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SUMMARY

Millions of people worldwide are currently affected by an inflammatory disease
of the central nervous system; among those the most common and known is
multiple sclerosis (MS). The diagnosis of those diseases can be very difficult,

since the different pathologies have overlapping clinical symptoms.

Myelin oligodendrocyte glycoprotein-associated disorders (MOGAD) is an
emerging pathology within this group. MOGAD patients present in their serum
autoantibodies against the MOG protein. The clinical features of patients with
MOGAD include optic neuritis (ON) and transverse myelitis (TM), which are
also typical features of AQP4+ neuromyelitis optica spectrum disorder
(NMOSD), another CNS autoimmune disease.

However, since MOGAD has been categorized only recently as a separate
entity within this group, there is the urgent need to understand more of the
interaction between autoantibodies and their target antigen, in order to
develop a reliable diagnostic test. Furthermore, little is still known about the

pathomechanisms that the MOG antibodies exert in the CNS.

In this thesis, we successfully elaborated that the intracellular part of MOG,
specifically its second hydrophobic domain is essential for the autoantibodies
to bind to its extracellular part. The need of this intracellular domain explains
why the cell-based assay is currently the gold standard for the MOG
antibodies’ detection in human samples. Furthermore, we showed that the
MOG antibodies deriving from patients bind the MOG protein bivalently. Since
monovalent binding is known to activate the complement more efficiently than
bivalent binding, this suggests that a therapeutic approach inhibiting
complement might be less efficient than it was in patients with AQP4-Abs,
where a monovalent binding has been shown. Altogether, the results
compiled in this thesis deepen our knowledge about details of antigen-
recognition of autoantibodies to MOG and have implications for our concepts
of pathogenicity of MOGAD.






AIMS OF THE THESIS

The following points are the main objectives of the thesis:

- Determination of the essential domains of MOG required for the
autoantibodies from patients with MOGAD in order to bind to the external
portion of MOG

- Localization of the C-terminus of MOG

- Determination of monovalent versus bivalent binding of human MOG
antibodies

- Contributed to the definition of the effects of the glycosylation of MOG on
the antibody binding in (Marti Fernandez et al., 2019)

- Contributed to the characterization of the effects of MOG affinity purified
antibodies from MOGAD patients in transfer experiments in rodents in
(Spadaro et al., 2018)






2

INTRODUCTION

2.1 Inflammatory demyelinating diseases of the central

nervous system

Inflammatory demyelinating diseases of the central nervous system (CNS)
are a group of heterogeneous diseases characterized by the immune system
attacking components of the CNS. This happens because the cellular
components of the immune system are not capable to distinguish between
self-antigens and external or pathological ones. The cause that can lead to
this dysfunction cannot be attributed to a single and very specific event. The
diagnosis of those diseases that fall into this group can be very difficult, since
the different pathologies can have overlapping clinical symptoms or
overlapping brain magnetic resonance imaging (MRI) and serological
findings. Our work mostly focuses on the action of antibodies autoreactive in
the brain. In the next paragraphs, | am going to briefly describe the type of
pathological mechanisms autoantibodies can exert in the CNS. Furthermore,
| will discuss in details some of the most common inflammatory diseases of
this group, like multiple sclerosis (MS), neuromyelitis optica spectrum
disorders (NMOSD), acute disseminated encephalomyelitis (ADEM) and
MOG-antibody associated disorders (MOGAD).

2.2 General mechanisms of action of autoantibodies in the

brain

Different mechanisms of action of autoantibodies in the brain have been
described. For instance, autoantibodies can bind to antigens present on
neuronal cells like oligodendrocytes or glial cells. While they bind their target
antigen, their Fc portion can activate the complement. Upon the formation of
the membrane attack complex (MAC), cell death can follow. This type of
mechanism of action is called complement-mediated cytotoxicity (CDC).
Another common mechanism is the antibody-dependent cell-mediated
cytotoxicity (ADCC), where cells (NK, macrophages, neutrophils) bind the
antibodies with their FC receptors, and through degranulation or release of
cytotoxic factors manage to Kill the antibody-targeted cells. Without causing
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cell death, the binding of autoantibodies on their target can interfere with
receptor crosstalk or lead to the internalization of the antigen, subsequently
leading to a down or upregulation of cellular pathways (Brimberg et al., 2015).

2.3 Multiple sclerosis
2.3.1 Disease course and clinical symptomatology

Around 2.5 million people are affected by multiple sclerosis (MS). MS is the
most common inflammatory demyelinating disease of the CNS and it is the
main cause of disability in young adults with an age of onset between 20 and
40 years (Koch-Henriksen and Sorensen, 2010; Dendrou et al., 2015). The
main features of this disease are ovoid shaped multifocal lesions
disseminated in the white matter of the optic nerves, brainstem, cerebellum
and in the grey matter (Popescu et al., 2013). Those lesions are characterized
by demyelination, presumably due to the combined attack of the innate and
adaptive immune system (mostly macrophages, microglia, CD4+ and CD8+
T cells, B cells and antibodies) (Sospedra and Martin, 2005; Dendrou et al.,
2015). MS has heterogeneous clinical manifestations and disease courses,
mostly due to the different CNS lesions in space and time (Kearney et al.,
2015). Patients with MS can display weakness, pain, cognitive difficulties,
sensory and visual impairments and motor dysfunction (Compston and Coles,
2008). For the diagnosis of this disease, clinicians need to evaluate the clinical
history of the subject together with MRI scans of the brain to visualize possible
lesions and a lumbar puncture to analyse the presence of oligoclonal bands
(OCBs) in the cerebrospinal fluid (CSF). OCBs are immunoglobulins (lg)
produced intrathecally in the CSF but not in the serum. They are shown by
isoelectric focussing and are present in 95% of MS patients (McDonald et al.,
2001; Rammohan, 2009; Stangel et al., 2013; Thompson et al., 2018).

Clinically isolated syndrome (CIS) can be defined as the first manifestation
that can lead to the development of MS. It is a neurological dysfunction that
can originate from a demyelinating or inflammatory event in the areas of the
optic nerve, the spinal cord or the brainstem (Miller et al., 2012). Before the

re-evaluation of the McDonald criteria in 2017, a CIS patient needed the



occurrence of a second lesion after the first attack to be considered an MS
patient (McDonald et al., 2001). With the new indications, if the MRI shows
the presence of old asymptomatic lesions or symptomatic lesions in another
CNS location, and if the current symptoms last at least 24 hours, the subject
is directly categorized as an MS patient. What is essential in the diagnosis of
MS is that the lesions are always disseminated in time and space (Thompson
et al., 2018). Around 85% of patients are affected by the most common type
of MS, the relapsing-remitting multiple sclerosis (RRMS). A minority of
patients (10%) begins with a primary progessive (PPMS) course of the
disease with no acute attacks, but a steady progression towards disability
(Sospedra and Martin, 2005). The RRMS form, instead, is characterized by
different cycles of acute relapses, followed by partial remission. In some cases
the CNS lesions can occur even without clinical symptoms, however every
lesion paves the way to some degree of physical impairments (Hemmer et al.,
2002; Dendrou et al., 2015). Approximatively 80% of RRMS patients (around
10 to 20 years after the first diagnosis) develop secondary progressive
multiple sclerosis (SPMS). In this phase the acute relapses and connected
inflammatory activity diminuish, the CNS atrophy increases and overall the
course of the disease is more similar to the PPMS. This means that there
must be an underlying pathophysiological mechanism, unrelated to the
inflammatory process typical for RRMS, that leads to the neurological decline
and that the currently available treatments are not capable to stop (Hemmer
et al., 2002; Dendrou et al., 2015; Feinstein et al., 2015).

2.3.2 Genetic and enrivonmental risk factors in MS

The cause of MS is still not known. However, it is believed that the disease
develops in genetically predisposed people and is triggered by environmental
factors (Dendrou et al., 2015). It has been observed that the risk of developing
the disease increases 20 to 50-fold in first degree related people, in contrast
to the overall population (Hollenbach and Oksenberg, 2015). Nonetheless,
MS is not caused by a single gene mutation. In fact, genome wide association
studies (GWAS) unravelled variants of several genes that can contribute to a
higher chance to develop MS. In particular, these studies showed the
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correlation between MS and variants of the human leucocyte antigen (HLA)
class Il gene, which seem to account for 10-60% of the genetic risk of MS
(Hillert and Olerup, 1993). Among those variants, the more significant ones
are the following: HLA-DRB1*1501, HLA-DRB1*0301 and HLA-DRB1*1303.
In contrast to HLA-DRB1*1501, which is linked only to MS, the other two allele
variants are associated also with other autoimmune diseases like rheumatoid
arthritis, psoriasis and Graves  disease (Gough and Simmonds, 2007,
Hemmer et al.,, 2015). Overall, since HLA genes encode for proteins that
process and present antigens to T cells, those HLA variations might affect T
cell activation, by triggering an autoimmune response specifically towards the
CNS (Hemmer et al., 2015). In addition, mutations in several other genes (like
the ones encoding for the a-chain of the IL-2 and IL-7 receptor) have also
been linked to a higher susceptibility of MS (Gregory et al., 2007; Hartmann
et al., 2014). The mutations of these genes could have a broader and more
general effect to the immune system regulation and threshold of its activation
(Dendrou et al., 2015).

As mentioned above, MS in genetically predisposed people is most likely
triggered also by exogenous factors. This was particularly visible in migration
studies. In fact, it is known that MS prevalently affects Caucasians in countries
far from the equator (North America, South Australia and Northern Europe),
and itis rarely seen in Africans and Asians (Noseworthy et al., 2000; Baecher-
Allan et al., 2018). However, when a subject in its adolescent years was
moving from a low risk-country to a high-risk one, it had increased the chances
to develop the disease. The reasons behind the geographical impact could be
due to factors like sunlight exposure and vitamin D levels (van der Mei et al.,
2003; Munger et al., 2004). It seems that high vitamin D levels can have
protective effects towards autoimmune diseases and vitamin D in general has
immunomodulatory properties (Munger et al., 2004). Other exogenous factors
that are connected with triggering MS are the Epstein-Barr virus (EBV) and
smoking. Even though the underlying mechanisms are not fully understood, it
has been shown that smokers and subjects with high levels of antibodies
against EBV nuclear antigen 1 (EBNAL) have a higher risk to develop MS
(Nielsen et al., 2007; Wingerchuk, 2012). Even the effect of hormones on the

immune system has been considered as a possible factor influencing the
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onset of the disease, since MS occurs 2.8 times more often in women than in
men (Greer and McCombe, 2011).

2.3.3 Immunopathogenesis of MS

As previously described, one of the hallmarks of MS are multifocal lesions of
the white and grey matter. The lesions are damaged portions of the myelin
sheath by infiltrated macrophages containing myelin debris, CD4+ T cells,
CD8+ T cells, B cells and plasma cells (Popescu et al., 2013). This means
that all those cells and more in general the dysregulated immune system play
a central role in the pathogenesis of the disease. Histopathological findings
helped classifying MS lesions in four different patterns. In MS type | and type
Il lesions the inflammation is fundamentally driven by T cells and
macrophages. In type Il lesions complement and antibody deposition are also
present. Those two patterns show similarity with autoimmune encephalitis.
MS lesions type Il and 1V, instead, lack complement and antibodies and
display apoptotic oligodendrocytes. Possibly the demyelination in these cases
Is caused by toxins or viruses and does not have an autoimmune origin
(Lucchinetti et al., 2000).

MS is believed to be a CD4+ T cell mediated disease, however there are
arguments in favour and against this statement. What clearly speaks in favour
of this hypothesis is that many of the genes that have been found to increase
the susceptibility to the disease are variants of the HLA class Il molecules.
Those molecules are known to be specific for the antigen presentation to
CD4+ cells (Hohlfeld et al., 2016a). Likewise, the animal model of MS, known
as experimental autoimmune encephalomyelitis (EAE), further supports the
aforementioned hypothesis. EAE can be induced in mice or rats by the
injection of myelin proteins together with adjuvants. The animals subsequently
show MS-like symptoms. It was demonstrated that the effectors in the EAE
model are CD4+ Thl cells producing IFN-y, IL-2 and CD4+ Thl7 cells
producing IL-17, IL-21 and IL-22 (Zamvil and Steinman, 1990; Hohlfeld et al.,
2016a). A further prove came from an alternative strategy that was used to
induce EAE. Adoptive transfer of myelin basic protein (MBP) or MOG specific
CD4+ T cells into naive recipients also was sufficient to trigger EAE (Ben-Nun
9



et al., 1981; Gold et al., 2006). However, against the initial hypothesis, there
are different arguments. Firstly, in the MS lesions CD8+ T cells are more
present than CD4+ T cells. Secondly, CD8+ T cells locally expand at the site
of the lesion, but due to experimental difficulties, it has not been possible to
further investigate the precise function that they might have (Hohlfeld et al.,
2016b). Finally, autoreactive myelin specific CD4+ T cells can also be found
in the blood and the CSF of healthy individuals, meaning that these cells are
not a prerogative of only MS patients (O'Connor et al., 2001; Hemmer et al.,
2002).

B cells have received more and more attention in the pathogenesis of MS.
This increased attention is partially due to the efficacy of anti- CD20
monoclonal antibody specific therapies (rituximab, ocrelizumab), which
deplete the B cell pool without affecting long-lived plasma cells, meaning that
the production of antibodies is intact (Hauser, 2015; Hohlfeld et al., 2016b).
As previously said, one of the hallmarks of MS is the presence of oligoclonal
bands in the CSF of patients. Moreover, clonally expanded B cells are found
in the brain parenchyma, in the CSF and in aggregates in the meninges
(Owens et al., 2003; Serafini et al., 2004; Lovato et al., 2011). Intriguingly,
transcriptome analysis of the B cells in the CSF compared to proteome
analysis of the OCBs, showed an overlap between the two, indicating that
those B cells present in the CSF are the ones producing the oligoclonal
immunoglobulins G (IgGs) (Obermeier et al., 2011).

More than a T cell driven disease only, MS is a disease where T and B cells
interplay and have both a role in the pathogenesis. What has been
hypothesized is that myelin-reactive T cells, which detect myelin components,
are activated by antigen presenting cells (APCs) and once activated, they
disrupt the blood-brain barrier (BBB). Once the BBB is breached, they
damage and inflame the CNS. The breach in the BBB allows also other cells
to penetrate the CNS. Among those are B cells, which can be activated in the
periphery or directly in the CNS compartment. Independently from their
activation location, B cells can act as APCs and recruit further T cells or in the
CNS they can differentiate into plasmablasts and plasma cells, which are able
to secrete antibodies. The antibodies in the CNS could target myelin
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components as well or could activate the complement machinery to further
disrupt the myelin sheath and increase the degree of demyelination (Hemmer
et al., 2002; Sospedra and Martin, 2005). This theory would be backed up by
MS lesions type Il, where complement and antibody deposition can be found,
or by animal experiments that show that antigen presentation by B cells
augments inflammation through further T cell activation (Parker Harp et al.,
2015).

2.4 Neuromyelitis optica spectrum disorders
2.4.1 Clinical manifestations

NMOSD differs from MS. Patients with NMOSD have an average age of
disease onset at 39 years. The disease is more prevalent in women that in
men (8:1), and it seems to have a higher incidence in the Asian and Black
population compared to the Caucasian one (Wingerchuk et al., 2007a; Jarius
and Wildemann, 2010; Pandit et al., 2015). Initially it was mistaken as a
severe manifestation of MS; however, the absence of OCBs, the
characteristic lesion pattern observed by MRI scans and the course of the
disease were the initial proofs that NMOSD is a different disease than MS.
The main clinical features of NMOSD are ON and longitudinally extensive
myelitis (at T2 level, extending sometimes over more than three vertebral
segments). Patients, even if rarely, can also show brainstem encephalitis or
diencephalic syndrome (Jarius et al., 2014; Weinshenker and Wingerchuk,
2017; Mader et al., 2020). NMOSD usually does not have a monophasic
course, it is actually characterised by several attacks, which in contrary to MS,
tend to be more persistent and long lasting. Furthermore, there is no complete
recovery from the attacks, leading to the accumulation of deficits, which can
ultimately result in blindness and paralysis. However, NMOSD is unlikely to
transition into a secondary progressive clinical course like MS (Wingerchuk et
al., 2007b; Kleiter et al., 2016; Pandit and Mustafa, 2017).

The discovery of a very specific biomarker in the serum of patients with
NMOSD led to a better definition of the disease. In fact, in around 80% of the
people with NMOSD, serum autoantibodies are present against the protein
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aquaporin-4 (AQP4), which is highly present in the spinal cord and the optic
nerve (Lennon et al., 2004; Lennon et al., 2005; Mader et al., 2010; Waters et
al., 2012; Weber et al., 2018). Currently, AQP4-antibodies are included as
markers for diagnosing NMOSD (with 99% specificity). AQP4 antibodies
therefore help with the decision regarding the therapeutic intervention
(Wingerchuk et al., 2006).

2.4.2 Anti-AQP4 antibodies and their role in the immunopathogenesis

Aquaporins are a family of water channel proteins localized in the cell
membrane (Carbrey and Agre, 2009). AQP4 is one of the members of this
family and it is known for its high water permeability (Yang and Verkman,
1997). This particular protein is mostly expressed in the CNS, however, it can
also be found in the kidneys, skeletal muscles and the epithelium of the
airways (Frigeri et al., 1995a; Frigeri et al., 1995b). At the CNS level, AQP4 is
the most abundant water channel and is concentrated at astrocyte end-feet,
which are in proximity to the endothelium of the vessels that form the BBB or
it also localized in the ependymal cells of the ventricles in contact with the
CSF (Nielsen et al., 1997; Rash et al., 1998). AQP4 is present in two isoforms,
one starting from methionine-1, called M1 AQP4 and the other one is shorter
starting at methionine-23, named M23 AQP4 (Lu et al., 1996). Both isoforms
form tetramers and each monomer is composed of eight helical domains: six
of them are membrane spanning, and the leftover two are just short segments
adjacent to a narrow agueous pore (Ho et al., 2009). M1 and M23 AQP4 can
form heterodimers, which can further aggregate on the cell membrane and
form substructures called orthogonal arrays of particles (OAPS). It has been
shown that M23 AQP4 tends to assemble in bigger OAPs than M1 AQP4
(Landis and Reese, 1974; Yang et al., 1996; Wolburg et al., 2011). The ratio
between M23 and M1 AQP4 plays a role in the size and the shape of the
OAPs. M23 usually is in the core of the 3D structure and M1 is more at the
borders, where it is basically limiting the size (Furman et al., 2003; Crane et
al., 2011; Rossi et al., 2012).

In general, AQP4 facilitates water movement between brain and blood and
between CSF and brain. Knockout mice showed that a lack of AQP4 in models
12



for brain tumour would increase brain edema (Papadopoulos et al., 2004). In
case of hydrocephalus, the absence of this protein would increase the size of
the ventricles (Bloch et al., 2006; Verkman et al., 2006). Also astrocytes can
be affected by the absence of AQP4, leading to general inflammation and to
problems of neuroexcitation (Binder et al., 2006; Verkman et al., 2006; Li et
al., 2011).

As mentioned in the previous paragraph, around 80% of people with NMOSD
have antibodies against AQP4 in their serum. Histopathological analysis of
the brain lesions showed IgGs and massive perivascular complement
deposition, with partial myelin preservation but severe astrocyte disruption. In
fact, NMOSD is usually referred to as an immune astrocytopathy indicated by
glial fibrillary acidic protein (GFAP) loss (Lucchinetti et al., 2014). In vitro
studies tried to explain the mechanisms behind the damage of astrocytes
mediated by AQP4 1gGs. When the autoantibodies bind AQP4, they cause
complement activation leading to CDC or they activate other immune cells
(effector cells), like natural killer (NK) cells and granulocytes which cause
ADCC (Hinson et al., 2009; Ratelade et al., 2013). Studies on the binding of
the antibodies to their target antigen showed that in the case of CDC, AQP4
IgGs monovalently bind with high affinity to the OAPs, leading to an organized
clustering of the antibodies that favours complement activation (Soltys et al.,
2019).

Based on histopathological stainings of human lesions, it is believed that
AQP4 antibodies that bind to their target antigen on astrocytic end-feet,
leading to complement activation and subsequent astrocytic damage. The
damage of these cells calls for the recruitment of other inflammatory cells like
granulocytes (neutrophils and eosinophils) or macrophages. This leads to
degranulation or cytokines release, which further damages the BBB and
secondarily oligodendrocytes, leading to demyelination. In vivo studies tried
to elucidate the details of all the passages that culminate in the lesion
formation. Several groups showed in rodents that peripheral administration of
patients’ AQP4 antibodies in combination with injection of myelin-reactive T
cells or with pre-treatment of Freund’ adjuvant (both compromise the integrity
of the BBB) lead to the creation of CNS lesions with activated complement
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deposition and myelin loss. Thus, this indicates the pathogenicity of AQP4
autoantibodies (Bennett et al., 2009; Bradl et al., 2009; Saadoun et al., 2010).
However, from these studies it is hard to understand if the AQP4
autoantibodies alone, without the co-injection of human complement or
without the prior breaching of the BBB by myelin-reactive T cells, could be
able to breach the BBB and start the inflammatory response needed for the
antibody pathogenicity. Nevertheless, some research would actually indicate
that AQP4 antibodies do not need the help of T cells to cause lesions. In fact,
in a recent study from Hillebrand and colleagues, the constant application of
high affinity AQP4 IgGs over an extended period of time was sufficient to allow
the antibodies to enter the CNS via circumventricular organs and meningeal
or parenchymal blood vessels and to create lesions different from each other
depending on the antibodies site of entry. However, this antibody was a
monoclonal antibody and did derive from NMOSD patients. The group also
showed that the co-presence of encephalitogenic T cells induces the
formation of lesions in a more efficient way (Hillebrand et al., 2019). Most of
the studies we referred so far indicated the central role of complement and so
of CDC, since complement deposition was always visible in correspondence
to the affected sites. Furthermore, clinical trials using eculizumab, a
monoclonal antibody capable of blocking the complement machinery, showed
promising results, since it managed to decrease the risk of relapses in patients
with  NMOSD (Pittock et al., 2019). Nevertheless, thanks to in vivo
investigations, also the importance of ADCC in the pathogenesis of NMOSD
became clear. In particular, in NMOSD lesions NK cells are not usually
present, instead macrophages, neutrophils and eosinophils are quite
abundant (Saadoun et al., 2012a). In fact, the inhibition of neutrophils and
eosinophils reduced the lesion size and severity in mice brains injected with
AQP4 antibodies (Saadoun et al., 2012b; Zhang and Verkman, 2013)

2.5 Acute disseminated encephalomyelitis
2.5.1 Disease features

ADEM is a demyelinating disease that mostly affects children at an age

between 5 and 8 years old (Menge et al., 2005). ADEM has usually a
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monophasic disease course with 57-89% of patients reaching a full recovery
and no recurrence, however around 5-25% of ADEM cases are considered
recurring cases (Marchioni et al., 2005; Tenembaum et al., 2007). If the
disease has a recurring course, it is harder to diagnose and to differentiate
from MS. The development of ADEM has been associated with infections. It
has been shown that in around 75% of the cases, the first neurological
symptoms were usually anticipated by an infection or fever (Murthy et al.,
2002; Menge et al., 2007a), meaning that molecular mimicry could be the
possible underlying mechanism that leads to the occurrence of ADEM. The
main pathological features of this disease are acute multifocal bilateral lesions
in the white matter, but also the deep grey matter can be affected especially
in the cortex and the basal ganglia. Histopathological findings showed
infiltration of lymphocytes and monocytes in the lesion area (Mikaeloff et al.,
2004; Krupp et al., 2007; Tenembaum et al., 2007; Baumann et al., 2015).
The subsequent neurological manifestations are ataxia, hemiparesis, vision
impairment, lethargy, seizures and coma (Murthy et al., 2002; Tenembaum et
al., 2002; Anlar et al., 2003; Tenembaum et al., 2007). Intriguingly, serum
investigations showed that serum anti-MOG antibodies can be found in
around 40 to 58% of ADEM patients (O'Connor et al., 2007; Brilot et al., 2009).
The MOG IgGs disappear rapidly in these patients (Probstel et al., 2011). In
general, MOG antibodies can be considered a reliable prognostic marker to

assess the chances for a relapse (Lopez-Chiriboga et al., 2018).

2.6 MOG-antibody associated disorders
2.6.1 MOG protein: structure and glycosylation

MOG is a minor protein component of the myelin sheath (around 0.05%). It is
localised on the outermost layer of myelin and on the processes of
oligodendrocytes (Brunner et al., 1989) (see Figure 1). In contrary to other
myelin proteins such as MBP and myelin proteolipid protein (PLP), MOG has
been found exclusively in the CNS of mammals (Dyer and Matthieu, 1994;
Johns and Bernard, 1999). The MOG protein has a molecular weight of 26-28
kDa and is composed of 218 amino acids (plus 29 of the signal peptide); the
amino acidic sequence is highly conserved among species (Linington et al.,
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1988; Delarasse et al., 2006). The human gene encoding for MOG is located
on the chromosome 6 within the HLA locus. The same counts for the mouse
MOG, which is located on chromosome 17, within the gene locus of the major
histocompatibility complex (MHC) (Pham-Dinh et al., 1993).

MOG belongs to the Ig superfamily. X-ray crystallography showed that the
extracellular domain at the N-terminus is characterized by an Ig-V fold
consisting of two antiparallel beta-sheets (Breithaupt et al., 2003; Clements et
al., 2003). The extracellular domain is then followed by a transmembrane
domain (until amino acid (aa) 150) that transverses the whole membrane, a
cytosolic portion followed by a hydrophobic one (from aa 182 to 202) that dips
into the membrane without spanning the whole double layer, ending with its
C-terminus intracellularly (Pham-Dinh et al., 1993; Kroepfl et al., 1996) (refer
to Figure 1). In humans, 15 different spliced variants of MOG have been
detected. They are divided in a and B isoforms depending from which exon
the amino acids of the C-terminus are coming from. Furthermore, the C-
terminus and the presence or absence of some of the domains are
determining the localization of the different isoforms and their occurrence at
different stages of brain development. For example, MOG isoforms have been
found on the cell surface (a/B-1), in the endoplasmic reticulum or in
endosomes. In contrast, isoforms missing the first transmembrane domain are

secreted (a/B-4 isoform) (Delarasse et al., 2006; Boyle et al., 2007).

There are several monoclonal antibodies against MOG, however, the most
famous is the mouse 8-18C5 (IgG1 isotype), raised against rat cerebellar
glycoproteins. Its fame comes from the fact that Linnington and colleagues
showed that this specific antibody helped in the determination of a novel
antigen, which then corresponded with MOG (Linnington et al., 1984). Apart
from defining the 3D structure of the external domain of MOG, an X-ray
crystallography study from Breithaupt and colleagues also clarified which
parts of the protein are needed for the binding of the 8-18C5, as illustrated in
Figure 1. The FG loop (aa 101-108) was identified as essential epitope for the
interaction with the 8-18C5. Furthermore, it is a conserved epitope since also
other monoclonal antibodies against MOG bound to the same region

(Breithaupt et al., 2003). In another paper from Breithaupt and colleagues, it
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was shown that within the FG loop, the aa histidine 103 and serine 104 are,
which protrude from this loop, are essential for the 8-18C5 binding (Breithaupt
et al., 2008).

Insights on which amino acids of the extracellular part of MOG structures are
important for the binding of human MOG antibodies came from the study of
Mayer and colleagues (Mayer et al., 2013). In this case, by using single point
mutations, seven distinct binding patterns were discovered for MOG
autoantibodies from patients with different demyelinating diseases. In
particular, the CC’-loop (aa 41-46) and FG loop were the most frequently
detected ones. In particular, many of the patients’ antibodies showed that
proline 42 is essential for their binding. This also explained why many of the
human MOG antibodies were not detected by rodent MOG, since rodent MOG
shows a serine at aa 42 instead of a proline. This was further confirmed by
mutating the Pro42 with a serine (Mayer et al., 2013). Lastly, also a large study
from Austral-Asia indicated the pivotal role of proline 42 for recognition by
patient antibodies to MOG (Tea et al., 2019).

MOG has also one N-glycosylation site at asparagine 31, which is located in
the loop (BC) connecting the two antiparallel B-sheets (Breithaupt et al., 2003)
(Figure 1). A detailed analysis of the impact of the glycosylation of MOG on
recognition by MOG Abs is part of this thesis (see paragraph 3.2).

The function of the MOG protein is still not known. Knockout mice developed
without any clear abnormality in the myelin or any histological difference
compared to wild-type mice (Delarasse et al., 2003). Nevertheless, over the
years, different studies that tried to elucidate the role of MOG have been
conducted. It is believed that MOG could act as an adhesion molecule that
compacts the myelin layers, or as cellular receptor or as regulator of
microtubule stability (Johns and Bernard, 1999; Clements et al., 2003; Marta
et al., 2005). Other functions have been postulated. For example, MOG could
have a role in the axonal growth and survival since it is capable to interact and
sequester the nerve growth factor (NGF) (von Budingen et al., 2015). Purified
MOG binds to the complement component Clg, meaning that it can be
involved in the regulation of the classical complement pathway (Johns and
Bernard, 1997). Another study illustrated that the presence of MOG on cells
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could act as a receptor that allows the entry of rubella virus (Cong et al., 2011).
Finally, if MOG shows fucosylated N-glycans at Asn31, then it happens to be
a ligand for a c-type lectin receptor (DC-SIGN), which is expressed on
dendritic cells and macrophages. Intriguingly, if MOG gets de-fucosylated, the
interaction of MOG with DC-SIGN is interrupted, leading to inflammasome
activation and inflammation guided by T-cells. Thus, this shows that MOG has

potent regulatory function (Garcia-Vallejo et al., 2014).

Oligodendrocyte

membrane
cytoplasm

Myelin
sheath

Axon

Figure 1: Schematic illustration of MOG localization and structure. 1) MOG localizes in the
outermost layer of the myelin sheaths, which is wrapped around the neurons. 2) At the
N-terminus MOG has an extracellular domain, which is characterized by an Ig-V fold.
This is followed by a transmembrane domain, a cytosolic one and then by a hydrophobic
domain that does not span the whole membrane layer. The C-terminus is localized
intracellularly. 3) The extracellular domain has been studied with X-ray crystallography
(Breithaupt et al., 2003). This method showed that the external portion is an Ig-V fold
consisting of two antiparallel B-sheets. The FG loop, and especially the aa His103 and
Serl04 are essentials for the binding of the monoclonal antibody against MOG (8-
18C5). The Pro42 has been also indicated important for the binding of human antibodies
(Mayer et al., 2013; Tea et al., 2019). This figure was created using Servier Medical Art
templates, which are licensed under a Creative Commons Attribution 3.0 Unported
License.3) Was adapted from (Mayer et al., 2013).
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Even if the main biological role of MOG is still not fully understood, what is
sure is that MOG has a primary role as immunogen. It can exert a
demyelinating immune response in several animal models, where
autoantibodies against MOG are involved. This, together with the accessible
position of the protein for antibodies on the myelin, brought many research
groups to investigate the possible pathogenic role of MOG-antibodies in
demyelinating diseases of the CNS (Iglesias et al., 2001; Peschl et al., 2017b;
Spadaro et al.,, 2018). For further details on the pathogenicity refer to
paragraph 2.6.4.

2.6.2 Detection methods of MOG-antibodies

The improvement of detection methods for MOG antibodies led to the

definition of a new inflammatory CNS disease: MOGAD.

In 1968 for the first time, antibodies against MOG with demyelinating potential
were identified in guinea pigs (Seil et al., 1968; Lebar et al., 1976; Lebar et
al., 1979; Lebar et al., 1989). With the production of a monoclonal antibody
specific to MOG (mAb 8-18C5), it was possible to confirm that MOG
antibodies were capable to induce demyelination in immunized rats with MBP
(Lassmann et al., 1988; Linington et al., 1988). Several following studies
illustrated the pathogenicity of MOG antibodies in vitro and in vivo in different
species (Amor et al., 1994; von Budingen et al., 2004; Mader et al., 2011; Dale
et al., 2014). A more detailed discussion on the pathogenicity of MOG

antibodies will follow in paragraph 2.6.4.

The clinical relevance of MOG-antibodies and subsequent disease definition
became clear only with the improvement of the detection techniques. At the
beginning, MOG antibodies have been associated with MS as prognostic
markers (Reindl et al., 1999), but this could not be confirmed (Kuhle et al.,
2007). The reasons behind this tight association were related to the fact that
the MOG IgGs were detected in patient samples via Western-blot or enzyme-
linked immunosorbent assay (ELISA), and because MOG is used as
immunogen in EAE (Mayer and Meinl, 2012; Jurynczyk et al., 2017Db).
Summing up data coming from 16 studies conducted with immunoblotting

and/or ELISA showed that around 20% of the MS patients presented with
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MOG-antibodies (Karni et al., 1999; Reindl et al., 1999; Berger et al., 2003;
Mantegazza et al., 2004; Menge et al., 2007b; Wang et al., 2008; Reindl and
Waters, 2019). However, those studies have been considered as non-reliable
because of the lack of consistency among each other and because the assays
were detecting MOG antibodies even in the serum of healthy controls (~ 10%).
Both assays are now considered unreliable for testing MOG antibodies, since
they require the use of MOG peptides, or of a linear or a refolded protein,
which then leads to detect antibodies not directed against native MOG-
epitopes (Mayer and Meinl, 2012; Reindl and Waters, 2019). The turning point
on the clinical relevance for MOG autoantibodies came only with the emerging
of new methodologies utilizing correctly folded MOG. Firstly, K. O’Connor and
colleagues utilized a soluble MOG-tetramer as a substrate in a
radioimmunoassay (RIA) (with an in vitro translated and presumably correctly
folded MOG), and showed that MOG antibodies were more frequent in cohorts
of individuals affected by ADEM (19%), and only in 2% of people affected by
MS (O'Connor et al., 2007). Then, cell based assays (CBA) (already used for
example to detect AQP4 antibodies in possible NMOSD cases) helped to
define and clearly indicate which patients with MOG-Abs (Brilot et al., 2009;
McLaughlin et al., 2009; Probstel et al., 2011). In CBA, cells which display the
a-1 MOG isoform on the surface are incubated with serum from patients. The
antibodies that are bound to the MOG are subsequently detected with anti-
human specific antibodies. The specificity was reported to be increased when
anti-human IgG1 was used (Waters et al., 2015). The binding is detected via
flow cytometry or via microscopic evaluation of fluorescent signal (Waters et
al., 2015; Spadaro and Meinl, 2016). The first studies conducted with CBA
gave inconclusive results. They showed that adult MS cases and healthy
controls presented low MOG antibody titres (Haase et al., 2001; Lalive et al.,
2006; Zhou et al., 2006). Improvements of the CBA assay and inclusion of
highly positive samples from children with acquired demyelinating diseases
brought more clear results, showing that MOG-antibodies are rarely detected
in adult MS patients and they are mostly related to non-MS demyelinating
diseases (McLaughlin et al., 2009; Spadaro et al., 2015; Waters et al., 2015;
Spadaro et al., 2016; Peschl et al., 2017a). In detall, in 25 studies conducted

with immunofluorescence based CBA, it has been shown that only 1.5% of
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patients with MS have MOG-antibodies, most of these were paediatric cases
(Peschl et al., 2017a; Reindl and Waters, 2019). Furthermore, across 24
studies it was shown that MOG-antibodies are rarely found in AQP4+ NMOSD
(0.5%) (Mader et al., 2011; Woodhall et al., 2013; Kitley et al., 2014; Sato et
al., 2014; Reindl and Waters, 2019), but in 42% of the NMOSD patients AQP4
seronegative present MOG Ig (Hamid et al., 2017). Therefore, the availability
of a reliable and specific test helped to correlate MOG-antibodies not anymore
to MS but to non-MS acquired demyelinating diseases like ADEM, AQP4-
NMOSD, ON and myelitis, and to then highlight a common clinical phenotype
essential to define MOGAD (Jurynczyk et al., 2019; Wynford-Thomas et al.,
2019).

2.6.3 A new distinct group among CNS demyelinating diseases

Individuals are diagnosed with MOGAD when they present antibodies against
MOG in their serum (Jurynczyk et al., 2017b; Wynford-Thomas et al., 2019).
MOGAD onset is usually around the beginning of the thirties to mid-thirties
with also a slightly higher occurrence in women (2-3:1), but MOG antibodies
can also be very common in children diagnosed with ADEM as mentioned in
paragraph 2.5.1 (Brilot et al., 2009; Probstel et al., 2011; Di Pauli and Berger,
2018; Waters et al., 2019). The course of the disease can be monophasic
(especially in ADEM cases) or characterized by relapses; if the MOG
antibodies persist in the serum, there are increased chances of relapses. (Di
Pauli and Berger, 2018; Weber et al., 2018; Reindl and Waters, 2019; Waters
et al., 2019; Wynford-Thomas et al., 2019; Mader et al., 2020). The most
common clinical features are ON (54-61%) with or without myelitis, ADEM,
cortical encephalitis and N-Methyl-D-aspartate receptor (NMDAR)
encephalitis (Reindl and Waters, 2019; Mader et al.,, 2020). The CSF of
patients affected by MOGAD is usually negative for oligoclonal bands, and
there are no evidences of intrathecal production of MOG-lg (Weber et al.,
2018; Wynford-Thomas et al., 2019; Mader et al., 2020).

Before the definition of MOGAD as a new inflammatory demyelinating disease

of the CNS, many of the patients affected by it were diagnosed as MS or as

NMOSD. However, the serological and MRI findings further helped to classify
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the disease. MRI brain images showed that the lesions present in patients
with MOGAD were particularly different to the ones found in typical MS, but
difficult to distinguish from AQP4 IgG+ NMOSD (Jurynczyk et al., 2017a;
Reindl and Waters, 2019; Salama et al., 2020). Radially expanding confluent
slowly expanding smouldering lesions in the white matter characterize brains
affected by MS (Hoftberger et al., 2020). In MOGAD, brain scans show few
(three or even less) fluffy lesions mostly in the thalamic or pons areas. As in
AQP4 1gG+ NMOSD, T2 lesions in the spine can be found also in MOGAD.
However, in this case they are usually shorter and confined to the grey matter
(Weber et al., 2018; Wynford-Thomas et al., 2019; Mader et al., 2020). As
previously mentioned, ON is one of the hallmarks of MOGAD. From MRI
images it has been possible to ascertain that in 35-41% of MOGAD cases
both optic nerves are affected, especially in the retrobulbar region (in contrast
to AQP4 IlgG+ NMOSD, where the ON is originating intracranially) (Weber et
al., 2018).

The MRI findings of AQP4 IgG+ NMOSD and MOGAD look very similar,
however the histopathology of these two disorders show clear differences and
further distance MOGAD from MS. For instance, it has been demonstrated
that AQP4 antibodies target preferentially astrocytes, making AQP4 IgG+
NMOSD an astrocytopathy, caused by antibodies and C9neo complement
complex deposition. Infiltrating neutrophils and eosinophilic granulocytes,
together with elevated concentration of GFAP in the CSF are also
characteristic features of NMOSD (Misu et al., 2013; Mader et al., 2020).
Whereas, in MOGAD, astrocytes are shown to be intact, likewise also axons
and oligodendrocytes are preserved. One typical feature of MOGAD cases is
primary demyelination (similar to MS type Il pattern). In particular, two main
patterns were identified. In one pattern, the demyelination happens in the
proximity of vascular vessels. The other instead is a fusion pattern present
mostly in the cortical-medullary junctions and in the white matter. Especially
in the white matter, the demyelination can extend to a point, which leads to
the formation of demyelinating plagues (Hoftberger et al., 2020; Takai et al.,
2020). Demyelination sites are also characterised by the presence of
infiltrates, mainly consisting of macrophages, B cells and T cells

(predominantly CD4+). Complement deposition (C9neo complex) can also be
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observed in these demyelinated areas, however, less abundant than in
AQP4+ NMOSD (Spadaro et al., 2015; Wang et al., 2016; Takai et al., 2020).

2.6.4 Pathogenicity of MOG-antibodies

Several in vitro and in vivo studies tried to define the effector mechanism of
anti-MOG antibodies.

In vitro studies

In vitro studies suggested for example that MOG antibodies can activate
complement, since they are mainly IgG1 isotypes (Waters et al., 2015),
meaning that their Fc region is capable to bind C1q and activate the cascade
(Johns and Bernard, 1997; McLaughlin et al., 2009). The activation of the
complement cascade by MOG antibodies leads to the lysis of cells expressing
MOG. In particular, only high titre autoantibodies were able to activate the
cascade, whereas low titres or MOG- antibodies were incapable to initiate it
and therefore to exert complement-mediated toxicity (Mader et al., 2011).
Peschl and colleagues came to similar conclusions. They purified the
antibodies from MOG+ patients, and only one of them, with high titre and
highly reactive, was capable to induce complement-mediated myelin loss in
organotypic murine brain slices (Peschl et al., 2017b).

In another study, it has been shown that MOG antibodies were capable to
perform ADCC (Brilot et al., 2009). Furthermore, MOG IgGs derived from
patients were able to modify and disrupt the cytoskeleton of oligodendrocytes,
without leading to cell death (Dale et al., 2014). It has been demonstrated that
this happens independently from complement activation, but subsequently to
the binding of the autoantibodies to MOG. The MOG molecules repartition into
detergent insoluble fractions of the membrane. The repartition leads to the
phosphorylation and subsequent activation of proteins involved in cell stress
response (EF-2, HSP74) and to dephosphorylation of protein involved in
cytoskeleton stability (B-tubulin, annexin vi) (Kim and Pfeiffer, 1999; Marta et
al., 2003; Marta et al., 2005; Dale et al., 2014; von Budingen et al., 2015).

Furthermore, MOG antibodies have been described to be able to mediate
APC recognition of MOG through Fc binding, even in absence of the protein
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itself. The APCs internalized and processed MOG, to subsequently present it
to T cells, which then were activated and became encephalitogenic (Kinzel et
al., 2016).

In vivo studies

The in vivo studies conducted until now showed that MOG antibodies are not
strongly pathogenic on their own, but they retain a second hit effect, where
they induce worsening conditions in the presence of an ongoing inflammation

process.

In 1988, the anti-MOG mAb 8-18C5 was injected in rat EAE models,
deteriorated the clinical conditions of the animals, and increased the length of
the disease. The effects here described, were not visible when 8-18C5 was
injected in perfectly healthy or control immunized animals (Linington et al.,
1988).

Instead, the peripheral injection of concentrated human MOG antibodies into
Lewis rats suffering from T cell induced EAE failed to show strong
pathogenicity, but just caused demyelination and minor axonal loss (Zhou et
al., 2006). Also in another study where human MOG IgGs, deriving from NMO
patients, were intrathecally injected into EAE mice, the main consequence
was myelin loss with very little complement deposition (Saadoun et al., 2014).
In another case, intrathecal injection of human MOG antibodies accelerated
the onset of EAE in mice (Flach et al., 2016). However, in all those
experiments listed above, a total IgG preparation was used for the injections,
which may contain other autoantibodies in addition to MOG-Abs. Therefore,
conducting a transfer experiment with MOG affinity purified antibodies could
lead to a better understanding of their pathogenic mechanism. In the paper
from (Spadaro et al., 2018) present in paragraph 3.3, we detailed described
how MOG affinity purified antibodies exert pathogenicity in combination with
encephalitogenic T cells, and which epitopes are recognized by those

pathogenic antibodies.
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3 RESULTS

3.1 Publication 1.1: Macrini et al. (2021), (accepted on
08.01.2021)

The portions of text highlighted in yellow indicate the modifications applied

based on the referees’ comments during the peer-review process.
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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 insufticient 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 Forster 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
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 Clq, 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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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 = Forster resonance energy transfer

IgG = immunoglobulin G

mADb = 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
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.,
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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; Probstel
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 ef 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-
18CS5 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
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
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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 Forster 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.

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
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native C-terminus of this construct was substituted with a SGSGGGSGGGSGS linker. The
numbering of these constructs is according to (Breithaupt ez 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 pPEGFP-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)

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
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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
control mAb against Borrelia (HK-3) (Suppl. Fig. 1), both having a human IgG1-Fc part (Bréindle
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
(Probstel 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
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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 (Si0,-R-6.0) of 6.16 um 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 pl
of PBS (Gibco, Thermo Scientific, Waltham, MA, United States), 100 pl 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).
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 MFTI of the fluorescent beads not bound by biotinylated-MOG-1-125
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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 pl of
FACS buffer, then 100 pl 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). HelLa 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
Fluor 647-conjugated streptavidin was added (1:2000). Dead cells were excluded from the
experiment with Propidium lodide 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).
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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.

2.11. Forster 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 .
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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
antibody together with an Alexa Fluor 647 mouse anti-human Ig light chain A antibody, both 1:100
diluted (BioLegend, San Diego, CA, United States). The fluorescent signal was further amplified
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 (Briandle 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
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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.

2.15. Data availability

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

request.

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

Page 12 of 49



Page 13 of 49

Brain

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 B-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 ef al., 2018; Marti Fernandez ef 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
around amino acid 103 (Breithaupt et al., 2003) (Fig. 2A). Both antibodies were tested on HelLa
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 (Probstel et al., 2011) were used (Fig. 2B-I).
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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 pm 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
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
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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. SA 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).

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
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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-ADbs 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
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
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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
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
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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 ef 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 18-18C5 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.

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
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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 ef 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 a-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 y-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
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
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(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 ef 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
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.
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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).

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
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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 ez 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 AOD 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 AOD
(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 um 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
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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 um. 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 pg/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 pg/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.

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
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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 pg/ml), F(ab’)2 (800 png/ml) and Fab
(800 pg/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
pg/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

in the materials and methods section.
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Anti-MOG reactivity
by site directed ELISA (AOD)

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
For ELISA, MOG-1-125 was bound to MaxiSorp plates and a delta OD
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 AOD (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.

88x141mm (300 x 300 DPI)



Brain
Figure 2
A
rg-1 Bcj
membrane
A\
/N
ab28766
cytoplasm
HelLa cells
A r8-18C5 ab28766
Live Fixed and perm. Live Fixed and perm.
Bl - C . Dl - E EYFP
® 28887 « FL-MOG
o - \ 271 ’ ED-MOG
S \ ; 1380
= 59355 )
: /j ‘ \
c 1)
o el et A P P . e -
¢
= TE671 cells
g r8-18C5 ab28766
) Live Fixed and perm. Live Fixed and perm.
z F| - G H - | empty vector
620 3094 224 205 » FL-MOG

Anti-MOG reactivity

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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Figure 3 A
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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 um 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 um. 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.
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Figure 4
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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 pg/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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Figure 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
pHg/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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Figure 6 A
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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 1gG, 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) HelLa
cells were transfected with EGFP, FL-MOG or ED-MOG. Binding of IgGs from plasma (400 pg/ml), F(ab")2
(800 pg/ml) and Fab (800 pg/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 pg/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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Figure 7
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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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Suppl. Figure 1
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Suppl. Figure 1: Validation of the MOG ELISAs with r8-18C5. MOG-1-125 was bound
to MaxiSorp plates and delta OD was calculated by subtracting the OD of BSA coated MaxiSorp
plates (black thombus). Alternatively, MOG was biotinylated at its C-terminal Avi-tag and bound
to streptavidin plates and delta OD was determined by subtraction of streptavidin coated wells
(grey square). Binding of the MOG-specific r8-18C5 and the control mAb HK3 was compared.
The control mAb HK3 is shown for the Streptavidin plate. The background level of this control

mAb was similar on the MaxiSorp plate (not shown).
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MOG variants

Suppl. Figure 2: Different intensity of expression of MOG-variants after transfection.
HeLa cells were transiently transfected with the indicated MOG-variants, which were all expressed
as a fusion protein with EGFP. After 24h, the intensity of expression of the transfected variants
was assessed by measuring the EGFP signal by FACS. The raw data is shown in the dot-plot in
Figure 4. Here, the percentages of cells with EGFP signals of 100-500 (A) and >1000 (B) are
displayed. Error bars indicate SEM of 4-5 replicates. When the gates are set to EGFP 100-500 (A)
all the constructs have a similar expression. Only FL-MOG is significantly more expressed than
opossum-MOG (p<0.05). B) When the gates are set to include only the highest expressing cells
(EGFP >1000), the different intensities of expression are revealed. The intensity of expression was

calculated using one-way ANOVA Tukey’s multiple comparisons statistical test.
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Suppl. Figure 3

m FL-MOG
MOG-2TMD
Human-Opossum-MOG
m Opossum-MOG
ED-MOG A
MOG-Cyt

EGFP 100-500

103,

¥

102 ’ )
1014 . : L D P R

100+

Anti-MOG reactivit
(MFTI ratio)

10-1 T T T T T T T T T T

& OB DR BA NP e PP O
& Patient ID
EGFP>100

3
10-!

y

1024 2 $ E B : : E s

1071+ . % i .y {_

Anti-MOG reactivit
(MFI ratio)

PR R EEEEY
& Patient ID

Suppl. Figure 3: Individual responses of patients with MOG-Abs to different MOG
variants quantified with two different gate settings. The serum response (diluted 1:50) of the
analyzed patients to cells transfected with the indicated MOG-variants was determined. The anti-
MOG response is given as MFI ratio as described in the materials and methods section and
displayed here in a logarithmic scale. The mAb r8-18C5 and a control sample (C) were run in
parallel. The mean + SEM of two experiments is shown. The horizontal grey dotted lines in A) and
B) represent the cut-off used to determine MOG+ sera to FL-MOG and it is 2.27 (mean + 3SD of
controls). Since the different MOG-variants were expressed in different intensities (details in

Suppl. Figure 2), we used different gating strategies to take this into consideration. In A) cells
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with an EGFP signal of 100-500 were included, in B) cells with an EGFP signal >100. While in
most instances, the graphs in A and B look similarly, these two presentations provide
complementary information in special instances. For example, for patient #22 the response to ED-
MOG appears higher in B), but when considering the gates of 100-500, it becomes clear that this
patient recognizes ED-MOG and FL-MOG similarly (A).
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Suppl. Figure 4
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Suppl. Figure 4: Dose response of r8-18C5 on all the MOG variants. Increasing
concentrations of r8-18C5 (0.01 pg/ml, 0.05pg/ml and 0.5pg/ml) bound similarly to the applied
MOG variants in this study. Cells with EGFP signal 100-500 were used in the analysis.
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Extracellular MOG mutants

Suppl. Figure 5: Differential binding to mutants of the extracellular N-terminal part
of MOG. The indicated MOG-variants were transiently transfected and the recognition by patients’
sera in relation to wild type human MOG (described throughout the paper as FL-MOG) is given.
Recognition of these mutants of patients #5 and #7 were also described in (Spadaro et al., 2018),

and of patient #24 in (Winklmeier et al., 2019). Error bars indicate SEM of 2-3 experiments.
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Suppl. Fig. 6
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Suppl. Figure 6: MOG antibodies affinity-purified with MOG-1-125 compared with
serum, plasma and flow-through. A) Serum (diluted 1:50) and MOG antibodies affinity-purified
with MOG-1-125 (15 pg/ml), of patient #7 were tested for binding to cells transfected with FL-
MOG or ED-MOG. B) Plasma (diluted 1:25), MOG antibodies affinity-purified with MOG-1-125
(15 pg/ml) and flow-through of patient #7 were tested also on cells transfected with extracellular
mutants of MOG. The serum of this patient had a similar reactivity to the plasma towards the

mutants (data not shown).
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Suppl. Figure 7: Recognition of FL-MOG and ED-MOG by F(ab’)2 and Fab of r8-
18CS5. HelLa cells transiently transfected with FL-MOG or ED-MOG were tested for MOG-

recognition with different concentrations of r8-18C5 and its F(ab’)2 or Fab preparations at

EGFP expression

concentrations of 10 pg/ml, 1 pg/ml, 0.1pg/ml, 10 ng/ml and 1 ng/ml.
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Suppl. Figure 8
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Suppl. Figure 8: Forster resonance energy transfer (FRET) shows no dimerization of

MOG variants. A) The FRET+ control (ECFP-EYFP fusion construct in magenta) and the FRET-
control (ECFP co-transfected with EYFP in grey) are shown. They define the FRET+ and FRET-
gatings. B, D) HEK-293T cells were cells co-transfected with ECFP-FL-MOG together with
EYFP-FL-MOG. B) FRET-signal. The cells localized in the FRET- gate, indicating no
dimerization between FL-MOG molecules. C, E) HEK-293T cells were co-transfected with ECFP-
ED-MOG and with EYFP-ED-MOG. C) FRET-signal. The cells localized in the FRET- gating,

indicating that dimerization also does not occur between ED-MOG molecules. D) and E) Dot-plots
show the expression intensity of EYFP-FL-MOG + ECFP-FL-MOG and of EYFP-ED-MOG +
ECFP-ED-MOG.
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Suppl. Figure 9
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Suppl. Figure 9: Comparison of sequences of MOG from human (hMOG), mouse
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The Glycosylation Site of Myelin
Oligodendrocyte Glycoprotein
Affects Autoantibody Recognition in
a Large Proportion of Patients
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Autoantibodies to myelin oligodendrocytes glycoprotein (MOG) are found in a fraction of
patients with inflammatory demyelination and are detected with MOG-transfected cells.
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 aim of this study 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. We compared the reactivity to wild type MOG with that toward two
different mutants in which the neutral asparagine of N31 was mutated to negatively
charged aspartate or to the neutral alanine. We found that around 60% of all patients
(16/27) showed an altered reactivity to one or both of the mutations. We noted seven
different patterns of recognition of the two glycosylation-deficient mutants by different
patients. The introduced negative charge at N31 enhanced recognition in some, but
reduced recognition in other patients. In 7/27 patients the neutral glycosylation-deficient
mutant was recognized stronger. The folding of the extracellular domain of MOG with
the formation of beta-sheets did not depend on its glycosylation as seen by circular
dichroism. We determined the glycan structure of MOG produced in HEK cells by
mass spectrometry. The most abundant glycoforms of MOG expressed in HEK cells are
diantennary, contain a core fucose, an antennary fucose, and are decorated with a2,6
linked Neu5Ac, while details of the glycoforms of MOG in myelin remain to be identified.
Together, we (1) increase the knowledge about heterogeneity of human autoantibodies
to MOG, (2) show that the BC loop affects recognition in about 60% of the patients,
(8) report that all patients recognized the unglycosylated protein backbone, while (4) in
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Marti Fernandez et al.

MOG-Glycosylation Site Affects Ab Recognition

about 20% of the patients the attached sugar reduces autoantibody binding presumably
via steric hindrance. Thus, a neutral glycosylation-deficient mutant of MOG might
enhance the sensitivity to identify MOG-Abs.

Keywords: myelin

INTRODUCTION

Autoantibodies against myelin oligodendrocyte glycoprotein
(MOG) detected in cell-based assays occur in a proportion of
patients with inflammatory CNS diseases. High levels of such
autoantibodies were initially detected in pediatric patients ,
then also in adults, and MOG-Abs are implicated in prognosis
and therapy optimization . MOG-ADs are assumed to be
pathogenic based on in vitro experiments and injection
of total IgG from anti-MOG positive patients into experimental
animals . We have recently reported that affinity-purified
MOG-ADs from two patients who show cross-reactivity to rodent
MOG were pathogenic upon transfer into EAE animals by two
different mechanisms, namely by enhancing T cell activation of
cognate T cells and by inducing MS type II like demyelination
when the blood-brain barrier is breached .

MOG is exposed on the outside of intermodal myelin; the
crystal structure of the extracellular part of mouse and
rat MOG (22) allowed the modeling of human MOG .
The antigen-binding fragment (Fab) of the prototype anti-MOG
mAb 8-18C5 was crystallized together with the extracellular
part of MOG and this revealed that the FG loop (aal0l-
108) of MOG, which constitutes an IgV-like fold, makes the
dominant contribution to binding of this particular mAb @2
A subsequent study showed that the amino acids His103 and
Ser104 are essential for binding of the mAb 8-18C5 and also
for the polyclonal anti-MOG IgG induced upon MOG DNA-
vaccination of BALB/c and SJL/] mice . In contrast to
these rodent models, the anti-MOG Abs in human patients
are more heterogeneous and most of the patients recognize
epitopes that are different from that of the prototype mAb 8-
18C5 dﬂ) Also, the epitopes of MOG-Abs affinity-purified from
two patients were found to be pathogenic upon transfer into
rats and_they differed in their fine-specificity from the mAb
8-18C5 (20).

The aim of this study was to get further insight into details
of antigen recognition of human autoantibodies against MOG.
Specifically, we analyzed here the impact of the glycosylation
site of MOG on antibody binding. In principal, glycosylation
of an antigen can have different, even opposing effects on
antibody binding. For example, recognition of contactin by
autoantibodies from 3/4 patients with chronic inflammatory
demyelinating polyneuropathy depended on specific contactin
N-glycosylation . In contrast, glycosylation of the Env-
protein of the immunodeficiency viruses HIV and SIV at
multiple sites blocks antibody binding and is an immune
evasion strategy of these viruses in infected individuals @

. Now broadly neutralizing Abs to HIV are a therapeutic
perspective, but such Abs have to accommodate and avoid

oligodendrocyte
mass-spectrometry, demyelination

glycoprotein  (MOG), glycosylation, autoantibody recognition,

glycans, while some of them recognize glycan-dependent
epitopes .

MOG has one N-linked glycosylation site, N31 dZI) It was
previously observed that when this asparagine was mutated to
aspartate (N31D), the MOG-recognition of some patients was
altered . It was unclear, however, whether this altered
binding is due to the introduction of the negatively charged
aspartate or due to the abrogation of glycosylation. We addressed
this issue here by generating a neutral glycosylation deficient
mutant of MOG (N31A) and comparatively analyzed the anti-
MOG reactivity in a total of 27 anti-MOG positive patients to
wild type MOG and the different glycosylation-deficient variants
of MOG. Thereby we found that the different mutations of the
glycosylation site affect the antigen recognition in 15/27 patients
and noted seven different patterns of antigen-recognition of
variants of the glycosylation site. We applied mass spectrometry
to determine the glycoforms of MOG in HEK cells, because HEK
cells are the preferred expression system to analyse MOG-Abs in
cell based-assays . Our data extend our knowledge
about the heterogeneity of human autoantibodies to MOG,
indicate that the glycosylation site affects antigen-binding in a
large proportion of patients and that the glycan attached to MOG
is a steric hindrance for antigen recognition in some patients.

MATERIALS AND METHODS

Patients
This study included sera of 27 adult patients with different
inflammatory CNS diseases and antibodies to cell-bound MOG
(Table ). We give the original diagnosis in[Table 1} It is currently
discussed whether patients with MOG-Abs constitute a separate
disease entity. Some of our patients had got the initial diagnosis
of MS, but typical MS patients do not have MOG-Abs @)
Nevertheless, in many studies patients have been described who
met the diagnostic criteria of MS and were MOG-Ab positive
. These may be atypical cases or patients fulfilling
the criteria of MS, but with a specific phenotype , mostly
with a low intensity of anti-MOG reactivity. Informed consent
was obtained from each donor according to the Declaration of
Helsinki and the ethical committee of the medical faculty of the
LMU approved this study.

Molecular Cloning and Transfection

Full-length human MOG was subcloned into the pEGFP-
N1 plasmid (CLONTECH Laboratories, Mountain View, CA,
USA). This construct comprises a C-terminal enhanced GFP
(EGFP)-tag. Using the QuickChange Site-Directed Mutagenesis
Kit (Stratagene, Santa Clara, CA, USA), point mutations were
induced into MOG. The oligonucleotides used were: 5'-CAT
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TABLE 1 | Details of the anti-MOG positive patients.

Patient ID? Diagnosis®

Treatment at the point of
blood drawn

1 LETM None

2 MS Teriflunomide

3 MS/NMOSD Steroids + Teriflunomide
4 ADEM None

5 CIS None

6 Relapsing ON None

7 MS Natalizumab

8 NMOSD Cyclophosphamide
9 ON None

10 RON Rituximab

iRl RON Rituximab

12 ON Azathioprine

13 NMOSD Azathioprine

14 BON Azathioprine

15 Relapsing encephalomyelitis Steroids + Plasmapheresis
16 Relapsing ON None

17 Relapsing encephalomyelitis Azathioprine

18 Relapsing encephalomyelitis Steroids

19 MS Glatiramer acetate
20 NMOSD Azathioprine

21 NMOSD None

22 Relapsing ON Azathioprine

23 NMOSD Glatiramer acetate
24 Monophasic encephalitis None

25 Relapsing ON None

26 Relapsing ON None

27 NMOSD Steroids

2Some patients have been previously described in more detail: Patient 17 in Spadaro et al.
, and patients 15, 16, 22, 23, 25, 26, and 27

; patients 7 and 19 in Spadaro et al.

in Spadaro et al. )

b\We give the original diagnosis; It is curren

Abs constitute a separate disease entity El

10

liscussed whether patients with MOG-
, 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.

ATC TCC TGG GAA GGA CGC TAC AGG CAT GGA GG-

3’ (N31D) ,5'-CAT ATC TCC TGG GAA GGC AGC TAC

AGG CAT GGA GG-3' (N31A), and the corresponding reverse
complementary oligonucleotides. The sequences of the purified
plasmids were confirmed. HeLa cells were transfected transiently
using jetPRIME (Polyplus, Illkirch, France) according to the
instruction of the manufacturer, expressing MOG, N31D, or
N31A fused C-terminally to EGFP. Surface expression of each
of the MOG-constructs was confirmed by FACS-staining using
a recombinant version of the anti-MOG mAbs 8-18C5 with a
human IgGI as Fc part , which we call r8-18C5.

Determination of Reactivity to MOG
Variants in a Cell-Based Assay

For detection of serum antibodies, HeLa cells transiently
transfected with hMOG and its variants were suspended in

FACS buffer (1% FCS in PBS). The cells were incubated
with a 1:50 serum dilution or mAb r8-18C5 (0.5 g/ml) for
45min at 4°C and washed three times in FACS buffer. The
cells were then incubated with a 1:500 dilution of a biotin-
SP conjugated goat anti-human IgG (Jackson ImmunoResearch,
West Grove, PA, USA) for 30 min at 4°C, washed three times,
and incubated with Alexa Fluor 647-conjugated streptavidin
(Jackson ImmunoResearch) at a dilution of 1:2000. Finally,
the cells were washed three times and suspended in a 1:2000
dilution of propidium iodide in PBS. Dead cells were excluded
by positive propidium iodide staining. For the determination
of anti-MOG reactivity, we gated on cells with a fluorescein
isothiocyanate fluorescence (FITC) intensity above 500 and
determined their mean channel fluorescence intensity (MFI) in
the allophycocyanin channel (APC). Cells transfected with the
mutants, wild type MOG, and with EGFP only were always
measured together in the same experiment. To quantify the
reactivity to the MOG variants, MFI ratio was calculated as
(MFI to the MOG variant-EGFP)/(MFI to EGFP). This MFI
ratio reflects properties of the autoantibodies, both amount
and affinity.

Deglycosylation

HeLa cells transfected with MOG-EGFP constructs were lysed
at 4°C for 1h in RIPA buffer (150 mM NaCl, 1% NP-40, 0.5%
sodium deoxycholate, 50 mM Tris pH8, 0.1% SDS) containing
complete protease inhibitor mixture (Roche Applied Science,
Penzberg, Germany). The lysate was then pelleted, and the
supernatant was analyzed. For deglycosylation, the supernatant
was digested with PNGaseF (New England Biolabs, Ipswich,
MA) in Glycoprotein Denaturing Buffer (New England Biolabs),
Glycobuffer 2 (New England Biolabs) and 1% NP40 (New
England Biolabs) at 37°C overnight; Proteins (digested or
undigested) were analyzed by SDS-PAGE. The proteins were
electroblotted onto a PVDF membrane and detected by Western
blot with an anti-GFP-HRP conjugated antibody (Genetex,
Irvine, CA, USA) and developed using the Immobilon Western
kit used (Millipore, Burlington, MA, USA) and the Odyssey Fc
Imaging system (LI-COR, Bad Homburg, Germany).

Production of Recombinant MOG

We produced a recombinant version of the extracellular domain
in HEK293-EBNA cells and
added at the C-terminus instead of the first transmembrane
region a HisTag and an AviTag using the pTT5 vector
HEK293-EBNA cells were transfected, cultured under serum-
free conditions with the FreeStyle293 Expression Medium
(Thermo Fisher Scientific, Waltham, MA, USA). The secreted
ECD of MOG was purified with a His Trap HP column
(GE Healthcare, Uppsala, Sweden). With this expression
system we produced the ECD of the wild type MOG and a
glycosylation-deficient variant (T33N). Folding of the purified
proteins (0.2 mg/ml) was analyzed by circular dichroism
using a Jasco J-810 Spectropolarimeter (JASCO Corporation,
Tokyo, Japan). Data were corrected for the spectrum of the
buffer alone.

(ECD) of human MOG

Frontiers in Tmmunology] | www.fronfiersin.org|

June 2019 | Volume 10 | Article 1189


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Marti Fernandez et al.

MOG-Glycosylation Site Affects Ab Recognition

Preparation of Ethyl Esterified Released

N-Glycans From Recombinant MOG

An SDS-PAGE gel band corresponding to HEK cell derived
MOG (15-20 pg, 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 . Additionally, 5 pg of
HEK derived MOG was denatured and incubated overnight
with PNGaseF in-solution at 37°C (@ @) 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 a2,6-linked N-acetylneuraminic and «2,3 N-
acetylneuraminic acid, respectively . 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 and eluted
in water.

MALDI-TOF(/TOF)-MS(/MS) Analysis of

Released Glycans

MALDI-TOF-MS analysis was performed on an UltrafleXtreme
(Bruker Daltonics) operated under flexControl 3.3 (Build 108;
Bruker Daltonics). Two and 5 iL of the enriched ethyl esterified
glycans were spotted on a MALDI target (MTP AnchorChip
800/384 TF; Bruker Daltonics) together with 1 L 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 /z 1,000 to 5,000, combining 10,000
shots in a random walk pattern at 1,000 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.

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.) . 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

15
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FIGURE 1 | Folding of MOG does not depend on its glycosylation. The
extracellular domains of wild type MOG (black line) and an aglycosylated
variant (T33N; red line) were analyzed by circular dichroism. Both spectra have
a similar shape representing a predominant beta sheet conformation indicated
by the negative band at 213 nm. The differences around 230 and 200 nm are
probably due to the presence of the avi tag in the WT, which was absent in the
mutant. Protein concentration of WT and N31D was 0.1 mg/ml.

wtMOG N31A
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FIGURE 2 | N31A and N31D mutations completely abrogate MOG
glycosylation. Cell lysates of HelLa 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. The bands represent the fusion
protein of MOG and EGFP.

overall glycan abundance were selected, resulting in 28 glycans
that were relatively quantified (as a fraction of the total glycan
signal intensity).

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 post-
hoc test and if the difference between the MFI ratios was >1.
Calculations were performed in R version 3.2.3. The Quade test
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FIGURE 3 | Seven patterns of anti-MOG reactivity in patients to N31A and N31D, but unaltered reactivity of r8-18C5. HelLa cells were transfected with EGFP alone
(closed gray graph), wild type MOG (black line), N31A (blue line), or N31D (red line). Depicted is the reactivity of r8-18C5 and of seven patients, who represent the
different pattern of anti-MOG reactivity [Table 2}. One representative experiment of 4-5 replicates is shown. (A-H) Patterns of anti-MOG reactivity.

was chosen as non-parametric test for paired samples and more
than two groups. This test is recommended for our sample size.
The Friedman test gave almost identical results (data not shown).

RESULTS

Characterization of the Glycosylation

Deficient Mutants

We analyzed whether the confirmation of the ECD of MOG
depends on its glycosylation. To this end, we produced the ECD
of wild type MOG and a mutated variant that lacks glycosylation
reombinantly in HEK cells and analyzed these two proteins by
circular dichroism. This showed a similar formation of beta-
sheets indicating that the confirmation of MOG does not depend
on its glycosylation (Figure T).

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. Under the conditions chosen
for our study, wild type MOG and also both deglycosylated
forms of MOG appeared only as a monomer (Figure 2). PNGaseF
treatment reduced the size of MOG while the sizes of the mutated
variants N31A and N31D were not changed (Figure?2). This
showed that N31A and N31D are not glycosylated and that N31
is the only N-linked glycosylation site used. To see, whether the
introduced mutations induced a gross alteration of MOG, both
mutants were analyzed for recognition by r8-18C5 using our cell-
based assay. We observed a similar expression and binding to

18-15C5 (Figure 3A)

Heterogeneous Response to Two

Glycosylation Deficient MOG Mutants
We tested 27 anti-MOG positive patients (Table 1) with wild-
type MOG and two non-glycosylated variants of MOG, N31A,
and N31D. About 60% of these patients (16/27) reacted to at least
one of the two mutants differently than to the wild type MOG.
The raw data of the reactivity of each patient to each mutant are
given in [Table 2] and FACS data for selected patients are shown
Figure 3

We noted seven different patterns of reactivity toward
the different non-glycosylated variants of MOG (Table2] and
[Figure3). In 11/27 patients we saw no significant difference in
recognition of these MOG mutants (example in [Figure 3B). In
7/27 patients a higher reactivity to both non-glycosylated MOG
variants was observed. A closer look at the reactivity of these
seven patients showed a further diversity. Six of these seven
patients responded to the two mutants similarly (Figure3Q),
while another one had a higher reactivity to N31D than to

N31A (#15) (Figure 3D). In five other patients we noted a higher
reactivity to N31D than to wt MOG, while the reactivity to

N31A was not higher than to wt (Figure 3E). Two patients (#12
and #13) showed an increased recognition of N31D, but had

a reduced reactivity for the N31A (Figure3F). An enhanced
reactivity to N31A, but a reduced one to N31D was observed
in one patient (#21) (Figure 3G). Patient #9 showed a reduced

reactivity to N31A (Figure 3H)). 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

Frontiers in Tmmunology] | www.fronfiersin.org|

June 2019 | Volume 10 | Article 1189


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Marti Fernandez et al.

MOG-Glycosylation Site Affects Ab Recognition

TABLE 2 | 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

WT = N31A = N31D

2 6.0 7.4 5.6

4 29.0 34.2 32.9
6 211.2 164.3 199.9
10 142.4 138.3 168.5
16 187.2 225.0 2111
18 3.7 3.9 4.6

20 5.7 7.7 7.7

23 3.7 3.6 4.4

25 97.5 114.4 117.6
26 132.5 103.9 133.7
27 77.5 86.7 121.2
WT < N31A = N31D

1 9.1 16.8 18.9
7 2.6 6.0 5.3

8 44.3 70.5 90.1

11 93.2 124.7 117.4
17 27.9 89.9 56.5
19 5.9 7.5 8.2

WT < N31A < N31D

15 9.8 13.9 47.4
WT = N31A < N31D

3 28.5 28.0 36.6
5 80.6 77.0 108.3
14 28.9 30.6 40.7
22 45.8 42.0 102.8
24 14.5 14.4 18.9
N31A < WT < N31D

12 38.8 31.4 701

13 94.2 65.7 102.1
WT < N31D < N31A

21 16.1 45.5 7.7

WT = N31D > N31A

9 26.1 20.9 27.5

0.506 0.506 1.000
0.506 0.506 1.000
0.297 1.000 0.297
0.574 0.083 0.188
0.622 0.203 0.399
0.390 0.060 0.214
0.049 0.058 0.910
0.064 0.039 0.003
0.058 0.049 0.910
0.161 0.781 0.108
0.897 0.227 0.190
0.022 0.008 0.500
0.002 0.034 0.034
0.047 0.017 0.473
0.008 0.022 0.500
0.002 0.025 0.112
0.024 0.005 0.337
0.034 0.002 0.034
0.325 0.022 0.005
0.894 0.013 0.017
0.500 0.008 0.022
0.112 0.025 0.002
0.337 0.024 0.005
0.034 0.034 0.002
0.034 0.034 0.002
0.034 0.034 0.002
0.042 0.625 0.019

Mean fluorescence intensity (MFI) ratios were calculated as described in materials and methods; values represent the arithmetic mean of 4-5 experiments. Highlighted in gray 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.

heterogeneity of human autoantibodies to MOG with seven
different patterns of recognition uncovered by two mutations of
the glycosylation site.

Glycoforms of MOG

We performed in-gel and in-solution enzymatic release of N-
glycans from HEK derived MOG. The sialic acid stabilized N-
glycans were analyzed with MALDI-TOF-MS. A representative
MS spectrum is shown in To confirm our 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
a2,6-linked sialic acid) and 684.3 Da (LacNAc antenna carrying
an «a2,6-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 [Figures 4][5]).
In total 28 glycans were selected for relative quantification

(Figure5). 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
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fucosylation. The glycan profiles obtained from in-solution and
in-gel glycan release were highly consistent and showed only
minor differences.

DISCUSSION

This study revealed that the glycosylation site of MOG influences
its recognition by autoantibodies in about 60% of patients.
We used two different glycosylation-deficient variants of MOG
(N31D and N31A) and found seven different patterns of
reactivity. While previous studies had noted that the N31D
mutant was stronger recognized by some patients 4),
we now address the issue whether this is due to the introduced
negative charge or due to the loss of the sugar part. Our
study shows that both the negatively charged aspartate and the
missing sugar can affect antigen recognition, in a different way in
different patients.

Specifically, we noted that five patients showed a higher
reactivity to N31D, while the reactivity to N31A was the same
as to the wild type. In two other patients we observed a higher
reactivity to N31D, but a lower one to N31A. We conclude that
in these patients the introduced negative charge is responsible
for the enhanced binding to MOG rather than the absence of
the glycan.

In seven other patients, we observed 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. We conclude
that 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
(@ . We then determined the glycan structure of MOG
produced in HEK cells by mass spectrometry and found that
the most abundant glycoforms are diantennary, contain a core
fucose, an antennary fucose and are decorated with «2,6 linked
Neu5Ac. Our findings indicate that this glycan structure can
provide a steric hindrance for antibody binding; this might
have implications for further improvement of cell-based 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 (EB,

Further, 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. Our observation that
the prototype anti-MOG 18-18C5 was not affected by any of
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FIGURE 5 | Relative abundance of recombinant MOG released N-glycans. In total, three spots from an in-gel digestion and four 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 a2,3-linkage as indicated by lactonation (L) or «2,6-linkage as indicated
by esterification (E). Error bars, standard deviation.

the glycosylation deficient mutants is in accordance with the
previous reports . Our identification of seven different
patterns of reactivity just using different mutations of the
glycosylation site extends the knowledge about heterogeneity of
MOG-epitopes recognized by patient antibodies.

While our experiments revealed the importance of the
glycosylation site for antibody recognition, details how the
glycan structure impacts antibody recognition remain to be
identified. This could be done by altering the glycan composition
by inducing or suppressing key glycosyltransferases. This may
tell whether tetra-antennary versus bi-antennary glycans or
differences e.g., in sialic acid linkage or branch fucosylation have
an impact on antibody recognition.

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 , but we cannot exclude
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. 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 (aal43-153) with the
enzyme it inhibits, neutrophil elastase (@)

While this study elaborated the importance of the
glycosylation of MOG for antibody binding, also the
glycosylation of antibodies has major impact on their
biological activity, both on the effector functions and on

antigen-recognition. Glycosylation of the Fc-part of antibodies
regulates complement activation and FcR bindin and
may serve as biomarker in autoimmunity . In multiple
sclerosis, IgG-Fc glycosylation is altered in the CSF and indicates
a pro-inflammatory pattern . Glycosylation of the Fab part of
Ig may enhance or reduce antigen binding (49).

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
That study further showed that removal of fucose from
myelin reduced the DC-SIGN-dependent homeostatic control
of myelin . The glycosylation in a cultured cell line may
not reflect the native glycosylation of MOG in myelin. The
identification of the glycoforms of MOG in myelin may help
to identify binding partners of MOG. Whether MOG also
interacts with sialic acid binding proteins such as Siglecs (sialic
acid-binding immunoglobulin like lectins) remains to
be analyzed.

Together, this study shows the importance of the glycosylation
site of MOG for binding of autoantibodies. Our 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. Our observation of seven different patterns of
MOG-binding to glycosylation-deficient variants provides
further insight into details of antigen-recognition and
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extends the known heterogeneity of human autoantibodies
against MOG.
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Objective: Autoantibodies against myelin oligodendrocyte glycoprotein (MOG) occur in a proportion of patients with
inflammatory demyelinating diseases of the central nervous system (CNS). We analyzed their pathogenic activity by
affinity-purifying these antibodies (Abs) from patients and transferring them to experimental animals.

Methods: Patients with Abs to MOG were identified by cell-based assay. We determined the cross-reactivity to rodent
MOG and the recognized MOG epitopes. We produced the correctly folded extracellular domain of MOG and affinity-
purified MOG-specific Abs from the blood of patients. These purified Abs were used to stain CNS tissue and transferred
in 2 models of experimental autoimmune encephalomyelitis. Animals were analyzed histopathologically.

Results: We identified 17 patients with MOG Abs from our outpatient clinic and selected 2 with a cross-reactivity to
rodent MOG; both had recurrent optic neuritis. Affinity-purified Abs recognized MOG on transfected cells and stained
myelin in tissue sections. The Abs from the 2 patients recognized different epitopes on MOG, the CC’ and the FG
loop. In both patients, these Abs persisted during our observation period of 2 to 3 years. The anti-MOG Abs from both
patients were pathogenic upon intrathecal injection in 2 different rat models. Together with cognate MOG-specific
T cells, these Abs enhanced T-cell infiltration; together with myelin basic protein-specific T cells, they induced demye-
lination associated with deposition of C9neo, resembling a multiple sclerosis type Il pathology.

Interpretation: MOG-specific Abs affinity purified from patients with inflammatory demyelinating disease induce path-
ological changes in vivo upon cotransfer with myelin-reactive T cells, suggesting that these Abs are similarly pathogenic
in patients. ANN NEUROL 2018;00:000-000

ANN NEUROL 2018;84:315-328

High levels of antibodies (Abs) to conformationally have initially been detected in pediatric patients,’ then
intact myelin oligodendrocyte glycoprotein (MOG) also in a proportion of patients with different
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demyelinating diseases such as optic neuritis, myelitis,
encephalomyelitis, brainstem encephalitis, acute dissemi-
nated encephalomyelitis (ADEM), and anti-N-methyl-D-
aspartate receptor (NMDAR) encephalitis, and in a few
patients with multiple sclerosis (MS).2° Patients with
autoantibodies to MOG have distinct brain magnetic reso-
nance imaging (MRI) characteristics.”® It is debated
whether anti-MOG disease constitutes a separate entity.”

In animal models, some monoclonal Abs (mAbs) to
MOG induce demyelination provided the blood-brain
barrier is breached giving the Abs access to the CNS
(reviewed in Hohlfeld et al,” Mayer and Meinl'®). Only a
proportion of anti-MOG Abs are able to induce demyelin-
ation in vivo, related to complement activation'! and
recognition of conformationally correct MOG.'>' In
rodents, pathogenic MOG-specific Abs mainly recognize
the FG loop of MOG as the prototype mAb 8-18C5,"
whereas patients with Abs to MOG recognize different
loops of MOG, most frequently the CC' loop around the
amino acid P42."

Previous experiments to test the potential pathogenic
activity of human anti-MOG Abs in vitro reported
that sera of patients with Abs to MOG activated
complement,'® stimulated natural killer cell mediated
toxicity,"” induced cytoskeletal changes in oligodendroglial
cells,"® mediated myelin destruction in slice cultures,'’
and facilitated MOG uptake by macrophages.”® Peripheral
injection of concentrated serum from MS patients in rats
with experimental autoimmune encephalomyelitis (EAE)
slightly enhanced demyelination and axonal loss.”’ Total
IgG preparations pooled from 5 neuromyelitis optica
(NMO) patients were injected intracerebrally and induced
myelin changes independent of complement, but no
inflammation.”” Intrathecal injection of IgG from a
patient with MOG Abs accelerated EAE in mice.”
Peripheral injection of IgG from MS patients with Abs to
MOG exacerbated EAE in mice.?% Thus, there is evidence
that human Abs to MOG are pathogenic, but one has to
consider that patients with neuroinflammation may have

multiple autoantibodies,”> %’

which complicates the inter-
pretation of transfer experiments with whole IgG prepara-
tions. Transfer experiments with human affinity-purified
Abs to MOG have not yet been done, and therefore
detailed pathogenic mechanisms of human Abs to MOG
remain to be elaborated.

Patients with Abs to MOG have a pathology
described as MS pattern 11, characterized by active
demyelination along with deposition of C9neo, suggesting
an Ab-mediated demyelination.***® Transfer experiments
with autoantibodies to MOG from these patients were
hampered because only a proportion of MOG Abs from

patients cross-react with rodent MOG!28; therefore, the
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linkage of human MOG Abs to a certain neuropathology
is still speculative.

The aim of this study was to analyze which human
Abs to MOG are pathogenic, to identify recognized
epitopes of pathogenic autoantibodies, to test whether
they can mediate MS type II pathology, and to explore
their pathogenic mechanisms. To this end, we combined
affinity purification of Abs that recognize cell-based
MOG, epitope identification with mutants of MOG,
staining of tissue sections, and transfer experiments in
2 EAE models. This showed that Abs to MOG were path-
ogenic by 2 mechanisms; in synergy with myelin basic
protein (MBP)-specific T cells they mediate MS type II
pathology, and together with MOG-specific T cells they

enhance T-cell infiltration.

Patients and Methods

Standard Protocol Approvals, Registrations, and
Patient Consents

We analyzed sera from 260 patients with inflammatory
CNS diseases for anti-MOG reactivity. The clinical char-
acteristics of patients who scored positive in our cell-based
assay detecting Abs to MOG are summarized in the
Table. Al MOG Ab-positive patients were followed
longitudinally. Informed consent was obtained from each
donor according to the Declaration of Helsinki and the
ethical committee of the medical faculty of Ludwig-
Maximilians-Universitit Miinchen approved this study.

Determination of anti-MOG Reactivity and
Epitope Recognition

Patients positive for Abs to MOG were identified with a
cell-based flow cytometry assay using viable cells and a
serum dilution of 1:50, as described.”®** Tsotype-specific
secondary Abs were obtained from Southern Biotech
(Birmingham, AL). To identify the recognized epitopes,
mutant variants of MOG were applied and the percentage
binding compared to human MOG was calculated as
described.’® In some experiments, we used a recombinant
variant of the mAb 8-18C5 (designated r8-18C5),
which has the same antigen recognition site, but a human

IgG1 Fc part.%’

Production and Validation of Recombinant
Human MOG

We aimed to produce a recombinant version of the extra-
cellular domain (ECD) of human MOG that comes as
close as possible to the conformation of MOG displayed
in transfected cells. To this end, we produced the ECD of
human MOG in HEK293-EBNA cells and added at the
C-terminus instead of the first transmembranous region a

HisTag and an AviTag using the pTT5 vector.>* MOG

Volume 84, No. 2



was biotinylated by using the BirA biotin ligase Kit
(Avidity, Aurora, CO). Folding of the purified protein
(0.2mg/ml) was analyzed by circular dichroism using a
Jasco ]-810 spectropolarimeter (JASCO Corporation,
Tokyo, Japan). To further validate the anti-MOG binding
activity of our recombinant MOG, we tested whether this
MOG was bound by B cells from mice with a knock-in of
the heavy chain of the and-MOG 8-18C5.>” To this end,
we formed MOG tetramers with our biotinylated MOG
and fluorescently labeled streptavidin (Jackson ImmunoR-
esearch, West Grove, PA).

Affinity Purification of Anti-MOG Abs

Biotinylated MOG was bound to a HiTrap Streptavidin
HP column (GE Healthcare, Munich, Germany). Ig from
plasma (obtained from ethylenediaminetetraacetic acid
[EDTA]-blood) was first enriched by ammonium sulfate
precipitation and then loaded on this column. Bound Ig
was eluted (100mM glycin, 150mM NaCl, pH 2.5) and
immediately neutralized with 1M Tris-HCI, pH 8.8. The
eluates from both patients were separated by reducing and
nonreducing sodium dodecyl sulfate gel electrophoresis
and stained by Coomassie. The excised gel bands were in-
gel digested essentially as described.?® Peptides were ana-
lyzed by matrix-assisted laser desorption/ionization time of
flight/time of flight using a 4800 Analyzer (Applied Bio-
systems, Foster City, CA). The eluates were tested by
enzyme-linked immunosorbent assay (ELISA) for strepta-
vidin reactivity using streptavidin-coated plates.

Staining of Tissue with Patient Abs

Rat brains were fixed in 4% paraformaldehyde (PFA) for
1 hour, cryoprotected with 40% sucrose, and snap frozen.
Seven-micrometer-thick sagittal sections were incubated with
0.3% hydrogen peroxide for 20 minutes and with 10% don-
key serum in phosphate-buffered saline (PBS) for 1 hour,
and then labeled with the Abs at 4°C overnight. The next
day, sections were labeled with a donkey—antihuman IgG
(H+L) secondary Ab (Jackson ImmunoResearch) and visual-
ized with an avidin-biotin—diaminobenzidine reaction.

Transfer EAE and Rat T-Cell Lines

Antigen specific T cells were established from Lewis rats
immunized with antigen emulsified in complete Freund
adjuvant as described previously.”® The following antigens
were used: recombinant MOG (amino acid 1-125), MBP
purified from guinea pig brain, and ovalbumin (OVA)
purchased from Sigma-Aldrich (St Louis, MO). To induce
mild EAE, freshly restimulated 15 X 10° MOG-specific T
cells or 1.2 x 10° MBP-specific T cells were injected
intravenously in Lewis rats. Clinical scores were evaluated
as follows: 0 = normal; 0.5 = loss of tail tonus; 1 = tail
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paralysis; 2 = gait disturbance; 3 = hindlimb paralysis.
Two days after injection of T cells, 100 pg of the indi-
cated Ab preparations was injected intrathecally into the
cisterna magna to animals anesthetized by fentanyl/mida-
zolam/medetomidine. For the monitoring of clinical score,
animals were followed until full recovery and were then
sacrificed. For histopathological analysis, 72 hours after
Ab injection, animals were perfused with PBS and 4%
PFA in PBS under terminal anesthesia with fentanyl/mid-
azolam/medetomidine; the spinal cord and brain were
then postfixed with 4% PFA in PBS at 4°C. The proce-

dures are approved by the government of Upper Bavaria.

Histological Examination of the EAE Rats

Brain, spinal cord, and optic nerves were dissected and
embedded in paraffin. Serial sections of all tissues were
stained with hematoxylin/eosin, Luxol fast blue (LFB) mye-
lin stain, and Bielschowsky silver impregnation for axons.
Immunocytochemistry was performed on paraffin sections
after antigen retrieval in a food steamer with EDTA buffer,
pH 8.5. Primary Abs against the following targets were used
in the following dilutions: CD3 (T cells; rabbit monoclonal;
Neomarkers, Fremont, CA; RM-9107-5; 1:2,000), ED1
(phagocytic macrophages and microglia; mouse monoclonal;
Serotec, Raleigh, NC; MCA341R, 1:10,000), Iba 1 (pan
microglia and macrophages; rabbit polyclonal; Wako, Osaka,
Japan; 019-19741; 1:3,000), cyclic nucleotide phosphodies-
terase (oligodendrocytes; mouse monoclonal; Sternberger
Monoclonals, Lutherville, MD/BioLegend, San Diego, CA;
SMI 91; 1:2,000), glial fibrillary acidic protein (astrocytes;
rabbit polyclonal; Dako, Santa Clara, CA; Z0334; 1:3,000),
human Ig (biotinylated species specific antihuman Ig; don-
key polyclonal, Jackson ImmunoResearch, 709-065-149;
1:1,000) and activated complement (C9neo antigen, rabbit
polyclonal; 1:2,000)."" Bound primary Abs were visualized
with a biotin/avidin/peroxidase system. To quantify the
inflammation, CD3" T cells/mm?® were counted in a zone of
200 pm spanning from the ventral subpial surface into the
tissue of the pons. To quantify demyelination, the distance
of subpial demyelination from the ventral surface of the pons
was measured. To this end, macrophages were stained with
EDI and the distance from the pial surface on which could
be seen classical macrophages with degradation products was
measured. This also represents the area of macrophages in
LFB staining that contain myelin degradation products.

Results

Anti-MOG Reactivity in Patients with
Inflammatory CNS Diseases and Cross-Reactivity
to Rodent MOG

We tested sera from 260 patients with different inflamma-
tory CNS diseases; 17 of them had autoantibodies to
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MOG (clinical details in the Table). The highest anti-
MOG reactivity was seen in patients with relapsing optic
neuritis and NMO phenotype. The vast majority of
patients with MS do not have Abs to MOG, but Abs to
MOG are detected in special cases with MS.** The
5 patents with MOG Abs included in the Table fulfill the
diagnostic criteria of MS, including MS-typical cerebrospi-
nal fluid (CSF) and radiological features, but had a clinical
phenotype that overlaps with NMO (severe myelitis, brain-
stem involvement, and optic neuritis). These patients did
not have Abs to NMDAR or AQP4. Details of their clini-
cal picture, their MRI, and their anti-MOG reactivity have
been described in a previous paper.’* We determined the
cross-reactivity to rodent MOG of these patients. Further
analysis of the pathogenic features of Abs to MOG was per-
formed with Patients 7 and 5, who showed a high reactivity
toward MOG and cross-reactivity to rodent MOG (Fig 1).
Both patients had a recurrent optic neuritis, one of the dis-
eases associated with MOG Abs.>*** These patients were
followed for periods of about 26 and 35 months and kept
recognizing MOG. Their anti-MOG reactivity was so high
that a reactivity could still be detected at serum dilutions of
1:3,000 to 1:10,000. Both patients had anti-MOG of iso-
type IgG1. Patient 5 had in addition to IgG also persisting
IgM to MOG.

The applications of mutant variants of MOG showed
that the 2 padents recognized different epitopes on MOG
(see Fig 1C, D). The binding to MOG of Patient 5 was
reduced by the mutation P42S, indicating that this patient’s
Abs recognize the cc loop on MOG; the MOG Abs of
IgG and IgM isotype showed similar reactivity to MOG
mutants. Patient 7 showed a stronger reactivity to mouse
MOG than to human MOG. Such a feature we had previ-
ously noted in 12 of 111 patients analyzed."” Consistent
with the better recognition of mouse MOG, this patient
also showed a stronger reactivity to the MOG mutant
P42S, in which the serine present in murine MOG replaces
the proline of human MOG. Another mutation at the EF
loop (H103A, S104E) gready reduces the MOG binding of
this patient. MOG residues important for binding of Abs
from Patients 5 and 7 are visualized in Figure 1E.

From Patient 5, we could also analyze CSF and this
showed that anti-MOG IgG were present in this compart-
ment, but there was no evidence that the anti-MOG IgG
present in the CSF was produced intrathecally; after
adjustment to equal IgG concentrations, similar anti-
MOG reactivity was seen in CSF and serum (see Fig 1F).

Specificity of Affinity-Purified Abs to MOG

We produced the ECD of human MOG in HEK cells with an
AviTag at the C-terminus replacing the transmembranous and
intracellular part. Then MOG was enzymatically biotinylated
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at the AviTag and bound to a streptavidin column, which puts
the extracellular part of MOG on the beads in the same orien-
tation as in the membrane. The confirmation with beta-sheet
formation was seen by circular dichroism (Fig 2A). To further
validate this MOG preparation, we formed MOG tetramers
and tested the binding to B cells from mice with a knock-in of
the heavy chain of the anti-MOG mAb 8-18C5 and found
that this stained about one-third of the B cells from these mice,
which is in line with their published MOG-binding activity
(data not shown).”” With this protein, we could affinity purify
MOG-specific Abs from both patients (see Fig 2). Starting
from > 600ml blood, we eluted from the MOG-column
471 pg of IgG and 55 pg of IgM from Patient 5 and 571 pg
IgG but no IgM from Patient 7. Mass spectrometry showed
that the eluates from Patient 5 contained IgG, IgM, a-2 mac-
roglobulin, fibrinogen, and albumin, and from Patient 7 IgG
and fibrinogen. Importantly, no MOG was detected in the elu-
ates. The eluates did not bind to streptavidin as seen by ELISA
using streptavidin-coated plates. We could not obtain Abs that
recognize MOG on transfected cells from donors who did not
have a strong anti-MOG reactivity in their blood. This
excludes that the anti-MOG reactivity we observed in the puri-
fied fraction is an artifact due to the purification procedure.

These affinity-purified Abs showed a highly enriched
reactivity to human MOG in a cell-based assay; when
plasma and affinity-purified Abs were adjusted to the same
concentration of 12 pg/ml, we noted the following mean
channel fluorescence (MCF) ratios, which were calculated as
described above: Patent 5: plasma 14.9, purified 190.3,
flow through 8.1; Patient 7: plasma 8.6, purified 207.5,
flow through 3.5 (see Fig 2). We noted that in both patients
the reactivity to our mutated variants was the same in the
anti-MOG Abs from the starting material and the eluates.
We also compared the affinity-purified MOG Abs from
both patients with the prototype ant-MOG 8-18C5. For
this comparison we used a recombinant variant of 8-18C5
with a human Fc-IgGl, so the same detection Ab could be
used. Our dose responses show that these purified MOG
Abs recognized MOG in a cell-based assay still in the ng/ml
range and came quite close to the intensity of MOG bind-
ing of the 8-18C5. The isotype of the anti-MOG response
of the affinity-purified Abs of both patients was IgG1l. We
also analyzed the cross-reactivity of the patient-derived
MOG Abs to rat MOG, because their pathogenicity will be
tested in a rat model (see below). We noted that Patient
7 recognized rat MOG more strongly than human MOG,
which is consistent with our observation that this patient
also recognizes mouse MOG more strongly than human
MOG (see Fig 1D); mouse and rat MOG are very similar
although not identical.

The flow through of the column used for affinity puri-
fication of MOG Abs from these 2 patients still contained
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FIGURE 1: Anti-myelin oligodendrocyte glycoprotein (MOG) reactivity in the 2 patients selected for transfer experiments. The
anti-MOG reactivity in serum and plasma of Patient 5 (blue) and Patient 7 (red) was determined with transfected cells as
described in Patients and Methods. (A) Longitudinal analysis. Solid lines indicate anti-MOG IgG; the dotted bluish line shows
persisting anti-MOG IgM in Patient 5. The solid black line shows the cutoff for anti-MOG IgG, the dotted black line the cutoff for
anti-MOG IgM. (B) Anti-MOG reactivity in serum dilutions. (C, D) Reactivity to human MOG (hMOG), mouse MOG (mMOG), and
the indicated mutations of MOG. The IgG responses are indicated in solid bars, the anti-MOG IgM response from Patient 5 in
hatched bars. (E) The structure of the human MOG model'® is shown as a ribbon representation with residues influencing
antibody binding depicted as stick models. In addition, residues that differ between mouse and human MOG are colored pink
(Pro 42), light violet (2 conservatively mutated interior 13-strand residues), and violet (remaining nonidentical residues). N and C
indicate the N-terminal and C-terminal part of the extracellular domain of MOG. (F) Anti-MOG in cerebrospinal fluid (CSF) of
Patient 5. CSF (IgG 0.022g/1) was used undiluted and serum was diluted 1:377 to obtain the same IgG concentration as in the
CSF. The calculated mean fluorescence intensity (MFI) ratio (MOG-enhanced green fluorescent protein [EGFP]/EGFP) of the CSF
was 72.44, whereas that of the serum sample was 86.34. Control EGFP transfectants are shown in gray, the MOG-EGFP
transfectants in blue. Error bars indicate the standard error of the mean of 2 to 3 experiments.

anti-MOG reactivity as seen with MOG transfectants. This patient (Patient 14), we could obtain only a small amount
was not due to a limited capacity of the column, as it could of anti-MOG IgG with this column and the flow through
still bind the mAb 8-18C5. Along this line, from another still contained a similar reactivity to MOG as the starting
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FIGURE 2: Affinity-purified antibodies (Abs) to myelin oligodendrocyte glycoprotein (MOG). (A) Circular dichroism spectrum of
MOG (0.2mg/ml). The beta-sheet formation is indicated by the negative band at 213nm. (B-E) Comparative analysis of plasma
and affinity-purified MOG Abs to cells transfected with MOG of Patient 5 (blue) and Patient 7 (red). Plasma and purified Abs
were used at an IgG concentration of 12 pg/ml. Closed graphs indicate the recognition of enhanced green fluorescent protein
(EGFP)-transfected cells, open graphs of MOG-EGFP transfectants. (F, G) MOG recognition of the affinity-purified Abs from
Patients 5 (blue) and 7 (red) in comparison with the recombinant humanized mAb 8-18C5 (black) on transfected cells. Error bars
indicate standard error of the mean of 2 to 3 experiments. MFl = mean fluorescence intensity.

material. Thus, the ECD of human MOG produced in
HEK cells binds only a fraction of Abs to MOG.

Staining of Brain Tissue with Affinity-Purified
Abs to MOG

The affinity-purified Abs from both patients bound to myelin
in tissue sections from the rat; r8-18C5 was used as a positive
control (Fig 3). We noted a stronger binding of the Abs from
Patient 7 (see Fig 3C, D) than from Patient 5, which is consis-
tent with the dose response of these preparations to rat MOG
on the surface of rat transfectants (see Fig 2G). Because the
MOG reactivity of these patients was established by using
native cells, while the tissue was fixed with PFA, we compared
the recognition of live and PFA-fixed cells after MOG transfec-
tion. This showed that Patients 5 and 7 recognized MOG also
after PFA fixation of the transfected cells, but the background
was much higher with fixed cells (data not shown).

Pathogenicity and Histopathological Changes
Induced by Patient-Derived Abs to MOG

We analyzed the pathogenic potential of patient-derived
MOG-specific Abs in 2 models of T-cell-mediated EAE
in the Lewis rat. In both models, we injected the MOG
Abs intrathecally 2 days after the injection of either
MOG-specific T cells or MBP-specific T cells. Because
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the amount of purified Abs from patients was limited, we
first established the details of the transfer models with
8-18C5 and the humanized r8-18C5. These experiments
showed that EAE can be enhanced, when 8-18C5 or
8-18C5 were injected 2 days later than the T cells. Under
these conditions, the peak of disease was reached at day 5;
the animals recovered largely until day 10. Therefore, we
sacrificed the EAE rats after injection with the patient-
derived Abs at day 5.

The MOG-specific T cells alone did not induce a
clinical effect in our Lewis rat model. However, when
affinity-purified Abs from both Patients 5 and 7 were
injected, a clinical disease was induced (Fig 4). As control,
we used human ivlg and Ig obtained from a protein G
column. This control human Ig did not induce disease,
whereas the positive control 8-18C5 enhanced disease. In
contrast to the MOG-specific T cells, the MBP-specific T
cells induced a clinical disease on their own in the absence
of any added Ab, consistent with previous observations
with MBP-specific T cells in this rat model.*' One day
after injection of r8-18C5 and the Abs from Patient 7 the
clinical disease was enhanced.

All animals shown in Figure 4 were perfused at day
5 and analyzed by histopathology. A quantitative analysis
of the T-cell infiltration and of demyelination in all
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FIGURE 3: Myelin staining of affinity-purified myelin oligodendrocyte glycoprotein (MOG)-specific antibodies (Abs). Samples
were stained on sagittal rat brain sections. The humanized r8-18C5 was used as positive control (A) and showed a specific
myelin staining throughout the cerebrum and cerebellum (B; rectangle in A enlarged). The affinity-purified MOG-specific Ab
from Patient 7 (C, D) showed a strong binding to myelin; a recombinant human IgG that does not bind MOG on transfected
cells (r#7_D7) was negative (E, F). All Abs were used at a concentration of 3 pg/ml. Scale bars = 2mm (A, C, E), 300 pm

(B, D, F).

17 animals revealed the following. The patient-derived
MOG-specific Abs massively enhanced the T-cell infiltra-
tion in the subpial area of the pons when given together
with cognate MOG-specific T cells, but not together with
MBP-specific T cells (see Fig 4). Pathological analysis of
animals injected with MOG-specific T cells alone or
together with control Abs displayed a moderate inflamma-
tory reaction in the spinal cord and less obviously in the
brain and optic nerve, consisting of T-cell infiltrates in the
meninges and CNS tissue and of ED1" macrophages,
being restricted to the meninges (Fig 5, middle panels).

In combination with the injection of the MOG-
specific Abs from Patients 5 and 7, a massively enhanced T-
cell and macrophage infiltration in the meninges and the
subpial CNS tissue was observed, and this was similar to the
pathology observed after injection of the 8-18C5 Ab (see
Figs 4 and 5). The enormous enhancement of the infiltra-
tion of T cells is already visible at a low magnification dis-
playing cross sections of the whole spinal cord (see Fig 5,
first and third rows). Human immunoglobulin reactivity was
seen on subpial myelin, but only traces of activated comple-
ment (C9neo antigen) and a slight perivascular demyelin-
ation were present (data not shown).

Following transfer of MBP-specific T cells alone
(which induced with the applied cell number a mild EAE
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on their own) or in combination with control Abs, a dif-
ferent pathology was seen. It consisted of mild to moder-
ate T-cell infiltration together with the dispersion of
ED1" macrophages throughout the tissue (Fig 6). In com-
bination with patient-derived MOG-specific Abs, human
Ig was also seen on subpial myelin, but this was associated
with complement C9neo activation. This was accompa-
nied by subpial demyelination (see Fig 4D), which was
seen by LFB staining and by immunostaining for cyclic
nucleotide phosphodiesterase. Demyelination and comple-
ment activation were massive with the Abs from Patient
7, less intense but detectable with the Abs from Patient
5, and absent after control Ab injection (see Figs 4D and
6). Due to injection into the cisterna cerebelli magna, the
Abs hardly reached the optic nerve.

Thus, in this model, we see an impressive effect of
the MOG Abs on the histopathology, but only a slight
enhancement of the clinical disease. There are 2 reasons
for this. First, the sensitivity to detect an enhanced clinical
disease is lower if the control group is already sick (see Fig
4B) as compared to a model in which the control group is
not sick at all (see Fig 4A). Second, the clinical score in
this EAE model detects only motor functions. We have
quantified the amount of lipopolysaccharide (LPS) in the
samples used for in vivo experiments and found that the
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FIGURE 4: Pathogenicity of affinity-purified patient-derived myelin oligodendrocyte glycoprotein (MOG)-specific antibodies
(Abs). Lewis rats were injected with MOG-specific (A) or myelin basic protein (MBP)-specific T cells (B). Two days later, 100 pg of
affinity-purified MOG-specific Abs from Patient 5 (blue), Patient 7 (red), control IgG (purple), or 8-18C5 (black) were injected
intrathecally (i.t.) into the spinal fluid (cisterna magna). (A) Three animals received human control IgG, 2 Abs from Patient 7 and
2 from Patient 5. Because the animals with the control IgG did not show any clinical disease, the induction of the clinical EAE
with MOG-specific Abs from patients (data from the patients pooled) reached statistical significance at day 4 (p < 0.05) and day
5 (p = 0.005) using the unpaired 2-tailed t test. (B) Together with MBP-specific T cells, 1 animal received Abs from Patient 5, 2
animals Abs from Patient 7, 5 control IgG. As positive controls, r8-18C5 (A, B) and 8-18C5 (A) were used. Error bars indicate
standard error of the mean. All animals were perfused at the end of the observation period and analyzed for histopathology. (C,
D) Quantification of inflammation and demyelination of animals shown in A and B. (C) The T-cell infiltrates in the subpial region at
the basis of the pons were counted with a 40 x objective, and the number of CD3* T cells/mm? was calculated. (D) The distance
of subpial demyelination at the basis of the pons was measured. (C, D) We performed analysis of variance testing followed by

Tukey honest significant difference test. * < 0.05; ** < 0.01; *** < 0.001.

contaminating amount of LPS was similar in control Ig
and patient preparations; < 10ng were injected per animal.
The same Ig preparations had different effects depending
on the antigen specificity of the coinjected T cells; the
patient Abs enhanced microglia activation and T-cell infil-
tration only together with MOG-specific T cells, but not
in the context of MBP-specific T cells; a strong activation
of terminal complement complex C9neo, conversely, was
seen in the context of MBP-specific T cells, but little acti-
vation was seen in the context of MOG-specific T cells.
We conclude from all this that the effects we describe were
induced by the patient-derived Ig and not by LPS.

In this project, we had tested 3 different human Ig
control preparations, namely ivIg, human IgG not specific
for MOG obtained from a protein G column, and recombi-
nant IgG with human Fc part. None of these human Ig var-
iants recognized MOG, and none of them had any effect on
enhancement of the disease. As a further control experiment,
we injected OVA-specific T cells in the absence or presence
of an intrathecal injection of r8-18C5. In this context, no
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induction of clinical disease and no demyelination or com-
plement activation was present (data not shown).

Discussion
Our study shows that Abs to MOG affinity-purified from

the blood of patients with inflammatory demyelination are
pathogenic in transfer experiments to rodents. We found
that these patient-derived MOG-specific Abs mediate
damage to the CNS by different mechanisms. In synergy
with T cells that induce clinical EAE, associated with pro-
found blood-brain barrier damage and activation of mac-
rophages (MBP-specific T cells in the Lewis rat in our
model), human Abs to MOG mediate MS type II-like
pathology, characterized by active demyelination (phago-
cytes containing myelin in the lesion) and local activation
of the terminal complement complex, visible as deposition
of C9neo.>** We show here that these features are induced
by the patient-derived MOG-specific Abs. This suggests that
in patients with MOG Abs and MS type II pathology,”®™"
MOG Abs are responsible for this part of the pathology.
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s
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promote microglia activation in the subpial parenchyma together with MOG-specific T cells. Spinal cord pathology is shown
following passive cotransfer of MOG-specific T-cells with control IgG or anti-MOG Abs. Experimental autoimmune
encephalomyelitis after injection of control Abs is characterized by T-cell infiltration in the meninges and diffusely in the spinal
cord parenchyma, but ED1* macrophages are largely restricted to the meningeal space (middle panels). After injection of Patient
7 Ab (left panels) or 8-18C5 (right panels), there is a massive enhancement of subpial T-cell infiltration and ED1* macrophages

pass the astrocytic glia limitans and infiltrate the central nervous system parenchyma. Scale bars = 100 pm.

Remarkably, most patients with MOG Abs and an MS type
I pathology described so far do not have a typical MS,* but
rather an encephalomyelitis overlapping with MS and NMO
spectrum disorder. It is discussed whether this should be
grouped as MOG Ab disease. Conversely, most patients with
clinical MS and an MS type II pathology do not have Abs
to MOG,SO’34 suggesting that these patients recognize other
not yet identified autoantigens.

In our second model, in synergy with cognate
MOG-specific T cells, which by themselves do not induce
clinical disease, but only mild, predominantly meningeal
inflammation in our rat model, the same affinity-purified
Ab preparations induced clinical disease with other patho-
logical features, namely a massively enhanced T-cell infil-
tration. An enhancement of T-cell activation by mAbs to

August 2018

MOG has been shown in 2 recent studies and suggested
to be mediated by opsonization of the antigen.’** We
found that the patient-derived anti-MOG Abs not only
enhanced T-cell infiltration induced by MOG-specific T
cells, but also stimulated microglia/macrophage infiltration
in the subpial gray matter. This indicates that human
anti-MOG Abs in the CSF might also participate in the
development of gray matter pathology together with
MOG-specific T cells. MOG-specific T cells have been
observed in patients with demyelination, and their recog-
nized epitopes were identified.*> Further studies are
needed to analyze MOG-specific T cells in patients with
Abs to MOG.

Our 2 EAE transfer models show that the human
Abs to MOG mediate tissue destruction via 2 different
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FIGURE 6: Affinity-purified antibodies (Abs) to myelin oligodendrocyte glycoprotein (MOG) induce complement activation and
demyelination together with myelin basic protein (MBP)-specific T cells. Experimental autoimmune encephalomyelitis was
induced with MBP-specific T cells. After 2 days, either MOG-specific affinity-purified Abs from Patient 7 (upper panels) or human
control Ig (lower panels) was injected. When human control Ig was injected, there is a diffuse infiltration of the tissue by CD3* T
cells and ED1* macrophages, but there is no deposition of human IgG on myelin or activation of complement (C9neo; lower
panels). However, when anti-MOG Ig from Patient 7 was cotransferred, inflammation is massively enhanced and ED1*
macrophages are concentrated at sites of active myelin destruction, associated with immunoglobulin deposition on myelin and
complement activation (C9neo antigen deposition; lower left of upper panels). Scale bars = 100 pm. CNP, cyclic nucleotide
phosphodiesterase; H&E = hematoxylin and eosin; LFB = Luxol fast blue.
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TABLE 1. Features of Patients with Anti-MOG Reactivity
Age at First MOG® Reactivity to Human Reactivity to Mouse

ID Current Diagnosis Gender Sample, yr MOG, MFI Ratio MOG, MFI Ratio

5 Relapsing bilateral ON F 42 220.7 212.9

14 Relapsing bilateral ON M 54 44.9 20.6

8 NMOSD M 37 38.3 3.0

7 Relapsing unilateral ON M 46 347 216.8

16 NMOSD M 30 18.6 5.6

17 Relapsing bilateral ON F 31 18.2 2.1

6 Monophasic encephalitis F 31 17.7 2.3

10 RRMS F 37 11.9 8.3

13 Relapsing encephalomyelitis M 34 8.6 5.5

1 NMOSD M 40 6.1 1.7

3 Relapsing encephalomyelitis M 26 5.4 1.8

4 RRMS F 55 4.6 7.1

11 RRMS F 50 4.1 1.5

2 Relapsing encephalomyelitis F 66 4.0 0.9

9 RRMS M 32 3.9 3.1

12 RRMS F 23 2.9 3.9

21 NMOSD F 33 2.7 1.8
Details about Patients 4, 9, 10, 11, and 12 are reported in Spadaro et al.>* and about Patient 2 in Spadaro et al.?® Patients with MOG antibodies
might constitute a condition called MOG antibody disease. The cutoff for recognition of human MOG was 2.27 (mean + 3 standard deviation of con-
trols). The MFI ratio was calculated as the mean of 2 to 5 experiments.
F = female; M = male; MFI = mean fluorescence intensity; MOG = myelin oligodendrocyte glycoprotein; NMOSD = neuromyelitis optica spectrum
disorders; ON = optic neuritis; RRMS = relapsing—remitting multiple sclerosis.

mechanisms. This could be revealed because in our
models the 2 different T-cell lines showed different inten-
sities of T-cell reactivation in the CNS.*"* In the model
with MBP-specific T cells, strong T-cell activation in the
CNS was associated with blood—brain barrier disruption
and the diffuse infiltration of the CNS tissue by recruited
ED1" macrophages. Therefore, the incoming Abs find a
good environment to mediate demyelination via Ab-
dependent cell-mediated cytotoxicity and complement
activation, which results in a pathology similar to MS type
II. In the model with MOG-specific T cells, T-cell activa-
tion in the CNS is not optimal and recruitment of ED1*
macrophages is sparse and largely restricted to the menin-
ges. Here, the entering MOG-specific Abs massively
enhance the T-cell recruitment and activation, because
they recognize the same antigen; this then promotes infil-
tration of ED1" macrophages, which is associated with
clinical disease but may be too low to effectively induce
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demyelination. Our observation that the patient-derived
Abs perform tissue destruction by 2 different mechanisms,
demyelination and enhanced inflammation, is consistent
with a previous study transferring sera from immunized
nonhuman primates.*’

Our EAE experiments indicate further that the anti-
MOG Abs are not pathogenic on their own, as together
with irrelevant T cells no pathology was induced. This is
consistent with previous observations in other EAE
models®” or after intrathecal injection of the 8-18C5 Ab*
and supports the concept that the anti-MOG Abs perform
a second hit to enhance pathology. Thus, human MOG
Abs are pathogenic, but the precise pathological effects
depend on their interactions with T cells; the human anti-
MOG Abs can mediate MS type II pathology and gray
matter injury upon transfer.

Experiences with mAbs in animals have shown
that recognition of conformational MOG is required for
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pathogenicity.'>'* The secondary structure of MOG is
characterized by 2 antiparallel beta-sheets that form an
immunoglobulinlike beta-sandwich fold.” In rodents,
pathogenic MOG-specific Abs mainly recognize the FG
loop of MOG as the prototype mAb 8-18C5.'* Although
the epitope specificity of human anti-MOG Abs was pre-
viously dissected by ELISA*® and transfection of mutated
variants of MOG,"® epitope specificity of pathogenic Abs
from patients was unknown. The pathogenic MOG-
specific autoantibodies from the 2 patients recognize dif-
ferent epitopes, and both are different from the one recog-
nized by 8-18C5. Patient 5 recognized the cc loop, as
its binding was reduced by the mutation P42S; this is the
most frequently recognized part of human MOG."® This
patient nevertheless strongly recognized mouse MOG,
although the mouse MOG contains P42S. These 2 charac-
teristics of MOG recognition (reduced reactivity to P42S,
but strong recognition of mouse MOG) we had observed
before in 5 of 111 patients."® Patient 7 recognized the FG
loop of MOG, as its binding was completely abrogated by
the mutation H103A+S104E. This resembles the recogni-
tion of 8-18C5, which is also abrogated by the double
mutation H103A+S104E. A closer look at the reactivity
of Patient 7 to other mutants of MOG points to epitopes
that are discontinuous like the one recognized by the
mAb 8—18C5,47 but that differ from the 8-18C5 epitope
as they are influenced by P42 positioned in the CC’ loop
and/or the glycosylation site at N31 in addition to bind-
ing to the FG loop. The observed binding pattern of
Patient 7 would therefore be consistent with the recogni-
tion of an ensemble of epitopes that include the FG loop
and are located at the top, membrane-distal part and/or at
the 5-stranded front B-sheet of MOG (see Fig 1E).

Together, this part of our analysis shows that patho-
genic MOG Abs from patients recognize different loops
on MOG.

The anti-MOG response of the patients with recurrent
optic neuritis persisted for the observation periods of 26 and
35 months. This extends our knowledge of kinetic of MOG
Abs. In children with ADEM, the Abs to MOG appeared
only transiently and were rapidly lost, whereas in children
with MS the MOG Abs persisted for years.”” One of our
analyzed patients had the unusual feature of having both an
anti-MOG IgG and an anti-MOG IgM response. Both reac-
tivities were directed against the same epitope of MOG. The
co-occurrence of anti-IgG and anti-IgM to MOG is rare but
was noted in a previous study in 3 of 19 children with
ADEM and Abs to MOG."” The long-term persistence of
an ant-MOG IgM response might be surprising, but it is
consistent with recently described human IgM memory B
cells that have passed the germinal center.’® Our study shows
that rarely an IgM response to MOG may also persist.
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Our study has the following limitations. First, we
injected the patient-derived Abs intrathecally, not systemi-
cally, although MOG Abs are typically detected in the
blood. In pilot experiments with mAbs, we noted that
EAE can be enhanced both by peripheral and by intrathe-
cal injection, but that higher amounts of Abs were needed
when the Abs were injected systemically. Because the
amount of patient-derived Abs was limited, we chose
intrathecal injection. We feel this is justified, as we found
MOG Abs also in the CSF. From Patient 5, we could
analyze CSF and found strong anti-MOG reactivity with-
out evidence for intrathecal production of Abs to MOG.
Second, we analyzed the pathology only at 1 time point
after injection because we could inject only a limited
number of animals with precious patient-derived Ig mate-
rial. Compared to recombinant Abs, however, patient-
derived Abs more closely reflect the human in vivo situa-
tion. This is important when evaluating the pathogenic
potential of the MOG Abs present in the blood of
patients, as the effector function of IgG is regulated by its
glycosylation®" and there is evidence that IgG glycosyla-
tion is altered in MS patients.52 Third, we show that
human MOG Abs identified in a cell-based assay include
pathogenic Abs, but it remains unclear whether all of the
MOG Abs are pathogenic and which features of the
human Abs would allow predicting their pathogenicity.
Our approach displaying the correctly folded extracellular
part of MOG on a column purified only a proportion of
MOG Abs. To affinity-purify and subsequently test the
pathogenic activity of the other MOG Abs, MOG might
have to be displayed in a membrane-bound environment.
Our observation that the extracellular part of MOG
purifies only part of the MOG Abs is consistent with the
previous observation that in a cell-based assay a short con-
struct of MOG lacking the intracellular part is less sensi-
tive to detect anti-MOG Abs than full-length MOG.>”
Possible reasons for the differential reactivity to the
2 MOG variants with the same ECD include oligomeriza-
tion or yet unidentified effects of the intracellular part of
MOG on the conformation of the extracellular part. Fur-
thermore, human MOG Abs are heterogeneous with
respect to cross-reactivity to rodents. To address the path-
ogenicity of MOG Abs not cross-reactive with rodent
MOG, mice with a knock-in of human MOG or even
transfers to nonhuman primates might have to be used.

Together, we show here that Abs to MOG, which
were affinity purified from the blood of patients and rec-
ognize different epitopes on MOG, synergize with T cells
in transfer experiments to rodents; they induce MS type II
pathology and trigger T-cell infiltration with microglia/
macrophage activation in the subpial parenchyma. We
conclude that MOG Abs contribute to the pathology of
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patients with inflammatory demyelinating diseases by
these mechanisms.
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4 DISCUSSION

4.1 Details of antigen recognition of MOG-Abs

With this thesis, we further characterized the binding of MOG antibodies
present in serum of MOGAD patients to the target protein MOG.

Firstly, with my contribution to (Marti Fernandez et al., 2019) | illustrated that
mutations in the glycosylation site of MOG highlighted the heterogeneity of
MOG antibodies, since several patterns of antibody recognition were
detected. The Asn31 was substituted with aspartate (negatively charged), or
with alanine (neutrally charged). We observed that all the patients’ antibodies
recognized the protein backbone lacking the glycosylation; secondly, 20% of
the patients of the cohort used in the study had lower binding to the protein
when the glycosylation was in place, an effect probably due to steric

hindrance.

Secondly, we report that the intracellular portion of MOG, in particular the
second hydrophobic domain is essential for the recognition of the extracellular
domain. The external domain has been used to detect MOG antibodies with
ELISA assay, however, several studies together with ours showed that this
method does not have a good diagnostic value, even though, the external
portion of MOG contains all the epitopes detected by the human antibodies
(Mayer et al., 2013).

Therefore, we tried to explain what is required for MOG antibodies derived
from patients in order to bind to the MOG protein and to be detected. We firstly
designed a MOG variant, called ED-MOG, which comprehended the external
domain, the first hydrophobic domain and few amino acids of the cytosolic
internal part. We then compared the reactivity of the sera of 14 MOG+
patients, of one MOG- serum (#C) and the humanized recombinant 8-18C5
towards the FL-MOG and ED-MOG in the CBA. Intriguingly, we found that
ED-MOG has a slightly higher expression than FL-MOG; however, of the 14
MOG+ patients, only five could be detected by ED-MOG. All the 14 sera
bound preferentially to FL-MOG compared to ED-MOG. The obtained result
showed that even when the external domain of MOG is displayed on the cell

surface, it is still not capable to properly detect MOG autoantibodies, similarly
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to the outcome of the ELISA assay. Furthermore, our CBA results are also in
line with previous work from Waters and colleagues. They showed already in
2015 that ED-MOG in cells was not capable to perform as well as FL-MOG.
However, no further investigation or explanation of this observation was given
(Waters et al., 2015).

Subsequently, with the design of two other truncated variants of MOG, we
could prove that the intracellular part of MOG, in particular the second
hydrophobic domain, is essential for binding of the MOG-Abs from patients.
The variant MOG-Cyt behaved similarly as ED-MOG, it could also detect only
five of the 14 MOG+ sera (the same also detected by ED-MOG). Instead,
MOG-2TMD, a longer variant, which includes in its structure the second
hydrophobic domain and lacks the C-terminus, completely restored the
antibody binding. Likewise, FL-MOG, all the MOG+ sera bound to MOG-
2TMD.

We demonstrated that this different recognition of FL-MOG, MOG-2TMD and
ED-MOG was not due to the incapacity of the selected sera to bind to the
pivotal epitopes in the external region of the protein. From the 14 patients we
investigated 12 patients’ antibodies detected different epitopes on MOG,
meaning, that most likely the presence of the second hydrophobic domain
induces a change in the structure that facilitates the antibody binding. We also
showed that the C-terminus of MOG is intracellular and thus cannot be
recognized in living cells by MOG-Abs. With an antibody that targets the last
12 amino acids of the MOG protein, it was possible to see that the antibody
was only able to detect the C-terminus when the cells displaying the protein
were permeabilized. Importantly, the second hydrophobic domain is
monotopic, meaning that it is inserted only in one side of the membrane. This
monotopic localization is due to two prolines in the hydrophobic domain;
proline is known as helix breaker and induces a kink (von Heijne, 1991;
Nilsson et al., 1998). Furthermore, another indication for the intracellular
localization of the C terminus comes also from the amino acids at the end of
the second hydrophobic domain. There are two arginines, which are positively
charged amino acids, therefore more likely to bind to the negatively charged
lipids facing the intracellular side of the cell (Figure 2). These amino acids
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explain the monotopic localization of the second hydrophobic domain and
they are conserved from opossum to human (Suppl. Fig. 9 of (Macrini et al.,
2021) shown in 3.1). The presence of two hydrophobic domains and the fact
that one of the two is monotopic and characterized by two prolines kinks make
MOG similar in the display to another protein, PEN-2, which is one of the
subunits of y-secretase, a protease connected to the Notch signaling pathway
(Zhang et al., 2015).

We further analysed whether the restored binding observed with MOG-2TMD
was due to a specific sequence of MOG or due to the overall MOG structure.
Therefore, we used a MOG protein deriving from opossum to test the same
sera. The decision to use the opossum is connected to the fact that even
though myelin is present in all vertebrates, MOG is only present in mammals.
In particular, the opossum was the most distant animal from which we could
get a MOG protein sequence from the NCBI database. The opossum MOG
(including the signal peptide) has just 77% of identity to the human MOG.
Whereas, mouse MOG, for example, has 89% of identity (see Suppl. Fig. 9 of
the publication in 3.1). As expected, the opossum MOG bound the antibodies
in the sera used for the other MOG variants weakly or not at all. This was
predictable, since many patients do not present cross-reactivity even to rodent
MOG, due to the different amino acids at the level of known important epitopes
(Mayer et al., 2013; Spadaro et al., 2018). However, when we used a chimeric
MOG construct (human MOG until glycine 155 plus opossum MOG until the
whole second hydrophobic domain), all the MOG+ sera were again capable
to detect it. This was the final proof, which clearly indicated that the second
hydrophobic domain induces a change in the structure of MOG that facilitates
the binding of the autoantibodies, and this improvement in the detection is not
connected to a better exposure of defined essential epitopes. Since, as
previously mentioned sera included in this study recognize different epitopes
on the extracellular part. Therefore, for all future diagnostic tests the presence
of the second hydrophobic domain is essential when using MOG-transfected

cells.

There is a consensus that indicates the CBA on live cells as the only reliable

method for MOG antibodies detection. The results we described above
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explain why a CBA is needed. Furthermore, proper antigen conformation
seems to be a pivotal matter concerning MOG antibody detection. In fact, it is
also the reason why a CBA with fixed cells is not a successful MOG-Abs
detection method (Tea et al., 2019). It is known that formaldehyde distorts [3-
sheet strands and rigidifies the protein structure. Besides, the extracellular
portion of MOG contains lysines, which are major sites for crosslinking
(Sutherland et al., 2008; Toews et al.,, 2010). This, together with the
subsequent distortion of the B-sheet and the loss of flexibility could have a
huge impact on the antigen antibody interaction. Alternatively, another effect
of the formaldehyde could be a major exposure of other portions of the protein,
which are usually not essential in the binding (Tea et al., 2019; Reindl et al.,
2020). A study conducted by different laboratories in parallel proved that the
use of a CBA with fixed cells makes the method less reproducible and lastly,
it tends to miss around 15% of MOG IgG positive patients (Reindl et al., 2020).

In our study, we also performed two different variants of MOG ELISA, we used
the external domain of MOG (MOG-1-125), correctly folded, confirmed by
circular dichroism spectroscopy (Spadaro et al., 2018). In the first variant,
MOG-1-125 was randomly bound to a MaxiSorp plate. Similarly to the results
shown by Tea and colleagues, this type of ELISA was capable to detect only
four of the 18 MOG positive patients we analysed. In the second variant,
MOG-1-125 was biotinylated at the Avi-tag positioned in the C-terminus. In
this way, the antigen was site bound with the same orientation to streptavidin
plates. Even though this type of assay managed to test positivity in 50% of
the samples showing therefore a superiority compared to the other ELISA
assay, it is still a mediocre method incapable to detect all MOG+ sera. Even
with improvements on the front of the type of antigen to utilize, our results
confirmed that the ELISA assay is not a suitable technique for diagnosing
MOGAD. However, some researchers believe that the ELISA assay could still
be a useful tool to quantify the titre of MOG antibodies of positive MOGAD
patients for instance for longitudinal studies (Tea et al., 2019). From our side
we tried to find a reason for the failure of the site-directed ELISA assay, which
could be connected to the fact that in this methodology the MOG-1-125 is not
capable to move freely as it happens when MOG is displayed on the cellular

surface. Therefore, we embedded MOG-1-125 in a fluid lipid environment, by
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coating glass beads of similar cell size with a lipid mixture mimicking the cell
membrane. Nonetheless, even this new methodology did not show a
superiority compared to a “normal” ELISA assay. It actually even had a lower
sensitivity for the detection of MOG-binding of 8-18C5 and of five sera from
patients with MOGAD. This indicated that in general the MOG-1-125 is not
sufficient to detect autoantibodies, independent from the environment. This is
also in line with the results, which we obtained with ED-MOG displayed on

cells.

In this thesis, we addressed the issue whether autoantibodies from patients
with MOGAD recognize MOG also monovalently or whether they require
bivalent binding. By generating Fab and F(ab)'2 fragments from patients’
MOG antibodies, we demonstrated that these autoantibodies bind to MOG
only bivalently. Humanized 8-18C5, instead, binds also monovalently. In
2019, the spacing required for bivalent binding of IgGlhas been identified,
and it is around 13 nm (Shaw et al., 2019). In our case, we found that, upon
transfection, molecules of MOG (FL-MOG or ED-MOG) did not interact so
closely to induce a Forster resonance energy transfer (FRET) signal,
indicating that they are more than 6 nm apart (Macrini et al., 2021). However,
we cannot exclude that dimerization is occurring in the myelin or under other
experimental conditions. For instance, Clements and colleague in their
crystallography manuscript showed that the external portion of MOG could

dimerize in vitro in a head-to-tail manner (Clements et al., 2003).

We believe that the reason for the high sensitivity of the CBA is connected to
the protein localization within the cell membrane, which could favour the
bivalent binding (see Figure 2). MOG has been associated with the detergent
insoluble fractions of the cell membrane (or also known as lipid rafts) (Kim
and Pfeiffer, 1999). Interestingly, Kim and Pfeiffer in their study discovered
that only around 40% of MOG was partitioning in the detergent insoluble
cholesterol enriched domains. They hypothesized that the non-active protein
is associated with the soluble part of the membrane, whereas, when the MOG
molecules cluster together in the lipid rafts, they are activated and might
activate themselves and other proteins of a signal transduction pathway (Kim
and Pfeiffer, 1999). In this context, we believe that all the MOG variants
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containing the second hydrophobic domain cluster preferentially in the lipid
raft portions of the cell membrane and this clustering of the MOG molecules
at a defined distance (~13-16 nm) which favours the bivalent binding of the
patients antibodies (see Figure 2). Whereas, the MOG variants ED-MOG and
MOG-Cyt, which do not efficiently detect MOG antibodies, might tend to
cluster much less in the cholesterol enriched domain. The ED-MOG/MOG-Cyt
molecules will be too close or too far from each other to allow a strong and
bivalent binding of the autoantibodies (see Figure 2). This, however, remains

to be analysed in future studies.

MOG Antibody Disease Patient Serum Cell-based Assay (CBA)
MOG Antibody
Full-length MOG CBA 2" hydrophobic domain External domain MOG CBA

=7

MAD ok

membrane k ) k k
cytoplasm

Figure 2: Schematic representation of the testing for MOG antibodies. Subjects showing
clinical symptoms attributable to MOGAD, get tested to detect possible MOG antibodies.
The serum derived from withdrawn blood, is incubated on cells transfected with FL-
MOG. The CBA performed with FL-MOG is superior to the one performed with ED-MOG,
because of the presence in the FL-MOG of the second hydrophobic domain. This domain
has a monotopic localization and it keeps the FL-MOG molecules at a defined distance
(~13-16 nm), which favors the bivalent binding of the human antibodies. The lack of
this domain, instead, induces the ED-MOG molecules at different distances, which
decrease the chances for a bivalent binding of the human MOG IgGs. (Adapted from
Macrini et al.,2021)

Our data give a more in depth explanation on why CBA works on these
antibodies (Figure 2). However, we believe that there can be some aspects
that can still be improved in order to have a more reliable, more reproducible
and efficient testing. For instance, we observed that the MOG variant MOG-
2TMD is significantly higher expressed than FL-MOG. As it is illustrated in the
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suppl. Figure 2B of (Macrini et al., 2021) there is a higher percentage of cells
that present an EGFP (mean fluorescence signal) MFI >1000 when they are
transfected with MOG-2TMD or with human-opossum-MOG. In both those
constructs, the C-terminus was substituted with an SG linker of 13 amino
acids. The higher expression of these variants over the full-length version of
MOG could indicate that actually the normal C-terminus of MOG has an
influence on the expression of the protein on the surface. Since we showed
that the C-terminus is not an epitope and cannot be bound by the patients’
antibodies, we would therefore suggest to transfect the cells with MOG-2TMD
for the CBA instead of FL-MOG. Furthermore, if we gate the live cells for an
EGFP signal >100, MOG-2TMD vyields a slightly higher antibody detection
than wild-type MOG, meaning we could gain a more intense detection signal.
The use of the MOG-2TMD construct could actually be very handy in the case
of low positive patients (see suppl. Fig 3 in (Macrini et al., 2021)). In particular,
the signal of the antibodies in the sera of patients #22 and #24 coming from
MOG-2TMD binding to MOG-2TMD is higher than the one coming from the
cells transfected with FL-MOG. However, as Reindl and colleagues argue in
their multicentre study (Reindl et al., 2020), low positive patients would need
a more careful clinical evaluation, in order to rule out other possible
inflammatory diseases of the CNS. Furthermore, one of the reasons why the
MOG titre is low could depend on the fact that probably the sample was not
taken at the disease onset or that it was taken after an immunosuppressive
therapy (Reindl et al., 2020).

Another point we want to stress is the differences we encountered between
human MOG antibodies and the humanized monoclonal antibody 8-18C5 in
the CBA we performed. Over the years of MOG research, 8-18C5 has been
an extremely powerful tool in the field of CNS autoimmunity, because of its
high affinity binding towards MOG. Throughout all the conducted experiments,
we realized that 8-18C5 binds to all the different types of MOG variants we
produced, without having any effect on its binding. Whereas, the patients’
antibodies strongly bound only to the MOG variants that include the second
hydrophobic domain. Furthermore, we could show that 8-18C5 can bind also
monovalently to FL-MOG and ED-MOG with high affinity. In contrast, the

human antibodies deriving from patients, mostly bind bivalently. We believe
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that in future research of MOG-IgG in MOGAD, the use of 8-18C5 should be
applied moderately because of the profound differences compared to the
human antibodies, and the generation of recombinant antibodies from patient

material would be desirable.

4.2 Pathogenic activity of MOG-Abs from patients

With our work, we contributed to the manuscript of (Spadaro et al., 2018),
which gave a more in depth understanding of the pathomechanisms that MOG
antibodies exert in the CNS. Antibodies were affinity purified from plasma of
patients with high MOG antibody levels and which were capable to react with
rodent MOG. These patient-derived Abs were intrathecally injected in rats with

EAE. This revealed two pathomechanisms, which are illustrated in Figure 3.
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Figure 3: Pathogenic mechanisms of affinity-purified MOG antibodies deriving from patients.
From the plasma of patients with MOGAD, MOG antibodies reacting with rodent MOG,
were affinity purified. The purified antibodies were then concentrated and injected in
rats together with MBP specific T cells or together with MOG specific T cells. The T
cells caused EAE in the animals, and the MOG IgGs worsened the disease with two
different mechanisms. When MOG IgGs were injected with MBP T cells, which breached
the BBB, they induced demyelination (luxol fast blue (LFB) staining) accompanied with
complement deposition (C9neo). In the second mechanisms, MOG antibodies together
with cognate MOG T cells, increased T cell infiltration, in comparison to MOG T cells
together with control IgGs. The figure was adapted from (Mader et al., 2020).
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First, when the purified IgGs were administered together with MBP specific T
cells, which breach the BBB, a strong demyelination with C9neo deposition
(similar to MS type Il pattern) was observed. Second, together with cognate

MOG specific T cells, there was an increased T cell infiltration.

In (Macrini et al., 2021), we showed that MOG patients’ antibodies mostly bind
their target bivalently. This has major implications in the pathological
mechanism that MOG antibodies exert, and it is in line with the mechanisms
highlighted with the transfer experiments. In fact, it is known that the
complement is better activated by the IgGs with monovalent binding; this
means that MOG antibodies can still bind C1q, however, in a less efficient
manner (Diebolder et al.,, 2014). Furthermore, the transfer experiment
indicated that MOG antibodies could induce pathogenicity in combination with
MOG specific T cells. In fact, the presence of the autoantibodies were
enhancing the recruitment and the action of the cognate T cells. We
hypothesize that the recruitment and subsequent enhanced activation of the
T cells could be a consequence of FcR-dependent opsonisation of MOG
(Kinzel et al., 2016).

These findings on the diverse mechanisms of antibody-mediated
pathogenicity corroborate the statement that indicates MOGAD and AQP4+
NMOSD as two different diseases (Mader et al., 2020). Histological stainings
of brain lesions from subjects affected by AQP4+ NMOSD clearly showed
astrocyte destruction with GFAP loss and abundant perivascular complement
deposition (Bruck et al., 2012; Bradl et al., 2018; Weber et al., 2018).
Furthermore, it has been demonstrated that AQP4 antibodies bind strongly
and monovalently to the M23 isoform of AQP4 (the one that forms OAPS)
(Crane et al.,, 2011). As previously stated, the ability of IgGs to bind
monovalently increases the capacity of binding Clg and to activate
complement, more than bivalent binding would do (Crane et al., 2011,
Diebolder et al., 2014; Soltys et al., 2019). Therefore, CDC is one of the
mechanisms used by AQP4 antibodies to exert damage in the CNS. Ratelade
and colleagues showed in vivo that antibodies binding to AQP4 that are
capable of performing only CDC but not ADCC were exerting much less

pathology in mice (Ratelade et al., 2013). Moreover, the pathological effects
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were greatly reduced even when compounds were used to block the FC
gamma receptors usually involved in the activation of effector cells during
ADCC (Ratelade et al., 2013). To sum up, AQP4 antibodies cause astrocyte
damage mostly with a combination of CDC and ADCC. MOGAD brain lesions,
instead, are mostly characterized by demyelination, CD4+ T cell infiltration,
relative axons and complete astrocytes preservation. In contrast to AQP4
antibodies, MOG antibodies need to be affinity purified and concentrated in
order to exert a pathogenic effect in the CNS of rodents (Spadaro et al., 2018).
Instead, IgG samples from patients with AQP4+ NMOSD are enough to show
strong pathogenicity in transfer experiments and exert tissue damage (Bradl
et al., 2009; Mader et al., 2020). Furthermore, the histological analysis of
samples coming from MOGAD patients or the results obtained in rodents from
the transfer of the affinity purified MOG antibodies illustrated that the
complement deposition is less pronounced than in AQP4+ NMOSD patients.
(Spadaro et al., 2015; Jarius et al., 2016; Spadaro et al., 2018; Weber et al.,
2018; Hoftberger et al., 2020). The fact that CDC might not be one of the key
mechanisms in the MOGAD pathogenicity could have consequences also in
the treatment options. In fact, for AQP4+ NMOSD eculizumab (an inhibitor of
C5) has been approved (Pittock et al., 2019). Based on our data, this therapy
might not be so effective for MOGAD patients.

4.3 Conclusions

In conclusion, with these studies we increased the knowledge of the
underlying mechanisms that govern the interaction between MOG antibodies
and their target. We found that the second hydrophobic domain of MOG
enhances recognition of the extracellular part of MOG by autoantibodies from
patients with MOGAD. This explains now why a CBA is the gold standard for
the detection of these antibodies. Furthermore, we demonstrated that MOG
antibodies coming from patients with MOGAD require bivalent binding to
recognize MOG. The bivalent binding of MOG antibodies shows also a clear
difference to AQP4 antibodies. Consequently, the role of complement and
CDC in MOGAD is resized. Furthermore, this implies that MOGAD and
AQP4+ NMOSD, do share some clinical phenotypes, however, they do not
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overlap completely especially at the immunopathogenic level, meaning that it
is correct to categorize MOGAD as a separate disease belonging to the group
of inflammatory demyelinating diseases of the CNS. The difference between
AQP4+ NMOSD and MOGAD could also be extended in the treatment
options. Complement inhibitors like eculizumab are emerging as treatment
option for NMOSD. Based on our findings on the lower complement activation,
MOGAD patients might not benefit from this type of medicament leading in
the future to more investigations to define the best treatment options for these

subjects.
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