HEINRICH HEINE

UNIVERSITAT DUSSELDORF

Immunoglobulin dependent modulation of
Schwann cell differentiation: Implications for

peripheral nerve damage and disease.

Inaugural-Dissertation

zur Erlangung des Doktorgrades
der Mathematisch-Naturwissenschaftlichen Fakultat

der Heinrich-Heine-Universitat Dusseldorf

vorgelegt von

Nevena Tzekova

aus Sofia, Bulgarien

Dusseldorf, Dezember 2015



Aus dem Labor Translationale Gliazellforschung
der Neurologischen Klinik

der Heinrich-Heine-Universitat Disseldorf

Gedruckt mit der Genehmigung der
Mathematisch-Naturwissenschaftlichen Fakultat der
Heinrich-Heine-Universitat Dusseldorf

Referent: Prof. Dr. Patrick Kury

Korreferent: Prof. Dr. Thomas Klein

Tag der mundlichen Prufung: 15. Februar 2016



To my family



TABLE OF CONTENTS

1 SUMMARY / ZUSAMMENFASSUNG ... rr s s e s e s e e 1
1.1 T T3 ] 10 =T TSP 1
IV A T3 T4 14 U= o = EX=T 1 3T [ SO 3
2 INTRODUCTION ......oiiiiiiiiiieeeiisss s s s sssssssssss s s s s s s s s s s nnssssssssssssssssnnnssssssssssssnnnnnnnnnnns 5
21 The nervous system and its cell types ... 5
2.2 The SChWaNN Cell....... s 6
2.2.1 Origin, lineage development, plasticity, and subtypes...........ccccccieeiiiiieiiienninnnnn. 6
2.2.2 Myelin sheath formation and myelin proteins ............cccccccuuviiiiiiiiiiiiiiiis 9
2.3  Regulation of the myelination process...........cccoirmmmiiiri s 14
2.3.1 Positive regulators of the myelination process...........ccccccoiiiiiiiiiiiiiie i, 14
2.3.2 Negative regulators of the myelination process...........ccccccoiiiiiiiiiiiiiieiiiiiie, 15
24 Regenerative processes in the PNS, Wallerian degeneration .........cccccceeuvceeeees 17
2.5 Limitations of the regenerative process inthe PNS..............o e, 18
2.5.1 Inherited peripheral neuropathi€s ... 19
2.5.2 Autoimmune peripheral neuropathies: GBS, CIDP and MMN ............................ 19
2.5.3 Other peripheral NeUropathies ................uuuuuuuiiiiiiiiiiie e 21
2.6 Immunoglobulin applications in the nervous system .........ccccccceeiiiiimiiicccccinnnens 22
2.6.1 Immunoglobulins and their ClasSes................uuuuiiiiiiiiiiiiiiis 22
W T A ol (= Tot=Y o] o] = O USPPPPIN 23
2.6.3 Fcreceptor expression in the nervous system...........cccoceeeiiiiiiiiiiiiccei e, 25
2.6.4 Intravenous immunoglobulins (IVIG)..........couuueiiiiiiiiicce e 26
2.6.5 IVIG applications in neurological diSEases............cccovvevviiuiiiieieeiieeiccee e, 28
2.6.6 IVIG MOde Of @CHON ......uuiiiiiiiiiii e 29
2.6.7 Immunoglobulin effects CNS CellS .........coiiiiiiiii e 31
2.6.8 Immunoglobulin effects on PNS cells............oveeiiiiiiiiicc e, 32
2.7  Schwann cells are immune competent glial cells............cccoimmriininiiiieeee, 33

2.8 F T 0 e i 1 L= 3R == 40



TABLE OF CONTENTS

3 MATERIALS AND METHODS ... ereeccrrrree e s s rms e s e s e e e e 41
3.1 Material ..........eeeee e nnnnan 41
K 0t 0t Y Y o110 =1 41
3.1.2 Escherichia coli (E. coli) bacteria strains.............cccoooiieiiiiiiiiiiei e, 41
K I T O =T o o= - 42
3.1.3.1 Reagents and chemicCalS...........ccooiiiiiiiiiiii e 42
3.1.4 Buffers and SOIULIONS ..........uuiiiiiiiiiiiiiiiieiiiiiiieei et eeeeeeeeeeeeeeeeeeennnne 43
3.1.4.1 Buffers, solutions and reagents for cell culture ..............ccoevvieieiiiiiniieenninnnnn. 43
3.1.4.2 Buffers, solutions and reagents for molecular biology ............ccccoooeeviiinninnnnn. 44
3.1.4.3 Buffers, solutions and reagents for staining procedures................ccoovevnnnnnn. 45
IS T /= 1 (=T 3 = £t 46
I /1= | = 46
3.1.6.1 Media for cell CURUIE .........cooeiiiiie e, 46
3.1.6.2 Media for the cultivation of E. COli................ccooviiiiiiiiiiiiee 47

K TRt A Y o1 1] oo ] (o3 48
3.1.8 Molecular weight Standards ................uueueuiieiiiiiiiii 48
K Tt e TV o (o] = 48
K I 0T ) TPt 48
3.1.11 Technical devices and SOftWaAre.................uuuueiiiiiiiiiiiiiiiiiiiiieiiieeeieeeeeeeeeeeeaeeeeeeees 49
3.2 Molecular biological methods............ccecciiiiii e 49
3.2.1 Transformation of plasmids iNtO E. COli..............uuuueuiiuimiuiiiiiieiiiiiiiiiiiiiieeeninnnnnenes 49
3.2.2  GIYCEIOlI STOCKS ... e 50
3.2.3 Isolation Of NUCIEIC ACIAS ........uuuueriiiiiiiiiiiiiiiiiettieieiieee i eeeeeeeeeeeeeeeeeeeeeeeneees 50
3.2.3.1 Bacterial culture preparation for plasmid DNA isolation..................cccceevnneee. 50
3.2.3.2 Isolation of plasmid DNA ... e 50
3.2.3.3 Restriction digestion of plasmid DNA ..., 51
3.2.3.4 Agarose gel electrophoresis..........oouvvvueiiiiieiiiieecee e 51
3.2.3.5 Preparation of total RNA ... 51
3.2.3.6 Determination of nucleic acid concentration ...........ccccccvvvvviiiiiiiiiiiiiiieeneee, 52
3.2.4 Reverse transcription of total RNA...........oooii e 52
3.2.5 Quantitative real time PCR (qRT-PCR).......cooiiiiiiiiiieeee e 52
3.2.6 SDS gel electrophoresis and Western blot analysis.............cccccceeiiiiiiiiiiiieenen. 54
3.2.6.1 Isolation of soluble proteins............cooevviiiiiiiiii 54
3.2.6.2 SDS PAGE.......c oo 55
3.2.6.3 WeStern DIOt. ..o 55

3.2.6.4 Signal deteCtioN ........cooiiiiiiiiiiii e 56



TABLE OF CONTENTS

3.2.7 GeneChip Array @nalySiS .........cooiiiuiiiiiiiieee e 57
3.3 Cell culture methods..........ccooiiiiiiiii i ———————— 57
3.3.1 Coating of flasks and cell culture dishes ...............ccooiiiiiiiii, 57
3.3.2  Immunoglobulin preparations..............o oo 58
3.3.2.1 Immunoglobulin SpecifiCationsS............oocuiiiiiiiiii 58
3.3.2.2 Dialysis of ImmunogIobUliNS ...........coooiiiiiii e 58
3.3.2.3 Cell culture application ..........ccccooeiiiiiiiiicc e 59
3.3.3 Preparation of primary rat Schwann cells.............ccccooooiiiiiiiii e, 60
3.3.4 Culturing of primary rat Schwann cells...........ccccooieeiiiiiii e, 61
3.3.5 Transfection ProCEAUIES .........cocciiiiiiicie e 61
3.3.6 Culturing of mouse myelinating neuron/glia dissociation cocultures................... 62
3.3.7 Culturing of rat dorsal root ganglion (DRG) explant cultures ............cccccvue..n. 63
3.3.8 Preparation of Schwann cell conditioned medium............ccccccceei i, 63
3.3.9  IMMUNOCYLOChEMISIIY ...covveiii e e 64
3.3.10 Proliferation @SSAYS .........uuiiiiii i ————————— 65
3.3.11 Morphological MEeasUremMENTS. ...........uuuuuuuiiiiiiiiiiiiiiiiiiiieeee e 66
K R 1 I 7 PSPPSRt 66
3.4 Statistics....ccccii———————————————— 67
L S =851 1 I 5 68
4.1 Human immunoglobulins specifically bind to the rat Schwann cell
SUIMACE ... ——————— 68
4.2 Schwann cells express CD64 encoding a high affinity immunoglobulin
L= o =T o) o 70
4.3 IVIG stimulation affects Schwann cell proliferation .............ccccoooieeee 73
4.4 IVIG accelerate the growth of cellular processes in differentiation
competent SChwann Cells ......... 74
4.5 IVIG lead to induction of myelin gene expression and maturation
activation related signaling pathways..........cccccoiiiiis 76
4.6 Application of control immunoglobulin preparations ...........ccccceeeiiiiiiiiiiiiienieeennns 79
4.7 IVIG mediated responses of differentiation competent Schwann cells .............. 83



TABLE OF CONTENTS

4.8 GeneChip Array analysis reveals a differentiation related Schwann cell

phenotype induced by IVIG...........co o 86
4.9 IVIG induce interleukin-18 expression in Schwann cells ...........cccoommmireccccennenns 91

410 Schwann cell promoted neurite outgrowth is positively influenced by

IVIG @Nd IL=T8 .. cuiieeiiieiiieiiiei e rensrensrensrenssanssensressrenssenssanssenssanssenssenssenssenssenssenssenssnns 93
LI B ] £5T 09 1 1030 [ T 96
5.1 Interaction of IVIG with Schwann cells............c. i e 926
5.2 Immunoglobulin receptor expression on Schwann cells.........cccccooennnnnnnnnnes 99
5.3  IVIG promote Schwann cells differentiation signals ..........ccccccoiiiiiiinnnininnnnes 101
5.4 IL-18 cytokine expression in the PNS.......... s 106
5.5 Biomedical relevance of IVIG effect on Schwann cells...........coceireniiimiiiennnnene. 108
5.6 L0200 o3 11 = o] o 1 109
6 REFERENGQGES ..o ieiiiitiisireiresises e ressesresssassassesssassesssnssasssnssnssassenssansanssnnse 111
7 ABBREVIATIONS ....cociiiiiiitireiresiraressssssesresssassassesssassesssnssassesssassassenssassenssnnse 132
8 AKNOWLEDGEMENTS/DANKSAGUNG .....coouiimiieirereieermrenssnssnnssnssnssenssnnss 137
£ T N 1 | 138
9.1 Publizierter REVIEW=ATTIKel ......c.uieiieiieieieieireire s reresresssnssassesrassassessensenssnnsnnrans 138
9.2 Publizierter wissenschaftlicher Artikel...........ccoiimiiiici i e 138

10 ERKLARUNG .......ccoiurctrcireeres et s e sss e sssss e sas e sas s e sse e ssssesssssssssssssssassssasasees 140
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1 SUMMARY / ZUSAMMENFASSUNG

1.1 Summary

Schwann cells are the myelinating glial cells of the peripheral nervous system (PNS). They
provide electric insulation of large caliber axons and play a crucial role in the function and
maintenance of peripheral nerves. Schwann cells are also key players in nerve regeneration
processes as they adapt to pathological situations by dedifferentiating, dividing, and
subsequent promotion of axonal regeneration followed by redifferentiation and axonal
myelination. In the case of nerve injury, they phagocytose extracellular myelin, attract
macrophages for further debris clearance, and generate an attractive environment for axonal
regrowth. The plastic differentiation potential of Schwann cells provides the PNS with a
prominent regeneration capacity and indicates that these glial cells are central components
of many nerve pathologies. Nevertheless, nerve regeneration in the PNS faces limitations, as
evidenced in inherited neuropathies or in peripheral nerve pathologies induced by toxins,
drugs, or diabetes, where nerve repair is currently an unmet therapeutic goal. Intravenous
immunoglobulins (IVIG) have been used for more than two decades in the treatment of
demyelinating immune system disorders, and are now considered first-choice medication in a
number of acute and chronic inflammatory neuropathies. IVIG consist of polyclonal human
immunoglobulins G (IgG), purified from large pools of human plasma donors, and their exact
mode of action in demyelinating autoimmune diseases still needs to be defined. Currently, it
believed that the underlying mode of action relates to multiple interactions with cells or
components of the immune system. In the central nervous system (CNS), immunoglobulins
were previously shown to influence oligodendroglial cells and to enhance remyelination
activities. Furthermore, in the PNS indirect therapeutic effects of IVIG were demonstrated in
demyelinating immune-related disease models and recent data point to a role of endogenous
antibodies in rapid myelin clearance and axon regeneration after nerve injury. However, no
direct effects of pooled immunoglobulins on Schwann cells, consequently no potential role in
modulating the regeneration potential of these cells, has yet been described.

The aim of this thesis was to determine whether immunoglobulins, in particular IVIG, can
directly interact with Schwann cells, influence cell homeostasis, gene expression and
maturation processes and could thus be used to promote nerve regeneration.

In the present study a specific binding of human IVIG on the primary rat Schwann cell
surface could be demonstrated. It was also revealed that this surface recognition might occur
via variable F(ab'), domains of the antibody preparation. On the other hand, expression of
the high affinity Fc receptor for immunoglobulin binding, CD64, was detected on the cells

surface suggesting additional Fc mediated interactions to occur. Stimulation with IVIG led to
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reduced cellular proliferation rates without affecting cell survival. In addition, accelerated
growth of cellular processes resembling early stages of cellular maturation was observed.
Notably, immature Schwann cells responded to IVIG binding by induction of myelin gene
expression and upregulation of signaling cascades positively affecting the myelination
process. Furthermore, IVIG treatment resulted in increase of myelin protein expression in
differentiating and in myelination competent Schwann cells, as demonstrated by myelinating
neuron/glia cocultures. Differential transcriptome analysis revealed the upregulation of some
novel Schwann cell lineage factors, including the cytokine IL-18, the melanocyte marker
Tyrp1 and the oligodendroglial transcription factor Olig1 upon IVIG stimulation. It could be
then demonstrated for the first time that Schwann cells secrete IL-18 upon IVIG treatment
and that the secretion of this cytokine self-instructs Schwann cells to support axonal growth.

Taken together, the present thesis has shown that IVIG positively affect the Schwann cell
differentiation process. Our data reveals that immunoglobulins can directly influence
Schwann cell plasticity by induction of maturation related signals. This is considered

important regarding a potential promotion of nerve regeneration processes by IVIG.
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1.2 Zusammenfassung

Die Schwannzellen sind die myelinisierenden Gliazellen des peripheren Nervensystems
(PNS). Sie lagern sich an grof3kalibrigen Axonen einer Nervenzelle an und bilden zusammen
mit Fetten und Eiweilen eine schitzende Myelinhille. Diese bewirkt eine elektrische
Isolierung der Axone und die Verbesserung der Leitfahigkeit.

Schwannzellen haben damit wesentlichen Anteil an der Funktion und Aufrechterhaltung
peripherer Nerven. Sie sind wichtig flir die Nervenregeneration, weil sie sich durch
Dedifferenzierung und Zellteilung schnell pathologischen Situationen anpassen kénnen und
durch ihre Fahigkeit zur anschlieRenden Redifferenzierung und Myelinisierung die axonale
Regeneration férdern. Bei einer Nervenverletzung ist dies von zentraler Bedeutung:
Schwannzellen phagozytieren extrazellulares Myelin, locken fir das weitere Aufraumen
zellularer Debis Makrophagen an und erzeugen eine attraktive Umgebung fir das axonale
Wachstum. Das plastische Differenzierungspotenzial von Schwannzellen verleiht dem PNS
eine aullergewdhnliche Regenerationsfahigkeit. Dennoch sind der Nervenregeneration des
PNS Grenzen gesetzt, etwa bei erblichen Neuropathien oder Erkrankungen peripherer
Nerven, verursacht durch toxische Substanzen, Medikamente oder Diabetes. Fir diese
Indikationen besteht derzeit noch keine Therapiemdglichkeit. Intravendse Immunglobuline
(IVIG) wurden seit mehr als zwanzig Jahren in der Behandlung von demyelinisierenden
Autoimmunkrankheiten eingesetzt und werden heute bei einer Reihe von akuten und
chronischen inflammatorischen Neuropathien verabreicht. IVIG bestehen aus polyklonalem
humanem Immunglobulin G (IgG), das aus einem groRen Donorpool menschlichen
Blutplasmas aufgereinigt wird. Die genaue Wirkungsweise bei demyelinisierenden
Autoimmunerkrankungen ist noch nicht abschlieRend erforscht. Derzeit wird angenommen,
dass einer der zugrunde liegenden Wirkungsmechanismen aus Wechselwirkungen mit
Zellen oder Komponenten des Immunsystems unterschiedlicher Art besteht. Im zentralen
Nervensystem (ZNS) konnte schon nachgewiesen werden, dass Immunglobuline einen
Einfluss auf Oligodendrogliazellen haben und deren Remyelinisierung férdern konnen.
Ferner konnte indirekt Uber Tiermodelle eine therapeutische Wirkung von IVIG gegen
demyelinisierende immunbezogene Erkrankungen im PNS erforscht werden. Jingste
Studien deuten auf eine Rolle von endogenen Antikérpern bei Nervenverletzungen hin: sie
scheinen die Beseitigung des Myelins zu férdern und dadurch die axonale Regeneration
anzuregen. Eine direkte Wirkung von gepoolten Immunglobulinen auf Schwannzellen konnte
hingegen noch nicht nachgewiesen werden — es liegen keine Erkenntnisse vor, dass IVIG

das Regenerationspotenzial von Schwannzellen modulieren.
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Das Ziel dieser Arbeit war es festzustellen, ob Immunglobuline, insbesondere IVIG, einen
direkten Einfluss auf die Homdostase, Genexpression und auf Differenzierungsprozesse der
Schwannzellen haben und somit zur Férderung der Nervenregeneration beitragen kdnnen.

In der vorliegenden Studie konnte eine spezifische Bindung von humanen IVIG auf der
Zelloberflache primarer Ratten-Schwannzellen nachgewiesen werden. Es wurde weiter
gezeigt, dass diese Oberflachenerkennung in den variablen F(ab'),-Domanen der Antikérper
begriindet sein kénnte. Dariber hinaus konnte die Expression des hochaffinen Fc-Rezeptors
fur Immunglobulin-Bindung, CD64, auf der Zelloberflache nachgewiesen werden, was auf
weitere Fc-vermittelte Wechselwirkungen zwischen der Schwannzelle und IVIG hinweist.
IVIG-Stimulation fiihrte zu reduzierten Zellproliferationsraten, ohne das Uberleben der Zellen
zu beeinflussen. Es wurde ein schnelleres Wachstum von zellularen Fortsatzen beobachtet,
ahnlich wie in frihen Stadien der Zellreifung. Die Reaktion von nicht differenzierten
Schwannzellen auf die IVIG-Bindung zeigte sich durch Hochregulation von Myelingenen und
Induktion von Signalkaskaden, die den Myelinisierungsprozess positiv beeinflussen.
Zusatzlich fuhrte IVIG Behandlung von differenzierungs- und myelinisierungskompetenten
Schwannzellen zu einer Erhéhung von Myelinproteinexpression, was unter anderem bei
myelinisierenden, neuroglialen Cokulturen demonstriert werden konnte. Differentielle
Transkriptomanalyse nach IVIG-Stimulation ergab eine Hochregulation einiger, neu mit
Schwannzellen in Verbindung gebrachter Faktoren, etwa dem Botenstoff IL-18, dem
Melanozyten-Marker Tyrp1 und dem oligodendroglialen Transkriptionsfaktor Olig1. Es konnte
erstmals gezeigt werden, dass Schwannzellen nach IVIG Behandlung IL-18 sezernieren und
dass die Sekretion dieses Zytokins die Schwannzellen dazu instruiert, das axonale
Wachstum zu férdern.

Zusammenfassend hat die vorliegende Arbeit belegt, dass IVIG einen positiven Effekt auf
den Schwannzell-Differenzierungsprozess aufweisen. Unsere Forschungsergebnisse
belegen, dass Immunglobuline die Plastizitdt der Schwannzellen durch Induktion von
reifungsbezogenen Signalen direkt beeinflussen. Dies ist relevant fir eine mdogliche

Forderung der Nervenregenerationsprozesse durch IVIG.
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2 INTRODUCTION

2.1 The nervous system and its cell types

The vertebrate nervous system is divided anatomically into central (CNS) and peripheral
nervous system (PNS). The CNS is composed of the brain and spinal cord. The PNS is
defined by the spinal and cranial nerves arising from the spinal cord as well as nerve ganglia.
The vertebrate nervous system comprises multiple interacting cell types, which process
specific types of information. Signals coming from the surrounding environment or the
organism itself are served by cells of the sensory circuits. On the other hand, the resulting or
occurred actions are represented by cells of the motor circuits. These sensory and motor
components are well connected with each other with the help of associating cellular elements
and make up together the base of higher behavior (Dale Purves, 2008).

The major cellular components of the nervous tissue are neurons and supporting cells, also
referred to as glial cells (glia meaning “glue” in Greek). Neurons communicate via electrical
signaling and have thus a specialized morphology for this signal transmission. Incoming and
integrated information is transferred via electrical signals by the axon, a unique outgrowth
from the neuronal soma. Arborized cell processes, the so-called dendrites, are responsible
for synaptic input from other neuronal cells (Dale Purves, 2008). Glial cells are more
numerous than neurons, exhibit diverse functions, and are subdivided into micro- and
macroglia. Macroglia start their embryological development from ectodermal precursors
within the nervous system and encompass oligodendrocytes, Schwann cells, and astrocytes.
Schwann cells and oligodendrocytes form the lipid-rich, insulating sheaths around axons in
the PNS and CNS, respectively. These so-called myelin sheaths enable a faster and proper
conduction of electrical signals by means of a salutatory signal transduction.
Oligodendrocytes possess multiple processes and are able to myelinate multiple axons at a
time, whereas Schwann cells form myelin sheaths around a single axon, only. Astrocytes are
restricted to the CNS and are responsible for trophic support, clearing of cellular debris in
disease and injury, or scar formation. They further interact with endothelial cells and provide
the cellular link to neurons in the blood-brain barrier (BBB). Microglia originate from
hematopoietic monocyte precursors and are therefore the CNS equivalent of macrophages.
Their role involves clearance of cellular debris at the site of injury, secretion of
immunomodulatory molecules and thus modulation of the inflammation process in the brain
(Dale Purves, 2008) (Fields and Stevens-Graham, 2002, Abbott et al., 2006). The following
chapters will focus on the myelinating glial cells of the PNS, the Schwann cells, as they

represent the main cell type on which the current work was focused on.
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2.2 The Schwann cell

2.2.1 Origin, lineage development, plasticity, and subtypes

Schwann cells evolve from the neural crest (Fig. 1). These multipotent cells originate from
the dorsal site of the embryonic neural tube and give rise to peripheral neurons and glia,
melanocytes, endocrine cells, smooth muscle, craniofacial cartilage and bone (Le Douarin et
al., 1991, Jessen and Mirsky, 1999, Motohashi and Kunisada, 2015). Schwann cells undergo
several major stages of development until they reach their mature state (Fig. 1). The first
step is the formation of Schwann cell precursors (SCPs) from the migrating neural crest cells
(at embryonic day 14-15 for rat, 12-13 for mouse). SCPs are an immediate source for
Schwann cells, but they also have a role in trophic support for sensory and motor neurons
and have been shown to generate endoneural fibroblasts (Joseph et al., 2004, Jessen and
Mirsky, 2005). As a next step the SCPs transform into immature Schwann cells at embryonic
day 15-17 for rat and 13-15 for mouse. Immature Schwann cells then give rise to
promyelinating Schwann cells, which later - around birth - become either myelinating or non-
myelinating cells (Fig. 1). The postnatal formation of myelinating or non-myelinating Schwann
cells depends on the diameter of the axon they ensheath, large (>1 pm) or small diameter
axons (<1 pym), respectively (Jessen and Mirsky, 2005). It is important to note that mature
Schwann cells and their precursors exhibit high plasticity throughout their existence in the
peripheral nerve. In injured nerves myelinating and non-myelinating Schwann cells can
dedifferentiate into immature-like state. In this way they promote efficient peripheral nerve
regeneration (Glenn and Talbot, 2013) (Mirsky et al., 2008). SCPs that have migrated to their
target tissue show the potential to differentiate into other cell types such as melanocytes and
endoneural fibroblasts (Joseph et al., 2004, Adameyko et al., 2009) (Motohashi and
Kunisada, 2015, Newbern, 2015). Transection of adult mouse sciatic nerve revealed
formation of pigmented cells around the nerve fascicles and transplantation of labeled
Schwann cells into the injured nerves demonstrated that these melanocytes arose from the
grafted Schwann cells (Rizvi et al., 2002). More recent studies have even shown that SCPs
give rise to parasympathetic neurons during development (Dyachuk et al., 2014, Espinosa-
Medina et al., 2014).
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Figure 1. Schwann cell lineage development. Schwann cells undergo different developmental
stages, which are schematically illustrated above. After formation of the neural tube, neural crest cells
segregate from the dorsal site and start migrating in lateral and ventral directions. One part of the
ventral migrating neural crest cells develops in Schwann cell precursors, which start expressing
differentiation specific markers such as myelin protein zero (Mpz/P0Q) (Jessen and Mirsky, 2005). The
next step of the embryonic development is the formation of immature Schwann cells. From this point
on, the final differentiation to myelinating or non-myelinating Schwann cells depends on the diameter
of the axon, with which they would shortly associate. Schwann cells that ensheath around large calibre
axons (>1 uym) develop into myelinating cells, by going through a pro-myelinating stage. Schwann
cells that meet small calibre axons (<1 pm) become non-myelinating (Remak bundles). The not
interrupted arrows represent all developmental Schwann cell transitions. Dashed arrows mark the
possible dedifferentiation potential of myelinating Schwann cells and Remak cells during repair
processes after nerve injury.

Schwann cells have diverse functions, such as myelin formation, synaptic junctions
ensheathment and bundling of small-diameter axons. Accordingly they can be divided into
four different classes. The best-characterized group is the one of the myelinating Schwann
cells, which wrap around single large-diameter peripheral axons in order to provide electrical
insulation and accelerated signal propagation. This specific ensheathment then results in
formation of distinct structures such as internodes, comprising 99 % of the myelinating
Schwann cell membrane, and in nodes of Ranvier, representing the space between two
internodes (Fig. 2) (Scherer, 1999). A large number of intracellular transcriptional and
morphological changes take place in the Schwann cell to form the complex myelin
membrane. Extrinsic information provided by the axons induces the myelination process and

determines the amount of myelin that Schwann cells generate (Salzer, 2015). The primary
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stimulus for Schwann cell myelination is provided by a signaling complex between axonal
neuregulin-1 and glial ErbB receptors (also known as human epidermal growth factor
receptors 2, Her2). This system has been shown to be active at all stages during the
differentiation process (Nave and Schwab, 2005, Taveggia et al., 2005, Salzer, 2012). Small
caliber axons (diameter <1 ym) are not myelinated, but rather ensheathed as bundles by a
single Schwann cell (Fig. 1). In these Remak bundles each axon stays in contact with the
Schwann cell processes (Griffin and Thompson, 2008). Absent myelination of Remak
bundles correlates with the axonal diameter and the lower expression of neuregulin-1 in
these axons (Taveggia et al., 2005). Remak Schwann cells usually cover both sensory and
sympathetic axons and exhibit high plasticity, as they still have the ability to sprout and grow
into denervated areas. This characteristic is important for often-renewable environments
such as the skin, especially in the case of injury (Griffin and Thompson, 2008). There is no
counterpart for Remak cells in the CNS (Nave, 2010).

Another group of non-myelinating cells is represented by the perisynaptic Schwann cells
(also known as terminal Schwann cells). They are situated at the terminal ending of
myelinated motor axons, the neuromuscular junctions, where their processes contact the
surface of the nerve terminal. Their function is comparable to the one of astrocytes in the
CNS, in which they can take up neurotransmitters and might have a role in the
synaptogenesis and maintenance of synaptic activity, as well as in (modulation of)
neurotransmission at the neuromuscular junction (Auld and Robitaille, 2003, Griffin and
Thompson, 2008).

An additional peripheral glial cell type that shares various properties with astrocytes is the
satellite glia. These cells reside in sensory, sympathetic, and parasympathetic ganglia, where
several cells completely enclose the neuronal soma, connected by gap junctions. Satellite
glial cells contribute to signal processing and transmission, and exert additional neuron
supporting functions and electrical insulation, as they express receptors for neuroreactive
molecules and neurotransmitter transporters, and were shown to release cytokines and
adenosine triphosphate (ATP). They are also suggested to be responsible for chronic
neuropathic pain as a result of injury to axons of sensory ganglia (Hanani, 2005, Ohara et al.,
2009, Hanani, 2010, Vaegter, 2014).
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2.2.2 Myelin sheath formation and myelin proteins

The establishment of myelin sheaths, as spirally wrapped plasma membranes of Schwann
cells around axons, denotes an important evolutionary step of the vertebrate nervous system
and largely occurs during postnatal development in mammals. Myelin sheaths provide the
nervous system with numerous benefits. The most prominent one is the increased
conduction velocity. This is given by the formation of salutatory action potential propagation
that arises from one node of Ranvier to the next one as well as by indirectly enhancing the
total nerve fibre diameter. Action potential and ion gradient formation is thus restricted to the
nodal region of the axonal surface, which makes less than 0.5 %. Consequently, myelination
strongly diminishes the energy consumption, required for signal transmission. Finally, myelin
provides the axons with life-long protection and integrity, which is not given in demyelinating
pathological conditions (Griffin and Thompson, 2008, Nave, 2010).

Myelin sheaths and corresponding membranes are very high in lipids, 70-85 %, whereas the
protein content builds up the rest (Salzer, 2015). Their organization and distribution along the
axon can be divided into nodal, paranodal, juxtaparanodal, and internodal regions (Fig. 2).
Two myelin segments (internodes) are separated by a node of Ranvier, the unmyelinated
part of the axon. Nodal regions are rich in voltage-gated sodium (Na*) channels involved in
the generation of action potentials. The paranodes are the lateral sites of the myelin sheath
containing adhesion molecules such as contactin, Caspr, and neurofascin. Juxtaparanodes
reveal a certain region between the inter- and paranode, where potassium (K*) channels are
concentrated (Fig. 2) (Scherer and Arroyo, 2002, Salzer et al., 2008).
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Figure 2. Structure of myelinated axons in peripheral nerves. (A) Single myelinating Schwann
cells wrap around one axon several times and hence form the peripheral myelin sheath. Each
myelinated segment builds the so-called internode, whereas the gaps between the single internodes
represent the node of Ranvier. Myelinated fibres are covered by basal lamina. (B) Schematic
longitudinal section of a myelinated peripheral nerve. The diagram is showing the following structures:
the nodal region, where the Schwann cell microvilli terminate; the paranodal region containing the
lateral loops of the myelin sheath, which connect to the axonal membrane via adhesion molecules; the
juxtaparanode (JXP) and the internode, which are located under the compact myelin; the periaxonal
region, the space between axon and myelin sheath.

At paranodes as well as at so-called Schmidt-Lanterman incisures, Schwann cell cytoplasm
segments connected with gap junctions for better molecule transport through the spiral
sheath, the myelin is not compacted. Non-compact myelin sheaths are hence characterized
by the presence of Schwann cell cytoplasm. The internodal region mainly consists of
compact myelin sheath, resulting from the tight circulatory wrapping of the Schwann cell
around the axon. Both types of myelin exhibit a distinct protein expression. Compact myelin
of the PNS is characterized by the expression of myelin protein zero (Mpz/P0), myelin basic

protein (Mbp) and peripheral myelin protein 22 (Pmp22), whereas the non-compact myelin
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contains myelin-associated glycoprotein (Mag), connexin-32 (Cx32) and E-cadherin (Fig. 3)
(Scherer and Arroyo, 2002, Salzer, 2015).

PO is the most abundant myelin protein of the PNS, estimated to comprise more than 50 % of
the peripheral myelin proteins (Greenfield et al., 1973). It represents a single-pass
transmembrane 30 kilodalton (kDa) molecule of the immunoglobulin gene superfamily, which
is responsible for the adhesion of the extracellular myelin membrane surface. PO is thus
essential for the compaction of the extracellular space between the sheets of Schwann cell
plasma membranes (Filbin et al., 1990, Scherer and Arroyo, 2002, Salzer, 2015). PO deletion
or overexpression leads to myelin degradation and severe neuropathological conditions,
indicating that this protein is essential for myelin formation (Giese et al., 1992, Wrabetz et al.,
2000). Its functional counterpart in the CNS is proteolipid protein 1 (Plp1/DM20), although
myelinating Schwann cells also express small amounts of Plp1. It is of importance to point
out that PO is expressed in early embryonic development, and hence exhibits a possible
function in gliogenesis. Detected in neural crest cells, SCPs and immature Schwann cells PO
is considered a highly specific lineage marker and is consequently upregulated in

myelinating, but suppressed in non-myelinating Schwann cells (Lee et al., 1997).

extracellular
surface

cytoplasmic
surface

compact myelin non-compact myelin

Figure 3. Structure of PNS myelin. Schematic illustration of the most abundant proteins in compact
and non-compact peripheral myelin. Compact myelin is characterized by the expression of myelin
protein zero (P0), representing a single-pass transmembrane molecule, responsible for adhesion of
the extracellular myelin membranes and hence for myelin compaction; myelin basic protein (Mbp), a
positively charged molecule, associated to the cytoplasmic site and mediating intracellular adhesion of
the myelin layers; peripheral myelin protein 2 (P2), a lipid-binding protein located in the cytoplasm; and
peripheral myelin protein 22 (Pmp22), a tetraspan membrane protein important for myelin formation.
Non-compact myelin contains myelin-associated glycoprotein (Mag), which functions as stabilizer of
axon-glia interactions and thus has a role in morphologically intact myelin formation, and connexin-32
(Cx32), a four-domain transmembrane protein, which assembles into gap junction channels and
provides cytoplasmic transport of ions and metabolites across the myelin sheath.
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Mbp is the second most abundant protein comprising between 5 to 18 % of the peripheral
myelin proteins, and up to 30 % in the CNS. In rodents, four isoforms of the Mbp protein are
known with molecular masses of 21, 18.5, 17 and 14 kDa, respectively, all of which can be
found in the CNS and PNS myelin (Boggs, 2006). Mbp is not a transmembrane protein, but is
rather associated to the cytoplasmic site of the cell membrane. In neutral pH it is largely
positively charged, which allows it to interact with negatively charged phospholipids and to
mediate intracellular adhesion of the myelin layers (Boggs, 2006, Inouye and Kirschner,
2015). Natural deletion of the Mbp gene in the CNS as it was described for the shiverer
mouse, leads to severe hypomyelination and loss of compact myelin demonstrating that the
Mbp protein plays a critical role in CNS myelination (Readhead and Hood, 1990). However,
in the PNS this mutation does not result in serious consequences, but peripheral myelin
devoid of Mbp reveals some morphological changes, such as increased Schmidt-Lanterman
incisures and diminished diameter of myelinated axons. This indicates that Mbp also has an
important function in the PNS myelin formation (Gould et al.,, 1995). Furthermore, Mbp
appears to be involved in oligodendroglial signaling pathways, as it can bind cytoskeletal and
other regulatory molecules and can react to changes of the extracellular environment by
phosphorylation (Boggs, 2006). Similar functions have not been described in Schwann cells
yet.

Peripheral myelin protein 2 (also termed Pmp2, P2 or Fabp8) belongs to the fatty acid
binding protein family and is a lipid-associated protein located in the cytoplasm. Pmp2 was
suggested to be the third most abundant of the PNS myelin proteins and is expressed in
myelinating Schwann cells at the sites of compact myelin (Greenfield et al., 1973, Trapp et
al., 1984). Clinically, Pmp2 has been established as a target antigen for immunization and
induction of experimental autoimmune neuritis (EAN), an animal model of Guillain-Barré
Syndrome (GBS) (Kadlubowski et al., 1980, Rostami et al., 1984). Its function in glial cells is
not well described. A recent study revealed, however, that complete deletion of the Pmp2
gene does not induce any myelin disruption but results in a temporary reduction of motor
nerve conduction velocity. The authors suggest a role for Pmp2 in lipid homeostasis, as it
was shown to bind and transport fatty acids to the Schwann cell membrane (Zenker et al.,
2014).

Another component of the compact myelin is Pmp22, a 22 kDa transmembrane protein
consisting of four domains. Pmp22 comprises 2 to 5 % of the total myelin protein and was
revealed to be important for myelin formation. Point mutations in the Pmp22 gene induce
PNS hypomyelination accompanied by aberrant Schwann cell division, whereas
chromosomal duplications lead to demyelinating peripheral neuropathies (Suter and Snipes,
1995, Muiller, 2000). Unlike PO, which is nerve-specific, Pmp22 was found in other tissues,

such as lung, gut, and heart (Suter and Snipes, 1995). Pmp22 is also expressed in neurons
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and has been detected, similar to PO, in progenitor cells from embryonic dorsal root ganglia
(DRG) (Hagedorn et al., 1999).

Connexin-32 (Cx32) is a four-domain transmembrane protein, expressed in myelinating
Schwann cells, and is an important component of non-compact myelin structures. It
assembles into gap junction channels and its purpose is to provide a continuous gateway for
cytoplasmic transport of ions, metabolites and second messenger molecules across the
myelin sheath. Although Cx32 is widely expressed in several tissues, functional
consequence of various mutations are limited to the PNS giving rise to inherited peripheral
neuropathies, in particular the X-linked form of Charcot-Marie-Tooth disease (Suter and
Snipes, 1995, Fischbeck et al., 1999, Ressot and Bruzzone, 2000).

A second member of non-compact myelin proteins is the glycoprotein Mag (myelin-
associated glycoprotein), which is expressed in both the CNS and PNS (Figlewicz et al.,
1981). In myelinated axons, Mag is found in the periaxonal region, the space between axon
and myelin sheath, and in the paranodal regions (Fig. 2). According to its location and the
interaction with extracellular matrix components, one can infer that Mag has a crucial
function in the stabilization of the axon-glia interactions and hence supports the formation of
morphologically intact myelin sheaths. Although no peripheral neuropathy has yet been
associated with Mag mutations, its depletion in the PNS leads to degeneration of myelinated
fibres without effecting the initiation of myelination (Schachner and Bartsch, 2000).

Periaxin (Prx) is a scaffolding protein of myelinating Schwann cells, which alone has a role in
Schwann cell elongation but in a complex with dystroglycans is responsible for proper myelin
ensheathment. Loss of periaxin in mice leads to severe demyelination and gene mutations in
humans cause demyelinating neuropathy (Sherman et al., 2012).

Recent proteome analysis of PNS fractions revealed the presence of many additional
proteins, some of which are completely novel for the PNS (Patzig et al., 2011). Further
characterization is needed, in order to assign their localization to compact myelin or to other
sites of the Schwann cell, internodes or nodal structures. Importantly, this study showed for
the first time, that the abundance of myelin proteins is different from the previously assumed
numbers; namely that well-known proteins such PO, periaxin, and Mbp represent only 21, 16,
and 8 %, respectively, of total peripheral myelin proteins. Approximately 50 % are composed

of novel, not yet identified proteins (Patzig et al., 2011).
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2.3 Regulation of the myelination process
2.3.1 Positive regulators of the myelination process

Myelination is a complex process, which is driven by extrinsic signals, intrinsic Schwann cell
transcriptional changes and subsequent cytoskeletal rearrangements that direct glial
membrane wrapping around axons. Some of the most important regulators of Schwann cell
development and myelination process will be mentioned in this chapter.

One of the major regulators of Schwann cell development is SRY-related HMGbox-10
(Sox10). The transcription factor is expressed already in neural crest cells and then
continuously present in all glial stages of the PNS, from SCPs to myelinating or non-
myelinating Schwann cells. Sox10 is therefore important for the generation and specification
of the Schwann cell lineage, as its deletion leads to impaired gliogenesis. Studies have
revealed that Sox10 regulates the expression of ErbB receptors on Schwann cells. It thus
controls their response to axonal neuregulin, an extrinsic regulator of SCP and Schwann cell
survival, proliferation, and terminal differentiation (Jessen and Mirsky, 2005, Stolt and
Wegner, 2015). In contrast, oligodendrocyte precursor development is not affected by Sox10
absence, but the oligodendroglial maturation process is impaired (Weider et al., 2013). In
Schwann cells Sox10 is involved in the initiation of myelin gene expression, as well as myelin
maintenance in fully differentiated cells and interacts with a variety of other transcriptional
regulators. One of the well-known Sox10 interacting partners in immature Schwann cells is
octamer-binding transcription factor-6 (Oct6/Pou3f1). Sox10 binds to the enhancer domain of
Oct6 and, together with other factors, leads to its induction. This interaction is sufficient for
the Schwann cell transition from immature to promyelinating but also throughout the
promyelinating state, where both factors stay teamed up to escort the cells to their final
differentiation. As a next step they activate together the transcription factor Krippel box
protein 20 (Krox20), also known as Egr2 (early growth response protein-2), while binding to
its enhancer downstream of the gene. Krox20 activation requires additional factors and
histone modifications by histone deacetylases and finally leads to induction of the
myelination process. The role of Oct6 is restricted to early phases of Schwann cell
differentiation and its expression is eventually downregulated, most probably in association
with Krox20. Sox10 and Krox20 work synergistically, not only by directly interacting with each
other, but also by binding to the same regulatory regions in order to maintain myelination.
They activate the transcription of a number of prominent myelin genes, such as P0/Mpz,
Mbp, Cx32, Mag and Pmp22 and furthermore control genes encoding enzymes involved in
lipid biosynthesis. Krox20 is suspected to have a positive influence on Sox10 expression
through a feedback loop, which suggests it to be a master regulator of the myelination
process (Weider et al., 2013, Stolt and Wegner, 2015).

14



INTRODUCTION

As introduced above axonal neuregulin-1 is an additional regulator of the myelination
process. Depending on neuregulin-1 expression levels both myelin thickness and initiation of
Schwann cell myelination are regulated. Signaling involving ErbB2/ErbB3 receptor
complexes on Schwann cells activates a number of downstream pathways, including the
phosphatidylinositol-3-kinase (PI3K) pathway. PI3K then catalyzes the formation of
phosphatidylinositol-(3,4,5)-trisphosphate (PIP3) from phosphatidylinositol-(4,5)-
bisphosphate (PIP2), which causes the activation of serine-threonine kinase (Akt) (Pereira et
al., 2012, Glenn and Talbot, 2013). Activated Akt, on the other hand, was recognized as
central signaling component for Schwann cell differentiation and the initiation of myelination
(Maurel and Salzer, 2000, Ogata et al., 2004).

2.3.2 Negative regulators of the myelination process

The process of myelination is not only driven by stimulatory signals but is also seen as a
highly controlled interplay between positive and negative regulators. The latter are mainly
expressed during the immature stages of the Schwann cell lineage and subsequently
downregulated when myelination is initiated. As dedifferentiation is required after nerve
injury, negative regulators get reactivated and contribute to the high degree of plasticity of
peripheral glial cells (Jessen and Mirsky, 2008). In this chapter, some of the differentiation
inhibitors identified in the context of peripheral myelination will be described.

The transcription factor Sox2, belonging to the SRY-related HMG box family, is essential for
maintaining Schwann cells in their immature state and has been defined as a negative
regulator of Schwann cell differentiation. Sox2 expression is consequently downregulated
during myelination, a transcriptional regulation in which Krox20 is involved (Le et al., 2005,
Jessen and Mirsky, 2008). Interestingly, in the Schwann cell progenitor stage Sox2
expression is responsible for stabilizing the Schwann cell identity over melanocytes
(Adameyko et al., 2012). Sox2 is also induced upon peripheral nerve injury together with
cJun, another transcription factor found to act as inhibitor of Schwann cells differentiation
(Parkinson et al., 2008). cJun inhibits myelin gene activation by negatively regulating Krox20
expression and drives differentiated Schwann cells back to an immature state (Parkinson et
al., 2008). However, further studies indicate that this activity is not essential during
development, as cJun is generally inactive in myelinating cells, but appears to be rather
important in promoting the dedifferentiation process after nerve injury (Arthur-Farraj et al.,
2012). The regulation between cJun and Krox20 is reciprocal and necessary for the balance
between the differentiated and immature states, and is therefore important for axonal
integrity (Jessen and Mirsky, 2008).

Another negative regulator of glial differentiation is p57kip2, which belongs to the family of
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cyclin-dependent kinase inhibitors (CDKI), widely known as cell cycle inhibitors. Several
publications from our lab have shown that p57kip2 is involved in the maturation and
differentiation process of Schwann cells and oligodendrocytes (Heinen et al., 2008a, Heinen
et al., 2008b, Kremer et al., 2009, Géttle et al., 2015). Suppression of the p57kip2 gene in
cultured Schwann cells led to induction of myelin gene and protein expression, and
decreased levels of Oct6, Sox2 and cJun expression, which relates to an initiated Schwann
cell differentiation process (Heinen et al., 2008a, Heinen et al., 2013). Its activity was shown
to be regulated by histone methyltransferases (Heinen et al., 2012). p57kip2 was
downregulated during postnatal peripheral nerve development and transiently decreased
short after sciatic nerve crush injury (Kiry et al.,, 2002, Heinen et al., 2008a). p57kip2
suppression led to significant morphological changes in Schwann cells, comprising process
elongation, and further induced their myelination potential when cultured in vitro together with
neurons (Heinen et al., 2008a). Similar maturation-related phenotype and upregulated myelin
gene expression were observed in oligodendrocytes upon suppression of p57kip2 (Kremer et
al., 2009). Recent studies demonstrated that subcellular localization of the p57kip2 protein
correlated with the differentiation competence of oligodendroglial cells. While nuclear
accumulation of p57kip2 led to oligodendroglial differentiation arrest in their precursor stage,
cytoplasmic distribution resulted in promotion of cell maturation and differentiation (Géttle et
al., 2015). Finally, adult neural stem cells (NSCs) were also found to express p57kip2 and
suppression of this gene led to oligodendroglial fate determination and significantly reduced
the astroglial phenotype of NSCs (Jadasz et al., 2012). All these findings reveal p57kip2 as a
prominent inhibitor of glial cell differentiation and foster its role beyond cell cycle control.
Another negative regulator of Schwann cell differentiation is the p38 mitogen-activated
protein kinase (p38MAPK). Activation of p38MAPK can induce myelin breakdown and an
immature Schwann cell phenotype hence promotes dedifferentiation. This kinase is involved
in downregulation of Krox20 transcript levels and the subsequent decrease of myelin gene
expression. On the other hand, p38MAPK stimulates cJun upregulation (Yang et al., 2012).
p38MAPK expression was furthermore found to be induced upon crush injury in an animal
model and suppression of kinase activity, which comprised oral administration of a specific
p38MAPK inhibitor, led to faster nerve recovery (Myers et al., 2003).

As previously addressed, neuregulin signaling can drive the myelination process but it can
also be involved in the inhibition of Schwann cell differentiation via activation of the lipid
phosphatase and tensin homolog (PTEN). PTEN is recruited by interaction with the
accessory protein Dig1, and catalyzes the reaction from PIP3 to PIP2, resulting in
downregulation of Akt activity. This negative regulation of the PI3K/Akt pathway leads to a
myelin sheath growth arrest, hence preventing hypermyelination (Cotter et al., 2010, Pereira
et al., 2012). PTEN deletion, on the other hand, leads to activation of the PI3K pathway and
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results in enhanced Schwann cell wrapping and axonal hypermyelination (Goebbels et al.,
2010). It is currently assumed that interactions between PTEN and Akt serve as important

regulatory component of PNS myelination.

2.4 Regenerative processes in the PNS, Wallerian degeneration

In contrast to the CNS, axons of the PNS exert a remarkably high ability to regenerate after
injury. Nerve injury induces a fast response of the surrounding non-neural cells and leads to
degeneration of the detached distal nerve stump. This process is termed Wallerian
degeneration (WD) according to Augustus Waller’s initial description 165 years ago (Waller,
1850, Stoll et al., 2002). WD initiates and involves a cascade of glial-, macrophage-,
fibroblast- and endothelial cell responses aiming at the clearance of inhibitory myelin debris
and at generating an environment that permits axonal regrowth and successful nerve repair
(Rotshenker, 2011). In the PNS, WD is a fast process enduring 7-14 days, whereas it
remains limited and inefficient in the CNS where it can last for months to years (Vargas and
Barres, 2007).

The initiation of WD begins with the degeneration of the axon, which does not start before
24-48 hours in rodents or even several days post lesion in humans. Axonal degeneration is
induced by axonal membrane swelling and disruption, followed by intra- and extracellular
calcium signals that trigger cytoskeletal disintegration in response to calpain-protease
activation and ubiquitinilation. All these events are intrinsic to the axon and precede the
course of myelin degeneration (Vargas and Barres, 2007, Gaudet et al., 2011).

Apart from their important role in providing accelerated signal conduction Schwann cells are
also important in terms of trophic support of axons as well for guiding their growth in
regenerating. They have the ability to sense axonal injury within minutes, before axonal
degeneration has even started. Schwann cells in the distal nerve stump initiate a
dedifferentiation process by altering their gene expression, so that myelin lipid and protein
synthesis is ceased within the first 48 hours and subsequent regeneration-associated factors
expression is upregulated. After the degenerated axons have disappeared myelin starts to be
degraded, a process, which is coupled to phospholipase activation in Schwann cells. This is
where another astonishing quality of Schwann cells is activated; they do not only degrade
their own myelin but furthermore participate in the clearance of extracellular myelin debris
and are thus the primary phagocytic cells within the first five days after injury. This cellular
phenotype is also proliferating leading to the formation of Bingner bands. These bands
represent Schwann cells dividing along the basal lamina and forming guiding tubes for better

axonal growth support (Vargas and Barres, 2007, Gaudet et al., 2011). Both myelinating and
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non-myelinating cells associated with injured axons are able to start the process of
denervation (Griffin and Thompson, 2008).

Moreover, Schwann cells can also directly affect axonal regeneration processes. They
secrete adhesion molecules that can stimulate neurite outgrowth and neurotrophic factors for
improved axonal growth and survival. Furthermore, Schwann cells produce cytokines and
chemokines for macrophage attraction to sites of injuries. Macrophages, which can be of
endoneural or hematogenous origin, are guided to specific areas of damage and execute the
final phase of myelin clearance. Cellular infiltration as well as complement protein uptake is
possible because, as a consequence of nerve injury, the blood-nerve barrier is disrupted
during the first 48 hours. The complement system is important for myelin opsonization and
hence for macrophage recruitment. Circulating monocytes start infiltrating the endoneural
tubes at five days post injury, whereas endoneural macrophages can be recruited earlier.
Resident macrophages are also a source of proinflammatory molecules. In addition,
T lymphocytes also reach the site of injury and by secreting pro- or anti-inflammatory
cytokines they can modulate the immune response of the surrounding cells (Vargas and
Barres, 2007, Gaudet et al., 2011).

All these observations demonstrate that Schwann cells are a central component of the
peripheral nerve regeneration process and that they provide the PNS with a certain plasticity
that exceeds the one of the CNS. Of note, oligodendrocytes are not able to adapt to injury
and disease, cannot de- and redifferentiate, and are not involved in myelin clearance (Vargas
and Barres, 2007). Apart from the Schwann cells features listed here these glial cells have
recently been recognized to exert a high degree of immune competence, which is going to be

described in detail in chapter 2.7.

2.5 Limitations of the regenerative process in the PNS'

The immune competence along with the plastic differentiation potential of Schwann cells
provides the PNS with a high regeneration capacity and indicates that these glial cells are
central components of many nerve pathologies. Nevertheless, nerve regeneration in the PNS
faces limitations, in particular when it comes to inherited and inflammatory neuropathies or in
peripheral nerve pathologies induced by toxins, drugs or in diabetic patients (Vincent et al.,
2011, Diezi et al.,, 2013, Dalakas, 2015, Jerath and Shy, 2015). For most of these
neurological conditions functional restoration of damaged axonal tracts and myelin sheaths
represents the final therapeutic goal which is, however, currently unmet (Tzekova et al.,
2015).

! for authorship notice please refer to chapter 9.2
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2.5.1 Inherited peripheral neuropathies

Inherited peripheral neuropathies are generally termed as hereditary motor and sensory
neuropathy (HMSN) or Charcot-Marie-Tooth disease (CMT). CMT is the most common
inherited peripheral nerve disorder in humans, featuring up to 78 subtypes and more than 40
identified disease related genes with a multitude of diverse mutations (Jerath and Shy,
2015). These demyelinating peripheral neuropathies interfere with Schwann cell or neuronal
cell body/axon structures and cause symptoms such as distal muscle weakness and atrophy,
sensory loss, and slow nerve conduction velocity. The most common affected genes are
peripheral Pmp22, Cx32, Mpz/P0, as well as mitofusin 2 (Mfn2). One of the best-investigated
forms is CMT1A, caused by a duplication of the Pmp22 gene resulting in protein
overexpression. Pmp22 then aggregates in the cytoplasm, disturbing wild type Pmp22
processing and transport and leading to myelin sheath destabilization. The second most
abundant form is CMT1X, which occurs as consequence of mutations in the Cx32 gene. This
results in loss of function, abnormal synthesis or disconnection of gap junctions between
Schwann cells and neurons, leading to myelin disruption. Point mutations in the Mpz/P0
gene, also termed CMT1B, are characterized by reduced levels or overexpression of the
protein, respectively resulting in myelin instability or excessive demyelination (Jerath and
Shy, 2015). Current therapeutic approaches for inherited neuropathies are rather limited and
are based on symptomatic treatment, rehabilitation, and genetic counseling (Jerath and Shy,
2015).

2.5.2 Autoimmune peripheral neuropathies: GBS, CIDP and MMN

Autoimmune peripheral neuropathies develop when the body’s own immune system starts
attacking different antigens on peripheral nerves, hence leading to acute inflammation and
demyelination, damage of peripheral axons and of nodes of Ranvier. Key players of this
inflammatory process are myelin-reactive antibodies, autoreactive T cells and activated
macrophages (Dalakas, 2015).

Generally, inflammatory neuropathies can be divided into acute and chronic diseases and
show an overall good response to immunotherapy. One of the most common inflammatory
polyneuropathies is the GBS (Guillain-Barré Syndrome). Since this neurological condition
develops fast, within 1-3 weeks, it is classified as acute peripheral nerve disease. The
symptoms are represented by motor weakness in the lower limb, loss of neurological reflexes
and sensory nerve abnormalities (Dalakas, 2015). GBS is generally subdivided into several
subtypes depending on the affected structure, myelin- or axonal-type: acute inflammatory
demyelinating polyneuropathy (AIDP) and acute motor axonal neuropathy (AMAN),
respectively (Yuki and Hartung, 2012). AIDP represents the most common GBS subtype in

19



INTRODUCTION

Europe and North America. The main target is myelin, which is recognized by
autoantibodies, then most probably attacked via complement activation and later degraded in
response to T cell and macrophage infiltration. However, the autoantigens on the myelin
sheath have not been identified so far (Yuki and Hartung, 2012). AMAN is more prevalent in
Asian countries and Mexico. The identified pathology affects axons and includes binding of
activated complement complexes to nodal regions and initiation of direct axonal
degeneration. To this end, the autoantibodies against targets have been characterized and
appear to recognize various gangliosides (Yuki and Hartung, 2012, Dalakas, 2015).
Gangliosides are highly abundant in peripheral nerves and are composed of a ceramide
attached to an oligosaccharide core linked to sialic acid residues. The sugar-attached sialic
acid, on the other hand, can induce an immune response, as it is directed to the extracellular
space (Yuki and Hartung, 2012, Dalakas, 2015). Several GBS subtypes can be defined by
the presence of anti-ganglioside antibodies in the serum but the connection between the
clinical syndrome and the specific ganglioside has not been clarified yet (Dalakas, 2015).
Some ganglioside antibodies are defined as pathogenic because when applied to rabbits or
mice they are able to induce an acute neuropathy with histological features of AMAN (Y uki
and Hartung, 2012). Further observations led to the conclusion that certain viral or bacterial
pathogens can induce autoimmunity against myelin due to molecular mimicry (Yuki and
Hartung, 2012, Dalakas, 2015). One classic example is the gram-negative bacterium
Campylobacter jejuni (C. jejuni), which possesses ganglioside-like lipopolysaccharides in its
membrane. C. jejuni induces diarrhea and is considered as cause of the axonal GBS subtype
AMAN in 30 % of the patients (Dalakas, 2015). C. jejuni mimics gangliosides that are
common on axons of motor nerves and infections with this bacterium induce the production
of anti-ganglioside antibodies that may lead to GBS (Yuki and Hartung, 2012). Altogether,
two third of the GBS patients have experienced previous infections with Cytomegalovirus
(CMV), Epstein-Barr virus (EBV), herpes, hepatitis A virus (HAV), human immunodeficiency
virus (HIV) or bacteria, such as Hemophilus influenza, Mycoplasma pneumoniae and C.
Jejuni (Dalakas, 2015). Infections with CMV or EBV are often connected with initiation of the
demyelinating GBS variant (Yuki and Hartung, 2012).

Chronic inflammatory demyelinating polyneuropathy (CIDP) is the most abundant
autoimmune peripheral neuropathy. CIDP has many clinical features in common with GBS
and is therefore considered the chronic analogue of GBS. Nevertheless, it varies concerning
disease development, prognosis, and responsiveness to treatments. Like GBS, CIDP affects
motor and sensory nerves and is multifocal, meaning it can arise at different parts of the
nerves and displays therefore various symptoms. Mostly macrophages and to a lesser
degree T cells account for demyelination and conduction block in this disease but the specific

targets remain largely unknown (Dalakas, 2015). In some CIDP patients PO has been
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identified as a target antigen (Yan et al., 2001). It has also been suggested that the attacked
sites are rather at nodal/paranodal regions than in the compact myelin. No specific anti-
ganglioside antibodies have been associated with the clinical course of CIDP, although some
have been discovered in a minority of patients. In CIDP molecular mimicry has not been
connected to pathogens but rather to melanoma cells, with melanoma patients having higher
CIDP incidence, probably because of some carbohydrate epitopes shared with myelin
(Dalakas, 2015).

Multifocal motor neuropathy (MMN) differs from the above-mentioned neuropathies, as in this
clinical condition only motor- and no sensory nerves are affected. About half of the MMN
patients exhibit specific anti-ganglioside antibodies, but the exact mechanism and
immunopathology for this disease are still unclear (Dalakas, 2015). The responsiveness to
therapy of immune-mediated neuropathies is overall very good and this includes plasma
exchange (PE, also known as plasmapheresis) as first-choice treatment, intravenous
immunoglobulins (IVIG) and in some cases corticosteroids (Dalakas, 2015). Plasmapheresis
represents plasma separation and exchange to a substitute outside the body and serves to
remove harmful, auto-reactive antibodies or other inflammatory agents from the blood of the
patient. The possible IVIG mode of action and drug performance in different polyneuropathy

patients will be explained in the following chapters (2.6.5 and 2.6.6).

2.5.3 Other peripheral neuropathies

It is worth mentioning that the range of peripheral neuropathies is wide and the patient’s
quality of life is affected by these disease conditions, which can lead to severe neuropathic
pain and limb insensibility.

Toxic peripheral neuropathies often appear as a result of chemotherapies or as a side effect
of certain drug use, and their main targets are neurons and their axons (Diezi et al., 2013).
Diabetic neuropathy is one of the most common complications in more than half of the
diabetes patients and it affects distal sensory, motor, autonomic or cranial nerves.
Mechanistically this neuropathic disorder is based on glucose and lipid imbalances, which
lead to oxidative stress, inflammation, and altered gene expression in sensory neurons and
Schwann cells (Vincent et al., 2011, Vincent et al., 2013). The causes for infectious
neuropathies can be different bacterial or viral microorganisms that have managed to pass
the blood-nerve barrier. Among them are bacteria such as Mycobacterium leprae, an
intracellular bacterium that causes leprosy and Borrelia burgdorferi, the inducer of Lyme
disease. On the other hand, hepatitis C virus (HCV), HIV, varicella zoster virus, or herpes

simplex virus can also lead to the generation of neuropathies. The main cause of infection-
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related neuropathies is a direct nerve invasion or initiation of inflammatory reactions in the
nerve itself, which subsequently lead to nerve injury (Sindic, 2013).

Unfortunately, approved therapeutic strategies for all these conditions are still missing and
only individual symptomatic pain treatments and rapid diagnosis represent the current

application choice.

2.6 Immunoglobulin applications in the nervous system
2.6.1 Immunoglobulins and their classes

Immunoglobulins (Igs) are heterodimeric proteins, structurally consisting of two heavy and
two light chains. They consist of two highly variable Fab regions (Fragment, antigen-binding)
and one Fc region (Fragment, crystallisable), and this structural dichotomy provides
immunoglobulins with dual functional characteristics. The Fab region contains the binding
site for antigens, also called paratope whereas the binding site on the antigen is called an
epitope. The Fc region interacts with either Fc receptors (FCRs) or other effector molecules
such as proteins of the complement system and thus ensures the so-called effector functions
of immunoglobulins. Immunoglobulin glycosylation, in particular the one linked to the Fc
region, plays an important role in antibody function and stability. Immunoglobulins are
synthesized by B cell lymphocytes, which are thus responsible for the adaptive immune
response of the immune system. These cells can produce different immunoglobulin isotypes,
which vary in the composition of the heavy chain and are denoted as IgM, IgD, IgG, IgE and
IgA (Schroeder and Cavacini, 2010).

IgG is the most abundant immunoglobulin isotype and has the highest specificity towards
antigens. Four IgG subclasses exist in the corresponding abundance order in blood plasma:
IgG1>1gG2>1gG3>IgG4. The diverse subclasses imply various functional properties in terms
of complement fixation or binding to the complementary Fc gamma receptor (FcyR) for IgG
recognition expressed on macrophages, neutrophils, and natural killer cells (NK). Whereas
IgG1 and IgG3 bind to all receptors, IgG4 bind only to FcyR2 and FcyR3, and IgG2 only to
FcyR2. The IgG subclasses exhibit also differences in antigen specificity (proteins or sugars),
neutralization of toxins and viruses, and abundance in some diseases (Schroeder and
Cavacini, 2010).

The second most common immunoglobulins are IgA. They exist as monomers in the serum
but as dimers in secreted fluids such as saliva, colostrum, mucus, tears and others. IgA
function comprises neutralization of pathogens directed to mucosal surfaces, while they are
rather inefficient in activating the complement system. Two IgA subclasses (IgA1 and IgA2)

have been described differing in sensitivity to bacterial proteases and antigen specificity
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(Schroeder and Cavacini, 2010).

IgM are the third most common isotype of serum immunoglobulins. IgM are expressed as
monomeric molecules in early B cell development and later on become pentameric, while
cells mature, and are then being secreted. This pentameric structure provides IgM molecules
with high avidity in recognizing multiple antigens and makes them therefore very efficient in
labeling antigens for complement. They are also the first antibodies to be released during an
immune response (Schroeder and Cavacini, 2010).

IgD antibodies are B cell membrane-bound when these cells leave the bone marrow in order
to enter secondary lymphoid organs. At later time points IgD circulate in the serum at very
low levels and the function of both forms (bound and soluble) has not been well defined yet
(Schroeder and Cavacini, 2010).

Finally, IgE are immunoglobulins with the lowest serum abundance found in soluble or
membrane bound forms on mast cells, basophils, or eosinophils. They are involved in allergic

reactions, parasitic infections, or hypersensitivity (Schroeder and Cavacini, 2010).

2.6.2 Fc receptors

As indicated above, the Fc region of immunoglobulins can interact with receptors (FcRs)
specific for the corresponding antibody class: FcaRs bind IgA, FcyRs bind 1gG, FcdRs bind
IgD, FceRs bind IgE and FcuRs bind IgM. They are mainly expressed on immune cells and
their activation initiates various biological responses such as for example induction or
inhibition of B cell proliferation, phagocytosis by macrophages, degranulation of mast cells,
cell lysis and stimulation of cytokine production (Takai, 2002). Immune complex
internalization, followed by antigen presentation via class-l and class-Il molecules, belongs to
the secondary functions of the Fc receptors. Also does the transcellular antibody transport,
which is carried out by the neonatal FcR (FcRn) responsible for the maternal IgG transports
through the placenta (Takai, 2002).

For the current thesis it was most relevant to study receptors for immunoglobulin G binding,
FcyRs. In humans and rats there are three and in mouse four FcyR classes described,
(Nimmerjahn and Ravetch, 2008b) with different features (as summarized in table 1). FcyRs
come with multiple isoforms and vary in their binding affinity to monomeric IgG or immune
complexes. They also bind different IgG subclasses and initiate distinct signaling pathways
that are associated with each FcyR (Raghavan and Bjorkman, 1996, Nimmerjahn and
Ravetch, 2008b).
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Table 1. IgG specific Fc receptors. The content of this table is adapted from (Raghavan and
Bjorkman, 1996, Nimmerjahn and Ravetch, 2008b); and furthermore supplemented for Rattus
norvegicus genes using information derived from the NCBI webpage
(http://www.ncbi.nlm.nih.gov/pubmed).

FcyR class | Rattus Mus Homo IgG binding Immune cells
(CD) norvegicus | musculus sapiens specificity expression
isoforms isoforms isoforms
FcyR1 FcyR1a FcyR1 FcyR1a, b*, ¢c* | high-affinity neutrophils
(CD64) receptor: binds monocytes
monomeric IgG granulocytes
with high affinity, macrophages
but also large
immune
complexes
FcyR2 FcyR2a, b FcyR2b FcyR2a, b, ¢ low-affinity widely distributed
(CD32) receptor: low to among cells of the
FcyR3 undetectable immune system;
(related to affinity to B cells (only
human monomeric IgG; it | FcyR2b), FcyR2b
FcyR2a) only binds not on NK cells
complexed IgG
(with lower
affinity)
FcyR3 FcyR3a FcyR3a, b low-affinity macrophages,
(CD16) receptor: low to neutrophils, mast
FcyR4 moderate affinity cells, NK cells
FcyR4 (only (related to to monomeric IgG; | (only FcyR3)
in mouse) human binds complexed
FcyR3a) IgG (with
decreasing
affinity)

FcyR: Fc gamma receptor; CD: cluster of differentiation; * not expressed as proteins; NK: natural killer cells.

FcyR1 is the only receptor that binds monomeric as well as complexed IgG with high affinity
while all the other receptors preferably bind aggregated IgG or immune complexes and thus
exhibit low affinity to monomeric IgG. Its unique feature compared to the low-affinity
receptors is the capability to activate effector/immune responses at low IgG concentrations
(Raghavan and Bjorkman, 1996). FcyRs can be further classified into activating and
inhibitory receptors binding the same Fc portion of the IgG. FcyR1, FcyR2a and FcyR3 all
translate activating signals upon IgG binding. These signals trigger the initiation of
inflammatory responses such as phagocytosis by macrophages, antibody-dependent cellular
cytotoxicity by NK cells, degranulation of mast cells and the transcription of cytokine-
encoding genes (Takai, 2002). Activating FcyRs contain a transmembrane Fc receptor
common gamma chain bearing an immunoreceptor tyrosine-based activation motif (ITAM)

facing the cytoplasm. SRC-family protein tyrosine kinases that phosphorylate tyrosine
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residues of the ITAM are crucial for the intracellular activating FcyR signaling.
Phosphorylated ITAM then serves as binding site for the cytosolic protein kinase SYK (Takai,
2002). This signaling pathway initiates inflammatory responses, which are responsible for the
development and pathogenesis of autoimmune diseases. By contrast, FcyR2b contains an
immunoreceptor tyrosine-based inhibitory motif (ITIM) on its cytoplasmic site and is thus
known as the inhibitory Fc receptor (Takai, 2002). FcyR2b transfers an inhibitory signal,
which results in downregulation of the effector responses and might be responsible for the
attenuation of autoimmunity (Takai, 2002). This well regulated signaling through activating
and inhibitory FcyRs serves to control the activity of various immune cells. Effector cells of
the innate immune system, such as monocytes, macrophages, dendritic cells, basophils, and
mast cells express both activating and inhibitory FcyRs. The inhibitory FcyR2b is widely
expressed on immune cells and in the case of B cells, it is the only FcyR found on their
surface. Nevertheless, it is not found on natural killer cells as these exclusively express the

activating receptor FcyR3 (Nimmerjahn and Ravetch, 2008b).

2.6.3 Fc receptor expression in the nervous system?

The association of Fc receptors with CNS neurological diseases is becoming more and more
of interest, since several of these receptors were found to be expressed on microglia,
astrocytes, oligodendrocytes and neurons (Okun et al., 2010). Yet, the function of the Fc
receptors in cells of the CNS has not been solved. The expression of a unique Fc receptor
for IgM, Fca/uR, on mouse oligodendrocytes has been shown by Nakahara and colleagues
(Nakahara et al.,, 2003a). This is in line with earlier studies, which already identified IgM
binding on the oligodendroglial cell surface (Bieber et al., 2000, Warrington et al., 2000,
Bieber et al., 2002, Warrington et al., 2007). Moreover, the same authors showed in a follow
up study, that the common gamma chain of immunoglobulin Fc receptors, is expressed in
mouse oligodendrocyte precursor cells (OPCs) and plays a role in their differentiation
process via activation of Fyn tyrosine kinase and subsequent upregulation of Mbp
expression, followed by morphological maturation (Nakahara et al., 2003b). Nevertheless,
this study did not elucidate which type of Fc gamma receptor is actually involved in this
signaling cascade, although some evidence was provided for the expression of FcyR1 and
FcyR3 alpha subunits (Nakahara et al., 2003b). Microglial cells expressing FcyR1, FcyR2
and FcyR3 were found in active Multiple Sclerosis (MS) lesions, suggesting a role for these
receptors in the pathogenesis of this demyelinating disease (Ulvestad et al., 1994).
Fc gamma receptors are also involved in the activation and proliferation of microglia in

ischemic stroke, thus contributing to the initiation and progression of neuronal damage

% for authorship notice please refer to chapters 9.1 and 9.2

25



INTRODUCTION

(Komine-Kobayashi et al., 2004). Apart from this typical immunomodulatory function, Fc
receptors are also found on astrocytes and upregulation of FcyR1 expression was detected
in a transient BBB opening model mainly in microglia and astrocytes (Li et al., 2008).
Interestingly, FcyR1 expression on neurons has primarily been identified on mouse DRG
neurons and its possible role is associated with pain and inflammatory signaling following
sensory neuron activation (Andoh and Kuraishi, 2004a). A follow up study of the same group
detected also expression of the high affinity IgE receptor FceR1 on DRG neurons, (Andoh
and Kuraishi, 2004b). On the other hand, FcyR2b was found to be expressed on cerebellar
neurons, and a possible neurodevelopmental role was suggested by the authors (Nakamura
et al., 2007).

In the PNS, rather little information is currently available when it comes to FCR expression.
Of note, Fc receptors could be identified in myelinating and non-myelinating human
peripheral nerves (Vedeler, 1987) and expression was shown on the Schwann cell surface
while no staining on axons and fibroblasts was found (Vedeler et al., 1989). FcR was also
detected in situ in fetal peripheral nerve tissue. Since in cultured human Schwann cells the
FcR signal vanished, it was suggested that downregulation of expression might be caused by
the loss of axonal contact (Vedeler et al., 1990). In later observations, the detection of the Fc
receptors on human Schwann cells was assigned to FcyR3, also known as CD16, a low
affinity immunoglobulin binding receptor (Vedeler and Fitzpatrick-Klove, 1990, Vedeler et al.,
1991). Gene expression analysis of cultured rat Schwann cells confirmed FcyR3 expression

in rodent cells, however, to a much lower degree as compared to macrophages.

2.6.4 Intravenous immunoglobulins (IVIG)

Intravenous immunoglobulins are commercially available polyclonal IgG preparations for
therapeutic use as infusion. Depending on the production method, it contains up to 98
percent intact IgG molecules including all four known subclasses in human serum
(Kazatchkine and Kaveri, 2001, Buttmann et al., 2013). Additional components of
commercially available IVIG can be small quantities of IgA, trace amounts of IgM and soluble
CD4, CD8, HLA molecules, as well as cytokines (Blasczyk et al., 1993).°

IVIG are prepared from plasma pools of thousands of healthy donors (10.000-40.000) and as
such comprise many different antigen-binding antibody regions reflecting the pathogens and
foreign antigens to which the donors have been exposed (Radosevich and Burnouf, 2010).
This characteristic feature is important for patients with immune deficiencies where
immunoglobulin  replacement therapy is applied (Kazatchkine and Kaveri, 2001).

Nevertheless, the individual antigen reactivity and effector functions are influenced by the

® for authorship notice please refer to chapter 9.2
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donor selection, the differences among each batch preparation, and the manufacturing
processes. Moreover, non-IgG components may also exert additional immunomodulatory
effects (Buttmann et al., 2013).*

The manufacturing process of pooled human immunoglobulins started in the 1940s with cold
ethanol and pH fractionation. It then went through enzyme digestion and chemical
modifications in order to minimize observed side effects such as acute allergic reactions or
low blood pressure, most likely occurring due to high IgM and IgA concentrations, as well as
capability of complement activation. However, these chemical modifications led to structural
changes and loss of essential antibody functions and had to be replaced through improved
purification methods. The modern IVIG preparation includes multiple steps, which ensure
optimal safety and efficacy of the IVIG product. The first step is the blood collection, followed
by plasma separation and freezing at less than -20°C within 72 hours after collection for
several months storage. As a basic principle, virology testing of the donors has to be
negative for HIV and HCV antibodies and hepatitis B surface antigen (HBsAg), but some
manufacturers test the donor population for genomic viral markers of HIV, hepatitis B virus
(HBV), HAV, and parvovirus B19 (B19). The following steps are responsible for the
purification from possible contaminations with activated coagulation factors, components
inducing IgG degradation or from protein impurities, and aim at reducing anti-complementary
activity. A multistep fractionation process most commonly starts with cryoprecipitation
(controlled thawing at 2-3°C), followed by several cold ethanol precipitation steps and ending
with low pH/low pepsin treatment or anion and cation exchange chromatography. In addition,
an important step is the inactivation and removal of viral contaminations, contributing to the
further safety of the IVIG product. Some fractionation methods and low pH treatment during
the production process already contribute to viral reduction but they seem to be insufficient
for inactivation of all viruses. Introduction of pasteurization (treatment at 60°C for 10 hours)
and solvent/detergent treatment were manifested for inactivation of lipid-enveloped viruses.
Nanofiltration (using filters with pore size of 15, 20 or 35 nm) was found effective for both
non-enveloped and enveloped viruses, as well as for prions. It is therefore often used in
combination with the above-mentioned methods to ensure high viral safety (Radosevich and
Burnouf, 2010).

The final formulation of IVIG aims at enhancing stabilization of the end product and is most
commonly performed in a liquid form at low pH levels (pH 4.5-5.5), high protein
concentrations (100 mg/ml) and in the presence of stabilizers such as sorbitol, sugars
(maltose, glucose), or amino acids such as glycine, proline or isoleucine (Radosevich and
Burnouf, 2010). Upon performance of several quality control assays IVIG preparations are

then used for intravenous infusions. Subcutaneous injections have also recently been
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developed for easier application and less side effects accounted home treatment and have
now become of increasing importance for chronic demyelinating disorders of the PNS
(Radosevich and Burnouf, 2010, Buttmann et al., 2013).

2.6.5 IVIG applications in neurological diseases

IVIG have been used for more than 60 years as replacement therapy for prevention of
microbial infections in patients with primary immune deficiencies, such as X-linked
agammaglobulinemias and secondary immune deficiencies, caused by viral infections or as
a result of chemotherapies (Nimmerjahn and Ravetch, 2008a, Schwab and Nimmerjahn,
2013). In the last 30 years its application range gradually expanded. In the 1980s IVIG were
first shown to exert a beneficial effect on the autoimmune disease idiopathic
thrombocytopenic purpura (ITP) (Imbach et al., 1981) and since then it has been applied for
various acute and chronic autoimmune diseases. Meanwhile it is also used as therapy for a
variety of neurological conditions and based on controlled clinical trials IVIG are now
considered as first-line treatment in acute and chronic demyelinating neuropathies such as
GBS, CIDP and MMN (Buttmann et al., 2013, Linemann et al., 2015). In worsening
myasthenia gravis (MG) it is applied as short-term therapy and is considered as second-line
treatment in certain inflammatory myopathies and in stiff-person syndrome (Linemann et al.,
2015). The most common IVIG administration dose is set at high-dose (2 g/kg) and is given
over two to five days. As the established half-life of infused immunoglobulins in humans is
three weeks (Kazatchkine and Kaveri, 2001), the first treatment is usually followed by a lower
maintenance dose of 1-2 g/kg after approximately one month (Linemann et al., 2015).

In GBS patients IVIG are applied at low dose infusions (0.4 g/kg/day) for a period of five days
and second treatment is only considered when the outcome from the first one was not
positive. It is also successfully applied in AMAN, Miller-Fisher syndrome and childhood GBS,
but controlled studies in these conditions have not been conducted yet. In CIDP, IVIG are
recognized as first-line treatment for short-term as well as long-term applications. However,
divergent amelioration of the respective diseases was observed in patients after IVIG
application, plasmapheresis or steroids, and potential costs, side effects, patient age, and
disease severity also have to be considered. Concerning MMN, IVIG are currently the only
choice of therapy, as patients do not react to PE and steroids. IVIG are applied initially at
high doses, continuing with reinfusions of lower doses for a three to six weeks (Linemann et
al., 2015).

In MS, the demyelinating immune-mediated disorder of the CNS, IVIG have also been tested
in controlled randomized clinical trials. However, efficacy results were contradictory which is

why IVIG are currently not being considered for patients with relapsing-remitting or
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secondary progressive MS. Nevertheless, IVIG are occasionally recognized as an effective
therapy in pregnant MS patients, as it managed to reduce the recurrence of MS relapses
(Linemann et al., 2015).

Finally, it should be recognized that, apart from the growing demand for novel applications
and present therapies, IVIG are an expensive product with rather limited availability. Future
studies focus on development of alternative IVIG replacement therapies or the identification

of active components (Linemann et al., 2015).

2.6.6 IVIG mode of action

IVIG are thought to exhibit multiple anti-inflammatory or immunomodulatory activities. Some
of these have been revealed in detail in in vivo or in vitro studies, others are still hypothetical
or based on information from the diverse clinical conditions that respond to IVIG.
Nevertheless, several immunomodulatory mechanisms, such as the binding to pathogenic
antibodies (anti-idiotype effect), inhibition of complement deposition and thus prevention of
lytic attack, suppression of proinflammatory cytokines and modulation of cells of the immune
system and their receptors have been extensively described (Kazatchkine and Kaveri, 2001,
Dalakas, 2004, Siberil et al., 2007, Nimmerjahn and Ravetch, 2008a, Buttmann et al., 2013,
Schwab and Nimmerjahn, 2013, Liinemann et al., 2015).°

The putative IVIG modes of action are categorically divided into two groups in connection to
the structural functionality of the immunoglobulin molecules, namely Fc or Fab domain
mediated mechanisms of action. Immunomodulation via the variable domain has been
proposed to be dependent on the variety of foreign and self-antigens that have been
identified in the IVIG preparations. Cytokines, T or B cell expressed antigens, Fas/CD95
(apoptosis receptor) and FasL/CD95L (Fas ligand), gangliosides and even epitopes on the
variable domains of other antibodies (idiotypes) belong to the wide antigen range of
autoreactive immunoglobulins. IVIG cannot only interfere with apoptosis mediated pathways
of some cells, but most importantly can also neutralize a number of pathogenic antibodies by
binding the corresponding idiotype (anti-idiotypic effect), a mechanism which is beneficial to
GBS patients. Still, further investigations remain to be conducted in order to identify the full
repertoire of mechanisms of action (Nimmerjahn and Ravetch, 2008a, Schwab and
Nimmerjahn, 2013, Lunemann et al., 2015). Nevertheless, there is growing evidence that the
immunomodulatory effect of IVIG is due to the Fc portion (Debré et al., 1993, Lin et al.,
2007b). The Fc region is known to interact with classic pathways of activating and inhibitory
Fc gamma receptors on macrophages, B cells, and other cells as well as with proteins of the

complement system, which mediates the inflammation process or immune effector functions
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by these cells (Kazatchkine and Kaveri, 2001). Therefore, one of the assumed IVIG modes of
action is blockade of activating Fc receptors on phagocytes by saturation and thus
prevention of immune complex binding, or interfering with signaling pathways that are
involved in these receptors’ activation (Dalakas, 2004, Siberil et al., 2007, Schwab and
Nimmerjahn, 2013). Most studies deal with modulation of the effector function of low affinity
FcyR3 receptor and some argue that IgG monomers or possible dimers and aggregates in
the IVIG preparation might exhibit the actual inhibitory effect (Aschermann et al., 2010,
Schwab and Nimmerjahn, 2013). On the other hand, there is evidence that the inhibitory
FcyR2b plays a crucial role in the immunomodulatory activity of IVIG. By blocking or
depleting the FcyR2b in an ITP model in mice, the authors could show that the IVIG
responsiveness was lost (Samuelsson et al., 2001).0Furthermore, FcyR2b expression in
effector macrophages as well as their number were increased after IVIG application
(Nimmerjahn and Ravetch, 2008a, Schwab and Nimmerjahn, 2013). Other studies
demonstrated that in CIDP patients the expression level of the receptor on B cells was
downregulated and IVIG treatment led to improvement of this deregulation (Tackenberg et
al., 2009, Quast et al., 2015).

In vitro studies as well as animal models and patient data have shown that IVIG can interfere
with proteins of the complement system. IVIG can directly bind to activated complement
components and thus prevent the subsequent formation of the membrane attack complex
(MAC) on target cells. Importantly, an accidental activation of the complement system
cascade may be involved in the pathogenesis of demyelinating inflammatory neuropathies
such as GBS (Yuki and Hartung, 2012). It is therefore considered that this particular
mechanism may lead to inhibition of complement-mediated tissue damage in demyelinating
autoimmune diseases (Dalakas, 2004, Siberil et al., 2007, Buttmann et al., 2013).

In GBS patients it has also been demonstrated that IVIG treatment can reduce serum levels
of proinflammatory cytokines such as tumor necrosis factor alpha (TNFa) and interleukin-1
beta (IL-1B) (Sharief et al., 1999, Reuben et al., 2003). Moreover, diminished expression of
adhesion molecules and other pro-inflammatory cytokines in T cells, accompanied by an
upregulation of the anti-inflammatory molecule transforming growth factor beta (TGF-8), was
reported as an immunomodulatory key function (Dalakas, 2004, Siberil et al., 2007,
Buttmann et al., 2013).

Neutralizing antibodies against receptors and other membrane-expressed proteins, such as
co-stimulatory and antigen-presenting molecules on T cells, B cells and monocytes have also
been identified in IVIG preparations. Several proposed modes of action of these antibodies
involve the inhibition of autoreactive and cytotoxic T cells, induction of protective regulatory T
cells and suppression of IgG production in B cells. IVIG have been shown to suppress the

differentiation and maturation of dendritic cells, which are important antigen-presenting
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mediators for T cell activation. Altogether, IVIG lead to attenuation of the effector functions of
cells of the innate and the adaptive immune system (Dalakas, 2004, Siberil et al., 2007,
Buttmann et al., 2013).

A novel anti-inflammatory activity of IVIG has been associated with a sialic acid modification
on the Fc-linked glycan. Such modifications are not fundamental structures of the Fc region,
however, they play a role in immunoglobulin effector functions. Interestingly, IVIG
preparations with digested whole glycans or digested sialic acid residues in the Fc region lost
their anti-inflammatory activity in a model of rheumatoid arthritis (Kaneko et al., 2006). On the
other hand, IVIG fractions enriched in sialic acid revealed a 10-fold protective anti-
inflammatory effectiveness and the proposed mechanism of action appeared to involve
upregulation of the FcyR2b receptor expression on effector macrophages (Kaneko et al.,
2006). A novel receptor that specifically binds sialic acid-rich Fc fragments on
immunoglobulins, the C-type lectin SIGN-R1 (specific ICAM-3 grabbing non-integrin-
related 1), was found to be expressed on regulatory macrophages (Anthony et al., 2008).
SIGN-R1 appears to have a role in the process of inflammation inhibition through pooled
immunoglobulins as receptor deletion or blockade did not induce beneficial IVIG effects in a
mouse model for ITP and inflammatory arthritis (Anthony et al., 2008, Schwab and
Nimmerjahn, 2013).

2.6.7 Immunoglobulin effects CNS cells®

There is convincing evidence that immunoglobulins may directly affect oligodendroglial cells,
the myelinating glial cells of the CNS. Several studies showed that monoclonal
oligodendrocyte-reactive IgMk antibodies directed to oligodendrocyte antigens have the
potential to enhance CNS remyelination in an animal MS model induced by the Theiler’s
murine encephalomyelitis virus (TMEV) (Miller et al., 1994, Asakura et al., 1996, Asakura et
al., 1998). The IgMk antibodies were obtained by immunization of mice with mouse spinal
cord homogenate and screened for auto-antigen binding capacity (Miller et al., 1994,
Asakura et al., 1996, Asakura et al., 1998). Only these autoantibodies that successfully
bound to oligodendrocyte antigens promoted remyelination in TMEV induced lesions
(Asakura et al., 1998). Specific IgMk antibodies directed against well-known oligodendrocyte
surface antigens such as lipids, gangliosides and carbohydrates were also tested and
disclosed a positive differentiation potential (Asakura et al., 1998).

A number of additional studies revealed that treatment of non-immune, toxin-induced, as well
as TMEV induced models of demyelinating diseases with polyclonal human IgG and IgM

molecules results in a significantly enhanced oligodendrocyte differentiation reaction (Bieber
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et al., 2000, Warrington et al., 2000, Bieber et al., 2002). In the TMEV model for induced
demyelination, both IVIG and polyclonal human IgM promoted remyelination but IgM
molecules appeared to be more potent (Bieber et al., 2000, Warrington et al., 2000). Using
the same disease model, though by administration of human monoclonal serum-derived IgM
antibodies, the authors could demonstrate binding to the oligodendrocyte surface for all
molecules but remyelination potential was restricted to a few immunoglobulins (Warrington et
al., 2000). In a different demyelination model, induced by toxic lysolecithin injection in the
spinal cord and thus less immune system dependent, the results were comparable.
Application of polyclonal human IgM or serum-derived human monoclonal antibodies
accelerated the process of remyelination, however pooled IgG did not show any effect
(Bieber et al., 2002). Of note, lesions treated with the serum derived monoclonal antibody
exhibited larger macrophage infiltration, suggesting a role for this immune cell recruitment in
myelin repair (Bieber et al., 2002). Altogether, these studies showed that the specific binding
to oligodendroglial surface antigens and thus acceleration of oligodendroglial remyelination
was restricted to monoclonal IgM molecules (Bieber et al., 2000, Warrington et al., 2000,
Bieber et al., 2002).

Interestingly, a specific Fc receptor for IgM, Fca/uR, is expressed on oligodendrocytes, their
precursor cells and myelin, suggesting a possible direct interaction between receptor and
immunoglobulins (Nakahara et al., 2003a). On the other hand, recombinant human
monoclonal IgM antibodies were shown to have an effect on hippocampal neurons, in which
they manage to initiate rearrangement of membrane lipids and microtubules, hence inducing
axonal outgrowth (Xu et al., 2011).

Recent studies on human IgG application in an animal model of spinal cord injury revealed
that single dose application enhanced functional recovery and diminished the inflammation
process in the scar (Nguyen et al., 2012). In connection to this study, IVIG are now being
considered as a potential pharmacological treatment of spinal cord injury (Tzekou and
Fehlings, 2014).

2.6.8 Immunoglobulin effects on PNS cells’

An indirect effect of human immunoglobulins in demyelinating disease models of the PNS
has been demonstrated via IVIG treatment of rats with EAN, an inducible inflammatory GBS
like disease (Gabriel et al., 1997, Lin et al., 2007a). In these studies EAN was induced by
immunization of rats with bovine peripheral nerve myelin (Gabriel et al., 1997, Lin et al.,
2007a). IVIG treatment reduced EAN severity, from the onset of first neurological signs, by

preventing disease development and inducing a faster and more complete recovery (Gabriel
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et al., 1997, Lin et al., 2007a). The same authors could demonstrate that the Fc- and not the
Fab portion of the IgG molecule was responsible for the reduced demyelination and
inflammation leading to shorter disease duration, although complete IVIG preparations were
slightly superior to all fractions (Lin et al., 2007b). However, disease amelioration is currently
thought to result from immune system modulation whereas no studies on neural regeneration
and glial maturation have been conducted within cells of the PNS.

Interestingly, recent studies point to a role of endogenous antibodies in rapid myelin
clearance and axon regeneration after nerve injury by promoting macrophage entrance and
phagocytotic activity (Vargas et al., 2010). The authors used a model of B cell depleted JHD
mice, which lack endogenous antibodies. Upon sciatic nerve injury, they could observe
delayed myelin clearance accompanied by significantly reduced macrophage infiltration and
phagocytic activity, finally resulting in decreased axonal regeneration. It was further shown,
that this process could be rescued by passive transfer of purified IgG and IgM molecules
from wild type mice or exogenous antibodies directed against myelin. Vargas and colleagues
therefore concluded that endogenous myelin-reactive autoantibodies are sufficient for

effective and fast clearance of degenerated myelin (Vargas et al., 2010).

2.7 Schwann cells are immune competent glial cells®

Schwann cells have been recognized as immune competent cells primarily based on their
involvement in peripheral neuropathies, but also in light of the fact that they express specific
pattern recognition receptors (PRR) for the detection of pathogens, their role in initiating and
regulating local immune responses by antigen presentation and cytokine secretion and due
to a number of described interactions with immune cells or proteins of the complement
system. Although peripheral nerve disorders are heterogeneous by nature, including
inflammation mediated damage, genetic causes, or in response to acute injuries, these
pathologies have interactions between glial and immune cells in common (Tzekova et al.,
2014).

Major histocompatibility complex (MHC) genes encode specialized molecules for the
presentation of antigenic protein fragments to T cells. There are two classes of MHC
molecules, namely class | and Il, which vary in function and expression patterns. Whereas all
nucleated cells express MHC class | molecules, MHC class Il is usually expressed on
specialized antigen presenting cells of the immune system such as dendritic cells,
macrophages, and B lymphocytes. It has long been known that rat and human Schwann

cells express MHC class | and |l molecules on their surface and that they could therefore be

8 for authorship notice please refer to chapter 9.1
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considered as accessory antigen presenting cells (Fig. 4) (Samuel et al., 1987, Armati et al.,
1990). The expression of MHC class Il on the Schwann cell surface was shown to be
interferon gamma (IFNy) and TNFa dependent and these cytokines most likely originate from
the interactions between Schwann- and T cells (Kingston et al., 1989). MHC | is constitutively
expressed at low levels on Schwann cells and can in contrast to MHC Il be upregulated by
IFNy (Lilje and Armati, 1997). Moreover, a recent study confirmed that human Schwann cells
are able to process as well as present endogenous and exogenous antigens in vivo and
in vitro, thus them being equipped with the full antigen presenting machinery. This indicates
antigen processing and presentation as possible functions of Schwann cells that may
contribute to (auto)immune responses within peripheral nerves (Meyer Zu Horste et al.,
2010). The capacity of Schwann cells to act as antigen presenting cells is of additional
importance in immune-mediated disorders of the PNS such as GBS or CIDP. MHC class Il
antigen reactivity was detected on Schwann cells of patients suffering from GBS, CIDP, toxic
or metabolic neuropathies, with the strongest expression in CIDP (Pollard et al., 1986,
Pollard et al., 1987, Mancardi et al., 1988, Mitchell et al., 1991). These findings strongly
indicate that these glial cells act as facultative antigen presenting cells and are further
corroborated by studies on the expression of co-stimulatory molecules by Schwann cells
which are essential for proper antigen presentation and are involved in T cell regulation
within the inflamed nerve (Murata and Dalakas, 2000, Spierings et al., 2001, Duan et al.,
2007).
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Figure 4. Secreted molecules and receptors expressed by Schwann cell. Schwann cells are well
known to express a number of immune-related receptors on their surface. Among these are Toll-like
receptors (TLR), that can be activated by lipopolysaccharide (LPS); TNF receptors (TNFR) involved in
TNFa para-/autocrine signaling; cell adhesion molecules such as intercellular adhesion molecule
(ICAM) and vascular cell adhesion protein (VCAM), important for host defense after injury; IL-1
receptor (IL-1R) and IL-6 receptor (IL-6R), and MHC class | and Il antigen presenting molecules.
Schwann cells release proinflammatory cytokines such as tumor necrosis factor-a (TNFa), interleukin-
1 (IL-1) and interleukin-6 (IL-6) in response to nerve injury; and express the proinflammatory
chemokine monocyte chemoattractant protein (Mcp-1), which attracts macrophages to pathogenic
peripheral nerves. Schwann cells release also anti-inflammatory molecules such as erythropoietin
(Epo), which protect myelin against immune attacks and degradation by inhibiting T cell and
macrophage proliferation.

"With kind permission from Springer Science+Business Media: Journal of Clinical Immunology,
Molecules involved in the crosstalk between immune- and peripheral nerve Schwann cells,
34 Suppl 1, 2014, S86-104, Tzekova N., Heinen, A., Kiry, P., original figure 2.“

Apart from the above mentioned Fc receptors Schwann cells were shown to express various
other immunologically relevant surface molecules and receptors (Fig. 4). PRRs such as toll-
like receptor 1 (TLR1), TLR3, TLR4, TLR2 and TLR®6 induced by bacterial surface antigens
or viral RNA, cell adhesion molecule I-CAM, proposed to be important for host defense after
PNS injury, mannose receptor, suggested to be involved in Schwann cell phagocytosis, and
lectins, carbohydrate-binding proteins belong to their repertoire, reviewed in (Tzekova et al.,
2014).
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Schwann cell interactions with proteins of the complement system are various. In
demyelinating inflammatory neuropathies as well as the corresponding animal model EAN
the membrane attack complex could be described on Schwann cell surface, revealing that
complement activation participates in demyelination (Stoll et al., 1991, Putzu et al., 2000,
Yuki and Hartung, 2012) (Fig. 5). Activation of complement factors plays a central role in
Wallerian degeneration by means of macrophage activation and subsequent myelin debris
removal (Dailey et al., 1998, Ramaglia et al., 2007). In addition, Schwann cells actively
express complement factors C1r, C1s and C3 (Dashiell et al., 1997, de Jonge et al., 2003) as
well as control proteins (Nose et al.,, 1990, Funabashi et al., 1994), complement receptor
1 (CR1) (Vedeler and Matre, 1988, Vedeler et al., 1989, Vedeler et al., 1990, Vedeler et al.,
1992, Funabashi et al., 1994) and some inhibitors of C3 and C5 convertases (Koski et al.,
1996, de Jonge et al., 2003), which are mediators that attenuate or suppress complement
factor activation. The expression and tight regulation of complement activating and inhibiting
molecules suggests that Schwann cells, when not directly affected by inflammation or injury,
can actively protect themselves against accidental complement dependent myelin
phagocytosis (Nose et al., 1990, Funabashi et al., 1994) (Fig. 5).

paracrine signaling Iytic MAC

macrophage attraction / sublytic MAC

Q protectin

R

axonal signals complement activation

Figure 5. Expression of complement system components by Schwann cell. Antibodies against
myelin proteins P2 and Mpz/P0 can initiate the complement cascade on Schwann cells, which finally
leads to assembly of the membrane attack complex (MAC) on the cell surface. MAC consists of
complement components C5b, C6, C7 and C8 and its activation either leads to cell lysis by pore
formation through C9, or when present at sublytic concentrations, protects against apoptosis, induces
mitogenesis and interferes with Schwann cell differentiation by jun N-terminal kinase (JNK) activation.
Schwann cells also express and release complement factor C3, which leads to macrophage attraction
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and myelin debris clearance in Wallerian degeneration. An important Schwann cell protection
mechanism against complement system mediated lysis is the expression of complement inhibiting
molecules such as complement receptor 1 (CR1), decay accelerating factor (DAF) and protectin.

"With kind permission from Springer Science+Business Media: Journal of Clinical Immunology,
Molecules involved in the crosstalk between immune- and peripheral nerve Schwann cells,
34 Suppl 1, 2014, S86-104, Tzekova N., Heinen, A., Kiry, P., original figure 1.*

Schwann cells can also directly interact with different cells of the immune system such as via
the FasL/Fas receptor pathway with T lymphocytes. FasL is a cytokine shown to induce
apoptosis upon binding to the Fas receptor, a mechanism that is primarily used by the
immune system to eliminate remaining effector T cells. However, Schwann cells were shown
to express FasL and can thus participate in this elimination process with a possible function
in amelioration of the inflammatory immune response (Wohlleben et al., 2000, Bonetti et al.,
2003). Indirect studies also provide evidence of glial Fas expression as FasL on T cells or
macrophages could induce their death (Dace et al., 2009). In this context, a direct connection
between Schwann cells and macrophages was suggested following the identification of the
chemokine monocyte chemoattractant protein-1 (Mcp-1), the expression of which was
increased in Schwann cells from heterogeneously deficient PO/Mpz mice, an animal model of
inherited neuropathies. Mcp-1 turned out to be an important chemoattractant for
macrophages, as reduced levels of Mcp-1 ameliorated genetically caused damaged of the
peripheral nerve (Fischer et al., 2008a).

These immune cell interactions are further stimulated by the glial expression of pro-
inflammatory and anti-inflammatory cytokines, cytokine receptors, and chemokines (Fig. 4).
The secretion of the pro-inflammatory cytokines interleukin-1 alpha (IL-1a) and IL-1B by
Schwann cells has been demonstrated to stimulate macrophage recruitment and T cell
activation in EAN models, GBS patients, and Wallerian degeneration (Putzu et al., 2000,
Skundric et al., 2001, Shamash et al., 2002). IL-1a also serves as inducer of Schwann cell
proliferation (Lisak et al., 1994), while IL-1B role was designated in instructing rapid WD
(Shamash et al., 2002). In GBS nerve biopsies, IL-18 signals colocalized with TNFa,
a mainly macrophage and lymphocyte derived pro-inflammatory cytokine, which is, however,
also expressed by Schwann cells, axons and fibroblasts (Murwani and Armati, 1998, Putzu
et al.,, 2000). IL-1 and TNFa are constitutively expressed in intact peripheral nerves and
become rapidly induced in Schwann cells upon nerve transection (Shamash et al., 2002).
Interestingly, treatment of GBS patients using IVIG led to reduction of TNFa serum levels
and clinical improvement (Sharief et al., 1999), supporting the notion that TNFa prolongs
immune attacks. Schwann cells also express both TNF receptors (Bonetti et al., 2000) and
this process appears to be TNFa dependent (Qin et al., 2008), suggesting the existence of a

feedback loop for this cytokine. Interleukin-6 (IL-6) is another pro-inflammatory cytokine
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expressed by Schwann cells (Rutkowski et al., 1999, Ozaki et al., 2008), which functions as
glial co-mitogen (Lisak and Bealmear, 1994, Lisak et al., 1994) and contributes together with
IL-1 to the immune response induction upon nerve injury (Bolin et al., 1995). IL-6 was shown
to promote neurite extension in sensory neurons (Hirota et al., 1996) and is supposed to
directly influence Schwann cell maturation (Hirota et al., 1996) as well as to diminish their
antigen presenting properties (Kitamura et al., 2005). Since Schwann cells also express IL-6
receptor (IL-6R), this fact supports a regulation of cytokine expression in an auto-/paracrine
loop (Lara-Ramirez et al., 2008).

Following nerve injury, a sequential expression of pro- and anti-inflammatory mediators is
observed, where a decline in pro-inflammatory cytokine expression is accompanied by
upregulation of anti-inflammatory cytokines several days post transection. Interleukin-10 (IL-
10) belongs to the late induced anti-inflammatory cytokines during Wallerian degeneration,
where it exerts a possible role in diminishing inflammatory responses (Jander et al., 1996,
Be'eri et al., 1998). This was also confirmed in EAN sciatic nerves where IL-10 upregulation
correlated with clinical improvement (Zhu et al., 1997). Schwann cells were shown to secrete
erythropoietin (Epo), primarily known to stimulate erythrocyte maturation (Fig. 4). They also
express the Epo receptor (EpoR), and Epo stimulation was demonstrated to induce
MAPK/ERK signaling and to promote Schwann cell proliferation (Li et al., 2005).
Furthermore, Epo release by Schwann cells was shown to ameliorate axonal degeneration
(Keswani et al., 2004) and to protect peripheral myelin against immune attacks and
degradation by diminishing T cell and macrophage proliferation. Exogenously applied Epo
subsequently increased Schwann cell proliferation as well as migration to the lesion site (Li
et al., 2005, Inoue et al., 2010). Another potent anti-inflammatory cytokine constitutively
expressed by Schwann cells is TGF-$ with a role in T cell differentiation inhibition,
suppression of myelin phagocytosis in WD and protection of Schwann cells against
apoptosis upon nerve transection (Ahn et al., 2010, Luo et al., 2013).

Schwann cells also express a number of chemotaxic cytokines, termed chemokines. Their
secretion upon infection or injury can lead to immune cell attraction, therefore certain
chemokines are considered as pro-inflammatory mediators. Macrophage inflammatory
protein (MIP) is strongly induced by Schwann cells after nerve transection and is responsible
for neuropathic pain in sciatic nerve lesions (Taskinen and Roytta, 2000, Kiguchi et al.,
2010). A number of chemokines from the CXC family, such as CXCL9, CXCL10 and
CXCL11 are induced in diabetic neuropathies (Tang et al., 2013), in Schwann cells of acutely
injured nerves (Kiry et al., 2002), or in cerebrospinal fluids of GBS patients (Kieseier et al.,
2002, Press et al., 2003) leading to local pro-inflammatory immune reactions. As mentioned
earlier, in peripheral nerves the expression of the chemokine Mcp-1 (CCL2) is restricted to

Schwann cells (Toews et al., 1998, Rutkowski et al., 1999) (Fig. 4). Mcp-1 was upregulated
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following sciatic nerve transection and crush injury, followed by macrophage attraction to the
demyelinated nerve, suggesting that Mcp-1 expression correlates with macrophage
infiltration upon demyelination (Toews et al., 1998, Rutkowski et al., 1999). Mcp-1 also
participates in macrophage-mediated attack to peripheral myelin in autoimmune
neuropathies as revealed by correlation of increase in its expression and disease severity in
GBS patients (Orlikowski et al., 2003). This chemokine is probably also involved in the
disease development of inherited neuropathies based on studies in animal models, where
upregulated expression levels of Mcp-1 correlated with increased macrophages numbers
within peripheral nerves (Fischer et al., 2008a, Fischer et al., 2008b, Groh et al., 2010, Kohl
et al., 2010). Considering the variety of inflammation-related molecules that are either
expressed or sensed by Schwann cells this strengthens the evidence for their broad
physiological and pathological role and defines them as immune-competent glial cells

(reviewed in (Tzekova et al., 2014)).
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2.8 Aim of the thesis

Intravenous immunoglobulins are currently used as first-choice treatment for a variety of
inflammatory neuropathies, such as GBS, CIDP, and MMN (Buttmann et al., 2013,
Linemann et al.,, 2015). In animal models of autoimmune neuropathies IVIG were also
shown to induce amelioration of the disease course (Gabriel et al., 1997, Lin et al., 20073,
Lin et al., 2007b). However, despite these observed beneficial effects no immunoglobulin
related role in modulating the nerve’s own regeneration activity has been described. Along
this line, so far no direct studies investigated a potential impact of immunoglobulins on the
glial cells of the PNS. This is even more surprising since numerous publications reported
beneficial immunoglobulin mediated effects on myelinating glial cells of the CNS (Bieber et
al., 2000, Warrington et al., 2000, Bieber et al., 2002).

The focus of this thesis was therefore to determine whether intravenous immunoglobulins
exert direct effects on Schwann cell homeostasis and maturation, and whether observed
reactions could be correlated with a potential influence on nerve regeneration processes as
they were shown to depend and to be regulated by Schwann cells. For this purpose the
impact of stimulation with IVIG was studied using various primary cell culture models
including primary Schwann cells, differentiation-competent Schwann cells (Heinen et al.,

2008a) as well as myelinating neuron/glia cocultures.
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3 MATERIALS AND METHODS

3.1 Material
3.1.1 Animals®

For the preparation of primary Schwann cell cultures sciatic nerves from newborn Wistar rats
of either sex (postnatal day zero, P0O) were used. Myelinating neuron/glia dissociation
cocultures were prepared from dorsal root ganglia (DRG) of C57BL/6 mouse embryos
(embryonic day 15, E15), whereas DRG explant cultures were prepared from Wistar rat
embryos (E17/18).

The animals were ordered from Janvier Labs (Saint Berthevin Cedex) or/and bred within the
animal facility of the Heinrich-Heine-University (Dusseldorf) under pathogen free standard
conditions (temperature 21°C; humidity 50 %; 12 h light/ 12 h dark cycle). Food and water
were available ad libitum. For this study no animal in vivo experiments were performed.
Animal sacrifice and tissue elevation were conducted with approval by the local animal
facility of the Heinrich-Heine-University (registration numbers: 082/12, 069/2011, 0O53/11) in
accordance with the German Animal Protection law (State Office, Environmental and
Consumer Protection of North Rhine-Westphalia, LANUV NRW).

3.1.2 Escherichia coli (E. coli) bacteria strains

Following E.coli strains were used for transformations:

Strain Supplier

One Shot TOP10 Invitrogen Thermo Fisher Scientific
Genotype: F-mcrA A(mrr-hsdRMS-mcrBC)

®80/acZAM15 AlacX74 recA1 araD139

A(araleu)7697 galU galK rpsL (StrR) endA1

nupG

® for authorship notice please refer to chapter 9.2
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3.1.3 Chemicals
3.1.3.1 Reagents and chemicals

Chemical/reagent
2-mercaptoethanol/ B-mercaptoethanol
2-propanol
4,6-diamidino-2-phenylindole (DAPI)
Agarose

Arabinosyl cytosine hydrochloride (AraC)
Avastin (Bevacizumab)

Bacto agar

Bovine serum albumin (BSA)

Citifluor

Deoxynucleotide (ANTPs)
Dimethylsulfoxide (DMSO)

Ethanol abs.

Ethylendiamintetraacetic acid (EDTA)

Fcgr1 recombinant Rat Protein, His Tag, 5ug
(rrFcgr1)
Fluromount G

Forskolin

Gammagard Liquid [Immune Globulin
Intravenous (Human)] 10%, 100mg/ml protein;
Lot LE12J270AB

Gammagard Liquid [Immune Globulin
Intravenous (Human)] 10%, 100mg/ml protein;
Lot LE12L341AA (IVIG2)

Gammagard Liquid [Immune Globulin
Intravenous (Human)] 10%, 100mg/ml protein;
Lot LE12L341AA (IVIG3)

Gammagard Liquid formulation buffer (0.25 M
glycine, pH 4.5)
Glycerol

Herceptin (Trastuzumab)
Hydrochloric acid (HCI)

Isofluran

LiChrosolv Water

Methanol

Milk powder

Paraformaldehyde

Pepsin

Ponceau S staining solution
Recombinant interleukin-18 (rriL-18)
Recombinant Ra IL-18/IL-1F4, 25 ug

Supplier

Sigma-Aldrich

Merck

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Roche Pharma

Gibco Thermo Fisher Scientific
Carl ROTH

Science Services

Applied Biosystems Thermo Fisher Scientific
Sigma-Aldrich

Merck

Sigma-Aldrich

Invitrogen Thermo Fisher Scientific

Southern Biotech
Sigma-Aldrich
Baxter Healthcare Corporation

Baxter Healthcare Corporation

Baxter Healthcare Corporation

Baxter Healthcare Corporation

Sigma-Aldrich
Roche Pharma
Merck
DeltaSelect
Merck

Merck

Carl ROTH
Merck
Sigma-Aldrich
Sigma-Aldrich
R&D Systems
R&D Systems
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Sodium chloride (NaCl) Merck
Sodium dodecyl sulphate (SDS) Merck
Sodium hydroxide (NaOH) Merck
Sucrose Merck
Synagis (Palivizumab) Abbott SRL
Trishydroxymethylaminomethan (Tris) Merck

Triton X-100 Sigma-Aldrich
Trypton Difco

Tween 20 Sigma-Aldrich
Yeast extract Difco

3.1.4 Buffers and solutions

3.1.4.1 Buffers, solutions and reagents for cell culture

Buffer/reagent Supplier Composition

Deoxyribonuclease | (DNase) Sigma-Aldrich 8 mg/ml stock solution in
DMEM

Dulbecco’s phosphate buffered saline (PBS)  Sigma-Aldrich

L-glutamine, 200 mM Gibco 1:100 dilution in DMEM

penicillin/streptomycine, 5000 U (pen/strep) Gibco 1:100 dilution in DMEM

Poly-D-lysine (PDL)

Laminin 1 mg/ml

Collagen Typ | Rat Tail, 100mg

Gibco Thermo

Fisher Scientific

Sigma-Aldrich

Becton-Dickinson

10 mg/ml stock solution
in PBS

dilution to 13 pg/mlin PBS

1:7 dilution in 0.02 N
acetic acid

NGF-B from rat, 1mg Sigma-Aldrich 1 mg/ml stock in 0.1 % BSA

D-(+)-Glucose solution, 100 g/L in H20, Sigma-Aldrich

sterile-filtered, BioXtra, suitable for cell culture

L-Ascorbic acid, cell culture tested, 25g Sigma-Aldrich 5 mg/ml fresh stock in H20

Baby Rabbit Complement, 1 ml lyophylised BIOZOL ad 1 ml sterile ddH20
(Cedarlane)

Bovine pituitary extract (BPE; GGF), 50mg Millipore (Upstate

Biotechnologies)
Gibco Thermo
Fisher Scientific

10 mg/ml stock in PBS

0.05 % Trypsin

Collagenase type 1, 100 mg Sigma-Aldrich 6 mg/ml stock in PBS (0.6%)
Forskolin Sigma-Aldrich 2 mM stock in EtOH absolute
0.6 % sucrose Merck 0.6 gin 100 ml in PBS

Recombinant Ra IL-18/IL-1F4, 25 ug R&D Systems 100 pg/ml stock in 1 % FCS

(FCS diluted in sterile PBS)

0.4 ml mouse anti THY1
antibody diluted with 1.6 ml
DMEM (use 1:10 diluted

in DMEM)

dilution in Schwann cell
medium to 20 mg/ml

Mouse anti rat CD90 (THY 1) monoclonal
antibody; 0,25 mg

AbD Serotec

Synagis (Palivizumab) Abbott SRL
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Herceptin (Trastuzumab)
Avastin (Bevacizumab)

Gammagard Liquid [Immune Globulin
Intravenous (Human)] 10%, 100mg/ml protein;
Lot LE12J270AB

Gammagard Liquid [Immune Globulin
Intravenous (Human)] 10%, 100mg/ml protein;
Lot LE12L341AA (IVIG2)

Gammagard Liquid [Immune Globulin
Intravenous (Human)] 10%, 100mg/ml protein;
Lot LE12L341AA (IVIG3)

Gammagard Liquid formulation buffer (0.25 M
glycine, pH 4.5)

Roche Pharma
Roche Pharma

Baxter Healthcare
Corporation

Baxter Healthcare
Corporation

Baxter Healthcare
Corporation

Baxter Healthcare
Corporation

3.1.4.2 Buffers, solutions and reagents for molecular biology

Buffer/reagent for DNA/RNA

Tris-acetate-EDTA (TAE) buffer, 50x stock
solution

BlueJuic Gel Loading Buffer (10x)
RLT lysis buffer

Buffer/reagent for proteins
RIPA Buffer (10x)

Halt Protease Inhibitor Cocktail, containing
Protease Inhibitor Cocktail (100x), EDTA
Solution, 0.5 M (100x)

Halt Phosphatase Inhibitor Cocktail (100x)

Halt Protease and Phosphatase Inhibitor
Cocktail (100x)

NuPAGE LDS Sample Buffer (4x)
NuPAGE Sample Reducing Agent (10x)

RunBlue RAPID SDS Run Buffer 500 ml (20x)

RunBlue TGS Blot Stock Buffer 500 ml (10x)

1x Tris buffered saline (TBS)

Composition
121 g Tris

dilution in Schwann cell
medium to 20 mg/ml

dilution in Schwann cell
medium to 20 mg/ml
dilution in Schwann cell
medium to 20 mg/ml

dilution in Schwann cell
medium to 10 or 5 mg/mi

dilution in Schwann cell
medium to 10 or 5 mg/ml

corresponding dilution in
Schwann cell medium

28.55 ml glacial acetic acid
50 ml 0.5 M EDTA, pH 8.0

ddH,0 ad 500 ml

Invitrogen Thermo Fisher Scientific

Qiagen

Supplier
Cell Signaling
Technology

Thermo Scientific
Thermo Fisher
Scientific
Thermo Scientific
Thermo Fisher
Scientific
Thermo Scientific
Thermo Fisher
Scientific

Novex Thermo
Fisher Scientific
Novex Thermo
Fisher Scientific

Expedeon, BIOZOL

Expedeon, BIOZOL
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dilute to 1x solution with
ddH,0O

40 ml unBlue RAPID SDS
Run Buffer

760 ml ddH20

100 ml TGS Blot Stock Buffer
200 ml methanol

720 ml ddH20

20 mM Tris base
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150 mM NacCl
ad 1000 ml ddH20
pH adjusted to 7.6 using HCI

TBS Tween (TBST) 1x TBS
0.05 % (v/v) Tween 20
Blocking buffer 1 % milk 1x TBS

1 % milk powder

0.05% Tween 20
Blocking buffer 2 % milk 1x TBS

2 % milk powder

0.05% Tween 20

Fcgr1 recombinant Rat Protein, His Tag, 5 ug  InvitrogenTM reconstituted to 0.2 mg/ml in
(rrFcgr1) Thermo Fisher sterile ddH20;
Scientific 2-4 ug protein unsed in SDS
PAGE

3.1.4.3 Buffers, solutions and reagents for staining procedures

Buffer/reagent Composition
8 % paraformaldehyde, pH 7.4 (PFA) 80 g PFA
ad 1L 1xPBS
adjust pH with NaOH and HCI
4 % paraformaldehyde, pH 7.4 (PFA) dilute 8 % stock in PBS
2 % normal rabbit serum (NRS) 100 % NRS diluted 1:50 in 1xPBS
5 % normal rabbit serum (NRS) 100 % NRS diluted 1:20 in 1xPBS
2 % normal goat serum (NGS) 100 % NGS diluted 1:50 in 1xPBS
10 % normal goat serum (NGS) 100 % NGS diluted 1:10 in 1xPBS
5 % low background solution (LBS) 100 % LBS diluted 1:20 in 1xPBS
0.5 % bovine serum albumin (BSA) 0.5g BSA
ad 100 ml 1xPBS
0.1 % Triton X-100 100 % Triton X-100 diluted 1:1000 in 1xPBS
0.5 % Triton X-100 100 % Triton X-100 diluted 1:200 in 1xPBS
1 % Triton X-100 100 % Triton X-100 diluted 1:100 in 1xPBS
Phalloidin-TRITC 5 mg/ml stock in DMSO; for staining dilute to 50
pg/ml with PBS
4.6-diamidino-2-phenylindole (DAPI) 10 mg DAPI
3 ml EtOH

ad 500 ml PBS for 20pg/ml stock

stock dilution 1:10 in 1xPBS for final use
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3.1.5 Materials

Gels/Membranes/Culture Dishes
Amersham Hyperfilm ECL

Cell Culture Dish, @ 100 mm

Cell Culture Flask, 250 ml, 75 cm?
Cell Culture Flask, 50 ml, 25 cm?
Cell Culture Multiwell Plate, 12 Well
Cell Culture Multiwell Plate, 24 Well
@ 13 mm microscope cover glasses
@ 15 mm microscope cover glasses

RunBlue Blot Sandwich nitrocellulose,
90x85mm

RunBlue SDS Gel 4-12 %, 12 well

x-well slide, 2-well on PCA detachable

3.1.6 Media

3.1.6.1 Media for cell culture

Medium

Dulbecco’s modified eagle medium (DMEM)
DMEM GlutaMax-I (4.5 g/l glucose)

Fetal calf serum (FCS)

Heat inactivated horse serum (HS)
Leibovitz's medium (L15)

Minimum essential medium (MEM)

N2 supplement

Growth medium for myelinating neuron/glia
cocultures

Myelination medium for myelinating
neuron/glia cocultures

Supplier

GE Healthcare
Greiner bio-one
Greiner bio-one
Greiner bio-one
Greiner bio-one
Greiner bio-one
Assistent

Assistent
Expedeon, BIOZOL

Expedeon, BIOZOL
Sarsted

Supplier/composition

Gibco

Gibco

Lonza

Gibco Thermo Fisher Scientific
Gibco Thermo Fisher Scientific
Gibco Thermo Fisher Scientific
Invitrogen Thermo Fisher Scientific
2 ml 10 % glucose (0.4 %)

5 ml horse serum (10 %)

0.5 ml pen/strep

ad 42.5 ml MEM

* 2.5 yI NGF (50 ng/ml)

2 ml 10 % glucose (0.4 %)

2.5 ml horse serum (5 %)

0.5 ml N2 supplement

0.5 ml pen/strep

ad 44.5 ml MEM

* 2.5 yl NGF (50 ng/ml) added freshly
* 0,5 uM forskolin added freshly
* 20 pg/ml GGF added freshly
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Myelination medium for myelinating
neuron/glia cocultures with 20mg/ml IVIG/
buffer control

Schwann cell medium

Schwann cell proliferation medium

Schwann cell cryopreservation medium

3.1.6.2 Media for the cultivation of E. coli

Medium
Luria Broth (LB) medium

LB agar

LB with ampicillin

LB with kanamycin

LB agar with ampicillin
LB agar with kanamycin
SOC medium

* 50 pg/ml L-Ascorbic acid added freshly
1 ml 10 % glucose (0.4 %)

1.25 ml horse serum (5 %)

0.25 ml N2 supplement

0.25 ml pen/strep

5 ml IVIG/ buffer control

ad 17.25 ml MEM

*1.25 pyl NGF (50 ng/ml) added freshly
* 0,5 uM forskolin added freshly

* 20 pg/ml GGF added freshly

* 50 pg/ml L-Ascorbic acid added freshly
5 ml L-glutamine

5 ml pen/strep

50 ml FCS

ad 500 ml DMEM

* 2 uM forskolin added freshly
Schwann cell medium

* 2 UM forskolin

*100 pg/ml GGF

4 ml Schwann cell medium

4 mlFCS

2 ml DMSO

Supplier/composition

1.0 % (w/v) bacto trypton
0.5 % (w/v) yeast extract
0.5 % (w/v) NaCl

ad 1000 ml ddH,0

1.5 % (w/v) bactoagar in LB

50 pg/ml ampicillin in LB

50 pg/ml kanamycin in LB

50 pg/ml ampicillin in LB agar
50 pg/ml kanamycin in LB agar

Invitrogen
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3.1.7 Antibiotics

Antibiotic

Ampicillin (stock 50 mg/ml in H20)
Hygromycin B (50mg/ml)
Kanamycin (stock 50 mg/ml in H20)
Penicillin/streptomycine, 5000 U/ml

3.1.8 Molecular weight standards

Standard

MagicMark XP Western Protein Standard
Novex Sharp Pre-stained Protein Standard
Tracklt 1 Kb Plus DNA Ladder

3.1.9 Vectors

Vectors
pcDNA3.1/hyg-citrine

pCMV6-Entry
pCMV6-Entry-cDNA-CD64 (pCD64)

pSUPER
pSUPER-kip2

3.1.10 Kits

Kit

5-Bromo-2'-deoxy-uridine
Labeling and Detection Kit |
Bacis Glial Cell Nucleofector Kit

DC Protein Assay
EndoFree Plasmid Maxi Kit

High-Capacity cDNA Reverse Transcription
Kit with RNase Inhibitor

IL-18 ELISA Kit, Rat
RNase Free DNase Set
RNeasy Mini Kit

Slide-A-Lyzer Dialysis Cassettes,
3.5K MWCO, 0.5-3ml

Slide-A-Lyzer Dialysis Cassettes,
3.5K MWCO, 3-12ml

Supplier

Roche

Invitrogen Thermo Fisher Scientific
Sigma-Aldrich

Gibco Thermo Fisher Scientific

Supplier
Novex Thermo Fisher Scientific
Novex Thermo Fisher Scientific

Invitrogen Thermo Fisher Scientific

Supplier Sequence (Species)

see Heinen et al.,

2008a

OriGene

OriGene 1059 nucleotides Fcgria
cDNA (Rattus norvegicus)

OligoEngine

see Heinen et al.,
2008a

64 nucleotides p57kip2 insert
(Rattus norvegicus)

Supplier
Roche

Lonza
Bio-Rad
QIAGEN

Applied Biosystems Thermo Fisher Scientific

Novex Thermo Fisher Scientific

QIAGEN

QIAGEN

Thermo Scientific Thermo Fisher Scientific

Thermo Scientific Thermo Fisher Scientific
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SuperSignal West Pico
Chemiluminescent Substrate

3.1.11 Technical devices and software

Technical device/software
Axioplan 2 Fluorescence microscope
Axiovision 4.2 software
BioPhotometer

E.A.S.Y. RH transilluminator

EBA 12R table top centrifuge
Eppendorf Centrifuge 5804
GeneAmp® PCR System 9700

GSA rotor

HAT Minitron shaker incubator
Heraeus Hera Safe incubator BBD 6220
ImageJ software

Infinite M200 Pro plate reader

Lonza Nucleofector Il device
NanoDrop 1000 spectral photometer
Nikon Eclipse TE 200 microscope
NIS-Elements AR 3.10 software
Odyssey infrared imaging system scanner
Odyssey software

Power Pac200 Power supply

Primer express software

RC-5B Plus centrifuge

RunBlue Dual Run&Blot Unit
Sonifier Cell Disrubtor B15

Table top centrifuge 5417C
Thermomixer comfort

Veriti Thermal Cycler

3.2 Molecular biological methods

Thermo Scientific Thermo Fisher Scientific

Supplier

Zeiss

Zeiss

Eppendorf

Herolab

Hettich

Eppendorf

Applied Biosystems Thermo Fisher Scientific
Sorvall

Infors HAT

Thermo Fisher Scientific
National Institutes of Health
TECAN

Lonza

Thermo Fisher Scientific
Nikon Instruments Europe BV
Nikon Instruments Europe BV
LI-COR Biosciences

LI-COR Biosciences

BioRad

Applied Biosystems Thermo Fisher Scientific
Sorvall

Expedeon, BIOZOL

Branson

Eppendorf

Eppendorf

Applied Biosystems Thermo Fisher Scientific

3.21 Transformation of plasmids into E. coli

Transformation was performed using One Shot® TOP10 E. coli strain (Invitrogen). The

chemically competent cells were transformed with plasmid desoxyribonucleic acid (DNA)

according to the specifications of the supplier with slight changes in the used volumes. 25 ul
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of the competent cells were thawed on ice and mixed with maximum 100 ng plasmid DNA
(= 1/10 of the total reaction volume). Cells were incubated on ice for 30 min and after that
heat shock was performed for 30 sec at 42°C. 125 yl pre-warmed SOC medium were added
to the cells and then incubated for 1 hour (h) at 225 rounds per minute (rpm) in a shaking
incubator. 10 ul of each cell suspension were plated on pre-warmed Luria-Bertani (LB) agar
plates and these were incubated inverted at 37°C overnight. Selection was performed by

adding the corresponding antibiotics to the LB agar medium prior plate preparation.

3.2.2 Glycerol stocks

Transformed bacteria can be stored by generating glycerol stocks. Single bacterial colony
was picked from the LB plate of the transformed bacteria and incubated at 37°C for 6-8 h in
3 ml LB medium with the corresponding antibiotics. Alternatively, bacteria enriched LB
medium can be taken directly from the overnight culture before the plasmid maxi preparation
(see 3.2.3.2). 500 pl of bacteria enriched LB medium was mixed with 500 pl of 50 % glycerol
solution (v/v) (prepared with Ampuva H,O, sterile filtered) and then immediately frozen on dry

ice. Transformed bacteria were stored at -80°C.

3.2.3 Isolation of nucleic acids

3.2.3.1 Bacterial culture preparation for plasmid DNA isolation

Following plasmid transformation, single colonies were picked with a sterile toothpick and
transferred into a 14 ml polypropylene round bottom falcon tube (Becton Dickinson) filled with
3 ml LB medium containing antibiotics dependent on the encoded plasmid resistance.
Incubation was performed for 6-8 h in a shaking incubator at 37°C and 225 rpm. After
incubation, 200 ul of the bacteria enriched LB medium was transferred to 200 ml fresh
LB medium (with antibiotics) for overnight culture. Incubation was performed for 14-16 h in a
shaking incubator at 37°C and 225 rpm. Following incubation, glycerol stocks were prepared
(see 3.2.2). Otherwise the bacteria enriched medium was centrifuged in 200 ml plastic tubes
at 6000xg and 4°C for 15 min in a GSA rotor (Sorvall).

3.2.3.2 Isolation of plasmid DNA

For isolation of endotoxin free plasmid DNA the EndoFree Plasmid Maxi Kit (QIAGEN) was
used). All steps for plasmid DNA isolation were performed according to the protocol of the
supplier. Plasmid DNA was dissolved in 200-500 pl (depending on the pellet size) nuclease-

free water (H,O). DNA concentration was adjusted to 1 ug/ul, aliquoted and stored at -20°C.
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3.2.3.3 Restriction digestion of plasmid DNA

Restriction enzyme digestion was performed in order to identify if the correct plasmid DNA
was isolated or if the plasmid contains a specific insert sequence. The reaction was

performed as follows, according to the manufacturer’s protocol (Fermentas FastDigest):

Components Reaction volume (total 20 pl)
plasmid DNA x pl (1 pg)

FastDigest enzyme 1.0 yl (1-5 units per pg plasmid DNA)
10x FastDigest green buffer 2 ul

Nuclease free H,O ad 20 ul

3.2.3.4 Agarose gel electrophoresis

Following restriction digestion the fragmented plasmid DNA was analysed by agarose gel
electrophoresis. 1-2 % (w/v) agarose gels were prepared depending on the size of the
designated fragments to be separated. Agarose (Sigma-Aldrich) was weight and the
corresponding volume 1x Tris-acetate-EDTA buffer (TAE) was added to the powder. The
solution was brought to boil in a microwave oven in order to dissolve the agarose. After
cooling down to 60°C, 5 ul ethidium bromide or Roti-GelStain (Carl ROTH) were added per
100 ml agarose solution. The agarose solution was led to polymerize in a gel rack and then
transferred into a tank filled with 1x TAE buffer. Each sample was mixed with 10x BlueJuice
gel loading buffer (1x final concentration; Invitrogen) and 8-10 pl Tracklt 1 Kb Plus DNA
ladder (Invitrogen) was applied for each gel. Electrophoresis was performed at 100-120 volts
(V) for approximately 30-60 min. The separated DNA fragments were detected using a ultra

violet (UV) transilluminator (Herolab) and documented using a CSC camera.

3.2.3.5 Preparation of total RNA™

Prior cell lysis, the Schwann cells were washed three times with Dulbecco’s phosphate
buffered saline (PBS; Sigma-Aldrich). 350 ul RLT lysis buffer (QIAGEN) was supplemented
with 0.1 M B-mercaptoethanol (dilution 1:100) and added to the cells. Cells debris were
scraped, and used immediately or frozen on dry ice and then stored at -20°C. Total RNA
(ribonucleic acid) from cultured rat Schwann cells was isolated using the RNeasy Mini Kit
(QIAGEN). All steps were performed according to the protocol of the supplier. After the first
step of washing with 350 yl RW1 buffer (QIAGEN) an additional step was added to avoid
contamination with genomic DNA. On each spin column 80 ul deoxyribonuclease (DNAse)

solution was added, contained 10 yl DNAse (prepared from RNase Free DNase Set;

19 for authorship notice please refer to chapter 9.2
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QIAGEN) and 70 pl RDD buffer (QIAGEN) and incubated for 15 min at room temperature
(RT). Then the protocol was preceded with the second washing step with RW1 buffer. RNA
Elution was done by adding 31 pl ribonuclease (RNase) free H,O (QIAGEN) to the center of
each column and incubating for 5 min at RT. Finally, the columns were spun down at

10.000 rpm for 2 min. RNA was stored at -20°C on a short-term and -80°C for a long-term.

3.2.3.6 Determination of nucleic acid concentration

Concentration determination of total RNA and plasmid DNA was performed by
NanoDrop 1000 spectral photometer (Thermo Scientific). Measurements were done using
1 ul of undiluted nucleic acid samples. RNase free H,O was used as reference. Plasmid DNA

concentration was adjusted to 1 ug/ul for transfection purpose with nuclease-free H,O.

3.2.4 Reverse transcription of total RNA"

The isolated RNA (see 3.2.3.5) was reverse transcribed using the High-Capacity cDNA
Reverse Transcription Kit with RNase Inhibitor (Applied Biosystems) according to the
specifications of the supplier. For each reverse transcription, maximal 250 ng of total RNA
were used in a 30 pl total reaction volume. Reverse transcription was then performed in
Veriti Thermal Cycler (Applied Biosystems) by applying the following steps: Step 1 for 10 min
at 25°C, Step 2 for 120 min at 37°C, Step 3 for 5 sec at 85°C, Step 4 for process termination
at 4°C. Finally, copy DNA (cDNA) was diluted to a total volume of 200 pl for quantitative real-

time polymerase chain reaction (PCR) purposes.

Components Reaction volume (total 30 pl)
10x RT buffer 3.0 ul

10x RT random primers 3.0 ul

25x dNTP mix (100 mM) 1.2 ul

RNase inhibitor 1.5yl

MultiScribe reverse transcriptase, 50 U/ul 1.5 ul

250 ng total RNA X pl

RNase free H20 ad 30 ul

3.2.5 Quantitative real time PCR (QRT-PCR)"

Prior to the quantification, RNA was reverse transcribed into cDNA (see 3.2.4). Real time

PCR amplification and quantification was performed using the Power Sybr Green Mastermix

" for authorship notice please refer to chapter 9.2
12 for authorship notice please refer to chapter 9.2
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(Applied Biosystems) according to the manufacturer’s protocol with each primer at a final
concentration of 0.30 pmol on GeneAmp PCR System 9700 (Applied Biosystems). The
default two-step amplification profile used was 45 cycles of 15 seconds at 95°C and 1 minute
at 60°C. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and ornithine
decarboxylase (ODC) were used as endogenous reference genes and relative gene
expression levels were determined according to the AACt method (Applied Biosystems).

Each cDNA sample was measured in duplicates.

Components Reaction volume (total 30 pl)
cDNA sample 5.0 pl

SybrGreen Mix 15.0 ul

forward primer 1.8 ul

reverse primer 1.8 ul

LiChrosolv H,O 6.4 pl

The oligonucleotide sequences, used as gRT-PCR amplification primers, were designed
using PrimerExpress 2.0 software (Applied Biosystems). Synthetic oligonucleotides were
manufactured by MWG Biotech and delivered in a lyophilized state. 100 pmol stock solutions
were prepared by dissolving the oligonucleotides in LiChrosolv H,O (Merck) according to
datasheet information, provided by MWG Biotech. For the qRT-PCR reaction working stock
solutions of 5 pmol were used (1:20 dilution of the 100 pmol stock solution in LiChrosolv

H,0). Following primers were applied in the gRT-PCR:

Primer name Forward sequence Reverse sequence

CD16/Fcgr3a_1 CCATGC AGA CTG GCT ATT GCT GGG TCC CCC TCC TGG AA

CD16/Fcgr3a_2 CGACGTCTCCCTCCAGCTT AGA GTC CTA TCA GCA GGC AGA AA

CD32a/Fcgr2a_1 AGC ATA CAG CTG GCC AGG AT AGA TGG AGT AGC TAA CAT TAT
AAG GAT GA

CD32b/Fcgrzb_1 GCT GAG AAA AAT GAG GTG GAGAA CCG GAGCTTCAGGATGCTT
CD64/Fcgria_1 TGG ATC ATACTG GTGCGAGGTA  TTG GTGCTG CGC TTAAGG A
CD64/Fcgria_2 GGG AGT CTGGTCATCCTGAACT  AAAGCC GTAAGC CAG GACTCT

Syk_1 GGA GAG CAATTT TGT GCA CAG A CGT AGT GCT GGG TGA CCA GAA
Syk_2 GTG CGC ATGATC GGAATCT GCC ATC TCC ATC ACC AGC AT
PO/Mpz ACC TTC AAG GAG CGC ATCC GCC ATC CTT CCA GCT AGG GT
MBP CAA TGG ACC CGA CAG GAAAC TGG CAT CTCCAG CGTGTTC

Prx CGCCCGTGTGTTCTTTGAG AGG GCT CGG CAC ATT GC
Pmp22 GCG GAACAC TTG ACC CTG AA TCATTT AAA CAT GTG GCC CCA
Pmp2 TGC AGA AGT GGG ATG GTAAAGA  TCCACTACCATTTTCCCATCCA
Plp1 CTT TGG AGC GGG TGT GTC AT TGT CGG GAT GTC CTA GCC AT
Cx32 CCT CCG GCATCT GCATTATC AGG CCC GGATGATGA GGT A
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Mag CGC CTT TGC CAT CCT GAT T TGT GACGTTCTT TTT TCT TCT TGT
Sox10 GCA GGC TGG ACACTA AAC CC g'rI'G CGA GGC AAA GGT AGA CTG
Krox20/Egr2 TTTTTC CAT CTC CGT GCC A GAACGG CTTTCG ATCAGG G

Oct6 GGC ACC CTC TAC GGT AATGTG T TTG AGC AGC GGT TTGAGC T
p57kip2 CAG GAC GAG AAT CAGGAGCTGA TTGGCGAAGAAGTCGTTCG
Tyrp1_1 CTT CGT CAG GGC CTT GGA GCA ATG ACA AAT TGA GGG TGA GT
Tyrp1_2 GGC TCA GTT TCC ACG AGA ATG GGG VAACACACCCCACTTC
Olig1_1 ATG CAG GACCTGAAC TTG GC GGG TAG GAT AAC TTC GCG CAG
Olig1_2 ACATCAAGG GTGTTGCCGA GAC ACCGGACTCTGGGCTT

IL-18 TGT GTT CGA GGA CAT GCC TG GTC TGG GATTCG TTG GCT GT

Mcp-1 ATG ATC CCAATG AGT CGG CT CCT GCT GCT GGT GAT TCT CTT
GAPDH GAA CGG GAAGCT CACTGGC GCA TGT CAG ATC CAC AAC GG
OoDC GGT TCC AGA GGC CAAACATC GTT GCC ACATTG ACC GTG AC

3.2.6 SDS gel electrophoresis and Western blot analysis™

3.2.6.1 Isolation of soluble proteins

For the purpose of soluble protein isolation 2.5x10° - 3x10° Schwann cell were seeded on
one @ (diameter) 100 mm dish. Non-differentiating Schwann cells were stimulated for 1 day
with IVIG/buffer control treated, whereas differentiating (p57kip2 suppressed and control
transfected) cells were stimulated for 7 days IVIG/buffer control. Per each condition,
5.10° cells (two @ 100 mm dishes) were used. When treatment was terminated, cells were
washed three times with PBS and each dish was incubated with 2 ml 0.05 % trypsin (Gibco)
at 37°C for maximal 3 min. The reaction was stopped with 10 ml Schwann cell medium per
dish, cells were scraped gently, collected in 30 ml tubes and centrifuged at 1500 rpm, at RT
for 5 min. The harvested pellets were washed three times with PBS (once with 20 ml PBS,
then two times with 10 ml PBS) by centrifugation at 1500 rpm, at 4°C for 5 min, and were
either used directly or frozen on dry ice and then stored at -80°C for further analysis.

Harvested cell pellets were lysed on ice with 1x RIPA buffer for 5-10 min (Cell Signaling
Technology) according to the specifications of the manufacturer. Prior use, RIPA buffer was
supplemented with 1x Halt protease and 1x Halt phosphatase inhibitor cocktails, with
addition of 1x Ethylenediaminetetraacetic acid (EDTA) (all Thermo Scientific). Whole cell
lysates were subjected to two sonification cycles of once 10 sec and once 15 sec, while
stored on ice for 1-2 min between cycles; sonifyer settings: cycle at 5x (10 %), power at
50 %. Lysates were then centrifuged at 14.000xg, 4°C for 10 min to obtain the soluble

protein fraction. Samples were either frozen on dry ice (then stored at -80°C), or used directly

'3 for authorship notice please refer to chapter 9.2

54



MATERIALS AND METHODS

for further analysis. Protein concentrations were determined using the DC Protein Assay
(Bio-Rad) following the guidelines for microplate assay protocol according to the
manufacturer’s protocol. Prior concentration determination, the protein samples were diluted
1:5 with supplemented RIPA buffer. After 15 min incubation, the protein concentration was
measured on an Infinite M200 Pro plate reader (TECAN) at 750 nm.

3.2.6.2 SDS PAGE

For the purpose of SDS PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis)
analysis, protein samples were mixed with 1x NUPAGE LDS Sample Buffer (Novex) and 1x
NuPAGE Sample Reducing Agent (Novex). Protein lysates were heated at 90°C for 5 min.
The following protein standards were used once per each gel: 3.5 pyl MagicMark XP Western
Protein Standard and 8 yl Novex Sharp Pre-stained Protein Standard (all Novex). Samples
(20-30 pg protein per lane) were subjected to standard SDS PAGE using 4-12 % RunBlue
SDS gel (Expedeon). The gels run was performed on a RunBlue Dual Run&Blot unit
(Expedeon) in 1x RunBlue RAPID SDS run buffer (Expedeon) at 50-60 milliampere (mA) per
gel starting current, and 45 mA/gel ending current, for 70-90 min using Power Pac200 Power

supply (BioRad).
3.2.6.3 Western blot

SDS PAGE separated proteins were transferred onto RunBlue Blot Sandwich nitrocellulose
membranes (Expedeon) by electroblotting using 1x RunBlue TGS Blot buffer (Expedeon)
with 20 % methanol (Merck) at 200 V for 1 h in the RunBlue Dual Run&Blot unit. To verify
successful protein transfer and note the position of the marker, the nitrocellulose membrane
was stained for 1-2 min in Ponceau S staining solution (Sigma-Aldrich) and destained first in
double-distilled water (ddH,O) and then in 1x Tris buffered saline (TBS). Membranes were
blocked with 1-2 % milk powder (Carl ROTH) in TBS or Starting block (in PBS; Thermo
Scientific) for 1h at RT, depending on the used antibody. After the blocking procedure
membranes were incubated with primary antibodies overnight at 4°C by slightly shaking.
Upon primary antibody incubation, the membranes were washed four times with TBS with
0.05 % Tween (TBST) for 5 min by slightly shaking. Incubation with secondary antibodies
was performed for 2 h at RT, in the dark, by slightly shaking. As antibody diluent the
corresponding blocking buffers in TBST for milk powder, or PBS with 0.05 % Tween (PBST)

for Starting block were prepared. Following primary and secondary antibodies were used:
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Antibody Supplier Dilution
goat anti-CD64 R&D Systems 1:1000
rabbit anti-CD64 BIOSS 1:500
mouse anti-DDK/Flag tag OriGene 1:1000
rabbit anti-Syk Cell Signaling Technology 1:500
mouse anti-P0 (Archelos et al., 1993), kindly  1:500
provided by Dr. M. Stettner
rabbit anti-MBP Millipore 1:500
rabbit anti-p38MAPK Cell Signaling Technology 1:1000
rabbit anti-phospho-p38MAPK Cell Signaling Technology 1:400
rabbit ant-PTEN Cell Signaling Technology 1:2000
rabbit anti-phospho-PTEN Cell Signaling Technology 1:1000
rabbit anti-Akt Cell Signaling Technology 1:4000
rabbit anti-phospho-Akt Cell Signaling Technology 1:500
rabbit anti-cJun Cell Signaling Technology 1:1000
rabbit anti-phospho-cJun Cell Signaling Technology 1:500
mouse anti-actin Becton-Dickinson 1:1000
mouse anti-GAPDH Millipore 1:1000 Odyssey
detection
mouse anti-GAPDH Millipore 1:4000 HRP
detection
goat anti-rabbit IgG, HRP-linked Cell Signaling Technology 1:2000
peroxidase horse anti-mouse 1gG VECTOR Laboratories 1:5000
peroxidase horse anti-goat 1IgG VECTOR Laboratories 1:2000
IRDye 800CW donkey anti-mouse 1gG LI-COR Biosciences 1:15000
IRDye 800CW goat anti-rabbit IgG LI-COR Biosciences 1:10000

3.2.6.4 Signal detection

After incubation with secondary antibodies, membranes were washed four times with TBST
for 5 min by slightly shaking. Membranes were kept in the dark the whole time. Visualization
of signals using IRDye 800CW secondary antibodies was done on an Odyssey infrared
imaging system scanner (all LI-COR Biosciences). For visualization of signals using
peroxidase-labeled (VECTOR Laboratories) or horse-radish-peroxidase (HRP)-linked
antibodies (Cell Signaling Technology) secondary antibodies, nitrocellulose membranes were
incubated for 5 min with SuperSignal West Pico Chemiluminescent Substrate (Thermo
Scientific) according to the manufacturer’s protocol. Membranes were then exposed to
Amersham Hyperfim ECL (GE Healthcare) to detect the HRP signal. Protein band
quantifications were performed using the Odyssey software. The intensity for each band was

determined and normalized to the intensity of the GAPDH band of the corresponding probe.
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3.2.7 GeneChip Array analysis

In order to identify further transcriptional changes induced by IVIG treatment in rat Schwann
cells a GeneChip Array analysis was performed on differentiation competent (p57kip2
suppressed) and control transfected (pSUPER transfected) cells, which have been
stimulated by IVIG or buffer control for 7 days (see 3.3.5). Each experiment used for the
array analysis comprised four samples: pSUPER transfected Schwann cells stimulated with
buffer control; pSUPER transfected Schwann cells stimulated with IVIG; p57kip2 suppressed
Schwann cells stimulated with buffer control; p57kip2 suppressed Schwann cells stimulated
with IVIG. Total RNA samples from four independent experiments were adjusted to a
concentration of 50 ng/ul. In total, 550 ng RNA per sample were sent for analysis. Gene
expression analysis with all 16 rat RNA samples was performed by Miltenyi Biotec using one
color Agilent Whole Rat Genome Oligo Microarrays (Agilent Technologies) according to the
manufacturer’s protocol. Ratio building, data pre-processing, statistical analysis, and
functional discriminatory gene analysis (DGA) was done by Miltenyi Biotec. Statistical
analysis was carried out via Student’s t-test. Multiple testing correction was performed by the
method of Benjamini and Hochberg (Benjamini, 1995). The threshold to which genes were
considered significantly regulated were higher than 2.0 (fold-change) and smaller than 0.01

(p-values).

3.3 Cell culture methods™

3.3.1 Coating of flasks and cell culture dishes

For cultivation of Schwann cell on culture flasks, dishes and multiwall plates surface coating
was performed with 0.1 mg/ml sterile filtered poly-D-lysine solution (PDL; Sigma-Aldrich) in
PBS over night at 4°C. Plastic surfaces were then washed three times with PBS before cell
plating. For staining analysis of Schwann cells, @ 15 mm microscope cover glasses
(Assistant) in a 12 well cell culture multiwell plate (Greiner bio-one) were coated with
0.1 mg/ml PDL and incubated over night at 4°C. Microscope cover glasses were then
washed three times with PBS before cell plating.

DRG explants were cultivated as follows: two pieces of DRG explants were seeded on
1 mg/ml PDL coated @ 13 mm microscope cover glasses in a 24 well cell culture multiwell
plate (Greiner bio-one). After 24 h the plates were washed three times with PBS and then
each cover glass was coated with 500 ul laminin (end concentration 13 pg/ml in PBS).

Laminin coating was let to dry under sterile laminar flow for 24 h at RT.

" for authorship notice please refer to chapter 9.2
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Myelinating neuron/glia dissociation cocultures were cultivated on 2-well cell culture slides
(Sarstedt). These were coated with collagen, 1:7 diluted with 0.02 N acetic acid, and let to

dry for 30 min at RT under sterile laminar flow.

3.3.2 Immunoglobulin preparations

3.3.2.1 Immunoglobulin specifications

Gammagard Liquid [Immune Globulin Intravenous (Human)] 10 % containing 100 mg/ml
protein lot LE12J270AB (Baxter Healthcare Corporation) was used in the majority of the
experiments. Of note, two further IVIG lots (IVIG2: LE12L068AB and IVIG3: LE12L341AA, all
Baxter Healthcare Corporation) were tested and showed similar results in binding assays
and functional analyses. In all experiments, IVIG lot LE12J270AB were used at a final
concentration of 20 mg/ml protein in Schwann cell medium. IVIG2 lot LE12L068AB and
IVIG3 lot LE12L341AA were used at final concentrations of 10 mg/ml or 5 mg/ml protein in
Schwann cell medium. Gammagard Liquid formulation buffer (0.25 M glycine, pH 4.5) was
included as a control and used in the same dilutions as the corresponding IVIG preparations.
F(ab'), fragments (Fragment, antigen-binding, including hinge region/both arms) were
generated by Baxter Healthcare Corporation from Gammagard Liquid (lot LE12L341AA) as
follows: IVIG3 was incubated with pepsin (Sigma-Aldrich) at pH 4 and 37°C under pyrogenic-
free conditions. The reaction was halted by changing to pH 7, then the F(ab'), fragments
were purified using size exclusion chromatography, filtered and adjusted to a final
concentration of 31 mg/ml in 0.25 M glycine buffer, pH 4.5. The resulting F(ab'), fraction
revealed an endotoxin concentration of 0.436 EU/ml and 2.3 % of Fc binding in comparison
to IVIG was determined. Purified F(ab'), fragments were applied at a final equimolar
concentration of 3.65 mg/ml F(ab'),, corresponding to 5 mg/ml IVIG3. The low molar
concentration was used to prevent aggregate formation. The following human monoclonal
antibodies were used as IgG1 controls: Avastin (Roche Pharma), Herceptin (Roche Pharma)
and Synagis (Abbott SRL) all at final concentrations of 20 mg/ml. All above mentioned

immunoglobulin preparations were kindly provided by Baxter Healthcare Corporation.

3.3.2.2 Dialysis of immunoglobulins

Prior to cell culture application all immunoglobulin preparations (IVIG, F(ab'),, IgG1), as well
as the corresponding control buffer, were dialysed over night at 4°C to 200x-500x volume of
non-supplemented DMEM using Slide-A-Lyzer Dialysis Cassette 3.5 K MWCO (molecular
weight cut-off 3.5 K; Thermo Scientific) according to the manufacturer’'s protocol. Dialysis
was performed for 24 h altogether with one medium exchanged with fresh non-supplemented

DMEM after the first 6 h. Dialysis was done in order to balance minor effects, which resulted
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from the IVIG formulation buffer. All immunoglobulin preparations were stored at 4°C post
dialysis and used for cell culture applications shortly after. If longer storage was required, it
did not exceed 2 weeks. Of note, the distribution of IgG monomers, dimers, and oligomers
was analyzed in IVIG preparations before and after dialysis by size exclusion
chromatography (SEC-HPLC). The SEC-HPLC analysis was performed by Baxter
Healthcare Corporation. An average of 89.35 +1.16 % monomers, 10.53 £1.14 % dimers and
0.12 +0.02 % oligomers was found, which changed to 87.32 +1.97 % monomers, 12.78
11.66 % dimers and 0.15 +£0.05 % oligomers after dialysis and subsequent storage of IVIG in
cell culture media for one to seven weeks. However, a number of initial experiments were
performed with non-dialysed IVIG and revealed them to be as effective as dialysed ones

regarding proliferation, gene expression, and morphological maturation.

3.3.2.3 Cell culture application

For the purpose of IVIG (all lots), IgG1 controls and buffer control binding studies, 120.000
Schwann cells per condition were seeded on @ 15 mm 0.1 mg/ml PDL coated microscope
cover glasses in a 12 well cell culture multiwell plate in Schwann cell medium. One day after
plating, Schwann cells were decorated with IVIG and control buffer for 24 h in culture.
Decoration of Schwann cells with purified F(ab'), fragments was performed for 4 h. Cells
were then fixed with 4 % paraformaldehyde (PFA; Merck) and subjected to immunostaining
(see 3.3.9).

Short-term gene expression analysis of non-differentiating Schwann cells was done on
100.000-150.000 cells (per condition) seeded on 0.1 mg/ml PDL coated 12 well cell culture
multiwell plates. Stimulation with IVIG (all lots), IgG1 controls and buffer control was
performed one day after cell plating for a period of 1 and 3 days. Stimulation of Schwann
cells with purified F(ab'), fragments was performed for 1 day only. For protein expression
analysis, 2x10® Schwann cells per condition were seeded on @ 100 mm dishes. 24 h after
cell plating, IVIG/buffer control stimulation was undertaken for 1 day.

Long-term [VIG/buffer control treatment was performed on differentiating competent
Schwann cells transfected with p57kip2 suppression and control vectors (see 3.3.5). For
gene and protein expression analysis, 2.5x10° or 5x10° transfected cells, respectively, were
seeded per condition on g 100 mm dishes. For staining analysis approximately 150.000-
200.000 transfected cells per condition were seeded on @ 15 mm microscope cover glasses
in 12 well cell culture multiwell plates. Cells were subjected to 7 days IVIG/buffer control
treatment in Schwann cell medium with 50 ug/ml hygromycin B (Invitrogen); while IVIG/buffer
control stimulation was initiated 2 days post transfection. Medium was exchanged at day 4

after treatment and consisted of Schwann cell medium with [VIG/buffer control,
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supplemented with 50 pg/ml hygromycin B. All further IVIG/buffer control cell culture

applications have been described in the corresponding chapters.

3.3.3 Preparation of primary rat Schwann cells

Primary rat Schwann cells were dissected from sciatic nerves of PO Wistar rats according to
the protocol of (Brockes et al., 1979). Nerves were cut into small pieces, transferred into a
50 ml tube containing DMEM medium and centrifuged at 2000 rpm for 5 min (Eppendorf
Centrifuge 5804). Cell pellets were digested with 0.05 % trypsin and 0.6 % collagenase
(Sigma-Aldrich) mix for 60 min at 37°C and the reaction was stopped with Schwann cell
medium. The cell suspension was centrifuged at 1500 rpm for 5 min and cell pellets were
carefully resuspended in Schwann cell medium, followed filtration through a 60 um filter. The
cell filtrate was filled up with Schwann cell medium and centrifuged in a 50 ml tube at
1500 rpm for 5 min. Cell pellets were again resuspended in Schwann cell medium and were
then transferred into an uncoated 25 cm? cell culture flask (T25 flask; Greiner bio-one) in 5 ml
total medium volume. After 24 h incubation at 37°C, 98 % humidity and 10 % CO,, 10 uM
arabinosyl cytosine (AraC) was added to the culture medium and treatment was performed
for 7 days, with medium exchange every second day. After 7 days, complement lysis was
performed to eliminate fibroblasts. Schwann cells were detached from the T25 flask using
3 ml 0.05 trypsin at 37°C. The reaction was stopped by adding 8 ml Schwann cell medium
and cells were then centrifuged at 1800 rpm for 5 min. Cell pellet was resuspended in 2 ml
baby rabbit complement (BIOZOL) supplemented with mouse anti-THY1 antibodies
(AbD Serotech) and was then incubated for 20 min at 37°C. Complement lysis was stopped
by addition of 7 ml Schwann cell medium and cells were then centrifuged at 1800 rpm for
5 min. Cells pellets were resuspended in 5ml Schwann cell proliferation medium and
transferred into a PDL coated T25 flask. Medium was exchanged every second day with
proliferation medium. After reaching confluence, an additional complement lysis was
performed and cells were then transferred into a PDL coated 75 cm? cell culture flask (T75
flask; Greiner bio-one) with 20 ml total volume of proliferation medium. Cells were further
propagated and distributed into four and later into eight PDL coated T75 flasks.

Schwann cells were then prepared for cryopreservation. Confluent cells were detached from
the T75 flask by applying 4 ml prewarmed (37°C) 0.05 % trypsin for 2 min at 37°C. The
reaction was stopped by addition of 20 ml Schwann cell medium and cells were centrifuged
at 1500 rpm for 5 min. Cell pellets were resuspended in 500 yl Schwann cell medium and
then carefully mixed with 500 pl Schwann cell cryopreservation medium. Cells were
immediately frozen at -80°C and 24 h after freezing cells were transferred to and stored in

liquid nitrogen.
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3.3.4 Culturing of primary rat Schwann cells

For cultivation, primary rat Schwann cells (see chapter 3.3.3) were thawed, transferred into
50 ml Schwann cell medium and centrifuged at 1500 rpm for 5 min. Cell pellets were
resuspended in 20 ml Schwann cell medium, freshly supplemented with 2 uM forskolin
(Sigma-Aldrich). Cell cultivation was performed on PDL coated T75 culture flask at 37°C,
98 % humidity and 10 % CO,. Medium was exchanged every second day with Schwann cell
medium, freshly supplemented with 2 uM forskolin. Cell propagation was performed as
follows: cells were washed three times with PBS, then treated with 4 ml prewarmed (37°C)
0.05 % trypsin and incubated at 37°C for 2 min. Trypsin reaction was stopped by addition of
20 ml Schwann cell medium and centrifugation at 1500 rpm for 5 min. Cell pellets were
resuspended in 3 ml Schwann cell medium with 2 yM forskolin. The cells suspension was
splitted into three PDL coated T75 culture flasks containing 20 ml Schwann cell medium with

forskolin.

3.3.5 Transfection procedures

Transfections procedures were carried out by vector-based RNA interference (p57kip2 gene
suppression) or vector-based cDNA expression (CD64/Fcgria overexpression) using the
Bacis Glial Cell Nucleofector Kit (Lonza). Prior transfection the PDL coated @ 100 mm dishes
were washed three times with PBS and 10 ml Schwann cell medium was added to each dish
followed by medium equilibration at 37°C, 98 % humidity and 10 % CO,. For the purpose of
transfection, Schwann cells were collected by trypsinisation, counted and 5x10° cells were
distributed in separate tubes to be used per single transfection. The cells were centrifuged at
1200 rpm for 7 min and the supernatant was discarded. Cell pellets were then mixed with
100 ul nucleofector solution (Lonza) and 10 ug plasmid DNA. Cells were cotransfected with a
vector of interest and pcDNAS3.1/hyg-citrine vector in a 9:1 ratio. The plasmid combinations

are listed below:

1 ug pcDNAS3.1/hyg-citrine + 9 ug pSUPER (control vector)

1 ug pcDNAS3.1/hyg-citrine + 9 uyg pSUPER-kip2 (p57kip2 gene suppression vector)
0.5 ug pcDNA3.1/hyg-citrine + 4.5 ug pCMV-6-Enrty (control vector)

0.5 ug pcDNA3.1/hyg-citrine + 4.5 ug pCMV6-Entry-cDNA-CD64 (CD64/Fcgria

overexpression vector)
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The pcDNA3.1/hyg-citrine vector was used for cotransfection as it allows the selection of the
transfected cells with hygromycin B and their identification via citrine (green fluorescent
protein) expression. The DNA-cell mixture was then subjected to nucleofection using Lonza
Nucleofector Il device (Lonza). Prewarmed Schwann cell medium (1 ml) was added to the
transfected cells and after that the cell suspension was distributed equally to two @ 100 mm
dishes (500 pl or 2.5x10° cells per dish). Cells were incubated at 37°C, 98 % humidity and
10 % CO.,. For all conditions, Schwann cell medium was exchanged by selection medium
with hygromycin B (final concentration 50 ug/ml) 24 h after transfection.

For cells transfected with pSUPER-kip2 and control vectors the second medium exchange
with selection medium containing [VIG/buffer control was undertaken 2 days after
transfection. Next medium exchange (selection medium with [VIG/buffer control) was
performed 6 days after transfection (4 days IVIG/buffer control stimulation). Cells were
harvested or stained for further investigations at day 9 after transfection (7 days IVIG/buffer
control stimulation).

The second medium exchanged for Schwann cells transfected with pCMV6-Entry-cDNA-
CD64 overexpressing and control vectors was performed on the second and the fourth day
after transfection with selection medium. Cells were harvested or stained for further

investigations at 5 days after transfection.

3.3.6 Culturing of mouse myelinating neuron/glia dissociation cocultures

Mouse DRG cultures were prepared from embryonic day 15 (E15) C57BL6 mouse embryos
according to the protocol described in (Paivalainen et al., 2008). All embryos were separated
from the mouse uterus and stored in Leibovitz’'s medium (L15 medium; Gibco) on ice during
the dissection procedure. DRGs of six embryos (approximately 15 DRGs per embryo) were
collected as explants in 2 separate 30 ml tubes filled with L15 medium and then centrifuged
at 1500 rpm for 5 min. DRG tissue dissociation was performed in 0.05 % trypsin and 0.05 %
collagenase for 20 min at 37°C. Dissociated DRGs were resuspended in 40 ug/ml
Deoxyribonuclease | (DNase; Sigma-Aldrich) diluted in L15 medium, and the digestion was
stopped with L15 medium containing 10 % heat inactivated horse serum (HS; Gibco). The
cell suspension was centrifuged at 190xg for 5 min and then washed two times by further
centrifugation (5 min, 190xg) and resuspension in 10 ml of L15 medium containing 10 % HS.
For each condition approximately 500.000 cells were seeded onto one collagen (Becton-
Dickinson) coated 2-well cell culture slide and incubated in growth medium at 37°C, 98 %
humidity 10 % CO, for four to five days. Myelination was induced by changing to myelination
medium supplemented with dialysed IVIG/buffer control. Treatment was performed for 7 days

with one medium exchange at day 3 with myelination medium supplemented with 1VIG/buffer
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control. Cocultures were fixed at day 7 with 4 % PFA and stained against MBP and {3-tubulin
(TUJ1). MBP positive internodes were counted in both conditions and the average number

was determined.

3.3.7 Culturing of rat dorsal root ganglion (DRG) explant cultures

DRGs were dissected from three E17/E18 Wistar rat embryos (around 15 DRGs per embryo)
and stored in 0.6 % sucrose in PBS on ice. Each dissected DRG was cut into 2 to 4 explants
and plated on PDL and laminin coated microscope cover glasses (see 3.3.1). Two DRG
explants were then positioned carefully onto one cover glass with the help of a needle in the
corresponding medium. Explants were cultured for 24 h as follows: (a) non-conditioned
Schwann cell medium alone or supplemented with different concentrations of recombinant
rat interleukin-18 (10 ng/ml, 25 ng/ml and 50 ng/ml rrlL-18; R&D Systems); (b) Schwann cell
conditioned medium alone or of Schwann cells treated with 10 ng/ml, 25 ng/ml or 50 ng/ml
rrIL-18 for 3 days; (c) conditioned medium of Schwann cells treated with either buffer control
or IVIG preparations for 3 days. DRG explants were incubated at 37°C, 98 % humidity and
10 % CO..

After 24 h cell fixation was performed in culture medium, without washing: 600 ul 8 % PFA
were added to 600 pl cell culture medium very carefully and incubated for 10 min at RT.
DRG explants were then washed three times in PBS. Axons were visualized using
neurofilament immunofluorescence staining. For quantification of axon outgrowth,
microimages were taken (AxioVision software; Zeiss) and axonal length was measured from
the borders of the inner DRG core to the maximal axon spread using ImagedJ software
(National Institutes of Health). Statistical analysis was performed by applying a student
Student’s t-test.

3.3.8 Preparation of Schwann cell conditioned medium

10° Schwann cells were seeded onto @ 100 mm dishes per condition in Schwann cell
medium. After 4 h the medium was exchanged as follows for experiments with rriL-18
Schwann cell conditioned medium: untreated cells + Schwann cell medium (control cells);
untreated cells + Schwann cell medium supplemented with 10 ng/ml rrIL-18; untreated cells
+ Schwann cell medium supplemented with 25 ng/ml rrlL-18; untreated cells + Schwann cell
medium supplemented with 50 ng/ml rrlL-18. For experiments with IVIG/buffer control
Schwann cell conditioned medium: untreated cells + Schwann cell medium supplemented
with IVIG; untreated cells + Schwann cell medium supplemented with buffer control.

Schwann cells were incubated in these media for 3 days. After that the Schwann cell
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conditioned medium was removed from the dishes and used directly for cultivating of rat

DRG explant cultures (see 3.3.7).

3.3.9 Immunocytochemistry

Immunostaining on paraformaldehyde-fixed cultured Schwann cells, myelinating neuron/glia
cocultures and DRG explants was performed as described below: Cells were washed three
times with PBS, fixed for 10 min at RT with 4 % PFA and then again washed three times with
PBS. Unspecific staining of surface antigens was blocked with normal rabbit serum (NRS;
Invitrogen) or normal goat serum (NGS; Sigma-Aldrich). On the other hand, unspecific
staining of intracellular proteins was blocked with the above-mentioned sera in the presence
of Triton X-100 (Sigma-Aldrich) for cell permeabilisation. All different staining procedures are
described in detail below. Blocking was performed for 40 min and cells were then incubated
with primary antibodies in the corresponding buffers overnight at 4°C (primary antibodies are
listed below). After 24h, cells were washed three times with PBS and then incubated with
secondary antibodies in PBS for 2 h at RT (secondary antibodies are listed below). Cell
nuclei were visualized by means of 4,6-diamidino-2-phenylindole (DAPI, Sigma) and
microscope cover glasses were mounted using Citifluor mounting medium (Citifluor). Stained
cell cultures were visualized using an Axioplan 2 fluorescence microscope (Zeiss) and
Axiovision 4.2 software (Zeiss).

For surface staining against the CD64/Fcgr1 receptor cells were blocked in 2 % NRS, then
incubated with primary antibody in 2 % NRS. CD64 overexpressing cells were blocked and
incubated with primary antibody in 5 % NRS.

For intracellular Olig1 staining cells were blocked in 2 % NGS with 0.5 % Triton X-100, then
incubated with primary antibody in 2 % NGS with 0.1 % Triton X-100.

Myelinating neuron/glia cocultures were blocked in 10 % NGS with 1 % Triton X-100 and
incubated with primary antibodies in 10 % NGS with 0.1 % Triton X-100.

DRG explants were blocked in 5 % low background solution (Inotech Biosystems) with 0.1 %
Triton X-100 and then incubated with primary antibody in the same blocking buffer.
Immunostaining for IVIG binding studies was performed as follows: living Schwann cells
were decorated with IVIG and buffer control for 24h (see 3.3.2.3) and then fixed with 4 %
PFA. Immunocytochemical staining and visualization was performed directly after cell
fixation, without any blocking procedures, by applying Cy3- or Alexa Fluor 488-conjugated
secondary antibodies specific to human F(ab'), or human Fcy fragments in PBS for 4 h at
RT.

For intracellular actin filament staining a phalloidin-tetramethylrhodamine B isothiocyanate

(phalloidin-TRITC) conjugate was used. PFA fixed cells were dehydrated with cold acetone
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(Merck) for 3 min at -20°C and then washed three times with PBS. Cell permeabilisation was
performed with 0.1 % Triton X-100 for 10 min at RT. Following three times washing with
PBS, cells were stained for 40 min at RT (in the dark) with 50 pug/ml phalloidin-TRITC (red
fluorescence). Before mounting, cells were washed five times with PBS.

The following antibodies and reagents were used for the immunostaining procedures:

Antibody/ reagent Supplier Dilution
goat anti-CD64 R&D Systems 1:500
mouse anti-MBP Covance 1:500
rabbit anti-B-tubulin Covance 1:1000
mouse anti-neurofilament Covance 1:1000
mouse anti-Olig1 Millipore 1:500
goat anti-rabbit IgG secondary antibody, Invitrogen Thermo Fisher 1:500
Alexa Fluor 488 conjugate Scientific

goat anti-rabbit IgG secondary antibody, Invitrogen Thermo Fisher 1:500
Alexa Fluor 594 conjugate Scientific

goat anti-mouse IgG secondary antibody, Invitrogen Thermo Fisher 1:500
Alexa Fluor 488 conjugate Scientific

goat anti-mouse IgG secondary antibody, Invitrogen Thermo Fisher 1:500
Alexa Fluor 594 conjugate Scientific

F(ab'),-rabbit anti-goat IgG secondary Invitrogen Thermo Fisher 1:500
antibody, Alexa Fluor® 594 conjugate Scientific

Cy3 AffiniPure F(ab'"), fragment goat anti- Jackson ImmunoResearch 1:500
human IgG, F(ab'), fragment specific

Alexa Fluor 488 AffiniPure F(ab'), fragment Jackson ImmunoResearch 1:500
goat anti-human IgG, Fcy Fragment Specific

phalloidin-TRITC conjugate Sigma-Aldrich 50 pg/mi

3.3.10 Proliferation assays

Cellular proliferation rates were determined either via 5-bromo-2°-deoxy-uridine (BrdU)
incorporation using the 5-Bromo-2'-deoxy-uridine Labeling and Detection Kit | (Roche), or
using anti-Ki67 immunostaining. 120.000 Schwann cells were seeded on @ 15 mm 0.1 mg/ml
PDL coated microscope cover glasses in a 12 well cell culture multiwell plate. IVIG and
buffer control we added to the culture medium 1 day after cell plating and stimulation was
performed for 2 days altogether. BrdU application (10 uM final concentration) was done by
adding the substance directly to the culture medium, and mixing carefully. Labeling with BrdU
was undertaken for 8 h (40 h after cell plating and at the same time 8 h before experiment
end) or 24 h (24h after cell plating and at the same time 24h before experiment end). Cells
were fixed for staining after 2 days IVIG/buffer control treatment as follows: fixation in acid
ethanol (pH 2; Merck) for BrdU staining and in 4 % PFA for Ki67 staining. BrdU staining was
performed according to the manufacturer’'s protocol (Roche). Ki67 staining was done as
follows: after cell fixation cells were blocked for 2-3 h at RT in 10 % NGS and 0.5 % bovine

serum albumin (BSA, Carl Roth) with 0.5 % Triton X-100; over night incubation was
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performed at 4°C with a primary Ki67 antibody (Abcam) in PBS; after 24 h a secondary
antibody was applied in PBS for 4 to 6 h at RT; cell nuclei were counterstained with DAPI.

Caspase-3 staining was performed using the same culture conditions as mentioned above
but with different staining procedure: cell were blocked for 2-3 h at RT in 10 % NGS with 0.1
% Triton X-100 and then incubated over night at 4°C with primary caspase-3 antibody in
PBS. Stained cells were visualized using an Axioplan 2 fluorescence microscope (Zeiss) and
Axiovision 4.2 software (Zeiss). Images were analyzed with ImagedJ software (National

Institutes of Health).

Antibody Supplier Dilution
rabbit anti-Ki67 Abcam 1:100
rabbit anti-cleaved caspase-3 Cell Signaling 1:100
Technology

goat anti-rabbit IgG secondary antibody, Invitrogen Thermo 1:500
Alexa Fluor 488 conjugate Fisher Scientific

goat anti-rabbit IgG secondary antibody, Invitrogen Thermo 1:500
Alexa Fluor 594 conjugate Fisher Scientific

3.3.11 Morphological measurements

For the purpose of morphological process measurements 9 days p57kip2 suppressed versus
control transfected Schwann cells (see 3.3.5) were used. Cells were cultivated on g 100 mm
cell culture dishes. For the analysis of Schwann cell growth IVIG and buffer control were
added to the culture medium two days post transfection and treatment was pursued for 3 to 7
days under selection conditions (hygromycin), with one medium exchange at day 4.
Morphological measurement of cell processes was done on living cells (expressing
fluorescent citrine protein) at day 3 or day 7 after IVIG/buffer control stimulation on Nikon
Eclipse TE 200 microscope using NIS-Elements AR 3.10 software (Nikon Instruments

Europe BV, Amsterdam, Netherlands).

3.3.12 ELISA

For the purpose of concentration measurements of secreted IL-18 from cultured non-
differentiating Schwann cells, 120.000 cells per condition were seeded on 0.1 PDL coated 12
well cell culture multiwell plates. Treated with IVIG and buffer control was performed one day
after cell plating for up to 9 days, with one medium exchange at day 4. Concentration
measurements of secreted IL-18 from cultured differentiating Schwann cells (p57kip2
suppressed and control transfected cells) were performed, as indicated earlier, for 7 days
starting two days after transfection. Medium exchange was done at day 4 upon IVIG/buffer

control treatment. Culture media were collected at days 1, 4, 7 and 9 for non-differentiating
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Schwann cells and at days 4 and 7 for p57kip2 and control suppressed cells. The medium for
time point day 4 was collected before the above-mentioned medium exchange. Collected
media were then centrifuged at 2000 rpm for 10 min (4°C), frozen on dry ice and stored at -
80°C prior further analysis. ELISA measurements were performed with non-diluted media
supernatants using rat IL-18 ELISA kit (Invitrogen) according to the manufacturer’s protocol.
Detection of the optical density was done at 450 nm on an Infinite M200 Pro plate reader
(TECAN).

3.4 Statistics'®

Unless otherwise stated, data is presented as mean values +/- standard error of the mean
(SEM) and significance was assessed by two-sided Student’s t-test, unpaired comparison for
means (GraphPad Prism). Experimental groups were considered significantly different at
*p<0.05, **p<0.01, ***p<0.001; ns, not significant. n represents the number of independent

experiments.

' for authorship notice please refer to chapter 9.2
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4 RESULTS

4.1 Human immunoglobulins specifically bind to the rat Schwann cell

surface'®

Several studies indicate that immunoglobulins may directly affect oligodendroglial cells, the
myelinating glial cells of the CNS. Natural oligodendrocyte-autoreactive IgMk antibodies were
shown to bind to oligodendrocytes and to promote CNS remyelination, most likely by
enhancing macrophage clearance (Asakura et al., 1998, Warrington et al., 2000, Bieber et
al., 2002). Other studies reported the expression of a certain Fc receptor for IgM on
oligodendroglial precursor cell, oligodendrocytes and myelin, implicating a direct receptor
immunoglobulin interaction on CNS glial cells (Nakahara et al., 2003a).

These observations prompted us to address the question whether immunoglobulins also bind
to the Schwann cell surface and could thus exert a positive effect on their regeneration
potential. For this purpose we decorated alive, non-differentiating primary rat Schwann cells
with 20 mg/ml dialysed human IVIG for 24 h in culture. Anti-human F(ab'),-specific and anti-
human Fc gamma-specific antibodies were applied, all of them being F(ab'), molecules as to
minimize possible cross-reactivity, in order to detect human immunoglobulins on the cell
surface. We could show that IVIG specifically bind on the Schwann cell surface (Fig. 6A-J).
Immunofluorescent signals, corresponding to surface bound immunoglobulins, were localized
mainly concentrated around the perinuclear region but also all over the cell surface. Similar
binding patterns were observed when aditional IVIG lots were applied for decoration (Fig.
14I-N) and also with differentiation competent Schwann cells (by means of suppressed
p57kip2 gene expression as shown by (Heinen et al., 2008a); data not shown).

We next investigated how IVIG bind on the Schwann cell surface. To examine possible
binding via the Fab domain of immunoglobulins, pepsin digested IVIG preparations enriched
in human F(ab'), fragments were used for cell decoration, revealing a detection of a related
binding pattern on the Schwann cell surface (Fig. 6J). This indicates that IVIG binding could
take place via the Fab part of the immunoglobulins. However, two human monoclonal 1gG1
controls, the antibodies Avastin and Herceptin, revealed a similar binding pattern on the
Schwann cell surface (Fig. 6G-I), suggesting that in addition IVIG binding may be mediated
via Fc gamma receptors. Altogether, these findings implicated that IVIG surface recognition
(representing a large pool of polyclonal IgG molecules with different specifications) could
take place either via Fc parts interacting with Fc gamma receptors (Fig. 6K-M) or via Fab

domains recognizing Schwann cell epitopes (Fig. 60-Q).

' for authorship notice please refer to chapter 9.2
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Figure 6. IVIG bind specifically to the Schwann cell surface. (A-G) Living Schwann cells were
decorated either with dialysed control buffer (ctrl) (A-C), 20 mg/ml dialysed IVIG (D-F), 20 mg/ml
dialysed 1gG1 control (IgG1 ctrl, Herceptin) (G-l) or dialysed F(ab'), fragments, corresponding to
5mg/ml IVIG (J) for a duration of 24 h. After fixation the cells were stained against human F(ab'), (red)
and human Fc parts (green), and nuclei were labelled with DAPI (blue). IVIG, I1gG1 ctrl and F(ab'),
fragments binding could be detected by means of co-immunostaining (A, D, G, J) or single staining
against human F(ab'), (B, E, H) or human Fc fragments (C, F, I). Application of dialysed control buffer
(A-C) resulted in no staining. (K-Q) The lower right panel represents the two possible hypotheses
which might apply for the binding mode of human IVIG on Schwann cells, namely via certain Fc
gamma receptors (K-M) or via recognition of epitopes on the cell surface (O-Q). It is further illustrated
which potential recognition patterns the anti-human F(ab'), or anti-human Fc specific antibodies could
exhibit in a co-immunostaining against both F(ab'), or Fc fragments (K, O), or in a single staining
against F(ab'), (L, P) or Fc fragments (M, Q) of human immunoglobulins. Scale bar: 50 ym. n=8 for
(A-F), n=2 for (G-I), n=4 for (J).
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4.2 Schwann cells express CD64 encoding a high affinity

immunoglobulin receptor’’

In order to verify our assumption that IVIG can bind on the cell surface via its Fc part, we
investigated whether Schwann cells express the corresponding FcyR for IgG binding.
Previous studies demonstrated that Fc gamma receptors are expressed on human Schwann
cells (Vedeler and Fitzpatrick-Klove, 1990), in particular FcyR3, also known as CD16
(Vedeler et al., 1991). Interestingly, cultured rat Schwann cells were also found to express
FcyR3, according to transcriptional analysis, however to a much lesser extent as compared
to macrophages (Vedeler et al., 1992).

To further characterize which Fc receptors for immunoglobulin binding are indeed expressed
by rat Schwann cells, we performed quantitative RT-PCR (qRT-PCR) measurements of
Fcgria, Fcgr2a, Fcgr2b and Fcgr3a transcripts (corresponding gene names for Rattus
norvegicus), encoding rat CD64, CD32a, CD32b and CD16 Fc receptors, respectively.
Interestingly, only expression of CD64 could be detected. For this purpose we used a cell
culture model of differentiating competent Schwann cells, which has been previously
established in our group (Heinen et al., 2008a). By suppressing the p57kip2 gene, a cyclin-
dependent kinase inhibitor, Schwann cells undergo morphological and transcriptional
changes, which lead to cell cycle exit and promotion of a differentiation related phenotype
(Heinen et al., 2008a). We used this model in order to monitor transcriptional changes that
might be induced by IVIG not only in non-differentiating but also in differentiating Schwann
cells. Of note, CD64 expression was significantly upregulated in differentiation competent rat
Schwann cells (Fig. 7D). Treatment with IVIG led to significant downregulation of the
receptor gene expression in non-differentiating Schwann cells, whereas receptor expression
in differentiated cells was not influenced. In order to address the question whether the CD64
receptor protein is also expressed on the Schwann cell surface we next performed staining
experiments using a polyclonal CD64 antibody, directed to the extracellular domain of the
mouse protein. Specific staining signals were detected dispersed over the cell surface of the
non-differentiating cells (Fig. 7A-C). Compared to that, the receptor staining on differentiating
cells was mainly located on the cell soma above the perinuclear region (Fig. 7E-G). To
further validate these data, the same polyclonal CD64 antibody was applied in a Western blot
analysis. This led to the detection of a specific signal between 50 and 60 kDa, demonstrating
upregulation in differentiation competent Schwann cells, consistent with the CD64 receptor
regulation represented by the qRT-PCR data (Fig. 7H).

" for authorship notice please refer to chapter 9.2
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Figure 7. Schwann cells express the Fc gamma receptor CD64. CD64 protein expression was
detected on the surface of non-differentiating (non-diff.; A-C) as well as differentiating Schwann cells
(diff.; E-G). Differentiation was induced by means of p57kip2 suppression and modulated cells were
visualized via citrine (green-fluorescent protein) expression. Cell nuclei were visualized by DAPI
(blue). (D) Significant induction of rat Fcgr1a gene expression (CD64) under differentiation promoting
conditions as determined by quantitative RT-PCR. Seven days stimulation with 20 mg/ml dialysed
IVIG (grey bars) in comparison to control buffer (ctrl; black bars) significantly decreased the
expression of CD64 in non-differentiating Schwann cells, only (D). (H) Western blot analysis of
differentiating and non-differentiating Schwann cells stimulated with both IVIG and control buffer (ctrl)
confirmed CD64 protein expression. Protein molecular weights are indicated in kDa (kilodalton).
GAPDH expression was used for normalization. t-test (ns, not significant, ***p<0.001). Error bars
represent SEM. Scale bar: 100 ym. n=7 for (A-C), n=6 for (E-G), n=8 for (D), n=4 for (H).

To determine whether the signals detected with the above mentioned polyclonal CD64
antibody can in fact be assigned to the rat CD64 protein, several control experiments were
performed. Western blot analysis revealed that the antibody is specific as it recognized a rat
recombinant CD64 protein (rrFcgri1a) in two different concentrations, 2.5 ug and 5 ug (Fig.
8A). Of note, the recombinant protein used for control experiments represents a truncated
version of the whole CD64 receptor, leading to the detection of signals below 50 kDa, and
not between 50 and 60 kDa, as previously mentioned. A second antibody (designated
CD64*; Fig. 8A) with multiple species reactivity (human, mouse and rat) though raised
against a synthetic peptide derived from human CD64 also recognized the rrFcgria protein
but did not detect the receptor in rat Schwann cells and was therefore not applicable for
future experiments.

In addition, we overexpressed the full-length Fcgr1a/CD64 receptor as a flag-tagged fusion
protein in cultured rat Schwann cells and compared these to control transfected cells by
means of qRT-PCR, Western blot analysis and immunostaining (Fig. 8B-I). Fcgr1a/CD64

transcript measurements revealed successful overexpression (data not shown). Moreover,
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by applying the polyclonal CD64 antibody to Western blot analysis, we could repeatedly
detect a signal between 50 and 60 kDa, respectively. This signal was much stronger in the
CD64 overexpressing cells when compared to control transfected cells (Fig. 8B). A band of
the same apparent molecular weight was detected when an anti-flag antibody was applied to
the overexpressing cells (Fig. 8C), furthermore indicating that the overexpression was also
successful at protein level. Immunostaining revealed a diffusely distributed expression of
CD64 on control transfected cells (Fig. 8D-F), whereas CD64 overexpressing cells exhibited

a much stronger signal all over the cell surface (Fig. 8G-I).
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Figure 8. Verification of Fc gamma receptor expression CD64 in Schwann cells. Detection of rat
CD64 by means of Western blot analysis (A-C) and immunostaining (D-1) in rat Schwann cells
overexpressing the corresponding receptor. (A) Application of two different polyclonal CD64 antibodies
(CD64: goat-anti-mouse antibody; CD64*: rabbit-anti-mouse/human/rat antibody) to two different
concentrations (2.5 and 5 pg protein) of commercially available rat recombinant Fcgr1a/CD64 protein
(rrFcgr1a). This truncated CD64 protein was used as a positive control for detection of the rat CD64
protein. Of note, the goat-anti-mouse antibody was used for all additional Western blot and staining
experiments. (B-C) Western blot analysis of CD64 overexpressing Schwann cells (CD64,)) versus
control transfected cells (ctrl) revealed successful protein overexpression of the rat CD64 receptor.
Overexpression was induced by means of transfection using a construct encoding the full-length
Fcgr1a/CD64 protein with a fused C-terminal DDK/flag-tag. Application of either anti-CD64 (B) or anti-
DDK/flag (C) antibody revealed a significant protein upregulation in CD64 overexpressing cells. CD64
expression was detected in the control cells (B), whereas the DDK/flag-tag was only translated, as
expected, in the CD64 overexpressing cells (C). Protein molecular weights are indicated in
kDa (kilodalton). GAPDH expression was used for normalization. (D-1) Surface protein expression of
the CD64 receptor was detected on control transfected cells (D-F) as well as CD64 overexpressing
Schwann cells (G-1) by means of immunostaining with the goat-anti-mouse-CD64 antibody (red).
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Modulated cells were visualized by means of citrine (green-fluorescent protein) co-expression. Cell
nuclei were visualized by DAPI (blue). Scale bar: 50 ym. n=1 for (A), n=4 for (B), n=3 for (C), n=3 for
(D-).

Based on these results, we searched for further molecules directly involved in the signaling
pathway following ligand-engaged activation of Fc gamma receptors. The spleen thyrosine
kinase (SYK) is well known to be expressed in all haematopoietic cells (Turner et al., 2000).
In addition evidence exists for expression in some nonhematopoietic cells (Yanagi et al.,
2001). SYK is recruited and activated in the downstream signaling pathways of FcyR1,
FcyR3 and FcyR2a (Kim et al., 2001) and other immunoreceptors, such as B cell receptors,
T cell receptors, and other Fc receptors. However, more recently large number of new SYK
functions in immune cell signaling and beyond has been identified (Mocsai et al., 2010).
Measurements of SYK gene and protein expression in CD64 overexpressing versus control
transfected cells were performed by means of qRT-PCR and Western blot analysis (data not
shown). Of note, on transcriptional as well as protein level, no SYK expression was detected,
indicating that SYK might not be involved in the downstream Fc receptor signaling in rat

Schwann cells.

4.3 IVIG stimulation affects Schwann cell proliferation™®

As a next step we examined whether IVIG affect Schwann cell proliferation. Stimulation with
dialysed IVIG preparations for 2 days revealed a significant reduction of the proliferation rate
of non-differentiating cells (Fig. 9). Application of BrdU to cultured Schwann cells for 8 or 24
hours displayed significantly reduced BrdU incorporation in cells treated with IVIG after both
time points (Fig. 9A, C, D), indicating that cells are dividing less frequently upon IVIG
stimulation. We confirmed these findings by staining against an additional proliferation
marker, Ki67 (Fig. 9B, staining data not shown). Calculation of the Ki67/DAPI ratio also
revealed significantly less proliferative cells after IVIG treatment (Fig. 9B). In order to exclude
that reduced Schwann cell numbers upon IVIG treatment were due to effects on cell survival,
staining for activated caspase-3, a common cell apoptosis marker, was performed after the
same stimulation conditions described above. No evidence of induction of apoptosis after
treatment with IVIG was found, as the caspase-3 staining turned out to be negative (data not

shown).

'8 for authorship notice please refer to chapter 9.2

73



RESULTS

>
o

60 - kk 60 -

S 501 X 50

E E * %%k

Q 40 1 540‘ —

8 307 awe 3 30+

Y 20+ t_ 204

T ©

o 101 < 101 W ctrl
0 04 B IVIG

8h BrdU 24h BrdU

O
O

IVIG

Figure 9. IVIG stimulation reduces Schwann cell proliferation rate. (A-D) Schwann cell
proliferation is reduced after 2 days of stimulation with 20 mg/ml dialysed IVIG (grey bars) compared
to control buffer (ctrl) preparations (black bars). (A) BrdU labelling was performed within the last 8 or
24 hours (8 h, 24 h) of IVIG treatment and evaluation of the percentage of BrdU/DAPI double positive
(BrdU") nuclei compared to total number of DAPI nuclei revealed a significant reduction of proliferating
cells. (C, D) Representative photographs of DAPI (blue) and BrdU (green) labeled nuclei after 8 h
BrdU pulse of control buffer (C) and IVIG (D) stimulated cells. (B) These results were confirmed by
staining against further proliferation marker Ki67 2 days after IVIG stimulation and determination of the
percentage of Ki67/DAPI double positive (Ki67") nuclei in relation to total number of DAPI positive
nuclei. t-test (***p<0.001). Error bars represent SEM. Scale bar: 100 um (C, D). n=4 for (A, C, D), n=2
for (B).

4.4 IVIG accelerate the growth of cellular processes in differentiation

competent Schwann cells®

We could demonstrate that IVIG treatment had an impact on Schwann cell morphology.
Morphological alterations in Schwann cells, comprising process extensions are observed
during the myelination process, where Schwann cells grow along and wrap around axons.

As previously published by our group, long-term suppression of p57kip2 in Schwann cells
leads to morphological differentiation in absence of axons (Heinen et al., 2008a), which is
why we used this model for examinations regarding a potential influence of IVIG on the
maturation process. Significantly accelerated growth of cellular processes was measured
upon stimulation with IVIG using differentiation competent Schwann cells (Fig. 10). Along

with an induction of myelin expression, differentiating Schwann cells also exhibit somatic and

' for authorship notice please refer to chapter 9.2
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process growth (Heinen et al., 2008a). Here, we observed that, after 5 days suppression and
3 days of IVIG stimulation, the mean length of cellular processes was significantly increased,
while non-differentiating cells did not respond (Fig. 10A, C, D). The effect was no longer
observed with further progression of the differentiation process and after 7 days of IVIG
incubation (Fig. 10B), indicating that the IVIG effect on process extension kinetics was
restricted to early stages of the differentiation process.

Cytoskeletal rearrangements involving actin polymerization have been shown to be engaged
in myelin-related gene expression and thus in Schwann cell differentiation processes
(Fernandez-Valle et al., 1997). No disruption of actin filament assembly and structure could
be observed after IVIG stimulation as revealed by staining with TRITC-conjugated phalloidin
(data not shown). However, cultured non-differentiating Schwann cells displayed dark cell
structures around the nuclei in presence of IVIG, when observed in phase-contrast
microscopy. It is currently unclear whether this is a direct impact on cell shape and
cytoskeleton, or it reflects discrete cell surface alterations possibly connected to the IVIG
binding sites on the cell surface (data not shown).
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Figure 10. IVIG induce the growth of cellular processes in differentiation competent Schwann
cells. (A-D) Quantification of the average Schwann cell processes lengths revealed significantly
accelerated growth of cellular processes in early stages of the differentiation process. (A) The cell
processes of p57kip2 suppressed cells (diff.) were significantly longer after 3 days (3d) IVIG
stimulation (grey bars) and 5d suppression, when compared to control buffer treated cells (black bars).
However, no difference was observed in control suppressed cells (non-diff.). (B) In later stages of the
differentiation process (9d suppression and 7d of IVIG stimulation) the measurement of the cellular
processes did not reveal the same effect. (C, D) Representative photographs of differentiating citrine
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positive Schwann cells after 3d control buffer (C) or IVIG (D) treatment; cell processes are marked by
white arrows. t-test (ns, not significant, *p<0.05). Error bars represent SEM. Scale bar: 200 pm. n=10
for (A-D).

4.5 IVIG lead to induction of myelin gene expression and maturation

activation related signaling pathways?’

Next, we investigated whether IVIG treatment affects the expression of essential Schwann
cell transcription factors, myelin (-related) genes, and signaling molecules. To this end we
examined the transcriptional regulation of genes such as myelin protein zero (Mpz/PO0),
myelin basic protein (Mbp), periaxin (Prx), peripheral myelin protein-22 (Pmp22), peripheral
myelin protein 2 (Pmp2), proteolipid protein 1 (Plp1), connexin 32 (Cx32) and myelin-
associated glycoprotein (Mag) (Fig. 11A-H), comprising some of the most prominent genes
encoding peripheral myelin (Patzig et al., 2011). We found that stimulation of differentiation
incompetent cultured Schwann cells with dialysed IVIG led to a significant upregulation of
myelin gene expression within the first day of treatment (Fig. 11A-H). Note that for most
genes this induction was transient and restricted to the first 24 hours of treatment.
Nevertheless, the expression of Plp1 and Cx32 remained upregulated after 3 days of IVIG
stimulation (Fig. 11F, G). Consistent with the observed myelin induction, IVIG remarkably
induced the expression of transcription factors Sox10 (SRY-related HMGbox-10), Oct6
(octamer-binding transcription factor-6) and Krox20/Egr2 (early growth response protein-2)
after the first day of treatment (Fig. 11I-K). These genes are key regulatory players in
Schwann cell differentiation processes and positively regulate myelination (Svaren and
Meijer, 2008).

2 for authorship notice please refer to chapter 9.2
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Figure 11. Short-term IVIG effect on myelin gene expression. (A-K) Gene expression
measurements of non-differentiating Schwann cells (non-diff.) were performed after 1 and 3 days of
IVIG and control buffer (ctrl) treatment. (A-H) Quantitative RT-PCR measurements showed consistent
and significant upregulation of myelin genes expression after 1 day (1d) stimulation with 20 mg/ml
dialysed IVIG (grey bars) as opposed to control buffer (black bars) stimulations. Myelin gene
expression after 3d IVIG stimulation was rather not significant or diminished, apart from Plp1 (F) and
Cx32 (G). (I-K) Gene expression of important Schwann cell differentiation-related transcription factors
was also increased upon 1d IVIG stimulation. GAPDH was used for normalization. t-test (ns, not
significant, *p<0.05, **p<0.01, ***p<0.001). Error bars represent SEM. Number of experiments: n=18
for (A, B), n=7 for (C, D, G), n=4 for (E, H), n=11 for (F), n=5 for (I, J, K).

Serine-threonine kinase Akt activation plays a central role in the course of Schwann cell
differentiation and peripheral myelination, a process triggered by phosphatidylinositol
3,4,5-trisphosphate (PIP3;) which is a product of the phosphatidylinositol 3-kinase (PIP;K)
(Ogata et al., 2004). On the other hand, PTEN (phosphatase and tensin homolog) catalyses
the opposite reaction of PIP; to phosphatidylinositol 4,5-bisphosphate (PIP,), and can

thereby act as indirect inhibitor of Akt activation and myelination (Cotter et al., 2010,
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Goebbels et al., 2010). We therefore determined expression levels of these signaling
proteins. Western blot analysis revealed enhanced phosphorylation of Akt (Fig. 12A) and
downregulation of the phosphorylated PTEN protein (Fig. 12B) after 1 day of stimulation with
IVIG, an observation, which supports an IVIG dependent induction of the differentiation
process. Interestingly, expression of cJun and phospho-cJun proteins, an important regulator
of Schwann cell dedifferentiation in injured nerves (Parkinson et al., 2008, Arthur-Farraj et
al., 2012) and predemyelination in CMT-1 models (Klein et al., 2014) was not altered upon
IVIG treatment (Fig. 12B). An additional Schwann cell differentiation inhibitor and thus
regulator of the myelination process, p38 mitogen-activated protein kinase (p38MAPK) (Yang
et al., 2012), was downregulated in its phosphorylated form after IVIG stimulation (Fig. 12A).

Together, these results indicate that immunoglobulin treatment initiates differentiation events.
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Figure 12. Short-term IVIG effect on signaling molecules. (A, B) Western blot analysis
(representative experiments) of signaling pathways related proteins revealed an increase in
differentiation associated phospho-Akt (p-Akt) 1 day after IVIG treatment. Differentiation inhibitors
such as phosphorylated forms of p38MAPK (p-p38MAPK) (A) or PTEN (p-PTEN) (B) were
downregulated upon IVIG stimulation, whereas the protein expression of their unphosphorylated forms
remained constant (A, B). Expression of cJun as well as phospho-cJun (p-cJun) (B) was not changed
after IVIG incubation. (C) Schematic illustration of the above mentioned signaling molecules that
directly or indirectly influence the myelination process. Actin was used for normalization and protein
molecular weights are indicated in kDa (kilodalton). Number of experiments: n=2 for (A, B).
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4.6 Application of control immunoglobulin preparations?®'

We next investigated whether the gene expression related IVIG effects, most likely initiated
by immunoglobulin binding on the Schwann cell surface, are epitope- or Fc receptor
dependent. As we could show earlier, both monoclonal IgG1 antibodies (Fig. 6G-I), and
F(ab'), fragments from pepsin digested IVIG (Fig. 6J) specifically bind on the rat Schwann
cell surface. Moreover, stimulation of non-differentiating Schwann cell with F(ab'), fragments
led to significant upregulation of prominent myelin genes such as PO, Mbp and Plp1
(Fig. 13A-C). This indicates that Fab-dependent epitope recognition initiates cellular
reactions, similar to the ones observed with whole IVIG preparations. Of note, F(ab'),
fragment treatment could be performed only for a duration of 24 hours because they exhibit
increased tendency for aggregation and thus high cellular toxicity. As a next step we
stimulated the cells with three different humanized monoclonal IgG1 antibodies, Synagis
(Palivizumab), Avastin (Bevacizumab), and Herceptin (Trastuzumab), and observed that
none of these IgG1 controls increased myelin gene expression (Fig. 13D-1). These results
suggest that effects on myelin gene expression are mediated by all IgG components and not
solely by the IgG1 fraction of IVIG, and that Fc dependent binding might initiate different

effects as the ones induced by the whole IVIG product.

2 for authorship notice please refer to chapter 9.2
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Figure 13. Effects of human F(ab'), fragments or human monoclonal IgG1 antibodies on
Schwann cells. (A-C) Human IVIG3 (lot LE12L341AA) was pepsin-digested, the resulting F(ab'),
fragments (3,65 mg/ml F(ab'),, corresponding to 5 mg/ml IVIG3) were applied to cultured Schwann
cells (red bars) for 1 day (1d) and the outcome of the reaction was compared to control buffer treated
cells (black bars). Treatment with F(ab'), fragments led to significant upregulation of myelin genes PO
(A), Mbp (B) and PIp1 (C). (D-l) Application of three different human monoclonal 19gG1 control
antibodies (white bars) did not induce any upregulation of myelin genes PO (D, F, H) and Mbp (E, G, I)
when compared to control buffer (black bars). Following humanized monoclonal antibodies were used
for Schwann cell stimulation for 1d and 3 days (3d) in culture: (D, E) Synagis® (20 mg/ml, dialysed),
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Herceptin® (20 mg/ml, dialysed) and Avastin® (20 mg/ml, dialysed). GAPDH was used for
normalization. f-test (ns, not significant, *p<0.05, **p<0.01). Error bars represent SEM. Number of
experiments: n=4 for (A, B), n=2 for (C), n=3 for (D, E), n=2 for (F, G), n=2 for 1d (H, 1), n=1 for 3d
(H, 1).

In order to exclude production dependent effects of IVIG, different IVIG lots were tested. For
this purpose we used two additional IVIG preparations, lot LE12L068AB and lot
LE12L341AA, respectively termed IVIG2 and IVIG3. Both batches induced myelin gene
expression after the first day of treatment, as exemplified by Mbp (Fig. 14B, D, F, H) and PO
(Fig. 14A, C, E, G) gene expression. The different concentrations used for stimulation
(5 mg/ml represented in Fig. 14A, B, E, F and 10 mg/ml in Fig. 14C, D, G, H) are based on
the fact that both lots revealed a more potent and to some degree negative effect on the
Schwann cell morphology in culture, hence further dilutions of the immunoglobulins were
undertaken. In particular, PO gene regulation appeared to depend on higher IVIG
concentrations (Fig. 14C, G), since application of low concentrations (Fig. 14A, E) only led to
slightly (Fig. 14A) or no upregulation at all (Fig. 14E). The immunoglobulin binding studies
revealed very similar staining patterns (Fig. 14I-N) as previously described using the first
IVIG batch (Fig. 6A-F). Control buffer treated cells constantly showed no staining signals
(Fig. 141, J), whereas Schwann cell decoration with lots IVIG2 (Fig. 14K, L) and IVIG3

(Fig. 14M, N) revealed the earlier described surface bound immunoglobulin localization
(Fig. 6).
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Figure 14. Testing additional IVIG lots on cultured Schwann cells: myelin gene expression and
immunoglobulin surface binding studies. (A-H) Quantitative RT-PCR myelin genes expression of
cultures Schwann cells was measured after 1 day (1d) and 3 days (3d) of IVIG lot LE12LO68AB
(IVIG2; grey bars, stripe patterned), IVIG lot LE12L341AA (IVIG3; grey bars, square patterned) and
control buffer (ctrl; black bars) treatment, while cells were treated with two different IVIG
concentrations: 5 mg/ml of either IVIG2 (A, B) or IVIG3 (E, F) and 10 mg/ml of either IVIG2 (C, D) or
IVIG3 (G, H). Mbp consistent and significantly showed upregulation after 1d stimulation with 5 mg/ml
(B, F) as well as 10 mg/ml (D, H) dialysed IVIG2/3, as opposed to control buffer application. PO
expression was distinctly increased after 1d stimulation with 10 mg/ml IVIG2/3 (C, G) rather than with
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5 mg/ml (A, E), when compared to control buffer treatment. Myelin gene expression after 3d IVIG2 or
IVIG3 stimulation was not significant. GAPDH was used for normalization. (I-N) Living Schwann cells
were decorated for 24 h either with dialysed control buffer (I, J), 10 mg/ml dialysed IVIG2 (K, L) or 10
mg/ml dialysed IVIG3 (M, N). After fixation the cells were stained against human F(ab'), (red) and
human Fc parts (green), and nuclei were labelled with DAPI (blue). IVIG2 and IVIG3 binding could be
detected by means of single staining against human F(ab'), (I, K, M) or human Fc fragments (J, L, N).
Application of dialysed control buffer (I, J) resulted in no staining. t-test (ns, not significant, *p<0.05,
***n<0.001). Error bars represent SEM. Scale bar: 50 ym. Number of experiments: n=7 for 1d (A-H),
n=3 for 3d (A-H), n=2 for (I-N).

4.7 IVIG mediated responses of differentiation competent Schwann

cells?®?

Following the observations that non-differentiating Schwann cells transiently benefit from
IVIG treatment, we then investigated to what degree such treatment can influence the
differentiation process as such. For this purpose, we examined the myelin gene and protein
expression of differentiation competent (p57kip2 suppressed) cells upon IVIG treatment (Fig.
15A-L). As previously shown, p57kip2 suppressed Schwann cells exhibit an upregulated
myelin gene and protein expression, although they are not engaged in axonal contact
(Heinen et al., 2008a). Using quantitative RT-PCR we could show that despite manifold
increase after p57kip2 suppression, myelin gene expression was further boosted by IVIG
treatment (Fig. 15A-H). Transcript levels of Mbp (Fig. 15B), Prx (Fig. 15C), Plp1 (Fig. 15F),
Cx32 (Fig. 15G) and Mag (Fig. 15H) expression levels were strongly induced upon IVIG
stimulation, whereas Mpz/P0O and Pmp22 transcript levels (Fig. 15A, D) were rather mildly
increased and Pmp2 levels were found to be slightly downregulated (Fig. 15E). Note that
myelin gene induction could be observed after a period of 7 days of IVIG treatment and was
therefore not limited to early phases, as shown for differentiation incompetent cells (Fig. 11).
As an exception, we found that upregulation of PIp1 and Cx32 was not restricted to early
periods and could consistently be observed also in non-differentiating cells after 3 and 7 days
of stimulation (Fig. 11F, G and Fig. 15F, G). In the case of Pmp2 (Fig. 15E), the expression
was slightly downregulated after 3 days IVIG stimulation, similarly to observations in
differentiation incompetent cells (Fig. 11E).

In order to confirm the observed induction of myelin gene expression we examined the
protein expression levels of PO and MBP, two of the most abundant proteins of peripheral
myelin (Fig. 15I-L). Using Western blot analysis we could demonstrate that in differentiating
Schwann cells the PO (Fig. 151, J) and to a lesser extent also MBP protein levels

(Fig. 15K, L) were elevated after IVIG treatment.
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Figure 15. IVIG treatment induces myelin gene and protein expression. Differentiation competent
Schwann cells respond to IVIG interaction by increasing their myelin gene (A-H) and protein
expression (I-L). 20 mg/ml dialysed IVIG and control buffer (ctrl) were added to the culture medium
two days after differentiation was initiated. Treatment of differentiating (diff.) and non-differentiating
(non-diff.) cells was pursued for 7 days (7d), with one medium change at day 4. (A-H) Quantitative RT-
PCR revealed significant upregulation of most myelin genes after 7d stimulation with IVIG (grey bars)
when compared with control buffer (black bars). (I-J) Western blot analysis confirmed increased PO (I,
J) and MBP (K, L) protein expression after 7d stimulation of differentiating and non-differentiating
Schwann cells. (I, K) Representative Western blot experiments, (J, L) corresponding Odyssey protein
quantifications. Protein molecular weights are indicated in kDa (kilodalton). GAPDH was used as
normalization control in all experiments. t-test (ns, not significant, *p<0.05, **p<0.01, ***p<0.001).
Error bars represent SEM. Number of experiments: n=10 for (A), n=8 for (B), n=4 for (C), n=7 for (D,
E), n=5 for (F, H), n=3 for (G), n=5 for (I-J, K-L).
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In order to study the effects of IVIG on axon/Schwann cell interactions we applied an in vitro
myelination mouse model of dorsal root ganglia (DRG) cultures (Fig. 16A-C). We developed
this model based on a previously published protocol using DRG from mouse embryos
(Paivalainen et al., 2008) and modified it correspondingly to our experimental setup (Heinen
et al., 2012). Initially, a coculture consisting of precursor Schwann cells and neurons was
seeded and after 4 to 5 days of proliferation, the differentiation process was induced by
supplying with myelination promoting culture medium (see Materials and Methods, chapter
3.3.6). IVIG stimulation was performed concomitant to the initiation of the myelination
process for duration of 7 days. This model represents a dynamic coculture and allows us to
study the in vitro myelination process in reponse to the applied conditions. In order to
evaluate to which extent immunoglobulin treatment can modulate the generation of myelin
sheaths (internode formation) neuron/glia cocultures were stained using anti-MBP and anti-
R-tubulin (Fig. 16A-B), and MBP positive internodes were counted (Fig. 16C). This analysis
revealed that in IVIG treated myelinating cocultures significantly more internodes were
generated as compared to buffer treated cultures (Fig. 16C), indicating that IVIG exert a

positive effect on myelin expression as well as on the axonal wrapping process.
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Figure 16. IVIG exhibit a positive effect on in vitro myelination. (A-C) Quantification of in vitro
myelination revealed a significant increase of MBP positive internodes (red) after 7 days IVIG
treatment (grey bars; C) when compared to control buffer (ctrl, black bars; C). (A, B) Representative
photographs of myelinating neuron/glia cocultures either treated with control buffer (ctrl; A) or IVIG (B);
B-tubulin staining (B-tub) is visualized in green and MBP staining in red. f-test (**p<0.01). Error bars
represent SEM. Scale bar: 200 um. Number of experiments: n=9 for (A-C).
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4.8 GeneChip Array analysis reveals a differentiation related Schwann

cell phenotype induced by IVIG

In order to identify additional transcriptional changes induced by IVIG treatment in rat
Schwann cells, a GeneChip Array analysis was performed. This study was undertaken on
differentiating (p57kip2 suppressed) and non-differentiating (control suppressed) Schwann
cells which were stimulated with IVIG or control buffer for 7 days. The RNA samples for the
transcriptional analysis were collected from 4 independent experiments, and gene
expression analysis of all 16 RNA samples was done by Miltenyi Biotec using Agilent Whole
Rat Genome Oligo Microarrays. Following data processing, statistical and functional
discriminatory gene analysis (DGA), selected genes, with a fold change = 2 and p-values
> 0.01, were considered significantly differentially regulated (Fig. 17B, D). Data analysis
revealed 21 upregulated and 15 downregulated genes upon IVIG treatment in non-
differentiating cells (Fig. 17A, B). On the other hand, in differentiating Schwann cells 6 genes
were upregulated and other 5 genes were downregulated (Fig. 17C, D). Many of the
identified transcripts were of unknown function. In addition, multiple testing correction was
performed in order to adjust the individual p-value for each gene to keep the overall false
positive rate to less than or equal to a p-value cut-off. Statistically significant changes in
expression were considered for genes with adjusted p-values of < 0.01. However, upon
calculation of the false discovery rate by the method of Benjamini and Hochberg (Benjamini,
1995), none of the adjusted p-values of the selected genes appeared to be significant (Fig.
17B, D illustrates only non-adjusted p-values), indicating that, according to the acquired array
data, IVIG treatment does not induce high numbers of differences in the expression profile of

rat Schwann cells.

In addition, independently of the multiple correction method used, each selection of genes
contains some false positives (genes which appear regulated, although there is no true
regulation at all), while some false negatives fail to be selected (gene which did not meet the
selection criteria, although they are differentially expressed). We therefore decided to further
validate the obtained array data for some differentiation related Schwann cell genes

(summarized in tables 2 and 3) by means of quantitative RT-PCR.
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Figure 17. GeneChip analysis of differentiating and non-differentiating Schwann cells upon
IVIG treatment. Differentiation was induced by means of p57kip2 suppression (diff.) for 9 days in
culture and control transfected Schwann cells (non-diff.) represented the non-differentiating cell type.
IVIG (20 mg/ml, dialysed) or control buffer (ctrl) treatment was pursued for 7 days, starting after the

87



RESULTS

first 2 days post transfection. RNA samples from 4 independent experiments were collected and all 16
samples (4x non-diff. + ctrl, 4x non-diff. + IVIG, 4x diff. + ctrl, 4x diff. + IVIG) were exposed to Agilent
Whole Rat Genome Oligo Microarray analysis. (A-D) The results of the differentially expressed genes
after IVIG treatment (enclosed with a white pointed square in A, C) in non-differentiating (A) and
differentiating Schwann cells (C) are displayed in heat maps (A, C) and further sorted by decreasing
fold change values in tables (B, D); red tables represent the corresponding upregulated and green
tables the downregulated genes after IVIG treatment; two types of images of the clustered heat maps,
grouped by genes only, were generated: one analysis with all upregulated (red arrow pointing up) and
one with all downregulated genes (green arrow pointing down. (B, D) The p-values in the tables
represent the unadjusted numbers subjected to a Student’s f-test, but not to a multiple correction, and
are therefore indicated by (*). Number of experiments: n=4 (A-D).

Table 2. Selected differentially regulated genes of non-differentiating Schwann cells after IVIG
treatment. Represented are the fold change and the corresponding p-values® generated by the data
processing and statistical analysis of the GeneChip Array study on non-differentiating (control
transfected) cells of genes regulated after IVIG versus control buffer (ctrl) treatment. The last column
points to the figure number, in which the qRT-PCR validation of the regulated genes is reproduced.
(*)The p-values in the tables represent the unadjusted numbers subjected to a Student’s t-test, but not
to a multiple correction; red numbers highlight upregulated and green numbers downregulated genes.

non-differentiating cells: IVIG vs ctrl
gene name accession number fold change p-value* result validation
Tyrp1 NM_001106664 5,693 4,89E-03 Figure 18A
IL-18 NM_019165 3,054 8,32E-03 Figure 19A
Olig1 NM_021770 1,986 2,37E-02 Figure 18B
Plp1 NM_030990 1,686 2,40E-02 Figure 15F
Sox10 NM_019193 1,034 5,49E-01 Figure 18C
p57kip2 (Cdkn1c) NM_182735 -1,334 1,99E-01 Figure 18D
p57kip2 (Cdkn1c) NM_001033757 -1,257 4,10E-01 Figure 18D

Table 3. Selected differentially regulated genes of differentiating Schwann cells after IVIG
treatment. Represented are the fold change and the corresponding p-values® generated by the data
processing and statistical analysis of the GeneChip Array study on differentiating (p57kip2
suppressed) cells of genes regulated after IVIG versus control buffer (ctrl) treatment. The last column
points to the figure number, in which the qRT-PCR validation of the regulated genes is reproduced.
(*)The p-values in the tables represent the unadjusted numbers subjected to a Student’s t-test, but not
to a multiple correction; red numbers highlight upregulated and green numbers downregulated genes.

differentiating cells: IVIG vs ctrl

gene name accession number fold change p-value* results validation
Tyrp1 NM_001106664 2,706 3,14E-02 Figure 18A
IL-18 NM_019165 1,566 2,62E-01 Figure 19A
Olig1 NM_021770 1,552 5,49E-02 Figure 18B
Plp1 NM_030990 1,127 3,92E-01 Figure 15F
Sox10 NM_019193 1,083 2,30E-02 Figure 18C
p57kip2 (Cdkn1c) NM_182735 1,155 1,80E-01 Figure 18D
p57kip2 (Cdkn1c) NM_001033757 -1,093 7,95E-01 Figure 18D
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Initially, the regulation of two genes attracted our attention, namely tyrosinase-related
protein 1 (Tyrp1) and interleukin-18 (IL-18), two of the most prominently upregulated genes
upon IVIG stimulation in non-differentiating Schwann cells (Fig. 17A, B and table 2). IL-18 is
a proinflammatory cytokine, belonging to the IL-1 family (Sedimbi et al., 2013) with yet
controversial relevance for the peripheral nervous system (Jander and Stoll, 2001, Menge et
al., 2001). Additional information regarding the role of IL-18 expression in Schwann cells and
their direct environment is described in the following two chapters (4.9 and 4.10). Tyrp1 is
considered a functional component and differentiation marker in melanocytes (Ghanem and
Fabrice, 2011), but has recently also been shown to be upregulated in Schwann cells that
have failed to dedifferentiate upon nerve transection (Arthur-Farraj et al., 2012). The same
authors identified oligodendrocyte transcription factor 1 (Olig1), commonly known as lineage
transcription factor involved in oligodendroglial differentiation and maturation (Meijer et al.,
2012), as a novel (cJun-dependent) activated gene in denervated Schwann cells. We
confirmed the differential upregulation of Tyrp1 transcript levels (tables 2 and 3) by means of
quantitative RT-PCR in non-differentiating (control transfected) and differentiation competent
Schwann cells after 7 days IVIG treatment (Fig. 18A), as well as in non-differentiating cells
after 1 and 3 days of stimulation. Surprisingly, we detected that Olig1 was also strongly
upregulated after short-term and long-term stimulation of non-differentiating (Fig. 18F, B) and
differentiating Schwann cells (Fig. 18B). Similar outcomes resulted also from the array data
(tables 2 and 3) though according to the current literature they do not support our present
results in total, reflecting an induction of a differentiation-related phenotype in Schwann cells
after IVIG stimulation. Furthermore, staining analysis confirmed Olig1 protein expression in
Schwann cells, where the transcription factor was found to be localized in the cytoplasm of
the cells (Fig. 18G), similarly to previous observations on oligodendroglial cells of the adult
mouse brain (Arnett et al., 2004). The observed upregulation upon IVIG stimulation could not
be confirmed on protein level.

Concerning the upregulation of the myelin gene Plp1 previously shown in chapter 4.7 (Fig.
15F) by quantitative RT-PCR, we could detect overlapping trends with the results from the
array analysis in differentiating as well as non-differentiating cells (tables 2 and 3). Schwann
cell transcription factor Sox10 was only mildly induced according to the GeneChip analysis
(tables 2 and 3), though we could demonstrate that in non-differentiating cells this
upregulation was significant and sustained over a longer period of time (Fig. 18C). We also
found that the expression of the p57kip2 gene, found to encode an intrinsic inhibitor of
Schwann cell differentiation (Heinen et al., 2008a), was significantly lowered in control
transfected (non-differentiating) cells after 7 days of IVIG stimulation (Fig. 18D). IVIG
dependent downregulation of the p57kip2 gene appears to start already after 3 days

treatment as revealed by short-term stimulation experiments on cultured Schwann cells (Fig.
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18H). This is of interest as the array data revaleded no real regulation of p57kip2 transcript

levels (tables 2 and 3) and supportes the notion that GeneChip analyses are less sensitive.

c < &
S 8 S 4 S 34 .% 24
g7~ 2 2 3
o) *kk (0] —
= 6 o 3{ /0 = a
S kK o % 2 >
x 5 > ) ns ] *kk
() 4 [} 2 o %5 — o) 1 [
< (0] — c 1
g 3 s o 5
*k fo)) 1 4

22 © 1 C g = N
g 1 2 > 2 RN
,2‘ 0- - . (@) 0- . - (?) 0- - 5 Y 0-

non-diff. diff. non-diff. diff. non-diff. diff. = non-diff. diff.
5 5
=] 3 *kk E 3 *kk A7) 27
o o DAPI/Olig1 s
S 2; g 2 5

x *
® qJ q) 1 ] r
2 2 5
[0 14 (0] 1 (@)}
o o) o
13 E <
> —~ N~
~ 0- O o ; v 0-
1d 3d 1d 3q DAPI/Olig1 Q 3d

Figure 18. IVIG treatment induces expression of differentiation-related genes. (A-D)
Differentiation was induced by p57kip2 suppression (diff. vs control transfected cells (non-diff.)) of
cultured Schwann cells and IVIG treatment was performed two days after differentiation was initiated
for a total period of 7 days (7d). (E-H) Non-transfected Schwann cells were stimulated with 20 mg/ml
dialysed IVIG or ctrl for 1d or 3d in culture. (A, B) Quantitative RT-PCR revealed significant
upregulation of Tyrp1 and Olig1 genes upon IVIG stimulation (grey bars, A, B) in both diff. and non-
diff. cells when compared to control buffer (black bars). (E, F) Short-term stimulation (1d and 3d) of
non-transfected and therefore non-differentiating Schwann cells revealed similar gene upregulation.
(C) Sox10 transcriptional levels were upregulated only in non-diff. cells upon IVIG stimulation. (D, H)
The expression of the Schwann cell differentiation inhibitor p57kip2 was significantly downregulated
not only after 3d but also after a longer period of 7d stimulation with IVIG in non-diff. Schwann cells.
(I-J) Staining against Olig1 confirmed the expression of the transcription factor in Schwann cells.
GAPDH was used as normalization control in all experiments. t-test (ns, not significant, *p<0.05,
**p<0.01, ***p<0.001). Error bars represent SEM. Number of experiments: n=7 for (A-C), n= 12 for (D),
n=5 for 1d (E), n=2 for 3d (E), n=8 for 1d (F), n=5 for 3d (F), n=3 for (G), n=13 for 1d (H), n=9 for
3d (H).
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4.9 IVIG induce interleukin-18 expression in Schwann cells®

One of the most prominently differentially regulated genes upon IVIG stimulation was IL-18,
a proinflammatory cytokine, belonging to the IL-1 family (Sedimbi et al., 2013). According to
the GeneChip data (table 2 and 3), IL-18 was significantly upregulated in non-differentiating
and also slightly increased in differentiating Schwann cells after immunoglobulin treatment.
We therefore investigated this finding in greater detail and validated transcript levels by
means of quantitative RT-PCR (Fig. 19A). This analysis confirmed the observed strong
induction in non-differentiating cells and it could also be shown that IVIG treatment can
induce IL-18 expression over a period of at least 9 days (Fig. 19B). These observations could
be supported by examination of IL-18 protein levels using ELISA (enzyme-linked
immunosorbent assay) (Fig. 19C-E). We could show that cultured Schwann cells consistently
produce and secrete elevated IL-18 protein levels at days 1, 4, 7 and 9 upon IVIG stimulation
(Fig. 19D). Interestingly, although at late time points differentiating Schwann cells did not
show an IVIG dependent increase in IL-18 transcript levels (Fig. 19A), soluble IL-18 protein
levels were elevated in both Schwann cell populations after 4 and 7 days (Fig. 19C, E).

In addition, we examined the transcriptional regulation of monocyte attractant protein-1, a
further proinflammatory molecule secreted by Schwann cells, involved in both macrophage
attraction and activation in the process of Wallerian degeneration (Perrin et al., 2005,
Cheepudomwit et al., 2008) as well as in the pathology of genetically induced demyelination
(Fischer et al., 2008a). We found Mcp-1 transcript levels to be consistently upregulated at

later time points during IVIG stimulation of non-differentiating Schwann cells (Fig. 19F).

2 for authorship notice please refer to chapter 9.2
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Figure 19. IVIG dependent expression and secretion of IL-18 and Mcp-1. (A, C, E) Two days after
transfection differentiating (diff.) and non-differentiating (non-diff.) Schwann cells were stimulated for
up to 7 days (7d) with 20 mg/ml dialysed IVIG or control buffer (ctrl) with one medium exchange at 4d.
At day 7 quantitative RT-PCR revealed a significant upregulation of IL-18 gene expression in non-
differentiating cells (A), but not in differentiating cells. However, ELISA determination revealed
elevated secreted IL-18 protein levels at time points, 4d (C) and 7d (E), after IVIG stimulation. (B, D)
Similarly induced IL-18 gene and protein expression levels could be observed when naive (non-
transfected and therefore non-differentiating) Schwann cells were IVIG stimulated as shown on time
points 1d, 4d, 7d, 9d. Of note, 4d medium was collected before the medium change. (F) Mcp-1 gene
expression levels were also upregulated after 4d, 7d and 9d of IVIG stimulation. GAPDH was used as
reference gene (A, B, F). t-test (ns, not significant, *p<0.05, **p<0.01, ***p<0.001). Error bars
represent SEM. Number of experiments: n=7 for (A), n=3 for (B, F), n=3 for (C, D, E).
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4.10 Schwann cell promoted neurite outgrowth is positively influenced
by IVIG and IL-18%

Considering the previously detected IL-18 expression and secretion (Fig. 19), we
investigated whether this cytokine might contribute to the communication between peripheral
glial cells and neurons which is among others important for axonal elongation. To this end,
we conducted an in vitro growth assay using rat DRG explant cultures where we measured
axonal outgrowth 24 hours after plating by determination of the relative length of
neurofilament-positive neurites, as previously shown (Kiry et al., 2002, Heinen et al., 2015).
We observed that conditioned medium from Schwann cells treated with IVIG over 3 days
could significantly induce neurite outgrowth of sensory neurons (Fig. 20A). Therefore we
examined whether IL-18 might contribute to this effect. To test this hypothesis, DRG explants
were treated with medium that has been conditioned over a period of 3 days by IL-18
stimulated Schwann cells (Fig. 20B), or supplied with medium freshly supplemented with rat
recombinant IL-18 (Fig. 20C). As expected, Schwann cell conditioned medium improved
neurite outgrowth (compare levels in Fig. 20A and B vs. C; red dotted line). Importantly, this
positive growth effect was further potentiated in a dose-dependent way when medium was
conditioned by IL-18 treated Schwann cells (Fig. 20B, D-G). In DRG cultures treated with
non-conditioned medium with freshly added IL-18, neurite outgrowth was not affected (Fig.
20C). These results indicate that IL-18 can instruct Schwann cells in order to promote

neuritic growth, possibly by means of an enhanced growth factor production.

2 for authorship notice please refer to chapter 9.2
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Figure 20. Schwann cell dependent promotion of axonal outgrowth. (A-G) Average neurite
growth lengths were determined 24 h after incubation of rat DRG explants in culture medium of
Schwann cells treated with control buffer (ctrl), IVIG or different IL-18 concentrations. Three different
culture media were used: (A) culture medium conditioned by control buffer treated Schwann cells
(black bar) and by cells stimulated with 20 mg/ml dialysed IVIG (grey bar) for 3 days; (B) culture
medium conditioned by Schwann cells treated with IL-18 over 3 days and (C) culture medium directly
supplemented with IL-18 (non-conditioned). (a-b) Illustrations show the hypothetical medium content
used for the 24 h treatment of the corresponding DRG explants: (a) IVIG conditioned medium contains
IVIG, Schwann cell (SC) derived IL-18 and growth factors; (b) IL-18 conditioned medium contains IL-
18 and SC derived growth factors and (c) non-conditioned medium contains IL-18 only. Quantification
of neurite lengths (NF-positive) from the DRG core to the outer rim revealed extensive radial neurite
outgrowth in Schwann cell conditioned media (A, B) in comparison to non-conditioned culture media
(C). Treatment of Schwann cells with IVIG further increased the neuritic growth (A) and media
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conditioned by IL-18 treated Schwann cells also showed a positive, concentration dependent effect on
outgrowth (B), whereas direct addition of IL-18 to the culture medium did not exert any effect (C). (D-
G) Representative photographs of DRG explants cultured in medium conditioned by Schwann cells,
which were stimulated by different IL-18 concentrations (IL-18 conditioned). (H-K) Representative
photographs of DRG explants cultured in medium directly supplemented with different IL-18
concentrations (non-conditioned). Neurofilament (NF) staining is visualized in green. t-test (ns, not
significant, ***p<0.001). Error bars represent SEM. Scale bar: 200 ym. n=3 for (A), n=5 (B, C), per
experiment and condition 6-12 explants were evaluated. Red line marks the average neurite length in
response to non-conditioned medium (0 ng/ml IL-18 in C).
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5 DISCUSSION?®

Intravenous immunoglobulins have been used for more than two decades in the treatment of
demyelinating immune system disorders, especially inflammatory neuropathies, and their
potential immunomodulatory effects have extensively been described (Nimmerjahn and
Ravetch, 2008a). However, no direct effect of pooled immunoglobulins on glial cells of the
peripheral nervous system, consequently no potential role in modulating the regeneration
potential of these cells, has yet been described.

We therefore decided to investigate the possible effect of IVIG on Schwann cells by
evaluation of their gene expression, homeostasis, and maturation processes. In the present
study a specific binding of human IVIG on the primary rat Schwann cell surface could be
demonstrated. In addition, it was revealed that this surface recognition might occur via the
variable F(ab'), domain of the antibody preparation. On the other hand, expression of the
high affinity Fc receptor for immunoglobulin binding, CD64, was detected on the cell surface.
Treatment with IVIG led to reduced cellular proliferation rates without affecting cell survival.
In addition, accelerated growth of cellular processes upon IVIG application resembling early
stages of cellular maturation was observed. Furthermore, immature Schwann cells
responded to IVIG binding by induction of myelin gene expression and upregulation of
signaling cascades positively affecting the myelination process. IVIG treatment resulted in
increase of myelin protein expression in differentiating and in myelination competent
Schwann cells, as demonstrated by in vitro myelinating neuron/glia cocultures. GeneChip
array analysis revealed the upregulation of novel Schwann cell lineage factors, including the
cytokine 1L-18, the melanocyte marker Tyrp1 and the oligodendroglial transcription factor
Olig1 upon IVIG stimulation. In addition to enhanced gene expression, our data
demonstrated for the first time that Schwann cells secrete IL-18 upon IVIG treatment. In
particular, the secretion of this cytokine, but also other putative factors, self-instructs
Schwann cells to support axonal growth. It was therefore concluded that IVIG can positively

affect Schwann cell differentiation by iduction of maturation related signals.

5.1 Interaction of IVIG with Schwann cells

In our investigations regarding the influence of immunoglobulins on Schwann cells a specific
IVIG binding on the cell surface was detected. The underlying mode of action, especially

concerning the exact way immunoglobulins interact with Schwann cell surface proteins,

% for authorship notice please refer to chapter 9.2
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needs to be explored and might include different mechanisms. Currently, we consider two
possible ways of surface recognition. The first one is via attachment of the F(ab'), part of
immunoglobulins to Schwann cell epitopes, the second is via binding of the IgG Fc part to
corresponding Fc receptors. Detection of CD64 receptor for high affinity IgG binding on
Schwann cells, as well as the observation that F(ab'), fragments, resulting from digested
IVIG, specifically interact with the Schwann cell surface, support such dual mode of action.
Both surface recognitions might take place either at the same time or separately, depending
on the in vivo situation. Such a complex mode of action is in line with the current knowledge
regarding the IVIG functionality in demyelinating autoimmune diseases where
immunoglobulins are thought to interact with the immune system through antigen specific as
well as non-specific recognition via F(ab'),- or Fc-mediated immunomodulatory mechanisms
respectively (Buttmann et al., 2013).

In this context it is worth mentioning that recent publications suggest that also intrinsic
(auto)antibodies, consisting of IgG and IgM molecules, bind to degenerating myelin. This was
observed during Wallerian degeneration of peripheral nerves and is thought to accelerate
macrophage-mediated phagocytosis (Vargas et al., 2010). Similar immune-related and
myelin-labelling mechanisms have been proposed in CMT1 models of inherited
neuropathies, where endogenous antibodies might be involved in myelin decoration and thus
contribute to macrophage recognition (Martini et al., 2013). Along these observations, IVIG
were found to increase the phagocytic activity for myelin debris in macrophages in an in vitro
model for Wallerian degeneration - a process which involved immune cell Fc receptors
(Kuhlmann et al., 2002). Furthermore, in a Theiler's virus-induced animal model of CNS
demyelination, monoclonal IgMk antibodies, raised against spinal cord homogenate,
appeared to be polyreactive to intracellular and surface antigens of oligodendrocytes and, as
a consequence of binding, they induced remyelination in 20-24 % of the demyelinated area
(Asakura et al.,, 1998). Human IVIG and polyclonal IgM molecules also promoted
remyelination in the same animal model, but did not bind on the surface of oligodendrocytes
in contrast to human serum-derived monoclonal IgM antibodies (Warrington et al., 2000).
The mechanisms of polyclonal antibodies to promote remyelination in the CNS have yet to
be revealed and are most likely related to general immunoregulation or neutralization of
pathogenic antibodies. In line with the study of Vargas and colleagues (Vargas et al., 2010),
the authors of this study hypothesized that the enhanced CNS remyelination capacity of
monoclonal antibodies could be due to direct targeting of the monoclonal IgM molecules to
damaged CNS myelin (injured oligodendrocytes) and recruitment of microglial cells for faster
myelin clearance (Warrington et al., 2000). Nevertheless, these investigations suggest that

the way these two antibody classes induce remyelination in the CNS might be different, given
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the fact that IVIG also exhibit an immunomodulatory activity via Fc receptors on immune cells
(Nagelkerke and Kuijpers, 2014).

Of note, binding of monoclonal human IgG1 molecules (Herceptin and Avastin) was also
detected on the Schwann cell surface. This can be considered as an indirect proof of IgG
binding via Fc receptors, as Avastin should not be able to recognize any rat Schwann cell
epitopes. However, Herceptin recognizes and binds human epidermal growth factor receptor
2 (Her2/ErbB2), which is expressed on the surface of human breast cancer but also on
Schwann cells (Slamon et al., 1987, Jin et al., 1993). Hence, it is conceivable but not shown
that Herceptin could exhibit xenoreactive effects via binding to the rat ErbB2 receptor. This
antibody has already been applied as an ErbB2 receptor blocker in a rat model for peripheral
nerve injury, however the authors of this study did not comment on the specificity of the
binding to the rat receptor (Placheta et al., 2014). We therefore conclude that
immunoglobulin binding via Fc receptors is also likely to occur on Schwann cell surfaces. In
order to investigate such Fc dependent functions, future studies should involve fractionation
of IVIG preparations and binding assays using isolated Fc fragments.

So far it can be concluded that IVIG most likely exhibit a dual surface recognition pattern on
Schwann cells. Binding via the F(ab'), part of immunoglobulins could be responsible for
faster removal of myelin debris by targeting it to peripheral macrophages, as previously
shown in WD models (Vargas et al., 2010). According to our gene expression data (Fig. 13),
epitope recognition might also be involved in induction of maturation signals in Schwann
cells. Such a hypothesis is supported by a number of previous observations documenting
that IVIG exhibit reactivity to a number of human self-proteins (Miescher et al., 2005, Schaub
et al., 2007, Bussone et al., 2009). The study of Schaub and colleagues (Schaub et al.,
2007) showed the self-reactivity of IVIG to be mainly directed against nuclei and the
perinuclear cytoplasm of human Hep-2 (larynx carcinoma epithelial) cells. IVIG recognized
proteins of different functions and origins from the cytoplasmic extract of Hep-2 cells
including actin, tubulin, heat-shock proteins, some enzymes, nuclear components and other
proteins, many of which have already been mentioned in the context of autoimmune and/or
inflammatory diseases (Schaub et al.,, 2007). A different study, investigating the IVIG
autoantibody reactivity to cytoplasmic extracts of HUVEC (human umbilical vein endothelial
cells) and nuclear proteins enriched extracts of Hep-2 cells, identified 96 different proteins 14
of which were common to both extracts (Bussone et al., 2009). These comprised glycolysis,
RNA processing and cytoskeletal proteins, but no membrane proteins, since the applied
isolation procedure did not allow their determination (Bussone et al., 2009). An identification
of the Schwann cell epitopes recognized by IVIG would constitute a major step towards
understanding of the contribution of glial-reactive 1gG antibodies to therapeutic effects of the

IVIG preparations. Such investigations will be reserved for future experiments and will imply
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state of the art biochemical analyses of Schwann cell membrane proteins. Moreover,
currently it can not be excluded that other immunoglobulin classes such as IgM, already
shown to be effective in oligodendoglial differentiation, or IgA, present in trace amounts in
IVIG, also bind to the Schwann cell surface. Their potential influence on the glial cells of the

PNS also needs to be addressed in future studies.

5.2 Immunoglobulin receptor expression on Schwann cells

In the present study it could be demonstrated that the CD64 receptor for high affinity IgG
binding is expressed on the rat Schwann cell surface. Previous studies using nerve sections
revealed that human Schwann cells express an Fc gamma receptor (Vedeler et al., 1989),
later designated as FcyR3, the low affinity immunoglobulin binding receptor CD16 (Vedeler
and Fitzpatrick-Klove, 1990, Vedeler et al., 1991). Nevertheless, human Schwann cells
appeared to lose the receptor expression when kept in culture, suggesting expression of
FcyR3 is dependent on axonal contact (Vedeler et al., 1990). Furthermore, the FcyR3
expression in cultured rat Schwann cells was confirmed, however, to a much lesser extent as
compared to macrophages (Vedeler et al., 1992). This is in line with our data showing that
differentiation competent Schwann cells, which have exited the cell cycle and have initiated
maturation (Heinen et al., 2008a), show a significant upregulation of the CD64 receptor when
compared to cultured non-differentiating Schwann cells. Consequently, an involvement of the
CD64 receptor in Schwann cell maturation can be suggested. Again this hypothesis will
require future confirmation, including an examination of receptor expression during nerve
development or after nerve injury.

As already described earlier, Fc receptors are also expressed on cells of the CNS such as
microglia, astrocytes, oligodendrocytes and neurons (Okun et al., 2010). For more details
please refer to chapter 2.6.3 in the introduction. Oligodendrocytes were shown to express an
Fc receptor for IgM as well as FcR gamma chain, the common gamma chain of
immunoglobulin Fc receptors. The latter is most likely involved in OPC differentiation
(Nakahara et al., 2003a, Nakahara et al., 2003b). FcyRs on microglia were shown to be
responsible for activation of these immune-like cells and consequent aggravation of
pathological processes in CNS demyelinating diseases or ischemic stroke (Ulvestad et al.,
1994, Komine-Kobayashi et al., 2004). Neuronal FcyR expression was brought in connection
to pain and inflammatory signaling in sensory DRG neurons. Furthermore, a possible
developmental role in cerebellar neurons was suggested (Andoh and Kuraishi, 2004a,
Nakamura et al., 2007).
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CD64 expression on Schwann cells suggests that this receptor exerts a certain immune-
modulatory function and might be involved in binding immune complexes, induction of
phagocytosis or local (immuno)regulation. Our observations revealed a downregulation of the
CD64 receptor expression in non-differentiating Schwann cells after IVIG treatment, probably
due to a receptor blockade via IVIG. Similar IVIG mechanisms of action have been proposed
for macrophages, where activating Fc receptors are blocked but inhibitory ones are
upregulated leading to a diminished immune competence and thus to an anti-inflammatory
mode of action (Schwab and Nimmerjahn, 2013). Further to this, by applying human
monoclonal 1gG1 antibodies, which most likely bind to Fc receptors on the Schwann cell
surface, none of the observed maturation effects induced by the polyclonal IVIG product
could be observed. The role of CD64 in Schwann cells, whether responsible for
immunoglobulin binding or a different not yet known function will be addressed in future
experiments.

CD64 is an activating receptor and as such contains an immunoreceptor tyrosine-based
activation motif (ITAM) in its Fc receptor common gamma chain. Phosphorylation of ITAM is
performed by activated intracellular Src-family protein tyrosine kinases, such as Fyn, Src and
Lyn. Subsequent downstream signaling events in immune cells involve SYK kinase activation
(Takai, 2002). Of note, it has already been proposed that the FcyR-Fyn-MBP signaling
cascade is crucial for OPC differentiation and CNS myelination processes (Nakahara et al.,
2003b). However, SYK expression could not be detected in rat Schwann cells on protein or
transcript levels, indicating that different pathways are employed in glial cells.

Another interesting function of Fc receptors is the internalization of bound antigen-antibody
immune complexes and the consequent antigen presentation to MHC class | or class Il
antigen-presenting molecules (Takai, 2002). As recently reviewed, Schwann cells are well-
known for their immune cell-like properties and indeed express MHC class molecules on
their surface and are therefore considered accessory antigen presenting cells (Tzekova et
al., 2014). Future investigations will address the question whether there is a connection
between Fc receptor expression and antigen presentation in Schwann cells.

Another vague possibility implies that CD64 expression in Schwann cells might not
necessarily be connected to immunoglobulin binding. Fc receptors were shown to possess
the ability to bind non-immunoglobulin ligands on the surface of other cell types. In this
regard Galon and colleagues have shown that a soluble form of the extracellular domain of
CD16 receptor, present in blood plasma, bound to complement receptor (CR) 3 and 4 on
leukocytes (Galon et al., 1996). This binding resulted in proinflammatory cytokine secretion
by monocytes and dendritic cells (Galon et al., 1996). We have recently summarized a
number of immune mediator molecules secreted by Schwann cells and pointed out that

these cells also express components of the complement system (Tzekova et al., 2014). It
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can therefore not be excluded that the CD64 receptor on Schwann cells is involved in a
different immunomodulatory role such as interacting with complement molecules.

Future experiments with IVIG derived Fc fragments will be an important step toward the
elucidation of antibody binding modes on the Schwann cell surface as well as the cellular
reactions issued by this surface interaction. Additional experiments are needed to determine
the function of the CD64 receptor in PNS glial cells. CD64 knockout mice exist already and it
has been revealed that the deletion of this receptor leads to profound alterations in
immunomodulatory cell responses (Barnes et al., 2002). Nevertheless, these mice can not
be considered as a suitable in vivo model for functional studies on the CD64 receptor role in
Schwann cells. Notably, a lot of cells express FcyR1, including immune cells such as
macrophages, monocytes and dendritic cells, along with various neural cells (Okun et al.,
2010, van der Poel et al., 2011). An interesting aspect for future investigations would thus
comprise the generation of a Schwann cell specific FcyR1 deficiency. This conditional
knockout could be achieved by crossing mice expressing the FcyR1 gene targeted with loxP
sites (34-base pair palindromic sequences) with mice expressing the Cre recombinase as

transgene under the control of a Schwann cell-specific promoter, for instance PO/Mpz.

5.3 IVIG promote Schwann cells differentiation signals

Differentiation and functional maturation of Schwann cells is highly dependent on the
expression of myelin proteins. We found that expression levels of the most prominent myelin
genes and major Schwann cell differentiation related transcription factors, such as Krox20,
Sox10 and Oct-6 (Jessen and Mirsky, 2002), were transiently induced in non-differentiating
Schwann cells after short-term IVIG stimulation. This was corroborated by the observation
that signaling molecules, prominently involved in regulating Schwann cell differentiation, such
as Akt (Ogata et al., 2004), depicted significant upregulation on protein level. On the other
hand, PTEN, a molecule acting upstream of the Akt signaling pathway and thereby
responsible for Akt inhibition (Cotter et al., 2010, Goebbels et al., 2010), was downregulated
after IVIG stimulation. The observed transient myelin gene upregulation in non-differentiating
Schwann cells can be explained with the fact that cells used in our model were cultured in
presence of 2 uM forskolin, enabling the cells to divide faster while differentiation does not
take place (Kury et al., 2002).

Notably, IVIG managed to sustain not only myelin gene but also protein upregulation for
much longer periods of time in differentiation competent Schwann cells. These findings were
then supported by the observation that IVIG stimulation also significantly increased numbers

of myelin internodes in the applied in vitro myelination culture system providing strong
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evidence that in differentiation competent cells (as induced following suppression of the
p57kip2 gene; (Heinen et al., 2008a)) or in presence of axons glial maturation is clearly
promoted by IVIG. There are already several publications reporting a beneficial effect of
polyvalent immunoglobulins on CNS and PNS remyelination (Rodriguez and Lennon, 1990,
van Engelen et al., 1994, Gabriel et al., 1997, Warrington et al., 2000, Lin et al., 2007a).
Although polyclonal IgM molecules turned out to be more potent inducers of oligodendrocyte
differentiation and remyelination in different CNS in vivo demyelination models, human IVIG
can also promote this process (Bieber et al., 2000, Warrington et al., 2000, Bieber et al.,
2002). On the other hand, treatment of rats with induced experimental autoimmune neuritis
(EAN), an animal model of GBS, using human IVIG induced recovery and amelioration of
disease course and showed more extensive remyelination in their nerves upon histological
analysis (Gabriel et al., 1997, Lin et al., 2007a). In a follow up study, the authors
demonstrated that this effect was due to the Fc rather than the F(ab'), portion in IVIG, though
IVIG still turned out to be superior (Lin et al., 2007b). It is debatable whether the above-
mentioned IVIG effects are due to regulation of the immune related processes, to myelin
opsonisation allowing faster myelin repair or due to a direct IVIG effect on oligodendrocytes
and Schwann cells. The latter of which has so far not been studied and reported. It is only
here, in the present study where first direct evidence that IVIG interact and instruct Schwann
cells is provided. Since IVIG also reduced glial proliferation rates and myelin synthesis by
Schwann cells starts when cell proliferation is arrested, this was considered an additional
evidence for initiation of the glial differentiation process. Of note, in a paper focusing on the
IVIG effect on immune cells, similar results regarding proliferation control have been
obtained in cultured human Schwann cells from nerve biopsies and fibroblasts. IVIG were
shown to inhibit cell growth in concentrations (15 mg/ml) similar to those used in our study
(van Schaik et al., 1997). Moreover, using our model of differentiation competent Schwann
cells (Heinen et al., 2008a), we found that IVIG induced also an accelerated growth of
cellular processes in early stages of the differentiation process. Thus, IVIG seem to positively
influence the morphology of cells towards differentiation.

As discussed above it can be speculated whether this maturation promoting effect is either
due to epitope or Fc receptor binding, or results from both interactions together. Using
digested F(ab'), fragments from IVIG for cell stimulation, we not only detected binding to the
Schwann cell surface but also induction of myelin genes. Since for technical reasons it was
not possible to use IVIG derived Fc fragments, monoclonal IgG1 antibodies were applied
instead. Importantly, while they bound to the Schwann cell surface, they clearly failed in
promoting glial maturation. This important experiment indicated that the cellular reaction is
not induced by the IgG1 content of the pooled immunoglobulins alone, but by IVIG as a

whole product. Despite the fact that IVIG mostly contain IgG1 molecules, future stimulation
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experiments with 1gG2, 19gG3 and IgG4 subclasses should be conducted in order to
determine whether they might be involved in the induction of cellular differentiation. Of note,
expression of the corresponding FcyRs for IgG2 and 1gG4, FcyR2 and FcyR2 or FcyR3,
respectively, was not detected on the rat Schwann cell surface. IgG1 and IgG3 bind to all
receptors. On the other hand, it has also to be considered that as human monoclonal
antibodies, the used IgG1s should not be able to recognize rat epitopes and are therefore
more likely to bind via Fc receptors. Of note, the Avastin IgG1 which binds selectively human
soluble vascular endothelial growth factor (VEGF) and the Synagis IgG1 which binds to an A
epitope of a fusion protein of the human Respiratory Syncytial Virus (RSV) cannot bind to
epitopes on the Schwann cell surface. Herceptin, on the other hand, could eventually bind to
Schwann cell epitopes, as the target protein ErbB2 is naturally expressed in this lineage.
Moreover, we could then show that this binding does not induce the same reactions as IVIG,
supporting the conclusion that neither the IgG1 fraction nor binding to ErbB2 was responsible
for the effect alone.

Of note, in a recent research article Herceptin has been used as ErbB2 receptor inhibitor in a
rat model for nerve regeneration (Placheta et al., 2014). The authors paid attention to the
direct effect on nerve recovery and observed increased outgrowth of axons upon Herceptin
treatment, although this effect was apparently independent of neuregulin-ErbB2 signaling
and hence in contrast to the expected results. Subsequently, Akt phosphorylation in the
nerve tissue was significantly diminished despite the positive effect on regenerating nerves
(Placheta et al., 2014). IVIG stimulation of non-differentiating cultured Schwann cells, on the
other hand, led to induction of Akt phosphorylation, indicating that IVIG possibly activate
different pathways from Herceptin, independently from the way they bind on the Schwann
cell surface. Nevertheless, the control experiments conducted with either F(ab'), fragments
or IgG1 point to a potential mechanism of action where for IVIG both binding possibilities
could take place either at the same time or at different time points depending on the in vivo
situation and the availability of the Fc receptor or epitope expression. As we could not detect
mRNA and protein expression of SYK, a kinase, which is involved in the downstream signal
transduction of activating Fc receptors in immune cells (Mocsai et al.,, 2010), it can be
suggested that the initiation of Schwann cell differentiation signals might take place through
the variable region of the immunoglobulins. The initiation of yet to be defined signal
transduction pathways in Schwann cells, stimulated via Fc receptor or F(ab'), binding, will be
addressed in follow up studies. Furthermore, it can not be excluded that Fc signaling in
Schwann cells might not be SYK-dependent.

IVIG also induced additional reactions in Schwann cells such as upregulation of Olig1 and
Tyrp1 genes or downregulation of the glial differentiation inhibitor p57kip2 as revealed by

GeneChip array analysis. Olig1 was among the most upregulated transcripts upon IVIG
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stimulation in non-differentiating as well as differentiating Schwann cells. Olig1 is a basic
helix-loop-helix transcription factor, known to be expressed predominantly in the CNS and in
both developing and mature oligodendrocytes (Ligon et al., 2006). It promotes differentiation
of oligodendrocyte precursor cells into mature oligodendrocytes, is needed for postnatal
myelination (Xin et al., 2005) and has a role in remyelination (Arnett et al., 2004). However,
little is known about Olig1 functions in the PNS. In a recent study Olig1 has been mentioned
for the first time in the context of peripheral glial cells and as a gene which shows strong
cJun dependent induction in denervated Schwann cells of injured sciatic nerves, suggesting
a role in the regeneration process (Arthur-Farraj et al., 2012). In line with this observation,
another group detected Olig1 expression in myelinating and non-myelinating mouse nerve
tissue and showed remarkable Olig1 transcript downregulation after high-dose forskolin-
induced differentiation in cultured Schwann cells. (Schmid et al., 2014). The authors
concluded that Olig1 is a newly discovered transcription factor for the Schwann cell lineage,
exerting a certain role in these cell’s differentiation processes (Schmid et al., 2014). As these
authors defined induced Schwann cell differentiation solely by a significant upregulation of
Mpz/PO transcripts, whereas crucial Schwann cell transcription factors such as Sox10 and
Krox20 were not regulated by forskolin treatment, and myelin genes such as Mbp and
plasmolipin (Pllp) were even downregulated (Schmid et al., 2014), the conclusions drawn in
this paper are probably premature and need to be re-addressed. Even more so, since in
contrast to the decreased Olig1 expression in differentiating cells, the authors detected
gradually increased Olig1 expression levels during peripheral nerve development (Schmid et
al., 2014). In the present work, the observed upregulation of Olig1 after IVIG stimulation did
not correlate with cJun regulation, as cJun protein expression remained constant upon
treatment. It was therefore concluded that Olig1 upregulation by IVIG is cJun independent
and hence rather supports the differentiation potential of Schwann cells, which is in line with
the above mentioned upregulation of Olig1 in sciatic nerve development (Schmid et al.,
2014). Nevertheless, a role for Olig1 in regeneration of peripheral nerves cannot be
excluded.

In our study Olig1 was detected exclusively in the cytoplasm, whereas Schmid and
colleagues (Schmid et al., 2014) noticed Olig1 mainly in the cytoplasm but also weakly
expressed in nuclei. In the CNS, the cellular sublocalization of Olig1 changes depending on
the developmental stage of oligodendrocytes (reviewed in (Géttle and Kiry, 2015)). Nuclear
localization can be observed in early development and with proceeding maturation this
transcription factor becomes redistributed to the cytosol, where it remains in cells of the adult
white matter (Arnett et al., 2004). The function of Olig1 was further elucidated showing that
the nuclear form facilitates MBP expression, but the cytoplasmic one is responsible for

membrane extension (Niu et al., 2012). In response to injury Olig1 again translocates into
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nuclei and is thus necessary in the remyelination process (Arnett et al., 2004). One
interesting aspect for future studies would be to determine whether Olig1 subcellular
localization in Schwann cells also plays an important role for its activity and function. Using
the established model of myelinating neuron/glia cocultures its subcellular localization during
the maturation and in vitro myelination process could be examined. Furthermore, genetic
manipulation of participating Schwann cells by means of Olig1 overexpression or RNA
interference dependent suppression (similarly to experiments performed in (Heinen et al.,
2012)) could shed light on its functional impact.

In the present study the myelinating glial cell specific transcription factor Sox10 was
upregulated after short- and long-term IVIG stimulation experiments. Interestingly, it has
recently been shown that Sox10 is involved in induction of Mbp transcription in the CNS by
binding to Olig1 in oligodendrocytes (Li et al., 2007). Moreover, Sox10 can regulate the
expression of Tyrp1, one of the essential proteins required for melanin synthesis in
melanocytes (Harris et al., 2010). It can therefore be assumed that Sox10 is active upstream
of Tyrp1 in Schwann cells and might consequently be responsible for their induction upon
IVIG stimulation.

To date, Tyrp1 has only been mentioned once in context of PNS regeneration. This gene
was identified as one of the most significantly upregulated genes in Schwann cells that fail to
dedifferentiate in injured nerves upon depletion of the cJun gene (Arthur-Farraj et al., 2012).
This could be interpreted as involvement in the glial differentiation process and would be in
line with our findings, where Tyrp1 expression was highly increased after IVIG stimulation
(Fig. 17 and Fig. 18). Remarkably, it was also found to be decreased in Schwann cells, which
adapt to a repair cell phenotype (Heinen et al., 2015). Although the exact function of Tyrp1 in
Schwann cells is not clear yet, numerous publications exist which point to a direct connection
between melanocytes and Schwann cells. This is even more intriguing, given the fact that
both cell types originate from the same progenitors, the neural crest cells (Le Douarin et al.,
1991, Erickson, 1993). There are observations showing that melanocytes develop from
peripheral nerve cells after severe nerve injury and that this process is most likely induced by
the presence of certain cytokines of the injured environment (Rizvi et al., 2002). It has also
been demonstrated that melanocytes do not exclusively arise from neural crest cells but also
from Schwann cell precursors on extending spinal nerve ends below the skin (Adameyko et
al.,, 2009) and that this process is strictly regulated by an interplay of lineage-specific
transcription factors (Adameyko et al., 2012). A further description of the Tyrp1 protein and
its interactions and roles in Schwann cells would therefore be of considerable interest for
future studies. Nevertheless, the regulation of most of the above mentioned transcripts upon
IVIG stimulation, along with the downregulation of the glial differentiation inhibitor p57kip2,

support the observed tendency for an initiation of differentiation signals in Schwann cells.
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Future studies should then also try to reveal to what degree glial reactions depend on IgG
monomers, dimers, or oligomers. The presence of monomeric and dimeric 1gG fractions in
IVIG is well documented (Gronski et al., 1988a, Gronski et al., 1988b) and it has been shown
that pooling of the immunoglobulins and to a reduced extent the preparation method are
responsible for dimer formation, as immunoglobulins in single donor plasma are usually
monomeric (Tankersley et al., 1988, Roux and Tankersley, 1990). IVIG tolerability in patients
is thought to be dependent on the dimer content of IgG preparations, as it can induce
inconvenient side effects in humans, and is therefore kept minimal in the formulated IVIG
products (Miescher et al., 2005). All three components, monomers, dimers, or oligomers,
occur in non-dialysed and dialysed IVIG solutions (87-89 % monomers and 10-13 % dimers),
but the amount of oligomers/polymers is considered non-significant (less than 1 %; see
Materials and methods section, SEC data; (Teeling et al., 2001)). According to our SEC data,
IgG dimers are present but their fraction did not substantially change upon dialysis over time.
It has already been shown that dimers most likely result from idiotype-anti-idiotype reactions,
which occur between the immunoglobulins of different donors (Roux and Tankersley, 1990,
Tankersley, 1994). This fact makes them less likely to bind on Schwann cell epitopes, but
one should be aware that these dimers could induce additional cellular reactions via Fc
receptors. A biochemical separation of monomeric and dimeric fractions could thus be of
interest for the future investigations aiming at the description of the underlying mode of

action.

5.4 IL-18 cytokine expression in the PNS

In the present work, it could be shown for the first time that Schwann cells express and
secrete the cytokine IL-18 and that expression levels were induced upon stimulation with
IVIG. IL-18 is considered a proinflammatory cytokine, belonging to the IL-1 family. Its
expression is not only restricted to immune competent cells such as T lymphocytes and
macrophages, but also described for neural cells such as microglia and astrocytes and other
non-immune cells like keratinocytes and osteoblasts (Nakanishi et al., 2001). This cytokine
plays multiple roles in protection against intracellular host infections by inducing IFNy
production in type 1 T helper cells (Th1), NK and CD8+ cells. It is also involved in allergic
responses by initiating Th2 cell maturation, and is considered an important link between the
immune system and other tissues of the body due to its expression by various cell types
(Nakanishi et al., 2001). IL-18 has also been detected in the peripheral nervous system. In
particular, in inflamed nerve roots of EAN rats, the animal model of experimental

autoimmune neuritis, as well as in serum and cerebrospinal fluid of GBS patients, elevated
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levels of IL-18 were found, and corresponding immunostainings co-localized with activated
macrophages (Jander and Stoll, 2001). Furthermore, IL-18 was induced after peripheral
injury in the first week after nerve crush, but the upregulated expression was again attributed
to macrophages and their role in myelin recognition and uptake in the initial phases after
axonal injury (Menge et al., 2001).

Besides IL-18, another proinflammatory molecule to be regulated in response to
immunoglobulin stimulation was identified. In cultured Schwann cells, IVIG induced transcript
levels of the chemokine Mcp-1, known to attract macrophages to the site of injury in
Walllerian degeneration and models of CMT (Martini et al., 2013). While Mcp-1 expression
can be beneficial for the inflammation process after nerve injury it exerts a negative impact
on inherited demyelination diseases. In such conditions the nerve regeneration process is
impaired and proinflammatory mediators lead to enhanced inflammation and even more
severe myelin damage (Martini et al., 2013). In order to learn more about the role of these
cytokines, IL-18 secretion and Mcp-1 expression should therefore be examined in suitable
in vivo models of peripheral nerve injury, possibly upon IVIG stimulation.

The secretion of IL-18 by Schwann cells is an indirect evidence for inflammasome activation
in peripheral glial cells by IVIG, since inflammasome activation is needed for the cleavage of
immature IL-18. Inflammasomes are intracellular nucleotide-binding oligomerization domain
(NOD)-like receptors (short NLRs), a kind of pattern recognition receptors, which converge
into large multi-protein complexes, activating proinflammatory caspase-1 as a consequence
(Schroder and Tschopp, 2010). Caspase-1 is involved in the cleavage, hence in the
maturation of interleukins such as IL-1 beta and IL-18, two potent proinflammatory cytokines
playing a role in infection at the sites of injury (Schroder and Tschopp, 2010). Schwann cells
also express the P2X7 receptor, shown to be involved in the inflammasome cascade
activation and production of active IL-1p and IL-18 (Perregaux et al., 2000), underlining the
importance of these cells as immune competent cells in the peripheral nervous system
(Colomar et al., 2003). On the other hand, it has recently been demonstrated that IVIG
protect neurons in an animal model for ischemic stroke, by quenching the NLR pyrin domain-
containing (NLRP) NLRP1 and NLRP3 inflammasome-mediated neuronal death which
consequently downregulates the maturation of both pro-inflammatory cytokines IL-1 beta and
IL-18 (Fann et al.,, 2013). Although this regulation is the other way around it should be
considered relevant in future studies since cortical neurons also seem to respond to IVIG and
express IL-18 (Fann et al., 2013). Most of the literature emphasizes the proinflammatory
character of IL-18; nevertheless, some different aspects of its function could be revealed in
our study. Notably, IL-18 seems to instruct Schwann cells in order to induce axonal
outgrowth more efficiently. Whether this positive response is due to an auto- or paracrine

effect on Schwann cells or due to a beneficial cross-interaction between IL-18 and other yet
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unknown glial cell secreted neurotrophic factors is yet unknown. It would therefore be
interesting to see if Schwann cells express the IL-18 receptor in order to detect auto- or
paracrine signals from their environment or whether the related IL-1 receptor can adopt this

role.

5.5 Biomedical relevance of IVIG effect on Schwann cells

For more than two decades intravenous immunoglobulins have successfully been used as
first-line therapy in the treatment of inflammatory demyelinating neuropathies of the PNS,
such as GBS, CIDP and MMN (Dalakas, 2004, Gold et al., 2007). Moreover, they are
occasionally also applied for the treatment of demyelinating disorders of the CNS, such as
some cases of Multiple sclerosis (Buttmann et al., 2013). Their immunomodulatory effects
which include binding to pathogenic antibodies/anti-idiotype interactions, inhibition of
complement binding and thus prevention of lytic attack, suppression of proinflammatory
cytokines, modulation of cells of the immune system and their receptors, as well as possible
modes of action have extensively been described (Dalakas, 2004, Nimmerjahn and Ravetch,
2008a, Buttmann et al., 2013, Schwab and Nimmerjahn, 2013). Nevertheless, there are still
many pathological nerve conditions where urgent treatment is needed. One such case is
nerve regeneration after acute injury. Vargas and colleagues (Vargas et al., 2010) showed
that endogenous antibodies are necessary for faster regeneration after peripheral nerve
injury, as they attract macrophages to subsequently clear myelin debris by phagocytosis. The
application of the human monoclonal antibody Herceptin has also been shown to stimulate
axonal outgrowth after nerve transection (Placheta et al., 2014). Nonetheless, up to this
moment there are no studies revealing a direct positive effect of pooled immunoglobulins on
the peripheral nerve regeneration capacity after injury. In the CNS, IVIG are now being
considered a potential pharmacological treatment of spinal cord injury (Tzekou and Fehlings,
2014), as a single low dose of human IgG shortly after injury reduced inflammation in the
scar and was sufficient to enhance functional recovery (Nguyen et al., 2012). In the study
presented here, it could be demonstrated that the cytokine IL-18, induced by IVIG
stimulation, positively influenced Schwann cells to promote axonal growth. It would be
therefore of interest to address in future investigations the application and possible effect of
immunoglobulins in the regeneration capacity of peripheral nerves after acute injury. For this
purpose we propose an in vivo model where IVIG can be administered upon axotomy of rat
sciatic nerves. The degeneration phase of the nerves can be kept very short by applying
immediate surgical repair or it can be prolonged from several days up to four weeks, thus

prompting more severe nerve damage and inflammation processes. In order to prevent
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spontaneous relegation, hence nerve regeneration in the second paradigm, both detached
nerve ends can be sutured. This setup results in chronically injured and denervated nerve
segments. After a defined degeneration period (short- or long-term), an end-to-end nerve
anastomosis can be performed to enable again axonal repair. During this regeneration phase
IVIG and a corresponding buffer control can be administered to the animals. Using different
parameters such as histological analysis, electrophysiological measurements of nerve
conduction and functional evaluation tests, the potential immunoglobulin impact on nerve
repair can be undertaken. This in vivo paradigm would give us the opportunity, on the one
hand to observe the IVIG effect on immediate regeneration phases of Wallerian
degeneration. On the other hand, IVIG impact on long-term chronic denervated nerves can
be evaluated. Such investigations are of high biomedical relevance and would eventually
answer the question whether pooled immunoglobulins also exert a regenerative role in vivo.
Upon delivering such a proof of connect, subsequent studies should then focus on the
function of the FcyR in Schwann cells as these receptors may provide novel targets for

therapeutic intervention in peripheral neuropathies or in acute nerve injury.

5.6 Conclusions

Taken together, this study shows for the first time that human immunoglobulins specifically
bind to Schwann cell surfaces, resulting in induction of the glial differentiation process, which
is of importance for promotion of regeneration. According to our results, two possible ways of
surface recognition can be considered, via the F(ab') or the Fc domain of immunoglobulins.
IVIG binding on certain Schwann cell epitopes can be of importance for activation of
maturation-related factors by triggering yet unknown cellular signaling pathways. The
identification of these glial epitopes would be a challenge for future experiments.
Nevertheless, possible IVIG recognition via Fc receptors on the cell surface cannot be
excluded, as we demonstrated that Schwann cells express the CD64 receptor for
immunoglobulin binding. Our results confirm the well-known fact that Schwann cells are not
only essential as glial cells and support for the peripheral nerve, but also possess important
immunomodulatory functions. IVIG promoted the upregulation of a novel transcription factor,
known to be involved in oligodendrocyte maturation. It also induced the expression of
melanocyte-related marker, which, according to the current literature, can be connected to
Schwann cell differentiation. The regulation of these novel genes for the Schwann cell
lineage was accompanied by a significant induction of myelin gene and protein expression,
along with activation of Schwann cell differentiation associated signaling molecules and

transcription factors. Furthermore, increased expression as well as secretion of
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proinflammatory molecules by Schwann cells was detected upon IVIG stimulation. This led to
a positive effect on the neuronal compartment, by instructing the glial cells to promote axonal
outgrowth. Treatment with IVIG reduced cellular proliferation rates and accelerated growth of
Schwann cell processes, resembling early maturation stages. These results indicate a direct
positive IVIG effect on the glial cells of the PNS and point out an important role for
immunoglobulins in the plasticity of the Schwann cell differentiation process. Additional in
vitro studies are needed in order to understand the underlying molecular pathways by which
the IVIG effect is mediated in Schwann cells. Further to this, in vivo nerve injury models can

be used to elaborate the potential IVIG influence on nerve regeneration and remyelination.
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ABBREVIATIONS

7 ABBREVIATIONS

AIDP
Akt
AMAN
ATP
B19
BBB
BrdU
BSA

C. jejuni
C57BL/6 mouse
CDKI
cDNA
CIDP
CMT(1)
CMV
CNS
CR(1)
ctrl
Cx32

d

DAF
DAPI
ddH,0
DGA
diff.
DNA
DNase
DRG(s)
E

E. coli
EAN
EBV
EDTA
Epo
EpoR
F(ab'),

Fab

acute inflammatory demyelinating polyneuropathy
serine-threonine kinase

acute motor axonal neuropathy
adenosine triphosphate

parvovirus B19

blood-brain barrier
5-Bromo-2’-deoxyuridine

bovine serum albumin
Campylobacter jejuni

C57 black 6 mouse (laboratory strain)
cyclin-dependent kinase inhibitor
copy DNA

Chronic inflammatory demyelinating polyneuropathy
Charcot-Marie-Tooth disease (type 1)
Cytomegalovirus

central nervous system

complement receptor (1)

control buffer

connexin-32

day/days

decay accelerating factor

4’ 6-diamidino-2-phenylindole
double-distilled water

functional discriminatory gene analysis
differentiating

desoxyribonucleic acid
deoxyribonuclease

dorsal root ganglion(-lia)

embryonic day

Escherichia coli

experimental autoimmune neuritis
Epstein-Barr virus
ethylenediaminetetraacetic acid
erythropoietin

Epo receptor

Fragment, antigen-binding, including hinge region
(both arms)
Fragment, antigen-binding
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Fas/CD95

FasL/CD95L

Fc

Fcgr1a/CD64 (gene name R. norvegicus)
Fcgr2a/CD32a (gene name R. norvegicus)
Fcgr2b/CD32b (gene name R. norvegicus)
Fcgr3a/CD16 (gene name R. norvegicus)
FcR(s)

FcRn

FCS

FcyR(s)

Fig.

g

GAPDH

GBS

h

H,O

HAV

HBsAg

HBV

HCV

Her-2 cells

Her2/ErbB2

HIV

HMSN

HRP

HS

HUVEC

ICAM-3

IFNy

lg(s)

IgA

IgD

IgE

apoptosis receptor

Fas ligand

Fragment crystallisable

Fc fragment of 1gG, high affinity 1a, receptor
Fc fragment of IgG, low affinity 2a, receptor
Fc fragment of IgG, low affinity 2b, receptor
Fc fragment of IgG, low affinity 3a, receptor
Fc receptor(s)

neonatal FCcR

foetal calf serum

Fc gamma receptor(s)

figure

gram

glyceraldehyde-3-phosphate dehydrogenase
Guillain-Barré Syndrome

hour/hours

water

hepatitis A virus

hepatitis B surface antigen

hepatitis B virus

hepatitis C virus

larynx carcinoma epithelial cells

human epidermal growth factor receptor 2
human immunodeficiency virus

hereditary motor and sensory neuropathy
horse-radish-peroxidase

horse serum

human umbilical vein endothelial cells
intercellular adhesion molecule 3

interferon gamma

immunoglobulin(s)

immunoglobulin A

immunoglobulin D

immunoglobulin E

immunoglobulin G

immunoglobulin M

interleukin

interleukin-10

interleukin-18

IL-1 receptor

interleukin-1 alpha
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IL-1B
IL-6
IL-6R
ITAM
ITIM
ITP
IVIG
JNK
K+
kDa
kg
Krox20/Egr2

L

LB agar/medium

LPS

mA

MAC

Mag

MAPK

Mbp
Mcp-1/CCL2
Mfn2

MG

mg

MHC (I and II)
min

MIP

ml

mm

MMN
Mpz/PO
mRNA

MS

MWCO

Na+
NF
ng
NGF
NGS

interleukin-1 beta

interleukin-6

IL-6 receptor

immunoreceptor tyrosine-based activation motif
immunoreceptor tyrosine-based inhibitory motif
Idiopathic thrombocytopenic purpura
intravenous immunoglobulins

jun N-terminal kinase

potassium

kilodalton

kilogram

Krippel box protein 20/early growth response
protein-2
liter

Luria-Bertani agar/medium
lipopolysaccharide

milliampere

membrane attack complex
myelin-associated glycoprotein
mitogen-activated protein kinase
myelin basic protein

monocyte chemoattractant protein-1
mitofusin 2

Myasthenia gravis

milligram

major histocompatibility complex (I and I1)
minute

macrophage inflammatory protein
milliliter

millimeter

Multifocal motor neuropathy
myelin protein zero

messenger RNA

Multiple Sclerosis

molecular weight cut-off

number of experiments

sodium

neurofilament

nanogram

nerve growth factor

normal goat serum
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NK cells
NLR(s)

NLRP
NMJ
non-diff.
NRS
NSC(s)

@
Oct6/Pou3f1
OoDC
Olig1
OPC(s)

P
p38MAPK
PBS

PCR

PDL

PE

PFA

phalloidin-TRITC

PI3K
PIP2

PIP3

Pllp
Plp1/DM20

Pmp2/P2/Fabp8

Pmp22
PNS

PRR

Prx

PTEN
gRT-PCR
R. norvegicus
RNA
RNase
rpm
rrlL-18
RSV

RT
SCP(s)

naturl killer cells

nucleotide-binding oligomerization domain (NOD)-
like receptor(s)

NLR pyrin domain-containing
neuromuscular junction
non-differentiating

normal rabbit serum

neural stem cell(s)

diameter

octamer-binding transcription factor-6
ornithine decarboxylase
oligodendrocyte transcription factor 1
oligodendroglial precursor cell(s)
postnatal day

p38 mitogen-activated protein kinase
phosphate-buffered saline
polymerase chain reaction
poly-D-lysine

plasma exchange/plasmapheresis
paraformaldehyde
phalloidin-tetramethylrhodamine B isothiocyanate
phosphatidylinositol-3-kinase
phosphatidylinositol-(4,5)-bisphosphate
phosphatidylinositol-(3,4,5)-trisphosphate
plasmolipin

proteolipid protein 1

peripheral myelin protein 2

peripheral myelin protein-22
peripheral nervous system

pattern recognition receptors

periaxin

phosphatase and tensin homolog
quantitative real time PCR

Rattus norvegicus

ribonucleic acid

ribonuclease

rounds per minute

rat recombinant interleukin-18
Respiratory Syncytial Virus

room temperature

Schwann cell precursor(s)
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SDS sodium dodecyl sulphate

SDS PAGE sodium dodecyl sulfate polyacrylamide gel
electrophoresis

sec second

SEC-HPLC size exclusion chromatography

SEM standard error of the mean

SIGN-R1 specific ICAM-3 grabbing non-integrin-related 1

Sox10 SRY-related HMGbox-10

SYK spleen thyrosine kinase

TAE buffer tris-acetate-EDTA buffer

TGF-B transforming growth factor beta

Th1 cells type 1 T helper cells

Th2 cells type 2 T helper cells

TLR toll-like receptor

TMEV Theiler's murine encephalomyelitis virus

TNFa necrosis factor alpha

Tyrp1 tyrosinase-related protein 1

uv ultraviolet

Vv volt

viv volume per volume

VCAM vascular cell adhesion protein

VEGF vascular endothelial growth factor

wiv weight per volume

WD Wallerian degeneration

a alpha (Greek)

B beta (Greek)

B-tub B-lll-tubulin

Y gamma (Greek)

o/A delta (Greek)

€ epsilon (Greek)

K kappa (Greek)

J mu (Greek)

pl microliter
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9 ANNEX

Teile dieser Dissertation orientieren sich an publizierten Manuskripten. Unter Bezugnahme
auf § 6 Abs. 3) der Promotionsordnung der Heinrch-Heine Universitat in der Fassung vom
20.03.2015 sind alle Ubernommenen oder angepassten Teile mit Fussnoten kenntlich

gemacht worden.

9.1 Publizierter Review-Artikel

Vollstandige Referenz des Manuskriptes:

Tzekova N, Heinen A, Kiry P (2014) Molecules involved in the crosstalk between immune-
and peripheral nerve Schwann cells. Journal of clinical immunology 34 Suppl 1:S86-104. doi:
10.1007/s10875-014-0015-6. Epub 2014 Apr 17.

Liste aller am Manuskript beteiligten Autoren:

Nevena Tzekova (Doktorandin), Dr. André Heinen, Prof. Dr. Patrick Kiry

Inhaltlicher Anteil der Verfasserin dieser Dissertation am Manuskript: ca. 50 %

Nevena Tzekova hat folgende Kapitel des Manuskriptes selbstandig verfasst:

»,Major Histocompatibility Complex and Antigen Presentation“ and ,Molecules Involved in
Cell-Cell Interactions®. Das Kapitel ,Surface Molecules/Receptors Expressed by Schwann
Cells* wurde Uberwiegend von Nevena Tzekova verfasst. Die Abbildungen wurden mit

Unterstutzung von Dr. André Heinen erstellt.

9.2 Publizierter wissenschaftlicher Artikel

Vollstandige Referenz des Manuskriptes:
Tzekova N, Heinen A, Bunk S, Hermann C, Hartung HP, Reipert B, Kiry P (2015)

Immunoglobulins stimulate cultured Schwann cell maturation and promote their potential to

induce axonal outgrowth. Journal of neuroinflammation 12:107. doi: 10.1186/s12974-015-
0331-7.
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Liste aller am Manuskript beteiligten Autoren:

Nevena Tzekova (Doktorandin), Dr. André Heinen, Dr. Sebastian Bunk, Dr. Birgit Reipert,
Univ.-Prof. Dr. Hans-Peter Hartung, Dr. Corinna Hermann, Prof. Dr. Patrick Kury

Inhaltlicher Anteil der Verfasserin dieser Dissertation am Manuskript: ca. 75 %

Nevena Tzekova hat eigenverantwortlich samtliche in die Bewertung einbezogenen
Experimente durchgeflihrt. Sie wurde operativ unterstiitzt durch technische Assistenten der
Arbeitsgruppe. Die Verfasserin zeichnet ferner verantwortlich fir die Datenerhebung,
-analyse und -interpretation flr diese Arbeit. Der Erstentwurf des Manuskripts sowie alle

Abbildungen wurden von Nevena Tzekova erarbeitet.

Hiermit bestatige ich, dass die vorgenannten Angaben korrekt sind.
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Prof. Dr. Patrick Kury
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