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Introduction

1. Introduction

1.1. Microglia

1.1.1. General Introduction

Two main cell types can be found in the centraloes system (CNS): neurons and glial
cells. Neurons are exitable cells which can fornuraeal networks and transmit
information throughout the CNS. Glial cells sugpand protect neurons, therefore they
are known as supporting cells of the nervous tis$hey are roughly divided into two
subgroups, macroglia and microglia. Astrocytes aligbdendrocytes belong to the class
of macroglia.

Microglia were first described in detail by del Ritortega in 1919 (del Rio Hortega,
1919) (Fig. 1.1). They are the resident immunescethich are the first line and main
component in the active immune defense of the C8y are found throughoutly in the
adult brain and compromise about 10 % of all bcaits (Ransohoff and Perry, 2009).

Fig. 1.1: Left: Drawing of ramified microglia by del Rio Hmga (del Rio Hortega, 1919 ). Right:
Photomicrograph of silver stained microglia (deb Riortega, 1932).

Microglia respond to injury as well as to brain edise, they are known to scavenge
invading microorganisms and dead cells and furtbeenact as immune effector cells.
Thus, they are key players in innate immunity amairo homeostasis in the immune
privileged brain (Rivestt al. 2009). Additionally, microglia most likely conitte to the
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onset of or increase of neuronal degeneration dsaseinflammation in many brain
diseases by producing detrimental factors like supde anions, nitric oxide (NO) or
pro-inflammatory cytokines. However, microglia ecellare also able to produce
neurotrophic and neuroprotective molecules suchnesve growth factor (NGF),
indicating a role in neuronal survival in cases boéin injury. Therefore, they are
considered to be of double-edged nature, as theg bath beneficial and detrimental

effects.

1.1.2. Origin of microglia

During development in mice, microglia populate tirain in two waves. First, ionized
calcium binding adaptor molecule 1 (Iba-1) positoetls appear in the neuroepithelium
during embryonic development (E9.5-10.5) beforeBloirculation is established (Alliot
et al., 1999). It was shown by Ginhoux et al that theskks are derived from primitive
macrophages in the yolk sac (Ginhagbal., 2010). The second wave takes place from
E13.5 until birth, when an increase in Iba-1 pwgsitcells in the brain and spinal cord
takes place (Chast al., 2007). Microglial precursor cells which maturedthe CNS
during fetal development retain an immature phgmetsesembling the M2 subtype of
macrophages (see chapter 1.1.5) (a., 2007).

Microglia were believed to be of mesodermal origis,originally suggested by del Rio
Hortega in 1919. Until today, this hypothesis s#itks concrete evidence and is a matter
of debate (Chast al., 2007). Therefore, it was thought to be possib& microglia can
arise from the neuroectodermal lineage like ma@oghd neurons as well (Fedoreff
al., 1997). It has been suggested that they also tn@gierge from circulating blood
mononuclear cells (Permt al 1985; Biberet al 2007), though microglia are present in
the developing CNS before vascularization (Alkbal., 1999).

A subset of microglia is derived from bone marroanmocytes, though it has been shown
that the transition is a rare event and takes pladg under irradiation, lesion or
inflammation (Shechtest al., 2009, Mildneret al., 2007, Kigerlet al., 2009).

In addition, Ajamiet al have recently shown that blood-derived monocyndéi#rating
the brain during experimental autoimmune encephgpdtitis (EAE) do not contribute to
the resident microglia in the CNS (Ajastial., 2011, Mildneret al., 2007).
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During the last years, evidence arouse that resigsroglia emerge through primitive
yolk sac macrophages derived from haematopoietim stells via a myeloid progenitor
state (Fig.1.2) (Ransohoff and Cardona 2010; Girlfebal., 2010, Alliotet al., 1999).

Haematopoietic cells CNS cells

Haematopoietic stem cell

Common Common
lymphoid myeloid
progenitor progenitor
/ \ During development only, from extra-embryonic

\ yolk sac myeloid cells Neuroectodermal or
neuroepithelial
progenitor

Megakaryocytic-erythropoietic Granulocyte-monocyte @

progenitor progenitor

@ O Mononuclear

/ \ i phagocytes
PR, PR e s e S e
: :
i

Wielemmaics Monocyte-dendritic-cell Microglia ! Macroglia Neurons

and platelets Erythrocytes E progenitor E
. Granulocytes \ 5;
Neutrophils : :

EE;ZS:ESAISS EMacrophages Monocytes De:jlrsitic Oligodendrocytes  Astrocytes  Polydendrocytes

Mast cells : ;
O 0 @9 F¥k
V : In adulthood

Lyrnphocytes

Perlvascu]ar macrophages
Choroid plexus macrophages
Meningeal macrophages

Fig.1.2: Relation of microglia to CNS cells. Microglia atestonly cells of haematopoietic origin in the

parenchyma of the CNS and migrate there duringldpreent (Ransohoff and Cardona, 2010).

These findings go along with older publications ethhave already shown that yolk sac
macrophages are able to proliferate after migratitg the embryonic tissue (Cossmann
et al.,, 1997). Thus, microglia are most likely deriveconfr primitive yolk sac
macrophages which differentiate into microgliallsel

1.1.3. Characterization of microglia
Microglia characterization regarding surface exgi@s markers is not a simple task, as
they share most markers with macrophages. Nevegbemicroglia have a number of

specific properties which distinguish them from esttmacrophages in the body. Inside

10
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the brain, the density of microglia cells seemshédetermined by specific different
features of brain regions. For example, densityn@roglia in mice varies from 5 % in
the cerebral cortex to 13 % in the substantia njgaavsonet al., 1990). This diversity of
microglia continues with their morphology, whichnges from a highly ramified
appearance with multiple cell processes to roundgpbytic cells. Concerning the
proliferation, microglia behave like bone marrowetoyd progenitor cells (Allioet al.,
1991) and share the expression of the stem celanatuster of differentiation (CD) 34.
Opposed to splenic macrophages or alveolar lungophages, adult quiescent microglia
express low levels of cell surface marker CD45, amdjistocompatibility complex
(MHC) class 1l and Fc receptor molecules. Howewayeral studies defined the
following surface marker profile for microglia: CB%, CD45 low, CD11b+, CD11c
high, MHC class I+, Ibal+ and F4/80+ (GuillemindaBrew, 2004; Napolt al., 2009).
In addition, microglia express co-stimulatory malles CD86 and CD40, though in low
levels (Aloisiet al., 2000). Furthermore, microglia share some phenotgpdfunctional
features of neural stem cells, including the exgoesof nestin (Yokoyamet al., 2004).

This feature cannot be found in any other poputatibtissue-resident macrophages.

1.1.4. Microglia states

In the adult brain microglia can switch inbetweeo states (Fig. 1.3).

25 ‘ E Resting

\ microglial cell

Activated
\ microglial cell

Increased cytokine
production

Fig. 1.3: Resting and activated microglia state (Petrsl., 2007)
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The first state is the so called “resting” statewhich highly ramified microglia carry out
active tissue scanning in the brain. The proceskesicroglia are continuously moving,
scanning the whole space of the CNS parenchymg éeer hours (Nimmerjahmet al.,
2005). Resting microglia release immunosuppressentgell as neurotrophic factors and
establish short time contacts with neurons to cleeckheir health status (Hanisch 2002).
They furthermore secrete cytokines and chemokinkEhwvare crucial for neuronal
survival (Linnartzet al., 2010). This resting state is regulated via immuppsessive
mediators such as Interleukin (IL) 10 or transfargngrowth facto (TGF{3) present in
the interstial fluid (Ransohoff and Perry, 2009urthermore, interaction of microglia
with astrocytes and neurons through neurotransmét®ptors plays an important role in
microglia state transduction (Graeber al., 2010, Hanisch and Kettenmann 2007).
Especially chemokine CXC motif (CXC) 3 ligand 1 (8&L1) secreted by neurons is
involved in maintaining the resting state of midragand is sensed via the CX3C
receptor 1 (CX3CRL1) expressed by microglia.

The second state is the “activated” state whichuscin response to pathology and a
disturbed CNS homeostasis, leading to phagocytosigyration and release of
inflammatory cytokines. A variety of stimuli leadjrio activation of microglia is known,
including viral envelopes, bacterial cell wall cooments, pathological proteins or serum
factors crossing the blood brain barrier (BBB) (Adzet al., 2007, Heppneet al., 2011).
Microglia are able to recognize these stimuli tlgtodoll like receptor (TLR) 1 to 9 or
complement receptor macrophage antigen 1 (MAC-Bh(ardtet al., 2010). Upon
signals of damaged or non-functional cells, miaegligrate to the affected site and then
act as scavenger cells. This migration is mostidiated by “find-me” signals emitted by
dying cells (Blumest al., 2011). Dead cells are recognized through a tyaoemolecules
such as triggering receptor expressed on myeldid 2e(Trem2), CD36 or Scavenger
Receptor 1B (SR1) (Napoli and Neumann 2009). Tleegss of microglial phagocytosis
is mainly regulated by environmental signals. Femfore, activated microglia are also
known to promote neuroprotection via secretion elimotrophic factors like NGF
(Elkabeset al., 1996). The major functions of activated microglesemble those of

tissue macrophages and include phagocytosis, anpigesentation and the production of

12
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chemokines, oxidative radicals or NO (Benvenéstal., 2001).

In the resting state microglia mostly produce neopmhins, whereas cytokines are
produced upon stimuli (Elkabesal., 1996). For example, cytokine gene transcript®n i
induced by lipopolysaccharides (LPS) or interfe(tfN) y. An initial release of some
cytokines such as tumor necrosis factor (TNFhas an autocrine impact on further
cytokine release. Cytokines play a crucial roleggulation of surface marker expression
as a requirement for chemotaxis and cellular ictevas like antigen presentation or
apoptosis (Haniscét al., 2002).

In summary, the activated state of microglia isyvdynamic and diverse, leading to
different functional properties, ranging from neunaective to neurotoxic consequences
(Biberet al., 2007; Nimmerjahmt al., 2005; Hanisclet al., 2007).

1.1.5. Subdifferentiation of microglia

According to recent studies, immune responses bavge well controlled to have a
beneficial effect on neurons. Otherwise, impairedutation of immune responses can
lead to neuronal loss and even result in autoimndiseases (Butovskgt al., 2005).
Thus, pathways involved in pro- and anti-inflamnmgtprocesses have to be tightly and
precisely regulated.

The double-edged nature of migrolia activation, ashcan lead to toxic or protective
effects in the brain, depends on the secretionntif ar pro-inflammatory molecules.
Beside their activation states, microglia are fertllivided into a range of different
subtypes, of which the M1 and M2 subtype repretenextremes and are distinctive in
regards to surface receptors, cytokine productiod affector functions (Fig. 1.4)
(Mantovaniet al., 2004).

13
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M1 M2
<|FN-Y + LPS or TNF > < IL-4 and IL-13 >
-. tcpee - MHC I
INOS \Arg
=~ /MHcl ~_ /MR
gg‘l / \ Polyamine / SRs
IL-12 high IL-1 IL-10
IL-23 TNF Decoy IL-1RlI
IL-10 low IL-6 IL-1ra
Classical Alternative
P Th2 RESPONSES: TYPE Il INFLAMMATION:
TYPE | INFLAMMATION; DTH; ALLERGY: KILLING AND
KILLING OF INTRACELLULAR PATHOGENS ENCAPCEULAT[ON OF PARASITES
TUMOR RESISTANCE -

Fig. 1.4: Overview of M1 and M2 microglia subtype properti€glls develop different functional
properties in response to their environment. Mpphtion through IFN-and TNFe leads to expression
of INOS, TNFa, reactive oxygen intermediates (ROI) and IL-6,athiead to cytotoxic function. M2
polarization through IL-4 and IL-13 leads to incged levels of Arginase (Arg) and Scavenger Receptor

(SR) and cells are more prone to immunoregulatengtions (Mantovanét al., 2004).

The first one is the type | microglia (M1), whicsembles the classically activated pro-
inflammatory microglia. This microglia type respentb microbial compounds, pro-
inflammatory cytokines and lymphokines secreted tpge 1 T helper (Th) cells
(Mantovaniet al., 2004; Michelucciet al., 2009). Upon stimulation, microglia present
higher levels of MHC class | and Il, CD80 and CD&éd show enhanced antigen
presentation capability (Benvenisteal., 1996). They furthermore respond through a
higher motility and increased proliferation ratesmted microgliosis (Nimmerjahet al.,
2005, Ransohoff 2007). In addition, they secreteiplammatory cytokines such as IL-1
and TNFe (Hanisch and Kettenmann, 2007), free radicals N@ and superoxide
anions (Goerdt and Orfanos, 1999). Although theskeoules are crucial for the defense

14
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of the brain towards pathogens, their expressiaaddealso to a cytotoxic effect and
collateral damage to healthy tissue (Diegal., 1988). M1 stimulation also triggers
CXCL10 secretion, which is involved in microgliacraitment via its receptor CXCR3
(Rappertet al., 2004).

The second type is the type Il microglia (M2), whresembles the alternatively activated
anti-inflammatory subtype (Michelucat al., 2009; Kigerlet al., 2009). Molecules
involved in activation of this subtype are molesutierived from type 2 Th cells like IL-
4, 1L-10, IL-13 or TGFB (Goerdt and Orfanos, 1999). In the healthy braie
alternative activation of microglia is mostly fouird presence of apoptotic cells, which
require phagocytic activity without inflammatorysponses. Type Il microglia are known
for their anti-inflammatory properties, as they eegs receptors involved in endocytosis
and phagocytosis like SR1 (Steinal., 1992). Furthermore, M2 polarized microglia have
been shown to secrete neuroprotective factors asiasulin-like growth factors (IGF) or
NGF (Butovskyet al., 2006). M2 microglia secrete a variety of immunefessive
cytokines such as TGF-and IL-10 (Napoli and Neumann, 2009). They play an

important role in mediating tolerance and abatiftammatory processes.

This broad spectrum of microglia effects allows @iagate balance of pro- and anti-
inflammatory immune responses in the brain. Funtioge, in vitro studies showed that
the subtypes havdifferent effects on neurogenesis and oligodendregs. Type |
microglia activated by IFN-decreased neurogenesis and oligodendrogenesisaghe
type Il microglia activated by IL-4 had the oppesitffect (Butovskt al., 2006).

1.1.6. Embryonic stem cell derived microglia

During the last years, primary microglia have beemmonly used to study microglia
function. Several methods for isolation of primancroglia have been established and
range from fluorescence activated cell sorting (EAQo isolation from mixed glial
cultures (Fordet al., 1995, Giulian and Baker 1986). All of those methddhve the
drawback to be time-consuming and to yield onlpwa humber of cells. Thus, they are

not suitable for biochemical assays requirerindntugll numbers.
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Thus, oncogenically transformed microglial celleinsuch as BV2 and N9 have been
used, which have been immortalized via retrovirahsfection with v-raf and v-myc.
(Bocchini et al., 1992). The immortalization process and their latksome microglia
properties (Blaskt al., 1990, Horvathet al., 2008) make these cell lines only a poor
substitute to study microglia function.

Recently, a differentiation protocol for microgli&e cells from murine embryonic stem
cells (ESCs) was described (Tsuchgaeal., 2005). By modification of this protocol, a
protocol for ESC differentiation into microglia wastablished (Napolet al., 2009;
Beutneret al., 2010). The protocol results in stable and puwdifprating cultures of
ESC-derived microglial precursor (ESdM). ESdM dedvfrom C57BL/6 ESCs express
microglia markers like CD11b, CD11c, CD29, CD45,688Mand Iba-1, but are negative
for stem cell markers like CD117. ESdM are alssitpee for CD86, indicating that they
are capable of antigen presentation. ESdM expré&€CR1 and are migratory active
towards the chemokine CX3CL1. Furthermore, ESdMcagable of phagocytosingBA
and fluorescent microsphere beads. Additionallyd®ESngraft as microglial cells into
brain tissue upon transplantation (Napetlial., 2009). Analysis of the cytokine gene
transcription showed a similar inducibility of cikines of primary microglia and ESdM.
Therefore, ESdM can be considered an adequateitsitd$or primary microglia and can

be used in studies aiming at microglia function meurodegenerative diseases.

1.2. Multiple Sclerosis

1.2.1. General Introduction

Multiple Sclerosis (MS) is a chronic inflammatorgurodegenerative disease which leads
to demyelination of neurons in the CNS (Compstoth @nles, 2002). With an estimated
prevalence ranging between 2 and 150 per 100000,svithe of the most common

neurologic diseases, especially among younger pe@tsatiet al., 2001). Until now,
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the cause of the disease is not known, althougbrakenvironmental risk factors like
lack of sun exposure have been found (Aschetrab., 2007).

MS can be classified into four subtypes accordmmthe United States National Multiple
Sclerosis Society: the relapsing-remitting, the osdary progressive, the primary
progressive, and the progressive-relapsing forne d@turse of the relapsing-remitting
subtype shows relapses with longer time period®wission inbetween and is the most
common form. Secondary progressive MS can be destras a follow-up of the
relapsing-remitting form, in which patients begm show neurologic decline between
acute phases without remission phases (Compston Cuoid, 2008). The primary
progressive form of MS describes a disease coud®uwt remission phases after the
time point at which the first symptoms appear (Bfikt al., 2007). The last common
subtype is the progressive relapsing form, whictnltioes a steady neurologic decline
with superimposed attacks (Lubkhal., 1996).

The loss of effective signal conduction via the resx@an lead to a broad variety of
neurological symptoms, including muscle weaknesss | of coordination, visual
problems or changes in sensation. Early symptomiside fatigue, double visions and
visual disturbance, genereal muscle weakness @&mabts. As disease progresses, the
symptoms become more severe and can result innegsg] muscle spasm and paralysis
(Compston and Cole, 2008).

1.2.2. Pathology and role of microgliain multiple sclerosis

In MS, the immune system carries out a destrugthraune response against antigens of
the CNS like myelin basic protein (MBP), protediipprotein (PLP) and myelin
oligodendrocytic protein (MOG). Subsequently, tteaction leads to demyelination and

axonal injury within the white matter of the CN3gR..5).
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Quiescent state Multiple sclerosis

T cells and
macrophages from blood

H  Activated
§ macrophages Demyelination

axon injury

Fig. 1.5: Pathogenesis of MS. Activated T cells and macropbagigrate from the blood stream to the
CNS and initiate the inflammatory lesions througtotoxic factors (CF). Activated microglia contriieuo
demyelination via secretion of CF, ROS and f.{Mattson and Taub, 2004).

Due to the demyelination, impairment of signal srarssion occurs, axons are damaged
and neurons are lost (Arnold and Matthews, 2002m¥lination can occur in early
phases of the disease, but the myelin sheath isehatlt completely. During the course
of MS, scar-like plagues appear around the damageds, which are called lesions
(Chariet al., 2007).

Apart from the demyelination process, inflammatisranother pathological hallmark of
MS. The inflammation is mainly mediated by activh&itoreactive T cells which invade
the brain via the BBB and initiate an inflammatoegponse against autogens (Compston
and Cole, 2002) and attack the myelin sheath (Whpdkenig and Strominger, 1995).
This attack in turn stimulates other immune ceke Imicroglia and macrophages and

leads to the secretion of inflammatory cytokinear{@ella and Raine, 1995). Despite of
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the numerous beneficial functions of microglia, @etivation of microglia has been
implicated in the pathogenesis of a variety of Cti§eases. In case of MS, activated
microglia cells produce MHC class Il and preserdirbrspecific antigens to T cells
(Dangondet al., 1997). They furthermore produce pro-inflammatrogokines, free
radicals and matrix metalloproteases (MMP) (Berstergt al., 1997). Inflammatory
cytokines attract immune cells like lymphocytes amgiger the production of adhesion
molecules, which in turn facilitate the immigratioh cells through the BBB into the
CNS. In summary, these processes lead to furtleuitment of T cells, B cells and
macrophages to the inflammation site. AutoreacBveells start to produce antibodies
against myelin antigens (Steinmahal., 2002). The inflammation process is further
increased through histamine release by mast cBtledharidest al., 2007). It has been
demonstrated that brain regions with a high graddemnyelination also contain high
numbers of microglia (Bauet al., 1994). The crucial role of microglia in MS is fetr
underpinned by the finding that depletion of midi@ttenuates EAE in presence of T
cells (Huitingaet al., 1990).

1.2.3. Treatment of multiple sclerosis

Until now, there is no known cure for MS, thougbatments aim at prevention of attacks
and disability. Currently, most treatments invoivenunosuppressants. Five medications
have been proven as helpful: IFN-1a, IFN-1b, gdmtier acetate, mitoxantrone and
natalizumab. All of those decrease the numbertatks in the relapsing-remitting form
of MS. However, long term studies of side-effecte atill not present (Comgt al.,
2009). Glatiramer acetate has been demonstratelédiease microglial activation and
thus have a beneficial impact on disease courselffeadet al., 2011).

In attack phases, administration of corticosterdeasls to a decrease of acute symptoms.
But this treatment does not have an impact on l@nmn disease course or recovery
(Burtonet al., 2009).

Current research is focused on better understarmafitige course and the pathogenesis of
MS. Furthermore, there is still need for theragmsthe progressive subtypes of MS.
Another major challenge is the improvement of treaits in general, especially

concerning neuroprotection and regeneration.
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The field of stem cell research has led to new @ggres in addressing
neuroinflammatory disorders including MS. Severall adypes have been used for
therapeutic approaches. To give an example, nesteah cells have been reported to
migrate to inflammation sites in the CNS and totdbate to functional recovery and
tissue repair (Pluchinet al., 2003). A similar beneficial effect was shown gsitone

marrow cells (Zappiat al., 2005).

1.2.4. Experimental autoimmune encephalomyelitis

For therapeutic studies concerning MS, the mostnconty used animal model is the
EAE. Like MS, it is an inflammatory demyelinatingitaimmune disease which is
mediated by T cells. EAE is inducible in commondediory animals such as mice, rats,
rabbits or primates. In mice, myelin proteins opfes like MBP or MOG emulsified in
adjuvant are used for induction of disease. Inpectof this mixture leads to an
inflammatory response to the protein (Billiau andtiMys, 2001). Co-injection with
pertussis toxin decreases the BBB and allows imnuatis to infiltrate the CNS tissue
(Kerfoot et al., 2004). Depending on the antigen injected, difieleAE forms can be
induced. With MOG-peptides (aminoacids 30 to 5% tourse of EAE will be the
relapsing-remitting subtype. Around two weeks aft@munization the first clinical
symptoms appear, starting with decreased tail tamdsparalysis of the tail. Progression
of symptoms is ascending up the body, first affegctthe hind limbs and then the
forelimbs (Fig. 1.6).

Fig. 1.6: The left mouse displays clinical symptoms of EAEn{cal score of 3 with hind limb

paraparesis), whereas the mouse to the right Ithggdaneway’s Immunology 7th Edition).
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Therefore, the symptoms reflect the anatomic locatif the inflammatory lesions. In the
relapsing-remitting form of EAE, recovery of sympt® can be complete or partial
(Elhofy et al., 2002).

Concerning the pathology, EAE mimics important aspef human MS like progressing
demyelination, inflamed lesions and axonal injufpineket al., 2000).

However, EAE cannot be considered to be completglyivalent to human MS, as it

differs in time course and nerve inflammation.

1.2.5. Neurotrophin 3

Neurotrophin 3 (NT3) is a member of the neurotrapgiaimily, which is involved in the
homeostasis and regulation of the central and pergh nervous system. Other members
of this family are brain derived neurotrophic facfBDNF) or NGF.

NT3 is closely linked to the survival and maintecef function of a variety of neural
populations (Cheet al., 1997). NT3 interacts with the tyrosine relatedase C (TrK C)
with high affinity (Lamballeet al., 1994) and with a lower affinity with TrK B andeh
low affinity NGF receptor.

Receptors for neurotrophins are expressed on deddfarent cell types, including
lymphoid cells, cardiac cells, muscular cells odahelial cells (Labouyriet al., 1997;
Donovanet al., 1996; Oichiet al., 1997; Ricciet al., 2000). Furthermore, expression of
neurotrophin receptors was found in B cells (Keesigteineet al., 1999).

The diversity of target cells mirrors the broadgarof diverse biological effects. They
play a crucial role in axonal outgrowth and neureegs as well as in neural survival
(Kannanet al., 1992; Membergt al., 1995). Recent studies indicate that NT3 plays a
role in mediating the bidirectional cross-talk beem the immune system and the nervous
system (Bibeet al., 2007). Additionally, neurotrophins were showrbt® endogenously
expressed in lesion formation in MS (Hohlfetdal., 2006). The linkage of neurotrophins
and severity of MS in the post-relapse phase wothpglete remission which was shown
by Caggiula in 2005 qualifies neurotrophins as psomy candidates for studies of

therapeutic approaches of MS (Caggietlal., 2005).
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1.3. Glioma

1.3.1. General Introduction

A glioma is defined as a CNS tumor type which aigem glia cells. They are primary
tumors, occurring rather seldomly with an estimgteslvalence of 15 cases for 100,000
people (American Cancer Society, 2006).

The world health organization (WHO) establishe@mmonly accepted classification for
brain tumors. In the recent version from 2007, gks represent the major group of brain
tumors with 40%. Gliomas can be divided into selvgraups according to their cell type

pendandts glia, astrocytes and oligodendrocytesreidWHO-grade (see table 1.1).

Tab.1.1: Official classification of glioma according toetworld health organization (WHO, 2007)

WHO nomenclature WHQ Histopathology
grade
Pilocytic astrocytoma I Low cell density, bipolar pilocytic cells
Rosenthal fibres
Low-malign Il Low to minor cell density, fibric or gemistocuyti
astrocytoma astrocytes, some mitosis, few nuclear atypias
Low-malign Il Honeycomb-structure, low cell atypia, few mit®si

oligodendroglioma and
oligoastrocytoma
Anaplastic astrocytoma 1 High cell density, catid nucleus polymorphisms
Anaplastic i Additional honeycomb-structures, mixed forms
oligodendroglioma and
oligoastrocytoma
Glioblastoma v High cell density, high number ¢y@as, necrosis
vascular proliferation

Low grade gliomas (grade | and Il) are consider®btenign and not anaplastic; therefore
a good prognosis for the patients can be stateglaVhrage age of the first diagnosis of a
low grade glioma is between 30 and 40 years (Icharaiual., 2004). The medial survival
time ranges between 7 to 8 years, depending otintieepoint when the tumor changes to
a malign tumor through increasing dysplasia. The lgraded types of gliomas are
growing slowly but infiltrative and can thereforeach an impressive size before first

symptoms appear.
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Gliomas with a WHO grade with Il or higher are diasfic and malignant. In case of
glioblastomas, the median of survival after diaghasmnges from 2 to 8 months,
depending on the age of the patient (Seodl., 1987; Curraret al., 1993). In this group,
glioblastomas are the most prominent tumors andtctar 23% of all brain tumors.
Median age for first diagnosis is 64 years, the ialesiirvival time with maximal therapy
is 14.6 months (Stupgt al., 2005). Glioblastoma can arisle novo as primary or from
existing lower-grade tumors as secondary glioblaat (Kleihueset al., 1999), which
differ a lot in molecular structures (Tsbal., 2006). Glioblastomas are characterized by

rapid and infiltrative growth pattern and are diffcto target in therapy.

1.3.2. Symptoms of glioma

As virtually every part of the central nervous systcan be affected by gliomas, the
range of symptoms which they cause is very broaith \Ah incidence of 50 %, head
aches are the most prevalent first symptom (Forsythl., 1993). Depending on the
histology, the location and growth rate of the tuygliomas can cause neurological
misfunctions. Approximately 30 % of brain tumor ipats show epileptical seizures
(Glantz et al., 2003). Most patients suffer additionally from geadl symptoms like
nausea, vomiting, sleepiness, dementia or chamgekaracter properties (Glargzal.,
2000).

In histopathology, the different glioma types shawariety of cellular structures. Lower
grade tumors show a wide morphological spectrurh Wy cell density, typical bipolar
pilocytical cells and Rosenthal fibres. Malignammbrs display a high cell density with
cell and nuclei atypias, development of vasculatun@ necrosis.

In regard to pathophysiology, gliomas lead to clsngn several brain structures and
properties. One major hallmark for the depictioriurhors is the BBB breakdown, which
is mediated by tumor capillaries (Dickmetral., 1989).

Tumors with a size of 2 to 3 cm in diameter regulin increase in intracranial pressure,
as the brain parenchyma cannot be compressed (Blatk1986).

A variety of imaging diagnosis is available, rarggimom computer tomography (CT),
magnetic resonance tomography (MRT), positron eoms®omography (PET) to single
photon emission computed tomography (SPECT). titiath with contrast agents, these
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methods allow a precise imaging diagnosis. Nevkrdise stereotactic biopsies and liquor
diagnostics are performed to fully diagnose a giom

1.3.3. Pathology of glioma

As glioma derives from healthy cells in the brahey hardly express antigens which can
be targeted by the immune system of the patiengt(ali., 2008).

Nevertheless, the immune system fights tumor edtés transition, a resistant polulation

remains and forms a resistant tumor mass (Caiah, 2002).

Gliomas developed several mechanisms to overcomeathi-tumor response of the

immune system (Fig. 1.7).

Glioma Cell

1) Seerction of seluble factors (TGEFR, TL-10,
prostaglandins. gangliosides)

2y LExpression of Fas Lizand

3) Alteration of MUC
Gangliosides  Fas Ligand e

x//V’

:'_\:J (1”_ I cell )
e 1) Th-2 evtokine shifi
2) Helper T eell apoptosis
3) Regulatory T-cell function

0
TGEP
-0 PGE2

Cytotoxic T Lymphocyte

Iy CTL apoptosis

2y T-cell signalimg defeets

31 Decreased effector functions
4y Aberrant eviokine secretion

APC

1) Decreased MUC class |1 and
B7 expression

2) Impaired antigen presentation

TUMOR PROGRESSION

Fig. 1.7: Overview of immune response suppression by glioetla.dGlioma cells secrete factors such as
TGF{3 and IL-10 which suppress the interaction of anchime answer mediated by T cells and antigen
presenting cells (Priret al., 2004)
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Tumor cells in glioma are known to express a var@timmune-suppressive molecules
like IL-10, prostaglandin E2 or TGE-(Wrann et al., 1987; Wiendlet al., 2002;
Wischhusenet al., 2002). The secretion of these molecules leadsa tdocal
immunosuppression as well as to a systemic immuoielecy via impeding microglia
and T cell activation (Platteet al., 2001). TGRS inhibits antigen presentation of
dendritic cells and other antigen presenting celhs] interferes with natural killer (NK)
cells. Furthermore, it inhibits the activation addferentiation of cytotoxic T cells
(Weller and Fontana, 1995). Thus, tumor specifiigans are lost and the tumor cells are
capable of hiding from the immune system (Vepal., 2008). It was shown by Hao and
colleagues that pro-inflammatory cytokines suchlfS-y, TNF-o or IL12 and their
corresponding receptors are barely expressed ituther residuum (Haet al., 2002).

The sum of these immune-suppressive reactions mgeiis in a variety of healthy cells
such as microglia, lymphocytes or endothelial cstisch supply the tumor with nutrients
and oxygen (Badie and Schartner, 2001; Watieats, 2005).

1.3.4. Mutationsin gliomas

In tumor cells, a wide variety of mutations canfbend. The most prominent ones are
mentioned below.

The gene p53, also called the tumor suppressor, g&sea prominent function in cell
cycle control, DNA repair and apoptosis (Kestral., 1991). Mutations causing deletion
or alterations of this gene are the most commons dnehuman gliomas, causing
increased cell proliferation and angiogenesis (Waltaet al., 1997).

Another mutation found especially in glioblastomagh a prevalence of 50% are
amplifications of the epidermal growth factor rettedEGFR)-gene (Zhang al., 2008),
which codes for a receptor involved in the stimolabf cell division. Overexpression or
alteration causing isoform proteins lead to angased activity of that protein. Therapies
aiming at EGFR were found to sensitize tumor cellghemotherapy and radiotherapy
(Slamonet al., 2001).

Phosphatase and tensin homolog (PTEN) acts as ar tsappressor gene through its
phosphatase properties, which is involved in raguaof the cell cycle (Chuet al.,
2004). Mutation in this protein leads to an immeim&eease in cell division and is found
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in most gliomas.

Additionally, loss of heterozygosity (LOH) is a d@ent gene alteration in 60-90 % of
glioblastoma. This mutation is closely linked tg@aor survival rate and is most likely
one of the key feature in glioblastoma developnfeon Deimlinget al., 1992).

During the last years, so called tumor stem cedisewdescribed for several glioma types
(Ignatovaet al., 2002; Singret al., 2003; Yuaret al., 2004; Tayloret al., 2005). These
cells share properties with neural stem cells. Tagt indicates that gliomas may rise
from those cells. Further evidence for this hypsthevas found in mice experiments, as
a mutation of p53 in cells of the subventriculanedSVZ) leads to glioma formation
(Uhrbomet al., 2002).

1.3.4. Therapy of glioma

Treatment of glioma is still a major clinical chalge and up to now no curative
treatment is at hand. Generally, the therapy oficghdepends on several factors like
location, cell type and grade of the tumor. Mosgilypmas are treated with a combination
of the following three approaches. Many studies atnthe improvement of the current
treatments (Valtoned al., 1997; Charet al., 2005; Reardost al., 2006).

One of the main treatments of glioma is the sutdleaapy. A lot of studies showed that
the extent of the tumor resection closely corrslatégh the survival time of the patient
(Soffietti et al., 1989; Jeremict al., 2003; Keleset al., 2004). The patient not only
benefits from the removal of tumor tissue, but alsum the release of intercranial
pressure, which improves further therapeutic apgres. Nevertheless, brain surgery is
not capable of removing all infiltrating tumor celwhich cause glioma reformation.
Radiotherapy is another standard therapy for thatriment of glioma. Nowadays, for
smaller gliomas stereotactic radiotherapy is usedwhich a precise application of
radation to the glioma is possible. But, in respectong term survival, no effect of
radiotherapy alone was found in case of gradeidhtas (Karimet al., 2002).
Chemotherapy aims at the impairment of cell divisiwhich mostly affects fast-dividing
cells like tumor cells. Therefore, a variety of agixic chemotherapeutics is used in
established combinations and cycles. One of thgesigdisadvantages of this therapy is

that it not only affects tumor cells but also hlegltividing cells as well. This leads to
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hair loss and damage of the intestinal epithelium.

Experimental therapies are mostly located on a cutde level, leading to so called
molecular targeted therapy approaches. These ap@m®aaim at the cancer specific
signal cascades and molecules to influence pratiter, invasion and angiogenesis
(Krauseet al., 2005; Adjeiet al., 2005). One of the most promising targets is T5F-
Encouraging data was obtained using a Tntisense oligonucleotide for the treatment
of glioblastoma (Schlingensiepet al., 2006). Animal experiments arid vitro data
endow this finding (Jachimczakal., 1996).

Another possible candidate is the platelet derigexivth factor (PDGF) receptor. Upon
inhibition with imatinib the tumor growth rate deases and complete remission could be
seen in some patients (Dresematal., 2005).

A promising approach is the antiangiogenetic thgraghich aims at the inhibition of
tumor neovascularization. So far, over 70 compourai® been tested, of which the most
promising are Cediranib and Bevacizumab (Batchetial., 2007; Vredenburglet al.,
2007).

Studies about immunotherapy involving cytokineg llk-2 or interferons did not result
in proof of effectiveness, additionally leading itamense toxic and neurotoxic side-
effects (Merchantt al., 1988; Albertet al., 1998). Another approach in this field is the
active specific immunotherapy which includes thevivo induction of tumorspecific
cytotoxic T lymphocytes. Upon induction, these etlight trigger apoptosis of tumor
cells (Kagiet al., 1994).

A variety of genetherapy-strategies has been examin regard to malign gliomas.
Mostly, adenoviral and retroviral vectors are usedeliver therapeutical genes into the
glioma site. Examples for that are the oncolytioggberapy, p53-genetransfer or IBN-
genetransfer (Minetet al., 1995; Langet al., 2003; Yoshidat al., 2004).

A therapeutic effect was demonstratadiivo by bone marrow derived cells expressing
thymidine kinase of herpes simplex virus (HSV-tkjough bystander-mediated glioma
cell killing after gancylovir application (Miletiet al., 2007).

In summary, gene therapy seems to be the most giregrapproach to conquer malignant
glioma in a safe and reliable fashion.
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1.3.5. Role of microglia

The properties of microglia can both fight or supgamor cells in the CNS and once
more show their double-edged nature.

Microglia and macrophages are known to be attralojednd to infiltrate the glioma via
the fractalkine pathway (Umemuetal., 2008; Held-Feindét al., 2010) and are the most
commonly found immune cells in the tumor residu@nagberet al., 2002). Recruitment
of microglia is mediated through a variety of cytes such as CXCL1, CCL2 and
colony stimulating factor 1 (CSF-1) (Held-Feirgtial., 2010; Lamagnat al., 2006).

These tumor-infiltrating microglial cells obtain ammuno-suppressive phenotype and
promote production of TGB-via an autocrine loop (Umemuetal., 2008). In addition
to the immunosuppressive cytokine milieu providgdhe glioma cells, this effect leads
to T cell tolerance and inactivation of tumor taegeimmune responses (Carpenter
al., 2006). It has been demonstrated that tumor-agedcmacrophages (TAMs) are
polarized into the alternatively activated M2 sydgywhich supports tumor infiltration
and growth (Martinezet al., 2008; Mantovaniet al., 2001). TAMs secrete anti-
inflammatory cytokines like IL-10, IL-23 and theoeé establish an immunosuppressive
environment (Badie and Schartner, 2001; &al., 2010). They have also been shown to
express MMPs which enhance tumor progression tiralegradation of extra-cellular-
matrix (ECM) (Rao, 2003). Via secretion of EGF, roglia are also capable of
enhancing tumor angiogenesis and proliferationyéafeet al., 1999).

Microglia have also been described to have detriateffects on glioma cells. After pro-
inflammatory stimuli, activated microglia of the Mubtype can secrete molecules which
inhibit glioma growth (Nicklest al., 2008). Moraet al observed activated microglia that
can induce autophagy-dependent death of glioma (dibraet al., 2009). As microglia
are phagocytic cells, they are also capable ofedesing glioma cell number through
phagocytosis. It has been stated that macrophagesbée to phagocyte glioma cells in
absence of apoptosis of glioma cells (Fadeal., 2004).

In addition to direct functions of microglia in figng glioma, they are also involved in
recruiting NK cells, which play a pivotal role inmor rejection via induction of tumor
cell apoptosis. In the CNS, attraction of NK-cafisfor instance mediated by CX3CL1
secreted by microglia (Huaregal., 2006).
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2. Materialsand M ethods

2.1. Materials

2.1.1. Buffersand solutions
10x (0.125 M) Phosphate buffered saline (PBS), (H 7
0.007 M NaHPOs*H,O (Roth, Germany)
0.034 M NaHPQO,*7H,0 (Roth, Germany)
0.6 M NaCl (Roth, Germany)
ad 1 liter ddHO (Roth, Germany)

10x Annexin binding buffer
100 mM HEPES
1,4 M NaCl
25 mM CaCl)

10x Tris-Boric Acid-EDTA (TBA) buffer
1.78 M Tris-Base (Roth, Germany)
1.78 M Boric Acid (Sigma, Germany)
0.04 M Ethylenediaminetetraacetic Acid (EDTA) (RoBermany)
ad 2 liter ddHO (Roth, Germany)

1 % Agarose gel
0.5 g Agarose (Biozym, Germany)
1.25pl Ethidium Bromide (Roth, Germany)
50 ml TBE (1x)

4% Paraformaldehyd (PFA), pH 7.3
20 g PFA (Sigma, Germany)
30 ml NaOH (Roth, Germany)
50 ml PBS (10x)
ad 1 liter ddHO (Roth, Germany)

6x Loading buffer
0.5 M EDTA (Roth, Germany)
60 % Sucrose (Roth, Germany)
0.04 % Bromphenol Blue (Sigma, Germany)
0.04 % Xylene Cyanole (Sigma, Germany)
2 % vol/vol Ficol-400 (Bio-Rad, Germany)
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Moviol
4.8 g Moviol (Kremer Pigmente, Germany)
12 g Glycerol (Sigma, Germany)
12 ml ddHO (Roth, Germany)
24 ml Tris buffer 0.2 M (Roth, Germany)
1.32 g DABCO (Sigma, Germany)

TRIS
12.1 g Trizma Base (Sigma, Germany)
18.0 g Sodium Chloride (Roth, Germany)
88 ml Hydrochloric Acid 1 M (Roth, Germany)
ad 2 liter ddHO (Roth, Germany), adjust to pH 7.4

Reverse transcription (RT) mix
5 ug total ribonucleic acid (RNA)
1 ul Hexanucleotide Mix (10X) (Roche, Germany)
1 ul Deoxynucleotide triphosphate (ANTP) mix (L0mMigi8a, Germany)
2 yl Dithiothreitol (DTT) mix (10 mM) (Invitrogen, Genany)
4 ul 5X RT I¥'Strand Buffer (Invitrogen, Germany)
1 ul RT enzyme (200 U/ml) (Invitrogen, Germany)
ad 20ul ddH,O (Roth, Germany)

Quantitative real time-polymerase chain reactidRTPCR)-mix
3 ul Complementary Deoxyribonucleic Acid (cDNA) (200/pl)
1 ul SYBR Green Master Mix (2x) (Applied BiosystemsSA)
2 yl Primer mix (10 pmoll)
10.5pul ddH,O (Roth, Germany)

2.1.2. Céll culture media and reagents
ES medium
Dulbecco’s modified Eagle's medium (DMEM) 4.5 g/gixcose (Gibco,
Germany)
2 mM GlutaMAX (Gibco, Germany)
1 mM Sodium-Pyruvate (Gibco, Germany)
0.1 mM Non-essential-amino acids (Gibco, Germany)
0.05 mM 2-Mercaptoethanol (Gibco, Germany)
15 % vol/vol Fetal Calf Serum (FCS) (Gibco, Gernjany
1 g/l Leukemia Inhibitory Factor (LIF) (Chemicon, UFA

Basal medium
Basal Medium Eagle (BME) (Gibco, Germany)
10 % vol/vol FCS (Gibco, Germany)
1 % vol/vol D-glucose (Sigma, Germany)
2 mM L-glutamine (Gibco, Germany)
100 pg/ml penicillin/streptavidin (pen/strep) solutioBibco, Germany)
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Differentiation medium
DMEM 4.5 g/l D-glucose (Gibco, Germany)
2 mM GlutaMAX (Gibco, Germany)
1 mM Sodium-pyruvate (Gibco, Germany)
0.2 mM Non-essential-amino acids (Gibco, Germany)
0.05 mM 2-Mercaptoethanol (Gibco, Germany)
15 % vol/volFCS (Gibco, Germany)

Glioma medium
DMEM/F12 (Gibco, Germany)
10 % vol/volFCS (Gibco, Germany)
100pug/ml pen/strep solution (Gibco, Germany)

ITSFn medium
DMEM/F12 (Gibco, Germany)
25 pg/ml Insulin (Sigma, Germany)
30 nM Sodiumselenite (Sigma, Germany)
50 ug/ml Transferrin (Sigma, Germany)
5 pg/ml Fibronectin (Sigma, Germany); (add freshlyasefusing medium)

MEF medium
DMEM 4.5 g/l D-glucose (Gibco, Germany)
2 mM L-glutamine (Gibco, Germany)
1 mM Sodium-Pyruvate (Gibco, Germany)
0.1 mM Non-essential-amino acids (Gibco, Germany)
10 % vol/volFCS (Gibco, Germany)

N2 medium
DMEM/F12 (Gibco, Germany)
1 x N2 supplement (Gibco, Germany)
0.48 mM L-glutamine (Gibco, Germany)
5.3 ug/ml D-glucose (Sigma, Germany)
100pug/ml pen/strep solution (Gibco, Germany)

Neuronal medium
Basal medium eagle (Gibco, Germany)
1 % vol/vol FCS (Gibco, Germany)
1 % vol/vol D-glucose solution (Sigma, Germany)
2 % vol/vol B27 supplement (Gibco, Germany)
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2i medium
50 ml DMEM/F12 (Gibco, Germany)
50 ml Neurobasal Medium (Gibco, Germany)
0.5 mlI N2 (100x , Gibco, Germany)
1 ml B27 (50x, Gibco, Germany)
0.5 ml GlutaMax (100x Gibco, Germany)
0.5 ml BSA (5 mg/ml)
50 wl Insulin (20 mg/ml)
200l B-Mercapthoethanol (Gibco, Germany)
1 ug/l Leukemia inhibitory factor (LIF) (Chemicon, U$A
10 ul PD0325901 (10mM, Axon Medchem)
30ul CHIR99021 (10mM, Axon Medchem)

2.1.3. Other reagents
« 5x RT £'Strand Buffer (Invitrogen, Germany)
* Ampicilin (Sigma, Germany)
» Alkaline phosphatase Detection Kit (Millipore, Geany)
* Annexin, biotinylated (Sigma, Germany)
* Bovine serum albumin (BSA) (Sigma, Germany)
» Corbitbalm (Hecht, Germany)
* CX3CL1, recombinant mouse (R&D, Germany)
* Dimethylsulfoxide (DMSO) (Sigma, Germany)
* Endofree Plasmid Maxiprep (Qiagen, Germany)
» Ethanol (Roth, Germany)
» Fibroblast growth factor (FGF) 2, recombinant hurR&D, Germany)
* Fibronectin from bovine plasma (Sigma, Germany)
* Fluoresbrite Polychromatic Red microspheres 1.Q(Rohyscience, USA)
» (418 antibiotics (Sigma, Germany)
* Gelatin (Fluka, Germany)
» Granulocyte macrophage-colony stimulating factavi(GSF),
recombinant mouse (Invitrogen, Germany)
» Hexanucleotide Mix (10x) (Roche, Germany)
* IFN-y, recombinant mouse (R&D, Germany)
* Incomplete Freund’s adjuvant (Difco, USA)
* Isopropanol (Sigma, Germany)
* Laminin, natural mouse (Invitrogen, Germany)
* Lysogeny broth (LB) agar and LB media (Fluka, Gamga
» Lipopolysaccharides (LPS ; Sigma, Germany)
* LookOut® Mycoplasma PCR Detection Kit (Sigma, Genyja
» MOG35-55 (MEVGWYRSPFSRVVHLYRNGK) (Charité, BerliGGermany)
» Mycobacterium Tuberculosis H37Ra (List Biologicaldoratories,USA)
* Normal goat serum (nGS) (Sigma, Germany)
* Neurotrophin3,recombinant (R&D, Germany)
» Okadaic acid potassium salt (Sigma, Germany)
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Opti-MEM (Gibco, Germany)

PBS (1x) (Gibco, Germany)

Pertussis toxin (List Biological Laboratories,USA)
Puromycin (PAA, Germany)

Poly-L-lysine (PLL) (Sigma, Germany)

Reverse transcriptase hexamer (Roche, Germany)
RNeasy Mini Kit (Qiagen, Germany)

RNAse free DNAse Kit (Qiagen, Germany)
SuperScript® Il Platinum® Two-Step qRT-PCR Kityltrogen, Germany)
SYBR Green Master Mix (2x) (Applied Biosystems, UK)
TritonX-100 (Sigma, Germany)

Transferrin bovine (Sigma, Germany)

Trypsin-EDTA 0.25 % (Gibco, Germany)

2.1.4. Vectors

PLL- phosphoglycerate kinase (PGK) green fluorespestein (GFP)-
Neomycine-resistance (received from Dr. Isabeb@®i, Bonn, Germany)
PLL-PGK NT3-Neomycine-resistance

PLL3.7 vectors (provided by L. van Parijs, MIT, Gaidge, MA)

Packaging plasmid PLP1 ViraPower ™ (Invitrogen, UK)

Packaging plasmid PLP2 ViraPower ™ (Invitrogen, UK)

Packaging plasmid PLP3 ViraPower ™ (Invitrogen, UK)

TRC hairpin-pLKO.1-puro vector (Broad Institute TRCambridge, USA/ Prof.
Dr. Hornung, Institute of Clinical Chemistry anddPmacology, Bonn, Germany)
Mission pLKO.1-puro Non-Mammalian shRNA Control $tlsid DNA (Sigma,
Germany)

2.1.5. Cdl lines

ES-C57BL/6-ATCC BL6 (ATCC, Germany)

GL261 (Hertie-Institute for clinical neurology, Geany)

SMAS560 (Hertie-Institute for clinical neurology, eany)

Human Embryonic Kidney (HEK) 293 cells cells (Imaigen, Germany)
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2.1.6. Antibodies

Primary antibodies for immunocytochemistry

Antibody Host Dilution Supplier

Arginase goa 1:10C Santa Cruz Biotech, U<
B-tubulin-1l1 mMoust 1:50(C Sigmg¢, German
CD16/3: rai 1:50( BD Biosciences, Germa
CD4t rai 1:50(C BD Biosciences, Germa
CD6¢ rai 1:50C AbD SerotecUSA

CD8e rai 1:50( BD Biosciences, Germa
CD20¢ goa 1:10C R&D Systems, Germail
GFAF rabbit 1:100( DAKO, USA

Ibal rabbi 1:50(C Wako,German'

iINOS rabbit 1:50( BD Biosciences, Germa
Nestir moust 1.20C Millipore, German'

NT3 rabbit 1:10C Santa Cruz, US

Oct £ moust 1:25( Santa Cruz, US

Soxz rabbi 1:25C Abcam, US/

SSEA! moust 1:8C Abcam, US/

GAPA4: rai 1:20C DAKO, USA

Secondary antibodies for immunocytochemistry

Antibody Host Directed againgt | Dilution | Supplier
Alexa48¢ goat anti mous 1:50(C Invitrogen,German
Alexa48¢ goa anti rabbi 1:50(C Invitrogen,German
Alexa48¢ goat anti ra 1:5C0 Invitrogen,German
Cy3 goa anti moust 1:50(C Dianova,German
Cy3 goa antirabbi 1:50(C Dianova,Germany
Cy3 goa anti ra 1:50( Dianova,German
Primary antibodies for flow cytometry
Antibody Host Dilution | Supplier
CCR= Moust 1:8C Abcam, US/
CD11t-bictinylatec rai 1:20C BD Biosciences, Germa
CD11¢ biotinylatec hamste | 1:20(C BD Biosciences, Germa
CD16/3: rai 1:10C BD Biosciences, Germa
CD2¢ rat 1:20C BD Biosciences, Germa
CD34 rat 1:20C BD Biosciences, Germa
CD3¢- biotinylatec moust¢ 1:20C BD Biosciences, Germa
CDA4E- biotinylatec rai 1:20C BD Biosciences, Germa
CDA4¢- biotinylatec ra 1.20( BD Biosciences, Germa
CDG6E- biotinylatec rai 1:5C AbD Serotec, Germal
CD8C(- biotinylatec rai 1:20C BD Biosciences, Germa
CD8E¢- biotinylatec ra 1.20C BD Biosciences, Germa
CD11t- biotinylatec shee| 1:4C R&D Systems German'
CD117/cKi- biotinylatec | rat 1:20C BD Biosciences, Germa
CD13:- biotinylatec rai 1:20C eBioscience, US
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CX3CR1 rabbi 1:20C ProSci Inc, US,

F4/8(- biotinylatec ra 1:10C AbD Serotec, Germal
Ly6G- biotinylatec ra 1:5C Abcam, US/

MHC Il- biotinylatec rai 1:20C BD Biosciences, Germa
Siglect- biotinylatec ra 1:20C Hycult Biotect. German
Tremz rai 1:20C BD Biosciences, Germa
Isotype IgG: ra 1:20C BD Biosciences, Germa
Isotype IgG: ra 1:20C BD Biosciences, Germa
Isotype IgA Moust 1.20C BD Biosciences, Germa

Secondary antibodies for flow cytometry secondautjbadies

Antibody | Host Directed against Dilution | Supplier

PE goa Streptavidil 1:50(C Jackson ImmuncUSA
PE goa anti ra 1:50(C Jackson ImmuncUSA
PE goa anti rabbi 1:50(C Jackson Immuno, US

2.1.7. Other staining reagents
4',6-diamidino-2-phenylindole (DAPI) (Sigma, Germgan

PKH26, red fluorescent (Sigma, Germany)

2.1.8. Primer for gRT-PCR
Oligonucleotides obtained from Eurofins MWG

Name Forward sequen Reverse sequer
Arginas¢ CAG AAG AAT GGA AGA GTC AC CAG ATATGC AGG GAG TCA C(
CCL2 CAG GTC CCT GTCATG CCTC GGG ATC ATC TTG CTG GTG A,
CX3CL1 | TGG TGATCC AGA TGC TTCAT TGC TCATCC GCT ATCAGC T,
CXCL9 CTT CCT GGA GCA GTG TGG A TGT TGC AAT TGG GGC TT(
CXCL10 | CATCCACCGCTGAGAGACA CTC AGA CCC AGC AGG ATG A(
Fizz CTG GTG AGT TCG GGT CAG CT¢ CAG TAT TCACTG GGA CCATCA
TGT GCT G
GAPDH | ACAACTTTG GCATTG TGG A# GAT GCA GGG ATG ATG TTC T(
IL-1B ACA ACA AAAAAG CCTCGTGCTC |CCATTG AGG TGG AGAGCT TTC.,
IL-10 AAG GAC CAG CTG GAC AAC A1 TCT CAC CCA GGG AAT TCA A/
NOS: AAG CCC CGC TACTACTCCA GCT TCAGGT TCC TGATCC A,
NT3 AAA TAG TCA CAC GGA TGC C# GGC AAACTCCTTTGATCC A
Siglect GTG ACA GAC CTC ACT CAC AGC Ct | GGT CGT GGG GCC CAG GGAT
TGF- CAATTC CTG GCG TTA CCT T¢ GCT GAATCG AAAGCC CTG T/
TNF-a TCTTCT CATTCC TGC TTG TG! AGG GTC TGG GCC ATAGAAC
Yml CAT TCA GTC AGT TAT CAG ATT CC | AGT GAG TAG CAG CCT TG(
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2.1.9. Consumables

* 0.22um pore size filter stericup (Millipore, USA)

e 10ul, 100ul, 1000ul pipette tips (Eppendorf, Germany)

* 10 ml syringes (Braun, Germany)

« 175 cnf tissue cell culture flask (Sarstedt, Germany)

* 5 ml disposable plastic pipette (Costar, Germany)

* 6-well-plate (Cellstar, Germany)

« 75 cnf tissue cell culture flask (Sarstedt, Germany)

e 8.0 um Culture Plate Inserts 12 mm Diameter (Moltgy Germany)

* 10 ml disposable plastic pipette (Costar, Germany)

* 15 ml tubes (Greiner, Germany)

» 24-well-plate (Greiner bio-one, Germany)

» 48-well-plate (Greiner bio-one, Germany)

» 25 ml disposable plastic pipette (Costar, Germany)

* 50 ml plastic tubes (Sarstedt, Germany)

* 5 ml polystyrene round-bottom tubes (BD Falcon,sary)

» Bottle top filters, 0.2bm pore (Milipore, Germany)

* Cell scraper (Sarstedt, Germany)

» Cell strainer (BD Falcon, Germany)

» Cotton buds (Roth, Germany)

* Chamber slides (Nunc, Germany)

* Cryovials (VWR, Germany)

» Erlenmeyer flask, 250 ml (Schott-Duran, Germany)

* Glass beads 5 mm (Roth, Germany)

» Glass cover slides 24x24 mm (VWR, Germany)

* Glass needles, pulled and polished, 504100(Hofheim, Germany)

* Glass pasteur pipettes (Brand, Germany)

* Injection needles (Braun, Germany)

* Lab — Tek Chamber Slide w/Cover Permanox Slidel8ténWell (Labomedic,
Germany)

*  MicroAmp® 96- & 384-Well Optical Adhesive Film (Afipd Biosystems, USA)

» MicroAmp optical 96 well plate (Applied Biosystems$SA)

* PCR tubes (Biozym Diagnostics, Germany)

» Petri dishes 100x15 mm (BD Falcon,Germany)

» Tissue culture dish 100x20 mm (Sarstedt, Germany)

» Tissue culture dish 60x15 mm (Sarstedt, Germany)

» Tissue culture dish 150x20 mm (TPP, Germany)

» Tissue Tek (Sakura, USA)

* Tubes 1.5 ml (Eppendorf, Germany)
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2.1.10.

Equipment

Axioskop 2 (Zeiss, Germany)

Axiovert 40 CFL (Zeiss, Germany)

BD FacsCalibur (BD Bioscience)

Biofuge Fresco (Heraeus, Germany)

Canon Powershot G9 (Canon)

Centrifuges Sorvall Discovery 90SE (Hitachi, Geryjan
Cryostat Microtom HM560 (Microm Int., Germany)
Electrophoresis gel chambers (Biomed Analytik GmBidrmany)
Eppendorf Mastercycler epgradient S (Eppendorf Gegn
Fluoview1000 Confocal microscope (Olympus,Germany)
Freezer -80°C Herafreeze (Heraeus, Germany)
Hamilton syringe (Hamilton, USA)

Hot bead sterilizer (FST, Germany)

Incubator HeraCell 240 (Heraeus Germany)

Laminar air flow workbench Herasafe (Heraeus, Geyha
Megafuge, 1.0OR. (Heraeus, Germany)

Microm HM560 cryostat (Microm, Germany)

Neubauer chamber (Brand, Germany)

Power supply (Amersham Bioscience, Germany)

RS 2000 X-ray source (Rad Source Technologies, USA)
Surgical instruments (F.S.T,Germany)

Thermocycler T3 (Biometra, Germany)

Vortex 2X (Velp Scientifica, Germany)

Softwar e/ Databases

Openlab4.0.1 (Improvision, Germany)
CorelDRAW Graphics Suite 11 (Corel, Germany)
EndNote X1 (Thomson ISI ResearchSoft, USA)
Microsoft Office (Microsoft, USA)

Olympus FluoView1.4 (Olympus, Germany)
SDS 2.2.2 (Applied Biosystems, USA)

Cellquest Pro (BD Biosciences, USA)

FlowJo 6.4.7 (Tree Star, USA)

KaleidaGraph 4.0 (Synergy, USA)

Graph Pad Prism 5, (Graph Pad Software, USA)
Axiovision 4.6.3 (Carl Zeiss Imaging Solutions, @any)
ImageJ 1.39u (NIH, USA)

NCBI gene bank
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2.1.12. Anesthethics

» Ketamin (Ketanest, Pfizer, Germany)

» Xylazin (Rompun, Bayer, Germany)
Before perfusion and for immunization for EAE exXpents, animals were anesthesized
with Ketamin/Xylazin i.p. (Ketamin 80 mg/kg and Ja¢iin 16 mg/kg).

2.1.13. Mice
C57BL/6 mice were obtained from Charles River (&ilt; Germany). All mice were
kept and bred under pathogen free conditions i@ adur light/12 hour dark cycle with

access to food and watad libitum in the animal facility.
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2.2. Methods

2.2.1. Generation of embryonic stem cell lines

For generation of ESC lines, C57BL/6 mice were usednales were superovulated with
i.p. injection of 5 international units (IU) of greant mare serum gonadotrophin (PMSG)
at noon and 5 1U of human Chorionic Gonadotropi@Gh 46 hours later. Breeding pairs
were set up and plug-positive females were isoldtethales were sacrificed at day 3.5
post coitus and uteri were flushed with PBS toasolblastocysts. Blastocysts were
seeded to irradiated mouse embryonic fibroblast EMEells in 48-well plates in 2i
medium mixed 1:1 with ES medium. Two days latelf bbthe medium was replaced. 5
days post isolation, cells were trypsinized anddfarred to a 24-well plate with MEF
layer. Medium was replaced every day. After 10 2cdays, primary ESC colonies were

frozen down and expanded.

2.2.2. Generation of embryonic stem cell derived microglia

The murine ESC line ES-C57BL/6-ATCC (BL6) was uded the differentiation into
ESdM. The differentiation protocol was obtained byodifications of a neuronal
differentiation method (Leet al., 2000). The protocol consists of five steps:

(i) cultivation of ESC, (ii) formation and differéation of embryoid bodies (EBS), (iii)
differentiation into neuroectodermal lineage aralason of myeloid precursor cells, (iv)
differentiation into microglial precursor cells a cultivation of ESdM.

Undifferentiated ESC were kept in culture in preseaof LIF containing ES medium on a
MEF layer. They were trypsinized and cultured otagen-coated tissue culture dishes
for one day in ES medium with LIF. For EB formatjaells were dissosciated and plated
onto bacterial culture dishes in Differentiationdinen. After 4 days, the resulting EBs
were plated to gelatin coated cell culture disfieso days later, selection of nestin-
positive cells was initiated using ITSFn mediumtehAfé days, cells were expanded in N2
medium containing ig/ml laminin and 5 ng/ml bFGF. Microglial differéation was
triggered by removal of bFGF after 6 days. Lamiwnias withdrawn after 6 additional
days. Three weeks after growth factor withdraw&d® could be isolated by manual

picking.
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2.2.3. Maintenance and subpolarization of cell lines

ESdM were kept in N2 medium in 5% &t 37°C. Upon 80 % confluency, cells were
splitted with a cell scraper. ESdM could be froztowly in N2-medium supplemented
with 10 % DMSO and 50 % FCS.

For subpolarization of ESdM, cells were treatechvi®O U/ml IFNy and 5 ng/ml LPS

for 24 hours for M1 or 20 ng/ml IL-4 for 48 houiw M2 subpolarization.

SMA560 and GL261 glioma cells were kept in gliomadmom at 37°C and 5% CO2.

Upon confluency, cultures were splitted using Tiyps

2.2.4. 1solation of primary neurons and regener ation assay

Primary neurons were isolated from 15 day old C5BBLmice embryos (Gorlovost
al., 2009). They were cultured in neuronal mediumlih Poated chamber slides at 37°C
and 5% CO2. For the regeneration assay, medium supplemented with different
amounts of ESdM culture supernatant, PBS or 10 Ingdoombinant NT3 and incubated
for 48 h. Immunocytochemistry was carried out vatitibodies directed against growth
associated protein (GAP) 43 and Ibal.

2.2.5. Isolation of primary microglia

Primary microglia were obtained from brains of pasal (day 3 or 4) C57BL/6 mice
(Takahashet al., 2005). Briefly, meninges were removed and dissedidy trituration.
Cells were cultured in basal medium for 2 weeksfaon a confluent mixed glial
monolayer. To isolate microglial cells, culturesrevahaken on a rotary shaker for 3 h at

350 rpm. Detached microglia were seeded on PLLecbatlture dishes in N2 medium.

2.2.6. Lentiviral transduction of cells

For lentiviral transduction of ESdM (GFP and NT3daSMA560 cells (GFP), PLL3.7
vectors were used. Vectors contained a neomycsistamce gene for selection of
successfully transduced cells. GFP and NT3 wemedander control of a pgk-promoter
in the backbone. Calcium-phosphate precipitateg werpared with 2hg pLP1, 12.5.9
pLP2 and 13ug pLP3 (Invitrogen) and 2pg lentiviral vector plasmid of interest in 1.125
ml water and 125l CaCh (2.5 M). Precipitates were then applied to HEKZBZElIIs in

40



Material and Methods

MEF medium (5% FCS). After 48 and 72 h, the supamtawas collected, filtered and
transferred to target cells. Two days post traoson, cells were selected using 250
ug/ml G418 for GFP and NT3 vectors and with@fiml Puromycin for shRNA knock-
down vectors.

The following plasmids were used for generatingdkaown ESdM:

siglech: TRCNOO0O0068083, Target sequence: 5-GCCCAAATTAAORIGAGAA-3’
trem2: TRCNOOOO068094 Target sequence: 5-GTCATGTACTGRICGCCTT-3’
Knock-down plasmids for sialic acid binding immuiagulin -like lectin H (SiglecH)
and Trem2 were generous gifts from Prof. Dr. Vedriiing, University of Bonn. Non-
target shRNA Control Plasmid (Sigma, Germany) wssduas control for the knock-

down experiments.

2.2.7. Immunocytochemistry of cultured cells

For immunocytochemistry, cells were fixed with 4%APfor 10 min, blocked with 10x
BSA containing 5% nGS (for 30 min and stained widrious antibodies (see 2.1.6)
overnight.

Secondary antibodies were applied for 30 min, cglse washed with PBS and finally
stained with DAPI for 30 s and covered with Movidinages were taken with a
fluorescence microscope (Axioskop2, Zeiss) or afamal microscope (Fluoview
FV1000, Olympus).

2.2.8. Flow cytometry analysis

ESdM were collected using a cell scraper. Fc-rexdpbckade was performed with a rat
monoclonal antibody against CD16/CD32. Cells wdened with various antibodies
(see 2.1.6) for 60 min on ice. After washing witBS? samples were incubated with
secondary antibody for 30 min on ice in darknesetype-matched controls and non-
stained cells were used as negative controls. Amalyas performed with a
FACSCalibur flow cytometer and FlowJo Software.
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2.2.9. Analysis of cytokine genetranscripts by gqRT-PCR

RNA was isolated according to the manual using RiNeasy Mini Kit. Afterwards,

reverse transcription was performed with Super$clhip reverse transcriptase and
hexamer random primers. For quantitative real §Ri€)-PCR, 600 ng of cDNA, SYBR
Green PCR Master Mix and specific oligonucleotidesre used according to the

following conditions:

Component Amount per reaction Final
SYBR green mix (2x) 12.4l 1x

cDNA (200 ngul) 3u 600 ng
Primer (10 pmoldl) 1ul each 0.4 pmald
Water Ad 25ul

The quantitative RT-PCR was carried out using thpdadorf epgradient S Mastercycler
with the following programme:

Cycle number Denature Anneal Extend
1 95°C for 10 min - -
2-40 95°C for 10 s 60°C for 30 s 72°C for 30|s

Amplification specificity was confirmed via analgsof melting curves. Quantification
was performed using the deltadelta-CT method.

2.2.10. RNA Microarray

For RNA microarray, RNA was isolated accordinghie manual using the RNeasy Mini
Kit from Qiagen. 1 mg of RNA of three ESdM or prirgamicroglia cultures was used.
Microarray analysis was performed at the LIMES itogt, Bonn, Germany by the

working group of A. Staratscheck-Jox using the Aonbiilumina system.

2.2.11. Phagocytosis assay

For analysis of phagocytosis capacity of the ESdMbhagocytosis assay with labeled
microsphere beads was performed. xHls were seeded to each well of a 6-well-plate
in N2-medium. For stimulation of the cells, 500 mf/LPS were added for 24 h.

42



Material and Methods

Afterwards, 10 pl microsphere beads were addedatth evell for 1.5 h, washed

throughoutly with PBS and analyzed by flow cytorgetr

2.2.12. Chemotaxis assay

For the chemotaxis assay, 1%1@lls were transferred into culture plate insertan 24-
well-plate in N2-medium and incubated for 1 h at@75 % CQ.

Concentrations ranging from 0-20 ng/ml CX3CL1 wadeled into the well. After 3-4 h,
ESdM migrated to the back side of the membrane seuated.

2.2.13. Co-culture of ESdM and glioma cells

For phagocytosis experiments, 1%18L261 or SMA560 cells were stained withpP
PKH26 in 198ul Solution C for 5 min at 37°C. 1x1@ells per well of GFP-ESdM or
knockdown cells were co-seeded with SMA560 or GLRE6NZ2 in chamber slides and
cultivated for 24 hours. Monocultures of SMA560 aBd261 were used as controls.
Slides were fixed with 4 % PFA for 15 min and c@demwith Moviol. For each well, 5
randomly chosen areas were analyzed using a cdnfasar scanning microscope.
Number of total cells and of cells with internaiZéKH26+ particles was assessed.

For proliferation assay, 1x1ESdM and GFP-SMA or GFP-GL261 were co-seeded into
6-well dishes. For 5 consecutive days, cell numbas counted and GFP+ cells were

assessed using a fluorescence microscope.

2.2.14. Annexin V staining

Annexin V staining was performed after co-cultuf&e8dM with GFP-SMA560 or GFP-
GL261 in chamber slides. As a positive controlpigia cells were treated with 100
nmol/ml okadaic acid for 24 hours. Cells were walshiece with PBS and incubated with
3 ul biotinylated Annexin V in 20Ql annexin binding buffer for 15 min. After washing
with PBS, cells were incubated with StreptavidindCynd analyzed via fluorescence

microscopy.
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2.2.15. Induction of experimental autoimmune encephalomyelitis

To prepare the reagent for immunization, 4 mg/mi®®ere diluted to 2 mg/ml in PBS.
This mixture was then brought into emulsion witke #ame volume of complete Freuds
Adjuvant (10 mg/mM. tuberculosis in incomplete Freuds Adjuvant) using two syringes
and a stopcock. The emulsion was incubated overatgfC.

Female C57BL/6J mice six weeks of age were useth®EAE experiments. 100 pl of
activated MOG-emulsion were injected at each ingiuiymph node region at both sides
of the anaesthetised animal. 100 pl of Pertussisntd5 ngfl) were injected

intraperitoneally at day of induction and 48 h fate

2.2.16. Monitoring of experimental autoimmune encephalomyelitis afflicted animals
After immunization, animal weight and clinical seowere controlled on a daily basis.

Clinical score was determined according to theofeilhg chart:

Clinical score Symptoms

no clinical symptoms

limp tail

complete limp tail and weakness of hindlimbs
paraparesis of at least one hind limb

complete hind limbs paraparesis and weaknessrelirhbs
moribund state or tetraplegia

Q| WINF O

At the peak of the disease (clinical score of ®uad day 19 post immunization), mice
were injected with PBS, GFP-transduced ESdM or KsFR-transduced cells. For cell
treatment, 4 million cells in 10Q PBS were administered intravenously. Mice
displaying a clinical score of at least four fomaimum of three days were euthanized

and were not taken into account for analysis.

2.2.17. Perfusion of animals
Before perfusion, mice were anesthetized with Ka&téxylazin and checked for pain
reflexes. Mice were transcardially perfused withr@20OPBS followed by 20 ml 4% PFA.

Spinal cords and brains were dissected and stardéoi PFA. Neurohistopathology was
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carried out by the working group of Prof. Dr. MarBwinz in Freiburg as described
previously (Prinzt al., 2006).

2.2.18. Preparation of cryoslices

For analysis of tissue, cryoslices were preparagia@s obtained by perfusion of the
animals were kept in PFA for 48 h and another 48 B0% sucrose solution. Before
slicing, tissue was embedded in Tissue Tek ancefroZhe frozen tissue was cut into 10
to 20um thick slices on super frost slides with a crybatal stored at -20°C.

2.2.19. Immunohistochemistry of cryoslices

Cryoslices were fixed in 4% PFA immediately afteawing. They were washed with
TRIS-buffer and blocked with 10% BSA for 10 min.té&f washing with TRIS, they were
incubated with the first antibody in tris(hydroxythg@)aminomethane (TRIS) overnight.
The slices were stained with fluorescent secondatipody for 2 h and with DAPI for 5
min. Slides were covered with Moviol.

Assessment of immune cell infiltrates was perforngdthe working group of Prof.
Marco Prinz in Freiburg as described previouslyn@®et al. 2006).

2.2.20. Statistics

Statistical analysis was performed using Graph Pa@sin 5 Software. For two groups,
students t-test was used, for more groups, anadfsigriance (ANOVA) followed by

Bonferroni test was used. Data are presented as mitaSEM of at least three

independent experiments.
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3. Resaults

3.1. Generation of embryonic stem cell lines

In the first step, ESC lines were generated oublastocysts obtained from C57BL/6
mice. After extracting the blastocysts out of tierus horns at day 3.5, they were seeded
to a MEF cell layer. After 3 days, the blastocys&gched and inner cell mass (ICM)
expanded during the next days. First trypzinatias \werformed at day 8, the next day
ESC colonies formed and primary ESC lines werebéisteed (Fig.3.1).

Isolation Dayl = Day3

Day9 ‘ Primary
’ | ES cells

Fig. 3.1: Isolated blastocysts were seeded to a MEF cedrl¢yay 1). After a few days, the trophoblast
spred out (Day 3), and ICM expanded (Day 7). PniniZ8C colonies formed after first trypzination
(Day 9). Scale bar 50m.

For confirmation of ESC properties, the generat8@ fines were stained with antibodies
direct against the stem cell markers Sox2, Oct4 stade-specific embryonic antigen 1

(SSEA1). Furthermore, ESCs were stained againsliaék phosphatase (AP). The

generated ESC lines were positive for all testetkara, therefore were considered to be
bona fide ESCs (Fig. 3.2).
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Fig.3.2: Immunocytochemistry of the generated ESC linesguaitibodies against stem cell markers Oct4,
Sox2 and SSEAL. ESC colonies were costained witRIR#hd stained positive for the markers. Colonies

were also positive for AP. Scale bar 1,08.

3.2. Characterization of embryonic stem cell derived microglia

3.2.1. Differentiation of mouse embryonic stem cellsinto ESdM

By modification of a protocol for neuronal diffetetion (Leeet al., 2000) an efficient
protocol for microglia precursor cell line diffeteation from murine ESCs was
established (Napoét al., 2009; Beutneet al., 2010).

C57BL/6 ESCs were cultured in LIF containing mediom a MEF layer, where they
formed typical cellular colonies (Fig. 3.3-A). Aftedissociation of the ESCs, EB
formation was induced with withdrawal of LIF on nooated petri dishes (Fig. 3.3-B).
EBs can be recognized as round cell aggregateswainicnon-adherent. EBs were plated
after 4 days and expanded in ITSFn medium (Fig:C3.3The EBs attached and cells
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started to grow out of the plated EBs. In this adheculture, a high number of nestin
positive cells was found (Fig.3.4-A) and expandedpiesence of bFGF and laminin.
After 7 days, growth factors were withdrawn andlscalifferentiated into neuronal

precursor cells forming a neuronal network.

Fig. 3.3: Brightfield pictures throughout the differentiatiprotocol. A) ESCs on MEF layer. B) EB
formation. C) Mixed neuronal culture. D) Microgliptecursor culture. E) ESdM in culture. Scale @0 2
um (A), 100um (B-E). Figure derived from Beutnefral., 2010.

In this stage-tubulin-Ill positive cells were found (Fig. 3.4-B)s well as microglia-
shaped cells which could be stained for Ibal (Big-B). Furthermore, cells positive for
miroglia marker CD45 and the astrocyte marker dimillar acidic protein (GFAP) were
found in this mixed culture, but staining showedcoatocalization of these markers (Fig.
3.4-C). Microglia-shaped cells appeared as shimydocells and started to proliferate in
clusters (Fig.3.3-D), outgrowing other cells aftdnree weeks post growth factor-
withdrawal. After the last step, the differentiatigrotocol resulted in a pure ESdM
culture (Fig. 3.3-E) which could be stained forllend CD68 (Fig. 3.4-D).
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Fig. 3.4: Immunocytochemistry throughout the differentiatpmotocol. A) Neural precursor cells at the
third step (day 13) of the protocol. Cells wereitres for nestin and nuclei were labeled with DAB).
Cells in a mixed neural culture, stained againaf Ifor microglia-like cells anf-tubulin-IIl for neuronal
cells. C) Double immunostaining of astrocyte mai®&&AP and microglia marker CD45 at step 3 of the
protocol. No co-localization was visible. D) ESdMmunostained against Ibal were also positive for
CD68. Scale bar 20m (A-C), 50um (D). Figure derived from Beutneral., 2010.

3.2.2. Surface molecule expression of ESAM

To define the properties of the obtained ESdM,edéht experiments were carried out.
As a variety of antibodies against microglial suefanarkers can be purchased, the ESdM
were analyzed via flow cytometry to confirm the roglial identity with a variety of
different antibodies.

The result of the flow cytometry is summarized igufe 3.5. ESdM showed a high
expression level of the microglial surface molesuléD11b, CD11lc, CD29, CD45,
CD49, CD68, CD80CD86 and CD115. Furthermore, expression of Trem®80
MHCIl and CX3CR1 could be shown. Interestingly, EBdid not express Ly6G and
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chemokine (C-C motif) receptor 2 (CCR2). Stem oedirkers like CD34, CD133 and
cKit were undetectable or only weakly expressedkLaf these stem cell population

markers indicates that the ESdM are fully committedifferentiation.
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Fig. 3.5: Flow cytometry analysis of ESdM surface markergrblial surface markers CD11b, CD11c,

CD29, CD45, CD49, CD68, CD8CtD86, CD115, Trem2, F4/80, MHCII and CX3CR1 werpressed.

ESdM did not express Ly6G and CCR2. Stem cell mrarkech as CD34, CD133 and cKit were barely or
not expressed. Figure modified from Beutateal., 2010.

50



Results

3.2.3. Relative cytokine gene transcription of ESdM

One of the most typical features of microglia i tproduction of pro- or anti-
inflammatory cytokines and reactive oxygen spe(f&3S) upon pathological conditions.
Therefore, gene transcript levels of nitric oxigathase (NOS) 2, TNk-and TGF of
ESdM after stimulation for 24 hours with 500 ng/bPS or 500 U/ml IFNy were
analyzed via qRT-PCR (Fig. 3.6-A). Upon treatmenthwFN-y, gene transcripts of
NOS2 showed a high increase (1000-fold), p< 0.@@%ereas TNFe transcripts were
increased 20-fold, p<0.01. Treatment with LPS ke tsimilar, though weaker increase
of NOS2 and TNFe gene transcripts. TGF+ranscripts were almost unaffected by both
treatments.

3.2.4. Migration towardsfractalkine

Microglia are known to have chemotactical migratwoperties. Thus, a migration assay
using fractalkine CX3CL1 was performed (see Fig-B). The relative migration of
ESdM in comparison to non-directed migration inseghin a dose-dependent manner up
to 20 ng/ml, where migration extended to almost9206f basal migrationl level
(p<0.005). As a control, 20 ng/ml CX3CL1 were addedboth the upper and lower
chamber to analyze to which extent the ESdM shoaireated migration. This treatment

did not lead to an increase in migration.

3.2.5. Phagocytosis assay

Another important functional aspect of primary rogiia is the capacity of phagocytosis
upon activation. This aspect of microglia functioan be mimicked by am vitro
phagocytosis assay. The outcome of the phagocyassiay is shown in figure 3.6-C.
Upon stimuli with LPS, the percentage of ESdM shgvuptake of two or more
microsphere beads was increased from 20.9% foreateti cells to 31.4% for LPS

treated cells.
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Fig. 3.6: Functional analysis of ESdM. A) Relative cytokireng transcription of ESdM upon treatment

with IFN-y (500 U/ml) or LPS (500 ng/ml) for 24 hours. Treatrhincreased transcription of NOS2 and
TNF-a, transcription of TGH was almost unaffected. Data is presented as m8&BM+ANOVA
***n<0.005, *p<0.01. B) Migration assay of ESdMwards CX3CL1. ESdM migrated in a dose-
dependent manner towards the CX3CL1. Data is pteders mean +SEM, ANOVA: ***p< 0.005;

**n<0.01. C) Phagocytosis assay, number of beddmtap was determined by fluorescence intensity.

Phagocytic inactive cells are not shown in thedgisgtm. Upon stimulus with 500 ng/ml LPS the uptake

microspheres by ESdM increased. Figure publishd&kirtneret al., 2010.
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3.2.6. RNA microarray of ESdM and primary microglia

To confirm the identity of the ESdM as microgliallse a RNA microarray was
performed to compare the gene expression of prinmacyoglia to ESdM by the lab of
Andrea Staratscheck-Jox at the LIMES institute, iB@ermany.

Out of 44 000 analyzed genes, about 20 000 genesfaend to be expressed in ESdM
and primary microglia. Of the genes expressed, &9e000 were coexpressed by ESdM
and primary microglia in a similar dimensions. Oalyout 1 000 of the expressed genes
were not found in both samples and were therefpeessed selectively.

Table 3.1 lists a selection of genes assignedftereit cell types. Microglial genes like
Trem2, CD206 or MHCI were expressed in a high arhaurboth ESdM and primary
microglia. However, genes assigned to astrocykes@FAP or neurons like Nestin are
only weakly expressed. The same holds true for g&as like Sox2 and Myc. These
results indicate that ESdM are fully commited tdfedientiation and share a similar

genetic profile with primary microglia.
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Tab. 3.1: Selection of genes expressed by ESdM and primacyoglia (pMG). Microglial genes like
Trem2 or CD206 are expressed by both ESdM and pyimécroglia in a comparable high amount. Genes

assigned to astrocytes, neurons or ESCs were barptgssed.

Gene Entrez Gene # ESdM pMG

Microglia genes

Mrcl or CD206 mannose receptor 17533 4107,7 1204

H2-Q2 (MHCI) histocompatibility 2 15013 1657,8 821,8

Cd63 antigen 12512 3462,6 4978,9

Tnf, tumor necrosis factor 21926 298,9 1054,2

Trem2, triggering receptor expressed 83433 5232,8 10981,9
on myeloid cells 2

Siglecl, sialic acid binding 20612 149,3 1134,0
Ig-like lectin 1

Astrocyte genes

Gfap, glial fibrillary acidic protein 14580 80,0 78,6

Bmp2, bone morphogenetic protein 2 12156 83,9 ,6 86

Olig2, oligodendrocyte TF 2 50913 79,3 75,5

Neuron genes

Nefm, neurofilament 18040 85,0 82,4

Tubb3, tubulin, beta 3 22152 90,1 87,1

Nes, nestin 18008 79,0 191,6

ESC genes

Nanogpd,similar to Nanog homeobox 634428 78,6 573

Sox2,SRY-box containing gene 2 20674 74,8 77,6

Myc, myelocytomatosis oncogene 17869 66,1 72,4

3.2.7. Subdifferentiation of ESdM into neurotoxic and neur oprotective subtypes

For subdifferentiation of ESdM, cells were treatgth 100 U/ml IFNy and 5 ng/ml LPS

or with 20 ng/ml IL-4 for 24 hours, respectivelyfté stimulation, RNA was isolated
and qRT-PCR was performed for several marker gassigned to M1 or M2 microglia
subtypes (see Fig. 3.7).

ESdM treated with IFN-and LPS showed a significant upregulation of gexsssggned to

the M1 microglia subtype like INOS, CXCL10 and TNF-
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On the other hand, treatment of ESdM with IL-4 techn increase in genes assigned to
the M2 subtype, among these are arginase | (Akg)0l found in inflammatory zone 1
(Fizz1) and YM1 (Mantovanit al., 2004). Except for Fizz1, the upregulation was
specific for IL-4 treatment.
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Fig. 3.7: Results of gRT-PCR for genes assigned to M1 or M2ype after treatment of ESdM with
100 U/ml IFNy and 5 ng/ml LPS or 20 ng/ml IL-4. Treatment wiiNky and LPS led to an upregulation
of genes from the M1 subtype, namely INOS, CXCL&8 &NF-o. Upon stimulus with IL-4, ESdM
showed higher expression of anti-inflammatory geasssgned to the M2 subtype such as Arg, IL-10,
Fizz1, and YM1. Data are presented as mean + SEMaalyzed using one way anova followed by
Bonferroni; ***p<0,005, **p<0,01.

For immunocytochemistry, cells were treated forhddirs with IFNy and LPS or for 48
hours with IL-4. The subdifferentiated cells wemamunolabelled with antibodies
directed against surface markers of M1 and M2 mgiccsubtypes (Kigerét al., 2009);
(see Fig. 3.8). The treatment with IkNand LPS led to a more intense staining for M1
subtype markers CD86, INOS and CD16/32. On theratlaed, treatment with IL-4
resulted in a slight increase of fluorescence foy &nd CD206, markers assigned to the

neuroprotective subtype of microglia.
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Control IFN-y+LPS
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Fig. 3.8: Immunocytochemistry for antibodies directed agassface markers of M1 and M2 subtype.
IFN-y + LPS-treatment resulted in an increase in expresd CD86, INOS and CD16/32. Treatment with
IL-4 led to an increase in expression of Arginasad CD206. Scale bar 1Qén. Diploma student Celine

Ruegsegger contributed to this figure.
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3.3. Therapy of experimental autoimmune encephalomyelitis by NT 3-
GFP-ESdM

3.3.1. Lentiviral transduction of ESdM

For experiments performed to determine the effédcE®dM on EAE afflicted mice,

ESdM were transduced with GFP or GFP and NT3 usilentiviral vector system. NT3-
GFP-ESdM cells stained positive for NT3 (Fig. 3.R-Ahe constitutive expression of
NT3 was also confirmed by gRT-PCR (Fig 3.9-B).

A B

DAPI GFP NT3
. . 3,00E-02
o S 2,00E-02

1,00E-02
Fig.3.9: A) Immunocytochemistry of NT3-GFP-ESdM in comparigo control GFP-ESdM using an
antibody against NT3. Transduced cells showedomgtsignal, whereas the control cells did not stain
NT3. Scale bar: 5dn. B) Relative gene transcription of NT3 analyz&lgRT-PCR.
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3.3.2. Effects of NT3-GFP-ESdAM supernatant on neuronsin vitro

In order to analyze the beneficial effect of NT®mssed by ESdM on neurons, primary
neuronal cultures were treated with either watefFP&SdM supernatant, NT3-GFP-
ESdM supernatant or recombinant NT3 (10ng/ml) fd8 hours (see Fig. 3.10). In

comparison to supernatant of GFP-ESdM, supernatbMiT3-GFP-ESdMs strongly

promoted neurite outgrowth demonstrated by an asge immunoreactivity for GAP43

(Fig.3.10-A). Furthermore, neurons cultured in pree of recombinant NT3 or NT3-

GFP-ESdM supernatant appeared to be more viableslmaded more axons than those
treated with GFP-ESdM or water. Quantification oAR313+ neurites showed that in
water control 3.2% +/- 2.2% of neurites staineditpes treatment with GFP-ESdM

resulted in 19.1% +/- 5.0% of GAP43+ neurites. $oa@ant of NT3-GFP-ESdM
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resulted in 82.2% +/- 3.6%, the positive controlre€ombinant NT3 led to 90.5% +/-
6.5% of GAP43+ neurites (Fig. 3.10-B).
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Fig. 3.10: A) Neurons cultured in medium supplemented withenaBFP-ESdM supernatant, NT3-GFP-
ESdM supernatant or recombinant NT3 staine@fdi-Tubulin and GAP43. NT3-GFP-ESdM supernatant
resulted in an increase in GAP43 staining, indigatieurite growth. Scale bar 1. B) Quantification
of GAP43+ neurites. Statistical analysis via ANOYoMowed by Bonferroni, *p<0.05; ***p<0.0001.
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3.3.3. Migration and engraftment of ESdM into inflammatory spinal cord lesions

EAE was induced by injection of activated MOG-enuisto both inguinal lymph node
regions to female C57BL/6J mice. After about 12 gjaye mice displayed the first
symptoms of disease, starting with a limp tail. &brexperiments, only animals showing
symptoms at day 14 and a clinical score of 3 atlawere included.

At a clinical score of 3 (20 days post inductioa)million GFP-ESdM were injected
intravenously to investigate the fate of the ESd&fler 24 hours, a small number of GFP
positive cells could be found in the lumbal partied spinal cord. The GFP positive cells
were located in close vicinity to the inflammatdegions of the spinal cord. The number
of GFP-ESdM increased over time, indicating a gtaigraftment of ESdM in the tissue
(Fig. 3.11-B). Furthermore, the GFP-signal of ti#&di colocalized with Ibal-staining,
showing that the ESdM engrafted as microglial delihe nervous tissue. (Fig. 3.11-A).

EAE spinal cord

140 *
N 120

GFP positive
cells. per mm
b O XD
o
o ©O © © o

[

Ky & & &
& A M)
4 ¥ &L

Fig. 3.11: A) Longitudinal cryosections of spinal cord from EAfflicted mouse, 10 days post injection of
GFP-ESdM, stained for Ibal and DAPI, scale ban®0 B) Quantification of GFP+ cells at several time
points after cell injection, data are presentethaan + SEM and analyzed via one way anova follomed

Bonferroni; *p<0,05. Vera Lenerz and Ruslan Masguwtontributed to this figure.

3.3.4. Clinical improvement of EAE after transplantation of NT3-GFP-ESdM

At a clinical score of 3 (day 20), EAE-afflicted eai were treated with an intravenous
injection of 4x16 GFP-ESdM, NT3-GFP-ESdM or 10@ PBS. Injection with both
ESdM-types had a significant beneficial effect ba tlinical symptoms. The mice were

found to recover significantly and showed less sewvaset of the disease (Fig. 3.12).
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Whereas the GFP-transduced ESdM displayed a méadapieutical effect on EAE-
afflicted mice, administration of NT3-GFP-ESdM hatleven stronger effect.

Treatment with NT3-GFP-ESdM additionally impeded tendency to relapse after first
recovery. This effect could not be seen upon treatrwith GFP-ESdM or PBS.
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Fig. 3.12: Clinical score of EAE mice until day 40 post indoat Mice were treated with either PBS, GFP-
ESdM or NT3-GFP-ESdM, administered at day 20 irgrewusly. Data are presented as mean +/-SEM,
PBS n=25; GFP-ESdM n=27; NT3-GFP n=28, data walyzed via one-way anova followed by
Bonferroni: (**p<0,01 for PBS versus NT3-GFP-ESdirh day 25 to day 30; ***p<0,005 for PBS versus
NT3-GFP-ESdM from day 30 to day 40).

3.3.5. Axonal injury and demyelination after transplantation of NT3-GFP-ESdM

40 days post induction of EAE, the mice were paduand brains and spinal cord were
collected for further analysis. The following hig&ghological stainings and
guantifications were performed at the InstituteNefuropathology in Freiburg, Germany
by Angela Dann in the working group of Prof. Mafonz.

To reveal the impact of the treatment with NT3-GERdM on the grade of

demyelination, cryoslices of the spinal cords watsned with Luxol Fast Blue (LFB);
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(Fig. 3.13-A). LFB stains the myelin sheaths invogis tissue blueish, whereas neurons
are stained violet. Treatment with NT3-GFP-ESdM leml a reduction of the
demyelinated area from 44.6% +/- 3.5 % (PBS treataulrol) to 31.8% +/- 2.8 %
(Fig.3.13-C).

Axonal damage was obtained via staining againstetoid/ precursor protein (APP)
(Fig.3.13-B). Axonal damage was decreased in mrieated with NT3-GFP-ESdM
(25.1% +/- 2.1 %) in comparison to PBS treated mmbrhice (38.8% +/- 3.2 %) (Fig.
3.13-D).
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Fig. 3.13: A) Cryoslices of spinal cords derived from EAE &fiéd mice 40 days post induction stained
with LFB for myelin. Mice were treated with PBS, BfESdM or NT3-GFP-ESdM. LFB staining shows
that PBS mice suffered more demyelination in consparto ESdM-treated mice. Scale bar upper row
500um; scale bar lower row 20dm B) Cryoslices of spinal cords derived from EAHieted mice 40 days
post induction stained for APP, scale bar g60C) Quantification of the demyelinated area imaptord
sections, * p < 0.5.Data are presented as meari BEQuantification of axonal damage,

*p < 0.5, data are presented as mean + SEM. Dassobtained in collaboration with Prof. Marco Prinz

3.3.6. Number of invading T cells and macr ophagesinto spinal cord tissue
For further comparison of the disease severityhi@ three different treatments, the

number of inflammatory infiltrates into the nervotissue was obtained (Fig. 3.14).
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Thus, cryoslices of spinal cords were stained waithbodies against macrophage antigen
(MAC) 3 for macrophages or CD3, a marker for T £€lFig.3.14-A, B). For the
macrophages, the mice treated with ESdM transdwithdGFP or GFP and NT3 show a
slightly lower infiltration into the spinal cord. d#vever, differences in macrophage
infiltrates are not significant inbetween the thigreups. For the T cell infiltrates, the
same holds true. No differences could be foundrdagg the number of T cell infiltrates

into the spinal cord within the different treatmee(fig. 3.14-C, D).
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Fig. 3.14: A) Staining of spinal cord cryoslices of EAE afflicl mice 40 days post induction treated with
PBS, GFP-ESdM or NT3-GFP-ESdM against macrophagé<¢3) and B) T cells (CD3). Scale bar
200um. C) Quantification of macrophages and D) T delftrates in the spinal cord. The differences are

not significant. Data are presented as mean + JEith obtained in collaboration with Prof. Marcor2ri
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3.3.7. Anti-inflammatory and growth promoting effect of NT 3-GFP-ESdM

To analyze if the NT3-GFP-ESdM had additional bmnaf effects by mediating the
cytokine milieu in the spinal cord, qRT-PCR wasfpened with RNA derived from
spinal cords four days post injection of PBS, GFStHE or NT3-GFP-ESdM (Fig. 3.15).
The cytokine profile obtained by this method reedaihat the treatment with NT3-GFP-
ESdM resulted in a shift of the cytokine profilevexrds an anti-inflammatory milieu. A
downregulation of the pro-inflammatory cytokinesGN, TNFe, IL-18 and TGFB
could be detected upon treatment with NT3-GFP-ESAimilar, but weaker effect was
found upon treatment with GFP-ESdM in comparisorPBS treated mice. However,
TGF has not been downregulated after treatment witiP-&B5dM. For the anti-
inflammatory cytokine IL-10, an upregulation wadet¢ed upon treatment with NT3-
GFP-ESdM, as well as for NT3 itself.
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Fig.3.15: Quantitative realtime PCR for cytokine profile 4/dgost injection of PBS, GFP-ESdM or NT3-
GFP-ESdMs. Injection of NT3-GFP-ESdM resulted ireati-inflammatory milieu. Data are presented as
mean + SEM, ***p<0.005, **p<0.01.

The beneficial impact observed in threvitro experiment for neurite growth effects of
NT3 (see chapter 3.3.2) could be saewitro as well, as NT3-GFP-ESdM had a positive
effect on neurons. Cryosections of the spinal @aald be stained for GAP43, a marker

for neurite outgrowth, indicating a neuronal regatiee effect (Fig. 3.16-A).
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Quantification of GAP43+ cells in the spinal cotibwed a significant increase after 4
days post treatment with NT3-GFP-ESdM in comparisoiPBS or GFP-ESdM (Fig.

3.16-B).

B [1PBS [ GFP-ESAM Il \T3-GFP-ESAM
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Fig. 3.16: A) Staining of spinal cord cryoslices 4 days pogction of NT3-GFP-ESdM. Slices were
immunolabeled with GAP43. Scale bapbf B) Quantification of GAP43+ cells at differaimhe points
post injection, treatment with NT3-GFP-ESdM ledatoincrease of GAP43+ cells. Data are presented as
mean + SEM of three independent experiments. 8tatignalysis via ANOVA followed by Bonferroni,
*p<0.05; **p<0.01; ***p<0.0001. Vera Lenerz contriked to this data.
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3.4. Phagocytosis of glioma cells through ESdM

3.4.1. Co-culture of ESAM with SMA560 and GL 261 glioma cells

To study thein vitro effects of ESdM on glioma cells, co-culture expemts were
performed following analysis of glioma cell numband phagocytosis. Lentiviral
transduced GFP-SMA560 or GFP-GL261 glioma cellsewssr-cultured with ESdM and
the glioma cell number was determined every daybfdays (Fig. 3.17). A pure glioma
culture was used as a control. In the pure cultboth glioma cell lines displayed an
exponential growth, whereas the GFP-GL261 exparstiader than the GFP-SMA560
line. In co-culture with the ESdM, the growth raié glioma cells was significantly
decreased in both experiments. After 5 days, thewoswmolture of GFP-SMA560
expanded to 52880" +/-67.810" cells, in presence of ESdM they reached 240¢7+/-
87.0°10" cells. The GFP-GL261 cell line alone expanded #@.040* +/- 23.210" cells,
the ESdM reduced that cell number to 820 +/- 4.610°cells at day 5.

800
—o— SMA560 e GL261
200
F —- SMA560 + ESdM —@- GL261 + ESdM
<
% 600 ¥ 160
[ o
-g =
2 3 120
& 400 E
E E
g s
< 200 @
» @ 40
0 0-
Day0 Dayl Day2 Day3 Day4 Day5 Day0 Dayl Day2 Day3 Day4 Day5

Fig. 3.17: A) Quantification of SMA560 glioma cells in co-cuie with ESdM in comparison to a pure
SMAGS560 culture. In co-culture, SMA560 showed a lowgpansion of cell number. Data is presented as
mean +/- SEM. Statistical analysis via studentst;t***p<0.0001. B) Quantification of GL261 glioma
cells in presence or absence of ESdM. Co-cultutie B&dM led to lower GL261 cell numbers. Data is

presented as mean +/- SEM. Statistical analysistuidents t-test, ***p<0.0001.

To confirm that the reduction of glioma cells iretbell culture was not due to an increase

in apoptosis, staining with Annexin V was perform&fP+ glioma cells were cultured
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alone or in presence of ESdM. After 24 hours, thieuces were stained with Annexin V
and the number of positive GFP+ cells was deterthife GFP-SMA560 culture, 4.0%
+/- 0.7% of cells stained positive for Annexin Vhe&reas in the co-culture with ESdM
5.8% +/- 3.0 % were apoptotic. For GL261, the mouolre showed 5.4% +/- 3.9%, the
co-culture showed 4.2% +/- 2.0% of apoptotic célls.a positive control, GFP-SMA560
and GFP-GL261 were treated with 100ng/ml okadaid &or 24 hours. Treatment

resulted in 86.2% +/- 5.8% apoptotic GFP-SMA560Iscelnd in 86.3% +/- 9.0%

apoptotic GFP-GL261 cells (Fig.3.18).

% of Annexin+ cells

0 W N =
SMA560 + SMA560 SMAS560 + GL261 + GL261 GL261 +
OA ESdM OA ESdM

Fig. 3.18: Co-cultures of ESdM and GFP-SMA560 or GFP-GL26d mmono-cultures of the glioma lines

were stained with Annexin V after 24 hours. As aifiee control, glioma cultures were treated witf01
nmol/ml okadaic acid (OA) for 24 hours. Analysia ANOVA and Bonferroni test, no significant

differences were found inbetween the glioma cu#tumed the co-cultures with ESdM. Data is preseased

mean + SEM.

3.4.2. Phagocytosis of SMA560 and GL 261 glioma cells by ESdM

As the reduction of glioma cells was not due tdramease of apoptosis, a phagocytosis
experiment was performed. Thus, ESdM were lentlyirlansduced with GFP and
cultured with PKH26 fluorescent dye labeled SMAS&0 GL261 glioma cells. The
uptake of glioma cells by ESdM was visualized usingfocal microscopy (Fig. 3.19-A).
In both cases, GFP-ESdM showed an uptake of flaergsparticles, which indicates
phagocytosis of glioma cells through GFP-ESdM.Ha to-culture with SMA560 cells,
46.6% +/- 11.1% of the total ESdM cell number shdwptake of PKH26+ particles. For
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the co-culture with GL261 glioma cells, an uptakenf 60.8% +/- 7.8% was seen (Fig.
3.19-B).

SMAS560

% of total ESdM
s
o

SMA560 + ESdM GL261 + ESdM

Fig. 3.19: A) Confocal imaging of co-cultures of GFP-ESdM&EL261 or SMA560. In both cases, GFP-
ESdM showed uptake of PKH26+ particles. Scale B@apm.

B) Quantification of GFP-ESdM which showed uptak&®KH26+ particles in co-culture with SMA560 or

GL261 glioma cells, data is presented as mean +.SEM

Z-Stack-Imaging revealed that the GFP-ESdM haveeddaken up the glioma cells, as
the red signal of PKH26+ particles was locateddeshe cells (Fig. 3.20)

I PKH26 I

Fig. 3.20: Z-stack confocal imaging of GFP-ESdM with inteinetl PKH26+ particles. Particles are
located inside the GFP-ESdM. Scale barug0
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3.4.3. Effect of polarized ESdM on glioma proliferation and phagocytosis

To further evaluate the effect of ESdM on glioméscm co-culture, ESdM were treated
for 24 hours with IFNy (100 U/ml) + LPS (5 ng/ml) for M1 polarization with IL-4 (20
ng/ml) for M2 polarization. The subpolarized ESdMre/ used for the co-culture with
GFP-SMA560 or GFP-GL261 to find out if the polatina of ESdM affects glioma
growth rate or phagocytosis capability of ESdM. Pheliferation assay revealed that the
subpolarization into M2 subtype had no significaffects on the growth behaviour of
glioma cells in co-culture. GFP-SMA560 grew to B9L0* +/- 84.2*10" cells in a single
culture after 5 days, in co-culture with ESdM thamber was reduced to 20910" +/-
7.9710" cells. M2 polarized cells showed a similar resuithw217.8*10* +/- 23.7*10"
GFP-SMA560 cells. Subpolarization of ESdM into Mibty/pe decreased the glioma cell
number a bit more to 16610 +/- 18.6*10" cells (Fig.3.21-A). Although this result did
not reach significance, a difference between GFRASB0 cell numbers in control ESdM
and M1 co-culture could be found at day 3. Simglfiects of subpolarization were found
in the GFP-GL261 set-up. The single culture reach®88.0*10" +/- 28.7 *10" cells
culture with control ESAM reached 160" +/- 24.910" cells. Treament of ESdM for
M2 subtype was almost equal to control ESdM (16208+/- 14.9*10%. Subpolarization
into M1 type resulted in an expansion of GFP-GL2@lls to 145.510" +/- 23.2*10"
cells. Again, significance was obtained at day Xamparison to non-treated ESdM
(Fig.3.21-B).

Quantification of phagocytosis showed that M1 weant resulted in an increase of
phagocytosis in co-culture with SMA560. Control BSdeached 37.0% +/- 6.1%, M1
ESdM reached 64.5% +/- 13.9%. Treatment for M2 jodéion did not have an effect in
comparison to the control and resulted in 38.4%#5%.

In co-culture with GL261 glioma cells, 62.3% +/0% of control ESdM showed uptake
of PKH26+ particles. M1 treatment increased th&tevdo 79.8% +/- 7.3%. M2 treatment
resulted in a slightly lower uptake, 55.2% +/- 1.8%aVI2 ESdM showed uptake of red
particles (Fig.3.21-C).
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Fig. 3.21: Effects of ESdM on glioma proliferation and phagosis after subpolarization into M1 and M2
subtype. A) Quantification of SMA560 cell numbercdorculture with ESdM, M1 and M2 polarized ESdM.
B) Quantification of the co-culture of ESdM, M1 M2 ESdM with GL261 cells. Data is presented as

mean +/- SEM. Statistical analysis via ANOVA folled/by Bonferroni, + p<0.05; ++/**p<0.01,;
***pn<0.0001. + indicates the significance in comigan to the wildtype ESdM, * in comparison to the
glioma mono-culture. C) Quantification of uptakeRiH26+ particles by non-treated ESdM, M1 treated
or M2 treated ESdM after 24 hours of co-culturenvBMAS560 or GL261 glioma cells. Data is presented a
mean + SEM. Statistical analysis via ANOVA followeg Bonferroni, *p<0.05.

As polarization of ESdM into M1 subtype led to awcrease in phagocytosis of glioma
cells, analysis was performed in regard to phagsistassociated receptors. FACS
analysis confirmed that M1 polarized ESdM showddgher expression of SiglecH and

Trem2 (Fig. 3.22) in comparison to non-stimulatetisc
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Fig. 3.22: FACS analysis for Trem2 and SiglecH expressionntfaated ESdM control and ESdM treated
with IFN-y (100 U/ml) + LPS (5 ng/ml) for M1 subpolarizatidstimulation resulted in a higher expression
of Trem2 and SiglecH.

3.4.4. Effectsof DAP12 in glioma proliferation and phagocytosis through ESdM

The protein DNAX activation protein of 12 kDa (DAB1is known to play an important
role in phagocytosis, as it is associated with plbgtic receptors such as SiglecH and
Trem2. Therefore, the effects of DAP12 overexpmssind DAP12 dominant negative
mutation with lacking immunoreceptor tyrosine-basetivation motif (ITAM) domain
were analyzed in regard to glioma cell proliferatiand phagocytosis of glioma cells
through GFP-ESdM.

The proliferation assay revealed that the cell nreimb both cell-cultures is decreased
through ESdM. The mono-culture of SMA560 expande833.110" +/-60.010" cells,

in presence of ESAM to 322@0* +/- 26.9*10" cells. The overexpression of DAP12
further decreased the SMA560 cell number to 24809 +/- 18.2*10" cells, whereas the
DAP12 lacking ITAM ESdM only had little but signifant effect on the glioma cell
number of 409.410" +/- 15.5*10" cells. The GL261 cell line alone expanded to 3903
+/- 6.4*10" cells, the ESdM reduced cell number to 69.a" +/- 2.5*10" cells. In co-
culture with DAP12 lacking ITAM ESdM GL261 cultusdmost reached cell numbers
like in the mono-culture with 91*10* +/- 4.5*10" cells, the difference is not significant.
The overexpression of DAP12 in ESdM led to an esteonger decrease of GL261 cell
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number. GL261 cells in presence of DAP12 overexgingscells expanded to 47#0°

+/- 15.210 cells (Fig.3.23-A, B).

The phagocytosis experiments resulted in a matal@isgjt, as the ESdM lacking DAP12
ITAM domain only showed low uptake levels (17.5% 9/3% for SMA560 and 22.7%
+/- 7.7% for GL261 co-culture) of PKH26+ particldhe overexpressing cells showed a
higher uptake level (76.1% +/- 12.4% for SMA560 and3% +/- 6.2% for GL261 co-
culture) in comparison to the co-culture with cohtESdM (53.9% +/- 9.1% for
SMA560 and 58.7% +/- 9.6% for GL261 co-culture)yR3.23-C).
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Fig. 3.23: Effects of DAP12 on glioma proliferation and phegosis through ESdM. A) Quantification of
SMA560 cell number in co-culture with ESdM, DAP1Zeoexpressing ESdM (DAP12 OE) and DAP12
lacking ITAM ESdM (DAP12 wo ITAM). Lacking ITAM radted in a smaller effect of ESdM on glioma

cell number in comparison to the control ESdM. @xeression of DAP12 increased the reducing effect o
ESdM on SMA560 cells. B) Quantification of the agltare of ESdM, DAP12 overexpressing ESdM and

DAP12 lacking ITAM ESdM with GL261 cells. Overexgson of DAP12 decreased the GL261 cell

number, whereas lacking ITAM domain in the DAP12uteed in a weaker effect of ESdM. Data is

presented as mean +/- SEM. Statistical analysi&\M@VA followed by Bonferroni, */+ p<0.05;

**p<0.01; ***p<0.0001. + indicates the significanae comparison to the wildtype ESdM, * in compariso

to the mono-culture. C) Quantification of uptakdPtfH26+ particles by ESdM, DAP12 overexpressing
ESdM and DAP12 lacking ITAM ESdM after co-culturémSMAS560 and GL261 glioma cells. Data is

presented as mean + SEM. Statistical analysis N®YA followed by Bonferroni, **p<0.01.
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3.4.5. Effects of SiglecH on glioma proliferation and phagocytosisthrough ESdM

To evaluate the role of SiglecH in uptake of glioce#ls through ESdM and the effect of
glioma cell growth rate, SiglecH was knocked doveing a lentiviral vector approach.
Confirmation of the knock-down was performed vialgRCR. Treatment of ESdM with

the knock-down plasmid aimed at SiglecH led to ddl@® decrease of gene transcript in
comparison to ESdM treated with a control scranf&Ai plasmid (Fig.3.24).
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Fig. 3.24: Lentiviral knock-down of SiglecH (SigH KD) resultéd a 10-fold lower gene transcript level
than in corresponding control ESdM. Data is presgas mean +SEM, statistical analysis via students
t-test, **p<0.005

The SiglecH knock-down ESdM polarized into M1 syietywere used for phagocytosis
assay and in the co-culture system with gliomasctll determine if the knock-down
altered the behaviour of ESdM or glioma cells.

In regard to cell expansion of the SMA560 or GL2#iE SiglecH knock-down cells had
a smaller reducing effect than the control. SMAB8lls alone reached 50440" +/-
65.8*10" cells after 5 days, in presence of ESdM that nurdieereased to 172°T0" +/-
30.4*10" cells. Knock-down of SiglecH lowered the effectE$dM, SMA560 expanded
to 357.000° +/- 11.810 cells (Fig.3.25-A).

In GL261 culture, cells grew to a cell number ofLB*10" +/- 34.3*10" cells, ESdM
decreased that cell number to 68.6" +/- 4.3*10% cells. The knock-down of SiglecH in
ESdM resulted in a milder effect of ESdM, GL261 amged to 142.810" +/- 28.5*10"
cells (Fig.3.25-B).

The phagocytosis assay showed that knock-downgé@il altered the uptake of glioma
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cells through ESdM. In co-culture with SMA560, cahtESdM showed an uptake of
39.2% +/- 11.3%, whereas the SiglecH knock-dowry shbwed an uptake rate of 18.2%
+/- 5.4%. In co-culture with GL261 cells, 63.0% 8:0% of ESdM showed uptake of
PKH26+ particles. The knock-down of SiglecH redutled uptake to 19.2% +/- 8.0%
(Fig. 3.25-C).
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Fig. 3.25: Effects of SiglecH knock-down on glioma prolifeécet and phagocytosis through ESdM.

A) Quantification of SMA560 cell number in co-aulé with control ESdM and SiglecH knock-down

ESdM (SigH KD). B) Quantification of the co-cultuoé ESdM and SiglecH knock-down ESdM with
GL261 cells. Data of A and B is presented as mg¢aSEM. Statistical analysis via ANOVA followed by
Bonferroni, */+ p<0.05; **p<0.01; + indicates thigsificance in comparison to the wildtype ESdMp* i
comparison to the mono-culture. C) Quantificatibmujptake of PKH26+ particles by ESdM and SiglecH
knock-down ESdM in co-culture with SMA560 or GL2¢lloma cells. Data is presented as mean + SEM.

Statistical analysis via students t-test, *p<0057<0.0001.
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3.4.6. Role of Trem2 in glioma proliferation and phagocytosis through ESdM
As a second phagocytic receptor in microglia-gliantaraction, Trem2 is a suitable
candidate. Thus, Trem2 was knocked down in ESdMguthe lentiviral system. FACS
analysis showed that the knock-down was succesa$ulpwer levels of Trem2 were
found after treatment with knock-down plasmid téegefor Trem2 (Fig.3.26).
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Fig. 3.26: Validation of Trem2 knockdown via FACS. Controld® showed an intense signal for Trem2
expression, whereas the signal of the ESdM lemtlyitransducted with Trem2 shRNA expressed lower

levels of Trem2.

The Trem2 knock-down cells were used for prolifieratassay and phagocytosis
experiments to analyze the effect of the knock-down

During the proliferation assay, SMA560 cells expethdo 504.310" +/- 50.5*10" cells

in 5 days. Co-culture with ESdM reduced glioma oelinber to 184.810* +/- 25.7°10",
knock-down of Trem2 in ESdM in co-culture resulted 299.6 10" +/- 25.5*10"
SMAS560 glioma cells (Fig.3.27-A). GL261 glioma ceteached 18210 +/- 31.2*10"
cells, in presence of ESdM they reached 7103 +/- 6.7*10. In co-culture with Trem2
knock-down ESdM, GL261 cells expanded to 1060 +/- 9.010% cells (Fig.3.27-B).

In regard to phagocytosis of glioma cells, Tremaddiadown led to a decrease in
phagocytosis capacity of ESdM in co-culture withogla cells. Co-cultured with
SMAS560 glioma cells, control ESdM showed an uptedte of 46.5% +/- 6.7%, knock-
down of Trem2 decreased the phagocytosis actieit1.9% +/- 5.4%. In case of the
GL261 glioma cells, 59.4% +/- 9.2% of control ESdiMlowed uptake of PKH26+
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particles. The knock-down of Trem2 resulted in entl to lower uptake levels with
46.0% +/- 4.3% (Fig.3.27-C).
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Fig. 3.27: Effects of Trem2 knock-down on glioma proliferatiand phagocytosis through ESdM.
A) Quantification of SMA560 cell number in co-aute with control ESdM and Trem2 knock-down
ESdM (Trem2 KD). B) Quantification of the co-cuktuof ESdM and Trem2 knock-down ESdM with
GL261 cells. Data of A and B is presented as mg¢aBEM. Statistical analysis via ANOVA followed by
Bonferroni, + p<0.05; **p<0.01; ***p<0.005; + indates the significance in comparison to the wildtype
ESdM, * in comparison to the mono-culture. C) Qufardtion of PKH26+ particle-uptake by ESdM and
Trem2 knock-down ESdM in co-culture with SMA560®I261 glioma cells. Data is presented as mean +

SEM. Statistical analysis via students t-test, *080
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4. Discussion

4.1. Derivation of embryonic stem cell lines

The establishment of pluripotent cells from mousde/os was firstly described in 1981
(Evans and Kaufman, 1981) and is still considecele a breakthrough in cell biology.
The ICM of a blastocyst represents a pluripotetit mapulation which gives rise to all
embryonic tissue including germline cells (Bradktyal., 1984). As ESCs are derived
from that unique cell population, they share thpacity of differentiating into all cell
types. Defined culture conditions including LIF uksin ESC lines with self-renewing
and indefinite growth capacities without senes¢iliams, 1988; Miureaet al., 2004).
Germline competent ESCs can be used for gene itaggand furthermore to generate
genetically modified mice strains (Schoonjahal., 2003).

During the last years, ESCs have also been usattigrassays and for the development
of stem cell based therapy approaches and arddahe@nsidered to be a powerful tool
in disease modeling (Prelkt al., 2002). The protocols for establishing ESC linaseh
been revised and improved in the last decade anidt i@ a high yield of lines which are
suitable for screening experiments (Chehd., 2004; Bryjaet al., 2006).

Seeding of blastocysts to a MEF layer resultedimgry ESC lines, which could be kept
in culture for several passages. All derived ESt@diwere positive for Sox2, Oct4 and
SSEA1 and stained positive for AP.

The transcriptions factors Sox2 and Oct4 are esdant developmental processes in
mammals through the regulation of other essentetheg involved in embryonic
development (Kiefer, 2007; Nichoés al., 1998). Their main function is to maintain self-
renewal and to keep cells from differentiatiorhdss been demonstrated that knock-down
of Sox2 or Oct4 gene leads to embryonic lethalitg @romotes the differentiation of
ESCs in culture (Niwat al., 2000; Chewet al., 2005).

SSEA-1 is another well known marker for murine jgatent stem cells, its main
function lies in regulation of adhesion and migratiof cells during embryonic

implantation (Kerret al., 1992). Elevated levels of AP are typically found the
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membrane of ESCs and can therefore be used as ara8@r (Kueglert al., 2010).
The generated ESCs could successfully be diffextsatiinto neuronal precursors and
finally into microglial cells. Nevertheless, to fgkensure ESC properties, lines have to be
tested for the ability to differentiate into cetiball three germ-layers.

The generation of ESC and the subsequent diffexteori into ESdM bears a high
potential for studying the effects of genetic dsesaespecially in regard to microglial

function.

4.2. Characterization of embryonic stem cell derived microglia

4.2.1. Generation of ESAM

Microglia functions are often studied on primarycroglia cells, which can be isolated
and enriched from mixed glial cell cultures derifeam the brains of postnatal mice. As
an alternative, primary microglia can be directyplated from adult brain tissue by
density gradients and flow cytometry sorting (Hatreet al., 1998; Fordet al., 1995).
Cell yield obtained by these protocols is rather &nd not sufficient for biochemistry of
systematic screening methods. Therefore, oncodgntcansformed microglia cell lines
such as BV2 have often been used (Bkisal., 1990; Bocchiniet al., 1992). But,
oncogenic transformation might lead to a limitedection of microglial properties,
likely making microglial cell lines a poor substiuor primary microglia.

In contrary to primary microglia, murine ESCs pa®iunlimited self-renewal capacity
and can differentiate into cell types of all thrgerm layers. Recently, a protocol for
differentiation of microglia-like cells from murinESC was described (Tsuchighal.,
2005).

To overcome the problems mentioned above, a prbtocodifferentiation of mouse
ESCs into microglia precursor cells was establistidapoli et al., 2009; Beutneet al.,
2010). The developed protocol is based on a prbfocameuronal differentiation (Leet
al., 2000) and was initiated by the finding that mgia-like cells can be found next to
neural cells differentiated from EBs (Tsuchgal., 2005).
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During development, primitive yolk sac macrophagstart to populate the
neuroepithelium as microglia precursor cells aroambryonic day 7.5 (Ginhoust al.,
2010). Microglia precursor cells start to proléer locally until date of birth to finally
differentiate into the resident pool of adult migiia (Alliot et al., 1999). ESdM were
derived via a protocol which mimics brain developmm&om EBs. EBs show both
neurogenesis and yolk-sac like hematopoieses (Ketlkd., 1993). Therefore, ESdM are
likely differentiated through a yolk-sac like pritmie macrophage precursor cell and
reflectin vivo microglia development.

ESCs were differentiated into ESdM and charactdrigSdM provide the possibilities to
study the microglia functions without oncogenicnsBrmation and an insufficient cell
number. Additionally, the protocol could be applieda broad range of ESC derived
from transgenic mice, resulting in genetically niedi ESdM. The differentiation
resulted in high cell amounts of proliferative ESdhich could be kept in culture up to

25 passages without losing their properties.

4.2.2. Phenotype and genotype of ESdM

In the protocol applied to the ESCs, ESdM are geedrvia EB formation which are
plated. In the plated EBs, a variety of cell typggpeared, e.g. contracting heart muscle
cells. In the neural differentiation step, immuiaasing revealed a mixed cell population
positive for neural precursors, glial and microlgtiell markers.

The Ibal+/CD45+ cells could be further cultureddefined medium to a homogenous
population of ESdM. ESdM could be stained for tlessical microglia markers lbal and
CD68, with no negative cells present. Hence, tlfemintiation protocol resulted in a
pure ESdM population.

Several markers assigned to the microglial phemotwere found. Microglia are
described as CD68+, CD45 low, CD11b+, CD11c highiQviclass I+, IBal+ and
F4/80+, CD18+ cells (Guillemin and Brew, 2004; Fetrdl., 1995).

To determine the phenotype of ESdM in regard tdaser marker expression, FACS
analysis was performed. The ESdM showed expressiddD11b, CD11c, CD29p(1
integrin), CD45, CD49, CD68, CD80, CD86 (B7.2) &id115. Additionally, expression
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of Trem2, F4/80, MHCII and CX3CR1 could be showi.tAese markers are membrane
proteins assigned to monocytes, microglia and npd@ages (Austyn and Gordon, 1981;
Ford et al., 1995; Napoliet al., 2009, Ulvestactt al., 1994; Junget al., 2000). The
surface expression of these markers is comparalpgermary microglia. The presence of
B1 integrin and the co-stimulatory molecule CD86igatk that the ESdM are capable of
immunoregulatory functions.

ESdM showed no expression of Ly6G and CCR2, whecla ihallmark of regulatory
monocytes which home to non-inflamed tissue (Geassnet al. 2003). This pool of
resident monocytes patrols blood vessel walls dsal @eplaces tissue macrophages. In
comparison, Ly6G+/ CCR2+ monocytes are referrecagoinflammatory monocytes,
which are present in the circulating blood and eatigrto inflamed tissues (Ransohoff,
2011).

ESdM were virtually negative for cKit and CD34, whiare markers for stem cells. The
lack of these stem cell population markers inddbat the cells are fully commited to

differentiation. Thus, ESdM display microglial puesor cells identity.

In addition to the analysis of the phenotype, a RNi&roarray was carried out to further
validate the ESdM identity. The array confirmed threvious findings and showed a
comparable gene expression of primary microglia &%tIM. Of the 44 000 genes
analyzed, about 20 000 genes were found to be &sgulen both primary microglia and
ESdM. Of those expressed genes, more than 19 00 geere coexpressed in both cell
types, whereas less than 1 000 were expressedtiwelec Furthermore, the genes
coexpressed were mostly found in comparable amonrESdM and primary microglia.
Of the genes coexpressed, genes assigned to necsogh as CD206, CD63, TREM2 or
MHCI were found in high amounts. However, genesgassl to other cell types like
GFAP and Olig2 (astrocyte geneB}ll-tubulin and nestin (neuronal genes) or Nanog
and Sox2 (ESC genes) were only weakly expresseds, TESdM express a similar
genetic profile like primary microglia. Additiongll the microarray data mirror the full

commitment of ESdM to differentiation and their noiglial identity.
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4.2.3. Functionality of ESdM

To further reveal the properties of the ESdM, aietgr of functional assays was
performed. One of the typical properties of micragls the production of pro-
inflammatory cytokines and ROS upon pro-inflammgtetimuli (Hanisch, 2002). To
mimic thein vivo situation in the cell culture, the inflammatorynaili LPS and IFNy
were used to induce cytokine production by ESdMtaDaere obtained via gRT-PCR
with primers against NOS2, TNdand TGFB. Treatment of ESdM with IFN-resulted
in an increase of NOS2 by a factor of 1000 and -foDincrease of TNFe transcripts.
Treatment with LPS increased the expression of N&®RPTNFe, but to a lower extent
than the treatment with IFN= The transcripts of TGB-remained almost unaffected by
both treatments. This might be due to the fact EaiM were not exposed to intrinsic
and extrinsic factors present in the brain.

NOS2 is a member of a family of enzymes that cbatds to neuronal transmission and
the immune system. NOS2 synthesizes nitric oxidefthe terminal nitrogen atom of L-
arginine (Ilgnarroet al., 2001). The nitric oxide can react with superoxidading to
peroxynitrite formation and cell toxicity. Thus, 182 is believed to play a role in host
immunity, anti-microbial and anti-tumor responsesg \the oxidative burst of
macrophages (Chingt al.,1997).

TNF-a is cytokine involved in the acute phase reactiorsystemic inflammation. The
major function of TNFa is the regulation of immune cells, but it is knoterbe involved
in inflammation, apoptosis and inhibition of tungwnesis (Olckt al., 1985; Gauet al.,
2003). It is known that macrophages and microghease large amounts of TNFn
response to LPS or other bacterial products (Gimsaatl Rivest, 2007). The inducibility
of NOS2 and TNFe indicates that IFNy and LPS are immunostimulatory substances for
ESdM in vitro and that ESdM react to inflammatory stimuli congide to primary
microglia.

The also analyzed TGE-is one of the cytokines of the TGF-family. T@Fhas
multifunctional properties and is, among othersyolmed in cell proliferation and
differentiation. Furthermore, it has a direct dnflammatory impact on Thl cells
signaling (Massagué al., 1992). Due to its anti-inflammatory propertie§&H is also

involved in tumor progression and immune suppresg@itichiel et al., 1992).
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Another feature of microglial cells is the capdpilbf migration. To study the migratory
potential of ESdM, a migration assay using CX3CLaswperformed. CX3CL1 is
constitutively expressed by neurons in a solublé amfmembrane-bound form, which
both promotes chemotaxis (Re and Przedborski, 2006yas previously shown that
microglia express the corresponding receptor CX3@R&a GFP-CX3CR1 transgenic
mouse (Jungt al., 2000). Napolet al. showed in 2009 that ESdM express CX3CR1 to a
similar extent as primary microglia (Napetial., 2009). Therefore, one could expect that
ESdM migrate towards CX3CL1 in a microglia-like ligan. Using a transwell migration
system, the migration of ESdM towards different camtrations of CX3CL1 was
analyzed. The outcome clearly showed that ESdMcapable of migration in a dose-
dependant manner. Migration rate increased updonaentration of 20 ng/ml CX3CL1
and almost doubled in comparison to non-directegraion. Thus, ESdM respond to the
CX3CL1 by migration along a concentration gradi¢atvards the source of the

chemokine.

Activated microglia are known to perform phagocigpsvhich is a highly coordinated
process and mainly regulated by environmental $g(idapoli and Neumann, 2008).
One of the standard assays to determine the phagxyapacity of cells is the uptake
of fluorescent microsphere beads (Steinkaehpal., 1982). Therefore, ESdM were
incubated with fluorescent microsphere beads anchbeu of positive cells was
determined via flow cytometry. Unfortunately, it n®t possible to distinguish between
cells that have ingested beads and cells with batdshing at the cell surface. Thus,
only cells with a higher fluorescence signal thaomf one bead were taken into account.
The assay revealed that over 20% of the ESdM weaggrytically active. In order to
activate the ESdM, they were treated with LPS, whéd to an increase in microsphere
bead uptake. To further improve this method, astiol for unspecific fluorescence of
beads on the cell surface could be obtained bygusytochalasin-D, which blocks
phagocytosis (Robinson, 1978).
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4.2.4. Subdifferentiation of ESAM

It is known for several years that cells from thenwocyte-macrophage lineage are
heterogenous in regard to the response to micro@mental signals and can be
distinguished into several alternative polarizetivation modes (Gordosmt al., 2003;
Mosseret al., 2003). The classical activation of macrophagasmicrobial molecules of
pro-inflammatory cytokines results in a phenotymdled M1, which produces pro-
inflammatory cytokines and NO. The alternative \ation leads to a phenotype called
M2, which is considered an anti-inflammatory suletyMantovaniet al., 2004). The M1
and M2 subtype represent the most extreme formthefpolarization continuum, as
macrophages can undergo a highly differentiatedutadidn of properties in response to
their environment.

So far, little is known about the capacity of mglia to undergo a similar
subpolarization. However, some evidence for micgeogubdifferentiation arouse during
the last years. Butovsky and colleagues showed@®6 2hat microglia stimulated with
IL-4 are able to support neuronal survival, oligodiegensis and neurogenesis
(Butovskyet al., 2006). Most recently, some pioneer work was agdisimed regarding
the differentiation spectrum of M1 and M2 microgl(iichelucci et al., 2009). The
publication nicely showed that upon stimuli witiNHy cells expressed the inflammatory
cytokines IL-6 and TNFe, whereas stimulation with IL-10 resulted in expgies of anti-
inflammatory cytokines.

To evaluate whether the generated ESdM would reaet similar fashion, they were
treated with IFNy and LPS to trigger the M1 (neurotoxic) or with 4Lfor the M2
(neuroprotective) subdifferentiation. TreatmenthwlEN- y and LPS resulted in an
upregulation of genes assigned to the M1 subtyamety iINOS, CXCL10 and TNE-
Immunocytochemistry revealed that ESdM treated deurotoxic subdifferentiation
expressed CD86, INOS and CD16/32, which goes alaiidy the findings in
macrophages (Mantovasi al., 2004). Treatment of ESdM with IL-4 on the othand
resulted in gene expression of anti-inflammatoryeoales such as arginase, Fizzl, IL-10
and YM1. Staining against arginase and CD206 shotmatl cells treated with IL-4
expressed slightly more of these M2 markers thasiMEBeated with IFNy and LPS.
These findings indicate that the ESdM are capableubdifferentiate into different
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subtypes, but additional experiments have to bdopeed to further validate the
outcome of the experiments. If later experimentsll woroof the successful
subdifferentiation of ESdM, it would be of prospeterest to apply the subdifferentiated
cells into mouse models of neurodegenerative desetmsevaluate the neurotoxic versus

the neuroprotective properties of the ESdM subtypes

4.3. Therapy of experimental autoimmune encephalomyelitis by NT3-
GFP-ESdM

MS is the most prevalent cause of disability causgdeurological impairment in young
adults. The hallmarks of MS are immunce cell irdiion, demyelination and axonal
damage (Hemmeat al., 2002). As the CNS fails to remyelinate the axanshe lesion
sites, disease course results in irreversible fonat losses of patients (Fergusetral.,
1997).

Recent studies have shown that transplantatiorewfah precursor cells in EAE afflicted
mice attenuated the inflammatory processes andaliseverity of disease (Einstesh
al., 2003; Pluchinct al., 2005). The role of microglia implemented in MSeadise makes
them a potential target for therapeutical approsche MS, they not only attack the
myelin sheeth of neurons, they also secrete inflatarg cytokines. Thus, altering
microglia properties in favor of neuro-protectivenétions could resolve inflammation in
MS lesions and lead to beneficial effects in regardisease course. As NT3 is one of the
most potent neurotrophins and has been shown t@aneemeuronal regeneration, it was
used to genetically modiefy ESdM used for therapeexperiments in EAE afflicted

mice.

4.3.1. Beneficial effects of NT3-GFP-ESAM supernatant on neuronsin vitro

ESdM were lentivirally transduced with vectors eeqging GFP or GFP and NT3 under
the constitutively active PGK-promotor to evaludate effects of NT3 inin vitro
experiments.

NT3 was shown to exert a neuroregenerative effeexonal injury (Guat al., 2006)

and to play a pivotal role in cortical reorganipatiafter spinal cord injury (Ranat al.,
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2007). Furthermore, NT3 was demonstrated to enhaxaeal plasticity in injured spinal
cords of rats (Zhowt al., 2003). It is closely linked to survival and ma&nance of a
variety of neural populations and stimulates axanagjrowth and neurogenesis (Chen et
al., 1996; Memberge et al., 1995).

Thus, one would expect a positive effect of theesogtant from NT3-GFP-ESdM on
neurons, as the supernatant likely contains acsesffi amount of NT3 to trigger neuronal
regeneration. To validate this hypothesis, prin@arjures were exposed to either water,
GFP-ESdM supernatant, NT3-GFP-ESdM-supernatargcamnbinant mouse NT3. After
72 hours, the neuronal cultures were stained foP&3 which is highly expressed in
neuronal growth cones. Therefore, GAP43 can be asetl marker for neuronal growth
and plasticity (Benowitzt al., 1997). Staining for GAP43 revealed a growth prongp
effect of the NT3-GFP-ESdM supernatant on the nealroulture.

Neurons cultured with medium supplemented withegidupernatant of NT3-GFP-ESdM
or 10 ng/ml recombinant NT3 showed a strong stginintensity for GAP43.
Furthermore, neurons cultured under these two tiondiappeared to be more viable and
more axons were found. Taking together, these rigaliindicate that the secretion of
NT3 by NT3-GFP-ESdM is sufficient to trigger GAP4Xpression and therefore

promote neuronal outgrowth in primary neuronal nas.

4.3.2. Effect of NT3-GFP-ESdM on experimental autoimmune encephalomyelitis
afflicted micein vivo

To reveal the effect of transduced ESdiWivo, EAE-afflicted mice were treated with

PBS, GFP-ESdM or NT3-GFP-ESdM. EAE was inducednpction of activated MOG-

emulsion into both inguinal lymph node regions eimale C57BL/6J mice. About 12

days post induction, the first clinical symptomsilcbbe seen. The clinical score of the

mice rose to a clinical score of 3 at day 19.

To determine if the ESdM migrate to the EAE lessites in the spinal cord, a migration

analysis was performed. Thus, spinal cord sampleee veollected and analyzed at

different time points after intravenous GFP-ESdM ogection. Already 24 hours post

injection, GFP-positive cells could be found in thmbal part of the spinal cord in close
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vicinity to the inflamed regions. As the numbelGFP positive cells increased over time,
one could assume that the ESdM stably engraftarsfiinal cord tissue. It is most likely
that the migration of ESdM is due to the attractionthe inflammatory sites via
chemokines. One of the candidates to orchestragentigration is CX3CL1, as it is
reported to be highly expressed in EAE (Sunneneadt., 2005). Though, the question
remains if the grade of inflammation plays a roleéhe migration process of ESdM to the
lesion sites, as ESdM did not home to the CNS ialthg mice. Apparantly, an
inflammatory stimulus derived from the spinal cdedions is necessary for the homing
process. The co-localization of GFP with the mitiedgmarker Ibal additionally
indicates the microglia fate of the ESdM upon efigrant in the spinal cord tissue.
Taken together, these findings show that ESdM aseiitable tool to locally deliver

trophic substances to the lesion sites as physaabgehicles.

Until now, several studies aiming at various thetdal approaches for EAE as a model
for MS have been carried out. Previous to our wibdkas been shown that human neural
precursors derived from ESCs have a therapeutiectefbon EAE-afflicted mice
(Aharonowizet al., 2008). Human neural precursors had a similar fozakeffect on the
clinical course of EAE like ESdM, but had to bensplanted into the lateral brain
ventricles due to lacking migratory capacities.

In addition to NT3, a variety of other neurotropfactors have been shown to abate the
disease course of EAE. For example, the administradf NGF as well as ciliary
neurotrophic factor (CNTF) was shown to reduceamiination in EAE afflicted rats
(Fligelet al., 2001; Linkeret al., 2002).

It was postulated by Caggiuth al. that neurotrophins are promising candidates for MS
due to the link between neurotrophin levels and mlete remission of MS in the post-
relapse phase (Caggiudh al., 2005). Neurotrophins have been shown to be exguess
endogeneously by T cells and other immune cellsuman MS lesion sites (Hohlfekd

al., 2006). In EAE, T cells and NK cells infiltratinge CNS produced NT3 and BDNF
and potentially promoted neuronal protection duliggase course (Hammarbetl.,
2000). Furthermore, injection of NT3, but not of BB was shown to enhance

regenerative sprouting in the corticospinal trawd anhanced neuronal repair (Scheell
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al., 1994). Lentiviral introduction of a NT3 gradieint the spinal cord lesion was also
shown to increase the number of ascending sensornsaxtending into the lesion sites
(Taylor et al., 2006). Thus, NT3 was chosen as a representatindidzte for gene

transfer in EAE.

Still, neuroregeneration remains a major challeage is, among other issues, addressed
in the here presented experiments.

To analyze the clinical course of the EAE afteeation of 4 million GFP-ESdM or NT3-
GFP-ESdM in comparison to PBS, the clinical scdrhe mice was measured on a daily
basis. After administration of the cells or PBS the clinical peak (score 3) of the
disease, a beneficial effect could be observed wedtirtreatment. Treatment with GFP-
ESdM resulted in a mild improvement of clinical sz in comparison to the control
group. However, the group treated with NT3-GFP-ESsiMwed a highly significant
decrease of clinical scores compared to both the &&l the GFP-ESdM treated mice.
This positive effect of the NT3-GFP-ESdM is mogely due to the local administration
of NT3 to the spinal cord lesions, which promotesunite outgrowth and helps to
attenuate the inflammatory properties of the lestes. The following discussion will
reveal further insights into the mechanisms undsglyhe beneficial effect of NT3-GFP-
ESdM on EAE afflicted mice.

4.3.3. Evaluation of axonal injury and demyelination

One of the major hallmarks of MS and the murine ehd€AE is the demyelination of
neurons followed subsequently by axonal injury aegeneration. Thus, the grade of
demyelination and axonal injury in the spinal cesaks obtained 40 days post induction of
EAE after treatment with PBS, GFP-ESdM or NT3-GFRdH’, respectively.

Staining for myelin with Luxol Fast Blue showed dlmademyelinated areas in NT3-
GFP-ESdM treated animals in comparison to the obmfroup. This decresased LFB
staining represents either demyelination itselbes of myelin due to axonal destruction.
These data indicate that the treatment with NT3-&BEM scotches the inflammatory
mechanisms underlying the demyelination procesfatehads to a higher remyelination

rate in the inflammatory lesions.
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In case of axonal damage, APP accumulates in thiessand becomes detectable through
immunological staining. Axonal damage was signiiitadecreased in mice treated with
NT3-GFP-ESdM.

It is known that microglia and macrophage cell\aion contributes to MS and EAE
pathology by antigen presentation to T cells amles®mn of pro-inflammatory cytokines
(Benveniste, 1997). The antigen presentation ofagi@ is based on the expression of
molecules such as MHC class Il, CD83 or CD40, wlaoh essential for interaction of
microglia with T and B cells (Aravalliet al., 2007; Raivich and Banati, 2004).
Furthermore, the expression of TLR is crucial fengration of neuroimmune responses
(Jacket al., 2007; Lee and Lee, 2002).

Rasmussen and colleagues demonstrated the persastiration of microglia in the
chronic phase of relapsing-remitting EAE, whichdgao loss of neuronal synapses
(Rasmussert al., 2007). More directly, activated microglia are motly involved in
antigen presentation and inflammatory signaling, centribute to the degradation of
myelin through phagocytosis (Baetral., 1994).

On the other hand, microglia were shown to alscehabeneficial role in MS and EAE
pathology. To give an example, microglia can secegtti-inflammatory cytokines like
IL-10 and TGFB depending on the milieu in the CNS (Napoli and idanon, 2009). This
could explain the positive effect of GFP-ESdM onEEAfflicted mice, as secretion of
these cytokines would decrease the inflammatonyorese and therefore weaken disease
severity. Furthermore, microglia are capable ofetégmn of neurotrophic factors such as
insulin-like growth factor-1 (IGF-1), BDNF or NT3which might contribute to
promoting neurogenesis (Napoli and Neumann, 200D9¢. stronger therapeutical effect
of NT3-GFP-ESdM compared to GFP-ESdM nicely fit® ithese findings.

4.3.4. Immune cell infiltrates

As mentioned in chapter 4.2.1., microglia as wslin@acrophages play a pivotal role in
MS and EAE pathology. Thus, the severity of EAE bardetermined via the number of
invading macrophages into the spinal cord. Staifang/AC-3, a macrophage marker,
revealed that the number of macrophages does fiet significantly in the case of PBS
and NT3-GFP-ESdM treated animals.
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Another cell type which can be used to evaluate Elidease is the T cell. In the EAE
model used in this study, autoreactive myelin amtigpecific CD4+ T cells are activated
and expanded within the peripheral lymphoid tiss(\Wekerle et al., 1994).
Approximately 10 days post immunization with MOGtigated T cells start to cross the
BBB in massive amounts, whereas non-activated [E ee& unable to infiltrate into the
CNS (Fligelet al., 2001). The invasion of activated T cells subsatjydeads to further
recruitment and activation of T cells and productiof effector cytokines. These
cytokines attract immune cells like granulocytescroglia and macrophages which
further mediate inflammation and demyelination kbBifa et al., 1992). Thus, EAE
pathogenesis can be considered to be mostly Tnoetliated as they orchestrate the
autoimmune demyelinating inflammation in the CNS.

The analysis of T cell invasion in the EAE miceatesl with either PBS, GFP-ESdM or
NT3-GFP-ESdM revealed that the T cell number dasdiffer significantly in these
groups. This finding indicates that the severitydisease was the same in all cases,

therefore the therapeutic effect was due to thetregltment.

4.3.5. Cytokine milieu and neural regeneration

In order to further analyze the underlying mechasiof the beneficial effect of NT3-
GFP-ESdM on EAE disease course, analysis of cygo&xpression levels of the lumbal
spinal cord tissue was performed 4 days afterrreat via qRT-PCR. The results clearly
showed a significant down-regulation of the prdanfmatory cytokines INOS, TNE;
and IL-1B. Additionally, expression of anti-inflammatory okines NT3, TGH3 and IL-
10 were found to be increased upon treatment witB-8FP-ESdM. Administration of
GFP-ESdM resulted in a similar trend which mirrthte outcome of the analysis of the
clinical score. Thus, GFP-ESdM and especially NTER&ESdIM are able to promote an
anti-inflammatory milieu in EAE lesions.

This finding might be the main cause for the thetdjz effect of the injected cells, as an
interruption of the inflammatory signaling wouldaadglon the mechanisms resulting in
demyelination and neuronal injury. The cytokine momilieu established by microglia
was furthermore shown to determine the course ftdnmmatory processes in EAE, thus
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is one of the important features to be addressetthérapeutical approaches (Carson,
2002; Heppneet al., 2005).

INOS is involved in the production of NO, a soklglytotoxic mediator of macrophages
which induces a reversible conduction block in delmated axons and axonal
degeneration (Redfordt al., 1997). TNFe as well as IL-B are the most prominent
cytokines which can be detected at the lesion sifethe CNS. They are released by
activated microglia and inhibit neural outgrowthe(hnanet al., 2002). Furthermore,
they are known to induce neuronal cell death (Mestial., 1992).

IL-10 and TGFB both down-regulate the immune response and arelgldinked to
benign course of MS symptoms (Link, 1998; Navikhal., 1995). TGRS is additionally
known to be involved in T cell response inhibitiwavikaset al., 1996). The observed
upregulation of NT3 is clearly due to the preseotcthe NT3-GFP-ESdM, its beneficial
effects have already been discussed.

Staining for the neurite outgrowth marker GAP43eaded that in presence of NT3-GFP-
ESdM, neurons regenerate in the EAE lesions irsgiv@al cord. This regenerative effect
could be seen as the most important outcome ofbtindy, as neural regeneration still
remains a major problem in MS research.

Taken together, the anti-inflammatory milieu crelalby the administration of GFP-NT3-
ESdM might be the key to the therapeutic effect manght play a crucial role for further
therapeutical investigations.

4.3.6. NT3-GFP-ESdM asatool for multiple sclerosistherapy

The results presented here revealed a promisingilplity for NT3-GFP-ESdM as
therapeutical tool for EAE. Using ESdM yields a pleuof advantages in comparison to
bone marrow derived myeloid precursor cells in eesgo homing and engraftment
properties.

ESdM are derived from a protocol mimicking the vivo development of microglia
including a yolk sac intermediate stage. They &ite # cross the BBB after intravenous
application in response to a lesion-associatedyerign the adult CNS without any
physical or pharmacological manipulation of theamigm. Furthermore, ESdM could be

detected in the CNS up to 21 days post injectioténEAE spinal cord lesions, whereas
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bone marrow derived cells disappear after four ddgkahashiet al., 2007). Another
advantage is the phenotype of the ESdM, which sheinslarities to regulatory
monocytes and M2 polarized macrophages (Raa., 2007; Geissmanegt al., 2003).
ESdM without genetic modification did not have affect on the clinical score of EAE
but also stably engrafted into the lesion sites.

Another advantage of ESdM is their availability high numbers and pure cultures.
Therefore, ESdM appear to be a safe and well suibedl for CNS gene therapy
(Neumann, 2006).

Some problems and concerns still remain to be oweecto further validate this potential
in regard to MS therapy.

Evaluating the results, one has to keep in mind BE®E cannot be equaled to MS,
although EAE is used as a common model for MS. iVe gn example, the mechanisms
underlying MS are still unclear (Degenhasdtal., 2009), therefore it is difficult to
compare MS to EAE. Nevertheless, EAE and MS shamesdisease features like the
inflammatory lesions, immune cell infiltration, dgetination and axonal regeneration
(Korneket al., 2000). It is therefore likely that at least paftthe here discussed results
found in murine EAE can be transferred to human MS.

The usage of NT3 as neurotrophic factor in thisdgtunight arise some further
objections. It was reported that the systemic athtmation of high doses of NT3 in
animal models evokes pronounced pain and gaststimé symptoms (Thoenesat al.,
2002). Something similar could be observed in hwsmam a clinical trial after
intracerebroventricular infusion of another neuwptric factor, NGF, which resulted in a
constant pain sensation (Eriksdotter Jonhagjead., 1998). Anyway, it is not known if
the delivery of NT3 used in this study does resulsimilar complications. If so, one
would need alternatives to neurotrophic factorsgeneral. It has been discussed
previously that high dosages of neurotrophins mrgktlt in severe side effects such as
epileptic activity (Bindeet al., 2001). In this here presented approach, theseteftan
be overcome due to the local administration of W¥S, which is effective in lower

dosages and does not involve systemic side-effdltdisvisible side-effects in the mice

92



Discussion

treated with NT3-GFP-ESdM could be seen, thus ormildv not expect major
complications in treatment of patients with MS.

For further perspectives, especially for clinicabls in humans, the differentiation
protocol presented here was modiefied to diffeegathuman induced pluripotent stem
(iPS) cells into microglial cells. This might cleduwe way for broad application fields for
the therapeutical usage of ESdM in neurodegeneraisearch. ESdM appear as a

suitable vehicle and a promising tool to be usetth@mapeutical approaches for MS.

4.4. Phagocytosis of glioma cells through ESdM

Due to the highly invasive growth pattern of gliowslls, glioma are barely curable by
standard therapies such as surgical resectiomy-ragid chemotherapy. In most cases,
infiltrating glioma cells remain in the healthydige and cause tumor reformation. The
role of microglia in tumor progression has beenalltp discussed as they are known to
be capable of acting in favor or against the turddiering microglia properties could

therefore be used in a therapeutical approachlimmg.

4.4.1. Thecell lines GL 261 and SM A560

In order to evaluate the effect of ESdM on glion&lscco-culture experiments with
GL261 and SMA560 glioma cell lines were performed.

The GL261 glioma cell line is a commonly used moos®lel for human glioblastoma.
The original GL261 tumor was induced by intracrbmgction of 3-methylcholantrene
into C57BL/6 mice and maintained through seriahs@antations of tumor pieces into
syngeneic mice (Ausmaat al., 1970). Thus, GL261 thus were derived throughieidif
induction, which might not fully portray spontansbuarising human tumors.
Nevertheless, tumors derived from GL261 cells hsiva@lar growth characteristics and
angiogenic properties like human glioblastoma. Mauasvivo experiments have shown
the invasive growth property of GL261, that is thain reason for therapy failure in
human patients (Newcomb and Zagzag, 2009). FurthresnGL261 cells carry point

mutations in theK-ras and p53 gene, which are also frequently found in cellsivaer
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from human glioblastoma (Szatmaétial., 2006). Thus, GL261 cells are used as a valid
model for glioblastoma therapy. As the GL261 lisederived from C57BL/6 mice, it
represents the syngeneic situation in the expetsnes ESdM are derived from the same
mouse strain.

To further test the effectiveness of ESdM, a namgeyeic set-up was also performed.
For this purpose, the SMA560 cell line was usedcdntrast to the artificially derived
GL261 line, SMA560 cell line is derived from a spameously developing astrocytic
tumor in VM/Dk mice. This mouse strain has a higitidence of spontaneous
astrocytoma development (Frageal., 1971). It has been demonstrated that the cell line
is highly tumorigenic, retains glial differentiatideatures and produces high levels of
TGF (Sampsoret al., 1997).

Both cell lines fulfill the requested properties af valid animal glioma model as
postulated by Wilson. They are of glial origin, abfe of intraparenchymal growth,
uniformly fatal in reasonable time, transplantablgacranially and subcoutaneously,
correspond with therapeutic sensivity of humankgéstoma and can be culturigdvitro
(Wilson, 1978).

Thus, these cell lines were used to assess datd alteraction of ESdM with glioma
cells to evaluate the therapeutical potential od®S Both glioma cell lines were
influenced at a similar level by the ESdM, thus ge@etic background of the cell appears

to have no effect on ESdM interaction with glionefis

4.4.2. The effects of ESdM on glioma cells

In proliferation assays it was shown that the preseof ESdM reduced the cell number
of GL261 and SMA560, whereas control mono-culturds glioma cells showed
exponential growth rates. Therefore, the reductdrgrowth was not due to the N2
medium lacking FCS in which the experiments wendgpmed. Glioma cells showed a
similar growth behaviour in glioma medium contamifCS. It is also quite unlikely that
the reduced cell number is caused by lack of spaoetrition, as glioma cells are able to
grow in hypoxic and ischemic condition and grovthiree-dimensional cell agglomerates
upon space restriction (Gorgt al., 2004). Nevertheless, one has to keep in mind that

lacking FCS or splitting procedure before co-segdmight influence glioma cell
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susceptibility to ESdM attack. The observed efi@mght also be more severe vitro
thanin vivo, as tumor supporting cells like lymphocytes orahdlial cells are absent
(Watterset al., 2005). Interestingly, data obtained by the diplashalent Julia Reinhardt
also showed that the timing of seeding cells isngfortance. Pre-seeded glioma cells
showed less susceptibility to ESdM growth inhibitid his might be caused by the pre-
established micromilieu of the glioma cells whicherides the immune response of
microglia cells (Wiendé&t al., 2002).

The experiment did not reveal the cause of redgtiecha numbers, which could be due
to decreased proliferation, enhanced apoptosis hagqrytosis of glioma cells by
microglia. To further determine this aspect, AnmeXistaining was performed to assess
number of apoptotic cells in the co-culture systéhe experiment showed that apoptosis
levels were comparable in pure glioma cultures emdultures with ESdM. Thus, the
reduced cell number in the co-culture is not duartancrease in apoptosis. Maataal.
could show that activated microglia decreased famaliion and migration of glioma cells
and furthermore triggered autophagy-dependent glioeil death (Moraet al., 2009).
The processes underlying the microglial anti-tunpmperties are most likely mediated
by chemokines produced by the ESdM. A study witimpry microglia and microglia
cell line BV-2 has previously shown that Cathepss#retion by microglia might be
involved in anti-tumor effects (Hwargjal., 2009).

An analysis of the chemokine profile of the ESdMeafco-culture with glioma cells
performed by Kristian Welle revealed an upregutatiof CX3CL1, CXCL9 and
CXCL10. The soluble form of CX3CL1 is known to patly attract T cells and
monocytes via interaction with the receptor CX3GRiai et al., 1997).

CXCL9, also known as monokine induced by gammarfmten (MIG) is also a T cell
chemoattractant, which is induced by IF¥N-This chemokine interacts with the
chemokine receptor CX3CR1 (Farbaral., 1997). The third upregulated chemokine
CXCL10 (also known as interferon inducible protdifi, IP-10) is also secreted in
response to IFN- This chemokine plays a role in several mechanismduding
chemoattraction of monocytes/macrophages, T célls, cells and dendritic cells,
promotion of T cell adhesion to endothelial ceisti-tumor activity and inhibition of
angiogenesis (Sarret al., 1995; Angiolilloet al., 1995; Farbeet al., 1997).
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The induction of these cytokines is likely to mediaan anti-tumor milieu which

subsequently leads to a decrease in tumor celltgrow

One of the major functions of microglia and macragds is phagocytosis of microbes,
dead cells or debris in the CNS. Experiments cahow that the ESdM indeed
phagocytosed glioma cells as particles of PKH26engh cells were found inside ESdM
after co-culture for 24 hours with SMA560 or GL264lls. Microglia are furthermore
capable of triggering glioma apoptosis through potidn of NO and cytotoxic
molecules (Hwanget al., 2009; Mora and Régnier-Vigouroux, 2009). In costiraa
mechanism which is called silent phagocytosis ikinta place without inducing
inflammatory processes (Kurosakhal., 2003). It has been postulated by Fad®ell.
that apoptosis is not neccessary for phagocytdsgiama cells, but that the cell surface
expression of molecules engaging phagocytic celiséd “eat me signal” is sufficient
(Fadeelet al., 2004). The equal level of apoptosis in the cderal hints towards this

phagocytosis mechanism, which can be referred tbuaged alive”.

During the last years, evidence arose that themaglation of microglia in glioma is due
to a local production of various chemoattractamis growth factors by the glioma cells.
For example, monocyte chemotactic protein 1 (MCRBHg known as CCL2) is secreted
by glioma cells and interacts with the microgliateptor CCR2 (Galass#® al., 2000).
Additionally, various gliomas secrete growth fastowhich are known to induce
macrophage/microglia proliferation such as CSF-lgmnulocyte-colony stimulating
factor (G-CSF) (Altermaret al., 1994). Despite the fact that microglia are rdediiin
high numbers to the tumor site, phagocytosis angéi cells or debris by those microglia
was not observed (Haa al., 2002). Furthermore, even a tumor promoting rale bheen
proposed for microglia, as they might facilitate momosuppression of the tumor
microenvironment (Badiest al., 2001). The secretion of MMP by microglia is one
example for a proces which can help to increaseutmor proliferation rate (Raet al.,
2003). Umemuraet al. demonstrated that tumor-infiltrating microglialllseobtain an
immuno-suppressive phenotype and promote BG#roduction via an autocrine loop

(Umemuraet al., 2008). This immuno-suppressive role of microglied the promoted
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anti-inflammatory cytokine mileu play a crucial @ah tumor tolerance, as both leads to
CD4+ T cell tolerance and inactivation of cytotoglD8+ T cell mediated tumor targeted
immune responses (Carpentier and Meng, 2006). # mevertheless shown that the
immuno-suppression of the glioma can be conqueBste attempt to overcome the
immunosuppression was performed by Carpentier aiéagues, who demonstrated
long-term survival of rats with glioma after singlese administration of CpG
oligodeoxynucleotide, an immuno-stimulatory molecuthat enhances microglial
production of IFNe, IFN-B, IL-12 and TNFe via stimulation of TLR9 (Carpentiet al.,
2000; Aufet al., 2001). Furthermore, IL-12 restores anti-canaeperties of microglia
and enhances elimination of cancerous cells (éhall, 2011) and could be thus used to
further increase anti-tumor properties of ESdM.

Apparantly, ESdM were able to overcome the immuppsession at least in the vitro

co-culture and diminished glioma cell number thiopagocytosis.

4.4.3. Effect of ESAM polarization

It was demonstrated that especially the classictlated M1 subtype is known for
killing tumor cells. On the other hand, the M2 gydat shows pro-tumoral properties by
suppressing immune responses (Mantoeaal., 2004).

Thus, this paradigm was investigated in the ESdidhgh co-culture. ESdM were
polarized into M1 or M2 subtype before using themn €o-culture experiments. M1
polarization led to a slightly enhanced anti-tunihavior of ESdM, whereas M2
treatment only had little effect in comparison tontol ESdM. M2 microglia are
assigned to tumor promoting functions, furtherm®M2 microglia strongly resemble
TAMs (Mantovaniet al., 2004b).

Increased anti-tumor properties in the M1 subtyperiowed to a variety of changes in
microglia functions. M1 microglia secrete pro-imfinatory and cytotoxic factors such as
IL-18, NO and superoxide anions which might play a rolereducing glioma cell
number (Goerdt and Orfanos, 1999). M1 polarizateads to enhanced production of
inflammatory CC motif chemokines and IRNesponsive chemokines, which recruit NK
cells and Th1 cells to the tumor site and resultigher tumor resistance (Mantovaati

al., 2004). It has been shown that inflammation triggar anti-glioma immune response,
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higher phagocytic activity and also leads to kdliof tumor cells (Aufet al., 2001,
Nickles et al., 2008). M1 activated microglia are also known torete enhanced levels
of CXCL10, which has an anti-tumor effect and intskangiogenesis (Angiolillet al.,
1995; Farbeet al., 1997).

FACS analysis revealed that M1 polarization alsh tie an increase in expression of
phagocytic receptors Trem2 and SiglecH, which balldiscussed in detail later on.
Nevertheless, one has to keep in mind that theddabpation of microglia is a highly
sensitive process. Thus, the tumor micromilieuugeglikely to reverse the effects of
vitro subpolarization into M1 subtype. This objectivailcdobe overcome via usage of
protein tyrosine phosphatase SHP-1 knock-down.c8HHP-1 is a negative regulator of
pro-inflammatory gene transcription, thus a lack $HP-1 results in increased
inflammation in the CNS (Christopbt al., 2009). ESdM lacking SHP-1 are likely to be
immune to the tumor micromilieu and could lead ighler clearance of tumor celia

ViVO.

4.4.4. Function of DAP12 in microglia-glioma interaction

DAP12 is a short polypeptide consisting of an edHalar tail, a single transmembrane
domain and a cytoplasmic ITAM (Turnbull and Colon2807). DAP12 is a signaling
molecule found in macrophages and microglia thattions via the tyrosine kinase SYK
and protein kinase ZAP-70 which bind to the ITAMufbull and Colonna, 2007). The
signaling cascade triggered through protein tym$hosphorylation leads via various
down-stream pathways such as extracellular-sigggatated kinases (ERKS) to effector
function and cell activation. Functions includealylhe secrection by macrophages and
enhanced phagocytosis (Colonna, 2003). It has guelyj been demonstrated that DAP12
controls the phagocytic properties of microglia &ne inflammatory response followed
by neuronal death (Takahashal., 2005).

Furthermore, DAP12 intersects with the TLR-pathvaayg alters the release of TNE-
IL-6 and IL-12, a set of cytokines which is cructal innate and adaptive immune
response and pathogen clearance (Hamertnaln 2009). In regard to tumor response it
is of interest that mice lacking proper DAP12 fuoctshow impaired immune responses

including non-functional NK cell activation and dided Th1l response (Tomase#iaal.,
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2000; Bakkert al., 2000). Both of these features are well known tanelved in anti-
tumor responses in the CNS. In addition to the ipfla@mmatory and phagocytosis-
enhancinc features, DAP12 was also described taateethhibitory signals. Primary
microglia lacking functional DAP12 express highewdls of iNOS, IL-B and IL-6
(Roumieret al., 2008).

In the here presented experiments, the overexpres$iDAP12 led to an enhanced anti-
tumor effect of ESdM, which is most likely due teetenhanced phagocytosis. To be
more precise, the anti-tumor effect appears to bdiaed via the ITAM of the DAP12,
as a dominant negative DAP12 form lacking that mdigplays only little anti-tumor
properties. Without a phosphorylated functional MAkinases are unable to bind and
downstream signal transduction is blocked.

In summary, the obtained results underline theudised role of DAP12 in microglia-
glioma interaction as described in the literatAP12 signaling could be a promising
target for immune therapy in glioma, although orees o keep in mind that DAP12
signaling affects a broad variety of receptors famdtions.

4.45. Theroleof Trem2 and SiglecH

Phagocytosis has been shown to involve ITAM sigrglivhich in mammal microglia is
mainly mediated via DAP12 (Ziegenfussal., 2008). Trem2, complement receptor 3,
signal-regulatory-protein (SIRPB-1 and SiglecH belong to the DAP12-associated
receptors (lvashkiv, 2009; Lanier 2009). To invgste the receptors involved in glioma
phagocytosis, Trem2 and SiglecH were chosen asgeptative candidates.

In both cases, knock-down of the receptors led towaer phagocytosis rate of glioma
cells through ESdM and higher proliferation ratéglmma cells in the co-culture. Thus,
data imply that Trem2 and SiglecH play a role ircnoglia-glioma interaction and anti-

tumor properties.

SiglecH is a DAP12-associated CD33-related Siglbchvis found specifically in mice
(Crockeret al., 2007). SiglecH signals through the ITAM of DAP1Zjieh is in contrast
to most siglecs signaling via immunoreceptor tymedbased inhibitiormotif (ITIM).

Until now, function and ligand of SiglecH remainalear. However, its involvement in
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the uptake of antigens and in the modulation ofutael functions via DAP12 signaling
has been demonstrated (Blasius and Colonna, 2006).

It could be shown that SiglecH Fc fusion proteimds to glioma cells, but not to
astrocytes (Beutner and Kopatz, unpublished d&#)mulation of ESAM into M1
subtype led to an increase in SiglecH expressianpaiagocytosis rate, thus data implies
an involvement of SiglecH in phagocytosis activatioThis hypothesis is also
underpinned as knock-down of SiglecH resulted welophagocytosis rates. Preliminary
data gave first clues that sialylation of surfalyegproteins might play a role in SiglecH-
mediated microglia-glioma interaction. Siglecs haso been mentioned in regard to
cell-targeted therapies. They can be used for fh@jdn horse” strategy in which
therapeutic agents conjugated to an antibody ln8iglecs and are efficiently carried
into the cell (O’Reilly and Paulson, 2009). Thisgerty could be used to “load” ESdM
with therapeutic agents and deliver them into tm@dr residuum via tumor-initiated
microglia attraction.

One has to bear in mind that SiglecH is exclusiielynd in mice. Nevertheless, the
human Siglecl6 was shown to be a DAP1l12-associaedptor and has a similar
structure like SiglecH (Caet al., 2008). It would be therefore of interest to invgestie
the role of Siglec16 in human induced pluripoteteéns cell derived microglia in

interaction with human glioma lines such as U87.

Trem2 is a DAP12-associated receptor expressedyetoid cells such as macrophages
and microglia. Trem2 was described to be involvadGNS immune homeostasis
(Neumann and Takahashi, 2007). Alike SiglecH, thands of Trem2 are not known so
far. Its role in phagocytosis has been demonstrateseveral studies. Expression of
Trem2/DAP12 in Chinese hamster ovary cells was shiovenhance immune answer and
phagocytosis of bacteria (N'Diageal., 2009). Takahastst al. have shown that Trem2-

transduced myeloid precursor cells mediated clearan tissue debris via phagocytosis
in EAE (Takahashgt al., 2007).

In contrast to the before discussed beneficialcedfef inflammation in regard to anti-

tumor responsed, Trem2 is a negative regulatonftdmmatory responses (Takahashi

al., 2007) and its expression on macrophages is dexteafter treatment with LPS
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(Turnbull et al., 2006).

Stimulation of ESdM towards M1 subtype led to gldliincrease in Trem2 expression,
which might also be responsible for enhanced phdgers after stimulation.
Nevertheless, in comparison to knock-down of DARI2 SiglecH the effects of the
Trem2 knock-down were less potent. One might tlassime that Trem2 is not the main

receptor involved in glioma-microglia interaction.

4.4.6. Evaluation of ESdM astherapeutic tool for glioma

Although microglia are known to be involved in tunpvogression, there is accumulating
evidence that they might be a suitable tool forapeutic application.

Clearly, microglia are situated ideally within t&&lS to confront migrating and resident
tumor cells. Another beneficial property of micnagis their ability to migrate from the
blood stream to the CNS, which opens up interegtiogsibilities for therapeutic gene
transfer into mature CNS tissue and the tumor vesid (Fligelet al., 2001). As
microglia are closing the gap between the immuimalpged CNS and the peripheral
immune system, they are an attractive cell typanimunotherapy for glioma (Yanet
al., 2010). Innate microglia associated with gliomapeap to be incapable of inducing
effective anti-tumor responses. But if this probleould be overcome by administration
of ESdM, CNS immunity against tumors could be digantly enhanced. Additionally,
treatment with ESdM yields less problems than tneat of tumors with neural or
mesenchymal stem cells (Herrlinggral., 2000; Aboodyet al., 2000; Uhlet al., 2005),
which all include genetic modifications of the selFurthermore, ESdM can be obtained
in virtually unlimited numbers by differentiationf €SC or iPS obtained from the
patients, respectively.

It would be of interest if a beforehand subpolai@aof ESdM into the M1 anti-tumor
subtype would result in an even stronger therapeatfect. Additionally, chemo-
attractants for cytotoxic immune cells could beetitb the ESdM treatment in order to
maximize the beneficial effect of the therapy.

To conclude, ESdM might be a suitable and powedal for immunobased cell-therapy

of glioma, though further studies are needed tiy fraluate their therapeutic properties.
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5. Summary

Microglia are the resident immune cells of the camiervous system (CNS). They are
known to have detrimental as well as beneficiat&H. To overcome the limitations of
primary microglia, embryonic stem cell derived roighia precursor cells (ESdM) were
differentiated out of mouse embryonic stem celS8dE showed expression of microglial
markers such as Ibal, CD45 or CD68, but lacked stelinmarkers. Stimulation of
ESdM with Interferony (IFN- y) or lipopolysaccharides leads to an up-regulatbn
inflammatory cytokines and to increased phagocgtdaurthermore, ESdM migrate in a
dose-dependent manner towards fractalkine CX3CL&neGexpression of ESdM
resembles that of primary microglia and preliminalgta indicate that they can be
subpolarized into a neuro-toxic or a neuro-prowectiubtype by IFN-or interleukin-4.
After lentiviral transduction of ESdM with Neuropbin 3 (NT3), they were applied to
experimental autoimmune encephalomyelitis (EAE)icéfd mice to reveal possible
therapeutic chances for the treatment of multiglerssis (MS). EAE mice treated with
NT3-green fluorescent protein (GFP)-ESdM showedblstarecovery of clinical
symptoms, accompanied by less demyelination arsdaesnal damage in the spinal cord
tissue. ESdM migrated to the lesions and promotedati-inflammatory cytokine
profile. Furthermore, in close proximity to the NGFP-ESdM, the axonal growth
protein GAP-43 could be found, indicating neurajemeration due to the presence of
NT3. To summarize, NT3-GFP-ESdM can be considenemising tool for therapeutic
approaches to EAE as a model of MS.

ESdM were also applied in co-culture systems wilibnga cells to determine their
potential for therapeutical approaches. ESdM phggsed glioma cells and reduced
glioma cell numbeiin vitro. Phagocytosis and proliferation inhibition werehanced
through subpolarization of ESdM into M1 subtype.eTénti-tumor effects were most
likely mediated via DAP12 and the DAP12-associateceptors SiglecH and Trem2.
Knockdown of these molecules decreased the antituactivity of ESdAM, while
overexpression of DAP12 resulted in stronger amtidr effects. Thus, ESdM could
provide functions to also fight glioma vivo.

In summary, ESdM might provide a broad range ofjtds applications in therapeutical
approaches of CNS diseases.
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