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Abstract 

Antibodies (Abs) to myelin oligodendrocyte glycoprotein (MOG) define a distinct disease entity. 

Here we aimed to understand essential structural features of MOG required for recognition by 

autoantibodies from patients. We produced the N-terminal part of MOG in a conformationally 

correct form; this domain was insufficient to identify patients with MOG-Abs by ELISA even after 

site-directed binding. This was neither due to a lack of lipid embedding nor to a missing putative 

epitope at the C-terminus, which we confirmed to be an intracellular domain. When MOG was 

displayed on transfected cells, patients with MOG-Abs recognized full-length MOG much better 

than its N-terminal part with the first hydrophobic domain (p<0.0001). Even antibodies affinity-

purified with the extracellular part of MOG recognized full-length MOG better than the 

extracellular part of MOG after transfection. The second hydrophobic domain of MOG enhanced 

the recognition of the extracellular part of MOG by antibodies from patients as seen with truncated 

variants of MOG. We confirmed the pivotal role of the second hydrophobic domain by fusing the 

intracellular part of MOG from the evolutionary distant opossum to the human extracellular part; 

the chimeric construct restored the antibody-binding completely.  Further, we found that in contrast 

to 8-18C5, MOG-Abs from patients bound preferentially as F(ab’)2 rather than Fab. It was 

previously found that bivalent binding of human IgG1, the prominent isotype of MOG-Abs, 

requires that its target antigen is displayed at a distance of 13-16 nm. We found that, upon 

transfection, molecules of MOG did not interact so closely to induce a Förster resonance energy 

transfer (FRET) signal, indicating that they are more than 6 nm apart. We propose that the 

intracellular part of MOG holds the monomers apart at a suitable distance for bivalent binding; this 
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could explain why a cell-based assay is needed to identify MOG-Abs. Our finding that MOG-Abs 

from most patients require bivalent binding has implications for understanding the pathogenesis of 

MOG-antibody-associated-disorders. Since bivalently bound antibodies have been reported to only 

poorly bind C1q, we speculate that the pathogenicity of MOG-Abs is mostly mediated by other 

mechanisms than complement activation. Therefore, therapeutic inhibition of complement 

activation should be less efficient in MOG-Ab associated disorders than in patients with Abs to 

aquaporin-4.  
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Running title: Recognition of MOG by autoantibodies

Keywords: autoimmunity; antigen-recognition; demyelination; neuroinflammation, MOG 

Abbreviations:

Abs = antibodies

CBA = cell based assay

CNS = central nervous system

Cyt = cytoplasmic

ED = external domain

ECFP = enhanced cyan fluorescent protein

EGFP = enhanced green fluorescent protein

ELISA = enzyme-linked immunosorbent assay

EYFP= enhanced yellow fluorescent protein

FL = full-length

FRET = Förster resonance energy transfer

IgG = immunoglobulin G

mAb = monoclonal antibody

MOG = myelin oligodendrocyte glycoprotein

MOGAD = MOG-antibody-associated disorders

TMD = transmembrane domain

1. Introduction

The identification of autoantibodies in patients with inflammatory diseases of the central 

nervous system (CNS) helps to establish a specific diagnosis, which is critical for understanding 

the pathogenesis and for therapy optimization (Brimberg et al., 2015; Dalmau and Graus, 2018). 

The recognition of autoantibodies may eventually result in the definition of separate diseases. For 

example, consensus is now emerging that autoantibodies to myelin oligodendrocyte glycoprotein 

(MOG) define a separate disease entity, MOG-antibody-associated disorders (MOGAD) (Zamvil 
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and Slavin, 2015; Jurynczyk et al., 2017; Weber et al., 2018; Reindl and Waters, 2019; Durozard 

et al., 2020; Mader et al., 2020; Takai et al., 2020). 

MOG is displayed on the outer surface of internodal myelin and due to this position it is a 

target of pathogenic antibodies. While it was demonstrated since the 1980s that autoantibodies to 

MOG induce demyelination in rodent and primate models of multiple sclerosis (Linington et al., 

1988; Genain et al., 1995), the unequivocal identification of MOG-Abs in the blood of patients 

was achieved much later (O'Connor et al., 2007). MOG-Abs were subsequently connected to 

acquired demyelinating diseases in children (Brilot et al., 2009; McLaughlin et al., 2009; Pröbstel 

et al., 2011) and later also to adults with inflammation in the central nervous system (reviewed in 

(Reindl and Waters, 2019).  

One reason for the difficulty to identify patients with MOG-Abs initially was the 

fundamental difference of MOG-Abs obtained in animal models and MOG-Abs in patients. In 

animal models, MOG-Abs were readily detected by ELISA (Litzenburger et al., 1998; Pollinger et 

al., 2009), whereas pathogenic monoclonal antibodies from animals recognized MOG both by 

ELISA and on the surface of transfected cells (Brehm et al., 1999). To identify patients with MOG-

Abs, there is now consensus that an assay using cells transfected with full-length MOG is needed 

(Tea et al., 2019; Reindl et al., 2020).  

MOG is displayed on the membrane. The structure of its extracellular N-terminal part was 

determined by x-ray crystallography; it forms an Ig-V fold consisting of two antiparallel beta-

sheets (Breithaupt et al., 2003; Clements et al., 2003). The prototype rodent anti-MOG mAb 8-

18C5 binds to three loops linking the beta-sheets of this N-terminal part with a dominant 

contribution of His103 and Ser104 in the center of the FG loop (Breithaupt et al., 2003; Breithaupt 

et al., 2008). MOG-Abs derived from patients are heterogenous and bind to different loops linking 

the beta-sheets (Mayer et al., 2013; Marti Fernandez et al., 2019; Tea et al., 2019). This N-terminal 

part of MOG has been recombinantly produced in its correctly folded form and was used for 

affinity-purification of selected patients’ antibodies (Spadaro et al., 2018) as well as detection of 

MOG-Abs in a few patients (Tea et al., 2019). Thus, the precise conformation of MOG is essential 

to identify patients with MOG-Abs and correctly folded N-terminal part of MOG alone is not 

sufficient. The reason for this is currently unknown.

While there is consensus on the extracellular localization and structure of the N-terminal 

part of MOG, there is dissens about the localization of its C-terminus. Earlier papers indicated that 
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the C-terminus is intracellular (Kroepfl et al., 1996; della Gaspera et al., 1998), whereas currently 

Uniprot (27.November.2020) and a recent detailed review with reference to Uniprot (Sinmaz et al., 

2016) presented a model where the C-terminus of MOG was localized extracellularly. Thus it is 

unclear, if this part of MOG contributes to antigen recognition in patients.

The aim of our study was to gain further insights into details of antigen-recognition by 

MOG-Abs from patients. Specifically, we wanted to understand why a cell-based assay (CBA) is 

needed to identify patients with MOG-Abs and why the N-terminal external domain of MOG in 

the correct conformation is not sufficient. To investigate this, we produced the N-terminal part of 

MOG recombinantly in a correctly folded way and bound it in a site-directed manner to a solid-

phase or to lipid-coated beads, then analysed the recognition by MOG-Abs. We revisited the 

localization of the C-terminal part of MOG with an Ab specific for the C-terminus. We analyzed 

in detail 14 patients with MOG-Abs using truncated variants of MOG and domain-swapping with 

parts of the evolutionary distant opossum. We prepared Fab and F(ab’)2 fragments to analyze 

monovalent versus bivalent binding and used Förster resonance energy transfer (FRET) to analyze 

whether MOG monomers interacted closely with each other. 

Our different experimental approaches revealed that most MOG-Abs from patients, but not 

the prototypic rodent mAb 8-18C5, require the intramembraneous second hydrophobic domain for 

MOG recognition and   bivalent binding is needed. We propose a model in which the second 

hydrophobic domain of MOG makes two kinks in the membrane around two conserved prolines 

and is localized within the inner cytosolic membrane leaflet, in agreement with previous reports 

(Kroepfl et al., 1996; della Gaspera et al., 1998). This structural feature would thereby facilitate 

lateral clustering and spacing of the extracellular N-terminal part of MOG that allows bivalent 

binding of autoantibodies. This could explain why a cell-based assay with full-length MOG is 

needed to identify patients with MOG-Abs. Importantly, he bivalent binding of MOG-Abs has 

implications for our concepts of pathogenicity of MOG-Abs and therapeutic strategies. 
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2. Materials and methods

2.1. MOG-variants 

Constructs coding for the different variants of the intracellular part of MOG were 

synthetized from GeneArt (Thermo Fisher Scientific, Waltham, MA, United States) and then 

cloned into the pEGFP-N1 vector (Clontech Laboratories, Mountain View, CA, United States) 

fusing the c-terminus to an enhanced green fluorescent protein (EGFP) tag. The ED-MOG (1-155) 

construct was truncated at glycine 155, thus comprising the whole external domain, the first 

hydrophobic domain and part of the cytosolic domain (Waters et al., 2015). The whole intracellular 

cytosolic portion was included in contruct MOG-Cyt by ending the protein at the tyrosine 181. 

MOG-2TMD includes the whole second hydrophobic domain (until leucine 202) of FL-MOG. The 

native C-terminus of this construct was substituted with a SGSGGGSGGGSGS linker. The 

numbering of these constructs is according to (Breithaupt et al., 2003; Mayer et al., 2013) starting 

with the first coding amino acids (GQF…) and not with the signal peptide. 

The MOG sequence of opossum (Monodelphis domestica) was taken from the NCBI 

database and then ordered from Thermo Fisher Scientific GenArt service. The chimeric construct, 

named Human-Opossum MOG, was designed with human MOG sequence until glycine 155 

followed by the cytosolic and second hydrophobic domain from the MOG sequence of the 

opossum. In this construct, the C-terminus consists of an SGSGGGSGGGSGS linker. Schemes of 

these constructs are included in Fig. 4. Mutants of the N-terminal extracellular part of MOG were 

described previously (Mayer et al., 2013).

The MOG variants EYFP/CFP-FL-MOG and EYFP/CFP-ED-MOG, with the fluorescent 

dyes at the N-terminus were also synthetized from GenArt (Thermo Fisher Scientific) and then 

cloned into the pEGFP-N1 vector, with the consequent removal of the EGFP sequence portion at 

the C-terminus. The control constructs ECFP, EYFP and the fusion ECFP-EYFP were kindly 

provided by H. Eibel (Feiburg, Germany) and were described in (Smulski et al., 2017). 

2.2. List of Lipids

1,2-Dioleoyl-sn-glycero-3-phosphocholine (dioleoylphosphatidylcholine; DOPC) (Avanti Polar 

Lipids, Alabaster, AL, United States)
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1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine-N-(cap biotinyl) (18:1 Biotinyl Cap PE) (Avanti 

Polar Lipids)

1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine labeled with Atto 488 (Atto488 DOPE) (Sigma 

Aldrich, St. Louis, MO, United States)

2.3. Recombinant production of correctly folded extracellular part of MOG 

The extracellular part of human MOG (amino acids 1-125) with an Avi-tag allowing 

enzymatic biotinylation and a His-tag was recombinantly produced using the HEK-EBNA cells 

and the pTT5 vector (Perera et al., 2013). MOG-1-125 was secreted in serum-free supernatant, 

purified via its His-tag and its correct folding was assessed using circular dichroism  as described 

(Spadaro et al., 2018; Marti Fernandez et al., 2019). The glycan of this MOG-1-125 has a similar 

size as the glycan of FL-MOG on transfected cells and its glycoforms have been described (Marti 

Fernandez et al., 2019). This material was used for ELISA, for binding to lipid-coated beads and 

for affinity-purification of MOG-Abs.

2.4. Affinity purification of MOG-Abs from patients 

The autoantibodies against MOG present in the plasma of patient #7 were affinity-purified 

using correctly folded extracellular part of MOG bound to streptavidin columns as previously 

described in (Spadaro et al., 2018). 

2.5. Enzyme-linked immunosorbent assays (ELISAs) detecting MOG-Abs and 

recombinant monoclonal antibodies

We applied two ELISAs. First, MOG-1-125 was bound to MaxiSorp (Thermofischer, Waltham, 

MA, United States) and compared with BSA-coated wells. Second, MOG-1-125 was biotinylated 

at its Avi-tag with the BirA biotin ligase Kit (Avidity, Aurora, CO, United States) and then bound 

to streptavidin plates and compared to streptavidin wells, since we saw that adding BSA to 

streptavidin-coated plates resulted in essentially the same results as using streptavidin-coated plates 

alone. The ELISA assays were validated by a recombinant mAb against MOG (r8-18C5) and a 
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control mAb against Borrelia (HK-3) (Suppl. Fig. 1), both having a human IgG1-Fc part (Brändle 

et al., 2016; Spadaro et al., 2018). Serum was diluted 1:200 and binding of antibodies was detected 

with an anti-human IgG conjugated to horseradish peroxidase (Jackson ImmunoResearch, West 

Grove, PA, United States).

2.6. Localization of the C-terminus of MOG

Two different cell lines were used for this part of our study: HeLa cells transiently 

transfected with FL-MOG or ED-MOG, each fused to EYFP at the N-terminus and the TE-671 cell 

line (rhabdomyosarcoma cells) stably transfected with FL-MOG without any fluorescent tag 

(Pröbstel et al., 2011). HeLa cells were fixed with 2% PFA and permeabilized with Intracellular 

Staining Perm Wash Buffer (BioLegend, San Diego, CA, United States). TE671 cells were fixed 

and permeabilized with Cyto-Fast Fix/Perm Buffer Set (BioLegend, United States). To detect 

MOG, the r8-18C5, which binds to the FG-loop in the extracellular part of MOG (Breithaupt et al., 

2003) and the commercially available Ab28766 (Abcam, Cambridge, UK, England), which binds 

the last 12 amino acids of MOG at the C-terminus (AGQFLEELRNPF), were applied.

2.7. Lipid coating of silica beads and binding of MOG

Silica beads (SiO2-R-6.0) of 6.16 µm in diameter (microParticles, Berlin, Germany) were 

coated with a lipid bilayer as follows. First, a mixture of DOPC, Biotinyl CAP PE, Atto488 DOPE 

in chloroform was prepared at a 98:1:0.03 molar ratio inside a glass vial. A lipid film was formed 

on the walls of the vial by gently evaporating the solvent with a nitrogen stream and by 

subsequently drying under vacuum for 20 minutes. The lipid film was then rehydrated with 200 µl 

of PBS (Gibco, Thermo Scientific, Waltham, MA, United States), 100 µl beads solution (at 6 mg/ml 

of concentration) and  resuspended via vortexing until the solution became turbid. Following this, 

The beads were coated with the lipids through 30 minutes of sonication in a bath sonicator until 

the solution cleared.

The extent of the coating was determined in the first place by checking the green fluorescent 

signal of Atto488 DOPE on the beads via confocal microscopy imaging with an LSM 780 

microscope using a 40x/1.2 W C-Apochromat objective (Carl Zeiss AG, Oberkochen, Germany). 
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We bound the biotinylated MOG-1-125 with neutravidin (Invitrogen, Carlsbad, CA, United States) 

to the Biotinyl CAP PE. We showed that it was displayed on the coated beads surface by detecting 

it with the r8-18C5 and Alexa Fluor 647 goat anti-human IgG (H+L) antibody (Invitrogen) as the 

secondary antibody. The fluorescent signal was detected via confocal microscope imaging and via 

flow cytometry with FACSverse (BD Biosciences, San Jose, CA, United States).

2.8. Quantification of anti-MOG reactivity on lipid coated beads

We quantified the anti-MOG reactivity of several sera and of the humanized r8-18C5 via 

flow cytometry (BD Bioscences, San Jose, CA, United States). We gated on all the fluorescent 

beads with an Atto488 signal >100 and then we calculated their MFI in the APC channel. The MFI 

ratio was obtained by dividing the MFI of the beads bound to biotinylated MOG-1-125 incubated 

with sera or r8-18C5 by the MFI of the fluorescent beads not bound by biotinylated-MOG-1-125 

incubated with sera or r8-18C5. All the signals were quantified by using FlowJo software (LLC, 

BD life sciences).

To test for recognition by sera with MOG-Abs, the beads were resuspended in 400 µl of 

FACS buffer, then 100 µl were incubated with serum diluted 1:50 in FACS Buffer. Binding of  

antibodies in serum was detected with Alexa Fluor 647 goat anti-human IgG (H+L) antibody 

(Invitrogen). The fluorescent signal was detected via flow cytometry with FACSverse (BD 

Biosciensces).

2.9. Cell based assay (CBA) to quantify recognition of MOG variants 

The reactivity of the patients’ antibody to the different MOG variants was detected in a 

live-cell-based assay as previously described (Mayer et al., 2013; Spadaro et al., 2018) with 

FACSverse flowcytometer (BD Biosciences). HeLa cells were transiently transfected via 

Lipofectamine 2000 (Thermo Fisher Scientific, Waltham, MA) with the different MOG constructs 

or with EGFP alone (control). To detect the binding of antibodies in serum (diluted 1:50) to the 

transfected cells, we used biotin-SP-conjugated goat anti-human IgG (1:500 diluted) (Jackson 

ImmunoResearch, West Grove, PA, United States) as secondary antibody. Subsequently, Alexa 
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Fluor 647-conjugated streptavidin was added (1:2000). Dead cells were excluded from the 

experiment with Propidium Iodide staining (1:2000 in PBS). 

All of our MOG-constructs were expressed as fusion proteins with EGFP allowing the 

direct quantification of MOG expression via the EGFP signal. We noted that the different MOG 

constructs were expressed to a different intensity (Suppl. Fig. 2). This was taken into consideration 

and the gating for the default quantification was set to EGFP 100-500, because all MOG-constructs 

showed a decent expression with this gating criteria (Suppl. Fig. 2A). Thus, the anti-MOG 

reactivity was quantified by gating the cells with EGFP-signal between 100-500 and determining 

their mean fluorescence intensity (MFI) in the APC channel. We subsequently calculated the MFI 

ratio of cells expressing MOG-EGFP and cells expressing EGFP alone. All the signals were 

quantified by using FlowJo software (LLC, BD life sciences, Ashland, OR, United States).

2.10. Consideration of different expression intensities of the applied MOG-mutants

We displayed all MOG-variants as EGFP-fusion proteins as this allowed a precise 

quantification of MOG expression. We noted that the six MOG mutants differed in their intensity 

of expression. MOG-2TMD and human-opossum-MOG showed the highest expression. (Suppl. 

Fig. 2). All MOG-constructs yielded a decent expression within the EGFP gate of 100-500 (Suppl. 

Fig. 2). Therefore this EGFP gate of 100-500 was our default setting for quantification of the 

reactivity towards the different constructs.

We show the reactivity towards each MOG-construct for all analyzed patients using two 

different gatings, EGFP>100 and EGFP 100-500 (Suppl. Fig. 3A and 3B). While in most instances 

the graphs in Suppl. Fig. 3A and 3B look similar, these two presentations provide complementary 

information in special instances. For example, for patient #22 the response to ED-MOG appears 

higher than FL-MOG in Suppl. Fig. 3B, but when considering the EGFP gates of 100-500, it 

becomes clear that this patient recognized ED-MOG and FL-MOG similarly. Thus, the apparently 

higher response to ED-MOG of patient #22 was only due to the higher percentage of cells 

expressing higher levels of ED-MOG than FL-MOG. This applies also to other  patients like #14, 

#38, #41, #42 and #16, whose reactivity to ED-MOG would be missed completely with the gate 

setting of EGFP 100-500. 
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2.11. Förster resonance energy transfer (FRET) experiment to assess MOG 

dimerization 

We performed our FRET experiments essentially as described in (Smulski et al., 2017). 

Briefly, we transiently transfected HEK293T cells with the ECFP and EYFP MOG fusion 

constructs described in 2.3. The cells were subsequently analyzed 16-20 hours post-transfection. 

All FRET experiments were performed with a LSR Fortessa (BD Biosciences). The EYFP signal 

was detected using the 488 nm laser with a 540/30 filter, ECFP signal was detected using the 

405 nm laser with a 450/40 filter and FRET signal was recorded using the 405 nm laser with a 

540/30 filter. We defined the positive FRET gating by using cells expressing an ECFP–EYFP 

fusion protein as positive control. To define the FRET negative gating, cells were co-transfected 

with ECFP and EYFP . 

2.12. Production of Fab and F(ab’)2 from patients’ plasma and analysis of their 

MOG recognition 

IgG was purified from plasma with Protein G HP SpinTrap columns (GE Healthcare Life 

Sciences, Chicago, IL). Subsequently, the IgG concentration was measured with a Human IgG 

ELISA kit (Mabtech, Nacka Strand, Sweden). The IgG concentration range of the  purified plasma 

samples spanned between 2.5 and 7 mg/ml. Fab and F(ab’)2 fragments were then generated with 

the Pierce Fab/F(ab’)2Preparation Kit (Thermo Fisher Scientific, Waltham, MA, United States). 

The Fab fragments were further purified by Size Exclusion Chromatography to separate them from 

the pool of undigested IgGs using a SuperdexIncrease 200 10/-300 GL column (GE Healthcare 

Life Sciences, Chicago, IL, United States). Peak fractions were analyzed by SDS-PAGE and 

Coomassie staining, elution fractions containing only digested Fabs  were finally pooled and used 

for downstream assays.

To detect binding of the Fab and F(ab’)2 fragments to MOG, a different secondary antibody  

from the one used for detection of anti-MOG in serum had to be used, since the secondary Ab used 

for evaluating serum includes reactivity to the Fc-part of the IgG, which is no longer present after 

the Fab and F(ab’)2 preparation. We used an Alexa Fluor 647 mouse anti-human Ig light chain κ 

antibody together with an Alexa Fluor 647 mouse anti-human Ig light chain λ antibody, both 1:100 

diluted (BioLegend, San Diego, CA, United States). The fluorescent signal was further amplified 
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by the use of a rat anti-mouse IgG Alexa Fluor 647 antibody diluted 1:500 (Jackson 

ImmunoResearch, West Grove, PA, United States). r8-18C5 was produced recombinantly with the 

human heavy chain from the J-element onwards, but a murine light chain (Brändle et al., 2016; 

Spadaro et al., 2018). Therefore,  this Ab and its Fab and F(ab’)2 were detected with an anti-human 

IgG + IgA + IgM (H+L) (Jackson ImmunoResearch, West Grove, PA, United States) as secondary 

Ab. 

2.13. Statistics

For statistical analysis, we used the GraphPad Prism7 programm (GraphPad software, San 

Diego, CA, United States). For the quantification of the reactivity of the 14 patients with MOG-

Abs towards the six different MOG variants we set the reactivity towards FL-MOG to 100% and 

normalized the reactivity towards the other constructs . We then used a one-way ANOVA Tukey´s 

multiple test comparison to quantify the significance of the  recognition of the different constructs.

2.14. Patients and control subjects

For the comparative analysis of MOG-recognition by ELISA versus cell-based assay we 

used serum samples from 18 patients with MOGAD (average age: 38  years old, 10  females,  9 

males). To set the threshold, we analyzed 13 healthy donors. To set the threshold for our CBA we 

had included over the years 87 healthy controls (average age: 35 years old, 53 females, 34 males). 

For the analysis of the recognition of MOG-variants, we used serum samples and plasma samples 

of 14 patients with MOGAD (average age: 39 years old, 6 females, 8 males), who showed a strong 

MOG-reactivity in the CBA including 12 patients from the above comparison (indicated with filled 

circles in Fig. 1). For comparsion, one patient who scored negative in the cell-based assay and the 

ELISA was included throughout (designated as C). Patients with MOG-Abs, #5, #7, #10, #14, #16 

and #17 were described in (Spadaro et al., 2018); and #22, #23, #24, #38, #39, #41, #42, #43 in 

(Winklmeier et al., 2019). Informed consent was obtained from each donor according the 

Declaration of Helsinki and the ethical committee of the medical faculty of the LMU approved the 

study.
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2.15. Data availability

The data presented in the manuscript are available from the corresponding author on 

request. 

3. Results

3.1. The extracellular part of MOG displayed site-directed on an ELISA plate 

allows detection of MOG antibodies only in few patients

The epitopes of MOG recognized by autoantibodies from patients are located in the loops 

that link the -sheets of the extracellular part of MOG (Mayer et al., 2013; Tea et al., 2019). We 

produced this extracellular part in a correctly folded form and confirmed the beta-sheet 

conformation by circular dichroism (Spadaro et al., 2018; Marti Fernandez et al., 2019). We used 

this part of MOG for two ELISA variants. In one, MOG-1-125 was bound to typical MaxiSorp 

plates and in the other MOG-1-125 was enzymatically biotinylated at the Avi-tag of its C-terminus 

and bound in a site-directed manner to streptavidin plates. Both ELISAs were validated with r8-

18C5 (Suppl. Fig. 1). We analysed 18 patients with MOG-Abs and compared the anti-MOG-

reactivity obtained by CBA using full-length MOG with the recognition of MOG by the two ELISA 

variants (Fig. 1). The MaxiSorp ELISA detected MOG-Abs in 4/18 patients, while the streptavidin-

biotinylated MOG-ELISA detect 9/18 patients with MOG-Abs. Thus, an ELISA using site-directed 

binding of MOG-1-125 is superior to a random binding of MOG-1-125. However, even this 

improved ELISA did not detect half of the patients who scored positive in a CBA with MOG-

transfected cells. 

3.2. The C-terminus of MOG is intracellular

Since MOG-1–125 used in the ELISA assay had a sensitivity to detect MOG-Abs in 

patients’ sera, we specifically revisited whether the C-terminus of MOG (from amino acid 203 to 

218) is intracellular or extracellular. We used ab28766, specific for the last 12 amino acids of MOG 

(Fig. 2A), and the mAb r8-18C5 that binds to a defined loop on the extracellular part of MOG 
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around amino acid 103 (Breithaupt et al., 2003) (Fig. 2A). Both antibodies were tested on HeLa 

cells transiently transfected with FL-MOG or ED-MOG tagged at the N-terminus with EYFP to 

ensure that the fluorescent tag does not interfere with the binding of the Ab to the C-terminus. 

Additionally, TE-671 cells (rhabdomyosarcoma cells) stably transfected with FL-MOG without 

any tag (Pröbstel et al., 2011) were used (Fig. 2B-I). 

The mAb r8-18C5 bound to FL-MOG and ED-MOG in HeLa cells as well as the FL-MOG 

in TE-671 cells, in both living and fixed conditions. (Fig. 2B, 2C, 2F, 2G). In contrast, the ab28766, 

failed to detect MOG in both cell lines when living cells were analyzed (Fig. 2D and 2H). 

However, once the cells (HeLa and TE671) were fixed and permeabilized, the ab28766 bound to 

EYFP-FL-MOG in HeLa cells and also to the FL-MOG stably expressed on the TE-671 cells (Fig. 

2E and 2I). As a further control for the specificity of the applied antibodies, we used HeLa cells 

transfected with ED-MOG (lacking the C-terminus). These cells were not recognized by the 

ab28766, neither in the viable nor fixed and permeabilized conditions (Fig. 2D and 2E). We 

conclude that the C-terminus of the MOG protein is intracellular. Thus, the patient samples that 

recognized FL-MOG in live CBAs had bound to the N-terminal extracellular part of MOG.

3.3. Displaying MOG-1-125 in a fluid lipidic environment does not improve 

antibody detection

Having seen the drastic difference between MOG-1-125 bound to an ELISA plate and FL-

MOG displayed on transfected cells, we tested the effect of embedding of MOG in a lipid 

environment on Ab recognition. Thus, we explored the impact of a fluid lipidic environment on the 

detection of ED-MOG, by designing a new assay.

We coated silica beads of dimensions similar to cells (6 µm of diameter) with a lipid mixture 

that would mimic the lipid bilayer that forms the cell membrane (Fig. 3A). To monitor the lipid-

coating of the beads, the mixture contained fluorescently labelled lipids with Atto488 and 

biotinylated lipids for a neutravidin bridge to attach biotinylated MOG-1-125. The biotinylated 

MOG-1-125 is correctly folded as assessed by circular dichroism (Spadaro et al., 2018; Marti 

Fernandez et al., 2019) and is expected to move freely along the lipid bilayer when linked to the 

biotinylated lipid via neutravidin (Ramm et al., 2018). MOG-1-125 bound to lipid-coated beads, 

could be detected by r8-18C5 (Fig. 3A, 3C and 3D). However, the intensity of the binding was 
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lower in comparison to FL-MOG or ED-MOG expressed in transiently transfected cells (Fig. 3D). 

We incubated these beads with sera of five patients (#5, #14, #16, #17 and #22) (Fig. 3E). Three 

of these patients (#5, #17 and #22) weakly recognized MOG displayed by these beads. Those three 

patients were also detected by the site directed ELISA (Fig. 1B). Nevertheless, the MOG-1-125 in 

the site directed ELISA was also capable of binding the antibodies of patient #16. Therefore, we 

conclude that the embedding of MOG-1-125 in a fluid lipidic environment does not improve the 

antibody detection. 

3.4. The second hydrophobic domain of MOG is crucial for MOG recognition by 

most patients

We tested sera from 14 patients with MOG-Abs for recognition of HeLa cells transfected 

with FL-MOG or ED-MOG. For comparison, we also show the reactivity of one MOG negative 

patient (#C) to all of our mutants (Fig. 4 and 5, Suppl. Fig. 3). All of the 14 MOG+ patients 

recognized FL-MOG much better than ED-MOG (p<0.0001) (Fig. 5B). Fig. 4 shows details of 

representative patients. Fig. 5 and Suppl. Fig. 3 show the summary of all analysed patients and 

related statistics. Overall, only five patients out of the 14 MOG+ (36%) were detected by cells 

transfected with ED-MOG (Fig. 5A and Suppl. Fig. 3A). Thus, not only in the ELISA assay, but 

even in the CBA was ED-MOG poorly recognized by most patients, deeming it insufficient to 

detect MOG-Abs. The detailled recognition of epitopes of MOG was determined for 12 of the 14 

patients and they recognized different epitopes as seen with point-mutations of the loops linking 

the beta-sheets of the N-terminal part of MOG (Suppl. Fig. 5). Thus, the strong recognition of FL-

MOG as compared to ED-MOG is not related to certain epitopes on the extracellular part of MOG, 

but is rather a general feature of MOG-Abs from patients. 

We went on to narrow-down the intracellular domains of MOG, which increase the 

antibody detection of the extracellular domain. Hence, we designed two MOG variants. The first 

one is composed of  the extracellular part, the first transmembrane domain and the cytoplasmic part 

until the second hydrophobic domain (Tyr181); named MOG-Cyt (Fig. 4). Secondly, we cloned a 

longer variant of MOG that included the second hydrophobic domain (until leucine 202), called 

MOG-2TMD (Fig. 4). These variants were tested for recognition by autoantibodies from our 14 

patients (Fig. 5 and Suppl. Fig. 3). 
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The raw data in the dot-plots already indicate that the three representative patients #5, #7 

and #14 strongly recognized MOG-2TMD, but only weakly MOG-Cyt (Fig. 4). Considering all 

patients,  MOG-Cyt was far less recognized than MOG-2TMD or FL-MOG (p<0.0001) (Fig. 5; 

Suppl. Fig. 3A). In particular, the reactivity towards MOG-Cyt dropped in 13/14 patients even 

below 20% compared to FL-MOG (Fig. 5B). Together, this part of our analysis identified the 

second hydrophobic domain of MOG as the crucial non-extracellular part of MOG to enhance 

recognition of its extracellular part by autoantibodies from patients.

To further elaborate the impact of the secon hydrophobic part of MOG for antigen-

recognition, we analysed the recognition of full-length MOG from the evolutionary distant 

opossum (Monodelphis domestica) and of a chimeric construct composed of the extracellular and 

first hydrophobic domain of human MOG fused to the cytoplasmic and second hydrophobic 

domain from opossum (Fig. 4). The group of patients with MOG-Abs recognized opossum MOG 

weaker than human FL-MOG (p<0.0001) (Fig. 5A). We also observed a heterogeneous recognition 

of opossum-MOG by patients: compared to human FL-MOG, out of 14 MOG+ patients, seven 

showed a weak cross-reactivity to opossum-MOG (recognition below 20%). Two patients 

recognized it similarly (#39 and #10), and another two recognized the opossum-MOG even better 

than the human MOG (#7 and #22) (Fig. 4 and Suppl. Fig. 3). Strikingly, the human-opossum 

construct was detected by all 14 MOG+ patients. Of note, the four patients (#14, #38, #41 and #42) 

who did not show cross reactivity to opossum-MOG had also detected the human-opossum 

construct (Fig. 5, Suppl. Fig. 3A). Human-opossum MOG was better recognized than ED-MOG 

by all 14 patients (p<0.0001) (Suppl. Fig. 3A). Thus, the intracellular part of opossum-MOG 

greatly enhances recognition of the extracellular part of human MOG. In contrast to patients with 

MOG-Abs, the mAb r8-18C5 recognized all these MOG variants similarly, as elaborated in a dose-

response (Suppl. Fig. 4).

3.5. MOG-Abs affinity-purified with the extracellular part of MOG still recognize 

preferentially full-length MOG

We have affinity-purified MOG-Abs using MOG-1-125 from patient #7, who showed a 

typical and strong recognition of FL-MOG while a weak recognition of ED-MOG (Fig. 4). 

Remarkably, not only the serum antibodies, but also the MOG-Abs affinity-purified with the 
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recombinantly produced MOG-1-125 recognized FL-MOG much better than ED-MOG in 

transfected cells. (Suppl. Fig. 6A). We noted that this type of affinity-purification does not extract 

all MOG-Abs, a substantial amount was still present in the flow-through. We compared the affinity-

purified antibodies with the starting material (plasma) and the flow-through with respect to 

recognition of mutated variants of the extracellular part of MOG, which are known to identify 

MOG epitopes (Mayer et al., 2013). This showed that the MOG-Abs that were affinity-purified 

with the ED-MOG recognized the same epitopes on the extracellular part of MOG as the crude 

plasma and as the antibodies in the flow-through (Suppl. Fig. 6B). Together, these experiments 

indicate that MOG-Abs of the same antigenic immunoreactivity within one patient strongly 

recognize FL-MOG and weakly ED-MOG. 

3.6. Bivalent recognition of MOG required by antibodies from patients

We analysed the importance of bivalent binding for the differential recognition of FL-MOG 

and ED-MOG. To this end, we generated with pepsin and papain digestion Fab and F(ab’)2 

fragments of the r8-18C5 as well as IgGs of four patients (#14, #16, #17 and #22). We picked a 

highly reactive MOG patient (#14), one medium reactive (#16), one patient (#17), whose antibodies 

were also detected in the ELISA assay (Fig. 1), and patient #22, whose antibodies were also 

detected by ELISA and bound strongly to ED-MOG and FL-MOG (Fig. 4). F(ab’)2 fragments were 

obtained by pepsin digestion; F(ab) fragments were obtained by digestion with papain and 

subsequent size exclusion chromatography (SEC) to separate the undigested pool of antibodies 

from the Fab fragments (Fig. 6A). 

We compared the reactivities of Fab and F(ab’)2 fragments on cells transfected with FL-

MOG or ED-MOG. The F(ab’)2 fragments from the four patients behaved in the same manner as 

the purified IgGs (Fig. 6B). The Fab preparations of all four analyzed patients showed little or no 

recognition of either FL-MOG or ED-MOG (Fig. 6B). In contrast, the Fab from r8-18C5 clearly 

bound to both FL-MOG and ED-MOG. A dose response of r8-18C5 and its Fab and F(ab’)2 

fragments demonstrated that the recognition of Fab is slightly weaker than of F(ab’)2, but Fab and 

F(ab’)2 of this mAb did not differentiate between FL-MOG and ED-MOG (Suppl. Fig. 7). 

Together, this part illustrates that MOG-Abs from patients, but not the mAb r8-18C5, strictly 

ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901  Support (434) 964 4100

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/advance-article/doi/10.1093/brain/aw

ab105/6168128 by guest on 17 M
ay 2021



require  bivalent recognition to bind to MOG. The need for bivalent binding and the importance of 

the second hydrophobic together are presented in our model in Fig. 7. 

3.7. FRET does not show dimerization of ED-MOG or FL-MOG 

We investigated whether FL-MOG or ED-MOG formed dimers detected by FRET. To this end,we 

co-transfected HEK-293T cells with ECFP-FL-MOG and EYFP-FL-MOG or with ECFP-ED-

MOG and EYFP-ED-MOG. These experiments revealed that neither FL-MOG, nor ED-MOG 

came so close to each other that this would result in a FRET signal. In contrast, the positive control, 

fusion protein ECFP-EYFP yielded a strong FRET signal (Suppl. Fig. 8). 

4. Discussion

We report that the second hydrophobic domain of MOG enhances recognition of its N-

terminal extracellular part in most patients and propose that this is the reason why a cell-based 

assay with FL-MOG is the gold-standard to identify patients with MOG-Abs. Most MOG-Abs 

from patients recognize loops that link the beta-sheets of the IgV-like fold of the extracellular N-

terminal part of MOG (Mayer et al., 2013). This part of MOG (MOG-1-125) can be produced in a 

conformationally correctly folded way (Spadaro et al., 2018; Marti Fernandez et al., 2019; Tea et 

al., 2019), but this is not sufficient to identify MOG-Abs positive patients. This was seen in a recent 

study, where MOG was bound in a random way to an ELISA plate (Tea et al., 2019). Our study 

confirms this and shows that a site-directed display of MOG on the ELISA is superior, but still 

insufficient to identify all patients with MOG-Abs. 

We found that MOG-1-125 embedded in a fluidic lipid environment is recognized by the 

anti-MOG mAb r8-18C5 and weakly by patients, but far less efficient than MOG in transfected 

cells. Therefore we worked out details of MOG-recognition in transfected cells and found that most 

patients recognized FL-MOG much better than ED-MOG. This is in accordance with a previous 

report (Waters et al., 2015). We went on to dissect the contribution of the intracellular part of MOG 

for the enhanced recognition of FL-MOG with different truncated variants of MOG and this 

revealed that the second hydrophobic domain of MOG is crucial for the detection of MOG by 

patients with MOG-Abs. 
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We continued to analyze whether this enhanced recognition of MOG by the intracellular 

part is based on a specific sequence of MOG or rather based on the overall structure of MOG. 

While wrapped myelin is found in vertebrates, MOG is found only in mammals. We expressed 

MOG from opossum, the evolutionary most distant animal from whom a MOG-sequence was 

available in the NCBI database. Most patients did not or only weakly recognize MOG from 

opossum. This was expected, since many patients do not even show cross-reactivity to rodent MOG 

(Mayer et al., 2013; Peschl et al., 2017; Spadaro et al., 2018). Importantly, when we constructed a 

chimeric MOG, with the N-terminal ED part from human MOG and the C-terminal part from 

opossum MOG, this MOG-construct was recognized as strongly as the full-length human MOG. 

We observed this enhanced recognition of MOG by the second transmembranous domain of MOG 

in patients who recognize different eptiopes on the extracellular part of MOG. This argues that the 

second hydrophobic domain does not induce the exposure of a specific epitope, but induces an 

overall structure of MOG that is better recognized by autoantibodies. 

We tested whether the enormous difference in recognition of ED-MOG versus FL-MOG 

could be attributed at least partially to an extracellular display of the C-terminal part of MOG. All 

of our experiments using both transiently and stably transfected cells, came to the same conclusion, 

namely that the C-terminus is intracellular. Our observation is in line with earlier reports (Kroepfl 

et al., 1996; della Gaspera et al., 1998), but at variance with the current prediction of Uniprot 

(27.November.2020), and a model presented in a recent review with reference to Uniprot (Sinmaz 

et al., 2016). Our model in Fig. 7 includes the specific amino acid composition of the second 

hydrophobic domain of MOG and their adjacent amino acids: the second hydrophobic domain has 

two prolines. A proline might indicate a kink in the -helix (von Heijne, 1991; Nilsson et al., 1998) 

A similar monotopic domain displaying an analogous structure with two hydrophobic helices and 

a proline in the middle (helix-break-helix) is also seen for caveolin (Aoki et al., 2010) and for the 

transmembrane protein PEN-2, a subunit of the Alzheimer’s disease- and Notch-signaling-related 

protease -secretase (Pittock et al., 2019; Zhou et al., 2019). Also, the three positively charged 

amino acids next to the hydrophobic domain that were expected to bind to negatively charged lipids 

intracellularly and the cysteine at the end of the hydrophobic domain that might be palmitoylated 

(Smotrys and Linder, 2004) are linked to the intracellular localization of the C-terminus of MOG. 

These four amino acids are also conserved from opossum to human (Suppl. Fig. 9). Further, we 

found that all patients with MOG-Abs recognized the mutant MOG-2TMD, which does not include 
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the C-terminus, at least as strongly as FL-MOG. Together, this part of our study establishes that 

the C-terminus of MOG is intracellular and in contrast to the second hydrophobic domain, not 

involved in binding of patient antibodies to FL-MOG.

To offer further insight into details of MOG-recognition, we analyzed whether FL-MOG or 

ED-MOG form close dimers detectable by FRET and we analyzed monovalent versus bivalent 

binding to FL-MOG and ED-MOG. We found that neither ED-MOG nor FL-MOG give a FRET 

signal. The intensity of a FRET signal is inversely proportional to the sixth power of the inter-dye 

distance and this energy transfer process can serve as a spectroscopic ruler in the 1-6 nm range 

(Stryer and Haugland, 1967). Thus, our FRET experiments show that ED-MOG or FL-MOG are 

further apart from each other than 6 nm. To allow bivalent binding of IgG1 (the typical isotype of 

MOG-Abs), the target antigen has to be at a relatively strict distance of about 13-16 nm as recently 

corroborated with DNA origami technology (Shaw et al., 2019). In a crystallographic paper, ED-

MOG was reported to form a head-to-tail dimer (Clements et al., 2003); in the same paper, MOG 

extracted from myelin appeared by Western-blot largely monomeric, but also a minor proportion 

of dimeric forms of MOG were observed indicating that MOG may form dimers under special 

crystallization conditions and also in myelin. Our FRET experiments do not exclude dimer 

formation of MOG under certain situations, but show that under our experimental conditions, cells 

transfected with MOG for a CBA, MOG does not associate closer than 6 nm. In accordance with 

our FRET data, MOG from transfected cells appeared as a monomer when Western blots of 

transfected cells were performed (Mayer et al., 2013; Marti Fernandez et al., 2019).

We found that MOG-Abs from four patients bound strongly in the form of F(ab’)2, but 

poorly or not at all as Fab, indicating that these MOG-antibodies largely require bivalent binding 

to be detected. The dependence on bivalent binding is most likely due to concentration and affinity. 

In particular, it argues that the affinity of human MOG-Abs is lower than of 8-18C5 and therefore 

a gain of avidity due to bivalent binding is needed for a clear binding to MOG. Also, in vitro-

translated extracellular part of MOG constructed to form tetramers is recognized by MOG-Abs 

from patients (O'Connor et al., 2007). We speculate that FL-MOG is better recognized than ED-

MOG, because the intracellular part of MOG induces a clustering of MOG with a spacing of the 

extracellular part of MOG that allows bivalent Ab-binding, illustrated in Fig. 7. The second 

hydrophobic domain could hold the monomers apart at a suitable distance that would facilitate the 

bivalent binding of the MOG-Abs, presumably involving lipid rafts (Kim and Pfeiffer, 1999). This 
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model is in accordance with previous studies that showed that crosslinking of MOG-Abs induces 

signaling (Marta et al., 2005) and lateral diffusion of transfected MOG in the membrane is 

anomalous and slowed down (Gielen et al., 2005; Gielen et al., 2008). We are aware that our model 

in Fig. 7 might not be the only possible explanation for the enhanced recognition and bivalent 

binding of MOG-Abs when the second hydrophobic domain is present. It could also be that the 

second hydrophobic domain creates an empty space around the MOG molecules which favors the 

binding of MOG-Abs. 

We assume that the few patients whose MOG-Abs give some signal using MOG-1-125 

bound to an ELISA plate or to ED-MOG in transfected cells, have such a strong affinity that allows 

monovalent binding. This view is also strengthened by features of the mAb r8-18C5, which has a 

strong affinity to MOG, binds also as Fab to MOG, recognizes ED-MOG and FL-MOG in 

transfected cells similarly and also MOG by ELISA. Together, we show that MOG-Abs from most 

patients require bivalent binding to be detected. We propose that bivalent binding is facilitated with 

cells transfected with FL-MOG (or MOG-2TMD), but not when ED-MOG is transfected or when 

MOG-1-125 is bound to an ELISA plate. 

Patients with antibodies to MOG or AQP4 show clinically overlapping features, but 

consensus is emerging that anti-MOG and anti-AQP4 constitute separate diseases (Zamvil and 

Slavin, 2015; Fujihara, 2019; Mader et al., 2020). While this study indicates that MOG-Abs from 

most patients require bivalent binding for antigen-recognition, autoantibodies to AQP4 have been 

reported to bind also as monomer (Crane et al., 2011). Monovalent binding of IgG provides a more 

efficient platform for C1q binding and complement activation than bivalent binding (Diebolder et 

al., 2014; Soltys et al., 2019). Previous work has shown that complement-mediated activation by 

MOG-Abs in vitro was restricted to high titre positive patients (Mader et al., 2011). Thus, MOG-

Abs may activate complement, but they do this far less efficient than by AQP4-Abs. This view is 

supported by histopathological examinations: although C9neo deposition can be observed in 

patients with MOG-Abs (Spadaro et al., 2015; Jarius et al., 2016; Kortvelyessy et al., 2017; 

Hoftberger et al., 2020) or after transfer of their MOG-Abs (Spadaro et al., 2018), it is far less 

pronounced than in patients with antibodies to AQP4 (Lucchinetti et al., 2002; Bradl et al., 2009; 

Takai et al., 2020). In particular, patients with AQP4-Abs have large perivascular complement 

deposition that is missing in MOGAD (Weber et al., 2018; Mader et al., 2020).
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While IgGs from patients with AQP4-Abs readily induce disease upon transfer (Bradl et 

al., 2009), this has been difficult to achieve with IgG preparations from MOG-Abs positive patients 

and it took affinity purification of antibodies from selected patients to achieve this (Spadaro et al., 

2018). These affinity-purified Abs that transfer disease also recognize MOG by ELISA as shown 

here. Recognition of MOG by ELISA by a few patients was interpreted as an indicator of high 

affinity (Tea et al., 2019), suggesting that these patients’ antibodies might bind monovalently. 

Along this line, only a single patient with high-titre antibodies to MOG was able to induce 

complement-dependent tissue injury in an ex vivo organotypic brain slice model (Peschl et al., 

2017) and no complement-dependent changes were observed upon intracerebral injection of pooled 

IgG from MOG positive patients (Saadoun et al., 2014). Complement-independent 

pathomechanisms of MOG-Abs include also cytoskeletal alterations (Dale et al., 2014) and 

antibody-mediated cellular cytotoxicity (Brilot et al., 2009).

The observations from pathology and our finding that MOG-Abs largely bind bivalently 

have therapeutic implications. This suggests that the anti-complement therapy with eculizumab, 

which is very successful in patients with anti-AQP4 (Pittock et al., 2019) might be less effective in 

patients with MOG-Abs. Autoantibodies may induce pathology by multiple mechanisms other than 

complement activation, including endocytosis and FcR activation (Ludwig et al., 2017; Dalmau 

and Graus, 2018). In animal models of hemolytic anemia, low-affinity bivalently binding 

autoantibodies were highly pathogenic (Fossati-Jimack et al., 1999). MOG-Abs affinity-purified 

from patients were pathogenic by enhancing activation of cognate T cells (Spadaro et al., 2018), 

presumably by accumulating in CNS-resident phagocytes (Flach et al., 2016) and enhancing T cell 

activation via FcR-dependent opsonization of MOG (Kinzel et al., 2016).

Together, we report that MOG-Abs from most patients require the intracellular part of 

MOG to recognize its extracellular part and show a bivalent binding to MOG. These features of 

human MOG-Abs explain why a cell-based assay with FL-MOG is the gold-standard to identify 

such patients and have implications for our concept about pathogenicity of human MOG-Abs.
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8. Figure legends

Fig. 1: Comparison of MOG-reactivity by ELISA and cell-based assay (CBA). The 

anti-MOG-reactivity of 18 patients with MOG-Abs was determined by CBA using FL-MOG and 

by ELISA. CBA was performed as described (Spadaro et al., 2018) and the anti-MOG reactivity is 

shown as MFI ratio, calculated as described in the materials and methods section. For ELISA, 

MOG-1-125 was bound to MaxiSorp plates and  ΔOD was calculated after subtration of the OD of 

BSA coated MaxiSorp plates (A). Alternatively, MOG-1-125 was biotinylated at its C-terminal 

Avi-tag and bound to streptavidin plates. For ELISA, the anti-MOG reactivity is expressed as ΔOD 

(streptavidin + MOG) – (streptavidin only) (B). The horizontal dashed lines represent the mean of 

the anti-MOG reactivity of a total of 87 healthy controls + 3SDs. The vertical dashed lines represent 

the mean + 3SDs of 13 healthy controls. Samples included in the analysis of recognition of MOG-

variants are shown with filled circles. 

Fig. 2: Localization of the C-terminus of MOG. A) Schematic representation of the 

binding of the recombinant humanized r8-18C5 (blue) and ab28766 (yellow). B) Localization of 

the C-terminus of MOG. In the upper row (B-E), HeLa cells were transiently transfected with 

EYFP alone (closed grey graph), with FL-MOG (vermillion line), or ED-MOG (light blue line). 

FL-MOG and ED-MOG were fused to EYFP at the N-terminus. These cells were tested live (B, 

D) as well as after fixation and permeabilization (C, E) with r8-18C5 (B, C) and ab28766 (D, E). 

Gates were set to an EYFP signal >100. In the lower row (F-I), TE671 cells stably transfected with 

FL-MOG (vermillion line) or the empty vector (closed grey graph) were tested live (F, H) as well 

as after fixation and permeabilization (G, I) with r8-18C5 (F, G) and ab28766 (H, I). MFI values 

are given for each histogram. 

Fig. 3: Detection of MOG-1-125 displayed on lipid-coated beads. A) Schematic 

representation of the lipid coated silica beads model. Glass bead of 6 µm in diameter were coated 

with a lipid mixture that formed a bilayer. The correctly folded MOG-1-125 is displayed on this 

bilayer. The magnification shows a segment of a single lipid coated bead. MOG-1-125 biotinylated  

is attached to the Biotinyl CAP PE via one of the free subunits of the neutravidin. MOG-1-125 is 

bound by the r8-18C5 (blue), which is detected by the Alexa Fluor 647 anti human IgG (magenta). 
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B, C) Confocal microscopy image of lipid coated beads, to asses the extent of the coating. B) The 

Atto488 DOPE lipids gave green fluorescence to the whole membrane coating. C) MOG displayed 

on these beads is detected by r8-18C5 and visualized with a red-labelled secondary antibody. B+C 

were taken with a 40X water objective; scale bar indicates 10 µm. D) Detection of increasing 

concentrations of r8-18C5 by cells transfected with FL-MOG (vermillion), ED-MOG (light blue 

line) and by lipid-coated beads displaying MOG-1-125 (dark green line). E) Binding of sera 

(diluted 1:50) of five patients with MOG-Abs to MOG-1-125 coated beads. The closed gray graphs 

represent background-bindings of the beads, the black line represents binding to beads displaying 

MOG-1-125. MFI values for each histogram are given. 

Fig. 4: MOG variants used for transient transfection and their recognition by selected 

patients. The upper row shows cartoons of MOG-variants used. Rows 2-5 show dot-plots obtained 

with serum diluted 1:50 of the indicated patients. Patients #14, #5, and #7 represent the majority 

of the patients, because they show a greater recognition of FL-MOG compared to ED-MOG. 

Patient #22 has an unusual binding behavior, since it strongly recognizes ED-MOG. The lowest 

row shows the reactivity of the MOG-specific control mAb r8-18C5 (0.5 µg/ml). The two vertical 

lines in each dot-plot indicate an EGFP intensity of 100-500 (dotted one) that is used as threshold 

for the quantitative analysis in Fig. 5. 

Fig. 5: Differential detection of MOG variants and quantification. A) Sera from 14 

patients with MOG-Abs and one negative control (C) were tested for reactivity towards the six 

MOG-variants. The mAb r8-18C5 (0.5 µg/ml) was used as a control. For the quantitative 

evaluation, the cells with EGFP signal between 100-500 were considered (Fig. 4). Error bars 

indicate SEM of 2 experiments. B) The reactivity of all the MOG variants normalized to FL-MOG 

(set as 100%) is shown with EGFP gating of 100-500. ED-MOG, MOG-Cyt and opossum-MOG 

were significantly less capable to detect the MOG+ patients when compared to FL-MOG, MOG-

2TMD and human-opossum-MOG (p<0.0001). The EGFP gating of 100-500 highlights also a 

difference in the reactivity between MOG-2TMD and FL-MOG (p<0.05), but MOG-2TMD is still 

capable of detecting all 14 MOG+ patients. 
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Fig. 6: Recognition of FL-MOG and ED-MOG by F(ab’)2 and Fab preparations. A) 

Preparation of F(ab’)2 and Fab. IgGs purified with protein-G columns were digested with pepsin 

to obtain the F(ab’)2 and with papain to yield Fab. Since the Fab preparations obtained after papain 

digestion still contained undigested IgG, the Fab fragments were further purified by size exclusion 

chromatography (SEC). Elution fractions were separated by non-reducing SDS-PAGE and stained 

with Coomassie. Relevant elution fractions were then pooled and analyzed again on an SDS-PAGE 

gel. Here, #14 is shown as a representative example. B) HeLa cells were transfected with EGFP, 

FL-MOG or ED-MOG. Binding of IgGs from plasma (400 µg/ml), F(ab’)2 (800 µg/ml) and Fab 

(800 µg/ml) of the indicated patients was determined with secondary antibodies specific for Ig-

kappa and Ig-lambda as described in the materials and methods section. The mAb r8-18C5 (0.1 

µg/ml) was used as a control. The anti-MOG reactivities were calculated on transfected cells with 

EGFP signal >500. MFI values are given for each histogram. Representative measurements from 

two experiments with similar results are shown.

Fig. 7: Model illustrating how the second hydrophobic domain of MOG enhances recognition 

of its extracellular part by autoantibodies from patients. We show in this paper that MOG-Abs 

from patients require bivalent binding and the second hydrophobic domain for MOG binding. We 

therefore propose the model shown here in which the second hydrophobic domain of MOG 

facilitates bivalent binding of MOG-Abs. The magnified figure shows how the second hydrophobic 

domain is embedded in the membrane in a homotypic manner with both sides of this hydrophobic 

domain in the cytoplasm. The two prolines (P) in the middle induce kinks inside the membrane. 

Positively charged amino acids arginine (R) and lysine (K) adjacent to the hydrophobic domain 

might interact with the cytosolic interface of the membrane. The cysteine (C) at the end of the 

hydrophobic domain might by palmitoylated. The presence of the second hydrophobic domain 

brings MOG molecules to a distance that allows bivalent binding of autoantibodies. The absence 

of the second hydrophobic domain in the ED-MOG protein leads to the weak and monovalent 

binding of  MOG-Abs. 
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Fig. 1: Comparison of MOG-reactivity by ELISA and cell-based assay (CBA). The anti-MOG-reactivity of 18 
patients with MOG-Abs was determined by CBA using FL-MOG and by ELISA. CBA was performed as 

described (Spadaro et al., 2018) and the anti-MOG reactivity is shown as MFI ratio, calculated as described 
in the materials and methods section. For ELISA, MOG-1-125 was bound to MaxiSorp plates and a delta OD 
was calculated after substration of the OD of BSA coated MaxiSorp plates (A). Alternatively, MOG-1-125 was 
biotinylated at its C-terminal Avi-tag and bound to streptavidin plates. For ELISA, the anti-MOG reactivity is 
expressed as ΔOD (streptavidin + MOG) – (streptavidin only) (B). The horizontal dashed lines represent the 
mean of the anti-MOG reactivity of a total of 87 healthy controls + 3SDs. The vertical dashed lines represent 

the mean + 3SDs of 13 healthy controls. Samples included in the analysis of recognition of MOG-variants 
are shown with filled circles. 
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Fig. 2: Localization of the C-terminus of MOG. A) Schematic representation of the binding of the 
recombinant humanized r8-18C5 (blue) and ab28766 (yellow). B) Localization of the C-terminus of MOG. In 
the upper row (B-E), HeLa cells were transiently transfected with EYFP alone (closed grey graph), with FL-

MOG (vermillion line), or ED-MOG (light blue line). FL-MOG and ED-MOG were fused to EYFP at the N-
terminus. These cells were tested live (B, D) as well as after fixation and permeabilization (C, E) with r8-

18C5 (B, C) and ab28766 (D, E). Gates were set to an EYFP signal >100. In the lower row (F-I), TE671 cells 
stably transfected with FL-MOG (vermillion line) or the empty vector (closed grey graph) were tested live (F, 
H) as well as after fixation and permeabilization (G, I) with r8-18C5 (F, G) and ab28766 (H, I). MFI values 

are given for each histogram. 
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Fig. 3: Detection of MOG-1-125 displayed on lipid-coated beads. A) Schematic representation of the lipid 
coated silica beads model. Glass bead of 6 µm in diameter were coated with a lipid mixture that formed a 

bilayer. The correctly folded MOG-1-125 is displayed on this bilayer. The magnification shows a segment of a 
single lipid coated bead. MOG-1-125 biotinylated  is attached to the Biotinyl CAP PE via one of the free 
subunits of the neutravidin. MOG-1-125 is bound by the r8-18C5 (blue), which is detected by the Alexa 

Fluor 647 anti human IgG (magenta). B, C) Confocal microscopy image of lipid coated beads, to asses the 
extent of the coating. B) The Atto488 DOPE lipids gave green fluorescence to the whole membrane coating. 

C) MOG displayed on these beads is detected by r8-18C5 and visualized with a red-labelled secondary 
antibody. B+C were taken with a 40X water objective; scale bar indicates 10 µm. D) Detection of increasing 

concentrations of r8-18C5 by cells transfected with FL-MOG (vermillion), ED-MOG (light blue line) and by 
lipid-coated beads displaying MOG-1-125 (dark green line). E) Binding of sera (diluted 1:50) of five patients 
with MOG-Abs to MOG-1-125 coated beads. The closed gray graphs represent background-bindings of the 

beads, the black line represents binding to beads displaying MOG-1-125. MFI values for each histogram are 
given. 

ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901  Support (434) 964 4100

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/advance-article/doi/10.1093/brain/aw

ab105/6168128 by guest on 17 M
ay 2021



ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901  Support (434) 964 4100

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/advance-article/doi/10.1093/brain/aw

ab105/6168128 by guest on 17 M
ay 2021



 

Fig. 4: MOG variants used for transient transfection and their recognition by selected patients. The upper 
row shows cartoons of MOG-variants used. Rows 2-5 show dot-plots obtained with serum diluted 1:50 of the 

indicated patients. Patients #14, #5, and #7 represent the majority of the patients, because they show a 
greater recognition of FL-MOG compared to ED-MOG. Patient #22 has an unusual binding behavior, since it 
strongly recognizes ED-MOG. The lowest row shows the reactivity of the MOG-specific control mAb r8-18C5 
(0.5 µg/ml). The two vertical lines in each dot-plot indicate an EGFP intensity of 100-500 (dotted one) that 

is used as threshold for the quantitative analysis in Fig. 5. 
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Fig. 5: Differential detection of MOG variants and quantification. A) Sera from 14 patients with MOG-Abs and 
one negative control (C) were tested for reactivity towards the six MOG-variants. The mAb r8-18C5 (0.5 

µg/ml) was used as a control. For the quantitative evaluation, the cells with EGFP signal between 100-500 
were considered (Fig. 4). Error bars indicate SEM of 2 experiments. B) The reactivity of all the MOG variants 

normalized to FL-MOG (set as 100%) is shown with EGFP gating of 100-500. ED-MOG, MOG-Cyt and 
opossum-MOG were significantly less capable to detect the MOG+ patients when compared to FL-MOG, 

MOG-2TMD and human-opossum-MOG (p<0.0001). The EGFP gating of 100-500 highlights also a difference 
in the reactivity between MOG-2TMD and FL-MOG (p<0.05), but MOG-2TMD is still capable of detecting all 

14 MOG+ patients. 
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Fig. 6: Recognition of FL-MOG and ED-MOG by F(ab’)2 and Fab preparations. A) Preparation of F(ab’)2 and 
Fab. IgGs purified with protein-G columns were digested with pepsin to obtain the F(ab’)2 and with papain 
to yield Fab. Since the Fab preparations obtained after papain digestion still contained undigested IgG, the 

Fab fragments were further purified by size exclusion chromatography (SEC). Elution fractions were 
separated by non-reducing SDS-PAGE and stained with Coomassie. Relevant elution fractions were then 

pooled and analyzed again on an SDS-PAGE gel. Here, #14 is shown as a representative example. B) HeLa 
cells were transfected with EGFP, FL-MOG or ED-MOG. Binding of IgGs from plasma (400 µg/ml), F(ab’)2 

(800 µg/ml) and Fab (800 µg/ml) of the indicated patients was determined with secondary antibodies 
specific for Ig-kappa and Ig-lambda as described in the materials and methods section. The mAb r8-18C5 

(0.1 µg/ml) was used as a control. The anti-MOG reactivities were calculated on transfected cells with EGFP 
signal >500. MFI values are given for each histogram. Representative measurements from two experiments 

with similar results are shown. 
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Fig. 7: Model illustrating how the second hydrophobic domain of MOG enhances recognition of its 
extracellular part by autoantibodies from patients. We show in this paper that MOG-Abs from patients 

require bivalent binding and the second hydrophobic domain for MOG binding. We therefore propose the 
model shown here in which the second hydrophobic domain of MOG facilitates bivalent binding of MOG-Abs. 

The magnified figure shows how the second hydrophobic domain is embedded in the membrane in a 
homotypic manner with both sides of this hydrophobic domain in the cytoplasm. The two prolines (P) in the 

middle induce kinks inside the membrane. Positively charged amino acids arginine (R) and lysine (K) 
adjacent to the hydrophobic domain might interact with the cytosolic interface of the membrane. The 

cysteine (C) at the end of the hydrophobic domain might by palmitoylated. The presence of the second 
hydrophobic domain brings MOG molecules to a distance that allows bivalent binding of autoantibodies. The 

absence of the second hydrophobic domain in the ED-MOG protein leads to the weak and monovalent 
binding of  MOG-Abs. 
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Macrini et al. report that MOG-antibodies require the intracellular part of MOG and bivalent 

binding for MOG-recognition, explaining why a cell-based assay is needed to detect them. 

As bivalently bound antibodies bind only poorly to C1q, complement activation is probably 

not the major pathomechanism of MOG-antibodies. 
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