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Summary

Summary

The Stiff-person syndrome (SPS) is a rare autoimmune disease that is characterized by
symptoms including stiffness in axial and limb muscles as well as painful spasms. Different
variants of SPS are known ranging from moderate forms like the stiff-limb syndrome to the
most severe form progressive encephalomyelitis with rigidity and myoclonus (PERM). SPS is
elicited by autoantibodies that target different pre- or postsynaptic proteins. The focus of the
present work is on autoantibodies against the glycine receptor (GlyR). At start of the present
thesis, as main characteristic of the GlyR autoantibody pathology, receptor cross-linking
followed by enhanced receptor internalization and degradation via the lysosomal pathway was
described. If binding of autoantibodies modulates GlyR function and therefore contributes to
the GlyR autoantibody pathology has not yet been investigated. Moreover, not all patients
respond well to plasmapheresis or other treatments used in the clinic. Relapses with even
higher autoantibody titers regularly occur.

In the present work, further insights into the disease pathology of GlyRa autoantibodies were
achieved. We identified a common GlyRa1 autoantibody epitope located in the far N-terminus
including amino acids A-G3* which at least represent a part of the autoantibody epitope. This
part of the receptor is easily accessible for autoantibodies due to its location at the outermost
surface of the GlyRa1 extracellular domain. It was further investigated if the glycosylation
status of the GIlyR interferes with autoantibody binding. Using a GlyRa1 de-glycosylation
mutant exhibited that patient autoantibodies are able to detect the de-glycosylated GlyRa1
variant as well. The direct modulation of the GlyR analyzed by electrophysiological recordings
demonstrated functional alterations of the GlyR upon autoantibody binding. Whole cell patch
clamp recordings revealed that autoantibodies decreased the glycine potency, shown by
increased ECso values. Furthermore, an influence on the desensitization behavior of the
receptor was shown. The GlyR autoantibodies, however, had no impact on the binding affinity
of glycine. These issues can be explained by the localization of the GlyR autoantibody epitope.
The determined epitope has been exhibited to influence GlyR desensitization upon binding of
allosteric modulators and differs from the orthosteric binding site for glycine, which is localized
much deeper in the structure at the interface between two adjacent subunits. To neutralize
GlyR autoantibodies, two different methods have been carried out. Transfected HEK293 cells
expressing GlyRal and ELISA plates coated with the GlyRa1 extracellular domain were used
to efficiently neutralize the autoantibodies. Finally, the successful passive transfer of GlyRal
autoantibodies into zebrafish larvae and mice was shown. The autoantibodies detected their
target in spinal cord and brain regions rich in GlyRs of zebrafish and mice. A passive transfer
of human GlyRa autoantibodies to zebrafish larvae generated an impaired escape behavior in

the animals compatible with the abnormal startle response in SPS or PERM patients.
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Zusammenfassung

Das Stiff-person Syndrom (SPS) ist eine seltene Autoimmunerkrankung, die sich durch
Symptome wie Steifheit in Muskeln des Rumpfes und der Gliedmal3en sowie schmerzhafte
Spasmen auszeichnet. Vom SPS sind verschiedene Varianten bekannt, die von mafiigen
Formen, wie dem Stiff-limb Syndrom (limb von engl. Extremitaten), bis zur schwersten
Variante, der progressiven Enzephalomyelitis mit Steifheit und Myoklonus (PERM, vom engl.
progressive encephalomyelitis with rigidity and myoclonus), reichen. Ausgeltst wird das SPS
durch AutoantikOrper, die an verschiedene pré- und postsynaptische Proteine binden. Der
Fokus in dieser Arbeit liegt dabei auf Autoantikdrpern, die gegen den Glyzinrezeptor (GlyR)
gerichtet sind. Zu Beginn dieser Thesis galten als Hauptcharakteristika der Pathologie von
Autoantikérpern die Quervernetzung von Rezeptoren gefolgt von einer verstarkten Rezeptor
Internalisierung und dem Abbau Uber das Lysosom. Allerdings wurde bisher noch nicht
untersucht, ob die GlyR Funktion durch eine Autoantikdrperbindung verandert wird. Dartber
hinaus sprechen nicht alle Patienten gut auf Plasmapheresen oder andere Therapien an.
Ruckfalle mit noch viel héheren Autoantikdrpertitern treten regelméaRig auf.

Die vorliegende Arbeit erweitert die Kenntnisse der pathophysiologischen Mechanismen, die
durch GlyRa Autoantikbrper ausgeldst werden. Wir konnten ein Epitop der GlyRa1
Autoantikdrper im N-terminalen Bereich ausfindig machen, wobei die Aminosauren Al-G3*
zumindest einen Teil des Epitops bilden. Dieser GlyR Bereich kann durch die Autoantikdrper
sehr leicht erreicht werden, weil er sich an der Oberflache der extrazellularen Doméane des
GlyRs befindet. Weiterhin wurde untersucht, ob die Glykosylierung des GlyRs die
Autoantikdrperbindung beeinflusst. Mit Hilfe von Mutanten, bei denen die Glykosylierungsstelle
entfernt wurde, konnte gezeigt werden, dass Patientenautoantikérper die nicht-glykosylierte
Variante des GlyRa1 ebenfalls detektieren konnen. Elektrophysiologische Messungen
ergaben, dass die Funktionalitat des GlyRs durch die Bindung von Autoantikdrpern
beeintrachtigt wird. Erhohte ECso Werte zeigen, dass Autoantikorper die Wirksamkeit von
Glyzin in niedrigeren Konzentrationen auf den Rezeptor verringern. Auf3erdem beeinflussen
die Autoantikérper die Desensitisierung des Rezeptors. Allerdings waren die Glyzin-
Wirksamkeit in sattigenden Konzentrationen und die Affinitdt von Glyzin zum Rezeptor
unverandert. Diese Ergebnisse kdnnen durch die Lokalisierung des GlyR Autoantikdrper-
Epitops erklart werden. Das ermittelte Epitop ist bekannt dafir, dass dort allosterische
Modulatoren binden kénnen und dadurch die Desensitisierung beeinflusst wird. Auf3erdem
unterscheidet sich das Epitop von der orthosterischen Bindestelle von Glyzin, welche viel tiefer
in der Struktur an der Grenze zweier benachbarter Untereinheiten liegt. Um die GIyR
Autoantikbrper zu neutralisieren, wurden zwei verschiedene Methoden entwickelt.
Transfizierte HEK293 Zellen, die den GlyRa1 exprimieren, und ELISA Platten, die mit der
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Zusammenfassung

extrazellularen Domane des GlyRa1 beschichtet waren, wurden zur effizienten Neutralisation
der Autoantikorper verwendet. Abschliel3end konnte in der vorliegenden Arbeit die erfolgreiche
passive Ubertragung von GlyRa1 Autoantikdrpern in Zebrafischlarven und Mausen gezeigt
werden. In Zebrafischen und Mausen detektierten die Autoantikdrper ihr Antigen im
Ruckenmark und in Gehirnregionen, in denen der GlyR zahlreich exprimiert ist. Ein passiver
Transfer von menschlichen GlyRa Autoantikérpern in Zebrafischlarven beeintrachtigte das
Fluchtverhalten der Tiere, welches kompatibel mit dem krankhaften Startle Reflex in SPS- oder
PERM-Patienten ist.



Introduction

1. Introduction

1.1 Stiff-person syndrome

Stiff-person syndrome (SPS) is a rare autoimmune disease (prevalence 1:1,000,000) that was
first described by Moersch and Woltman (1956). Most patients come down with SPS at the
age of around 46 years. However, disease onset ranges from 11 months to 75 years. SPS is
characterized by symptoms including stiffness in axial and limb muscles, brainstem signs,
hyperekplexia, seizures as well as painful spasms that can be randomly or elicited by
unexpected noise, emotional stress or tactile stimuli (Meinck and Thompson, 2002; Sommer
et al., 2005; Hutchinson et al., 2008; Geis et al., 2009; McKeon et al., 2013; Carvajal-Gonzalez
et al., 2014; Baizabal-Carvallo and Jankovic, 2015; Martinez-Hernandez et al., 2016). Different
variants of SPS are known ranging from moderate forms like the stiff-limb syndrome where
symptoms are confined to the limb, to the most severe form progressive encephalomyelitis
with rigidity and myoclonus (PERM) where patients additionally suffer from brainstem
myoclonus, breathing problems and spinal cord involvement (Meinck and Thompson, 2002;
Damasio et al., 2013).

1.2 Pathophysiological mechanisms in SPS

The symptoms of SPS patients are comparable to symptoms of patients suffering from
hyperekplexia, a disease caused by mutations in the genes encoding the glycine receptor
(GlyR) subunits (Villmann et al., 2009b; Atak et al., 2015; Schaefer et al., 2015; Langlhofer and
Villmann, 2017; Schaefer et al., 2018b). In hyperekplexia, pathophysiological mechanisms
were for instance analyzed in genetic mouse variants that phenotypically represent the
patient’s symptoms (Buckwalter et al., 1994; Kingsmore et al., 1994; Mulhardt et al., 1994;
Ryan et al., 1994; Saul et al., 1994; Kling et al., 1997; Villmann et al., 2009b; Becker et al.,
2012; Schaefer et al., 2012; Schaefer et al., 2017; Schaefer et al., 2018b). In SPS, disease
pathology was shown to be elicited by autoantibodies that target different synaptic proteins
such as the gamma-aminobutyric acid (GABA)-producing enzyme glutamate decarboxylase
(GAD), GABAx receptor-associated protein, amphiphysin, gephyrin or GlyR (Solimena and De
Camilli, 1991; De Camilli et al., 1993; Butler et al., 2000; Wessig et al., 2003; Koerner et al.,
2004; Raju et al., 2006; Hutchinson et al., 2008; Irani et al., 2010; Dalmau et al., 2017). 60-80%
of patients diagnosed with SPS are positive for autoantibodies against at least one protein at
inhibitory synapses. Most common are GAD65 (isoform of GAD with a molecular weight of
65 kDa) autoantibodies (75% of autoantibody positive cases, Fig. 1A), followed by GlyR
autoantibodies (20%) and amphiphysin autoantibodies (5%) (Dalmau et al., 2017). So far, the

autoantibodies as disease triggering factors have been described but just little is known about
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the pathophysiology. Some autoantibodies have been shown to be associated with tumors
however the occurrence is varying from <5% in patients with GlyR autoantibodies (Thymoma,
lung, Hodgkin) and up to >90% in patients with amphiphysin autoantibodies (breast cancer,
small-cell lung cancer) (summarized in Dalmau et al., 2017). Associated tumors have also
been described in other autoantibody mediated diseases such as in over 40% of patients with
N-methyl-D-aspartate receptor (NMDAR) autoantibodies (Teratoma). Furthermore, it is
believed that B cells are potentially the autoantibody-producing cells because of the positive

effect of B cell depleting therapies like rituximab application (Rineer and Fretwell, 2017).

Some common aspects regarding the pathophysiological mechanism when autoantibodies
reach their target have been identified. Receptor internalization upon autoantibody binding is
a common mechanism of autoantibodies targeting for example NMDARs or GlyRs (Fig. 1B).
Thereby, autoantibodies cross-link receptors resulting in protein internalization which
furthermore changes the surface dynamics of the receptors (Carvajal-Gonzalez et al., 2014;
Dalmau et al., 2017). Following internalization, receptors are degraded via the lysosomal
pathway. Moreover, activation of the C1 complement system has been determined as disease
pathology of GlyR autoantibodies (Carvajal-Gonzalez et al., 2014). Additionally, autoantibodies
against GABA&R, NMDAR as well as the GlyR can also block the receptor function (Castillo-
Gomez et al., 2017; Dalmau et al., 2017; Crisp et al., 2019). It is likely that there are further so
far unknown disease mechanisms. The understanding of the autoantibody pathology will help
to develop novel therapeutic approaches since the patient’s responses to treatments varies
largely. The most common therapies include immunotherapies like intravenous
immunoglobulin application, plasmapheresis or application of drugs enhancing the GABAergic
inhibition like diazepines (Howard, 1963; Vicari et al., 1989; Pagano et al., 2014). Although
patient’s symptoms improve because of a reduced autoantibody concentration in serum or by
counteracting muscle spasms through stronger GABAergic inhibition, relapses often occur and
have a huge impact on daily life (Hutchinson et al., 2008; Damasio et al., 2013; McKeon et al.,
2013; Carvajal-Gonzalez et al., 2014; Doppler et al., 2016; Dalmau et al., 2017). Additionally,
during plasmapheresis not only 1-2 g offending material is removed from the blood but also

150 g healthy protein (Nydegger and Sturzenegger, 2001).
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Fig. 1. Autoantibodies at inhibitory synapses. (A) Overview of the main targets of autoantibodies in SPS, the
GABA producing enzyme GAD (present in 75% of autoantibody positive cases), the glycine receptor (20%) and
amphiphysin (5%). (B) Pathophysiological mechanisms of GlyR autoantibodies. Autoantibodies cross-link GlyRs,
leading to receptor internalization (left). As a consequence, receptors are degraded by the lysosomal pathway.
Additionally, GlyR autoantibody binding activates the C1 complement system (right). GAD = glutamate

decarboxylases; GlyT = glycine transporter; VIAAT = vesicular inhibitory amino acid transporter.

1.3 Autoantibody epitopes in SPS and other forms of autoantibody-associated diseases

The epitope identification of autoantibodies is important to get deeper insights into possible
structural or functional changes upon autoantibody binding and to explore potential clinically
relevant differences between patients. For some autoantibodies, it is unclear whether they
share a common epitope or if several epitopes exist. GAD65 autoantibodies have been
identified to bind to amino acids 451-585 within the C-terminal domain, thus inhibiting the
enzymatic activity of GAD65 (Raju et al., 2005). The blockade of enzymatic activity by
autoantibodies is probably due to a changed enzyme conformation rather than a hindrance
between the binding of glutamate or the cofactor pyridoxal 5’-phosphate to GAD65. However,
not all GAD autoantibodies from SPS patients recognize the C-terminal epitope nor hinder the
enzymatic activity of GAD65. Thus, another linear epitope for GAD65 autoantibodies was
determined within the N-terminus, covering amino acid residues 4-22. This epitope is
exclusively found for GAD65 autoantibodies from SPS patients although GAD autoantibodies
are also present in diabetes type 1 patients. Thus, autoantibodies from the same subtype but
occurrence in different diseases depict different binding properties. Another group of
autoantibodies identified in SPS target amphiphysin, a regulatory endocytic protein that
modulates clathrin-mediated endocytosis (Dalmau et al.,, 2017). These amphiphysin
autoantibodies target the SH3 domain, which is involved in the interaction with dynamin, thus

inducing the generation of clathrin-coated intermediates in vesicle endocytosis. Hence, binding
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of amphiphysin autoantibodies results in endocytic dysfunction (Shupliakov et al., 1997; Di
Paolo et al., 2002). In GIuN1 autoantibodies in NMDAR encephalitis, two specific amino acids
N368/G369 within the N-terminus have been characterized to be essential for NMDAR
autoantibody binding (Gleichman et al., 2012). The N-terminal domain has been shown to be
involved in receptor assembly and to be a target for different allosteric modulators which alter
the channel opening and closing (Meddows et al., 2001; Hansen et al., 2010; Paoletti, 2011,
Gleichman et al., 2012). Structurally, the N-terminus builds a clamshell-like structure that
interacts with other receptor subunits (Jin et al., 2009; Karakas et al., 2009; Sobolevsky et al.,
2009; Gleichman et al., 2012). The autoantibody epitope N368/G369 is located adjacent to the
hinge of the clamshell, thus also modulating the receptor dynamics in the open or closed state.
Hence, autoantibody binding to N368/G369 stabilizes the open conformation of the receptor,
thus increasing the open duration.

The epitope of GlyR autoantibodies has not yet been described. However, it was shown that
GlyR autoantibodies bind to HEK293 cells expressing the homopentameric GlyRa1, a2 or a3
without permeabilization of the cells (Carvajal-Gonzalez et al., 2014; Doppler et al., 2016).
These data point to an epitope localized in the extracellular domain (ECD) of the receptor in
its native configuration. Additionally, it was shown that autoantibody binding in live stainings is
more reliable due to the correct folding of the receptor in its native conformation (Vincent et
al.,, 2012). Moreover, intracellular autoantibody epitopes are suggested to be rarely
pathogenic. Binding to all a-subunits (a1, a2, a3) has been demonstrated arguing for a
sequence identical in all GlyRa subunits. Similarly, binding to extracellular epitopes has been
shown for a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR)
autoantibodies present in patients suffering from autoimmune encephalitis. AMPAR
autoantibodies bind to extracellular epitopes of the GIuALl or GIUA2 subunit, thus disrupting
receptor trafficking and turnover (Lai et al., 2009). This in turn leads to a relocation from

synaptic to extrasynaptic sites and to a decrease in number of synaptically localized receptors.

The glycosylation state of the targeted protein is also discussed for different autoantibodies to
be involved in autoantibody binding (Labasque et al., 2014; Miura et al., 2015; Olsen et al.,
2015). Contactin-1 autoantibodies in peripheral neuropathies were shown to require N-
glycosylation for binding the target (Labasque et al., 2014). This was tested by tunicamycin
treatment which blocks cell surface expression of contactin-1, instead contactin-1 remains in
the endoplasmic reticulum (ER). Thus, to target the intracellular de-glycosylated contactin-1,
cells have to be fixed and permeabilized before immunofluorescence staining. Here, the
autoantibody signal was completely abolished, thus autoantibodies only detect N-glycosylated
contactin-1. Furthermore, to verify these results, the authors created de-glycosylation mutants
by changing the asparagine residue to glutamine at the nine glycosylation sites independently

and tested the binding ability of patient autoantibodies. Indeed, glycosylation sites N467, N473
-
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and N494 were identified to be important for autoantibody binding. Contrariwise, another group
exhibited contactin-1 autoantibody binding under tunicamycin treatment followed by
immunostaining of fixed and permeabilized cells, indicating that it is independent of contactin-1
glycosylation (Miura et al.,, 2015). Additionally, they confirmed their experiments by de-
glycosylating contactin-1 with peptide N-glycosidase F (PNGaseF), which removes N-linked
glycans. Following PNGaseF treatment, the binding ability of autoantibodies was tested using
Western blot analysis. Hence, the patient sera detected the de-glycosylated as well as the

glycosylated contactin-1.

NMDAR1 autoantibody binding in NMDAR encephalitis was first thought to be dependent on
one specific glycosylation site at N368 because de-glycosylation mutant of this specific residue
was not detected by patient autoantibodies (Gleichman et al.,, 2012). However, a further
mutation nearby N368 (T370A) decreased autoantibody binding but did not completely abolish
autoantibody binding. Thus, the region surrounding the glycosylation site N368 is necessary
for autoantibody binding but not the glycosylation itself. Instead, the authors suggested that
mutations in this domain disrupt the NMDARZ1 structure that autoantibodies are unable to bind.
Hence, the folding status around residue N368 is important for autoantibody binding.

Furthermore, the necessity of glycosylation for contactin associated protein-like 2 (Caspr2)
autoantibody binding in limbic encephalitis was investigated (Olsen et al., 2015). Thus, Caspr2
possess 12 N-linked glycosylation sites in the extracellular domain, the region of autoantibody
binding. N-glycosylation was disabled by tunicamycin treatment of Caspr2 expressing
HEK293T cells followed by fixation, permeabilization and immunofluorescence staining.
Fluorescence signals of autoantibodies were detected. Thus, the de-glycosylation does not
prohibit the ability of Caspr2 autoantibodies to detect their target. Additionally, Caspr2
expressed in cells was de-glycosylated by PNGaseF treatment and tested for autoantibody
binding in Western blot analysis. In doing so, the patient autoantibodies were still able to bind,
thus the glycosylation is not essential for Caspr2 autoantibody binding. The above stated
autoantibodies were closer analyzed for the necessity of a glycosylated target protein for
binding (Gleichman et al., 2012; Labasque et al., 2014; Miura et al., 2015; Olsen et al., 2015).
However, the autoantibodies described above are related to other autoimmune diseases but
not SPS. To my knowledge, there are no studies investigating the necessity of glycosylation

for SPS autoantibody binding nor for GlyR autoantibodies.

1.4 In vivo animal models for SPS

Drachman (1990) developed five criteria to estimate the presence of an autoantibody-mediated
disease. One of the criteria implies that after passive transfer into an animal model, the animal

suffers from similar symptoms as human patients. Using such models helps to improve the
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understanding of involved signaling pathways as well as to evolve novel therapeutic
approaches. Such topics cannot be investigated with in vitro experiments. Since long time,
passive transfer of anti-acetylcholine receptor autoantibodies into mice, rats and rabbits was
performed to characterize pathogenic effects of Myasthenia gravis (Toyka et al., 1975; Toyka
et al., 1980; Mantegazza et al., 2016). This method was stated to be the simplest way to study
immunopathogenesis of autoantibodies and to evaluate therapeutic potentials (Mantegazza et
al., 2016). Indeed, transfer of acetylcholine receptor autoantibodies via daily intraperitoneal
injections over 14 days into mice resulted in reduced amplitudes of miniature endplate
potentials, decreased numbers of acetylcholine receptors at the neuromuscular endplate and
clinical weakness in some animals (Toyka et al., 1975; Toyka et al., 1980). Thus, the basic
features of Myasthenia gravis were successfully transferred from humans into mice, indicating
that the passive transfer of autoantibodies is also a useful method to study SPS. In transfer
models for SPS, different application methods were reported depending on the autoantibody
type, their localization and the pathology. For example, intraperitoneal, intrathecal or
intraventricular applications were used. Usually, autoantibody IgG fractions were purified from
patient sera and afterwards transferred into animals. Amphiphysin IgG could be successfully
transferred via intrathecal catheters and intraperitoneally applications in rats thereby reducing
the GABAergic transmission and eliciting dose-dependent symptoms such as stiffness and
muscle spasms resembling the patients symptoms (Sommer et al., 2005; Geis et al., 2010;
Werner et al.,, 2016). Furthermore, passive transfer of GAD65 IgG via intrathecal,
intraventricular or intracerebellar applications in rats and mice induced symptoms equally to
SPS patients including anxiety, impaired locomotor function, stiffness, increased spinal cord
excitability, impaired GABAergic neurotransmission and deteriorated cognitive functions (Geis
et al., 2011; Manto et al., 2011; Hampe et al., 2013; Hansen et al., 2013; Manto et al., 2015).
Passive transfer of autoantibodies was also used to induce symptoms of patients suffering
from NMDAR encephalitis in mice for better understanding the pathophysiology (Planaguma
et al., 2015; Planaguma et al., 2016). To do so, mice have got intraventricular catheters for
NMDAR autoantibody application which is nearby the hippocampus where the target proteins
are localized. Mice treated with patient NMDAR autoantibodies elicited progressive memory
deficits and depressive-like behavior. Additionally, the density of cell-surface and synaptic
NMDARs was decreased and functionally, the long-term synaptic plasticity was impaired. In
another form of autoimmune encephalitis, patients are positive for AMPAR autoantibodies
which elicit symptoms including impaired formation of new memories as well as retrograde
amnesia or anxiety (Lai et al., 2009; Hoftberger et al., 2015). To check whether these signs of
disease can be elicited in mice, two different application methods were used (Haselmann et
al.,, 2018). Thus, the 1gG fraction of AMPAR autoantibodies were either transferred for two

weeks continuously into both lateral ventricles or via stereotactic injections into the CA1 and
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CAS region as well as the dentate gyrus of the hippocampus in both hemispheres. Indeed,
memory deficits proved by a decreased object recognition index, could be elicited with both
application methods. Additionally, analysis of the Elevated Plus Maze and Black-And-White
Maze revealed less time spent and fewer entries into the open arms or white sectors, thus

showing increased anxiety levels in mice treated with patient IgG of AMPAR autoantibodies.

Passive transfer models for GlyR autoantibodies do not exist yet. The use of mice or rats
seems suitable, but zebrafish larvae might also represent a model system to study changes in
motor behavior. Impaired glycinergic inhibition has been demonstrated for genetic variants in
zebrafish using the escape response as a functional readout for altered motor behavior. One
of the genetic variants with disturbed glycinergic inhibition is the hyperekplexia model
bandoneon, which elicits touch-induced bilateral muscle contractions upon point mutations in
glrb2 gene (Hirata et al., 2005; Ganser et al., 2013). Additionally, knock outs of GlyRal in
zebrafish also led to strong motor dysfunction tested by touch-evoked escape behavior
(Samarut et al., 2019). Glycinergic transmission is also inhibited by mutating the DEAH-box
RNA helicase which controls GlyR expression, resulting in impaired escape behavior (Hirata
et al., 2013). Thus, passive transfer of autoantibodies into zebrafish might lead to impaired
swimming behavior and thus worthwhile to investigate for GlyR autoantibodies to create an in
vivo model for SPS.

1.5 The glycine receptor - structural domains

The present project investigates effects of autoantibodies against the glycine receptor (GlyR).
The GIlyR is an inhibitory ligand-gated ion channel permeable for chloride ions (Lynch, 2004).
Besides the nicotinic acetylcholine receptor, the GABAac receptor and the 5HT3 receptor, the
GlyR belongs to the superfamily of the Cys-loop receptors. Cys-loop receptors share the
pentameric conformation and a common disulfide bridge in the extracellular domain (Nemecz
et al., 2016). Each subunit of the GlyR is composed of a large N-terminal extracellular domain
(ECD) followed by four transmembrane domains (TM1-4) that are connected via intra- or
extracellular loops, and a short extracellular C-terminus (Fig. 2A, C) (Du et al., 2015; Huang et
al., 2015; Huang et al., 2017; Langlhofer and Villmann, 2017). TM1, 3 and 4 of each subunit
build the interface between receptor and lipid bilayer. TM2 domains point to each other and
form the inner wall of the channel pore (Lynch, 2004). Four a-subunits (a1, a2, a3 and a4) and
one B-subunit are known. The assembled receptor presents either a homomers or heteromers
with a stoichiometry of 3a:28 or 2a:3f subunits (Fig. 2B) (Kuhse et al., 1993; Grudzinska et
al., 2005; Durisic et al., 2012; Yang et al., 2012; Patrizio et al., 2017). The majority of receptors

in adults are composed of a1 and a3 heteromers (Malosio et al., 1991).
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In mammals, the GlyRa1 and (3 subunit are mainly expressed in the brainstem and spinal cord
(Malosio et al., 1991; Singer et al., 1998; Jonsson et al., 2012; Weltzien et al., 2012). During
development, the a2 subunit is expressed in the spinal cord but is replaced by the a1 subunit
in the first two postnatal weeks (Kuhse et al., 1990; Malosio et al., 1991). Additionally, the
GlyRa2 is involved in retinal photoreceptor development and may regulate the ethanol
consumption because GlyRa2 knock out mice were shown to have a reduced ethanol intake
(Young and Cepko, 2004; Blednov et al., 2015; Leacock et al., 2018). The a3 subunit is
abundantly expressed in the spinal cord ventral horn and dorsal horn in the superficial layer
(laminae Il and lll), there being involved in nociceptive processing and inflammatory pain
sensitization (Baer et al., 2003; Harvey et al., 2004; Zeilhofer, 2005). Furthermore, the GlyRa3
is located in the pre-Botzinger complex of the brainstem participating in the pathway of
rhythmic breathing (Manzke et al., 2010). The gene encoding for the GlyRa4 subunit is
considered to be a pseudogene in humans because of an in-frame stop codon within exon 9
(Simon et al., 2004). However, in mice and zebrafish the GlyRa4 is expressed and mediates
synaptic currents as demonstrated in a murine artificial synapse model (Leacock et al., 2018).
Lastly, the GIyRB is expressed throughout the embryonic and adult brain starting with
expression around embryonic day 14 in mice, however the expression increases quickly after
birth (Malosio et al., 1991). The B-subunit has a high affinity to the scaffold protein gephyrin
which anchors the GlyR at postsynaptic sites (Kneussel and Betz, 2000).

During maturation, post-translational N-glycosylation of GlyRs occurs in the endoplasmic
reticulum (Griffon et al., 1999; Schaefer et al., 2018a). A glycosylation site is determined by
the amino acid motif N-X-S/T which is present once in the ECD of the GlyRa1 and a3 subunit
(a1: 38NVS*, a3: *8NVT°, numbers refer to mature protein) and twice in the ECD of the GlyRa2
and B subunits (a2: °NVT#’, SNDS’8; B: 32NST3*, 29NCT???) (Pult et al., 2011; Schaefer et al.,
2018a). The glycosylation state of a protein can be determined by using the enzymes
endoglycosidase H (EndoH) and/or peptide N-glycosidase F (PNGaseF). EndoH cuts within
the chitobiose core of high mannose type-glycans and leaves one N-acetylglucosamine
connected to the asparagine (Schaefer et al., 2018a). In contrast, PNGaseF cleaves nearly all

mannose-chains connected to asparagine.
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Fig. 2: Structure of the glycine receptor. (A) Structure of a GlyR subunit: a large N-terminal extracellular domain
(ECD), four transmembrane domains (TM1-4) connected by intra- and extracellular loops, and a short extracellular
C-terminus. a-helices are shown as barrels, B-sheets as arrows. (B) Pentameric subunit stoichiometry of GlyRs.
GlyRs are either composed of 2a:3B (left) or 3a:2B (right). a subunits are shown in green, B subunits in magenta.
(C) Top view (left) and side view (right) of homopentameric GlyRa1. The five subunits are shown in different colors.
ECD = extracellular domain; TMD = transmembrane domain. Pictures in (C) were modified from PDBe-KB
consortium, PDBe-KB: a community-driven resource for structural and functional annotations. Nucleic Acids
Research, Database Issue (2020) (PDBe 4x5t).

1.6 The glycine receptor in the mammalian spinal cord and brain

GlyRs enable fast synaptic inhibition in the adult spinal cord and brainstem as well as in the
retina (Lynch, 2004). In the spinal cord, GlyRs are located in motoneurons and involved in
feedback control of the nerve-muscle circuit (Schaefer et al.,, 2012). Sensory inputs are
transmitted to the motoneurons via glutamatergic neurons in the dorsal root ganglia (Fig. 3A).
As a consequence, the motoneurons are excited and release acetylcholine at the neuromotor
endplate which binds to nicotinic acetylcholine receptors in the muscles, leading to excitation
and finally muscle contraction. Inhibitory glycinergic interneurons (lalN or Renshaw cells) are
excited by cholinergic collaterals of the motoneuron or by glutamatergic primary afferents
(Siembab et al., 2010). These interneurons inhibit motoneurons by glycine release, thereby
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controlling the acetylcholine release at the neuromotor endplate. This feedback control loop
via glycinergic interneurons is essential for regulating the required amount of acetylcholine to
reach the threshold for action potential generation and muscle contraction. In SPS patients
with GlyR autoantibodies, this glycinergic feedback control is disturbed probably due to
enhanced receptor internalization and therefore reduction of GlyR numbers at motoneuronal

membranes (Fig. 3B). This in turn leads to the typical SPS symptoms as muscle stiffness and

spasms.
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Fig. 3: Normal and morbid nerve-muscle circuit in the spinal cord. (A) Glutamatergic neurons in the dorsal root
ganglia (red) innervate motoneurons, whereby motoneurons (yellow) transmit acetylcholine to muscles, leading to
muscle contractions. Simultaneously, collaterals of the motoneurons excite inhibitory, glycinergic interneurons (lalN
or Renshaw cells, orange) by releasing acetylcholine. Glutamatergic primary afferents are also able to innervate
the interneurons. Thereby, the interneurons control acetylcholine release at the neuromotor endplate to circumvent
overexcitation (interneuron feedback control). (B) The glycinergic feedback control via interneurons described in
(A) is disturbed in SPS patients being positive for GlyR autoantibodies. Autoantibodies (blue) bind to GlyRs localized
in the motoneurons, leading to GlyR internalization. Thus, the control mechanism breaks down resulting in
overexcitation in muscles. Figure was modified from Schaefer et al. (2012) and from SMART (Servier Medical Art),

licensed under a Creative Common Attribution 3.0 Unported License. http://smart.sevier.com.
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GlyRs in the brainstem are participating in processing of acoustic stimuli. From the inner hair
cells in the cochlea, excitatory spiral ganglion neurons project to the cochlear nucleus (CN),
the first station in the brainstem of the afferent auditory pathway (Reuss, 2000; Malmierca and
Ryugo, 2012; Yu and Goodrich, 2014). Neurons in the CN send glutamatergic projections to
the ipsilateral lateral superior olive (LSO) as well as to the contralateral medial nucleus of the
trapezoid body (MNTB) (Morest, 1968; Warr, 1972; Tolbert et al., 1982; Glendenning et al.,
1985; Smith et al., 1991). Furthermore, the MNTB neurons inhibit the neurons of the ipsilateral
LSO via GABAergic/glycinergic projections (Kotak et al., 1998; Nabekura et al., 2004). LSO
and MNTB belong to the superior olivary complex (SOC) that is important for sound
localization, thereby encoding interaural time differences in the medial superior olive as well
as interaural level differences in the LSO (Kotak et al., 1998; Tollin, 2003; Grothe et al., 2010;
Grothe and Pecka, 2014). LSO neurons further project glycinergic to the inferior colliculus (IC),
an important center of integration of the ascending and descending auditory pathway (Brunso-
Bechtold et al., 1981, Grothe et al., 2010; Malmierca and Ryugo, 2012).
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Fig. 4: Glycinergic projections in the auditory brainstem. Spiral ganglion neurons from the cochlea innervate
the CN by transmitting glutamate. CN neurons project also glutamatergic to the ipsilateral LSO and contralateral
MNTB. Glycinergic transmissions are present from the MNTB to the ipsilateral LSO and from the LSO to ipsilateral
IC. Glutamatergic projections are depicted in red, glycinergic in orange. Sagittal views (left) show position of
appropriate coronal slice scheme (right). ¢ = caudal; CN = cochlear nucleus; d = dorsal; IC = inferior colliculus;
LSO = lateral superior olive; MNTB = medial nucleus of the trapezoid body; MSO = medial superior olive;
SOC = superior olivary complex; SPN = superior paraolivary nucleus. Modified from Hirtz (2012).
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Besides the auditory nuclei, functional glycinergic synapses are also localized in the
hypoglossal nucleus and the thalamus amongst others (Lynch, 2004). Furthermore, GlyRs are
involved in controlling rhythmic breathing in the pre-Bétzinger complex as stated above, which
was demonstrated in oscillator mice expressing non-functional GlyRa1 (Busselberg et al.,
2001; Manzke et al., 2010).

1.7 The glycine receptor in zebrafish

Zebrafish express five GlyRa subunits (GlyRa1, GlyRa2, GlyRa3, GlyRa4a, GlyRa4b) and two
GlyRB subunits (GlyRBa, GlyRpb) (Hirata et al., 2009). Zebrafish GlyRa1, GlyRa3 and
GlyRa4b were shown to be orthologs of the mammalian GlyRa1, GlyRa3 and GlyRa4 subunits
proven by phylogenetic analysis (Imboden et al., 2001). During development, the location of
expression of the various subunits differs in the organism. The glral gene is expressed in the
telencephalon, diencephalon, midbrain, hindbrain and spinal cord in zebrafish older than
52 hours post-fertilization (hpf) (Devignot et al., 2003). The glrada gene is localized in the
olfactory pit, midbrain, hindbrain and somite, whereas the glra4b is expressed in the retina in
zebrafish at an age of 52 hpf (Ogino and Hirata, 2016). Furthermore, the glrb2 gene was found
in the hindbrain and spinal cord at 24 hpf (Hirata et al., 2005). The localization of glra2 and

glra3 was not investigated yet.

1.8 Aim of this study

The aim of this study was to get further insights into the pathophysiological mechanisms of
GlyRa autoantibodies with regard to the functional effects of autoantibodies to GlyRs. Epitope
localization is one important aspect and used to determine if different epitopes exist and
binding to the epitope(s) alter(s) receptor kinetics in various ways. An epitope in the ECD of
the GlyRa1 has been suggested because autoantibody binding to the native configuration of
the GlyRa1 was already demonstrated. Furthermore, the necessity of GlyRa1 glycosylation for
autoantibody binding has to be investigated because other autoantibodies are speculated to
bind their target only in its glycosylated from. In addition to the effects of GlyRa1 autoantibody
binding, this study aims to develop possible therapeutic approaches by specifically neutralizing
the autoantibodies from patient serum. The possibility to specifically target GlyRa1
autoantibodies would help to target only the morbid autoantibodies and not the healthy material
from blood. Furthermore, the effect of passively transferred GlyRal autoantibodies into
zebrafish larvae and mice will be studied. Thereby, the focus will be on the devolvement of
patient symptoms in the animal and the changes in the behavior. The correct binding of GlyR
autoantibodies after passive transfer will be verified by immunohistochemical stainings and

Western Blot analysis.
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2. Materials and Methods

2.1 Materials
2.1.1 Bacteria

DH5a™ derivative electrocompetent Escherichia coli cells (C2989K, New England BioLabs,
Ipswich, Massachusetts, USA) were used for transformation of plasmid DNA during cloning
experiments. The DH5a™strain has the following genotype: fhuA2 A(argF-lacZ)U169 phoA
ginV44 80 A(lacZ)M15 gyrA96 recAl relAl endAl thi-1 hsdR17.

2.1.2 Cell line

Human embryonic kidney cells (HEK293, ATCC®CRL-1573™, Wesel, Germany) were grown
in Minimum essential medium (MEM, Life Technologies, Darmstadt, Germany) containing 10%
fetal bovine serum, 2 mM GlutaMax, 1 mM Sodium pyruvate, 50 U/ml penicillin and 50 pg/ml
streptomycin. Cells were kept in an incubator at 37°C and 5% CO.. 24 h after seeding, HEK293

cells were used for transfection.

2.1.3 Mouse strains

For cultivation of motoneurons, wildtype mice of the strain CD1 (Charles River Laboratories,
Wilmington, MA, USA) were used. They were bred in the animal facility of the Institute for
Clinical Neurobiology at the University Hospital Wirzburg, Germany and kept at a 12 h light-
dark interval with food and water ad libitum (reference number: FB VVL 568/300- 1869/13;

approved by the District Government of Lower Franconia, Germany).

Wildtype mice of the strain C57BL6 (The Jackson Laboratory, Bar Harbor, ME, USA) were
used for in vivo experiments with passive transfer of patient IgG. These mice were bred and
hold at a 12 h light-dark interval with food and water ad libitum at the Neurology Department,
University Hospital Jena, Germany. The in vivo experiments are in accordance with the
assignments of the German Animal Welfare Act. All tests used were approved by the

Thuringian State Office for consumer protection, Germany (reference number: UKJ-17-053).

2.1.4 Vectors and plasmids

The vectors and plasmids used for either cloning or transfections of HEK293 cells are

summarized in the following table (Tab. 1).
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Tab. 1: Vectors and plasmids used for cloning and transfection.

Vectors and plasmids

pRK5

hsal

hsalN38Q

hsal!132L.A137S

hsal!132L,A137S,E173D,Q174E,G175A,A176P

hsa1A4R,P58,K6A

hsa1n7es

hsalHlO7N

hsa1$121F,R122K

hsalAZlZV

mma2
hsa3

hsa3L132,S137A

hsa3Ll38I,Sl43A,Dl78E,El79Q,AlSOG,P181A

hsa3R4A.S5P,A6K

drGlyRal

Insert

high copy CMV and SP6 promoter;
Ampicillin resistance, used for
human GlyR variants

human wildtype GlyRal in pRKS5;
parental clone for cloning
GlyRa1N3&Q

human GlyRal with amino acid
exchange Asn to GlIn at position
38 of mature protein; in pRK5
human GlyRal with amino acid
exchanges 1132L, A137S; in pRK5
human GlyRal with amino acid
exchanges 11321, A137S, E173D,
Q174E, G175A, A176P; in pRK5
human GlyRal with amino acid
exchanges A4R, P5S, K6A,; in
pRK5

human GlyRal with amino acid
exchange N76S; in pRK5

human GlyRal with amino acid
exchange H107N; in pRK5

human GlyRal with amino acid
exchanges S121F, R122K; in
pRK5

human GlyRal with amino acid
exchange A212V; in pRK5

mouse wildtype GlyRa2 in pRK7
human wildtype GlyRa3 in pRK5
human GlyRa3 with amino acid
exchanges L132l, S137A,; in pRK5
human GlyRa3 with amino acid
exchanges L138I, S143A, D178E,
E179Q, A180G, P181A; in pRK5
human GlyRa3 with amino acid
exchanges R4A, S5P, A6; in
PRK5K

zebrafish wildtype GlyRal in pCS2

Materials and Methods

Origin/Manufacturer

T P. Seeburg, MPI for
Medical Science

Barbara Schleyer, AG
Villmann
Barbara Schleyer, AG

Villmann

Barbara Schleyer, AG
Villmann

Barbara Schleyer, AG
Villmann
Barbara Schleyer, AG
Villmann
Barbara Schleyer, AG
Villmann

Barbara Schleyer, AG

Villmann

Barbara Schleyer, AG
Villmann
Barbara Schleyer, AG

Villmann

Barbara Schleyer, AG

Villmann

Hiromi Hirata, Department
of Chemistry and Biological
17



drGlyRa2

drGlyRa3

drGlyRa4a

drGlyRa4b

drGlyRBa

drGlyRBb

pEGFPN1

zebrafish wildtype GlyRa2 in pCS2

zebrafish wildtype GlyRa3 in pCS2

zebrafish wildtype GlyRa4a in

pCS2

zebrafish wildtype GlyRa4b in

pCS2

zebrafish wildtype GlyRBa in pCS2

zebrafish wildtype GlyRBb in pCS2

enhanced green fluorescent
protein (EGFP)

Materials and Methods

Science, Sagamihara,
Japan

Hiromi Hirata, Department
of Chemistry and Biological
Science, Sagamihara,
Japan

Hiromi Hirata, Department
of Chemistry and Biological
Science, Sagamihara,
Japan

Hiromi Hirata, Department
of Chemistry and Biological
Science, Sagamihara,
Japan

Hiromi Hirata, Department
of Chemistry and Biological
Science, Sagamihara,
Japan

Hiromi Hirata, Department
of Chemistry and Biological
Science, Sagamihara,
Japan

Hiromi Hirata, Department
of Chemistry and Biological
Science, Sagamihara,
Japan

Clontech, St-Germain-en-

Laye, France

Plasmids were fabricated at AG Villmann from University Hospital Wirzburg, Germany or as otherwise stated.

dr = danio rerio; hs = homo sapiens; mm = mus musculus. Numbers in mutations refer to mature protein. Wildtype

implies the native full-length protein.

2.1.5 Enzymes

The enzymes used in different experiments are summarized below (Tab. 2).
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Tab. 2: Enzymes used in the experiments. Manufacturers as well as the experiments are stated.

Enzymes Manufacturer Used for
I ——
GoTaq polymerase with GoTaq Promega Polymerase chain reaction (PCR)

Green buffer (5x) and MgCl,

Restriction endonucleases with

supplied buffers NEB DNA-Digestion

DNAse Roche Protein preparation and neuron
cultivation

RNase Carl Roth Plasmid DNA purification

2.1.6 Chemicals

All chemicals used for experiments in the present study were ordered from AppliChem
(Darmstadt, Germany), BioRad (Munich, Germany), Calbiochem Merck (Darmstadt,
Germany), Carl Roth (Karlsruhe, Germany), Merck (Darmstadt, Germany), New England
Biolabs (Ipswich, MA, USA), Sigma-Aldrich (Munich, Germany) or as otherwise stated.
Additional products stated below were obtained from Abgent (San Diego, CA, USA), Cell
Signalling Technology (Cambridge, United Kingdom), Dianova (Barcelona, Spain), Gibco Live
Technologies (Carlsbad, CA, USA), Invitrogen by Thermo Fisher Scientific (Waltham, MA,
USA), Macherey Nagel (Duren, Germany), PAN-Biotech (Aidenbach, Germany), Promega
(Fitchburg, WI, USA), Qiagen (Venlo, Netherlands), Roche Diagnostics (Mannheim,
Germany), Santa Cruz Biotechnology (Dallas, TX, USA), Synaptic Systems (Goéttingen,
Germany) and Thermo Fisher Scientific (Waltham, MA, USA).

2.1.7 Kits

The different kits used are summarized in the following list (Tab. 3).
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Tab. 3: Kits that were used in the experiments.

Kits Manufacturer Used for

SuperSignal West Pico or Femto  Thermo Fisher Scientific ~ Western blot detection

Gel Extraction Kit Qiagen Gel extraction
NucleoBond Xtra Maxi Macherey-Nagel Plasmid DNA purification
Mini DNA preparation AG Villmann Plasmid DNA purification
Gel and PCR Clean-up Macherey-Nagel DNA purification from PCR

or agarose gels

2.1.8 Patient sera

The permission for using patient sera in experiments has been exhibited by the Ethics
Committee of the Medical Faculty of t