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ABSTRACT 

The discovery of peripheral autoantibodies against myelin oligodendrocyte glycoprotein 

(MOG) allowed the delineation of MOG antibody-associated disease (MOGAD) from other 

central nervous system (CNS) demyelinating disorders, such as multiple sclerosis. Although 

the mechanisms and site of disease initiation are unknown in MOGAD, rising evidence 

indicates that peripheral MOG-specific antibodies may harbor pathogenic functions. In this 

regard, anti-MOG antibody-mediated opsonization of endogenous MOG was previously 

suggested to trigger inflammatory CNS demyelination in mice. However, it remains elusive if 

this can also occur in MOGAD patients. Hence, the first project of the present study focused 

on investigating the opsonizing capacity of MOG-reactive antibodies isolated from MOGAD 

patients. Using an in vitro setting with human myeloid antigen-presenting cells, the study on 

hand demonstrated that patient-derived anti-MOG antibodies opsonized soluble and 

membrane-bound MOG, thus facilitating antigen recognition and uptake by in vitro 

differentiated antigen-presenting cells presumable via Fc receptor (FcR) III. These findings 

support the hypothesis that anti-MOG antibody-mediated opsonization represents a disease-

triggering mechanism in MOGAD patients. 

Based on this, targeting peripheral anti-MOG antibodies and their effector mechanisms may 

be an efficient strategy for the treatment of MOGAD. Since Bruton’s tyrosine kinase (BTK) is 

crucially involved in FcR signaling in myeloid cells, its inhibition may prevent activation of 

myeloid cells induced by anti-MOG antibody-mediated opsonization. Thus, the second project 

of the study addressed the therapeutic potential of BTK inhibitor evobrutinib in anti-MOG 

antibody-triggered CNS demyelination. In a set of in vivo experiments, it was first observed 

that evobrutinib did not affect the phenotype of myeloid cells in the absence of inflammation. 

In anti-MOG antibody-induced CNS inflammation however, evobrutinib was found to prevent 

the clinical manifestation of experimental autoimmune encephalomyelitis (EAE) by 

significantly reducing inflammatory CNS demyelination in the spinal cord. Analysis of immune 

cells in secondary lymphoid organs showed that BTK inhibition diminished the expression of 

FcRs on monocytes and macrophages, but did not alter the phenotype of T cells in the chronic 

phase of EAE. Taken together, these results indicate that BTK inhibition by evobrutinib can be 

a promising strategy to counteract anti-MOG antibody-mediated CNS demyelination. 

However, the underlying immunological mechanisms need to be further investigated. 
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1 INTRODUCTION 

1.1 Inflammatory demyelinating disorders of the central nervous system 

Demyelination in the central nervous system (CNS) occurs when the myelin sheath of neurons 

is damaged, resulting in neurological dysfunctions such as vision impairment or weakness. It 

can be caused by different environmental factors, including viruses and toxins, but also by 

inflammatory autoimmune reactions. The heterogenous group of inflammatory CNS 

demyelinating diseases comprises a variety of disorders, including multiple sclerosis (MS), 

neuromyelitis optica spectrum disorders (NMOSD) and myelin oligodendrocyte glycoprotein 

antibody-associated disease (MOGAD). Although these disorders share clinical and 

pathological similarities, intensive investigations of their pathomechanisms have resulted in 

their delineation as distinct disease entities. 

1.1.1 Multiple sclerosis     

1.1.1.1 Clinical features 

With around 2.8 million affected people worldwide, MS is the most common chronic 

inflammatory demyelinating disease of the CNS. First clinical symptoms typically develop 

between the age of 20 to 40 years with females twice as likely to be affected than males 

(Walton et al. 2020). Depending on the affected CNS region, patients can present a broad 

range of symptoms including partial or complete vision loss, ataxia and limb weakness. With 

disease progression, most patients experience bladder dysfunction, fatigue, muscle spasms as 

well as cognitive deficits (Hauser and Oksenberg 2006). Based on the clinical course, MS can 

be divided into 3 main subtypes. The most common form is relapsing-remitting MS (RRMS), 

which affects approximately 85 % of MS patients. This subtype is characterized by recurrent 

acute periods of neurologic dysfunction (relapses), followed by episodes of partial or full 

recovery. Over time, around 65 % of these patients transition to a progressive disease with 

incomplete recovery after relapses and disability accumulation, termed secondary progressive 

MS (SPMS). 15 % of MS patients are diagnosed with primary progressive MS (PPMS) and 

experience gradual worsening from disease onset without remission (Hauser and Oksenberg 

2006; Lublin et al. 2014).  
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1.1.1.2 Pathology and immunopathogenesis 

A pathological hallmark for the diagnosis of MS are multifocal lesions in the white and grey 

matter of the CNS, which can be observed by magnetic resonance imaging (MRI). MS lesions 

can be formed anywhere in the CNS but they are mainly detected in the brain stem, spinal 

cord, optic nerve and periventricular areas (Gilmore et al. 2009; Green et al. 2010). They are 

characterized by rounded, demyelinated areas with variable axonal loss and reactive gliosis 

(Stadelmann et al. 2011). Although the immunopathology of lesions varies among MS 

patients, they mainly consist of CD8+ T lymphocytes and activated microglia and macrophages, 

with smaller infiltrations of CD4+ T cells, B lymphocytes and plasma cells. Furthermore, they 

can contain antibody and complement deposits as well as myelin-loaded macrophages 

(Kuhlmann et al. 2017; Lassmann 2018; Lucchinetti et al. 2000). 

To date, the cause of MS has not been identified but the disease pathogenesis is increasingly 

elucidated. It is currently assumed that autoreactive T cells trigger an inflammatory response 

that results in CNS demyelination. In detail, myelin-specific T lymphocytes are believed to 

become activated in the periphery by antigen-presenting cells (APCs) and to upregulate 

adhesion molecules, allowing them to migrate across the blood-brain barrier (BBB). After 

entering the CNS, these T cells can be reactivated by local APCs, provoking the release of pro-

inflammatory cytokines such as interferon (IFN)- and tumor necrosis factor (TNF)-. The 

secreted cytokines, in turn, induce the activation of CNS-resident microglia and the 

recruitment of peripheral immune cells, resulting in additional waves of inflammation (Hauser 

and Oksenberg 2006; Hemmer et al. 2002; Sospedra and Martin 2005).            

Besides T cells, B lymphocytes and their products are believed to be crucial determinants in 

the immunopathogenesis of MS. This hypothesis is particularly supported by the remarkable 

efficiency of B cell-depleting therapies with monoclonal anti-CD20 antibodies, e.g. Rituximab, 

in MS patients (Hauser et al. 2008). Another indicator for the crucial involvement of B cells is 

the presence of oligoclonal immunoglobulins (Ig), termed oligoclonal bands, in the 

cerebrospinal fluid (CSF) of many MS patients, which originate from locally supported plasma 

cells (Obermeier et al. 2008; von Budingen et al. 2010). Furthermore, antibody deposits are 

found on myelin structures in the area of ongoing CNS demyelination, which underlines the 

potential involvement of autoantibodies in the destruction of myelin in MS lesions (Genain et 

al. 1999).  
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1.1.1.3 Treatment strategies 

1.1.1.3.1 Approved therapies 

MS medications are applied to treat acute attacks, ameliorate symptoms and slow disease 

progression through disease-modifying therapies. These therapies suppress or modulate 

different immune mechanisms in MS patients, resulting in a reduced relapse rate and 

accumulation of MRI lesions. In recent years, a variety of disease-modifying therapies has 

been developed, which can be grouped into 4 categories based on their mode of action 

(Hauser and Cree 2020; Weber et al. 2012): 

(1)  Modulation of immune cell functions – e.g. interferons and dimethyl fumarate  

(2)  Inhibition of immune cell trafficking – e.g. natalizumab and fingolimod 

(3)  Reduction of cell proliferation – e.g. mitoxantrone and teriflunomide 

(4)  Depletion of immune cell subsets – e.g. rituximab and ocrelizumab 

Since MS has been considered to be a T cell-driven disease for many years, the first approved 

therapies focused on these lymphocytes. However, it is now understood that B cells also play 

a pivotal role in the pathogenesis of MS, which led to the development of new disease-

modifying therapies targeting B lymphocytes, including the monoclonal anti-CD20 antibody 

ocrelizumab (Hauser et al. 2017).  

1.1.1.3.2 Inhibition of Bruton’s tyrosine kinase    

A new therapeutic strategy to control pathogenic B cells in MS patients is the inhibition of 

Bruton’s tyrosine kinase (BTK). Belonging to the family of TEC kinases, BTK is a cytoplasmic 

non-receptor tyrosine kinase, which is expressed in cells of hematopoietic origin including 

B lymphocytes and myeloid cells, but not plasma cells (Hendriks et al. 2014). It is known for its 

essential role in B cell receptor signaling, a critical step for B cell activation, maturation and 

proliferation. The absence of BTK, e.g. in X-linked agammaglobulinemia (XLA) patients, causes 

a strong deficit of peripheral B and plasma cells, resulting in very low levels of circulating Igs 

(Conley et al. 2000). Furthermore, BTK is required for the signaling pathways of Fc, cytokine, 

chemokine and toll-like receptors in myeloid cells and B lymphocytes (Hendriks et al. 2014; 

Lopez-Herrera et al. 2014). Upon activation of the respective signaling cascade, BTK is 

phosphorylated by Lyn or Syk kinases, followed by BTK autophosphorylation. Subsequently, 

active BTK can phosphorylate phospholipase C2, which triggers calcium influx and activation 

of several transcription factors, such as nuclear factor (NF)-B (Neys et al. 2021).  
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Due to the involvement of BTK in different signaling pathways of many cell types, inhibition of 

BTK represents a promising mechanism to target inflammatory processes in MS patients. 

Currently, several BTK inhibitors are in the clinical development for MS, including evobrutinib. 

Evobrutinib is an irreversible inhibitor of BTK with high kinase selectivity, which forms a 

covalent bond with the amino acid residue Cys481 in the ATP binding site of BTK (Carnero 

Contentti and Correale 2020). Besides its capacity to significantly reduce disease severity in 

animal models of rheumatoid arthritis and systemic lupus erythematosus, evobrutinib has also 

shown a high therapeutic efficiency in the MS animal model experimental autoimmune 

encephalomyelitis (EAE) (Caldwell et al. 2019; Park et al. 2016; Torke et al. 2020). In detail, the 

administration of evobrutinib inhibited the activation and maturation of B cells as well as the 

release of pro-inflammatory cytokines, resulting in a reduced clinical and histological severity 

(Torke et al. 2020). In humans, evobrutinib has been recently tested as a monotherapy for 

RRMS in a phase II trial. Patients receiving evobrutinib showed a significantly reduced number 

of gadolinium-enhancing lesions compared to the placebo group, but no significant 

differences in the disability progression (Montalban et al. 2019).  

 

1.1.2 Neuromyelitis optica spectrum disorders 

1.1.2.1 Clinical course and diagnosis 

NMOSD, previously known as neuromyelitis optica (NMO), was first described by Eugene 

Devic and his student Fernand Gault in 1894 (Jarius and Wildemann 2013). It is a group of 

chronic demyelinating diseases characterized by inflammation processes in the spinal cord 

and optic nerves. Between 0.5 and 4 people per 100 000 inhabitants are diagnosed with 

NMOSD and females are 9 times more affected than men (Etemadifar et al. 2015; Gold SM et 

al. 2019). Compared to MS, NMOSD patients show more frequent and severe relapses and 

recovery is often incomplete, resulting in a quick deterioration. Although some patients have 

brain or brainstem involvement, most of them exhibit optic neuritis (ON, unilateral or 

bilateral) or longitudinally extensive transverse myelitis (LETM). Depending on the site of 

inflammation, NMOSD patients can experience various symptoms. When the spinal cord is 

involved, limb weakness, bladder dysfunction and sensorimotor problems occur in most 

patients. Whereas when the optic nerve is affected, patients experience blurry vision or visual 

loss (Carnero Contentti and Correale 2021; Morrow and Wingerchuk 2012).  
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Since NMOSD shares some clinical and radiological features with MS, it was erroneously 

considered as a variant of MS for many years. But with the discovery of IgG antibodies against 

the water channel aquaporin-4 (AQP4) in the serum of NMOSD patients, a crucial diagnostic 

tool was defined and NMOSD was differentiated from MS (Lennon et al. 2004). Based on the 

diagnostic criteria defined by Wingerchuk and colleagues in 2007 and 2015 (Wingerchuk et al. 

2007; Wingerchuk et al. 2015), NMOSD patients can be divided into AQP4 antibody-positive 

or AQP4 antibody-negative, with the former making up between 60 and 70 % of NMOSD cases 

(Sato et al. 2014). Diagnosis of NMOSD further requires the occurrence of at least one of the 

following clinical criteria: ON, LETM, area postrema syndrome, acute brainstem syndrome or 

NMOSD-typical brain lesions with diencephalic clinical syndrome (Wingerchuk et al. 2015). 

However, if the patients AQP4-IgG serology is unknown or negative, at least two of the 

aforementioned characteristics are needed for the diagnosis of NMOSD. 

1.1.2.2 Pathology and immunopathogenesis        

The pathology of NMOSD lesions is characterized by the binding of pathogenic autoantibodies 

to AQP4 expressed on the endfeet of astrocytes (Lennon et al. 2005; Lennon et al. 2004). The 

highest concentrations of AQP4 are found on astrocytes surrounding endothelial cells as well 

as in ependymal cell membranes (Hinson et al. 2012). Binding of anti-AQP4 antibodies to AQP4 

triggers the activation of the classical complement cascade, resulting in granulocyte, 

macrophage and lymphocyte infiltration and subsequent astrocyte damage. As a 

consequence, astrocytes can no longer support the surrounding CNS cells, which causes 

oligodendrocyte and neuronal loss. However, the exact mechanism of oligodendrocyte and 

neuron destruction remains unclear (Carnero Contentti and Correale 2021; Hinson et al. 

2012). This observation led to the conclusion that NMOSD is an astrocytopathy and 

demyelination only occurs as a result of a primary astrocyte destruction. The preferential 

occurrence of NMOSD lesions in the spinal cord and optic nerves may be due to the higher 

expression of AQP4 in these regions compared to the brain (Matiello et al. 2013).  

Although the process of disease initiation is still unknown, growing evidence points towards a 

peripherally initiated immune response in NMOSD. The first indication for this hypothesis is 

the rare presence of intrathecally produced anti-AQP4 antibodies in the CSF, suggesting that 

these antibodies are mainly generated in the periphery (Bennett et al. 2009). In this regard, 

AQP4 antibody-plasmablasts are found to be selectively elevated in the blood of NMOSD 

patients, and maintenance of these plasmablasts is facilitated by increased levels of 
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interleukin 6 (IL-6) (Chihara et al. 2011). In addition, Hillebrand and colleagues demonstrated 

in rats that systemically injected anti-AQP4 antibodies can enter the CNS via circumventricular 

organs and meningeal or parenchymal blood vessels, initiating the formation of NMOSD-like 

lesions with AQP4 loss. This effect was further enhanced in the presence of encephalitogenic 

T-cells (Hillebrand et al. 2019). Although the processes of CNS infiltration by AQP4-reactive 

antibodies have not been completely deciphered yet, the mechanisms of anti-AQP4 antibody 

pathogenesis in the CNS have been extensively studied through functional assays in animals 

and human tissues. It was revealed that serum-derived IgG from NMOSD patients binds to 

astrocytes and increases the permeability of a human in vitro BBB model (Vincent et al. 2008). 

Furthermore, the binding of AQP4-specific antibodies to astrocytes can cause astrocytopathy, 

secondary oligodendrocytopathy and demyelination through complement-dependent 

cytotoxicity (CDC) and antibody-dependent cellular cytotoxicity (ADCC) (Alexopoulos et al. 

2015; Phuan et al. 2012; Vincent et al. 2008).  

While the role of antibodies in NMOSD is well-characterized, the functions of T cells are widely 

unknown. In contrast to the predominance of CD8+ T lymphocytes in MS patients, activated 

CD4+ T cells are primarily found in NMOSD patients. However, NMOSD lesions are 

characterized by a low number of infiltrated T lymphocytes, suggesting that they are not 

directly involved in lesion formation. Instead, T cells may act in the peripheral immune 

response by disrupting tolerance or contributing to anti-AQP4 antibody production 

(Papadopoulos and Verkman 2012). 

1.1.2.3 Therapy options 

Currently, NMOSD treatment is subdivided into treatment of acute inflammatory attacks and 

long-term relapse prevention. First-line treatment during acute relapses includes intravenous 

application of high-dose methylprednisolone, followed by tapered oral steroids 

(Songthammawat et al. 2020). If the patient’s response is insufficient, plasma exchange can 

be performed to remove pathogenic antibodies (Bonnan et al. 2009; Roesner et al. 2012).  

To prevent further relapses and minimalize disability, long-term immunosuppressive 

therapies including azathioprine and rituximab are used. Over the last years however, 

monoclonal antibodies against the complement protein C5 (eculizumab), the IL-6 receptor 

(satralizumab) or CD19 (inebilizumab) have expanded the list of drugs for the treatment of 

NMOSD (Carnero Contentti and Correale 2021).  
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1.1.3 Myelin oligodendrocyte glycoprotein antibody-associated disease 

1.1.3.1 Myelin oligodendrocyte glycoprotein 

Myelin oligodendrocyte glycoprotein (MOG) is a transmembrane protein, which is expressed 

in the CNS on oligodendrocyte membranes and the outer lamella of the myelin sheath. The 

precise function of MOG remains elusive but it is thought to be involved in maintenance of 

the myelin sheath and in cell-cell communication (Johns and Bernard 1999; Peschl et al. 

2017a). Belonging to the immunoglobulin superfamily, MOG consists of an extracellular 

immunoglobulin variable domain, a hydrophobic transmembrane domain, a short cytoplasmic 

loop, a second hydrophobic transmembrane region and a cytoplasmic end (Kroepfl et al. 

1996). Although MOG only accounts for a quantitatively minor component (~0.05 %) within 

myelin, the distinct structure and its outer location on myelin sheaths make MOG a potential 

target for pathogenic autoantibodies and T lymphocytes (Johns and Bernard 1999).  

1.1.3.2 Clinical characteristics and diagnosis 

MOGAD is a recently defined demyelinating disease of the CNS, which is characterized by the 

occurrence of antibodies against MOG in the serum of patients. Approximately 1 – 6 % of adult 

patients with CNS demyelinating disorders are diagnosed with MOGAD, whereas children 

exhibit an anti-MOG antibody seropositivity frequency of about 40 % during a first 

inflammatory demyelinating syndrome (Marignier et al. 2021). Females are 2 – 3 times more 

affected than males and first clinical symptoms appear between the age of 30 and 40 years 

(Weber et al. 2018). The clinical spectrum of MOGAD includes various phenotypes such as 

LETM, ON, cortical encephalitis and acute demyelinating encephalomyelitis (ADEM), and 

disease courses can be monophasic or relapsing (Jarius et al. 2018). In adults, LETM and ON 

are the most frequent phenotypes and patients show rather a relapsing disease course. 

Depending on the site of inflammation, patients with LETM or ON experience similar 

symptoms as NMOSD patients, including dysesthesia, bladder dysfunction, limb paresis 

(LETM) or vision loss (ON). Children mostly suffer from ADEM, which is usually a one-time 

incident. In ADEM, most patients have headache, nausea, malaise and vomiting, but ataxia, 

hemiparesis and vision impairment can also occur (Ambrosius et al. 2020). 

Since MOGAD has been just recently defined, determination of consensus diagnostic criteria 

is still ongoing. The above mentioned clinical features of MOGAD can be also observed in MS 

or NMOSD patients, which makes it difficult to diagnose MOGAD on the basis of clinical or 

neuroimaging findings. Therefore, the detection of anti-MOG antibodies in the blood of 
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patients is essential for a proper diagnosis. In the beginning, MOG-specific antibodies were 

detected by peptide-based enzyme-linked immunosorbent assay (ELISA) or Western blotting. 

However, these methods only have a low specificity, resulting in misdiagnoses of MS patients 

being anti-MOG antibody seropositive (Berger et al. 2003). Today, the gold standard method 

for detecting MOG-reactive autoantibodies in patient’s blood is the live cell-based assay (CBA), 

which involves full-length human MOG expressed on the cell surface of eukaryotic cell lines 

(Ambrosius et al. 2020). It is recommended to test patients during or right after acute attacks 

as antibody titers fluctuate and can decrease over time (Waters et al. 2020).  

1.1.3.3 Pathology and immunopathogenesis 

Pathological studies of lesions in MOGAD patients are still rare. Based on a study of two 

autopsies and 22 brain biopsies of confirmed MOGAD cases, Höftberger and colleagues 

demonstrated that lesions are characterized by perivenous and confluent white matter 

demyelination. They further contain complement deposition and immune cell infiltrates 

consisting mainly of CD4+ T cells and granulocytes. In contrast to lesions of NMOSD patients, 

AQP4 on astrocytes is preserved, revealing that MOGAD is not an astrocytopathy (Hoftberger 

et al. 2020).  

Although several findings indicate that MOG-specific antibodies may have a pathogenic role 

in MOGAD patients, the precise function of anti-MOG antibodies and the site of disease 

initiation remain unknown. In rodents, intrathecally applied, patient-derived anti-MOG 

antibodies were able to induce clinical disease by enhancing CNS infiltration of intravenously 

injected MOG-specific T cells (Spadaro et al. 2018). In this context, Flach et al. further revealed 

that peripherally administered anti-MOG antibodies can enter the CNS and facilitate 

recognition of MOG to resident antigen-presenting phagocytes, resulting in an accelerated 

tissue destruction by T lymphocytes (Flach et al. 2016). Kinzel and colleagues propose a model 

in which the peripheral immune response against MOG plays an important, disease-driving 

role. They observed that in mice containing MOG-reactive T cells, the peripheral injection of 

anti-MOG antibodies triggered the proliferation and pro-inflammatory differentiation of 

peripheral T cells, which subsequently entered the CNS and caused EAE (Kinzel et al. 2016). 

1.1.3.4 Treatment options 

Since MOGAD is a relatively newly defined disease with low prevalence, no large treatment 

trials have been conducted yet. Therefore, MOGAD patients are treated similarly to NMOSD 
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patients. The drug of choice for the treatment of an acute attack is high-dose intravenous 

methylprednisolone. A second-line treatment strategy is warranted for patients with severe 

attacks or who do not improve sufficiently after methylprednisolone and consists of plasma 

exchange (five exchanges on alternative days), immunoadsorption or intravenous 

immunoglobulins (IVIg) (Marignier et al. 2021).  

To prevent further relapses and thus hinder disability progression of MOGAD patients, 

immunomodulating and immunosuppressive therapies are applied. These include 

azathioprine, rituximab, oral corticosteroids, methotrexate, mycophenolate mofetil and 

repeated cycles of IVIg (Ambrosius et al. 2020). A retrospective multicenter study on 70 

MOGAD patients revealed that IVIg-treated patients exhibit the lowest relapse rate (20 %), 

followed by azathioprine (59 %), rituximab (61 %) and mycophenolate mofetil (74 %) (Chen et 

al. 2020). However, since 70 % of pediatric patients with MOGAD have a monophasic disease 

course (Waters et al. 2020), it is recommended to start long-time treatment in children only 

after a second event. 

 

1.1.4 Experimental autoimmune encephalomyelitis 

Many mechanisms in the immunopathogenesis of CNS demyelination disorders were 

deciphered in the animal model EAE, which reproduces specific immunological and 

neuropathological features of these diseases. In rodents, EAE can be induced by different 

methods but the most common one is the active immunization with myelin-derived proteins 

or peptides emulsified in complete Freund’s adjuvant and co-administration of pertussis toxin. 

This triggers the activation of myelin-specific CD4+ T cells in the periphery, which subsequently 

enter the CNS and initiate a cascade of inflammatory processes, resulting in demyelination 

and axonal damage (Fletcher et al. 2010; Gold R et al. 2006). This leads to the manifestation 

of an ascending paralysis starting at the tail, followed by the hind and fore limbs. 

Although EAE is considered to be primarily mediated by T cells, B lymphocytes and their 

products become increasingly important. In this context, Kinzel and colleagues recently 

established an anti-MOG antibody-driven EAE model. The repetitive peripheral injection of 

the anti-MOG antibody clone 8.18C5 into MOG-specific T cell receptor transgenic mice 

(2D2 mice) was sufficient to induce clinical EAE in approximately 20 % of 2D2 mice. 

Furthermore, around 55 % of mice receiving 8.18C5 antibody developed histological EAE. It 

was revealed that anti-MOG antibodies triggered the activation and pro-inflammatory 



INTRODUCTION 

11 

 

differentiation of peripheral MOG-reactive T cells, which subsequently entered the CNS and 

caused EAE (Kinzel et al. 2016). This newly established EAE model represents a useful tool to 

study the pathomechanisms as well as potential therapeutic targets in anti-MOG antibody-

induced CNS demyelination.    

 

1.2 Myeloid antigen-presenting cells       

Dendritic cells (DCs) and macrophages are known as professional APCs, which link the innate 

and adaptive immune system by recognizing and internalizing foreign antigens and 

subsequently presenting the processed antigens to CD4+ T cells in the context of major 

histocompatibility complex (MHC) class II molecules (Murphy 2012). For this purpose, they 

constitutively express MHCII and upregulate co-stimulatory molecules, such as CD40 and 

CD86, upon activation (Kambayashi and Laufer 2014).  

1.2.1 Dendritic cells 

DCs originate from hematopoietic bone marrow precursor cells and are found in blood, 

lymphoid tissues and epithelia. In the steady state, immature DCs reside in peripheral tissues 

and continuously capture antigens. Upon activation by antigen encounter and/or 

inflammatory cytokines, DCs become mature, upregulate co-stimulatory molecules and 

migrate to lymphoid organs. Subsequently, mature DCs present the processed antigen to 

CD4+ T cells, which in turn regulate other immune effectors, such a B lymphocytes and 

macrophages (Banchereau et al. 2000; Steinman 1991). 

DCs can be divided into two major subsets, termed plasmacytoid DCs (pDCs) and myeloid DCs 

(mDCs) (Geissmann et al. 2010). In humans, pDCs are characterized by the expression of 

CD303 and CD304 and can produce large amounts of type I interferons in response to viral 

infections (Collin et al. 2013; Colonna et al. 2004). MDCs express typical myeloid marker, 

including CD11c and CD13, and can be further split into CD1c+ and CD141+ subsets. A third 

fraction of CD11c+ mDCs exhibits monocyte-related features and expresses CD14 on the cell 

surface (Collin et al. 2013). 

1.2.2 Macrophages 

Macrophages originate from circulating monocytes and differentiate upon entry into 

lymphoid and non-lymphoid tissues. Although they have the ability to present antigens to 

T cells, macrophages are primarily specialized in pathogen clearance and inflammation 
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regulation (Geissmann et al. 2010). They display a variety of pathogen recognition receptors 

and can be activated by a broad range of pathogens. Based on the activation state and 

function, macrophages are often divided into M1- and M2-type macrophages. M1 

macrophages, also termed classically activated macrophages, can be polarized by interferon 

(IFN)- and combat pathogens by secreting pro-inflammatory cytokines, such as IL-12 and IL-

1. By contrast, IL-4 induces alternatively activated macrophages (M2), which produce anti-

inflammatory cytokines, including IL-10, and participate in tissue repair (Ambarus et al. 2012). 

However, due to the rising number of functions and external stimuli of macrophages, the 

M1/M2 model is still under debate.     

1.2.3 Fc receptors on myeloid antigen-presenting cells 

DCs and macrophages express various Fc receptors (FcRs) which mediate their interaction 

with monomeric and aggregated IgG. FcRs can be divided into type I and II, with each type 

displaying distinct structures and functions. However, only FcR type I will be further 

described. In humans, type I FcRs comprise FcR I, FcR IIa, FcR IIb, FcR IIc, FcR IIIa and 

FcRIIIb, whereas mice express FcR I, FcR IIb, FcR III and FcR IV (Bournazos and Ravetch 

2017; Bruhns 2012). According to their function, these receptors can be subdivided into 

activating (FcR I, FcR IIa, FcR IIc, FcR IIIa, FcR IIIb, FcR IV) and inhibitory (FcR IIb) 

receptors. Activating FcRs transmit signals via an intracellular immunoreceptor tyrosine-

based activation motif (ITAM), whereas the inhibitory receptor exhibits an immunoreceptor 

tyrosine-based inhibitory motif (ITIM). Binding of IgG immune complexes to activating FcRs 

triggers the recruitment and interaction of several kinases, including Syk, Src and BTK, which 

subsequently leads to a variety of pro-inflammatory responses, including calcium influx, 

cytokine release and up-regulation of pro-inflammatory genes. This signaling pathway is 

tightly regulated by the inhibitory FcR IIb. ITIMs induce the recruitment of SHIP family 

phosphatases, which inhibit the recruitment and activation of Src, resulting in blockage of the 

activating pathway (Bournazos and Ravetch 2017; Joller et al. 2011).   

Several groups have investigated the expression of FcRs on myeloid APCs, revealing that the 

expression levels vary between DCs and macrophages, but also between different DC subsets. 

In human peripheral blood, CD1c+ and CD141+ mDCs express the activating FcR I and FcR IIa 

as well as the inhibitory FcR IIb, but not FcR III. PDCs, however, exhibit minimal or no 
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expression of FcRs on their surface (Boruchov et al. 2005; Fanger et al. 1996). By contrast, 

monocyte-related mDCs and macrophages express all FcRs (Guilliams et al. 2014).  

In mice, splenic mDCs as well as macrophages were found to express FcR I, FcR IIb, FcR III 

and FcR IV, whereas pDCs exclusively express the inhibitory FcR IIb (Flores et al. 2009; Junker 

et al. 2020; Lehmann et al. 2017).  

1.2.4 Bruton’s tyrosine kinase in myeloid cells 

Although BTK was initially thought to be only essential for B cell development, rising evidence 

indicates that BTK also plays a pivotal role in myeloid cells. In this regard, it has been revealed 

that BTK is required in the signaling of Fc, cytokine, chemokine and toll-like receptors 

(Hendriks et al. 2014; Lopez-Herrera et al. 2014). Pharmacological modulation of BTK was 

shown to inhibit FcR signaling in monocytes by impeding the activation of NF-B (Haselmayer 

et al. 2019). This can result in suppressed production of TNF-, IL-1 or IL-6 (Bame et al. 2021; 

Chang et al. 2011; Ren et al. 2016). Moreover, inhibition of BTK expression can reduce FcR-

mediated phagocytosis in macrophages (Jongstra-Bilen et al. 2008). It was further 

demonstrated that BTK is activated downstream of the granulocyte macrophage colony-

stimulating factor (GM-CSF) receptor in macrophages and thus regulates their inflammatory 

differentiation (Alankus et al. 2018). BTK is also crucially involved in toll-like receptor (TLR) 

signaling. Monocytes from XLA patients, which have mutations in the BTK gene (Lopez-Herrera 

et al. 2014), were found to be impaired in the production of pro-inflammatory cytokines, such 

as IL-1 and TNF-,upon stimulation of TLR4 or TLR2 (Horwood et al. 2003; Horwood et al. 

2006). In BTK-deficient mice however, bone marrow-derived macrophages produced 

enhanced levels of the pro-inflammatory cytokine IL-6 and decreased levels of the anti-

inflammatory cytokine IL-10 in comparison to wildtype (WT) cells upon activation of different 

TLRs (Schmidt et al. 2006). Thus, BTK may differently regulate TLR signaling in human and 

murine myeloid cells.      

 

1.3 The role of antibodies in CNS demyelinating disorders 

The discovery of peripheral antibodies against AQP4 and MOG, respectively, represents a key 

element for the delineation of NMOSD and MOGAD as distinct disease entities. Although 

initially introduced as diagnostic markers, rising evidence points towards a pathogenic role of 

anti-AQP4 and anti-MOG antibodies in these disorders.   



INTRODUCTION 

14 

 

1.3.1 Antibody structure and function  

Antibodies are pivotal determinants in the armamentarium of immune defense. First 

identified by von Behring and Kitasato in 1890, antibodies are secreted by plasma cells and 

can be found in blood and tissue fluids. They are large Y-shaped proteins and consist of two 

identical heavy and two light polypeptide chains (Fig. 1). The upper part, called Fab region 

(Fab = antigen-binding fragment), consists of one constant and one variable domain from each 

heavy and light chain and harbors the antigen-binding site. The variable domain can be 

composed of an extremely large variety of different amino acid sequences, thus enabling 

antibodies to recognize millions of different antigens. The lower part of an antibody, termed 

Fc region (Fc = crystallizable fragment), comprises two constant domains of the heavy chains. 

It specifies the effector function as well as the isotype of an antibody. Five different antibody 

isotypes can be classified: IgA, IgD, IgE, IgG and IgM. IgG antibodies can be further subdivided 

into four subclasses – humans possess IgG1, IgG2, IgG3 and IgG4, whereas in mice they are 

termed IgG1, IgG2a, IgG2b and IgG3 (Kapingidza et al. 2020; Schroeder and Cavacini 2010). 

Antibodies can fulfill a number of functions to protect the host but there are three major 

mechanisms to be mentioned. First, coating of a pathogen by antibodies can lead to its 

neutralization. This function is essential for a potent immune response against viruses as well 

as for the vaccine-mediated resistance against tetanus and pertussis toxin. Furthermore, 

antibodies can bind to pathogens and subsequently activate the classical complement 

cascade, resulting in the lysis of the pathogens. Finally, antibodies can bind pathogenic 

antigens and facilitate their recognition and uptake by phagocytic cells, a process termed 

opsonization (Forthal 2014; Joller et al. 2011). 
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Figure 1: Antibody structure of IgG. Heavy chains are depicted in grey, light chains in black. Fab = antigen-binding 

fragment, Fc = crystallizable fragment, CH = constant domain of the heavy chain, CL = constant domain of the light 

chain, VH = variable domain of the heavy chain, VL = variable domain of the light chain 

 

1.3.2 Autoantibodies in CNS demyelinating disorders 

As antibodies represent a pivotal weapon in the body’s immune response, it is not surprising 

that autoantibodies, i.e. antibodies directed against structures of the own body, can cause 

great damage, resulting in severe diseases. Every part of the body can be affected, also the 

CNS. In NMOSD patients, autoantibodies against the water channel AQP4 specifically target 

AQP4 expressed on astrocytes, causing their destruction and subsequent demyelination 

(Hinson et al. 2012; Lennon et al. 2005; Lennon et al. 2004). The pathomechanisms of AQP4-

reactive antibodies have been intensively studied, revealing that they induce CDC, ADCC, 

microglial activation and AQP4 degradation (Hinson et al. 2007; Phuan et al. 2012; Vincent et 

al. 2008). In addition, clinical observations show that anti-AQP4 antibody seropositivity 

correlates with disease activity and the presence of AQP4-specific antibodies may predict 

further relapses in NMOSD patients (Carnero Contentti and Correale 2021).  

In contrast, the pathogenesis and the site of action of MOG-reactive antibodies in MOGAD 

patients are still unknown. Several studies suggest that these antibodies may directly bind to 

MOG within the CNS and cause inflammatory demyelination by enhancing T cell infiltration 

(Flach et al. 2016; Peschl et al. 2017b; Spadaro et al. 2018). The work of Kinzel and colleagues, 

which is the basis for the present study, indicates that peripheral anti-MOG antibodies are 

capable of triggering CNS demyelination without entering the CNS. They demonstrated in a 

transgenic mouse model that the peripheral administration of anti-MOG antibodies initiated 

the activation and proliferation of peripheral MOG-specific T cells, which subsequently 



INTRODUCTION 

16 

 

infiltrated the CNS and caused EAE. The underlying mechanism was evaluated in a set of in 

vitro experiments, showing that anti-MOG antibodies opsonized MOG und thus promoted its 

uptake by myeloid APCs. This process was strictly FcR-dependent, as the use of APCs from 

FcR knockout mice abolished the enhancing effect. The internalized MOG was further 

processed and presented to naïve T lymphocytes, which differentiated in an encephalitogenic 

manner (Kinzel et al. 2016). In conjunction, these findings suggest that anti-MOG antibody-

mediated opsonization of endogenous MOG may act as a disease-driving mechanism in CNS 

demyelination disorders. 

 

1.4 Aims of the study 

1.4.1 Aim 1: Investigation of the opsonizing capacity of patient-derived anti-MOG 

antibodies 

While it has been proposed that anti-MOG antibody-mediated opsonization of endogenous 

CNS antigen can trigger inflammatory CNS demyelination in mice (Kinzel et al. 2016), it 

remains elusive if this may likewise occur in MOGAD patients. The first project therefore aimed 

to assess the capacity of patient-derived anti-MOG antibodies to opsonize human MOG. Using 

in vitro differentiated human myeloid APCs, it was investigated how IgG and serum samples 

from MOGAD patients affect the internalization of MOG by human phagocytes. Furthermore, 

the effect of anti-MOG antibody-mediated opsonization on the expression of FcRs and 

markers involved in antigen presentation on human APCs was evaluated. In a last set of 

experiments, the opsonizing activity of patient-derived anti-AQP4 antibodies was analyzed.  

1.4.2 Aim 2: Inhibition of Bruton’s tyrosine kinase as a therapeutic strategy for anti-MOG 

antibody-mediated CNS demyelination  

Since BTK is crucially involved in FcR signaling in myeloid cells (Koprulu and Ellmeier 2009; 

Lopez-Herrera et al. 2014), its inhibition may prevent activation of myeloid cells triggered by 

MOG-specific antibodies and thus counteract anti-MOG antibody-induced CNS demyelination. 

Hence, in the second part of the study, the effect of BTK inhibitor evobrutinib on myeloid cells 

activated by anti-MOG antibody-mediated opsonization was investigated in vitro and in vivo. 

In vivo, it was first analyzed how BTK inhibition affects the phenotype of immune cells in the 

absence of inflammation. In a second experimental setup, the impact of evobrutinib on clinical 

and histological severity as well as on immunological features in anti-MOG antibody-driven 

EAE was examined.
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2 MATERIALS AND METHODS 

2.1 Materials 

2.1.1 Reagents and kits 

Table 1: Reagents 

Reagent Manufacturer 

Acetic acid Merck, Millipore, Germany 

Acrylamide, 30 % Carl Roth, Germany 

Agar-Agar Carl Roth, Germany 

Agarose Starlab Gmbh, Germany 

AIM V medium Thermo Fisher Scientific, USA 

Ammonium persulfate (APS) Carl Roth, Germany 

Ammonium sulfate ((NH4)2SO4) Carl Roth, Germany 

Anhydrous monobasic sodium phosphate 

(NaH2PO4) 
Sigma-Aldrich, USA 

Anti-mouse IgG biotin antibody Sigma-Aldrich, USA 

Bacto™ tryptone Thermo Fisher Scientific, USA 

Bacto™ yeast extract Thermo Fisher Scientific, USA 

β-Mercaptoethanol Sigma-Aldrich, USA 

BD FACS Clean™ BD Biosciences, USA 

BD FACS Flow™ BD Biosciences, USA 

BD FACS Rinse™ BD Biosciences, USA 

BD Phosflow™ Perm/Wash buffer I, 10x BD Biosciences, USA 

BD Phosflow™ Lyse/Fix, 5x BD Biosciences, USA 

Biocoll® separating solution Bio&SELL, Germany 

Bovine serum albumin (BSA) Carl Roth, Germany 

Bromophenol blue Sigma-Aldrich, USA 

CellGenix® GMP DC medium CellGenix, Germany 

CD14 MicroBeads Miltenyi Biotec, Germany 

Chloral hydrate Merck Millipore, Germany 

Citric acid Merck Millipore, Germany 

Citric acid monohydrate Merck Millipore, Germany 

Coomassie Brilliant Blue G250 dye Thermo Fisher Scientific, USA 

DePeX mounting medium SERVA Electrophoresis GmbH, Germany 

3,3’-Diaminobenzidine tetrachloride (DAB) Sigma-Aldrich Chemie GmbH, Germany 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich, USA 

Disodium hydrogen phosphate (Na2HPO4x7H20) Carl Roth, Germany 

Dream Taq® PCR mix, 2x Thermo Fisher Scientific, USA 
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Dulbecco's Modified Eagle's Medium (DMEM) PAN Biotech, Germany 

Ethanol, 100 % Merck Millipore, Germany 

Ethylenediaminetetraacetic acid (EDTA) Carl Roth, Germany 

EDTA disodium salt dihydrate (EDTA-Na2·2H2O) Sigma-Aldrich, USA 

Evobrutinib (BTK inhibitor) Merck Serono, Germany 

Fetal bovine serum (FBS), ultra-low IgG Thermo Fisher Scientific, USA 

Fetal calf serum (FCS) Sigma-Aldrich, USA 

Fixable Viability Stain 520 BD Biosciences, USA 

FuGENE® HD transfection reagent Promega, USA 

Fungin™ InvivoGen, USA 

GelRed Biotium, Inc., Fremont, USA 

GeneRuler 1 kb DNA ladder Thermo Fisher Scientific, USA 

Glycerol, 100 % Carl Roth, Germany 

Glycine Carl Roth, Germany 

Hoechst 33342 Thermo Fisher Scientific, USA 

Human MOG1-125 protein GenScript Biotech, Netherlands 

Human serum, heat inactivated Sigma-Aldrich, USA 

Human or mouse TruStain FcX™ Fc block BioLegend, USA 

Hydrochloric acid (HCl) Merck Millipore, Germany 

Hydrogen peroxide (H2O2), 30 % Merck Millipore, Germany 

HyperLadder™ 50 bp Meridian Bioscience, BioCat GmbH, Germany 

Kleptose Merck Serono, Germany 

L-Glutamine, 200 mM Sigma-Aldrich, USA 

Lithium carbonate solution, 0.05 % Dianova, Germany 

Luxol® Fast Blue solution Sigma-Aldrich, USA 

Mayer’s hemalum Merck Millipore, Germany 

Methanol, 100 % Carl Roth, Germany 

Murine MOG1-117 protein GenScript Biotech, Netherlands 

NEBuffer™ r3.1, 10x New England Biolabs, USA 

Non-essential amino acids (NEAA) Thermo Fisher Scientific, USA 

OVA-FITC Thermo Fisher Scientific, USA 

Paraffin oil Carl Roth, Germany 

Paraformaldehyde (PFA), powder Merck Millipore, Germany 

Penicillin/streptomycin Thermo Fisher Scientific, USA 

Phosphate-buffered saline (PBS), 1x Thermo Fisher Scientific, USA 

Phosphate-buffered saline (PBS), 10x Lonza Bioscience, Switzerland 

Plasmocin® Prophylactic InvivoGen, USA 

Polyethylenimine Sigma-Aldrich, USA 

Precision Plus Protein Dual Color ladder Bio-Rad, Germany 

Propan-2-ol (isopropyl alcohol) Th. Geyer GmbH & Co. KG, Germany 
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rCutSmart™ buffer, 10x New England Biolabs, USA 

Roswell Park Memorial Institute (RPMI) 1640 Sigma-Aldrich, USA 

Sodium carbonate (Na2CO3) Merck Millipore, Germany 

Sodium chloride (NaCl) Carl Roth, Germany 

Sodium hydrogen carbonate (NaHCO3) Merck Millipore, Germany 

Sodium hydroxide (NaOH) Carl Roth, Germany 

Sodium dodecyl sulfate (SDS), 10 % Carl Roth, Germany 

Sodium pyruvate, 100 mM Sigma-Aldrich, USA 

Streptavidin-HRP R&D Systems, USA 

Subcloning Efficiency™ DH5 competent cells Thermo Fisher Scientific, USA 

Sulfuric acid (H2SO4) Carl Roth, Germany 

3,3′,5,5′-Tetramethylbenzidine (TMB) Moss Inc., Maryland, USA 

Tetramethylethylenediamine (TEMED) Thermo Fisher Scientific, USA 

Tris(hydroxymethyl)aminomethane (Tris) Carl Roth, Germany 

Trisodium citrate dihydrate Merck Millipore, Germany 

Trypan blue Sigma-Aldrich, USA 

Trypsin/EDTA, 0.05 % PAN Biotech, Germany 

Tween® 20 Merck Millipore, Germany 

Xylene Th. Geyer GmbH & Co. KG, Germany 

 

Table 2: Kits 

Kit Manufacturer 

DyLight™ 650 Antibody Labeling kit  Thermo Fisher Scientific, USA 

GraviTrap™ Ab buffer kit Merck Millipore, Germany 

LIVE/DEAD™ Fixable AQUA or NIR Dead Cell 

Stain kit 
Thermo Fisher Scientific, USA 

NucleoBond® Xtra Midi Plus DNA Purification kit Macherey-Nagel 

Periodic Acid Schiff (PAS) Staining kit Carl Roth, Germany 

QIAprep Spin Miniprep kit Qiagen, Netherlands 

 

2.1.2 Solutions, buffers and media 

Table 3: Solutions, buffers and media 

Solution/buffer/medium Composition 

APS, 10 % 
50 mg APS 

500 µl distilled water 

Blocking buffer for immunohistochemistry 
PBS 

10 % FCS 

Chloral hydrate, 14 % 

 

14 % chloral hydrate 

distilled water 
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Citrate buffer, 10 mM 

 

2.1 g citric acid 

1 l distilled water 

pH 6 

Coating buffer 

 

8.4 g NaHCO3 

3.5 g Na2CO3 

1 l distilled water 

pH 9.5, sterile-filtered 

Coomassie Brilliant Blue G250 

0.625 g Coomassie Brilliant Blue G250 

106.25 ml ethanol 

12.5 ml methanol 

25 ml acetic acid 

106.25 ml distilled water 

Cryo medium 

 

20 % DMSO 

80 % FCS 

DAB working solution 

 

PBS 

0.5 mg/ml DAB 

20 μl 30 % H2O2 per 50 ml DAB 

Destain solution 
30 % methanol 

10 % acetic acid  

Dialysis binding buffer 

5.42 g NaH2PO4  

16.36 g Na2HPO4x7H20 

5 l distilled water 

pH 7.0 

ELISA washing buffer 

 

1 ml Tween® 20 

1.8 l distilled water 

200 ml 10x PBS 

ELISA stop solution 2 N H2SO4 solution 

Eosin, 1 % 

 

70 % isopropyl alcohol 

1 % eosin G 

0.5 % acetic acid added before use 

sterile-filtered 

Fluorescence-activated cell sorting (FACS) 

buffer 

PBS, sterile 

2 % FCS 

HCl-alcohol, 1 % 
1 % HCl absolute 

99 % ethanol absolute 

Human embryonic kidney (HEK) 293-A cells 

medium 

DMEM 

1 % NEAA 

10 % FCS 

1 % penicillin/streptomycin 

5 µg plasmocin 

Kleptose buffer, 20 % 

3.45 g citric acid monohydrate 

1.06 g trisodium citrate dihydrate 

40 g Kleptose 

distilled water, ad 200 ml 

pH 3.0 
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Lysis buffer (for genotyping) 

0.5 g NaOH 

37.2 mg EDTA-Na2·2H2O 

500 ml distilled water 

pH 12.0 

Lysogeny broth (LB) medium 

10 g tryptone 

5 g yeast extract 

5 g NaCl 

distilled water, ad 1 l 

ph 7.0 

for agar plates: 15 g agar-agar 

Magnetic-activated cell sorting (MACS) buffer 

 

PBS, sterile 

0.5 % FCS 

2 mM EDTA 

pH 7.2 

Neutralization buffer (for genotyping) 

3.152 g Tris 

500 ml distilled water 

pH 5.0 

PBS, 10x 
95.5 g PBS 

1 l distilled water 

RD1 buffer (ELISA blocking buffer) 

 

200 ml 10x PBS 

20 g BSA 

1.8 l distilled water 

RPMI complete 

 

RPMI-1640 

10 % FCS 

1 mM sodium pyruvate 

50 μM β-mercaptoethanol 

1 % penicillin/streptomycin 

2 mM L-glutamine 

SDS-polyacrylamide gel electrophoresis (SDS-

PAGE) loading buffer 

50 mM tris 

12 % SDS 

30 % glycerol 

0.02 % bromophenol blue 

distilled water 

pH 6.8 

SDS-PAGE running buffer 

0.025 M tris 

1.5 % glycine 

0.1 % SDS 

distilled water 

pH 8.3 

SDS-PAGE separating gel buffer 

1.5 M tris 

distilled water 

pH 8.8 

SDS-PAGE stacking gel buffer 

0.5 M tris 

distilled water 

pH 6.8 
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TAE (tris, acetic acid, EDTA) buffer, 50x 

40 mM tris 

20 mM acetic acid 

1 mM EDTA 

1 l distilled water 

pH 8.0 

 

2.1.3 Plasmids, antibiotics and restriction endonucleases 

Table 4: Plasmids for transfection 

Plasmid Resistance Characteristic Source of supply 

pcDNA6.2-hAQP4-

EmGFP 
Ampicillin 

Encodes isoforms M-1 and M-23 of 

human AQP4 fused C-terminally to 

emerald green fluorescent protein 

(EmGFP) 

Prof. Markus Reindl, 

Medical University 

Innsbruck, Austria 

pEGFP-N1-hMOG Kanamycin 

Encodes isoform -1 of human MOG 

fused to enhanced green fluorescent 

protein (EGFP) 

Prof. Markus Reindl 

pFUSE-CHIg-hIG1-

8.18C5 
Zeocin 

Encodes the variable region of the 

mouse 8.18C5-specific kappa heavy 

chain fused to the constant region of 

the human kappa heavy chain 

Prof. Markus Reindl 

pFUSE2-CLIg-8.18C5 Blasticidin 

Encodes the variable region of the 

mouse 8.18C5-specific kappa light 

chain fused to the constant region of 

the human kappa light chain 

Prof. Markus Reindl 

 

Table 5: Antibiotics 

Antibiotic Final concentration in medium Manufacturer 

Ampicillin 50 µg/ml Carl Roth, Germany 

Blasticidin 100 µg/ml InvivoGen, USA 

Kanamycin 25 µg/ml Carl Roth, Germany 

Zeocin 100 µg/ml Thermo Fisher Scientific, USA 

 

Table 6: Restriction endonucleases 

Restriction endonuclease Corresponding buffer Manufacturer 

BamHI NEBuffer™ r3.1 New England Biolabs, USA 

BpmI Buffer B Thermo Fisher Scientific, USA 

BseYI NEBuffer™ r3.1 New England Biolabs, USA 

SalI NEBuffer™ r3.1 New England Biolabs, USA 

StuI rCutSmart™ Buffer New England Biolabs, USA 
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2.1.4 Antibodies, cytokines and inhibitors 

Table 7: Monoclonal antibodies for flow cytometry 

Specificity Reactivity Fluorochrome Clone Dilution Manufacturer 

BTK Human PE 53/BTK 1:10 BD Biosciences, USA 

CD1c Human BV421 L161 1:100 BioLegend, USA 

CD11c Human PE-Cy5.5 BU15 1:100 
Thermo Fisher 

Scientific, USA 

CD11c Human PE 3.9 1:50 BioLegend, USA 

CD13 Human PE-Cy7 WM15 1:100 BioLegend, USA 

CD14 Human FITC M5E2 1:100 BD Biosciences, USA  

CD14 Human APC M5E2 1:100 BioLegend, USA 

CD14 Human BV421 P9 1:100 BD Biosciences, USA 

CD14 Human PE-CF594 P9 1:100 BD Biosciences, USA 

CD16 Human AF700 3G8 1:100 BD Biosciences, USA 

CD32 Human PE FUN-2 1:100 BioLegend, USA 

CD40 Human PE 5C3 1:100 BioLegend, USA 

CD64 Human BV421 10.1 1:100 BioLegend, USA 

CD69 Human BV785 FN50 1:100 BioLegend, USA 

CD80 Human PE-Cy7 L307.4 1:100 BD Biosciences, USA 

CD80 Human BUV395 L307.4 1:100 BD Biosciences, USA 

CD86 Human BV421 FUN-1 1:100 BD Biosciences, USA 

CD141 Human PE 
AD5-

14H12 
1:100 

Miltenyi Biotec, 

Germany 

CD163 Human FITC GHI/61 1:100 BioLegend, USA 

CD206 Human BV421 15-2 1:50 BioLegend, USA 

CD303 Human FITC AC144 1:100 
Miltenyi Biotec, 

Germany 

CD304 Human APC AD5-17F6 1:100 
Miltenyi Biotec, 

Germany 

MHCII Human APC Tü36 1:100 BioLegend, USA 

Mouse IgG2a 

isotype control 
- PE - 1:10 BD Biosciences, USA 

B220 Mouse PE-Cy7 RA3-6B2 1:100 BD Biosciences, USA 

CD3 Mouse BUV395 145-2C11 1:100 BD Biosciences, USA 

CD3 Mouse PE 145-2C11 1:100 BioLegend, USA 

CD4 Mouse BV510 GK1.5 1:100 BioLegend, USA 

CD8 Mouse FITC 53-6.7 1:100 BioLegend, USA 

CD11b Mouse FITC M1/70 1:100 BioLegend, USA 

CD11b Mouse Pacific Blue M1/70 1:100 BioLegend, USA 

CD11b Mouse PE-Cy7 M1/70 1:100 BD Biosciences, USA 

CD11c Mouse FITC N418 1:100 BioLegend, USA 

CD16 Mouse AF700 275003 1:100 R&D Systems, USA 
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CD19 Mouse PerCP-Cy5.5 1D3/CD19 1:100 BioLegend, USA 

CD21 Mouse BV510 7G6 1:100 BD Biosciences, USA 

CD23 Mouse APC B3B4 1:100 BioLegend, USA 

CD25 Mouse PE PC61.5 1:100 Invitrogen, USA 

CD32 Mouse FITC 917012B 1:100 BioLegend, USA 

CD44 Mouse APC IM7 1:100 BioLegend, USA 

CD64 Mouse PE X54-5/7.1 1:100 BioLegend, USA 

CD69 Mouse PE-Cy7 H1.2F3 1:100 BioLegend, USA 

CD69 Mouse PerCP-Cy5.5 H1.2F3 mouse BioLegend, USA 

CD80 Mouse PE 16-10A1 1:100 BD Biosciences, USA 

CD86 Mouse BV605 GL1 1:100 BD Biosciences, USA 

CD93 Mouse PE AA4.1 1:100 BioLegend, USA 

CD95 Mouse BV421 Jo2 1:100 BD Biosciences, USA 

IgD Mouse BV421 11-26c.2a 1:100 BioLegend, USA 

IgMb Mouse FITC AF6-78 1:100 BD Biosciences, USA 

Ly-6C Mouse BV421 HK1.4 1:100 BioLegend, USA 

Ly-6G Mouse APC 1A8 1:100 BioLegend, USA 

MHCII Mouse Pacific Blue AF6-120.1 1:100 BioLegend, USA 

Siglec-F Mouse PE-CF594 E50-2440 1:100 BD Biosciences, USA 

 

Table 8: Antibodies, cytokines and inhibitors for cell culture and in vivo experiments 

Antibody/cytokine/inhibitor Manufacturer 

Goat anti-human IgG APC antibody Jackson ImmunoResearch, USA 

Imipramine-HCl (macropinocytosis inhibitor) Sigma-Aldrich, USA 

InVivoMAb human IgG1 isotype control Bio X Cell, USA 

InVivoMAb mouse IgG1 isotype control,  

clone MOPC-21 
Bio X Cell, USA 

Latrunculin A (phagocytosis inhibitor) Thermo Fisher Scientific, USA 

Prostaglandin E2 (PGE2) Sigma-Aldrich, USA 

Recombinant human granulocyte macrophage 

colony-stimulating factor (GM-CSF) 
Miltenyi Biotec, Germany 

Recombinant human interleukin (IL)-1 Thermo Fisher Scientific, USA 

Recombinant human IL-4 Thermo Fisher Scientific, USA 

Recombinant human IL-6 BioLegend, USA 

Recombinant human interferon- BioLegend, USA 

Recombinant human macrophage colony-

stimulating factor (M-CSF) 
Sigma-Aldrich, USA 

Recombinant human tumor necrosis factor 

(TNF)- 
Thermo Fisher Scientific, USA 
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Table 9: Primary antibodies for immunohistochemical staining  

Specificity Clone Species 
Antigen 

retrieval 
Dilution Manufacturer 

CD3 SP7 Rabbit Citrate buffer 1:50 DCS, Germany 

MAC-3 M3/84 Rat Citrate buffer 1:200 BD Pharmingen, USA 

 

Table 10: Secondary antibodies for immunohistochemical staining 

Specificity Dilution Manufacturer 

Anti-rabbit IgG, biotinylated 1:250 Jackson ImmunoResearch, USA  

Anti-rat IgG, biotinylated 1:500 DCS, Germany 

 

2.1.5 Consumables 

Table 11: Consumables 

Consumable Manufacturer 

Amicon® Pro Purification filter, 50 kDa Merck Millipore, Germany 

Bottle top filter, 0.2 µM Sarstedt, Germany 

Cell cultures dishes, 10 cm Sarstedt, Germany 

Cell culture flasks (75 cm2, 175 cm2) Greiner Bio-One, Austria 

Cell culture plates, flat bottom (6-well, 96-well)  Greiner Bio-One, Austria  

Cell culture plates, round bottom (96-well) Sarstedt, Germany 

Cell strainer, 70 μm Greiner Bio-One, Austria 

FACS tube Sarstedt, Germany 

LS columns (MACS) Miltenyi Biotec, Germany 

Needles BD Biosciences, USA 

Nunc™ cell culture flasks, 300 cm2 Thermo Scientific, USA 

Nunc™ Maxisorp® 96-well ELISA plate Thermo Scientific, USA  

Pipette tips (10 µl, 20 µl, 200 µl, 1000 µl) Sarstedt, Germany 

Pre-separation filters, 30 μm Miltenyi Biotec, Germany 

rProtein A/Protein G GraviTrap™ column Sigma-Aldrich, USA 

Serological pipettes (5 ml, 10 ml, 25 ml) Sarstedt, Germany 

Serum gel micro sample tube Sarstedt, Germany 

Servapor® dialysis tubes, MWCO 12000 – 14000  SERVA Electrophoresis GmbH, Germany 

S-Monovette® K3 EDTA tubes Sarstedt, Germany 
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Syringes (1 ml, 3 ml, 10 ml) BD Biosciences, USA 

Tubes (0.5 ml, 1 ml, 2 ml) Eppendorf, Germany 

Tubes (10 ml, 15 ml, 50 ml) Sarstedt, Germany 

 

2.1.6 Technical devices 

Table 12: Technical devices 

Device Manufacturer 

BD™ LSR II flow cytometer BD Biosciences, USA 

Centrifuge J6-HC Beckman Coulter, USA 

Centrifuge 5804 R Eppendorf, Germany 

Electrophoresis power supply EC 135-90 Thermo Scientific, USA 

iMark™ microplate reader Bio-Rad, Germany 

Microcentrifuge 5415 R Eppendorf, Germany 

Microscope Olympus, Germany 

Microtome Leica, Germany 

Microwave Bosch, Germany 

Mini-PROTEAN® Tetra handcast kit Bio-Rad, Germany 

NanoDrop 3300 Thermo Scientific, USA 

Neubauer chamber Carl Roth, Germany 

Olympus microscope BX63 Olympus, Germany 

Orbital shaker Thermoshake Gerhardt Analytical Systems, Germany 

QuadroMACS™ separator Miltenyi Biotec, Germany 

Sub-Cell GT Cell electrophoresis system Bio-Rad, Germany 

Thermocycler T3 Biometra, Germany 

Thermo shaker TS-100 VWR, USA 

Ultraviolet (UV) table Vilber, Germany 
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2.1.7 Software 

Table 13: Software 

Software Application Manufacturer 

FACS DIVA software 8.02 Data acquisition flow cytometry BD Biosciences, USA 

FlowJo v10.8.0 Data analysis flow cytometry Tree Star Inc., USA 

GraphPad Prism 6 Graphs and statistical analysis GraphPad software Ins., USA 

ImageJ 1.47d 
Data analysis histology and 

fluorescence microscopy 

National Institutes of Health, 

USA 

OMERO Data analysis histology Glencoe Software Inc., USA 

 

2.2 Blood, plasma und serum samples 

For the generation of human antigen-presenting cells, peripheral blood mononuclear cells 

(PBMCs) were collected from healthy donors. The protocol was approved by the Ethic 

Committee of the University Medical Center Göttingen (approval number 3/4/14). Plasma and 

serum samples from MOGAD and NMOSD patients were kindly provided by Prof. Markus 

Reindl (Medical University Innsbruck), Prof. Klemens Ruprecht (Charité Berlin), Dr. Albert Saiz 

(Hospital Clinic Barcelona) and Dr. Marius Ringelstein (University Medical Center Düsseldorf). 

Plasma from a Sjogren’s syndrome patient was tested negative for anti-MOG and anti-AQP4 

antibodies and served as negative control. For serum samples, a mixture of sera from 3 healthy 

donors served as negative control. The use of the patient’s material was approved by the Ethic 

Committees of the Hospital Clinic Barcelona, the Charité Berlin, the University Medical Center 

Düsseldorf and the University Medical Center Göttingen, written consent was obtained.  

 

Table 14: Overview of plasma and serum samples from MOGAD, NMOSD and Sjogren’s syndrome 

patients 

Diagnosis 

Number 

of 

patients 

Sample 

type 

CBA: normalized 

median fluorescence 

intensity (range)a 

Sex 

(female/male) 

Age at sampling 

(mean ± SD, in years) 

MOGAD 3 Plasma MOG: 4.6 – 376.8 3/0 45 ± 23 

MOGAD 6 Serum MOG: 2.7 – 96.4 3/3 48 ± 7 

NMOSD 3 Plasma AQP4: 127.0 – 808.4 3/0 52 ± 14 

NMOSD 3 Serum AQP4: 92.1 – 244.2 3/0 24 ± 8 

Sjogren’s 

syndrome 
1 Plasma 

MOG: 0.98 

AQP4: 1.2 
0/1 58 

 

a Plasma and serum samples were analyzed for anti-MOG and anti-AQP4 antibodies using CBA (see methods). 

The measured MOG or AQP4 median fluorescence intensities were normalized by a control vector (ratio of MOG 

or AQP4 median versus control median).   
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2.3 Animals 

Transgenic 2D2 mice were generated, characterized and kindly provided by Dr. Bettelli and Dr. 

Kuchroo (Boston, USA). In these mice, the majority of CD4+ T cells express a MOG35-55-specific 

T cell receptor composed of V3.2 and V11 (Bettelli et al. 2003). Animals were bred and 

housed under standard laboratory conditions at the Central Animal Facility of the University 

Medical Center Göttingen. Mice had access to water and food ad libitum and a 12 h/12 h 

light/dark cycle under specific-pathogen-free conditions. All experiments were carried out as 

approved by the government of Lower Saxony (protocol number 33.9-42502-04-17/2745). 

 

2.4 Methods – experiments with prokaryotic cells       

2.4.1 Cultivation, maintenance and cryopreservation of prokaryotic cells 

After transformation, DH5Escherichia coli (E. coli) cells were grown in LB medium 

supplemented with antibiotics for selection listed in table 5. Liquid E. coli cultures were 

cultivated in sterile Erlenmeyer flasks or 10 ml tubes on an orbital shaker at 175 rpm and 37 °C 

for 14 – 16 h. Thereafter, cells were harvested by centrifugation and plasmid deoxyribonucleic 

acid (DNA) was isolated with mini and midi preparation kits, respectively. 

For maintenance of the E. coli strain, cells were plated onto LB agar plates that contained the 

appropriate antibiotic (selection agar plates). The inoculated plates were aerobically 

incubated at 37 °C overnight and subsequently stored at 4 °C for four weeks at most.   

For cryopreservation, E. coli cells were cultured in LB medium and the appropriate antibiotic 

at 37 °C for 14 – 16 h. Afterwards, 750 µl liquid culture were mixed with 250 µl of 

100 % glycerol and immediately frozen at -80 °C. 

2.4.2 Transformation       

Transformation describes the uptake of exogenous DNA by bacterial cells resulting in a genetic 

alteration of the cells. Plasmid DNA was mixed with 50 µl of chemically competent 

DH5E. coli cells and incubated on ice for 20 min. After a heat shock at 42 °C for 45 s, cells 

were placed on ice for 3 min. Subsequently, 400 µl of pre-warmed LB medium were added 

and cells were incubated shaking vigorously at 37 °C for 45 min. 50 µl of the mixture were 

spread onto a selection agar plate and E. coli were aerobically cultivated at 37 °C overnight. 
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2.4.3 Isolation of DNA 

2.4.3.1 Mini preparation 

3 ml LB medium containing the appropriate antibiotic were inoculated with a single colony 

picked from a selection agar plate and incubated shaking at 37 °C for 14 – 16 h. The next day, 

E. coli cells were pelletized by centrifugation at 10 000 rpm and room temperature (RT) in a 

microcentrifuge for 3 min. For the isolation of plasmid DNA, the QIAprep Spin Miniprep kit 

was used following the instructions of the manufacturer. Purified plasmid DNA was eluted in 

50 µl sterile double-distilled water and DNA concentration was determined using NanoDrop. 

2.4.3.2 Midi preparation 

Larger amounts of plasmid DNA were isolated with the NucleoBond® Xtra Midi Plus DNA 

Purification kit. For this purpose, E. coli cells were cultured in 100 ml LB medium supplemented 

with the appropriate antibiotic and harvested by centrifugation at 5000 rpm, RT for 10 min. 

The isolation of DNA was conducted according to the protocol of the manufacturer. Plasmid 

DNA was eluted in 400 µl sterile double-distilled water and solved for 1 h on ice. DNA 

concentration was measured by NanoDrop. 

2.4.4 Restriction digestion of plasmid DNA 

To verify the integrity of the plasmids, purified DNA was digested using restriction 

endonucleases (listed in table 6). Each digestion reaction was carried out in a total volume of 

20 µl and contained 500 – 800 ng DNA, 2 µl of the appropriate digestion buffer, 1 unit 

restriction enzyme and sterile double-distilled water. Restriction digestions were incubated at 

37 °C for 3 h and subsequently visualized by agarose gel electrophoresis. 

2.4.5 Agarose gel electrophoresis 

This method was used for separating DNA by size for visualization of restriction digestions and 

polymerase chain reaction (PCR) products. Depending on the length of DNA fragments, the 

agarose concentration varied between 1 % (w/v) and 2 % (w/v). Agarose powder was mixed 

with 100 ml 1X TAE buffer and dissolved in a microwave for 2 – 3 min. After a short cooling 

period, 3 µl GelRed were added and the liquid agarose was poured into a gel tray. 2 µl of 

digestion reactions and 5 µl of PCR samples were mixed with loading dye and loaded into the 

gel. For determining the size of DNA fragments, the HyperLadder™ 50 bp (fragment sizes: 50, 

100, 200, 300, 400, 500, 600, 700, 800, 1000, 1200, 1400, 1600, 1800, 2000 basepairs (bp)) or 

GeneRuler 1 kb DNA ladder (fragment sizes: 250, 500, 750, 1000, 1500, 2000, 2500, 3000, 
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3500, 4000, 5000, 6000, 8000, 10000 bp) was applied. Gel electrophoresis was conducted at 

120 V until DNA fragments were sufficiently separated. Subsequently, the separated DNA 

fragments were visualized by UV light.       

 

2.5 Methods – experiments with eukaryotic cells      

2.5.1 Cultivation and cryopreservation of human embryonic kidney 293-A cells 

Human embryonic kidney (HEK) 293-A cells were kindly provided by Prof. Markus Reindl 

(Medical University Innsbruck) and cultured in HEK293-A medium at 37 °C, 95 % humidity and 

5 % CO2. For passaging the cell line, medium was removed and cells were washed with 10 ml 

PBS. HEK293-A cells were subsequently covered with 4 ml of 0.05 % trypsin/EDTA and 

incubated for 3 min. After detaching the cells from the flask by rinsing the bottom with 10 ml 

HEK293-A medium for several times, cells were collected and centrifuged at 1250 rpm, 4 °C 

for 10 min. Finally, cells were counted with a Neubauer chamber and 4·105 – 6·105 cells were 

seeded in 15 ml fresh HEK293-A medium into 75 cm2 flasks. Cell splitting was carried out twice 

a week until passage 35. 

For cryopreservation, 2·106 HEK293-A cells were resuspended in 500 µl HEK293-A medium, 

mixed with 500 µl cryo medium and immediately frozen at -80 °C. After 48 h, frozen cells were 

transferred to liquid nitrogen. 

2.5.2 Cultivation and cryopreservation of hybridoma cells 

Hybridoma cells were kindly provided by Prof. Linington (University of Glasgow, UK) and 

cultured in RPMI complete medium with 50 µg/ml fungin at 37 °C, 95 % humidity and 5 % CO2. 

The suspension cells were passaged every 3 – 4 days by splitting them 1:5 in 20 ml fresh 

medium into 75 cm2 cell culture bottles. After expanding the cell line to 40x 75 cm2 bottles, 

cells were split into 80x 175 cm2 flasks for 8.18C5 antibody production.  

For cryopreservation of hybridoma cells, 1·106 cells were resuspended in 750 µl FCS, mixed 

with 750 µl cryo medium and immediately frozen at -80 °C. After 48 h, frozen cells were 

transferred to liquid nitrogen.  

2.5.3 Isolation of peripheral blood mononuclear cells 

For isolation of PBMCs, 100 – 150 ml blood from healthy donors were collected in EDTA tubes. 

20 – 25 ml of the collected blood were layered on top of 15 – 20 ml Biocoll® separating solution 

in each 50 ml tube. Blood components were separated by density gradient centrifugation at 
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1500 rpm, RT, with slow acceleration and break off for 35 min. Mononuclear cells were 

collected at the interphase between the plasma and the Biocoll® solution layer. The isolated 

cells were washed with PBS and centrifuged at 1250 rpm, 4 °C, 10 min twice, and the cell 

number was determined using a Neubauer chamber. Finally, the collected PBMCs were 

resuspended in MACS buffer and it was proceeded with isolation of CD14+ cells.  

2.5.4 In vitro generation of human antigen-presenting cells 

To differentiate human APCs in vitro, PBMCs were isolated from blood of healthy donors. 

Afterwards, CD14+ cells were isolated by magnetic-activated cell sorting (MACS). For this 

purpose, human anti-CD14 beads were used and isolation of CD14+ cells was conducted 

according to the protocol of the manufacturer. 1·107 CD14+ cells were seeded into 10 cm cell 

culture dishes and cultivated in the following media at 37 °C, 95 % humidity, 5 % CO2 for 5 days: 

 

Table 15: Cultivation media for generation of dendritic-like and macrophage-like cells 

Dendritic-like cells Macrophage-like cells 

10 ml CellGenix® GMP DC medium 

1 % penicillin/streptomycin 

800 units/ml human GM-CSF 

40 ng/ml human IL-4 

9 ml AIM V medium 

10 % human serum 

1 % penicillin/streptomycin 

50 ng/ml human M-CSF 

 

On day 3 post seeding (p.s), cultivation media were renewed by collecting and centrifugating 

the cell suspensions at 1250 rpm, 4 °C for 10 min. 5 days after seeding, cells were stimulated 

with the following media for two days: 

 

Table 16: Stimulation media for generation of dendritic-like and macrophage-like cells 

Dendritic-like cells Macrophage-like cells 

10 ml CellGenix® GMP DC medium 

1 % penicillin/streptomycin 

800 units/ml human GM-CSF 

40 ng/ml human IL-4 

2 ng/ml human IL-1 

10 ng/ml human IL-6 

10 ng/ml human TNF- 

1 µg/ml PGE2 

9 ml AIM V medium 

10 % human serum 

1 % penicillin/streptomycin 

10 ng/ml human IFN- 

 

On day 7 p.s., attached and suspension cells were harvested, centrifugated at 1250 rpm, 4 °C 

for 10 min and washed with DMEM once. After determining the cell number, dendritic-like 

and macrophage-like cells were seeded for various experiments. 



MATERIALS AND METHODS 

32 

 

2.5.5 DyLight 650 labeling of human MOG 

To be able to quantify the internalization of soluble MOG by the generated APCs, human 

MOG1-125 protein was fluorescently labeled with the DyLight™ 650 Antibody Labeling kit. 

1 mg human MOG was labeled as instructed by the manufacturer and the degree of labeling 

was determined by NanoDrop.   

2.5.6 Nonliposomal transfection of plasmid DNA   

For experiments with cell-bound human MOG or AQP4, HEK293-A cells were transfected with 

plasmid DNA encoding for the respective protein (listed in table 4). Transfection is the process 

of introducing foreign DNA or ribonucleic acid (RNA) into eukaryotic cells using physical or 

chemical methods. The day before transfection, HEK293-A cells were harvested and counted 

as described in section 2.5.1. Depending on the size of the cell culture plates, appropriate cell 

numbers were seeded (see table 17), resulting in a cell confluency of 70 – 80 % on the next 

day. 24 h later, purified pEGFP-N1-hMOG or pcDNA6.2-hAQP4-EmGFP DNA was mixed with 

the nonliposomal transfection reagent FuGENE® HD and DMEM. After incubation for 5 min at 

RT, the transfection mixture was added to the seeded HEK293-A cells. 48 h post transfection, 

the transfection efficiency was analyzed by fluorescence microscopy and cells were harvested 

for phagocytosis experiments. 

 

Table 17: Overview of transfection properties per well 

Final 

experiment 

Cell 

culture 

plate 

Total 

volume 

per 

well 

Seeded cell 

number 

Volume 

of 

seeded 

cells 

Amount 

of 

plasmid 

DNA  

Volume of 

FuGENE® HD 

reagent  

Total 

volume of 

transfection 

reaction 

Microscopic 

analysis 

96-well 

(flat) 
100 µl 0.1·105 cells 100 µl 200 ng 0.72 µl 5 µl 

Phagocytosis 

assay 
6-well 3 ml 2·105 cells 3 ml 6 µg 21.8 µl 150 µl 

 

2.5.7 Phagocytosis assay 

To assess the phagocytic capacity of in vitro differentiated APCs, 5·104 dendritic-like and 

macrophage-like cells were seeded in a 96-well round bottom plate and rested for 1 h at 37 °C. 

If indicated, the inhibitors imipramine (macropinocytosis), latrunculin A (phagocytosis) or 

evobrutinib (BTK) and their appropriate control solutions were added to the seeded cells, 

followed by an incubation of 1 h. Subsequently, soluble human MOG-DL650 and transfected 

HEK293-A cells, respectively, were added. MOG-DL650 was used at final concentrations of 
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0 – 8 µg/ml. To harvest transfected HEK293-A cells, they were washed with PBS, detached 

using trypsin and counted. HEK293-A cells were applied at final concentrations of 0 – 128·103 

cells per well. Where indicated, purified humanized 8.18C5 (cfinal = 15 µg/ml), human IgG 

(cfinal = 100 µg/ml) or serum samples (cfinal = 1 mg/ml) were added to the wells. After 

incubating the reaction mixtures for 2 h or 18 h at 37 °C, cell supernatants were collected for 

ELISA analysis. Cells were washed with PBS once and further processed for flow cytometry 

analysis.       

2.5.8 Flow cytometry analysis 

To quantify the uptake of soluble or membrane-bound protein by APCs and to analyze the 

expression of surface markers on human and murine cells, flow cytometry analysis (also called 

„FACS“) was conducted. If not otherwise specified, the staining protocol was performed in a 

96-well round well plate at 4 °C in the dark and all washing steps included the addition of 

160 µl FACS buffer to the wells followed by centrifugation at 1250 rpm, 4 °C for 7 min. 

In detail, cells were washed with 160 µl PBS and centrifuged. To stain necrotic cells, 30 µl of 

the LIVE/DEAD™ Fixable AQUA or NIR Dead Cell Stain kit diluted 1:500 in PBS were added and 

cells were incubated in the dark at RT for 10 min. Afterwards, 30 µl of human or mouse 

TruStain FcX™ Fc block diluted 1:50 in FACS buffer were added to block unspecific binding of 

antibodies to Fc receptors of the cells. After an incubation for 10 min, cells were washed with 

FACS buffer. To stain molecules on the cell surface, 30 µl of fluorophore-conjugated antibodies 

(listed in table 7) diluted as indicated in FACS buffer were added and cells were incubated for 

15 min. Human cells were subsequently washed with FACS buffer twice, resuspended in 100 

µl FACS buffer, transferred to FACS tubes and analyzed by the FACS DIVA software 8.02 at the 

BD™ LSR II flow cytometer. Murine cells were washed with FACS buffer once and subsequently 

fixed by incubating them with 100 µl 2 % PFA in PBS for 30 min. After two washing steps, cells 

were resuspended in 80 µl FACS buffer, transferred to FACS tubes and analyzed by the FACS 

DIVA software 8.02 at the BD™ LSR II flow cytometer. Further analysis of the measured data 

was conducted using FlowJo v10.8.0. 

2.5.9 Phosflow        

The BD Phosflow technology was used to analyze the intracellular expression of BTK by the 

generated dendritic-like and macrophage-like cells. If not otherwise indicated, all protocol 

steps were performed in the dark and cells were centrifuged at 2500 rpm, RT for 7 min. 
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In detail, the in vitro differentiated cells were harvested on day 7 p.s. and centrifuged at 

1250 rpm, 4 °C for 10 min. After resuspending the cells in pre-warmed PBS, 2.5·105 cells were 

transferred to each 10 ml tube and centrifuged. To stain necrotic cells, 250 µl of the Fixable 

Viability Stain 520 dye diluted 1:5000 in pre-warmed PBS were added and cells were incubated 

at 37 °C for 8 min. Thereafter, 2 ml PBS were added and cells were centrifuged. To lyse and fix 

the generated APCs, they were incubated with 500 µl of pre-warmed BD Phosflow™ Lyse/Fix 

diluted 1:5 in double-distilled water at 37 °C for 10 min. Cells were centrifuged and 

subsequently permeabilized by resuspending them in 1 ml ice-cold BD Phosflow™ Perm/Wash 

buffer I diluted 1:10 in double-distilled water. After an incubation step of 15 min at RT, cells 

were centrifuged, washed with 1 ml ice-cold Perm/Wash buffer and centrifuged again. To 

intracellularly stain BTK, cells were resuspended in 100 µl Perm/Wash buffer and 10 µl of the 

PE-conjugated BTK antibody or the appropriate isotype control (listed in table 7) were added. 

Cells were incubated at RT for 1 h, washed with 3 ml Perm/Wash buffer and centrifuged. After 

resuspending the cells in 100 µl Perm/Wash buffer, they were transferred to FACS tubes and 

analyzed by flow cytometry. 

2.5.10 Production of 8.18C5 

The murine monoclonal anti-MOG IgG1 antibody clone 8.18C5 was produced using hybridoma 

cells, which were cultivated as described in section 2.5.2. For optimal production of 8.18C5, 

hybridoma cells were cultured for 7 days in 80x 175 cm2 flasks containing 50 ml RPMI medium 

supplemented with 5 % FCS, 1 mM sodium pyruvate, 50 μM β-mercaptoethanol, 

1 % penicillin/streptomycin and 2 mM L-glutamine. Afterwards, the cell supernatant 

containing the secreted antibody was harvested by centrifugation at 2000 rpm, 4 °C for 

10 min. For purification of the monoclonal antibody, the protein was first precipitated by 

adding ammonium sulfate to the supernatant and incubating the mixture at 4 °C overnight, 

constantly mixing. On the next day, the precipitated protein was pelletized in a Beckman 

Coulter J6-HC centrifuge at 10 000 rpm, 4 °C for 30 min and subsequently solved in 10x PBS. 

Afterwards, the anti-MOG antibody was purified as described in chapter 2.5.13 and eventually 

analyzed by NanoDrop, SDS-PAGE and MOG ELISA.    

2.5.11 Production of humanized 8.18C5 

A humanized form of the anti-MOG antibody clone 8.18C5 (h8.18C5) was produced in HEK293-

A cells to serve as positive control for anti-MOG antibody positive IgG and serum samples in 
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phagocytosis experiments. HEK293-A cells were cultured at 37 °C, 5 % CO2 in 9x 75 cm2 flasks 

containing 15 ml HEK293-A medium supplemented with 5 % ultra-low IgG FCS instead of 

10 % normal FCS. The day before transfection, cells were harvested as described in section 

2.5.1 and seeded into 6x 300 cm2 Nunc™ cell culture bottles, resulting in a cell confluency of 

70 – 80 % on the next day. For transient expression of the humanized antibody, HEK293-A cells 

were transfected with the transfection reagent polyethylenimine and 2 plasmid constructs 

which either encode the variable region of the mouse 8.18C5-specific kappa heavy chain fused 

to the constant region of the human kappa heavy chain (pFUSE-CHIg-hIG1-8.18C5) or the 

variable region of the mouse 8.18C5-specific kappa light chain fused to the constant region of 

the human kappa light chain (pFUSE2-CLIg-8.18C5, listed in table 4). In detail, 40 µg pFUSE-

CHIg-hIG1-8.18C5 DNA and 60 µg pFUSE2-CLIg-8.18C5 DNA were mixed with 500 µl of 1 mg/ml 

polyethylenimine and filled up with DMEM to 5 ml. After pre-incubating the transfection 

mixture at RT for 10 min, it was added to the seeded cells cultured in 80 ml 5 % FCS HEK293-

A medium. Transfected HEK293-A cells were cultivated at 37 °C for 8 days and the secreted 

antibody was subsequently harvested by collecting the supernatant. To remove cells, the 

supernatant was centrifuged at 1250 rpm, 4 °C for 10 min. Finally, the humanized antibody 

was purified as described in chapter 2.5.13 and analyzed by NanoDrop, SDS-PAGE, MOG ELISA 

and CBA.  

2.5.12 Purification of whole immunoglobulin G from human plasma 

Human plasma samples were obtained from Sjogren’s syndrome, MOGAD and NMOSD 

patients by plasmapheresis. Whole IgG was purified from 50 ml human plasma as described 

in section 2.5.13. Subsequently, the purified IgG was analyzed by NanoDrop, MOG ELISA and 

CBA. 

2.5.13 Purification of immunoglobulin G 

To purify the murine and humanized 8.18C5 antibody as well as human whole IgG, their 

solvents were first exchanged into binding buffer (see table 3) by dialysis. For this purpose, 

the protein solution was transferred into Servapor® dialysis tubes (MWCO 12000 – 14000) and 

dialysis was performed in 5 L binding buffer at 4 °C overnight. The next day, the binding buffer 

was replaced by fresh buffer and dialysis was conducted for additional 5 h. Thereafter, the 

protein solution was collected from the dialysis tubes, sterile-filtered and stored at 4 °C until 

further processing.  
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For purification of IgG, rProtein A/Protein G GraviTrap™ columns and the GraviTrap™ Ab 

buffer kit were used. The purification was conducted according to the instructions of the 

manufacturer and the purified 8.18C5 was collected in elution/neutralizing buffer. Finally, the 

buffer was exchanged into 1x PBS by centrifugation using 50 kDa Amicon® Pro Purification 

filters. Centrifugation steps were performed at 4000 rpm, 4 °C, 30 min until the buffer was 

completely exchanged. The purified antibody was sterile-filtered and further analyzed. 

2.5.14 Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

To examine the integrity and purity of the murine and humanized 8.18C5 antibody, sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was used, which allows the 

separation of proteins by size. For this purpose, the discontinuous gel system based on 

Laemmli (Laemmli 1970) was applied and gel equipment from the Mini-PROTEAN® Tetra 

handcast kit was used. 

After assembling the gel glass plates, the following separating gel solutions were poured into 

the glass plates and overlaid with isopropyl alcohol: 

 

Table 18: Composition of 6 % and 12 % separating gels 

Solution 6 % gel (for non-reducing conditions) 12 % gel (for reducing conditions) 

Acrylamide, 30 % 6 % 12 % 

Separating gel buffer 0.375 M 0.375 M 

SDS, 10 % 0.1 % 0.1 % 

Double-distilled 

water 
ad 7.5 ml ad 7.5 ml 

APS, 10 % 0.05 % 0.05 % 

TEMED 0.16 % 0.16 % 

 

Gels were left to set for 1 h and the overlayed isopropyl alcohol was subsequently removed. 

For the stacking gel, the following solution was poured into the glass plates and combs were 

immediately inserted:  

 

Table 19: Composition of the stacking gel 

Solution Stacking gel 

Acrylamide, 30 % 5 % 

Stacking gel buffer 0.125 M 

SDS, 10 % 0.1 % 

Double-distilled water ad 7.5 ml 

APS, 10 % 0.05 % 
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TEMED 0.16 % 

      

Gels were allowed to set for 30 min. In the meantime, protein samples were prepared by 

mixing 10 µg of the purified antibody with loading buffer. For reducing conditions, β-

mercaptoethanol (100 %) was added to a final concentration of 0.5 %. To disrupt the 

secondary and tertiary structure of the antibody, the mixtures were subsequently heated at 

70 °C for non-reducing and 95 °C for reducing conditions for 5 min. After loading the denatured 

protein samples and the Precision Plus Protein Dual Color ladder (fragment sizes: 10, 15, 20, 

25, 37, 50, 75, 100, 150, 250 kDa) into the gels, antibody samples were separated in SDS-PAGE 

running buffer at 40 – 60 mA for 40 – 50 min.  

To visualize the resolved proteins, gels were stained with Coomassie Brilliant Blue G250. For 

this purpose, gels were washed with double-distilled water for 5 min twice and subsequently 

stained with Coomassie Brilliant Blue G250 solution for 25 min. Afterwards, gels were washed 

with double-distilled water 3 times for 5 min each and decolorized with destain solution 

overnight. 

2.5.15 MOG enzyme-linked immunosorbent assay 

The MOG binding capacity of the murine and humanized 8.18C5 and anti-MOG antibody+ IgG 

samples was determined by MOG ELISA. If not otherwise specified, incubation steps were 

carried out on a shaker at RT and washing included 3 washing steps with 150 µl ELISA wash 

buffer. A Nunc™ Maxisorp® 96-well ELISA plate was coated with 100 µl of 10 µg/ml murine or 

human MOG protein and incubated at 4 °C overnight. The next day, the plate was washed, 

blocked with 200 µl RD1 buffer for 1 h and washed again. Antibody samples and controls were 

diluted 1:500, 1:1500, 1:4500, 1:13500 and 1:40500 in RD1 buffer and 100 µl of the dilutions 

were applied onto the plate. After an incubation of 2 h, the plate was washed and 

subsequently incubated with 100 µl anti-mouse or anti-human IgG-biotin detection antibody 

diluted 1:6000 and streptavidin-HRP diluted 1:40 in RD1 buffer for 1 h in the dark. The plate 

was washed four times and 100 µl TMB were applied. After a maximal incubation of 20 min in 

the dark, 100 µl ELISA stop solution were added and the OD was subsequently measured at 

450 nm with 540 nm wavelength correction using the iMark™ microplate reader.   

2.5.16 Cell-based assay 

Human IgG and serum samples were analyzed for MOG- or AQP4-specific antibodies using 

cell-based assay (CBA). All experiments were performed by Dr. Stefan Nessler (Department of 
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Neuropathology, University Medical Center Göttingen). Briefly, HEK293-A cells which stably 

expressed human MOG isoform -1, human AQP4 isoform M23 or the appropriate control 

vectors (CV) on the surface were incubated with IgG or serum samples diluted 1:50 in the 

growth medium for 15 min on ice. Cells were subsequently washed 3 times with FACS buffer 

and APC-labeled goat anti-human IgG antibody was added. After an incubation of 15 min on 

ice, cells were washed twice, transferred to FACS tubes and analyzed by flow cytometry. The 

median fluorescence intensity was measured and the median ratio of HEK-MOG versus HEK-

CV or HEK-AQP4 versus HEK-CV was calculated. 

 

2.6 Methods – in vivo experiments 

2.6.1 Genotyping of 2D2 mice 

The genotype of 2D2 mice was determined using PCR. All genotyping experiments were 

conducted by Katja Grondey and Julian Koch (Department of Neuropathology, University 

Medical Center Göttingen). For the isolation of DNA from tail biopsies of 2D2 mice, the tissue 

was digested in 100 µl lysis buffer at 99 °C for 30 min and 100 µl neutralization buffer were 

subsequently added. PCR reactions contained 1 µl of the isolated DNA, 10 µl 2x Dream Taq® 

PCR mix, 7 µl nuclease-free water and 1 µl of each primer:  

  

primer 1: 5’-CCC GGG CAA GGC TCA GCC ATG CTC CTG-3’ 

primer 2: 5’-GCG GCC GCA ATT CCC AGA GAC ATC CCT CC-3’ 

 

Reactions were run in the T3 thermocycler at the following cycling conditions:  

 

94 °C  2 min  initial denaturation 

94 °C  1 min  denaturation 

58 °C  1 min  annealing 

72 °C  1 min  extension 

72 °C  1 min  final extension 

4 °C  ∞  storage 

 

Finally, PCR products were visualized by agarose gel electrophoresis as described in section 

2.4.5. 

2.6.2 EAE induction 

To induce antibody-driven EAE, the anti-MOG antibody clone 8.18C5 was repetitively injected 

into the tail vein of 2D2 mice. 150 µg 8.18C5 antibody or isotype control antibody (InVivoMAb 
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mouse IgG1, clone MOPC-21) were injected twice a week up to a total of ten injections and 

clinical signs of EAE were evaluated daily as follows: 0 = no clinical signs; 1.0 = tail paralysis; 

2.0 = hind limb paresis; 3.0 = severe hind limb paresis; 4.0 = paralysis of both hind limbs; 4.5 = 

hind limb paralysis and beginning forelimb paresis, 5.0 = moribund or dead. To monitor the 

antibody titer in the blood of 2D2 mice, serum was analyzed after the fifth and the last 

antibody injection. For this purpose, blood from the vena facialis was collected into serum gel 

micro sample tubes and centrifuged at 13 000 rpm, RT for 5 min. Serum samples were 

subsequently analyzed by MOG ELISA.     

2.6.3 Evobrutinib treatment 

Evobrutinib was dissolved in 20 % Kleptose buffer (listed in table 3). The compound was 

administered daily by oral gavage at a concentration of 3 mg/kg bodyweight, starting 3 days 

before the first 8.18C5 antibody injection. Control mice received 20 % kleptose buffer. 

2.6.4 Ex vivo isolation of immune cells and histology 

At the end of each experiment, immune cells were analyzed by flow cytometry and histological 

analysis of the brain and spinal cord was performed. For ex vivo analysis of immune cells via 

flow cytometry, spleen, cervical and inguinal lymph nodes were collected and passed through 

a 70 µM cell strainer. After two washing steps with PBS and centrifugation at 1250 rpm, 4 °C 

for 10 min, cells were seeded in 96-well round bottom plates and further processed for flow 

cytometry analysis. 

To perform histological analysis, animals were transcardially perfused with PBS followed by 

4 % PFA in PBS. Brain, spinal cord, liver and spleen were isolated, stored in 4 % PFA at 4 °C for 

2 – 3 days and subsequently transferred to PBS. For paraffin embedding of the tissues, the 

brain was dissected into 2 – 3 mm coronal slices and the spinal cord was cut into 8 – 10 

sections. Spleen and liver slices were utilized as positive and negative control, respectively, for 

histochemical stainings. The tissues were subsequently washed in water and dehydrated by a 

graded alcohol/xylene/paraffin series using an automated tissue processor. Finally, tissue 

sections were embedded in paraffin and processed for immunohistochemistry.     

2.6.5 Histochemistry and immunohistochemistry 

For histochemical and immunohistochemical stainings, paraffin blocks were sliced into 1 µm 

sections using a microtome and slices were mounted on glass slides. To deparaffinize and 
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rehydrate the tissue slices, they were incubated at 60 °C for 60 min and subsequently treated 

as follows: 

 

4x          10 min          xylene 

1x          5 min            xylene/isopropyl alcohol 

2x          5 min            100 % isopropyl alcohol 

1x          5 min            90 % isopropyl alcohol 

1x          5 min            70 % isopropyl alcohol 

1x          5 min            50 % isopropyl alcohol 

∞                                distilled water 

 

After histochemical or immunohistochemical stainings, tissue sections were dehydrated by 

performing the xylene/isopropyl alcohol series described above in reverse, incubating every 

step for 3 min. Finally, the stained slices were mounted with DePeX mounting medium.  

2.6.5.1 Hematoxylin and eosin staining 

Histological sections were stained with hematoxylin and eosin (HE) to obtain a general 

overview of the tissue. Hematoxylin stains cell nuclei in a blue-purple color, whereas eosin 

marks the cytoplasm and extracellular matrix in pink. For the staining, slices were 

deparaffinized and rehydrated as described above. Subsequently, they were incubated in 

Mayer’s hemalum for 5 min and rinsed with distilled water. After differentiating the sections 

by shortly immersing them into 1 % HCl-alcohol, slices were blued by rising them in flowing 

tap water for 10 min. Tissue sections were then incubated with 1 % eosin for 5 min and rinsed 

with distilled water. Finally, the stained sections were dehydrated and mounted with DePeX 

medium. 

2.6.5.2 Luxol fast blue – periodic acid-Schiff staining 

To evaluate myelin loss in the brain and spinal cord, sections were stained with luxol fast blue 

(LFB) and periodic acid-Schiff (PAS). Myelin is stained blue by LFB and PAS marks demyelinated 

parenchyma and grey matter in pink. After deparaffinizing the sections up to the 90 % 

isopropyl alcohol step, they were incubated with LFB solution at 60 °C overnight. The next day, 

slides were washed in 90 % isopropyl alcohol and subsequently differentiated by shortly 

immersing them into 0.05 % lithium carbonate solution, followed by 70 % isopropyl alcohol 

and distilled water. Sections were then incubated with 1 % periodic acid for 10 min and rinsed 

in flowing tap water for 5 min. After washing the slides with distilled water twice, they were 

incubated in Schiff’s solution for 40 min and subsequently washed in flowing tap water for 
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20 min. To stain cell nuclei, sections were incubated in Mayer’s hemalum for 5 min and shortly 

rinsed with distilled water. After differentiating the sections by shortly immersing them into 

1 % HCl-alcohol, slices were blued by rinsing them in flowing tap water for 10 min. Finally, the 

stained sections were dehydrated and mounted with DePeX medium. 

2.6.5.3 Immunohistochemical staining 

For determining the infiltration of immune cells into the brain and spinal cord, 

immunohistochemical stainings with antibodies against CD3 (T cells) and MAC-3 

(macrophages) were performed. If not otherwise indicated, all washing steps included 

washing with PBS for 3 times. Sections were first deparaffinized and rehydrated as described 

in section 2.6.5. To expose antigenic sites in the tissues, an antigen retrieval was conducted 

by heating the slides in citrate buffer in a steamer for 45 min. Sections were then washed with 

PBS and incubated with 3 % H2O2 at 4 °C for 10 min to block the endogenous peroxidase and 

reduce unspecific signals. After washing the slides with PBS, they were incubated with 10 % 

FCS in a humidified chamber at RT for 30 min to prevent unspecific antibody binding. Sections 

were subsequently incubated with 100 µl anti-CD3 or anti-MAC-3 antibody diluted in 10 % FCS 

(antibodies listed in table 9) in a humidified chamber at 4 °C overnight. The next day, slides 

were rinsed with PBS and incubated with the corresponding biotin-conjugated secondary 

antibody listed in table 10 (diluted in 10 % FCS) in a humidified chamber at RT for 1 h. After 

washing the slides with PBS, they were incubated with 0.1 % peroxidase-conjugated 

streptavidin (diluted in 10 % FCS) in a humidified chamber at RT for 1 h. Sections were 

subsequently rinsed with PBS and developed in DAB solution for several minutes, while the 

staining reaction was controlled under the microscope. DAB acts as a substrate of the 

peroxidase, resulting in a dark brown staining. After rinsing the slides with distilled water 

twice, cell nuclei were counterstained with Mayer’s hemalum for 10 sec. Slides were then 

rinsed with distilled water and differentiated by shortly dipping the slides into 1 % HCl-alcohol. 

Finally, slices were blued by rinsing them in flowing tap water for 5 min, dehydrated and 

mounted with DePeX medium. 

 

2.7 Statistical analysis 

All statistical analyses were calculated using the software GraphPad Prism 6. Data are depicted 

as mean ± SEM (standard error of the mean). In vitro phagocytosis assays with inhibitors 

(Fig. 4) or h8.18C5 (Fig. 6) as well as cell surface stainings after phagocytosis assays (Fig. 12 – 
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14) were analyzed by a two-sided t test. Phagocytosis assays with human IgG and serum 

samples (Fig. 7 – 11) were analyzed using a one-way ANOVA followed by Dunnett’s multiple 

comparison test, comparing antibody negative IgG/serum to antibody positive samples. For 

BTK inhibition in WT mice (Fig. 13, 14), the Mann-Whitney U test was used. The Kaplan-Meier 

curve of treated transgenic 2D2 mice was analyzed by the Mantel-Cox logrank test (Fig. 17). 

Histological and flow cytometry data from experiments with transgenic 2D2 mice (Fig. 18 – 

23) were analyzed using the Kruskal-Wallis test followed by Dunn’s test for multiple 

comparison. P-values of statistical differences correspond to: 

 

p > 0.05      -  not significant 

p ≤ 0.05      -  * 

p ≤ 0.01      -  ** 

p ≤ 0.001    -  *** 

p ≤ 0.0001  -  **** 
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3 RESULTS 

3.1 Project 1: Investigation of the opsonizing capacity of patient-derived anti-

MOG antibodies 
 

Kinzel and colleagues previously suggested that opsonization of CNS antigen by MOG-reactive 

antibodies may act as a disease-triggering process in mice. They showed that the peripheral 

administration of anti-MOG antibodies induced the activation and proliferation of MOG-

specific T cells, which subsequently entered the CNS and caused EAE (Kinzel et al. 2016). In 

MOGAD patients however, the mechanisms of disease induction and progression have not 

been deciphered yet. It is also uncertain if human anti-MOG antibodies harbor pathogenic 

functions. Hence, the first project of the present study addressed the potential pathogenic 

role of patient-derived anti-MOG antibodies. Using in vitro differentiated human myeloid 

APCs, it was investigated if peripheral autoantibodies from MOGAD patients have the ability 

to opsonize human MOG, thus mediating antigen recognition and internalization by myeloid 

APCs.   

3.1.1 In vitro differentiated human antigen-presenting cells exhibit specific phenotypes 

To assess the opsonizing capacity of patient-derived anti-MOG antibodies, an in vitro setting 

with human myeloid APCs was established. For this purpose, CD14+ myeloid cells were 

isolated from peripheral blood mononuclear cells of healthy donors and cultured in the 

presence of distinct cytokines for 7 days (Fig. 2A). In the presence of GM-CSF, IL-4, IL-1, IL-6, 

TNF- and PGE2, myeloid cells were differentiated into cells which resembled human DCs 

(therefore termed dendritic-like cells). To generate macrophage-like cells, CD14+ cells were 

cultured under the influence of M-CSF, IFN- and human serum. In the course of 

differentiation, immature dendritic-like cells were characterized by a branched morphology, 

whereas mature dendritic-like cells displayed a round shape and were detached from the cell 

culture plate. Macrophage-like cells attached to the plate during cultivation, exhibiting an 

oblong or rounded shape at the end (Fig. 2B). Flow cytometry analysis of the differentiated 

cells revealed that both cell types highly expressed CD11c, but they differed in the expression 

of CD14 (Fig. 2C, 3C, D). 
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Figure 2: In vitro differentiation of human myeloid APCs. CD14+ myeloid cells were isolated from human peripheral 

blood mononuclear cells (PBMCs) of healthy donors by magnetic-activated cell sorting and cultured in the presence 

of the in (A) indicated cytokines. 7 days post seeding, mature dendritic-like and macrophage-like cells were 

harvested. A) Illustration of the generation process. B) Morphologic development of human APCs in the course of 

differentiation; scale bar = 20 µm. C) Gating strategy for flow cytometry analysis of the generated cells. After 

excluding doublets and dead cells, dendritic-like and macrophage-like cells were stained for CD11c and CD14.  
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Figure 3: The generated APCs display different profiles of cell surface markers. Dendritic-like and macrophage-like 

cells were analyzed for the expression of (A) FcRs, (B) molecules involved in antigen presentation and markers 

specific for (C) dendritic cell (DC) subsets or (D) macrophage subsets using flow cytometry. A, B) Representative 

histograms of 5 independent experiments. C, D) Tables with a selection of markers characteristic for DC subsets 

(Collin et al. 2013) or macrophage subsets (Ambarus et al. 2012). Mean frequency of the indicated markers ± SEM 

gated on intact CD11c+CD14- dendritic-like cells or CD11c+CD14+ macrophage-like cells; n = 3; representative data 

of 2 independent experiments. 

 

Since FcRs are required for the effector functions of myeloid APCs, their expression on 

dendritic-like and macrophage-like cells was examined by flow cytometry. Macrophage-like 

cells expressed FcRs I, II and III, whereas dendritic-like cells only showed high expression of 

FcR II, which comprises an activating (FcR IIa) and an inhibitory (FcR IIb) receptor (Fig. 3A). 

Furthermore, the expression of molecules involved in antigen presentation was determined, 

showing that both cell types expressed CD40, CD80, CD86 and MHCII, with dendritic-like cells 

mostly displaying higher expression levels than macrophage-like cells (Fig. 3B). To evaluate 
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whether in vitro differentiated human APCs share similar features with DCs and macrophages 

occurring in the human body, the expression of markers specific for subsets of DCs or 

macrophages was analyzed. The generated dendritic-like cells expressed molecules specific 

for myeloid and plasmacytoid but not for monocyte-related DCs (Fig. 3C). Macrophage-like 

cells presented high expression levels of M1 and M2 markers (Fig. 3D), suggesting that in vitro 

differentiated cells cannot be assigned to distinct subsets of myeloid APCs. Taken together, 

these results indicate that in vitro differentiated dendritic-like and macrophage-like cells are 

characterized by particular morphologies and cell surface marker profiles. Both cell types 

express common features of APCs and are thus suitable to examine the opsonizing capacity of 

MOG-specific antibodies.  

3.1.2 Human antigen-presenting cells are capable of internalizing soluble and membrane-

bound protein 

A crucial prerequisite for investigating the opsonizing capacity of patient-derived anti-MOG 

antibodies is the ability of the differentiated cells to internalize human MOG. To assess this 

function, dendritic-like and macrophage-like cells were incubated with fluorescently labeled, 

soluble MOG (MOG-DL650) for 2 h and protein uptake was determined by flow cytometry. As 

depicted in Fig. 4A, both cell types internalized soluble MOG in a concentration-dependent 

manner. To specify the endocytosis mechanism, inhibitors targeting macropinocytosis or 

phagocytosis were applied. Addition of the macropinocytosis inhibitor imipramine resulted in 

a significantly decreased MOG-DL650 uptake by dendritic-like or macrophage-like cells 

(Fig. 4B). A similar effect was observed in the presence of the phagocytosis inhibitor 

latrunculin A, although the reduction of MOG internalization was less efficient (Fig. 4C). A 

mixture of imipramine and latrunculin A potently diminished but did not completely inhibit 

protein uptake by human APCs (Fig. 4D). These observations indicate that soluble human MOG 

is mainly internalized by macropinocytosis followed by phagocytosis, but other mechanisms 

of endocytosis may be additionally involved. 
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Figure 4: Dendritic-like and macrophage-like cells internalize soluble human MOG by macropinocytosis and 

phagocytosis. In vitro differentiated APCs were incubated with fluorescent-labeled soluble MOG (MOG-DL650) for 

2 h. The MOG uptake was quantified by flow cytometry. A) Frequency of MOG-DL650+ cells ± SEM gated on intact 

CD11c+CD14- dendritic-like cells or CD11c+CD14+ macrophage-like cells; n = 3; representative data of 5 independent 

experiments. B – D) To investigate the mechanism of internalization, human APCs were pre-incubated with (B) 

imipramine (macropinocytosis inhibitor, solved in methanol), (C) latrunculin (phagocytosis inhibitor, solved in 

DMSO) or (D) both for 30 min, and fluorescently labeled MOG was subsequently added. Mean frequency of MOG-

DL650+ cells ± SEM gated on intact CD11c+CD14- dendritic-like cells or CD11c+CD14+ macrophage-like cells; n = 3; 

representative data of 2 – 3 independent experiments; two-sided t test of solvent vs. inhibitor.   

 

Since MOG physiologically occurs as a transmembrane protein, it was further investigated 

whether the generated APCs are capable of internalizing membrane-bound MOG. For this 

purpose, HEK293-A cells were transfected with pEGFP-N1-hMOG, which encodes isoform -1 

of human MOG fused to enhanced green fluorescent protein (EGFP). The expression of MOG-

EGFP on the membrane of HEK293-A cells was visualized by fluorescence microscopy 48 h post 

transfection and is shown as a greenish staining (Fig. 5A). To analyze the ingestion of 

membrane-bound MOG by human APCs, HEK293-A cells were harvested 48 h post 
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transfection and incubated with dendritic-like or macrophage-like cells for 2 h. Both cell types 

internalized human MOG-EGFP expressed by HEK293-A cells in a concentration-dependent 

manner (Fig. 5B). To determine the opsonizing capacity of patient-derived anti-AQP4 

antibodies in subsequent experimental approaches, AQP4 protein expressed on the cell 

surface was required. HEK293-A cells were therefore transfected with pcDNA6.2-hAQP4-

EmGFP, which encodes isoforms M-1 and M-23 of human AQP4 fused C-terminally to emerald 

green fluorescent protein (EmGFP). 48 h post transfection, the expression of AQP4-EmGFP on 

HEK293-A cells was visualized by fluorescence microscopy (Fig. 5C). Subsequently, cells were 

harvested and incubated with human APCs. Similar to membrane-bound MOG, dendritic-like 

and macrophage-like cells ingested membrane-bound AQP4-EmGFP (Fig. 5D). In summary, 

these finding demonstrate that in vitro differentiated APCs are capable of ingesting soluble as 

well as membrane-bound protein. 
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Figure 5: The differentiated APCs are capable of internalizing membrane-bound human MOG and AQP4. To 

obtain membrane-bound human MOG or AQP4, HEK293-A cells were transiently transfected with either (A, B) 

pEGFP-N1-hMOG (MOG-EGFP) or (C, D) pcDNA6.2-hAQP4-EmGFP (AQP4-EmGFP). A, C) 48 h post transfection, 

transfected cells were counterstained with Hoechst 33342 and visualized by fluorescence microscopy; scale 

bar = 50 µm. B, D) Transfected HEK293-A cells were harvested 48 h post transfection and incubated with dendritic-

like or macrophage-like cells for 2 h. Mean frequency of (B) MOG-EGFP+ or (D) AQP4-EmGFP+ cells ± SEM gated on 

intact CD11c+CD14- dendritic-like cells or CD11c+CD14+ macrophage-like cells; n = 3; representative data of 

3 independent experiments. 
 

3.1.3 Humanized anti-MOG antibody 8.18C5 enhances the uptake of membrane-bound 

MOG by in vitro differentiated phagocytes  

Next, it was examined whether in vitro differentiated APCs are generally capable of 

recognizing and internalizing opsonized protein. For this purpose, a humanized form of the 

anti-MOG antibody clone 8.18C5 (h8.18C5) was produced by HEK293-A cells for 8 days and its 

functional integrity was verified by MOG ELISA and CBA. H8.18C5 antibody was able to bind 

soluble (Fig. 6A) and membrane-bound human MOG (Fig. 6B). To analyze the opsonization 

capacity of the monoclonal antibody, human APCs were incubated with soluble MOG (MOG-
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DL650) or HEK293-A cells expressing MOG-EGFP in the presence of h8.18C5 or human IgG1 

isotype antibody. As depicted in Fig. 6C, the addition of h8.18C5 antibody did not alter the 

internalization of soluble MOG-DL650 by dendritic-like or macrophage-like cells. In contrast, 

the frequency of APCs containing membrane-bound MOG-EGFP was strongly increased in the 

presence of h8.18C5 antibody (Fig. 6D). These results indicate that humanized anti-MOG 

antibody 8.18C5 opsonizes membrane-bound but not soluble MOG, thus promoting the 

ingestion of membrane-bound MOG by human APCs.  

 

 
 

Figure 6: The uptake of membrane-bound but not of soluble MOG can be fostered by humanized 8.18C5 

antibody. A) Detection of the in HEK293-A cells produced, humanized 8.18C5 (h8.18C5) antibody by MOG ELISA. 

The ELISA plate was coated with human MOG1-125 and 1:1500, 1:4500, 1:13500 and 1:40500 dilutions of 0.5 mg/ml 

and 1 mg/ml h8.18C5 were applied; OD = optical density; mean ± SEM; n = 2. B) Analysis of the binding capacity of 

h8.18C5 to membrane-bound MOG using CBA. HEK293-A cells, which stably expressed human MOG (HEK-MOG) 

or AQP4 (HEK-AQP4) on the cell surface, were incubated with h8.18C5 and bound h8.18C5 antibody was detected 

with APC-labeled anti-human IgG antibody. C, D) Dendritic-like and macrophage like cells were incubated with (C) 

soluble human MOG (MOG-DL650) or (D) HEK293-A cells expressing MOG-EGFP in the presence of hIgG1 isotype 

control or h8.18C5 for 2 h. The frequency of MOG-DL650+ and MOG-EGFP+ cells, respectively, was quantified by 

flow cytometry; mean [%] ± SEM gated on intact CD11c+CD14- dendritic-like cells or CD11c+CD14+ macrophage-like 

cells; n = 3; representative data of 2 independent experiments; two-sided t test of isotype vs. h8.18C5.  
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3.1.4 Patient-derived anti-MOG antibodies opsonize human MOG 

After demonstrating that in vitro differentiated APCs are capable of internalizing MOG and 

recognizing opsonized membrane-bound MOG, the opsonizing capacity of human anti-MOG 

antibodies was investigated. For this purpose, the effect of IgG and serum samples from 

MOGAD patients on the phagocytosis activity of dendritic-like and macrophage-like cells was 

analyzed. 

3.1.4.1 IgG isolated from MOGAD patients facilitate MOG recognition to human antigen-

presenting cells 

In the first experimental approach, whole IgG isolated from a Sjogren’s syndrome patient, 

which served as negative control, and 3 different MOGAD patients (Fig. 7A, 8A) were tested 

for their ability to opsonize human MOG. Anti-MOG antibody seropositivity of the purified IgG 

samples was verified by CBA, revealing that anti-MOG antibody positive IgG #1 and #3 

exhibited the highest antibody levels (Fig. 7B). Since previous experiments showed that 

opsonization of membrane-bound but not of soluble MOG resulted in an increased protein 

uptake by human phagocytes (see section 3.1.3), in vitro differentiated APCs were first 

incubated with HEK293-A cells expressing MOG-EGFP in the presence of purified IgG. As 

indicated in Fig. 7C and D, all anti-MOG antibody positive IgG samples significantly enhanced 

the uptake of MOG-EGFP by dendritic-like and macrophage-like cells, whereas anti-MOG 

antibody negative IgG had no impact on the ingestion rate. Reflecting the findings of the CBA, 

anti-MOG antibody positive IgG #2 exhibited the lowest efficiency in promoting protein 

internalization (Fig. 7D). To prove that the observed ingestion increase is specific for human 

MOG, the aforementioned experimental setup was repeated with HEK293-A cells expressing 

human AQP4-EmGFP instead of human MOG-EGFP. Neither anti-MOG antibody negative nor 

anti-MOG antibody positive IgG enhanced the uptake of membrane-bound AQP4 by human 

phagocytes (Fig. 7E). These results show that human anti-MOG antibodies can specifically 

opsonize membrane-bound human MOG, fostering its internalization by antigen-presenting 

cells.  
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Figure 7: Whole IgG isolated from MOGAD patients significantly increase the internalization of membrane-

bound MOG by human phagocytes. A) Overview of the purified whole IgG samples from anti-MOG antibody (Ab) 

negative/positive patients and the corresponding clinical features. B) Anti-MOG antibody positivity of the isolated 

IgG samples was determined using CBA. HEK293-A cells stably expressing human MOG on the cell surface were 

incubated with whole IgG and bound anti-MOG antibodies were detected with APC-labeled anti-human IgG 

antibody. C, D) Generated APCs were incubated with HEK293-A cells transiently expressing MOG-EGFP in the 

presence of anti-MOG antibody negative or positive whole IgG for 2 h. (C) Representative flow cytometry plots of 

macrophage-like cells. (D) Mean frequency of MOG-EGFP+ cells ± SEM gated on intact CD11c+CD14- dendritic-like 

cells or CD11c+CD14+ macrophage-like cells; n = 3; representative data of 3 independent experiments; one-way 

ANOVA with Dunnett’s multiple comparison test of MOG Ab- IgG vs. MOG Ab+ IgG samples. E) Dendritic-like and 

macrophage-like cells were incubated with HEK293-A cells transiently expressing AQP4-EmGFP on the surface and 

anti-MOG antibody negative/positive whole IgG for 2 h. Mean [%] of AQP4-EmGFP+ cells ± SEM gated on intact 

CD11c+CD14- dendritic-like cells or CD11c+CD14+ macrophage-like cells; n = 3; representative data of 2 independent 

experiments; one-way ANOVA with Dunnett’s multiple comparison test of MOG Ab- IgG vs. MOG Ab+ IgG samples.     
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Although opsonization of soluble MOG mediated by humanized 8.18C5 antibody did not affect 

the phagocytosis rate of in vitro differentiated APCs (see section 3.1.3), it was still examined 

whether patient-derived anti-MOG antibodies can opsonize soluble human MOG. To assess 

the ability to bind soluble MOG, anti-MOG antibody negative and positive IgG samples were 

analyzed by MOG ELISA. Anti-MOG antibody positive IgG #2 and #3 recognized soluble human 

MOG with IgG #3 exhibiting a higher binding affinity than IgG #2 (Fig. 8B). However, only anti-

MOG antibody positive IgG #2 facilitated antigen recognition to dendritic-like and 

macrophage-like cells, resulting in an increased uptake of soluble human MOG (Fig. 8C, D). 

This effect was specific for MOG, as the replacement of human MOG by ovalbumin protein 

nullified the observed ingestion enhancement (Fig. 8E). Taken together, these findings 

indicate that some patient-derived anti-MOG antibodies are also capable of opsonizing 

soluble human MOG, thus promoting its uptake by human phagocytes. 
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Figure 8: Patient-derived anti-MOG antibody positive IgG partially facilitate the uptake of soluble MOG by 

human APCs. A) Overview of the purified whole IgG samples from anti-MOG antibody (Ab) negative/positive 

patients and the corresponding clinical features. B) Analysis of the soluble MOG-binding capacity of the isolated IgG 

samples using MOG ELISA. 1:1500, 1:4500, 1:13500 and 1:40500 dilutions of whole IgG were applied; OD = optical 

density; mean ± SEM; n = 2. C, D) Dendritic-like and macrophage-like cells were incubated with soluble human MOG 

(MOG-DL650) in the presence of anti-MOG antibody negative or positive whole IgG for 2 h. C) Representative flow 

cytometry plots of macrophage-like cells. D) Mean frequency of MOG-DL650+ cells ± SEM gated on intact 

CD11c+CD14- dendritic-like cells or CD11c+CD14+ macrophage-like cells; n = 3; representative data of 3 independent 

experiments; one-way ANOVA with Dunnett’s multiple comparison test of MOG Ab- IgG vs. MOG Ab+ IgG samples. 

E) Generated phagocytes were incubated with FITC-labeled ovalbumin (OVA-FITC) and anti-MOG antibody 

negative/positive whole IgG for 2 h. Mean frequency ± SEM gated on intact CD11c+CD14- dendritic-like cells or 

CD11c+CD14+ macrophage-like cells; n = 3; representative data of 2 independent experiments; one-way ANOVA 

with Dunnett’s multiple comparison test of MOG Ab- IgG vs. MOG Ab+ IgG samples.     
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3.1.4.2 Anti-MOG antibody positive serum enhances the ingestion of human MOG by 

myeloid antigen-presenting cells 

To achieve more physiological conditions, the isolated IgG samples, which possessed 

concentrated anti-MOG antibody levels due to purification, were substituted by patient-

derived serum samples. Blood sera from 6 MOGAD patients were collected and anti-MOG 

antibody seropositivity was verified using CBA (Fig. 9A, B). As negative control, sera from 

3 healthy controls were mixed and anti-MOG antibody seronegativity was confirmed by CBA 

(Fig. 9B). The opsonizing capacity of the serum samples was assessed by incubating them with 

HEK293-A cells expressing MOG-EGFP and dendritic-like or macrophage-like cells. All anti-

MOG antibody positive sera significantly increased the MOG uptake by human APCs compared 

to anti-MOG antibody negative serum, with serum #1 and #5 exhibiting the greatest impact 

(Fig. 9C). The observed enhancement was specific for human MOG as serum containing MOG-

specific antibodies did not promote the internalization of human AQP4 expressed on HEK293-

A cells (Fig. 9D). These results further emphasize the ability of patient-derived anti-MOG 

antibodies to opsonize human MOG, thus fostering antigen recognition by human APCs.      
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Figure 9: Human anti-MOG antibody positive serum strongly promotes the recognition of membrane-bound 

MOG by APCs. A) Overview of serum samples from healthy controls and anti-MOG antibody (Ab) positive patients 

with the corresponding clinical features. B) Anti-MOG antibody seropositivity of the isolated serum samples was 

determined using CBA. HEK293-A cells stably expressing human MOG on the cell surface were incubated with 

serum and bound anti-MOG antibodies were detected with APC-labeled anti-human IgG antibody. C) Generated 

phagocytes were incubated with HEK293-A cells expressing MOG-EGFP on the surface in the presence of anti-MOG 

antibody negative or positive serum for 2 h. The frequency of MOG-EGFP+ cells was quantified by flow cytometry 

and is indicated as mean ± SEM, gated on intact CD11c+CD14- dendritic-like cells or CD11c+CD14+ macrophage-like 

cells; n = 3; representative data of 3 independent experiments; one-way ANOVA with Dunnett’s multiple 

comparison test of MOG Ab- serum vs. MOG Ab+ serum samples. D) Dendritic-like and macrophage-like cells were 

incubated with HEK293-A cells transiently expressing AQP4-EmGFP and anti-MOG antibody negative/positive 

serum for 2 h. Mean frequency of AQP4-EmGFP+ cells ± SEM gated on intact CD11c+CD14- dendritic-like cells or 

CD11c+CD14+ macrophage-like cells; n = 3; representative data of 2 independent experiments; one-way ANOVA 

with Dunnett’s multiple comparison test of MOG Ab- serum vs. MOG Ab+ serum samples. 
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3.1.5 MOG-specific antibodies potentially mediate antigen recognition to macrophage-

like cells via Fc receptor III 

After demonstrating that patient-derived anti-MOG antibodies foster protein uptake by in 

vitro differentiated phagocytes, it was analyzed how this process affects their expression of 

FcRs and molecules involved in antigen presentation. Hence, dendritic-like and macrophage-

like cells were incubated with HEK293-A cells expressing human MOG-EGFP in the presence 

of anti-MOG antibody negative or positive serum for 2 h and 18 h. Two time points were 

chosen to assess short- and long-term effects in myeloid APCs. Subsequently, the protein 

ingestion as well as the expression of FcRs, CD40, CD80, CD86 and MHCII on human APCs was 

determined. As reported in chapter 3.1.4.2, the addition of serum containing anti-MOG 

antibodies strongly enhanced the internalization of human MOG by APCs after 2 h. However, 

this effect was vanished after 18 h (Fig. 10A). On dendritic-like cells, neither the expression of 

FcRs nor of molecules involved in antigen presentation was altered by anti-MOG antibody 

positive serum (Fig. 10B, C). By contrast, macrophage-like cells displayed a significantly 

reduced detectability of FcR III in the presence of anti-MOG antibody positive serum after 2 

h and 18 h (Fig. 10B). Moreover, the expression of FcR I and II was also diminished in the 

presence of serum containing MOG-specific antibodies (Fig. 10B). The addition of MOGAD 

patient-derived serum further reduced the expression of CD40 and MHCII on macrophage-like 

cells after 18 h (Fig. 10C). In summary, these findings suggest that macrophage-like cells 

potentially recognize and internalize MOG opsonized by anti-MOG antibodies via FcR III. 
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Figure 10: In vitro generated macrophage-like cells are assumed to recognize MOG opsonized by anti-MOG 

antibodies via FcR III. Dendritic-like and macrophage-like cells were incubated with HEK293-A cells expressing 

human MOG-EGFP on the cell surface in the presence of anti-MOG antibody (Ab) negative/positive serum for 2 h 

and 18 h, respectively. The (A) phagocytosis rate of the generated cells as well as the expression of (B) FcRs and 

(C) molecules involved in antigen presentation was determined using flow cytometry. (A) Mean frequency of MOG-

EGFP+ cells ± SEM and (B, C) mean fluorescence intensity (MFI) ± SEM gated on intact CD11c+CD14- dendritic-like 
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cells or CD11c+CD14+ macrophage-like cells; n = 3; representative data of 2 independent experiments; two-sided t 

test of MOG Ab- serum vs. MOG Ab+ serum. 

 

3.1.6 Anti-AQP4 antibody-mediated opsonization of membrane-bound AQP4 facilitates its 

ingestion by human phagocytes 

In NMOSD, AQP4-specific antibodies are known to bind AQP4 expressed on astrocytes and 

trigger astrocyte destruction via CDC and ADCC (Alexopoulos et al. 2015; Phuan et al. 2012; 

Vincent et al. 2008). However, it is uncertain if opsonization of AQP4 may also represent an 

effector mechanism of anti-AQP4 antibodies. It was therefore investigated whether patient-

derived anti-AQP4 antibodies are capable of opsonizing AQP4, thus fostering its uptake by 

human APCs. In the first experimental setup, whole IgG were isolated from 3 NMOSD patients 

and anti-AQP4 antibody seropositivity of the purified IgG samples was confirmed by CBA (Fig. 

11A, B). Dendritic-like and macrophage-like cells were incubated with HEK293-A cells 

expressing human AQP4-EmGFP in the presence of anti-AQP4 antibody negative or positive 

IgG and internalization of AQP4-EmGFP was subsequently quantified. All IgG samples 

containing AQP4-specific antibodies enhanced the frequency of AQP4-EmGFP positive cells 

(Fig. 11C, D). However, the phagocytosis rate of macrophage-like cells was stronger increased 

than that of dendritic-like cells (Fig. 11D). When applying HEK293-A which expressed human 

MOG instead of AQP4, the promoting effect of NMOSD patient-derived IgG was zeroed (Fig. 

11E). 

In a second experimental approach, the effect of anti-AQP4 antibody positive serum on the 

ingestion activity of human APCs was analyzed. For this purpose, serum from 3 NMOSD 

patients was isolated and anti-AQP4 antibody seropositivity was confirmed by CBA 

(Fig. 12A, B). All anti-AQP4 antibody positive serum samples elevated the uptake of human 

AQP4 expressed on HEK293-A cells by in vitro generated APCs, with macrophage-like cells 

displaying a stronger increase in the ingestion activity compared to dendritic-like cells 

(Fig. 12C). By contrast, serum containing AQP4-reactive antibodies had no effect on the 

internalization of membrane-bound MOG-EGFP by human phagocytes, indicating that anti-

AQP4 antibodies specifically recognize human AQP4 (Fig. 12D). In conjunction, these findings 

demonstrate that patient-derived anti-AQP4 antibodies are capable of opsonizing AQP4 und 

thus promote antigen uptake by human APCs.    
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Figure 11: The ingestion of membrane-bound AQP4 is significantly enhanced in the presence of whole IgG 

purified from NMOSD patients. A) Overview of the purified whole IgG samples from anti-AQP4 antibody (Ab) 

negative/positive patients and the corresponding clinical features. B) Anti-AQP4 antibody positivity of the isolated 

IgG samples was determined using CBA. HEK293-A cells stably expressing human AQP4 on the cell surface were 

incubated with whole IgG and bound anti-AQP4 antibodies were detected with APC-labeled anti-human IgG 

antibody. C, D) Generated phagocytes were incubated with HEK293-A cells transiently expressing AQP4-EmGFP in 

the presence of anti-AQP4 antibody negative or positive whole IgG for 2 h. C) Representative flow cytometry plots 

of macrophage-like cells. D) Mean frequency of AQP4-EmGFP+ cells ± SEM gated on intact CD11c+CD14- dendritic-

like cells or CD11c+CD14+ macrophage-like cells; n = 3; representative data of 3 independent experiments; one-way 

ANOVA with Dunnett’s multiple comparison test of AQP4 Ab- IgG vs. AQP4 Ab+ IgG samples. E) Myeloid APCs were 

incubated with HEK293-A cells expressing MOG-EGFP and anti-AQP4 antibody negative/positive whole IgG for 2 h. 

Mean [%] ± SEM gated on intact CD11c+CD14- dendritic-like cells or CD11c+CD14+ macrophage-like cells; n = 3; 

representative data of 2 independent experiments; one-way ANOVA with Dunnett’s multiple comparison test of 

AQP4 Ab- IgG vs. AQP4 Ab+ IgG samples. 
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Figure 12: Patient-derived anti-AQP4 antibody positive serum fosters the recognition of membrane-bound AQP4 

by human phagocytes. A) Overview of serum samples from healthy controls and anti-AQP4 antibody (Ab) positive 

patients with the corresponding clinical features. B) Anti-AQP4 antibody seropositivity of the isolated serum 

samples was determined using CBA. HEK293-A cells stably expressing human AQP4 on the cell surface were 

incubated with serum and bound anti-AQP4 antibodies were detected with APC-labeled anti-human IgG antibody. 

C) Dendritic-like and macrophage-like cells were incubated with HEK293-A cells expressing AQP4-EmGFP on the 

cell surface in the presence of anti-AQP4 antibody negative or positive serum for 2 h. The frequency of AQP4-

EmGFP+ cells was quantified by flow cytometry and is depicted as mean ± SEM, gated on intact CD11c+CD14- 

dendritic-like cells or CD11c+CD14+ macrophage-like cells; n = 3; representative data of 2 independent experiments; 

one-way ANOVA with Dunnett’s multiple comparison test of AQP4 Ab- serum vs. AQP4 Ab+ serum samples. D) 

Human phagocytes were incubated with HEK293-A cells expressing MOG-EGFP and anti-AQP antibody negative/ 

positive serum for 2 h. Mean frequency of MOG-EGFP+ cells ± SEM gated on intact CD11c+CD14- dendritic-like cells 

or CD11c+CD14+ macrophage-like cells; n = 3; representative data of 2 independent experiments; one-way ANOVA 

with Dunnett’s multiple comparison test of AQP4 Ab- serum vs. AQP4 Ab+ serum samples. 
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3.2 Project 2: Inhibition of Bruton’s tyrosine kinase as a therapeutic strategy 

for anti-MOG antibody-mediated CNS demyelination  
 

The second project of the present study focused on the therapeutic potential of BTK inhibitor 

evobrutinib in anti-MOG antibody-triggered CNS demyelination. Since BTK is required for FcR 

signaling in myeloid cells (Koprulu and Ellmeier 2009; Lopez-Herrera et al. 2014), its inhibition 

can be a promising strategy to prevent activation of myeloid cells induced by anti-MOG 

antibody-mediated opsonization. Thus, the effect of evobrutinib on myeloid cells activated by 

MOG-specific antibodies was investigated in vitro and in an anti-MOG antibody-driven EAE 

model in vivo. 

3.2.1 In vitro differentiated phagocytes express BTK and its inhibition diminishes the anti-

MOG antibody-mediated increase in MOG uptake by macrophage-like cells 

Before applying BTK inhibitor evobrutinib in the in vitro model established in project 1, the 

intracellular expression of BTK by in vitro differentiated phagocytes was determined, showing 

that both dendritic-like and macrophage-like cells highly expressed BTK (Fig. 13A). Afterwards, 

it was analyzed how BTK inhibition affects the phagocytosis activity as all as the expression of 

surface markers by human APCs in the presence of anti-MOG antibody negative and positive 

serum. For this purpose, the same experimental setup described in chapter 3.1.5 was used. 

Since anti-MOG antibody-mediated opsonization only promoted protein uptake after an 

incubation of 2 h (see section 3.1.5), internalization of membrane-bound MOG by human 

phagocytes is only depicted for this time point in Fig. 13A. Evobrutinib did not alter the 

phagocytosis rate of dendritic-like cells in the presence of anti-MOG antibody negative or 

positive serum. In contrast, BTK inhibition diminished the anti-MOG antibody-mediated 

increase in the ingestion of MOG by macrophage-like cells, without affecting the phagocytosis 

in the presence of anti-MOG antibody negative serum (Fig. 13B). The expression of FcRs on 

dendritic-like cells was not modified by evobrutinib, neither after 2 h nor 18 h (Fig. 13C). 

However, macrophage-like cells exhibited an increased surface expression of FcR III in the 

presence of evobrutinib when serum containing MOG-specific antibodies was applied. This 

effect was also observed in the presence of anti-MOG antibody negative serum, but only after 

18 h (Fig. 13D). As depicted in Fig. 14A and B, the expression of molecules involved in antigen 

presentation by in vitro differentiated APCs was not affected by evobrutinib after 2 h 

incubation, regardless of the presence of anti-MOG antibody negative or positive serum. After 

18 h however, inhibition of BTK resulted in a decreased expression of CD86 on dendritic-like 
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and macrophage-like cells as well as a significantly reduced CD40 expression by dendritic-like 

cells in the presence of anti-MOG antibody positive serum (Fig. 14A, B). Taken together, these 

results indicate that evobrutinib partially blocks the anti-MOG antibody-mediated 

phagocytosis increase of macrophage-like cells, with simultaneously elevating the surface 

expression of FcR III. Furthermore, BTK inhibition reduces the expression of co-stimulatory 

molecules on human phagocytes in the presence of anti-MOG antibody positive serum.      
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Figure 13: BTK inhibitor evobrutinib affects the anti-MOG antibody-mediated increase in phagocytosis and the 

FcR III expression of macrophage-like cells. A) The intracellular expression of BTK by dendritic-like and 

macrophage-like cells was analyzed using Phosflow. Representative flow cytometry plots of 3 independent 

experiments. B – D) Human phagocytes were pre-incubated with evobrutinib (evo) or vehicle (veh, 20 % Kleptose 

buffer) for 60 min, followed by addition of HEK293-A cells expressing human MOG-EGFP and anti-MOG antibody 

(Ab) negative or positive serum. The cells were then incubated for 2 h or 18 h and (B) the phagocytosis activity and 

(C, D) FcR expression of the generated cells were assessed by flow cytometry. B) Internalization of MOG-EGFP by 

human APCs after 2 h incubation. Mean frequency of MOG-EGFP+ cells ± SEM gated on intact CD11c+CD14- 

dendritic-like cells or CD11c+CD14+ macrophage-like cells; n = 3; two-sided t test. C, D) Mean fluorescence intensity 

(MFI) ± SEM gated on intact (C) CD11c+CD14- dendritic-like cells or (D) CD11c+CD14+ macrophage-like cells; n = 3; 

two-sided t test of vehicle vs. evobrutinib for MOG Ab- and Ab+ serum.       
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Figure 14: BTK inhibition diminishes the expression of co-stimulatory molecules by human phagocytes only in 

the presence of anti-MOG antibody positive serum. Generated APCs were pre-incubated with evobrutinib (evo) 

or vehicle (veh, 20 % Kleptose buffer) for 60 min, and HEK293-A cells expressing human MOG-EGFP plus anti-MOG 

antibody (Ab) negative or positive serum were subsequently added, followed by an incubation of 2 h or 18 h. The 

expression of molecules involved in antigen presentation on (A) dendritic-like and (B) macrophage-like cells was 

analyzed by flow cytometry and is shown as the mean fluorescence intensity (MFI) ± SEM, gated on intact 

CD11c+CD14- dendritic-like cells or CD11c+CD14+ macrophage-like cells; n = 3; two-sided t test of vehicle vs. 

evobrutinib for MOG Ab- and Ab+ serum.  
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3.2.2 In wildtype mice, evobrutinib did neither affect the differentiation nor the 

phenotype of myeloid cells 

In the first in vivo setting, the impact of BTK inhibition on B lymphocytes, myeloid cells and 

T cells in the absence of inflammation was assessed. For this purpose, non-transgenic 2D2 

mice (termed WT mice) were treated with evobrutinib or vehicle and immune cells from 

spleen, inguinal and cervical lymph nodes were subsequently analyzed. To verify that 

evobrutinib treatment was effective, the maturation of B lymphocytes was examined, since 

Torke and colleagues demonstrated that evobrutinib inhibits B cell maturation by specifically 

blocking the development of follicular I B cells (Torke et al. 2020). In accordance with the 

aforementioned study, an accumulation of follicular II B cells and a simultaneous reduction of 

follicular I B lymphocytes was observed in all analyzed compartments upon treatment with 

evobrutinib, indicating that evobrutinib treatment was successful (Fig. 15A, B). Next, the effect 

of BTK inhibition on the immune cell composition was investigated, revealing that BTK 

inhibition did not specifically alter the frequency of B cells and T lymphocytes in the analyzed 

organs. However, evobrutinib slightly reduced the frequency of CD11b+ cells in the spleen 

(Fig. 15C). To determine the effect of evobrutinib on CD11b+ myeloid cells more in detail, they 

were divided into neutrophils, eosinophils and monocytes/macrophages. The latter 

population was further subdivided into inflammatory and resident cells (Fig. 15D). As depicted 

in Fig. 15E and F, evobrutinib did not alter the differentiation of myeloid cells in general nor 

of monocytes and macrophages. Since we assume that monocytes and macrophages 

represent the most involved myeloid cell types in the pathogenesis of anti-MOG antibody-

driven EAE, it was further investigated how evobrutinib influences the phenotype of these 

cells. BTK inhibition had no effect on the expression of FcRs or molecules involved in 

activation and antigen presentation, respectively (Fig. 15G, 16A). Finally, the impact of 

evobrutinib on the composition and activation of T cells was examined. Although T 

lymphocytes do not express BTK (Neys et al. 2021; Torke and Weber 2020), evobrutinib 

increased the frequency of CD4+ T cells in cervical lymph nodes (Fig. 16B). In addition, it 

diminished the expression of CD95 on CD4+ T lymphocytes isolated from spleen (Fig. 16C). In 

summary, these findings show that in the absence of inflammation, evobrutinib potently 

inhibits B cell maturation but does not affect the differentiation or phenotype of myeloid cells 

in regard to the analyzed parameters. Furthermore, evobrutinib was found to alter the T cell 
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composition and the expression of CD95 on CD4+ T cells, which may be due to off-target effects 

or secondary effects mediated by other immune cells. 
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Figure 15: Evobrutinib alters the maturation of B cells but not the phenotype of myeloid cells in WT mice. Non-

transgenic 2D2 mice (= WT mice) were treated daily with vehicle (veh) or evobrutinib (evo) for 21 days. 

Subsequently, immune cells from spleen, inguinal and cervical lymph nodes (LN) were isolated and analyzed by 

flow cytometry; n = 6 mice/group; Mann-Whitney U test. A) Gating strategy to identify follicular B cells. B220+ cells 

were separated into CD19+ and CD19- cells (gating not shown). CD19+ cells were divided into follicular (Fol) cells and 

marginal zone (MZ) + marginal zone precursor (MZP) cells. Follicular B cells were further subdivided into Fol I and 

Fol II cells. B) Mean [%] Fol II and Fol I cells of B220+ cells ± SEM. C) Composition of immune cells, depicted as mean 

[%] of living cells; iLN = inguinal lymph node, cLN = cervical lymph node. D) Gating strategy to identify subtypes of 

myeloid cells. CD11b+CD11c- cells were divided into neutrophils, eosinophils and monocytes/macrophages 

(monos/macros). Monocytes/macrophages were further subdivided into inflammatory and resident populations. 

E) Mean frequency of eosinophils (eos), monocytes/macrophages (monos/macros) and neutrophils (neutros) 

± SEM gated on CD11b+CD11c- cells. F) Mean [%] inflammatory (inflam) and resident monocytes of 

monocytes/macrophages population ± SEM. G) Expression of FcRs on monocytes and macrophages, indicated in 

mean [%] ± SEM. 
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Figure 16: The T cell composition and the expression of CD95 on CD4+ T cells is affected by evobrutinib. Non-

transgenic 2D2 mice (= WT mice) were treated daily with vehicle or evobrutinib for 21 days. Subsequently, immune 

cells from spleen, inguinal and cervical lymph nodes (LN) were isolated and analyzed by flow cytometry; n = 6 

mice/group; Mann-Whitney U test. A) Mean fluorescence intensity (MFI) ± SEM of molecules involved in activation 

and antigen presentation, gated on monocytes/macrophages. B) Composition of T cells, depicted in mean [%] of 

living cells ± SEM. C) Expression of activation markers on CD4+ and CD8+ T cells, shown as mean fluorescence 

intensity ± SEM.    
 

3.2.3 Evobrutinib inhibits anti-MOG antibody-triggered EAE 

Next, the effect of BTK inhibition was analyzed in an inflammatory in vivo setting. For this 

purpose, evobrutinib was applied in an anti-MOG antibody-driven EAE model established by 

Kinzel and colleagues (Kinzel et al. 2016). In detail, transgenic 2D2 mice containing MOG-
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specific T cells were treated with evobrutinib and EAE was induced by repetitive injections of 

the anti-MOG antibody clone 8.18C5 (Fig. 17A). The impact of evobrutinib on the clinical and 

histological outcome as well as on the phenotype of immune cells from spleen, inguinal and 

cervical lymph nodes was determined.  

3.2.3.1 BTK inhibitor evobrutinib significantly reduces anti-MOG antibody-mediated CNS 

inflammation 

To first verify that evobrutinib treatment did not affect the serum level of the applied 8.18C5 

antibody and thus interfere with disease induction per se, serum was isolated from 2D2 mice 

on day 18 and 39 after the first antibody transfer and anti-MOG antibody levels were 

determined by MOG ELISA. Indicated in Fig. 17B, vehicle and evobrutinib mice receiving 

8.18C5 antibody exhibited equal anti-MOG antibody titer. However, no MOG-specific 

antibodies were detected in the blood of control mice receiving isotype antibody (clone 

MOPC-21).  

In total, 4 out of 18 vehicle-treated mice receiving 8.18C5 antibody developed clinical signs of 

EAE, with an average maximal EAE score of 3.9 (Fig. 17C, D; Table 20). By contrast, none of 18 

8.18C5 antibody recipients treated with evobrutinib developed EAE. Moreover, none of 

isotype antibody recipients treated with vehicle or evobrutinib exhibited clinical symptoms of 

EAE (Fig. 17C; Table 20). These findings were further supported by histological analyses of the 

spinal cord. 9 out of 18 vehicle treated mice receiving 8.18C5 antibody revealed inflammatory 

CNS demyelination, whereas only 2 out of 18 8.18C5 recipients treated with evobrutinib 

showed CNS inflammation (Fig. 18A, B; Table 20). In the majority of 8.18C5/vehicle mice with 

CNS demyelination, inflammation was characterized by a pronounced infiltration of T cells and 

macrophages. In contrast, the degree of immune cell infiltration was significantly diminished 

in 8.18C5 recipients treated with evobrutinib (Fig. 18C, D). However, mice receiving isotype 

antibody did not exhibit inflammatory CNS demyelination nor immune cell infiltration 

(Fig. 18 A – D; Table 20), which is in accordance with experimental observations by Kinzel and 

colleagues (Kinzel et al. 2016). In conjunction, these findings demonstrate that BTK inhibition 

by evobrutinib potently reduces inflammatory CNS demyelination caused by anti-MOG 

antibodies, thus preventing clinical symptoms of EAE.          
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Figure 17: Inhibition of BTK prevents the development of anti-MOG antibody-mediated EAE in 2D2 mice. 

Transgenic 2D2 mice were treated daily with vehicle or evobrutinib (evo) starting 3 days before the first antibody 

(Ab) transfer. They received repetitive injections of anti-MOG antibody 8.18C5 or isotype control (iso). A) Overview 

of the experimental setup. B) To monitor the anti-MOG antibody titer in the blood of 2D2 mice, serum was isolated 

on day 18 and 39 after the first antibody (Ab) transfer and anti-MOG antibodies were detected by MOG ELISA. 

1:4500 dilution; n = 3 – 7 mice/group; representative data of 3 independent experiments; OD = optical density. C) 

The incidence of 2D2 mice developing clinical symptoms of EAE was plotted in a Kaplan-Meier curve. An event is 

defined as the day of EAE onset; n = 6 – 18 mice/group; Mantel-Cox logrank test. D) Individual EAE scores of 2D2 

mice receiving 8.18C5 antibody and Kleptose buffer (vehicle).  

 

Table 20: Summary of clinical and histological findings of treated 2D2 mice  

Group 

Number of animals 

with clinical 

symptoms 

Mean max. 

EAE severity 

Range EAE onset 

(days post 1st Ab 

transfer) 

Number of animals 

with CNS 

demyelination 

8.18C5/vehicle 4/18 3.9 7 – 19  9/18 

8.18C5/evo 0/18 - - 2/18 

isotype/vehicle 0/7 - - 0/7 

isotype/evo 0/6 - - 0/6 
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Figure 18: Evobrutinib significantly diminishes anti-MOG antibody-triggered CNS inflammation. Transgenic 2D2 

mice were treated daily with vehicle or evobrutinib (evo) starting 3 days before the first antibody transfer. They 

received repetitive injections of anti-MOG antibody 8.18C5 or isotype control (iso). 42 days after the first antibody 

injection, histological analysis of the spinal cord was performed. Representative sections of mice receiving 8.18C5 

and vehicle or evobrutinib are shown on the left side. Scale bar overview = 500 µm, scale bar inlay = 50 µm; 

n = 6 – 18 mice/group; Kruskal-Wallis test with Dunn’s post hoc test between all groups. A) Demyelination of the 

spinal cord was visualized by LFB-PAS staining. Mean [%] of demyelinated white matter ± SEM. B) Inflammation of 

the spinal cord was visualized by HE staining. Mean inflammatory index ± SEM; 0 = no inflammation, 1 = slight 

inflammation, 2 = moderate inflammation, 3 = strong inflammation. C) Infiltration of T cells into the spinal cord was 

visualized by CD3 immunostaining. Mean CD3+ cells/ mm2 spinal cord ± SEM. D) Infiltration of macrophages into 

the spinal cord was visualized by MAC-3 immunostaining. Mean [%] of MAC-3+ area/ spinal cord ± SEM.    
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3.2.3.2 Monocytes and macrophages display an activated phenotype in mice with CNS 

demyelination – a feature which may be prevented by evobrutinib     

To identify the underlying mechanisms of EAE inhibition mediated by evobrutinib, immune 

cells from spleen, inguinal and cervical lymph nodes were analyzed. By determining the 

frequency of follicular I and II B cells, it was first verified that evobrutinib treatment was 

effective in 2D2 mice (see chapter 3.2.2.1). As depicted in Fig. 19A, evobrutinib blocked the 

maturation of follicular I B cells in all examined compartments of mice receiving 8.18C5 or 

isotype antibody, indicating that evobrutinib treatment was successful. Next, the immune cell 

composition in the analyzed organs was investigated, showing that neither BTK inhibition nor 

8.18C5 antibody administration specifically altered the frequency of T cells, B lymphocytes 

and myeloid cells (Fig. 19B). Also, the differentiation of myeloid cells into eosinophils, 

monocytes/macrophages and neutrophils was not modified by evobrutinib or 8.18C5 

antibody administration (Fig. 19C). However, a trend towards a reduced frequency of 

inflammatory monocytes/macrophages in the spleen of 8.18C5 antibody recipients was 

observed upon evobrutinib treatment (Fig. 19D). Interestingly, 8.18C5/vehicle mice that 

exhibited CNS demyelination (highlighted in purple) showed an increased frequency of 

inflammatory monocytes/macrophages and a corresponding reduced frequency of resident 

cells in the spleen compared to 8.18C5 recipients without CNS inflammation (Fig. 19D).  

Next, the impact of evobrutinib on the phenotype of monocytes and macrophages was 

analyzed. BTK inhibition significantly diminished the expression of FcR II by 

monocytes/macrophages in the spleen of 2D2 mice receiving anti-MOG antibodies (Fig. 20A). 

Similar findings were obtained for the expression of FcR I on monocytes and macrophages, 

but a statistically significant difference was only achieved for the analysis of animals with signs 

of CNS demyelination (Fig. 20A, B). The expression of FcR III on monocytes and macrophages 

in the spleen was not affected by BTK inhibition. Moreover, neither evobrutinib nor 8.18C5 

antibody administration altered the expression of FcRs on monocytes/macrophages in 

inguinal and cervical lymph nodes (Fig. 20A).       
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Figure 19: Inhibition of BTK results in a reduction of inflammatory macrophages and monocytes in the spleen. 

Transgenic 2D2 mice were treated daily with vehicle (veh) or evobrutinib (evo) starting 3 days before the first 

antibody transfer. They received repetitive injections of anti-MOG antibody 8.18C5 or isotype control (iso). 42 days 

after the first antibody injection, immune cells from spleen, inguinal and cervical lymph nodes (LN) were isolated 

and analyzed by flow cytometry. 8.18C5/vehicle mice with CNS demyelination are highlighted in purple; 

n = 3 – 7 mice/group; representative data of 3 independent experiments; Kruskal-Wallis test with Dunn’s multiple 

comparison test between all groups. A) Mean [%] Fol II and Fol I cells of B220+ cells ± SEM. B) Composition of 

immune cells, depicted as mean [%] of living cells. C) Mean frequency of eosinophils (eos), 

monocytes/macrophages (monos/macros) and neutrophils (neutros) ± SEM gated on CD11b+CD11c- cells. 

D) Mean [%] inflammatory (inflam) and resident cells of monocytes/ macrophages population ± SEM. 

 

 

 
 

Figure 20: Evobrutinib diminishes the expression of FcRs on monocytes and macrophages in mice receiving anti-

MOG antibodies. Transgenic 2D2 mice were treated daily with vehicle or evobrutinib (evo) starting 3 days before 

the first antibody transfer. They received repetitive injections of anti-MOG antibody 8.18C5 or isotype control (iso). 

42 days after the first antibody injection, immune cells from spleen, inguinal and cervical lymph nodes (LN) were 

isolated and analyzed by flow cytometry. 8.18C5/vehicle mice with CNS demyelination are highlighted in purple; 

n = 3 – 7 mice/group; representative data of 3 independent experiments; Kruskal-Wallis test with Dunn’s multiple 

comparison test between all groups. A, B) Expression of FcRs on monocytes and macrophages (monos/macros), 

indicated in mean [%] ± SEM. The FcRI data set of the spleen (marked with an asterisk) was further split into 

demyelinated (demyelin) and healthy 8.18C5/vehicle mice and 8.18C5/evobrutinib mice, depicted in (B).  
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Further phenotype analyses revealed that in all examined compartments, the expression of 

CD69, CD80, CD86 and MHCII on monocytes/macrophages was not significantly modified by 

evobrutinib treatment nor 8.18C5 antibody administration (Fig. 21A). Notably, monocytes and 

macrophages in the spleen of 2D2 mice with CNS inflammation did not only display an 

increased expression of FcRs (Fig. 20A), they also exhibited a significantly higher expression 

of CD86 and MHCII than monocytes/macrophages of healthy 8.18C5/vehicle and 

8.18C5/evobrutinib mice (Fig. 21A, B). In addition, the MHCII expression of monocytes and 

macrophages in cervical lymph nodes of demyelinated 8.18C5 antibody recipients was also 

strongly enhanced.          

In summary, these findings indicate that in 2D2 mice with CNS demyelination, monocytes and 

macrophages are characterized by an inflammatory and activated phenotype. By reducing the 

expression of FcRs on monocytes/macrophages, evobrutinib may prevent the pro-

inflammatory activation of these cells in mice receiving anti-MOG antibodies. 
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Figure 21: 2D2 mice with CNS inflammation display a higher expression of molecules involved in antigen 

presentation than healthy mice. Transgenic 2D2 mice were treated daily with vehicle or evobrutinib (evo) starting 

3 days before the first antibody transfer. They received repetitive injections of anti-MOG antibody 8.18C5 or isotype 

control (iso). 42 days after the first antibody injection, immune cells from spleen, inguinal and cervical lymph nodes 

(LN) were isolated and analyzed by flow cytometry. 8.18C5/vehicle mice with CNS demyelination are highlighted in 

purple; n = 3 – 7 mice/group; representative data of 3 independent experiments; Kruskal-Wallis test with Dunn’s 

multiple comparison test between all groups. A, B) Normalized mean fluorescence intensity (MFI) ± SEM of 

molecules involved in activation and antigen presentation, gated on monocytes/macrophages. CD86 and MHCII 

data sets of the spleen and cervical lymph nodes (marked with an asterisk) were further split into demyelinated 

(demyelin) and healthy 8.18C5/vehicle mice and 8.18C5/evobrutinib mice, shown in (B). 
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3.2.3.3 Evobrutinib does not affect the composition and activation of T cells in secondary 

lymphoid tissue 

After demonstrating that BTK inhibition alters the phenotype of myeloid cells, the impact of 

evobrutinib on T lymphocytes in secondary peripheral organs was investigated. As a first 

parameter, the composition of T cells was examined, indicating that neither anti-MOG 

antibody administration nor evobrutinib treatment affected the frequency of CD4+ or CD8+ 

T cells in the analyzed compartments (Fig. 22A). Similar findings were obtained for the 

activation of T lymphocytes in treated mice receiving 8.18C5 or isotype antibody, with CD4+ 

and CD8+ T cells showing no significantly differences in the expression of CD25, CD69 and 

CD95 (Fig. 22B, 23). Interestingly, the expression of CD25 and CD69 on CD4+ T cells was 

strongly elevated in cervical lymph nodes in 2 out of 3 mice with CNS demyelination (Fig. 22B). 

Since CD4+ T cells in inguinal lymph nodes and CD8+ T cells in general did not exhibit such an 

increase (Fig. 22B, 23), this observation may be an indication for the involvement of cervical 

lymph nodes in the development of anti-MOG antibody driven EAE. Taken together, these 

results show that in the chronic phase of EAE, BTK inhibitor evobrutinib does not affect the 

composition and activation of T lymphocytes in secondary lymphoid organs.    
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Figure 22: Evobrutinib has neither an impact on the T cell composition nor on the activation of CD4+ T cells. 

Transgenic 2D2 mice were treated daily with vehicle or evobrutinib (evo) starting 3 days before the first antibody 

transfer. They received repetitive injections of anti-MOG antibody 8.18C5 or isotype control (iso). 42 days after the 

first antibody injection, immune cells from spleen, inguinal and cervical lymph nodes (LN) were isolated and 

analyzed by flow cytometry. 8.18C5/vehicle mice with CNS demyelination are highlighted in purple; 

n = 3 – 7 mice/group; representative data of 3 independent experiments; Kruskal-Wallis test with Dunn’s multiple 

comparison test between all groups. A) Frequency of CD4+ and CD8+ T cells in mean [%] of living cells ± SEM. 

B) Normalized mean fluorescence intensity of activation markers expressed on CD4+ T cells ± SEM. 
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Figure 23: Inhibition of BTK does not affect the activation state of CD8+ T cells in secondary lymphoid tissue. 

Transgenic 2D2 mice were treated daily with vehicle or evobrutinib (evo) starting 3 days before the first antibody 

transfer. They received repetitive injections of anti-MOG antibody 8.18C5 or isotype control (iso). 42 days after the 

first antibody injection, immune cells from spleen, inguinal and cervical lymph nodes (LN) were isolated and 

analyzed by flow cytometry. Expression of activation markers on CD8+ T cells, depicted as normalized mean 

fluorescence intensity ± SEM. 8.18C5/vehicle mice with CNS demyelination are highlighted in purple; 

n = 3 – 7 mice/group; representative data of 3 independent experiments; Kruskal-Wallis test with Dunn’s multiple 

comparison test between all groups. 
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4 DISCUSSION 

Over many years, NMOSD and MOGAD were considered to be variants of the most common 

CNS demyelinating disorder, MS. However, their distinct clinical and pathological features and, 

in particular, the discovery of peripheral autoantibodies against AQP4 and MOG, respectively, 

have resulted in their delineation as separate disease entities. The role of anti-AQP4 

antibodies in NMOSD is well defined, indicating that these antibodies bind to AQP4 on 

astrocytes and induce astrocyte destruction through different effector mechanisms, including 

CDC and ADCC (Alexopoulos et al. 2015; Phuan et al. 2012; Vincent et al. 2008). By contrast, 

the pathogenic relevance of anti-MOG antibodies for initiation and progression of MOGAD is 

widely unknown. In this regard, it was previously proposed that anti-MOG antibody-mediated 

opsonization of endogenous MOG can trigger inflammatory CNS demyelination in mice (Kinzel 

et al. 2016). However, it remains elusive if this may also occur in MOGAD patients. Hence, in 

the first part of the present study, it was investigated if peripheral autoantibodies from 

MOGAD patients are capable of opsonizing MOG. Using an in vitro setting with human myeloid 

APCs, it was demonstrated that patient-derived anti-MOG antibodies opsonized soluble and 

membrane-bound MOG, thus fostering antigen uptake by human APCs presumable via FcR 

III. These results support the hypothesis that anti-MOG antibody-mediated opsonization may 

represent a disease-triggering mechanism in MOGAD patients.  

Based on the aforementioned findings, peripheral anti-MOG antibodies and their effector 

mechanisms may serve as potential targets for new therapy options. Since BTK is crucially 

involved in FcR signaling in myeloid cells (Koprulu and Ellmeier 2009; Lopez-Herrera et al. 

2014), its inhibition can be a promising strategy to prevent FcR-mediated activation of 

myeloid cells induced by anti-MOG antibodies. Thus, the second project of the study 

addressed the therapeutic potential of BTK inhibitor evobrutinib in anti-MOG antibody-driven 

EAE. Evobrutinib was found to prevent the clinical manifestation of EAE by significantly 

reducing inflammatory CNS demyelination in the spinal cord. Analysis of immune cells in 

secondary lymphoid organs revealed that BTK inhibition diminished the expression of FcRs 

on monocytes and macrophages, but did not affect the phenotype of T lymphocytes in the 

chronic phase of EAE. These findings indicate that BTK inhibition by evobrutinib can be a 

promising strategy to counteract anti-MOG antibody-triggered CNS demyelination, although 

the underlying immunological mechanisms should be further investigated.                            
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4.1 Patient-derived anti-MOG antibodies facilitate MOG internalization by 

human antigen-presenting cells via opsonization 
 

In MOGAD, it is still unknown if peripheral autoantibodies against MOG harbor pathogenic 

functions. This may be due to the low prevalence of MOGAD accounting for only 1 – 6 % of all 

major demyelinating disorders in adults (Marignier et al. 2021), in conjunction with the 

circumstance that MOGAD has been just recently defined as an own disease entity. 

Nevertheless, several studies already addressed the potential pathogenic role of MOG-specific 

antibodies in animal models, revealing that they are capable of trigger CNS demyelination 

(Flach et al. 2016; Kinzel et al. 2016; Spadaro et al. 2018). However, how these findings are 

applicable to MOGAD patients has not been clarified yet. Hence, the first part of the study on 

hand aimed at elucidating the pathomechanism of anti-MOG antibodies in an in vitro setting 

with human APCs. It was investigated if peripheral anti-MOG antibodies from MOGAD patients 

are able to opsonize human MOG, thus promoting its ingestion by myeloid APCs. 

To assess the opsonizing capacity of anti-MOG antibodies, an in vitro setting with human 

myeloid APCs was first established. Since macrophages are tissue-resident cells and DCs just 

rarely occur in the blood (<0.1 % of mononuclear cells), their sampling is difficult and requires 

large amounts of tissue or blood (Haniffa et al. 2015). In the 1990s, it was found that blood 

monocytes are able to differentiate into dendritic-like cells or macrophage-like cells under the 

influence of distinct cytokines, such as GM-CSF, IL-4 or M-CSF (Becker et al. 1987; Kasinrerk et 

al. 1993; Sallusto and Lanzavecchia 1994). Based on these findings, in the present study, 

human CD14+ monocytes were differentiated into dendritic-like cells in the presence of GM-

CSF, IL-4, IL-1, IL-6, TNF- and PGE2, or macrophage-like cells using M-CSF, IFN- and human 

serum. The in vitro differentiated human APCs displayed specific phenotypes, which were 

primarily affected by the cytokines applied in the generation process. Dendritic-like cells 

exhibited high expression levels of FcR II and molecules involved in antigen presentation but 

minimal or no expression of FcR I and III. This is in accordance with literature showing that 

GM-CSF and IL-4 upregulate CD80 and CD86 (GM-CSF) and downregulate FcR I (IL-4) in 

human cultures (Ambarus et al. 2012; Boruchov et al. 2005; te Velde et al. 1992). Macrophage-

like cells, however, highly expressed FcRs as well as molecules involved in antigen 

presentation on the surface. This observation is consistent with the work of Ambarus and 

colleagues demonstrating that M-CSF and IFN- increase the expression of FcR I, FcR III, 

CD80 and CD86 (Ambarus et al. 2012). Since dendritic-like as well as macrophage-like cells 
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expressed common features of APCs, we supposed that both cell types are suitable to 

investigate the opsonizing capacity of MOG-specific antibodies. However, due to their distinct 

FcR expression patterns, dendritic-like and macrophage-like cells may be differentially 

affected by anti-MOG antibodies.  

After confirming that in vitro differentiated APCs are capable of internalizing soluble and 

membrane-bound human MOG, it was examined if the MOG uptake can be fostered by 

humanized anti-MOG antibody 8.18C5. Interestingly, the addition of h8.18C5 only enhanced 

the ingestion of membrane-bound but not of soluble human MOG, being the first indication 

that the protein structure may play a crucial role in anti-MOG antibody-mediated opsonization 

of MOG. This hypothesis is further supported by the observation that whole IgG from 

3 different MOGAD patients significantly increased the phagocytosis of membrane-bound 

MOG by human APCs, whereas only 1 of these samples facilitated recognition of soluble 

human MOG. The obtained findings collectively suggest that a particular domain of 

membrane-bound MOG is essential for recognition by MOG-specific antibodies. In this regard, 

Macrini et al. recently demonstrated that most patient-derived anti-MOG antibodies require 

the intramembranous second hydrophobic domain of membrane-bound MOG for antigen 

binding (Macrini et al. 2021). However, a few MOGAD patients also recognized the 

extracellular part of MOG in its soluble form, which is in line with the present study. Macrini 

and colleagues further showed that anti-MOG antibodies preferentially bound human MOG 

in a bivalent manner. Thus, they propose that the intracellular part of MOG facilitates a 

suitable distance between two MOG monomers, which allows bivalent binding by MOG-

specific antibodies (Macrini et al. 2021).   

In the study on hand, whole IgG as well as serum from MOGAD patients potently increased 

the ingestion of membrane-bound MOG by in vitro differentiated dendritic-like and 

macrophage-like cells. These findings reveal that peripheral MOG-specific antibodies are 

capable of opsonizing human MOG and thus facilitate its recognition by myeloid APCs. This 

mechanism may represent the initial step in a potential humoral immune response against 

MOG, leading to disease and/or relapse induction in MOGAD patients. However, up to now, it 

has not been investigated if the ingestion of opsonized MOG by human APCs results in the 

activation of naïve T cells, which is a limitation of our in vitro model. Instead, the phenotype 

of the in vitro differentiated APCs in regard to antigen presentation was examined. As it is 

known that co-stimulatory molecules are upregulated on professional APCs upon activation 
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(Kambayashi and Laufer 2014), we expected an increased expression of these molecules on 

dendritic-like and macrophage-like cells in the presence of anti-MOG antibody positive serum. 

However, analysis of molecules involved in antigen presentation 18 h post opsonization 

initiation revealed that in the presence of anti-MOG antibodies, the expression of CD40 and 

MHCII was slightly reduced on macrophage-like cells, whereas dendritic-like cells did not show 

an altered expression of these molecules in comparison to anti-MOG antibody negative 

serum. Since the generated APCs already exhibited a high expression of co-stimulatory 

molecules and MHCII by themselves due to pro-inflammatory cytokines in the differentiation 

process, a further upregulation during antigen processing might not have been possible. 

However, despite these findings, in further experiments it will be analyzed whether anti-MOG 

antibody-mediated opsonization of human MOG results in the activation of T cells.  

The finding that patient-derived MOG-specific antibodies are capable of opsonizing human 

MOG supports the hypothesis that anti-MOG antibody-mediated opsonization represents a 

disease-triggering mechanism in MOGAD patients. However, it also raises the question where 

these peripheral autoantibodies potentially recognize MOG, given the fact that it is solely 

expressed in the CNS. A possible site are the deep cervical lymph nodes, where lymphatic 

vessels continuously drain brain fluid (Aspelund et al. 2015; Louveau et al. 2015). In this 

regard, traces of myelin have been detected in the cervical lymph nodes of MS patients as well 

as of EAE mice (Fabriek et al. 2005; Weller et al. 1996). Besides the periphery, anti-MOG 

antibodies may directly act within the CNS. This assumption is supported by the work of Flach 

et al., which revealed that peripherally applied anti-MOG antibodies diffused into the CNS and 

facilitated MOG recognition to CNS-resident antigen-presenting phagocytes, resulting in 

enhanced tissue destruction by T lymphocytes (Flach et al. 2016). Another study which 

emphasizes a potential pathogenic role of anti-MOG antibodies in the CNS, although not in 

the context of opsonization, represents the work of Pellerin and colleagues. They showed that 

MOG-reactive antibodies induced a proliferative response in brain and spinal cord microglia 

via FcRs. However, the ingestion of myelin by microglia was not enhanced in the presence of 

anti-MOG antibodies (Pellerin et al. 2021).              

Besides triggering inflammation via opsonization and subsequent T cell activation, anti-MOG 

antibodies may also damage the CNS by inducing demyelination via CDC. This assumption is 

supported by the detection of activated complement deposits within lesions of MOGAD 

patients (Hoftberger et al. 2020; Weber et al. 2018) and the observation that patient-derived 
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anti-MOG antibodies were able to cause complement-mediated myelin loss in organotypic 

brain slices (Peschl et al. 2017b). Along the same line, Spadaro and colleagues further showed 

that human MOG-specific antibodies in conjunction with myelin basic protein-reactive T cells 

triggered demyelination associated with complement deposition within the CNS of rats 

(Spadaro et al. 2018).  

While the precise function of anti-MOG antibodies is still under investigation, the pathogenic 

role of AQP4-specific antibodies isolated from NMOSD patients is characterized more in detail. 

Anti-AQP4 antibodies bind to AQP4 expressed on astrocytes and trigger astrocyte destruction 

and subsequent demyelination via CDC and ADCC (Alexopoulos et al. 2015; Phuan et al. 2012; 

Vincent et al. 2008). However, it has not been investigated yet whether anti-AQP4 antibodies 

also facilitate antigen recognition by APCs and thus trigger T cell activation, similar to the 

process suggested for anti-MOG antibodies (Flach et al. 2016; Kinzel et al. 2016). Hence, the 

opsonizing capacity of patient-derived anti-AQP4 antibodies was analyzed in the here 

established in vitro model. Both IgG and serum isolated from NMOSD patients opsonized 

membrane-bound AQP4 and thus significantly increased the protein uptake by human APCs. 

These findings indicate that besides mediating CDC and ADCC, AQP4-specific antibodies are 

additionally capable of facilitating antigen recognition by APCs via opsonization, thus 

potentially inducing T cell activation. This assumption is in line with the observation that 

NMOSD patients contain AQP4-reactive T lymphocytes in the blood (Hofer et al. 2020; 

Matsuya et al. 2011; Vaknin-Dembinsky et al. 2016). However, Hillebrand and colleagues 

recently demonstrated that systemically injected anti-AQP4 antibodies can enter the CNS via 

circumventricular organs and meningeal or parenchymal blood vessels, resulting in the 

formation of NMOSD-like lesions with AQP4 loss (Hillebrand et al. 2019). This observation 

suggests that AQP4-specific antibodies may act both in the periphery and the CNS.  

In summary, the work on hand showed that patient-derived anti-MOG antibodies are capable 

of opsonizing human MOG and thus promote its internalization by in vitro differentiated APCs, 

presumable via FcR III. This mechanism may represent the initial step in a potential humoral 

immune response against MOG, resulting in inflammatory CNS demyelination in MOGAD 

patients.     
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4.2 Inhibition of Bruton’s tyrosine kinase represents a promising strategy for 

targeting anti-MOG antibody-mediated CNS inflammation                      
 

As peripheral MOG-specific antibodies are increasingly suggested to fulfill a pathogenic 

function in MOGAD patients, they and their effector mechanisms may serve as potential 

targets for new therapeutic options. Due to the crucial involvement of BTK in FcR signaling in 

myeloid cells (Koprulu and Ellmeier 2009; Lopez-Herrera et al. 2014), its inhibition can be a 

promising strategy to prevent FcR-mediated activation of myeloid cells triggered by anti-

MOG antibodies and thus counteract anti-MOG antibody-induced CNS demyelination. Hence, 

the second project of the present study addressed the therapeutic potential of BTK inhibitor 

evobrutinib in anti-MOG antibody-driven CNS demyelination. It was investigated in vitro and 

in vivo how evobrutinib affects the function and phenotype of myeloid cells activated by anti-

MOG antibody-mediated opsonization. 

Since BTK was found to be involved in FcR-mediated phagocytosis (Amoras et al. 2003; 

Jongstra-Bilen et al. 2008), it was first analyzed whether BTK inhibition modifies the anti-MOG 

antibody-mediated increase in the phagocytosis activity of human APCs using the already 

established in vitro setup. Indeed, evobrutinib diminished the anti-MOG antibody-mediated 

enhancement of MOG uptake by macrophage-like cells, whereas it did not alter FcR-

independent protein internalization. This was further accompanied by an elevated expression 

of FcR III on macrophage-like cells, regardless of the presence of anti-MOG antibodies or 

control antibodies. These findings are in line with published data of Amoras and colleagues. 

They showed that monocytes isolated from XLA patients, which are characterized by 

mutations in the BTK gene (Lopez-Herrera et al. 2014), exhibited a decreased FcR-mediated 

phagocytosis in comparison to healthy controls (Amoras et al. 2003). Moreover, monocytes 

from XLA patients showed a significantly higher expression of FcR III compared to control 

monocytes (Amoras et al. 2007). The expression of FcR I and II was not altered, correlating 

with the findings observed for macrophage-like cells in the present study. However, Ren et al. 

demonstrated that BTK inhibitor ibrutinib did not affect FcR-mediated phagocytosis of 

human monocytes (Ren et al. 2016), indicating that the role of BTK in FcR-mediated 

phagocytosis is not fully understood yet. In contrast to macrophage-like cells, evobrutinib did 

not modify the phagocytosis activity nor the expression of FcRs on dendritic-like cells, which 

may be due to the very low expression of FcR I and FcR III. It was further investigated 

whether evobrutinib affects the expression of molecules involved in antigen presentation on 
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human APCs and thus potentially alters their ability to activate T cells. In the presence of anti-

MOG antibodies, BTK inhibition reduced the expression of CD40 and CD86 on dendritic-like 

cells as well as the expression of CD86 on macrophage-like cells after an incubation of 18 h, 

which may result in an impaired capacity of the APCs to stimulate T lymphocytes. These 

findings are in contrast to other studies demonstrating that the expression of molecules 

involved in antigen presentation on monocyte-derived DCs was equivalent between XLA 

patients and healthy controls upon stimulation (Gagliardi et al. 2003; Liu et al. 2012). However, 

the authors applied LPS and influenza virus, respectively, as stimulation and therefore 

targeted toll-like receptors (TLR) (Murphy 2012). This may have a different effect on the 

expression of co-stimulatory molecules and MHCII in comparison to FcR-mediated activation 

of dendritic-like cells. 

While the impact of BTK inhibition on B lymphocytes has been well-described in mice (Bame 

et al. 2021; Haselmayer et al. 2019; Torke et al. 2020), less is known about the effects in 

myeloid cells. Hence, it was examined how BTK inhibitor evobrutinib affects the phenotype of 

myeloid cells in WT mice (non-transgenic 2D2 mice) in the absence of inflammation. It was 

observed that BTK inhibition neither affected the differentiation of myeloid cells nor the 

phenotype of monocytes and macrophages in spleen, inguinal and cervical lymph nodes. This 

finding may be a result of the lacking stimulation of myeloid cells. Supporting this assumption, 

Gabhann and colleagues found in BTK deficient mice that the recruitment of pro-inflammatory 

M1 macrophages was reduced upon LPS administration. Ex vivo experiments further 

demonstrated an impaired ability of BTK deficient macrophages to polarize into M1 

phenotype in response to LPS/IFN- stimulation, instead expressing anti-inflammatory M2-

associated markers (Ni Gabhann et al. 2014). In the study on hand, it was further analyzed 

how BTK inhibition affects the composition and activation of T lymphocytes. Mice treated with 

evobrutinib showed an increased frequency of CD4+ T cells in cervical lymph nodes and a 

reduced expression of CD95 on CD4+ T lymphocytes in the spleen compared to vehicle-treated 

mice. Since BTK is not expressed in T lymphocytes (Neys et al. 2021; Torke and Weber 2020), 

the observed findings may be explained by off-target effects or secondary effects mediated 

by other immune cells, such as B lymphocytes. A possible explanation for the increased 

frequency of CD4+ T cells in cervical lymph is the concurrent decline of B cells in this 

compartment, which is likely caused by an impaired B cell maturation induced by evobrutinib.      
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The reduced expression of CD95 on CD4+ T lymphocytes in the spleen implies a diminished 

activation of these cells, as CD95 is known to be upregulated on activated T cells (Paulsen and 

Janssen 2011). However, the observation that other activation markers (CD25 and CD69) did 

not exhibit a reduced expression in the presence of evobrutinib contradicts this assumption. 

Since most regulatory T cells are characterized by a constitutive expression of CD95 

(Fritzsching et al. 2005), it is also possible that BTK inhibition decreased the number of 

regulatory T cells.  

It was already revealed that BTK inhibitor evobrutinib significantly diminishes inflammatory 

CNS demyelination in MS patients (Montalban et al. 2019) and in the animal model EAE (Torke 

et al. 2020). We assume that evobrutinib may be likewise effective in anti-MOG antibody-

driven EAE. As anti-MOG antibody-triggered CNS demyelination was shown to be FcR-

dependent (Kinzel et al. 2016), evobrutinib may inhibit FcR signaling and thus counteract 

inflammatory CNS demyelination. It was therefore assessed whether evobrutinib can reduce 

or even prevent CNS inflammation in an anti-MOG antibody-driven EAE model. Remarkably, 

evobrutinib inhibited the clinical manifestation of EAE by significantly diminishing anti-MOG 

antibody-induced CNS demyelination in comparison to vehicle treated 2D2 mice. This was 

accompanied by a strongly decreased infiltration of T cells and macrophages within the CNS. 

To identify the underlying mechanism of the observed effect, immune cells from spleen, 

inguinal and cervical lymph nodes were analyzed. Since we assume that anti-MOG antibodies 

recognize endogenous MOG in the deep cervical lymph nodes, this compartment was of 

particular interest. While BTK inhibition did not affect the differentiation of myeloid cells, it 

reduced the frequency of inflammatory monocytes and macrophages in the spleen of mice 

receiving 8.18C5 antibody. This finding is in accordance with a recent study of Purvis et al., 

which demonstrated that BTK inhibitor ibrutinib impeded the recruitment of inflammatory 

monocytes/macrophages to the peritoneum in a zymosan-induced peritonitis model (Purvis 

et al. 2021). In the present study, it was further revealed that evobrutinib significantly 

diminished the expression of FcR II and slightly reduced the FcR I expression on monocytes/ 

macrophages in the spleen of mice receiving 8.18C5 antibody. These results are in contrast to 

data of Pellerin and colleagues, demonstrating that the expression of FcRs on microglia is not 

altered by BTK inhibition in mice receiving anti-MOG antibodies (Pellerin et al. 2021). Notably, 

in the work on hand, 8.18C5/vehicle mice with CNS demyelination exhibited a particular high 

expression of FcRs and molecules involved in antigen presentation on monocytes and 
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macrophages in the spleen, indicating a more activated phenotype of these cells compared to 

healthy 8.18C5/vehicle as well as 8.18C5/evobrutinib mice. The obtained findings may suggest 

that anti-MOG antibody-mediated activation of myeloid cells only occurred in mice with CNS 

demyelination, not in all 8.18C5/vehicle. However, it is also possible that the detected 

phenotypical changes of monocytes and macrophages are just a result of inflammatory 

processes in 2D2 mice with CNS demyelination. Interestingly, 8.18C5/vehicle mice with CNS 

inflammation also showed an increased MHCII expression on monocytes/macrophages as well 

as an elevated activation of CD4+ T cells in the cervical lymph nodes, being the first indication 

that anti-MOG antibody-mediated opsonization may occur in this compartment. However, 

neither the cell composition nor the activation of T lymphocytes was affected by evobrutinib 

in mice receiving 8.18C5 antibody and isotype antibody, respectively. Taken together, the 

underlying immunological mechanisms of the observed decline of CNS demyelination 

mediated by evobrutinib have not been completely deciphered yet. There can be various 

conceivable reasons for this result. First, immune cells from 2D2 mice were analyzed in the 

chronic phase of disease. Since anti-MOG antibody-triggered activation of myeloid cells and T 

lymphocytes is expected to occur before disease onset, an earlier analysis of immune cells, 

e.g. at disease onset, is very recommendable. Furthermore, the chosen immunological 

readout may not assess all effect mechanisms of evobrutinib. In this regard, it was revealed 

that BTK inhibition suppressed the production of TNF- in monocytes upon FcR-mediated 

stimulation (Bame et al. 2021; Ren et al. 2016). A reduction of the cytokine production may 

be particularly effective in MOGAD patients, as they are characterized by elevated levels of 

cytokines, including IL-6, IFN- and GM-CSF, in the CSF compared to MS patients (Hofer et al. 

2019; Kaneko et al. 2018). Moreover, it is possible that evobrutinib not only affects peripheral 

but also CNS-resident APCs, as it was found to be able to cross the BBB (Piasecka-Stryczynska 

et al. 2021). In this context, Pellerin et al. demonstrated that BTK inhibitor ibrutinib partially 

blocked the proliferation of microglia induced by anti-MOG antibodies (Pellerin et al. 2021).  

Taken together, it was shown that BTK inhibition did not affect the phenotype of myeloid cells 

in the absence of disease but during experimental CNS inflammation. Evobrutinib was found 

to prevent the clinical manifestation of anti-MOG antibody-driven EAE by significantly 

reducing inflammatory CNS demyelination in the spinal cord. These results indicate that BTK 

inhibition by evobrutinib can be a promising strategy to counteract anti-MOG antibody-

mediated CNS demyelination.   
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4.3 Outlook 

4.3.1 Project 1: Investigation of the opsonizing capacity of patient-derived anti-MOG 

antibodies 

The first project of the present study focused on the potential pathogenic role of peripheral 

MOG-specific antibodies. It was shown that anti-MOG antibodies in IgG and serum samples 

from MOGAD patients are capable of opsonizing human MOG, thus fostering antigen 

recognition and uptake by in vitro differentiated human APCs. However, it remains elusive if 

the internalized MOG is processed by the APCs and subsequently presented to T cells, which 

may then proliferate and differentiate in an encephalitogenic manner. Such a mechanism has 

been already proposed to trigger inflammatory CNS demyelination in mice (Kinzel et al. 2016). 

To address this question, freshly isolated T lymphocytes from MOGAD patients should be 

applied in the established in vitro model. However, since it was previously demonstrated that 

peripheral T cells from MOGAD patients do not exhibit autoreactive responses against MOG 

(Hofer et al. 2020), a humanized MOG-reactive T cell line (Chou et al. 2004) might be used 

instead. 

Besides FcRs, phagocytes can also recognize and ingest opsonized protein via complement 

receptors when complement proteins bind to the antigen-antibody complexes (Aderem and 

Underhill 1999). As the used serum samples from MOGAD patients contain complement 

proteins, the phagocytosis of opsonized MOG by in vitro differentiated APCs may be increased 

by these proteins. Thus, it should be investigated if the inactivation of complement factors, 

e.g. by heat, results in a diminished internalization of opsonized MOG.  

Finally, the finding that patient-derived anti-MOG antibodies can opsonize human MOG raises 

the question where these autoantibodies potentially recognize CNS antigen in MOGAD 

patients. A possible site represent the deep cervical lymph nodes, where lymphatic vessels 

continuously drain brain fluid (Aspelund et al. 2015; Louveau et al. 2015). To address this 

assumption, the function of deep cervical lymph nodes should be examined in the anti-MOG 

antibody-driven EAE model established by Kinzel and colleagues (Kinzel et al. 2016).  

 

4.3.2 Project 2: Inhibition of Bruton’s tyrosine kinase as a therapeutic strategy for anti-

MOG antibody-mediated CNS demyelination 

The second project addressed the therapeutic potential of BTK inhibitor evobrutinib in anti-

MOG antibody-driven EAE. Evobrutinib was found to prevent the clinical manifestation of EAE 

by significantly reducing inflammatory CNS demyelination in the spinal cord. Analysis of 
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immune cells in secondary lymphoid organs showed that BTK inhibition diminished the 

expression of FcRs on monocytes and macrophages, but did not alter the phenotype of T cells 

in the chronic phase of EAE. To further evaluate the underlying immunological mechanisms, 

an earlier analysis of immune cells, e.g. at disease onset, is highly recommendable, since anti-

MOG antibody-triggered activation of myeloid cells and T lymphocytes is expected to occur 

before disease onset. In addition, the effect of evobrutinib on other immune cell functions, 

including the production of pro- and anti-inflammatory cytokines, should be studied. As 

evobrutinib was recently shown to be able to cross the BBB (Piasecka-Stryczynska et al. 2021), 

it is possible that BTK inhibition also influences CNS-resident APCs, such as microglia. Thus, 

the impact of evobrutinib on the phenotype and function of microglia in anti-MOG antibody-

driven EAE should be analyzed as well.  

Besides evobrutinib, other BTK inhibitors, inluding tolebrutinib or fenebrutinib, have been 

recently shown to be effective in treatment of MS (Garcia-Merino 2021; Reich et al. 2021). 

Since all inhibitors exhibit distinct molecular properties, such as the BTK binding mechanism 

or size, they may act differently in the anti-MOG antibody-driven EAE model. Thus, it should 

be investigated how other BTK inhibitors affect anti-MOG antibody-mediated CNS 

demyelination in mice.             
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