). Two patients (#12 and #13) 

showed an increased recognition of N31D, but had a reduced reactivity for the N31A 

(Figure 8D). An enhanced reactivity to N31A, but a reduced one to N31D was observed 

in one patient (#21) (Figure 8E). Patient #9 showed a reduced reactivity to N31A (Figure 

8F) (Marti Fernandez et al. 2019).  

Together, the reactivity to N31A was higher in 8/27 and lower in 3/27 patients, while the 

reactivity to N31D was higher in 14/27 and lower in only 1/27 patients. Looking at 

individual patients, this study reveals an enormous heterogeneity of human 

autoantibodies to MOG with 7 different patterns of recognition uncovered by two 

mutations of the MOG glycosylation site (Marti Fernandez et al. 2019). 

 

 

 

 

 

 



38 
 

Table 7. Heterogeneous response to two glycosylation deficient MOG mutants. 

Patient ID MFI 
ratio 
MOG 

MFI 
ratio 
N31A 

MFI 
ratio 
N31D 

p-value 
WT vs 
N31A 

p-value 
WT vs 
N31D 

p-value 
N31A vs 

N31D 

Similar reactivity 
      

2 6.0 7.4 5.6 0.506 0.506 1.000 

4 29.0 34.2 32.9 0.506 0.506 1.000 

6 211.2 164.3 199.9 0.297 1.000 0.297 

10 142.4 138.3 168.5 0.574 0.083 0.188 

16 187.2 225.0 211.1 0.622 0.203 0.399 

18 3.7 3.9 4.6 0.390 0.060 0.214 

20 5.7 7.7 7.7 0.049 0.058 0.910 

23 3.7 3.6 4.4 0.064 0.039 0.003 

25 97.5 114.4 117.6 0.058 0.049 0.910 

26 132.5 103.9 133.7 0.161 0.781 0.108 

27 77.5 86.7 121.2 0.897 0.227 0.190 

Higher reactivity to N31A and 
N31D, but no difference between 

N31A and N31D 

      

1 9.1 16.8 18.9 0.022 0.008 0.500 

7 2.6 6.0 5.3 0.002 0.034 0.034 

8 44.3 70.5 90.1 0.047 0.017 0.473 

11 93.2 124.7 117.4 0.008 0.022 0.500 

17 27.9 89.9 56.5 0.002 0.025 0.112 

19 5.9 7.5 8.2 0.024 0.005 0.337 

Higher reactivity to N31A and 
N31D, and higher to N31D than to 

N31A 

      

15 9.8 13.9 47.4 0.034 0.002 0.034 

Higher to N31D compared to WT 
and N31A 

      

3 28.5 28.0 36.6 0,325 0,022 0,005 

5 80.6 77.0 108.3 0.894 0.013 0.017 

14 28.9 30.6 40.7 0.500 0.008 0.022 

22 45.8 42.0 102.8 0.112 0.025 0.002 

24 14.5 14.4 18.9 0.337 0.024 0.005 

Higher to N31D and lower to N31A 
      

12 38.8 31.4 70.1 0.034 0.034 0.002 

13 94.2 65.7 102.1 0.034 0.034 0.002 

Higher to N31A and lower to N31D 
      

21 15.1 45.5 7.7 0.034 0.034 0.002 

Lower to N31A, but unaltered to 
N31D 

      

9 26.1 20.9 27.5 0.042 0.625 0.019 
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Mean fluorescence intensity (MFI) ratios were calculated as described in materials and 
methods; values represent the arithmetic mean of 4-5 experiments. Highlighted in grey 
are values considered significant. Patients (#20 and #25) had a p-value <0.05, but the 
response to the mutants was overall considered not significant since they did not pass 
the Omnibus test. Also, patients #7 and #23 had p values <0.05, but also these 
responses were not considered significant, because their differences of the MFI ratios 
were <1. 

 

 

Figure 7: Patients with similar reactivities to MOG and both aglycosylated mutants, N31A 
and N31D (First pattern in table 7). HeLa cells were transfected with EGFP alone (closed 
gray graph), wild type MOG (green line), N31A (blue line) or N31D (orange line). 
Depicted is the reactivity of the 11 patients with no reactivity difference between the MOG 
variants. One representative experiment of 4-5 replicates is shown. 
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Figure 8: Six patterns of anti-MOG reactivity in patients to N31A and N31D (Patterns 2-
7 in Table 7). HeLa cells were transfected with EGFP alone (closed gray graph), wild 
type MOG (green line), N31A (blue line) or N31D (orange line). One representative 
experiment of 4-5 replicates is shown. Whenever you use figures from your paper cite 
this in the legends 

8.3 Purification of MOG and myelin glycoproteins 

A recombinant version of the extracellular domain of human MOG was produced in 

HEK293-EBNA and the secreted extracellular domain of MOG was purified with a His 

Trap HP column. For the purification of myelin glycoproteins, myelin was obtained from 

a human healthy brain using a sucrose gradient and checked by western blot (Figure 

9A). After the myelin was run through a lentil-lectin column to obtain the myelin 

glycoproteins out of the myelin, in order to enrich the amount of MOG in the preparation. 

Western blots were done in the myelin and in the myelin glycoproteins and MOG was 

detected only after the enrichment in the myelin glycoproteins portion, but not in the 

myelin (Figure 9B). 

8.4 Glycoforms of MOG 

MOG from HEK cells and myelin derived MOG were analysed by mass spectrometry. 

Glycoforms of MOG in HEK cells are important because HEK cells are the preferred 

expression system to analyse MOG-Abs in cell based-assays and determining the 

structure of myelin MOG could bring further insight in its role in antibody binding. 

 

Figure 9: Purification of myelin and myelin glycoproteins from bovine brain. Myelin and 
myelin glycoproteins were obtained as indicated. Subsequently, proteins were separated 
by SDS gel, blotted and developed with anti-MBP or anti-MOG, respectively. 
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In-gel and in-solution enzymatic release of N-glycans from HEK derived MOG was 

performed. The sialic acid stabilized N-glycans were analyzed with MALDI-TOF-MS. A 

representative MS spectrum is shown in Figure 10A. To confirm the structural 

assignment, we subjected several m/z values to tandem mass spectrometry (MALDI-

TOF/TOF-MS/MS, data not shown). For example, this proved informative with regard to 

antenna composition and fucosylation. Most spectra showed the presence of a core 

fucose, where the precursor showed a loss of the reducing end N-acetylglucosamine 

together with the fucose (367.2 Da). Antenna fucosylation was observed on both 

LacDiNAc and LacNAc antennae, resulting in the loss of 552.1 and 511.1 Da, 

respectively. Additionally, the presence of LacDiNAc was confirmed by the specific 

fragment at m/z 429.3. The MS/MS spectrum of the most abundant peak at m/z 2169.8 

showed signal losses of 725.1 Da (LacDiNAc antenna carrying an α2,6-linked sialic acid) 

and 684.3 Da (LacNAc antenna carrying an α2,6-linked sialic acid). This indicated a 

mixture of two isomers, with the sialic acid either on the LacDiNAc or LacNAc antenna. 

In general, the presence of bisection of glycans could not be excluded (indicated with 

the white squares in Figure 10A and 10B) (Marti Fernandez et al. 2019). 

In total 28 glycans were selected for relative quantification (Figure 10B). Most N-glycans 

were diantennary, with mainly LacNAc antennae as well as significant amounts of 

LacDiNAc antennae. The major glycans were sialylated species with predominantly 2,6-

linked sialic acids. Most glycans showed core fucosylation, with some indications of 

additional antennary fucosylation. The glycan profiles obtained from in-solution and in-

gel glycan release were highly consistent and showed only minor differences (Marti 

Fernandez et al. 2019). 

Mass spectrometry was also performed in myelin derived MOG. As opposed as in the 

HEK derived MOG, we were only able to identify one glycoform on myelin MOG (Figure 

10C). The glycan identified had a core fucose and a bisecting GlcNac, furthermore there 

was an absence of sialic acids at the end of the glycan antennas. Further experiments 

are needed to confirm the myelin derived MOG glycoform.  
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Figure 10: Identification of MOG glycoforms(A) MALDI-TOF-MS spectrum of in-solution 
released N-glycans from recombinant MOG. Ions represent sodiated species ([M+Na]+). 
The compositions of the major glycan peaks were annotated based on the m/z values 
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and information from tandem MS spectra (data not shown). (B) Relative abundance of 
recombinant MOG released N-glycans. In total, 3 spots from and in-gel digestion and 4 
spots from an in-solution release were analyzed. The graph shows the average relative 
abundances observed for 28 glycan species (normalized to the overall sum of 
intensities). Abbreviations used are hexose (H), N-acetylhexosamine (N), fucose (F) and 
N-acetylneuraminic acid with either α2,3-linkage as indicated by lactonation (L) or α2,6-
linkage as indicated by esterification (E). Error bars: standard deviation. (C) MALDI-TOF-
MS/MS of myelin glycoproteins. The glycan identified in the sample is shown (preliminary 
data). Figure taken from (Marti Fernandez et al. 2019) 

9. Effector functions of wild-type mAb r8-18C5 and its variants  

To address this issue, different variants of humanized r8-18C5 antibody (IgG1 isotype) 

with one or several mutations on their Fc parts were cloned and produced. Fc mutations 

were selected based on the literature (Ratelade et al. 2013; Khare et al. 2018; Lee et al. 

2017; Gross et al. 2001) and they were always amino acids substitutions. Also, to better 

characterized the role of N-glycosylation on the Fc of antibodies, aglycosylated 

antibodies were used in this study. Aglycosylated antibodies were produced by disrupting 

the glycosylation sequence (Asn297-X298-Thr299, where X is any amino acid) with the 

substitution of Thr299 by Leu (Lee et al. 2017). On table 8 there is a summary of the 

different r8-18C5 variants with their mutations and their expected effector functions 

based on the literature.  

Table 8: 8-18C5 mutants. r8-18C5 variants and their respective mutations. 
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Antibodies were produced using HEK EBNA cells transfected with the mutated heavy 

chain and the wild-type light chain of the 8-18C5, then the supernatants were passed 

through a His Trap column. As an example, fractions of the purification of G804 antibody 

are shown in Figure 11. After purification, antibody concentration was measured using a 

BCA assay. It was not possible to produce three of these antibodies, because the 

antibodies were stored into the cells, instead of secreted into the culture medium, as 

shown by a western blot developed with an anti-IgG antibody. These antibodies are 

G802, A802 and AK342A, therefore they were not used in any of the experiments 

performed in this study. 

 

Figure 11: Fractions 8-15 of the His-Trap column for the G804 antibody purification. SDS-
gel was loaded with 20µl of each fraction and stained with coomassie blue.  

9.1 Characterization of the r8-18C5 mutants 

After antibodies were produced, they were digested overnight with PNGaseF, in order to 

verify aglycosylated mutants were completely deglycosylated. Coomassie staining of the 

SDS-gels confirm that the mutants with the T299L substitution were completely 

aglycosylated (Figure 12). 
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Figure 12: PNGaseF digestion of 8-18C5 variants. 100 µg of each antibody was digested 
with PNGaseF. 20 µg were loaded of each antibodies in a SDS gel and stained with 
coomassie blue.  

Next, antibodies were tested for MOG-recognition using two different read outs, our cell-

based assay and ELISA. For the cell-based assay HeLa cells were transfected with 

human MOG or EGFP (as a control) and incubated with the different r8-18C5 mutants 

(Figure 13A). In the case of the ELISA, biotinylated-MOG was coated to a streptavidin 

ELISA plate and then incubated with a serial dilution from 0.001 to 10 µg/ml of the 

antibodies (Figure 13B).  All r8-18C5 variants were able to recognize human MOG 

similarly, even though a few of them (T319L, A801 and K342A antibodies) displayed a 

little less reactivity compared to the rest.  
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Figure 13: Binding of 8-18C5 mutants to human MOG. (A) r8-18C5 binding for MOG as 
measured by cell-based assay. HeLa cells were transfected with EGFP alone (closed 
gray graph) or wild type MOG. Two consecutive secondary antibodies were used, goat-
anti-human IgG-biotin and Alexa fluor 647-streptavidin. One representative experiment 
of 3 replicates is shown. (B) Streptavidin ELISA depicting a serial dilution of the 8-18C5 
variants (0.001 to 10 µg/ml) and their binding affinity to MOG. HK3 antibody is used as 
a negative control. Goat anti-human IgG-HRP was used as secondary antibody. The 
mean of 2 independent experiments is depicted, with the corresponding standard 
deviation. 

The mutations introduced in the r8-18C5 variants are all located in the Fc part of the 

antibody. Therefore, the small differences observed on the binding to MOG by r8-18C5 

variants, could be due to the binding of the secondary antibodies to the Fc part of the r8-

18C5 mutants. To test this, the cell-based assay was performed with two different 

secondary antibodies, the usual one, goat anti-human IgG-biotin followed by incubation 

with Alexa-fluor 647-streptavidin, or using an anti-Histidine-peroxidase followed by 

incubation with anti-HRP Alexa Fluor® 647. 

 Similar binding was observed with the two different secondary antibodies, except in the 

case of the r8-18C5 and the G804 antibody (Figure 14). In the case of these two 

antibodies, the background of EGFP when using the anti-His antibody was really high, 

so the MFI ratio was lower compared to the anti-IgG binding. Despite that, this 

experiment showed that the differences observed when measuring the binding of the 

different r8-18C5 variants to MOG is not due to the mutations on their heavy chains. 

 

Figure 14: Comparison of IgG and anti-His antibodies. r8-18C5 binding for MOG as 
measured by cell-based assay. HeLa cells were transfected with EGFP alone (closed 
gray graph) or wild type MOG. Two consecutive secondary antibodies were used, goat-
anti-human IgG-biotin and Alexa fluor 647-streptavidin (displayed in blue) or mouse anti-
Histidine-peroxidase and anti-HRP Alexa fluor 647 (displayed in red). One representative 
experiment of 3 replicates is shown together with standard deviation. MFI (Mean 
fluorescent intensity) 
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9.2 Complement binding affinities of the r8-18C5 variants 

Due to the mutations introduced in the Fc part of the r8-18C5 variants some of them 

were expected to have altered complement binding. According to the literature, mutants 

T319L, G803, A803, and K342A were expected to have a reduced or abolished 

complement binding. On the other hand, G804 antibody was expected to have an 

enhanced complement binding.  

To test for the ability of r8-18C5 mutants to bind complement, their binding to C1q was 

measured by ELISA. The wild-type 8-18C5 was used as a reference and the HK3 

antibody, which does not bind to MOG, was used as a negative control. As expected, 

G804antibody and G801 had a comparable, and even higher affinity to C1q than the 

wild-type 8-18C5. Antibodies T319L, A803 and K342A had no binding to C1q and 

surprisingly, A801 and G803 antibodies had a reduced binding compared to wild-type 8-

18C5. (Figure 15)  

 

Figure 15: Binding of 8-18C5 mutants to human C1q. Streptavidin ELISA depicting a 
serial dilution of the 8-18C5 variants (0.001 to 10 µg/ml) and their binding affinity to C1q. 
HK3 antibody is used as a negative control. The mean of 2 independent experiments is 
depicted, with the corresponding standard deviation 

9.3 mFcγRIII activation by r8-18C5 variants 

8-18C5 variants were tested for their affinities to the mouse FcγRIII (m FcγRIII) using a 

reporter bioassay in which cells stably transfected with MOG (target cells) were 

incubated with Jurkat cells expressing mFcγRIII (effector cells) and the different 8-18C5 

variants. If the 8-18C5 antibodies bind to mFcγRIII, luciferase signal was detected. 
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Antibodies were tested using mFcγRIII and not the human FcγRIII because in future 

experiments, the 8-18C5 variants will be tested in an EAE rat Lewis model to further 

understand the pathogenesis of EAE and MS development in vivo. mFcγRIII is of the 

activating mFcγR and is expressed in NK cells, dendritic cells and macrophages, among 

other cell types. Our 8-18C5 mutants are human IgG1 isotype and can activate bind to 

mFcγRIII and trigger the effector mechanisms. 

 

 

Figure 16: Activation of mFcγRIII by r8-18C5 variants. 25,000 cells expressing MOG 
were incubated with 75.000 effector cells and 5 µg/ml of the different antibodies for 12 
hours. Luciferase signal was detected by luminescence detection. HK3 antibody was 
used as a negative control. The results of one of the experiments is depicted together 
with the corresponding SDs. 

The reporter assay showed a range of activation of mFcγRIII. As expected, aglycosylated 

antibodies, T319L, A801 and A803 did not bind to mFcγRIII. On the other hand, the rest 

of the antibodies, G801, G803, K342A and G804 antibody showed the same or even 

higher reactivity for mFcγRIII than the wild-type 8-18C5 (Figure 16).  
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Table 9: Summary of 8-18C5 variants. Information regarding the glycosylation status, 

reactivity to MOG and their binding to C1q and mFcγRIII activation 
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Discussion 

10. The glycosylation site of myelin oligodendrocyte 

glycoprotein affects autoantibody recognition in a large 

proportion of patients  

This study revealed that the glycosylation site of MOG influences its recognition by 

autoantibodies in about 60% of patients. Two different glycosylation-deficient variants of 

MOG (N31D and N31A) were tested for their binding affinity by patients’ autoantibodies 

and 7 different patterns of reactivity were observed. While previous studies had noted 

that the N31D mutant was stronger recognized by some patients (O'Connor et al. 2007; 

Mayer et al. 2013; Spadaro et al. 2015; Spadaro et al. 2016), the issue whether this is 

due to the introduced negative charge or due to the loss of the sugar part is still unknown. 

This project showed that both the negatively charged aspartate and the missing sugar 

can affect antigen recognition, in a different way in different patients (Marti Fernandez et 

al. 2019).  

Specifically, 5 patients showed a higher reactivity to N31D, while the reactivity to N31A 

was the same as to the wild type. In two other patients a higher reactivity to N31D, but a 

lower one to N31A was observed. The conclusion was that in these patients the 

introduced negative charge is responsible for the enhanced binding to MOG rather than 

the absence of the glycan (Marti Fernandez et al. 2019).  

In 7 other patients, there was a stronger reactivity to both N31D and N31A. Six of these 

patients showed a similarly enhanced reactivity to both mutants, while one recognized 

N31D stronger than N31A. One further patient showed a higher reactivity to N31A, but 

even a lower one to N31D. In these 7/27 patients with an enhanced reactivity to N31A 

the glycan on MOG provides a hindrance for antibody binding, reminding of the impact 

of the glycan shield of HIV and SIV (Reitter, Means, and Desrosiers 1998; Wei et al. 

2003; Marti Fernandez et al. 2019). 

Furthermore, the MOG-reactivity of these patients is heterogeneous concerning the 

impact of the negatively charged N31D. One out of 27 patients showed a slightly lower 

reactivity to N31A, but still a clear reactivity to this glycosylation-deficient mutant. Thus, 

in this patient, the glycan on MOG might slightly enhance its binding to the protein-

backbone. The observation that the prototype anti-MOG r8-18C5 was not affected by 

any of the glycosylation deficient mutants is in accordance with the previous reports 

(Breithaupt et al. 2003; Mayer et al. 2013). The identification of 7 different patterns of 



52 
 

reactivity just using different mutations of the glycosylation site extends the knowledge 

about heterogeneity of MOG-epitopes recognized by patient antibodies. Those patients 

who show a different reactivity to N31D and/or N31A might directly recognize the BC-

loop of MOG, where the N-linked glycosylation site is located (Mayer et al. 2013), but the 

possibility that mutations of N31 of MOG have far-reaching effects on other parts of MOG 

with an impact on antibody binding at a remote side cannot be excluded. An example for 

an alteration of protein-protein bindings remote from the mutation site, is the recent 

observation that a variant of alpha-1 antitrypsin at one side (aa213) affects the interaction 

of a remote part of the molecule (aa143-153) with the enzyme it inhibits, neutrophil 

elastase (Malik et al. 2017; Marti Fernandez et al. 2019).  

These findings indicate that this glycan structure can provide a steric hindrance for 

antibody binding; this might have implications for further improvement of assays to detect 

MOG antibodies suggesting that the use of a neutral glycosylation-deficient MOG mutant 

(like N31A) would enhance the sensitivity to detect autoantibodies to MOG. In none of 

the patients the reactivity to MOG depended on the glycan structure, clearly different 

than it was described for recognition of contactin, where some patients’ autoantibodies 

have a higher reactivity for contactin depending on the glycoforms present on the protein 

(Labasque et al. 2014) (Marti Fernandez et al. 2019). 

Glycans regulate protein-protein interactions. In an intriguing paper, glycosylation of 

MOG on myelin has been linked to binding to DC-SIGN and a role for myelin 

glycosylation in immune homeostasis of the healthy CNS was shown (Garcia-Vallejo et 

al. 2014). That study further showed that removal of fucose from myelin reduced the DC-

SIGN-dependent homeostatic control of myelin (Garcia-Vallejo et al. 2014). Thus, 

identifying the glycan structures on MOG might help to further study how MOG interacts 

with relevant proteins involved in the inflammatory process. 

The glycan structures of MOG produced in HEK cells and myelin derived MOG were 

determined by mass spectrometry. In HEK cells, the most abundant glycoforms in MOG 

are diantennary, contain a core fucose, an antennary fucose and are decorated with α2,6 

linked Neu5Ac. On the other hand, the glycan identified in myelin derived MOG had a 

core fucose and a bisecting GlcNac, and there was an absence of sialic acids at the end 

of the glycan antennas. In addition, a previous study reported that the majority of myelin 

MOG glycans have one or two terminal fucoses, corresponding to the Lewis-type 

structures (Garcia-Vallejo et al. 2014). A couple of the glycans identified in HEK cells 

could contain a terminal fucose, but no terminal fucoses or sialic acids were detected in 

myelin derived MOG.  
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The differences on the glycan structures observed between HEK and myelin derived 

MOG are expected since they come from different cell types and each cell type is able 

to produce different glycan structures (Goh and Ng 2018). In addition, the differences 

might be partially attributed to the different purification methods. HEK derived MOG was 

purified using a His Trap column and myelin-derived MOG was purified by enriching the 

myelin glycoproteins fraction of the myelin using a Lentil-Lectin column, which has a high 

preference for glycans with mannose and glucose, which can create a bias in the MOG 

glycan that was detected by mass spectrometry.  

As mentioned, the glycan structure of myelin derived MOG is preliminary and further 

experiments are needed to confirm it. A possibility to avoid the bias on the Lentil-lectin 

column could be to pass the myelin through a protein G column, previously coated with 

8-18C5 antibody. It would be of interest to furhter analyse the glycan of myelin derived 

MOG to determine the presence of sialic acids, like the ones observed in HEK cells. If 

this is confirmed, future research could analyse whether MOG also interacts with sialic 

acid binding proteins such as Siglecs (sialic acid-binding immunoglobulin like lectins) 

(Macauley, Crocker, and Paulson 2014). 

11. r8-18C5 variants and their effector functions 

MOG-Abs from patients are pathogenic by two mechanisms, demyelination and 

enhancement of the activation of cognate T cells, but the linkage of Fc effector functions 

to these pathomechanisms is unclear. In this part of the thesis, different clones of the 

humanized 8-18C5 antibody were constructed and characterized for C1q binding and 

FcR activation. These mutants were picked due to previous studies, but the results 

obtained were not always in accordance to them. In table 9 there is a summary of the 

properties of the generated 8-18C5 variants. 

All mutants were able to recognize MOG in our cell-based assay as well as in ELISA, 

although there were slight differences in their binding affinities to MOG. Then, the ability 

of the 8-18C5 variants was tested for their ability to bind to C1q in an ELISA and the 

capacity of the antibodies to activate mFcγRIII.  

The antibody G801 was able to bind to C1q as expected, but on the other hand, it was 

also able to activate mFcγRIII with high affinity. A previous study showed that the 

mutations on clone G801 were able to abolish the binding to all human FcγR and it just 

bound weakly to the high affinity human FcγRI (Lee et al. 2017). Here, mFcγRIII, instead 

of human FcγR was used, but it has been shown that human IgG have similar affinities 

to both, human and mouse FcγRs (Dekkers et al. 2017), so such a high binding to 
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mFcγRIII was surprising. They performed an X-ray analysis of the Fc structure of G801 

and found that the two FcγR-binding subsites of G801-Fc (one is centred near the C’E 

loop of one chain and the hinge LLPP motif of the other) were sterically accessible, 

however, they seemed to be highly flexible and /or disordered (Lee et al. 2017). This Fc 

structure could explain why G801 is able to bind to mFcγRIII, since the FcγR-binding 

sites are still accessible despite the mutations introduced. Alternatively, the differences 

observed could be due to the method used for assessing the capability of G801 to 

activate FcγRs. They used a binding competition assay and flow cytometry to determine 

that the antibody did not activate to FcγRs and they further tested the antibody ability to 

mediate cell death using an ADCC assay (Lee et al. 2017). In this thesis, a bioassay to 

determine the activation of mFcγRIII by the 8-18C5 antibody variants was used, and 

luciferase signal was the read out. In the case of the G804 antibody, as previously 

observed it had a higher affinity for complement binding compared to wild-type 8-18C5, 

but unexpectedly it also bound to mFcγRIII.  An explanation for this difference could be 

in the methodology used to study the activation of FcγRs. They assessed its ability to 

recognize FcγRs by doing an ADCC experiment and using cell death as a read-out 

system (Ratelade et al. 2013). Their experiment also used target and effector cells, but 

they measured cell-death and here, activation of mFcγRIII and not cell death was 

determined. Further replicates for the binding to the mFcγRIII by 8-18C5 variants are 

needed as well as other experiments, such as measuring the binding affinity to all 

mFcγRs by FACS or ELISA. 

G803 and K342A antibodies bound to C1q and mFcγRIII as expected according to 

previous research reports (Gross et al. 2001; Khare et al. 2018). G803 contain the same 

two mutations that Atacicept, a recombinant protein that inhibits B cell proliferation and 

has five mutations, two of which also has the G803 antibody and are meant to abolish or 

reduce complement binding (Gross et al. 2001) The G803 clone displayed reduced 

affinity for complement compared to 8-18C5. Previous studies found that binding to C1q 

could overestimate the actual CDC activity, since IgG clustering enhance C1q binding 

and may always be a perfect read-out system for complement activation (Phuan et al. 

2012). The two mutations present in this antibody are  near  the sites that mediate FcγRs 

binding (Gross et al. 2001), and they can also have an effect on FcγRs activation, but 

this was not the case in our read-out system, since G803 could activate mFcγRIII as 

good as 8-18C5. On the other hand, K342A antibody mutation is known to abolish 

complement binding (Khare et al. 2018) but preserve FcγRs binding (Shields et al. 2001) 

and these findings were confirmed in this study . 
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Due to the relevance of Fc-glycosylation, here three aglycosylated antibody mutants 

were tested. T319L, A801 and A803 had a reduced or completely abolished binding for 

complement and FcγRs as is expected from aglycosylated antibodies (Nimmerjahn and 

Ravetch 2008). In the case of the A801, even if it is an aglycosylated IgG, a previous 

study reported that this antibody had the ability to highly bind to C1q  and it was also 

able to kill cells by CDC (Lee et al. 2017). In the same study, they determined the X-ray 

Fc-structure of A801 and concluded that the reason why this specific aglycosylated 

antibody is able to bind and activate the complement cascade was due to the 

conformational flexibility of its CƳ2 region (Lee et al. 2017). In the same line, there is  

another study  that showed that removing of the glycan in Asn297 increases the 

conformational flexibility of CƳ2 and that this flexibility could contribute  to the binding of 

A801 to C1q (Borrok et al. 2012; Lee et al. 2017). Despite this, here the A801 antibody 

performed as expected from an aglycosylated IgG in the C1q ELISA and in the mFcγRIII 

activation bioassay. 

Another possibility to explain the differences between the results obtained in this thesis 

and previous studies is the modulatory effect of the Fab region. Earlier studies showed 

that the interaction between the Fab and Fc regions can affect the effector mechanisms 

of the antibody. For example, a study suggested that Fab arms affected C1q binding by 

a steric obstruction of the C1q-binding sites on the Fc region (Isenman, Dorrington, and 

Painter 1975). In the same line, another paper observed that activation of FcγRs by the 

Fc region could be impaired by Fab through conformational changes or by obscuring the 

putative FcγRs-binding sites in Fc (Birshtein, Campbell, and Diamond 1982). Recently, 

using High-speed atomic free microscopy and hydrogen/deuterium exchange mass 

spectrometric analysis, a study revealed that the Fab portion of IgG has putative 

FcγRIIIa-binding sites, indicating that the Fab region is directly involved in the interaction 

with FcγRIIIa (Yogo et al. 2019).  

Further experiments are needed to better characterize these 8-18C5 antibodies and 

determine not only their binding capabilities in vitro, but also to observe if they are able 

to trigger CDC and ADCC in vivo. These experiments are important in order to decide 

which antibody variants would be injected in an EAE rat Lewis model to get further insight 

in the pathogenesis of MS and related disorders. Also, 8-18C5 variants could have a 

potential therapeutic effect. A pathogenic antibody targeting AQP4, unable to perform 

CDC or ADCC, competed for binding with pathogenic antibodies and therefore, 

prevented the formation of NMO lesions in spinal cord slice cultures and in mice 

(Tradtrantip et al. 2012). The same approach could be used with the 8-18C5 variants in 

order to avoid the formation of brain lesions in patients with anti-MOG antibodies. 
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Conclusions 

This study showed the importance of the glycosylation site of MOG for binding of 

autoantibodies in a large proportion of patients. The finding that the glycan provides a 

hindrance for antibody binding in a proportion of patients has implications for 

development of assays to enhance the sensitivity to detect antibodies to MOG. Here, 

seven different patterns of MOG-binding to glycosylation-deficient variants were 

observed and provided further insight into details of antigen-recognition and extended 

the known heterogeneity of human autoantibodies against MOG.  

Moreover, the 8-18C5 variants cloned in this project can be used to get a better 

understanding on how MOG autoantibodies trigger disease pathology and if there is any 

predominant effector function in MS and related CNS demyelinating disorders. These 

newly developed antibodies could be used in future therapeutic approaches, where they 

compete with autoantibodies from the patients to prevent the formation of brain lesions. 
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List of abbreviations 

ADCC: antibody-dependent cell-mediated cytotoxicity 

ADCP: antibody-dependent cell-mediated phagocytosis 

ADEM: Acute disseminated encephalomyelitis 

BON: Bilateral optic neuritis 

CDC: Complement-dependent cytotoxicity 

CDCC: Complement-dependent cell-mediated cytotoxicity 

CDCP: Complement-dependent cell-mediated phagocytosis 

CIS: Clinically isolated syndrome 

CNS: Central nervous system 

CSF: Cerebrospinal fluid 

EAE: Experimental autoimmune encephalomyelitis 

FcRs: Fc receptors 

FcƳR: Fc Ƴ receptor 

hMOG: human, wild-type MOG 

IA: Immunoadsorption 

LETM: Longitudinal extensive transverse myelitis 

mAb: Monoclonal antibodies 

MOG: Myelin oligodendrocyte glycoprotein 

MRI: Magnetic resonance imaging 

MS: Multiple sclerosis 

Neu5Ac: N-acetylneuraminic acid 

NGF: Nerve growth factor 

NMOSD: Neuromyelitis optica spectrum disorders 

OCB: Oligoclonal bands 
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ON: Optic neuritis 

PPMS: Primary progressive multiple sclerosis 

RON: Recurrent optic neuritis 

RRMS: Relapsing-remitting multiple sclerosis 

SIGLECS: Sialic acid-binding immunoglobulin like lectins 

SPMS: Secondary progressive multiple sclerosis 

TCC: Terminal complement complex 

 

 

 

 

 

 

 

 

 

 

 



67 
 

Publication and Conferences  

Presentations: 

Marti Fernandez I, Hensbergen P, Spadaro M, Hipgrave-Ederveen A, Gerdes L, 

Hohlfeld R,  Kümpfel T, Huitinga I, Wuhrer M, Meinl E. Glycan structure of myelin 

oligodendrocyte glycoprotein (MOG) and its impact on autoantibody recognition.  At the 

11th International Congress on Autoimmunity in Lisbon (May,2018) and at the 13th 

Dresden Symposium on Autoantibodies in Dresden (September,2017) 

 

Publication: 

Marti Fernandez I, Macrini C, Krumbholz M, Hensbergen PJ, Hipgrave Ederveen AL, 

Winklmeier S, Vural A, Kurne A, Jenne D, Kamp F, Gerdes LA, Hohlfeld R, Wuhrer M, 

Kümpfel T and Meinl E. 2019. ‘The glycosylation site of myelin oligodendrocyte 

glycoprotein affects autoantibody recognition in a large proportion of patients’. Front 

Immunol, 10:1189. 

 
 
 


