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Abstract

Parkinson’s disease (PD) is the second most common neurodegenerative disorder and the number

of affected patients is predicted to double from 2005 until 2030. Current treatments of PD act mostly

symptomatic by pharmacological dopamine restoration, often accompanied by the generation of side

effects. However, a curative therapy for PD remains elusive. A very promising therapeutic option would

be the compensation of lost neurons in PD patients by cell-based therapy with in vitro generated hu-

man induced pluripotent stem cell (hiPSC) derived midbrain dopaminergic (mDA) neurons. hiPSCs

provide an unlimited source of patient-specific pluripotent stem cells and differentiation protocols for

the derivation of mDA neurons are well established. State-of-the-art protocols focus on the time- and

concentration-dependent application of growth factors and small molecules mimicking the developmen-

tal process in vivo. However, amongst these factors the extracellular matrix (ECM) plays an essential

role during neural induction and neuronal development. Beside its role as a physical scaffold, the ECM

is a key regulator of the differentiation process by presenting growth factors for cell fate specification,

differentiation, and survival as well as anchorage and adhesion sites for cellular migration. Matrices

used for in vitro generation of mDA neurons are derived from the mouse sarcoma or are composed

of single glycoproteins and poorly represent the in vivo situation. However, for cell-based therapy the

differentiation process of hiPSC-derived mDA neurons should represent the in vivo situation as closely

as possible and should avoid cross-species products.

The overall aim of my doctoral thesis was the development of a human matrix, which mimics the com-

plex environment of the native ECM during neural induction and mDA neuron development in vivo and

would be suitable for cell-based therapy in PD patients. To develop a matrix with these requirements, I

established a stem cell-based model system to mimic early human development in vitro. During early

human development, cells of the three germ layers meso-, endo-, and ectoderm interact with each other

and the interplay between the germ layers is essential for the process of neural induction and further

development. To mimic and facilitate the interaction of the germ layers during early human development

in vitro, I co-cultured hiPSCs with cells derived from the three germ layers and analyzed the co-cultures

for neural induction of hiPSCs. I could identify one cell type derived from the endoderm lineage, the

immature hepatocyte-like cells (iHLCs), to be able to promote neural induction of hiPSCs in a co-culture-

based system. Furthermore, neural progenitor cells (NPCs), isolated from the iHLC co-culture, matured

to neurons showing expression of mDA neuron specific markers.

Based on this result, I generated a matrix of these neural promoting iHLCs and tested the effect of the
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ABSTRACT

matrix itself during neural induction in different approaches. I found that the iHLC-matrix itself promotes

neural induction of hiPSCs in comparison to a commercial available matrix, when differentiated with-

out dual SMAD inhibition. Dual SMAD inhibition refers to the synergistic inhibition of SMAD signaling

through small molecules or antagonists of the Activin/Nodal and BMP pathway normally used for neural

differentiation of human pluripotent stem cells (hPSCs) in vitro. Upon dual SMAD inhibition, the neural

promoting effect of the iHLC-matrix was lost. Nevertheless, the iHLC-matrix supported neural induction

of hiPSCs with dual SMAD inhibition and NPCs, generated on the iHLC-matrix differentiated to ma-

ture neurons and expressed mDA neuron specific markers. In addition, patch-clamp analysis revealed

that these neurons are electrophysiological active indicated by the ability to form action potentials.

Furthermore, neurons showed a characteristic electrophysiological behavior reported for dopaminergic

neurons in vivo. Moreover, mouse organotypic brain slice cultures showed that neurons generated on

the iHLC-matrix are able to functionally integrate into neuronal networks.

To elucidate the neural promoting effect of iHLCs and its matrix, quantitative proteome analysis of

iHLCs in comparison to the other cell types used in this study were performed. I found that core ma-

trisome proteins important during early mammalian development, neural induction, and neurogenesis

were significantly upregulated in iHLCs in comparison to the other cell types (COL4A1, COL18A1,

LAMA5, LAMB1, LAMC1), suggesting that the iHLC-matrix potentially mimics the native ECM during

neural induction in vivo. Most strikingly, numerous matrisome proteins promoting NPC proliferation,

synaptogenesis, neurite outgrowth, migration, and neuronal survival (AGRN, HAPLN1, HGF, IGFBP2,

IGFBP5, LAMA5, LAMB1, LAMC1, MDK, THBS1, TNC, VTN) were detected to be highly upregulated

in iHLCs compared to the other cell types, strongly suggesting that the iHLC-matrix especially promote

processes during later stages of neuronal development.

Taken together, my results suggest that iHLCs create an environment, which mimics the complex native

ECM during neural induction and especially neuronal development by orchestrating matrisome pro-

teins promoting and supporting these processes. These findings suggest that the iHLC-matrix could

potentially be used for mDA neuron differentiation of hPSCs, but also for generation of other neuronal

subtypes promoting differentiation towards neuronal fate in general. Thus, the iHLC-matrix could pro-

vide a human replacement for current matrices used for neural differentiation of hPSCs. Furthermore,

as iHLCs are derived from hiPSCs, the iHLC-matrix could be directly produced from patient-specific

hiPSCs facilitating the generation of a complete patient-specific differentiation system for generation of

mDA neurons for cell-based therapy in PD patients.
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Zusammenfassung

Parkinson ist die zweithäufigste neurodegenerative Erkrankung und die Zahl der Patienten wird sich

voraussichtlich von 2005 bis 2030 verdoppeln. Derzeitige Behandlungsmöglichkeiten wirken meist

symptomatisch durch die Gabe von Medikamenten, die das Dopaminlevel wiederherstellen. Jedoch

sind diese meinst von Nebenwirkungen begleitet. Eine kurative Therapie ist bisher nicht vorhanden.

Eine sehr vielversprechende Behandlungsmöglichkeit wäre der Ersatz der abgestorbenen Neuronen

in Parkinsonpatienten durch in vitro generierte Mittelhirn-dopaminerge (M-DA) Neurone aus human in-

duzierten pluripotenten Stammzellen (hiPS-Zellen) mit Hilfe der Zellbasierten Therapie. hiPS-Zellen

stellen eine unbegrenzte Quelle an pluripotenten Zellen dar und Differenzierungsprotokolle für die

Generierung von M-DA Neuronen sind etabliert. State-of-the-art Protokolle konzentrieren sich auf die

zeitlich und Konzentrationsabhängige Zugabe von Wachstumsfaktoren oder Small Molecules um den

Entwicklungsprozess in vivo nachzuahmen. Daneben spielt ein weiterer Faktor, die extrazelluläre Matrix

(EZM), eine entscheidende Rolle während der neuralen Induktion und neuronalen Entwicklung. Neben

ihrer Rolle als Gerüst ist die EZM ein Schlüsselregulator bei Differenzierungsprozessen. Dabei stellt die

EZM Wachstumsfaktoren für die Spezifizierung, Differenzierung und das Überleben von Zellen, sowie

Anheftungspukte für die Zellmigration bereit. Matrices, die für die in vitro Generierung von M-DA Neuro-

nen verwendet werden, werden aus Sarcoma-Zellen der Maus gewonnen oder bestehen aus einzelnen

Glycoproteinen, was die Situation in vivo ungenügend wiedergibt. Für die Zellbasierte Therapie sollte

jedoch der Differenzierungsprozess von M-DA Neuronen aus hiPS-Zellen die in vivo Situation so genau

wie möglich nachahmen. Zudem sollten Produkte aus unterschiedlichen Spezies vermieden werden.

Das Ziel meiner Doktorarbeit war die Entwicklung einer humanen Matrix, die die komplexe Umgebung

der nativen EZM während der neuralen Induktion und neuronalen Entwicklung von M-DA Neuronen in

vivo nachstellt. Darüber hinaus sollte die Matrix für die Generierung von M-DA Neuronen aus hiPS-

Zellen für die Zell-basierte Therapie geeignet sein. Für die Entwicklung einer Matrix, die diese Voraus-

setzungen erfüllt, etablierte ich ein Stammzellbasiertes System, um die frühe humane Entwicklung in

vitro nachzustellen. Während der frühen humanen Entwicklung interagieren die Zellen der drei Keim-

blätter Mesoderm, Endoderm und Ektoderm, wobei das Zusammenspiel der Keimblätter maßgeblich

für die neurale Induktion und weitere Entwicklung ist. Um die Interaktion der Keimblätter während der

frühen neuralen Entwicklung in vitro nachzuahmen, kultivierte ich hiPS-Zellen auf verschiedenen Zell-

typen der drei Keimblätter und analysierte die Co-Kulturen hinsichtlich neuraler Induktion. Ich konnte

einen Zelltyp identifizieren, die nicht ausgereiften Hepatozyten-ähnlichen Zellen (immature hepatocyte-
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ZUSAMMENFASSUNG

like cells, iHLCs), die die neurale Induktion von hiPS-Zellen in dem Co-Kultur basierten System förderte.

Darüber hinaus entwickelten sich die neuronalen Vorläuferzellen, welche aus der Co-Kultur mit den

iHLCs isoliert wurden, zu ausgereiften Neuronen und zeigten Expression von Markern, die spezifisch

für M-DA Neurone sind.

Darauf basierend stellte ich eine Matrix der iHLCs her und testete den Einfluss der iHLC-Matrix an

sich auf hiPS-Zellen während der neuralen Induktion in verschiedenen Ansätzen. Ich fand heraus,

dass während der Differenzierung von hiPS-Zellen ohne dual SMAD inhibition die iHLC-Matrix im Ver-

gleich zu einer kommerziell erwerblichen Matrix die neurale Induktion fördert. Dual SMAD inhibition

bezieht sich auf die synergistische Hemmung der Signalübertragung von SMAD-Proteinen durch Small

Molecules oder Antagonisten der Activin/Nodal und BMP Signalwege, was gewöhnlich für die neu-

ronale Differenzierung von humanen pluripotenten Stammzellen (hPS-Zellen) in vitro verwendet wird.

Der Effekt der iHLC-Matrix konnte jedoch nicht während der Differenzierung von hiPS-Zellen mit dual

SMAD inhibition festgestellt werden. Trotzdem unterstütze die iHLC-Matrix die neurale Induktion von

hiPS-Zellen mit dual SMAD inhibition und neuronale Vorläuferzellen, welche auf der iHLC-Matrix gener-

iert wurden, reiften zu Neurone heran und exprimierten Marker spezifisch für M-DA Neurone. Darüber

hinaus, konnte durch patch-clamp Analysen gezeigt werden, dass diese Neurone elektrophysiologisch

aktiv sind und die Fähigkeit haben Aktionspotentiale zu generieren. Zusätzlich zeigten die Neurone ein

spezifisches elektrophysiologisches Verhalten, welches bei dopaminergen Neuronen in vivo festgestellt

wurde. Außerdem konnte mit Hilfe von organotypic brain slice culture gezeigt werden, dass die Neu-

rone, welche auf der iHLC-Matrix hergestellt wurden, funktionell in neuronale Netzwerke integrieren

können.

Um den Effekt der iHLCs und dessen Matrix aufzuklären, wurden quantitative Analysen zum Proteom

der iHLCs im Vergleich zu den anderen Zelltypen, die in dieser Arbeit verwendet wurden, durchgeführt.

Ich konnte zeigen, dass Proteine des Core Matrisomes, welche eine wichtige Rolle während der frühen

humanen Entwicklung, neuralen Induktion und Neurogenese spielen, in iHLCs im Vergleich zu den an-

deren Zelltypen signifikant hochreguliert sind (COL4A1, COL18A1 LAMA5, LAMB1, LAMC1). Dieses

Ergebnis legt nahe, dass die iHLC-Matrix möglicherweise die native EZM während der neuralen Induk-

tion in vivo nachstellt. Darüber hinaus konnten eine Vielzahl an Core Marisome Proteine, welche in

iHLCs im Vergleich zu den anderen Zelltypen stark hochreguliert waren, detektiert werden, die die Pro-

liferation von neuronalen Vorläuferzellen, Synaptogenese, Neuritenauswuchs und das Überleben von

Neuronen fördern (AGRN, HAPLN1, HGF, IGFBP2, IGFBP5, LAMA5, LAMB1, LAMC1, MDK, THBS1,

TNC, VTN). Dieses Ergebnis weist darauf hin, dass die iHLC-Matrix insbesondere Vorgänge in späteren

Stadien der neuronalen Entwicklung fördert.

Zusammenfassend weisen meine Ergebnisse darauf hin, dass iHLCs eine Umgebung erzeugen,

welche die komplexe und native EZM während der neuralen Induktion und insbesondere neu-

ronalen Entwicklung nachahmt und durch die Zusammensetzung von Core Matrisome Proteinen diese

Prozesse unterstützt und fördert. Die Ergebnisse legen nahe, dass die iHLC-matrix für die Differen-

zierung von hPS-Zellen zu M-DA Neuronen und anderen neuronalen Subtypen genutzt werden kann,

da die iHLC-Matrix die neuronale Differenzierung von hPS-Zellen generell unterstützen sollte. Da iHLCs
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ZUSAMMENFASSUNG

aus hiPS-Zellen generiert werden, könnte die iHLC-matrix direkt von patientenspezifischen hiPS-Zellen

hergestellt werden, was die Generierung eines komplett patientenspezifischen Differenzierungssys-

tems für die Herstellung von M-DA Neuronen für die Zellbasierte Therapie in Parkinsonpatienten er-

möglichen würde.

xi



List of abbreviations

A1AT Alpha-1-antitrypsin

AA Ascorbic acid

AADC Aromatic amino acid decarboxylase

ACTB Beta-Actin

AFP Alpha fetoprotein

AGRN Agrin

ALB Albumin

ANXA Annexin

AVE Anterior visceral endoderm

BDNF Brain-derived neurotrophic factor

BMP Bone morphogenetic protein

BSA Bovine serum albumin

CER1 Cerberus 1

CNS Central nervous system

COL18A1 Collagen type XVIII alpha 1

COL4A1 Collagen type IV alpha 1

COMT Catechol-O-methyltransferase

CSPG Chondroitin sulphate proteoglycan

CT Cathepsin

CYP Cytochrome P450 family

CYR61 Cysteine-rich angiogenic inducer 61

DAPI A4’-6-diamidino-2-phenylinodole

DAT/SLC6A3 Dopamine transporter solute carrier family 6 member 3

dbcAMP N6,2’-O-Dibutyryladenosine 3’,5’-cyclic monophosphate

Dex Dexamethasone

DMSO Dimethylsulfoxide

Dor Dorsomorphin

EB Embryoid body

ECM Extracellular matrix

xii



LIST OF ABBREVIATIONS

EDIL3 EGF-like repeats and discoidin I-like domains 3

EFEMP1 EGF-containing fibulin-like extracellular matrix protein 1

EN1 Engrailed 1

EN2 Engrailed 2

EZM Extrazelluläre Matrix

FBLN Fibulin

FBN Fibrillin

FBS Fetal bovine serum

FG Fibrinogen

FGF2 Fibroblast growth factor 2

FGF8 Fibroblast growth factor 8

FN Fibronectin

FOXA2 Forkhead box A2

FST Follistatin

fVM Fetal ventral mesencephalic

GAG Glycosaminoglycan

GBA Glucosylceramidase beta

GBX2 Gastrulation brain homeobox 2

GDF15 Growth factor differentiation factor 15

GDNF Glia-derived neurotrophic factor

GMP Good manufactoring practice

GPC Glypican

GRIN2A Glutamate ionotropic receptor NMDA type subunit 2A

HAPLN1 Hyaluronan and proteoglycan link protein 1

HELT helt bHLH transcription factor

hESCs Human embryonic stem cells

HGF Hepatocyte growth factor

hiPSCs Human induced pluripotent stem cells

HNF4α Hepatocyte nuclear factor 4 alpha

hPSCs Human pluripotent stem cells

HSPG Heparan sulfate proteoclycan

IGFBP Insulin-like growth factor binding protein

iHLCs Immature hepatocyte-like cells

ISI Interspike intervall

ITIH2 Inter-alpha globulin inhibitor H2

LAMA Laminin chain alpha

LAMB Laminin chain beta

LAMC Laminin chain gamma

xiii



LIST OF ABBREVIATIONS

LAP Latency-associated peptide

LAS Lysosomal autophagy system

LDN LDN193189

LEFTY1 Left-right determination factor 1

LMX1A LIM homeobox transcription factor 1 alpha

LMX1B LIM homeobox transcription factor 1 beta

LN Laminin

LRRK2 leucine rich repeat kinase 2

LTBP Latent TGFβ binding protein

MAOB Monoamin oxidase type B

MATN Matrilin

mDA Midbrain dopaminergic

M-DA Mittelhirn-dopaminerg

MDK Midkine

mESCs Mouse embryonic stem cells

MFAP Microfibrillar-associated protein

MHB Midbrain-Hindbrain Boundary

MMP2 Matrix metallopeptidase 2

MSCs Mesenchymal stem cells

Msx1 Msh homeobox 1

NCAD N-Cadherin

NES NESTIN

Ngn2 Neurogenin 2

NID1 Nidogen 1

NKX2.2 NK2 homeobox 2

NPCs Neural progenitor cells

NR4A2 N receptor subfamily 4, group A, member 2

OCT4 POU domain, class 5, transcription factor 1

O/N Over night

OTX2 Orthodenticle homeobox 2

P/O Poly-L-ornithine

PD Parkinson’s disease

PAX6 Paired box 6

PBS Phosphate buffered saline

PCA Principal component analysis

PFA Paraformaldehyde

PINK1 PTEN induced putative kinase 1

PITX3 Paired like homeodomain 3

xiv



LIST OF ABBREVIATIONS

PLOD Procollagen-lysine

PNN Perineural net

PNS Peripheral nervous system

RELN Reelin

RT Room temperature

S100 S100 calcium binding protein

SB SB431542

SDC Syndecan

SFRP Secreted frizzled-related protein

SHH Sonic hedgehog

SNCA α-synuclein

SNpc Substantia nigra pars compacta

SOX2 SRY-box 2

SPP1 Secreted phosphoprotein 1

SC Stem cell

SULF2 Sulfatase 2

SYN I SYNAPSIN I

TGFβ Transforming growth factor beta

TH Tyrosin hydroxylase

THBS Thrombospondin

TNC Tensacin-C

TUBB3 Tubulin beta 3 class III

VCAN Versican

VTN Vitronectin

WNT Wingless/Int

w/o Without

xv



List of Figures

1.1 Cell sources for cell-based therapy in PD patients . . . . . . . . . . . . . . . . . . . . . . 6

1.2 Early human development . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.3 Pathways involved in self renewal, maintenance and differentiation of hPSCs . . . . . . . 16

1.4 General protocol for mDA neuron differentiation of hPSCs . . . . . . . . . . . . . . . . . 17

1.5 Components of the ECM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

1.6 Aim of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

2.1 Stem cell-based model system to mimic early human development in vitro . . . . . . . . 28

2.2 Characterization of human feeder layers . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.3 No expression of AVE-specific markers in iHLCs . . . . . . . . . . . . . . . . . . . . . . 30

2.4 Production of non-proliferative human feeder layers by mitomycin C treatment . . . . . . 31

2.5 Protocol for mDA neuron differentiation of hiPSCs in a co-culture-based system . . . . . 32

2.6 MSCs and iHLCs support proliferation of hiPSCs . . . . . . . . . . . . . . . . . . . . . . 33

2.7 iHLCs promote neural induction of hiPSCs . . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.8 iHLCs support neural differentiation of hiPSCs towards midbrain identity . . . . . . . . . 36

2.9 iHLCs, but not MSCs, efficiently promote neural differentiation of hiPSCs . . . . . . . . . 39

2.10 Temporal gene expression analysis of hiPSCs differentiated on MS5 and iHLCs in a co-

culture-based system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

2.11 Characterization of NPCs of the MS5 and iHLC co-cultures at day 25 of differentiation . . 42

2.12 Characterization of neurons of the MS5 and iHLC co-cultures at day 50 of differentiation . 43

2.13 HepG2 cells do not efficiently support neural induction of hiPSCs . . . . . . . . . . . . . 44

2.14 Experimental approaches to elucidate the effect of the iHLC-matrix itself on neural induc-

tion of hiPSCs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

2.15 Characterization of cell-derived matrices . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

2.16 Culture of hiPSCs on iHLC-matrix under SC maintenance conditions . . . . . . . . . . . 49

2.17 iHLC-matrix promotes neural induction of hiPSCs without dual SMAD inhibition . . . . . . 50

2.18 mDA neuron differentiation of hiPSCs on cell-derived matrices with dual SMAD inhibition 52

2.19 Characterization of hiPSCs differentiated on iHLC-, HepG2-matrix, and Geltrex™ with

dual SMAD inhibition at day 11 of differentiation . . . . . . . . . . . . . . . . . . . . . . . 53

xvi



LIST OF FIGURES

2.20 Characterization of NPCs differentiated on iHLC-, HepG2-matrix, and Geltrex™ with dual

SMAD inhibition at day 18 of differentiation . . . . . . . . . . . . . . . . . . . . . . . . . 54

2.21 Temporal gene expression analysis of hiPSCs differentiated on iHLC-, HepG-matrix, and

Geltrex™ with dual SMAD inhibition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

2.22 Characterization of NPCs differentiated on iHLC-, HepG2-matrix, and Geltrex™ with dual

SMAD inhibition at day 25 of differentiation . . . . . . . . . . . . . . . . . . . . . . . . . 58

2.23 Characterization of neurons differentiated on iHLC-, HepG2-matrix, and Geltrex™ with

dual SMAD inhibition at day 50 of differentiation . . . . . . . . . . . . . . . . . . . . . . . 60

2.24 Quantification of immunocytochemical stainings for neurons of data shown in figure 2.23 60

2.25 Electrophysiological recordings of neurons differentiated on the iHLC-matrix . . . . . . . 62

2.26 Characterization of neurons differentiated on the iHLC-matrix for electrophysiological

analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

2.27 Mouse organotypic brain slice cultures with neurons isolated from the iHLC-matrix . . . . 65

2.28 Differentiation of hiPSCs with iHLC-conditioned medium . . . . . . . . . . . . . . . . . . 66

2.29 Principal component analysis of cellular protein fractions . . . . . . . . . . . . . . . . . . 68

2.30 Functional classification of identified proteins in cellular protein fractions . . . . . . . . . . 69

2.31 Heat map of hierarchical clustering for the cytoplasmic fraction . . . . . . . . . . . . . . . 72

2.32 Heat map of hierarchical clustering for the memebrane/organelle fraction . . . . . . . . . 73

2.33 Heat map of hierarchical clustering for the ECM fraction . . . . . . . . . . . . . . . . . . 74

2.34 Clusters of enriched matrisome proteins detected by hierarchical clustering . . . . . . . . 76

2.35 Top-10 significantly deregulated matrisome proteins in the cytoplasmic fraction . . . . . . 78

2.36 Top-10 significantly deregulated matrisome proteins in the membrane/organelle fraction . 79

2.37 Top-10 significantly deregulated matrisome proteins in the ECM fraction . . . . . . . . . . 80

2.38 Venn diagram of significantly upregulated matrisome proteins . . . . . . . . . . . . . . . 82

2.39 Venn diagram of significantly downregulated matrisome proteins . . . . . . . . . . . . . . 83

3.1 Potential use of the iHLC-matrix as a patient-specific matrix for cell-based therapy in PD

patients . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

4.1 Protocol for differentiation of hiPSCs to iHLCs . . . . . . . . . . . . . . . . . . . . . . . . 129

4.2 Protocol for the differentiation of hiPSCs to NPCs . . . . . . . . . . . . . . . . . . . . . . 130

4.3 Protocol for mDA neuron differentiation of hiPSCs on cell-derived matrices without dual

SMAD inhibition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

4.4 Schematic presentation for production of iHLC-conditioned medium . . . . . . . . . . . . 136

4.5 Protocol for generation of cellular protein fractions for proteome analysis . . . . . . . . . 140

A.1 Distribution of ISI for neurons with bursting activity . . . . . . . . . . . . . . . . . . . . . 147

xvii



List of Tables

1.1 Genetic loci associated with autosomal dominant or recessive inheritance in PD. . . . . . 3

4.1 Primary antibodies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

4.2 Secondary antibodies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

4.3 Quantitative real-time PCR primer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

A.1 Electrophysiological data of measured neurons with bursting activity . . . . . . . . . . . . 145

A.2 List of abbreviations of identified matrisome proteins by quantitative proteome analysis . 148

A.3 Deregulated matrisome proteins of the cytoplasmic fraction in iHLCs compared to hiP-

SCs, HepG2 cells and MSCs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150

A.4 Deregulated matrisome proteins of the membrane/organelle fraction in iHLCs compared

to hiPSCs, HepG2 cells and MSCs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

A.5 Deregulated matrisome proteins of the ECM fraction in iHLCs compared to hiPSCs,

HepG2 cells and MSCs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

xviii



Chapter 1

Introduction

1.1 Parkinson’s disease

Epidemiology and risk factors Parkinson’s disease (PD) is the second most common neurode-

generative disorder after Alzheimer’s disease with an incidence of 16 to 19 new cases per 100.000

individuals per year (Poewe et al., 2017; Twelves et al., 2003; Kalia and Lang, 2015). Around 2 to

3 % of the population over 65 years suffer from this disease and the number of patients is predicted

to double from 2005 until 2030 (Poewe et al., 2017; Dorsey et al., 2007). Only 5 to 10 % of the cases

contribute to hereditary forms of PD, whereas the remaining cases are assigned to sporadic PD (Poewe

et al., 2017). PD is rare in young individuals under the age of 50, but incidence rises rapidly from 60

years onwards (Van Den Eeden, S. K. et al., 2003). Beside age, incidence of PD seems to vary by

ethnicity and gender. Men show a higher risk to develop PD in comparison to women with a male to

female incidence ratio of 1.5 to 2 (Van Den Eeden, S. K. et al., 2003; Twelves et al., 2003). However,

age seems to be the most important risk factor (Poewe et al., 2017). Beside this, exposure to environ-

mental factors also contribute to the risk to develop PD. Exposure to pesticides, rural living, well-water

drinking, a history of head injury as well as the use of β -blockers are considered to promote the risk for

the development of PD. In contrast, tobacco, coffee, alcohol, nonsteroidal anti-inflammatory drugs and

calcium channel blocker are associated with a lower risk (Kalia and Lang, 2015; Noyce et al., 2012).

However, it is suggested that PD is a multifactorial disease, which is triggered from an interplay of en-

vironmental and genetic risk factors. The interplay of the factors results in a broad variety of symptoms

for each individual patient (Kalia and Lang, 2015). Numerous studies have revealed an interaction of

genetic modifiers and environmental risk factors. Genome wide association studies identified that ge-

netic variations in the glutamate ionotropic receptor NMDA type subunit 2A gene (GRIN2A) influence

the reduced risk of developing PD associated with coffee consumption (Hamza et al., 2011). Beside

this, prior brain injury together with exposure to the pesticide Paraquat resulted in a tripled increased

risk to develop PD (Lee et al., 2012a).
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Pathology The core pathology of Parkinson’s disease is characterized by the progressive loss of

A9 dopaminergic neurons of the substantia nigra pars compacta (SNpc) and the formation of Lewy

bodies, intracellular aggregates of the protein α-synuclein (SNCA) (Prakash and Wurst, 2006a; Poewe

et al., 2017; Kalia and Lang, 2015). Loss of dopaminergic neurons leads to a depletion of dopamine

in the target areas the dorsal putamen and striatum and dearrangement of neuronal circuits within

the basal ganglia (Kalia and Lang, 2015). The depletion of dopamine leads to the development of

characteristic motor symptoms like bradykinesia, resting tremor, rigidity and postural instability (Kalia

and Lang, 2015; Exner et al., 2012; Gibb and Lees, 1988). However, numerous other areas of the

central nervous system (CNS) and peripheral nervous system (PNS) are also affected in the pathology

of PD, including the locus ceruleus, basal nucleus of Meynert, medullary tegmentum with dorsal motor

nucleus of vagus, amygdala, and hypothalamus (Dickson, 2012).

The second core pathology of PD is the deposit of aggregated α-synuclein in the cytoplasm of neurons,

the so-called Lewy bodies (Poewe et al., 2017; Braak et al., 2003). Lewy bodies are suggested as a

marker for neurodegeneration in PD and hypothesized to play a role in neuronal loss. The appearance

of Lewy bodies is not restricted to the brain, but can also be detected in the peripheral as well as

enteric nervous system (Kalia and Lang, 2015). The appearance of lewy bodies is hypothesized to

start in the dorsal motor nucleus of the glossopharyngeal and vagal nerves and the olfactory system

and gets widespread with the onset of the disease (Braak et al., 2003). Formation of aggregated α-

synuclein fibrils is suggested to be triggered by excess synthesis of α-synuclein or mutations raising the

likelihood for misfolding, and thus aggregation (Poewe et al., 2017). However, the role of Lewy bodies

in PD pathology is still discussed (Kalia and Kalia, 2015).

Genetics and cellular processes involved in PD Over the last years, several genes have been

identified to be linked to the development of PD. Genetic loci, which are associated to the pathology

of the disease, were classified and termed with the PARK symbol. Table 1.1 illustrates genetic loci

associated with autosomal dominant or recessive inheritance. Only 5 to 10 % of the PD cases corre-

spond to heritable PD, whereas the majority of PD cases are sporadic (Poewe et al., 2017; Klein and

Westenberger, 2012). Six of the PARK loci cause monogenic PD and show mutations in the autosomal

dominant inherited genes SNCA (PARK1,4), leucine rich repeat kinase 2 (LRKK2, PARK8) and autoso-

mal recessive inherited genes Parkin (PARK2), PTEN induced putative kinase 1 (PINK1, PARK6), DJ-1

(PARK7) and ATP13A2 (PARK9) (Klein and Westenberger, 2012).

The first gene identified to be associated with inherited PD was synuclein alpha (SNCA), coding for the

protein α-synuclein. Mutations of SNCA lead to an early onset of the disease (Klein and Westenberger,

2012).The biological function of α-synuclein is not clearly identified (Kim and Lee, 2008). However,

several studies suggest that this protein is involved in synaptic transmission (Abeliovich et al., 2000).

Furthermore it is suggested that α-synuclein is involved in regulation of synaptic vesicle dynamics at

nerve terminals, fatty acid metabolism or that α-synuclein has a chaperone-like function (Cabin et al.,

2002; Castagnet et al., 2005; Kim et al., 2000).

Beside this, mutations in Parkin are the most frequent known cause of early onset PD with 77 % of
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Table 1.1: Genetic loci associated with autosomal dominant or recessive inheritance in PD.
Modified from Kalia and Lang (2015), Poewe et al. (2017), Klein and Westenberger (2012); protein
identification with Uniprot web tool.

Locus symbol Gene locus Gene Protein Status

Autosomal dominant

PARK1 and PARK4 4q21-22, 4q21-q23 SNCA alpha-synuclein Confirmed
PARK3 2p13 Unknown Unknown Unconfirmed
PARK5 4p13 UCHL1 Ubiquitin carboxyl-terminal hydrolase isozyme L1 Unconfirmed
PARK8 12q12 LRRK2 Leucine-rich repeat kinase 2 Confirmed
PARK11 2q36-27 Unknown Unknown Unconfirmed
PARK17 16q11.2 VPS35 Vascular protein sorting 35 Confirmed
PARK18 3q27.1 EIF4G1 Eukaryotic translationinitiation factor 4-1 Unconfirmed

Autosomal recessive

PARK2 6q25.2-q27 Parkin Parkin Confirmed
PARK6 1p35-p36 PINK1 PTEN-induced putative kinase 1 Confirmed
PARK7 1p36 DJ-1 DJ1 Confirmed
PARK9 1p36 ATP13A2 ATPase type 13A2 Confirmed
PARK14 22q13.1 PLA2G6 A2 phospholipase Confirmed
PARK15 22q13.1 FBX07 F-box protein 7 Confirmed

inheritable cases under the age of 30 (Lücking et al., 2000). The second most common cause of early

onset PD are mutations in the gene PINK1 (Klein and Westenberger, 2012). PINK1 and Parkin promote

degradation of dysfunctional mitochondria. PINK1 encodes a mitochondrial kinase, which accumulates

on the mitochondrial surface with low membrane potential. Accumulation of PINK1 leads to recruitment

of Parkin, an E3 ligase, which ubiquitinates proteins of the outer mitochondrial membrane resulting in

autophagy of a dysfunctional mitochondrium (Narendra et al., 2012). Another protein, DJ-1, functions

as a reactive oxygen species (ROS)-sensitive protein. It acts as a sensor for oxidative stress and has a

protective function against RO species (Cookson, 2010; Exner et al., 2012). Mutations in Parkin, PINK1

and DJ-1 are associated with mitochondrial dysfunction and oxidative stress (Exner et al., 2012).

The most common known cause for late onset PD are mutations in the gene LRRK2, which are found

in 4 % of the familiar and 1 % of sporadic PD cases (Klein and Westenberger, 2012; Kalia and Lang,

2015). The protein LRRK2 has a GTPase as well as a kinase function and is involved in striatal neu-

rotransmission, synaptic morphogenesis, vesicle trafficking, neurite outgrowth and protein synthesis

(Cookson, 2010; Tong et al., 2009; Lee et al., 2012b; Sanna et al., 2012; Kalia and Lang, 2015).

Beside the PARK genes, which are linked to inherited PD, numerous genes have been identified to be

associated with an increased risk to develop PD. The most common genetic risk factor is a mutation in

the gene glucosylceramidase beta (GBA). Homozygotic mutations in GBA normally leads to Gaucher’s

disease (Poewe et al., 2017; Klein and Westenberger, 2012). In addition, meta analysis of genome

wide association studies revealed an overlap between monogenic PD genes and genetic risk factors

for the genes SNCA and LRRK2 (Klein and Westenberger, 2012; Nalls et al., 2014).

The discovery of genes involved in parkinsonism provided evidences for mechanisms and cellular pro-

cesses, which are potentially involved in PD pathogenesis. Pathways and cellular processes include α-
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synuclein protein homeostasis, mitochondrial function, oxidative stress, and neuroinflammation (Poewe

et al., 2017; Exner et al., 2012). The role of neuroinflammation in the pathogenesis of the disease in

PD is not clearly defined. However, GWAS studies have shown that PD associated genetic risk factors

encode for proteins involved in immune regulation (Nalls et al., 2014).

Symptoms and diagnosis of PD PD is a progressive disease and characterized by the classical

motor symptoms bradykinesia in combination with resting tremor, rigidity or postural instability (Gibb

and Lees, 1988; Mahlknecht et al., 2015). Beside the motor symptoms, numerous non-motor symp-

toms including disorders of sleep-wake cycle regulation, cognitive impairment, psychiatric symptoms,

autonomic dysfunction (constipation, urogenital dysfunction), sensory symptoms (hyposmia) and pain

are well described (Poewe et al., 2017; Chaudhuri and Schapira, 2009; Kalia and Lang, 2015). Before

the onset of motor symptoms, patients suffer from a prodromal phase, which is defined by hyposmia,

constipation, depression or the rapid eye movement sleep behavior disorder (Kalia and Lang, 2015;

Mahlknecht et al., 2015). This prodromal phase is present before the onset of motor symptoms and can

be up to 12 to 14 years before motor symptoms arise (Postuma et al., 2012).

Diagnosis of PD bases on the observation of motor symptoms mostly bradykinesia in combination with

resting tremor or rigidity (Mahlknecht et al., 2015). However, motor symptoms appear, when almost

80 % of the dopaminergic innervation in the target areas of the SNpc is gone (Grade and Götz, 2017).

For this reason, it is essential to develop strategies for an early diagnosis of the disease in the prodromal

phase before the onset of the motor symptoms (Kalia and Lang, 2015).

Treatment of PD Current treatments for PD act mostly symptomatic by pharmacological dopamine

restoration and substitution of striatal dopamine loss. Restoration of dopamine can be accomplished

by either replacement of dopamine through systemic administration of the dopamine precursor amino

acid L-DOPA or enhancement of bioavailability of dopamine through aromatic amino acid decarboxy-

lase (AADC) inhibitors, catechol-O-methyltransferase (COMT) inhibitors or monoamin oxidase type B

(MAOB) inhibitors (Kalia and Lang, 2015; Poewe et al., 2017).

Systemic administration of L-DOPA leads to an increase in presynaptic dopamine concentration, which

results in the restoration of the striatal dopamine input and improvement of the motor symptoms. How-

ever, long-term treatment with L-DOPA often comes along with the generation of side effects like drug-

induced dyskinesia and motor fluctuations (Kalia and Lang, 2015; Poewe et al., 2017). Drug-induced

dyskinesias are characterized by involuntary movements and their appearance is suggested to be in-

duced by non-physiological pulsatile stimulation of dopamine receptors in the striatum (Poewe et al.,

2017). Beside the generation of side effects, L-DOPA treatment has other drawbacks. Although, L-

DOPA administration leads to an improvement of numerous motor symptoms, there are also L-DOPA-

resistant motor and non-motor symptoms, which do not respond to this therapy (Poewe et al., 2017).

In parallel to L-DOPA treatment, AADC or COMT inhibitors are administrated. The AADC catalyzes the

peripheral metabolism of L-DOPA to dopamine. Inhibition of the decarboxylase results in an enhanced

bioavailability of L-DOPA. Further enhancement of bioavailable L-DOPA can be achieved by adminis-
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tration of COMT inhibitors. Clearance of synaptically released dopamine is observed by oxidation of

dopamine through the monoaminine oxidase type B. Concentrations of synaptic dopamine can be mod-

ulated by inhibition of this enzyme through the administration of COMT inhibitors (Poewe et al., 2017).

Beside this, dopamine signaling is also modulated by the administration of dopamine agonists.

Dopamine agonists operate on postsynaptic D1 and D2 dopamine receptors and have a longer half-life

than L-DOPA (Poewe et al., 2017).

An additional treatment for PD is the deep brain stimulation. By implantation of an electrode in the

brain, target areas of SNpc dopaminergic neurons can be stimulated with high-frequency, which leads

to an improvement of motor symptoms in PD patients (Poewe et al., 2017).

Although current treatments for PD can lead to an improvement of motor symptoms, therapies show

numerous drawbacks. Current treatments act mostly symptomatic and a slow down or even stop of the

disease progression remains elusive. Generation of side effects like drug-induced dyskinesia as well

as the fact that numerous motor symptoms and non-motor symptoms do not respond to current treat-

ments, state a great need for alternative therapies. A very promising therapeutic strategy for a curative

treatment of PD is the replacement of lost dopaminergic neurons by cell-based therapy.

1.2 Cell-based therapy for Parkinson’s disease

PD is a progressive disease and no treatment is available to slow down or stop the disease. Typical

motor-symptoms only appear after almost 80 % of the dopaminergic innervation is lost (Grade and Götz,

2017), which raises the need for alternative therapies to substitute the lost dopaminergic neurons. Over

the last years many studies were initiated to find a way to restore the lost dopaminergic innervation

of the SNpc target areas by cell-based therapy. Possible cell sources for cell-based therapy in PD

patients included non-neural, adrenal medullary tissue and fetal mesencephalic tissue. Beside this,

dopaminergic neurons derived from human embryonic stem cells (hESCs) as well as human induced

pluripotent stem cells (hiPSCs) are under considerations (Fig. 1.1).

Non-neuronal adrenal medullary tissue The first clinical trials of cell-based therapy in PD patients

were performed with non-neural, adrenal medullary tissue in the 1980s (Backlund et al., 1985; Madrazo

et al., 1987). The adrenal medulla produces low levels of the neurotransmitter dopamine and was

thought to increase local dopamine concentrations (Barker et al., 2015). The first clinical trial with

adrenal medullary tissue was performed by Backlund et al. and tissue was placed in the striatum

of PD patients (Backlund et al., 1985). Based on this study, a further clinical trial was initiated by

grafting of adrenal medullary tissue in another target area the caudate nucleus, which resulted in major

improvements of motor symptoms in the PD patients (Madrazo et al., 1987). The positive outcome of

the clinical trial by Madrazo et al. lead to many following transplantation studies (Lindvall et al., 1987;

Allen et al., 1989; Goetz et al., 1989). However, poor graft survival detected in postmortem studies

together with moderate improvements of symptoms in PD patients lead to another phase of clinical

trials with cells derived from fetal ventral mesencephalic tissue (Barker et al., 2015).
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Figure 1.1: Cell sources for cell-based therapy in PD patients. Schematic presentation of possible cell
sources for cell-based therapy in PD patients. Possible cell sources are human adrenal medullary tissue, human
fetal ventral mesencephalic tissue as well as midbrain dopaminergic neurons derived from human ESCs and
hiPSCs. ICM = inner cell mass, hESCs = embryonic stem cells, mDA neurons = midbrain dopaminergic neurons,
hiPSCs = induced pluripotent stem cells.

Fetal ventral mesencephalic tissue Positive reports of preclinical studies of transplanted human

fetal ventral mesencephalic (fVM) tissue supported the approach to graft human fVM tissue in PD

patients (Dunnett et al., 1981). The first clinical trial with fVM transplantation was performed by Lindvall

et al. in Lund and fVM tissue was transplanted in the striatum of two PD patients. However, no major

clinical improvements were observed for both patients (Lindvall et al., 1989). In contrast, grafting of

fVM tissue in the putamen resulted in the restoration of dopamine synthesis. Furthermore, patients

showed improvements of motor symptoms like rigidity and bradykinesia (Lindvall et al., 1990). Based

on this results, more studies followed with transplantation of human fVM tissue in the putamen or

bilateral grafts in the caudate and putamen (Lindvall et al., 1994; Wenning et al., 1997; Brundin et al.,

2000). Grafts resulted in a restoration of basal dopamine release to normal levels accompanied with

clinical improvements (Piccini et al., 1999). Long term studies indicated that patients, who received

fVM grafts still show improvements of motor symptoms after 18 years post transplantation as well

as long-term survival and innervation of the grafted cells for up to 24 years, indicating a proof-of-

concept of this method (Kefalopoulou et al., 2014; Hallett et al., 2014; Li et al., 2016). Following this
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studies, further studies were initiated in the USA (Freed et al., 2001; Olanow et al., 2003). Conversely,

patients did not show major benefits, but suffered from side effects, like graft-induced dyskinesia. Drug-

induced dyskinesia were suggested to result from co-grafted seretonergic neurons, which excessively

innervated the striatum of PD patients (Politis et al., 2010). Although, latest studies did not show a

positive outcome, long-term studies indicated that a improvement of clinical symptoms of PD patients

with this method is promising (Piccini et al., 1999). However, the use of human fetal tissue for the

transplants has major drawbacks. For one transplant per brain side, three to six human fetuses with an

age from six to eight weeks were required (Barker et al., 2015). The use of human fetal tissue and the

excessive amount of fetal cells for the transplants, pointed out major ethical issues (Barker et al., 2015).

For this reason, alternative sources of dopmainergic neurons for cell-based therapy are irreplaceable.

Human embryonic stem cells Numerous alternative sources for dopaminergic neurons were under

considerations and tested including xenografts of porcine ventral mesencephalic tissue and autografted

carotid body cells (Galpern et al., 1996; Schumacher et al., 2000; Arjona et al., 2003). The most promis-

ing source came along with the establishment of hESCs (Thomson et al., 1998). hESCs are derived

from the inner cell mass of the human blastocyst and differentiation protocols for derivation of midbrain

dopaminergic (mDA) neurons were developed and improved over the last years (Thomson et al., 1998).

Initial studies based on the differentiation of hESCs to mDA neurons in a co-culture-based system

with murine stromal feeder cell lines PA6 and MS5 (Perrier et al., 2004; Brederlau et al., 2006). How-

ever, when transplanted in animal models of PD (G-OHDA(6-hydroxydopamine)-lesion rat or mouse)

teratoma formation was detected through the partial and non synchronized differentiation of hESCs

to mDA neurons (Brederlau et al., 2006; Barker et al., 2015). Studies revealed that teratoma forma-

tion correlated with the duration of pre-differentiation before transplantation (Brederlau et al., 2006).

Through the generation of optimized differentiation protocols for neural induction of hESCs indepen-

dent of feeder cell lines, protocols for the generation of mDA neurons were improved over the last years

(Chambers et al., 2009). mDA neurons derived with these protocols showed survival in PD animal mod-

els of mouse, rat, and monkey (Kriks et al., 2011; Kirkeby et al., 2012). In addition, 6-OHDA-lesioned

mice and rats with grafted dopaminergic neurons showed improvements concerning akinesia without

teratoma formation (Kriks et al., 2011). Further analysis demonstrated that hESC-derived mDA neurons

showed the same efficiency in recovering motor functions comparable to human fVM tissue in a rat PD

model indicating a strong evidence for the clinical application of hESC-derived mDA neurons in PD pa-

tients (Grealish et al., 2014). However, clinical trails for hESC-derived mDA neurons still remain elusive.

Pre-clinical studies with hESCs showed promising results for the potential use of hESC-derived mDA

neurons for cell-based therapy in PD patients. Nevertheless, hESCs are derived from human blasto-

cysts, and thus may pose major ethical issues. For this reason an alternative source of pluripotent stem

cells was needed.

Human induced pluripotent stem cells The major step for cell-based therapy for PD came along

with the establishment of hiPSCs (Takahashi et al., 2007). Through the discovery that human pluripo-
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tent stem cells can be obtained from somatic cells, it was possible to generate an unlimited number of

pluripotent stem cells without ethical considerations. Protocols for the differentiation of hiPSCs to mDA

neurons are described and follow a comparable process like mDA neuron differentiation of hESCs

(Borgs et al., 2016; Hartfield et al., 2014; Swistowski et al., 2010; Doi et al., 2014; Hallett et al., 2015).

Beside an unlimited number of pluripotent cells, hiPSCs have another fundamental advantage. hiP-

SCs are directly derived from the patient, and thus facilitate autologous transplantation for personalized

medicine. Transplantation of fVM tissue was accompanied with the administration of immunosuppres-

sive drugs to prevent immune responses in the the host brain (Lindvall et al., 1994; Wenning et al., 1997;

Brundin et al., 2000; Olanow et al., 2003). In contrast, hiPSCs are suitable for autologous transplanta-

tion and potentially minimize the risk for immune responses in the host tissue. Studies of syngeneic,

allogeneic, and xenogeneic grafts in adult rats showed lower levels of MHC class I and II antigens and

infiltration of microglia, macrophages and lymphocytes, for syngeneic grafts compared to allogeneic and

xenogeneic grafts (Duan et al., 1995). Comparable studies of autologous and allogeneic transplantation

of iPSC-derived neural cells in non-human primates showed a similar result. Autologous transplantation

lead only to a marginal immune response in the brain, whereas allogeneic transplantation elicit immune

response by activation of microglia and infiltration of leukocytes (Morizane et al., 2013). Furthermore,

autologous transplantation was directly linked to a higher number of surviving dopaminergic neurons in

comparison to allogeneic grafts (Morizane et al., 2013), suggesting that autolougous transplantation is

a preferred method due to diminished risk of immune responses linked to a higher number of surviving

cells. In addition to the major advantages of the use of hiPSCs for cell-based therapy in PD patients,

pre-clinical studies pointed out promising and exciting results. Studies by Werning et al. showed that

iPSC-derived neurons functionally integrated into the fetal mouse brain and lead to improvement in be-

havioral studies in a rat PD model (Wernig et al., 2008). Furthermore, transplantation of dopaminergic

neurons derived from hiPSCs of PD patients in a 6-OHDA rat model of PD showed a positive result.

Transplanted dopaminergic neurons derived from patient-specific hiPSC survived, showed aborization,

and had a functional effect in a rat PD model. At the same time no tumor formation was detected

(Hargus et al., 2010). Beside promising results from pre-clinical studies in rodents, further studies in

non-human primates provided an evidence for the feasibility of this method (Emborg et al., 2013; Hallett

et al., 2015). A recent study highlights the most promising evidence for the clinical use of hiPSCs for

cell-based therapy in PD. Kikuchi et al. demonstrated the functionality of hiPSC-derived dopaminergic

neurons in a primate model of PD (Kikuchi et al., 2017). hiPSCs generated from healthy individuals and

patients with sporadic PD and dopaminergic neurons of both groups were transplanted into the puta-

men of MPTP treated primate model of PD (Macaca fascicularis). Transplanted dopaminergic neurons

formed neurites in the host striatum and monkeys showed improvement in the behavior compared to

the control group for both, dopaminergic neurons derived from healthy individuals and PD patients. Cell

survival was demonstrated for up to 24 month. No tumor formation, dyskinesia of formation of Lewy

bodies even in the grafts derived from PD patients was observed for this period of time (Kikuchi et al.,

2017). Taken together, the major advantages of hiPSCs compared to fetal VM tissue or hESCs together

with results from pre-clinical studies support the hypothesis that hiPSCs are the most promising source
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for mDA neurons for cell-based therapy in PD patients. In addition, hiPSCs facilitate a personalized

therapeutic approach for autologous transplantation of mDA neurons in PD patients.

However, before clinical application of this strategy, a complete understanding of the development of

human mDA neurons in vivo is essential and irreplaceable. For this reason, the molecular and cell-

biological cues and mechanisms of the development in vivo were intensively studied over the last years.

1.3 In vivo development of midbrain dopaminergic neurons

1.3.1 Formation of neural ectoderm

The generation of mDA neurons is initiated during early human development with the formation of neural

ectoderm during the blastocyst stage. Most of the information about neural induction in vivo is derived

from studies in mice due to ethical considerations for the analysis of human embryos. Figure 1.2 shows

a schematic presentation of early human development in vivo. The blastocyst consists of the inner cell

mass, which give rise to the three germ layers meso-, endo-, and ectoderm, and extraembryonic tissue,

the trophoblast. The trophoblast divides to generate the cytotrophoblast and the synctiotrophoblast.

The germ layers are formed by subdevision of the inner cell mass during gastrulation. Cells of the inner

cell mass rearrange, which results in the formation of the bilaminar disc, consisting of the epiblast and

primitive endoderm (hypoblast) (Carlson, 2014; Gilbert, 2014). Some cells of the primitive endoderm

get translocated to the anterior of the embryo and further evolve into the anterior visceral endoderm

(AVE), leading to the first anterior-posterior patterning of the embryo. Cells of the AVE secrete the

Nodal inhibitor left-right determination factor 1 (LEFTY1) and Cerberus 1 (CER1) resulting in the estab-

lishment of an anterior-posterior gradient of Nodal. By generation of the gradient, the AVE contribute

to the formation of neural ectoderm (Carlson, 2014). The role of the AVE during brain development

is discussed below. The remaining cells of the primitive endoderm spread to a layer of extraembry-

onic endoderm, the parietal endoderm, along the surface of the cytotrophoblast. After formation of the

parietal endoderm, the primary yolk sac is shaped. Cells of the epiblast split to give rise to the germ

layers of the embryo as well as extraembryonic tissue (amniotic ectoderm). Through primitive streak

formation generation of the germ layers during gastrulation is initiated. The primitive streak is formed

by condensation of cells derived from the epiblast in the posterior region of the embryo and extends

in linear direction. Cells of the epiblast undergo epithelial-mesenchymal transition and ingress through

the anterior primitive streak to form embryonic endo- and mesoderm. Migration of cells through the

primitive streak, leads to the formation of the primitive groove and the node, which is one of the major

posterior signaling centers in the developing embryo (Carlson, 2014; Gilbert, 2014). The specification

of meso- and endoderm is mediated by combined concentration-dependent gradients of Nodal and

bone morphogenetic protein (BMP) signaling, whereas at the same time neuro-ectoderm formation is

blocked by the two signaling molecules (Pauklin and Vallier, 2015). The most posterior cells, which

migrate through the primitive streak develop to extraembryonic mesoderm mediated by BMP4 signaling

(Arnold and Robertson, 2009). The remaining cells of the epiblast give rise to embryonic ectoderm.
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During early stages of the gastrula, a precursor of the node (gastrula organizer) already defines the

neural ectoderm by secretion of CER1, which inhibits BMP signaling (Carlson, 2014).

With the onset of gastrulation the neural identity of the induced ectoderm is defined through signaling

molecules derived from the anterior visceral endoderm, the node, and mesoderm-derived notochord.

The AVE secretes the signaling factors LEFTY1 and CER1, which inhibit Nodal (LEFTY1 and CER1)

as well as BMP (CER1) signaling (Piccolo et al., 1999; Carlson, 2014). Secretion of the factors leads

to the restriction of Nodal activity to the posterior embryo and inhibition of Nodal in the anterior part

resulting in the induction of neural tissue (Carlson, 2014). Beside this, the node is also involved in the

induction of neural tissue by secretion of Noggin and Chordin for inhibition of BMP signaling (Ander-

son et al., 2002). The induction of neural tissue is maintained by the notochord, which underlays the

induced neural ectoderm. Beside other functions, the notochord stimulates the development of neural

tissue from embryonic ectoderm and defines the identity of cells within the early nervous system, e.g.

the floor plate. Cells of the notochord secrete Noggin and Chordin, which induce neural differentiation

by inhibition of BMP signaling. The embyronic ectoderm give rise to surface ectoderm (e.g. epidermis),

neural crest (e.g. PNS) and the neural plate, from which the brain will arise (Carlson, 2014; Gilbert,

2014). Through the inhibition of BMP by Noggin and Chordin, neural fate is maintained since BMP

leads to the formation of surface ectoderm (Muñoz-Sanjuán and Brivanlou, 2002).

Blastocyst

Trophoblast

Cytotrophoblast

Synctiotrophoblast

Inner cell mass

Primitive endoderm
      (hypoblast)

Extraembryonic
    endoderm
     

Yolk sac
     

Epiblast

Amniotic ectoderm Embryonic epiblast

Primitive streak

Embryonic
mesoderm

Embryonic
endoderm

Embryonic
 ectoderm

Extraembryonic
   mesoderm
     

Figure 1.2: Early human development. Schematic presentation of early human development from the
blastocyst stage to the formation of the three germ layers during gastrulation; in gray = extraembryonic tissue;
colored = embryonic tissue.
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1.3.2 Generation of midbrain dopaminergic neurons

Induction of the floor plate

The generation of the mammalian nervous system is accomplished by neural tube formation during

the process of neurulation. The neural tube is undergoing morphological changes along the anterior-

posterior axis leading to the development of the pros-, mes-, and rhombencephalon (Carlson, 2014;

Gilbert, 2014). Furthermore, the neural tube is patterned along the dorsal-ventral axis. The ventral

notochord secretes Sonic hedgehog (SHH), whereas the dorsal part of the neural tube is exposed to

signaling molecules from the transforming growth factor beta (TGFβ ) family (BMP4, BMP7) emanated

from the overlying epidermis. Exposure to these factors leads to the induction of signaling centers

within the neural tube, the floor and roof plate. Through SHH exposure, cells in the most ventral part

of the neural tube develop to the floor plate. Cells of the floor plate also secret SHH, leading to a

gradient of the factor along the ventral-dorsal axis with highest concentration in the ventral floor plate

(Carlson, 2014; Gilbert, 2014). At the same time, the second signaling center is induced by BMP4

signaling of the epidermis, the roof plate leading to a second gradient of factors from the TGFβ family

(BMP4, 7, dorsalin, activin) along the dorsal-ventral axis within the neural tube (Carlson, 2014; Gilbert,

2014). The floor plate was considered as a part of the neural tube free of neurons or neural progenitor

cells (Kingsbury, 1920). However, it was shown that the midbrain part of the floor plate differs from

other regions of the remaining floor plate and that mDA neural progenitor cells arise from floor plate

radial glia-like cells (Bonilla et al., 2008; Ono et al., 2007). Induction of mDA neural progenitor cells is

accomplished through the action of different signaling centers and secreted factors (Prakash and Wurst,

2006a). The major part of information about induction and specification of mDA neurons is derived

from studies in rodents, due to ethical considerations for the analysis of human embryos. Because

of the phylogenetic relationship to humans and the possibility for genetic manipulations, most of the

information is derived from studies in mice (Iversen, 2010).

Induction of mDA neural progenitor cells

Position of the midbrain-hindbrain boundary mDA neurons arise through the activity of two impor-

tant signaling centers, the floor plate and the boundary between mid- and hindbrain (Midbrain-Hindbrain

boundary, MHB) (Prakash and Wurst, 2006b). The position of the MHB is relevant for the size and lo-

calization of mDA neural progenitor cells (Brodski et al., 2003). The MHB is established by divergent

expression domains of orthodenticle homeobox 2 (Otx2) and gastrulation brain homeobox 2 (Gbx2)

(Iversen, 2010; Prakash and Wurst, 2006a). Ectopic expression of Otx2 in mice in the rostral hindbrain

leads to an increase of mDA neurons accompanied by a reduction in seretonergic (rost-5-HT) neurons

and a caudal shift of the MHB position (Brodski et al., 2003; Prakash and Wurst, 2006a). In contrast,

deletion of Otx2 in the entire mouse midbrain causes reduction of mDA neurons and ectopic develop-

ment of seretonergic neurons in the ventral midbrain (Puelles et al., 2004). In addition, Otx2 is required

for proliferation and differentiation of mDA neural progenitor cells (Omodei et al., 2008).
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WNT1 Wnt family member 1 (WNT1) is an essential factor for generation of mDA neural progenitor

cells (Iversen, 2010; Prakash and Wurst, 2006b). Ectopic expression of Wnt1 in the anterior rostral

midbrain and posterior rostral hindbrain in mice revealed that Wnt1 modulates proliferation of neural

progenitor cells in the developing mid- and hindbrain (Panhuysen et al., 2004). Furthermore, ectopically

expressed Wnt1 in the same region leads to ectopic Otx2 expression and ectopic generation of mDA

neurons in the rostral hindbrain (Prakash et al., 2006; Iversen, 2010).

SHH During mammalian development, SHH is secreted by the notochord and one of the two important

signaling centers, the floor plate (Prakash and Wurst, 2006a; Carlson, 2014). Grafting experiments of

floor plate explants or underlying notochord tissue with dorsal neural tube tissue showed induction of

ventral cell types on the dorsal explants (Yamada et al., 1991, 1993). In vitro studies identified that

SHH is responsible for this effect. SHH is sufficient to induce dopaminergic neurons in vitro, and

thus is one of the key signaling molecules, specifying mDA neural identity of the neural tube (Wang

et al., 1995; Hynes et al., 1995). Further studies in rats investigated that Shh is responsible for the

induction of dopaminergic neurons along the dorso-ventral axis, but patterning in anterior-posterior

direction depends on another factor, fibroblast growth factor 8 (FGF8) (Ye et al., 1998).

FGF8 FGF8, secreted by the isthmic organizer, together with SHH is essential for induction of

dopaminergic neurons in the neural tube (Ye et al., 1998; Andersson et al., 2006b) Studies by Ye

et al. with rat explants investigated that FGF8 is important for mDA neuron generation. Blocking of

FGF8 activity in ventral midbrain explants resulted in the inhibition of mDA neuron generation, whereas

administration of FGF8 to ventral forebrain explants leads to ectopic mDA neuron generation (Ye et al.,

1998).

Specification and differentiation of mDA progenitor cells to mature mDA neurons

FOXA2 Forkhead box A2 (FOXA2) is required during multiple stages of mDA neuron development.

Expression of FOXA2 is induced by SHH derived from the midbrain floor plate (Iversen, 2010). Condi-

tional knock out studies in mice revealed that Foxa2 together with Foxa1 regulate mDA neurogenesis

(Ferri et al., 2007). In addition, studies in mice showed that Foxa1/2 positively regulate LIM home-

obox transcription factor 1 alpha and beta (Lmx1a, Lmx1b) expression and inhibit expression of NK2

homeobox 2 (Nkx2.2) and helt bHLH transcription factor (Helt) at the same time, resulting in the repres-

sion of GABAergic neuron differentiation in the ventral midbrain (Lin et al., 2009). In addition, Foxa1/2

are required for nuclear receptor subfamily 4, group A, member 2 (Nr4a2) and engrailed-1 (En1) ex-

pression during specification of immature mDA neurons as well as tyrosin hydroxylase (Th) and AADC

expression during mDA neuron maturation in mice (Ferri et al., 2007).

LMX1A LMX1A is expressed in mDA progenitor cells and involved in specification of mDA neurons

(Iversen, 2010). Studies in chick embryos revealed that LMX1A expression is induced by SHH and that
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LMX1A is sufficient to induce mDA neuron generation in vivo (Andersson et al., 2006b). In addition,

LMX1A is involved in mDA neurogenesis by induction of msh homeobox 1 (Msx1) and neurogenin 2

(Ngn2) expression (Andersson et al., 2006a). Together with LMX1B the factor is involved in cell cycle

exit, and thus determine proliferation, specification, and differentiation of mDA progenitor cells. Beside

this, LMX1A specifies postmitotic mDA neuron identity (Yan et al., 2011). In vitro studies in hESCs

indicated that LMX1A is required for the coordinated expression of other mDA specific genes (Cai et al.,

2009).

NR4A2 NR4A2 is expressed in postmitotic and mature mDA neurons (Iversen, 2010). Knock out

studies in mice indicated that Nr4a2 is essential for survival and terminal differentiation of mDA progen-

itor cells, but not during the induction process (Saucedo-Cardenas et al., 1998; Castillo et al., 1998).

Beside this, in vitro studies investigated that Nr4a2 is involved in Th expression by directly activating

the Th promoter (Iwawaki et al., 2000). Furthermore, NR4A2 was directly linked to PD (Le et al., 2008).

PITX3 Paired like homeodomain 3 (PITX3) is required for terminal differentiation and maturation of

midbrain dopaminergic neurons, but is not involved in the induction and survival of mDA progenitor

cells (Prakash and Wurst, 2006a). Analysis of mouse Pitx3 null mutants revealed that Pitx3 is especially

required for differentiation of a subpopulation of midbrain dopaminergic neurons, the SNpc (Prakash

and Wurst, 2006a; Maxwell et al., 2005). In addition, promoter analysis showed that Pitx3 can activate

mouse Th expression by binding to the Th promoter, and thus is directly involved during mDA neuron

development (Cazorla et al., 2000; Lebel et al., 2001).

EN1/2 EN1 and EN2 are required for the survival and maintenance of mDA neurons, but are not

implicated in the induction or specification of mDA neuronal fate (Prakash and Wurst, 2006a; Albéri

et al., 2004). Analysis of mouse single and double mutants of En1 and En2 indicated that both factors

are required for correct final differentiation of mDA neurons and are not necessary for their specification

(Simon et al., 2001; Albéri et al., 2004). Both En1 and En2 together regulate survival of mDA neurons

and can also act compensatory for each other. In addition, EN1 and EN2 are suggested to regulate

SNCA expression, a gene involved in the development of PD (Simon et al., 2001).

Markers of mature mDA neurons Expression of enzymes, transporters and receptors which are

involved in the synthesis, storage, release and re-uptake of the neurotransmitter dopamine is a key

feature of mature dopaminergic neurons (Prakash and Wurst, 2006a). Mature mDA neurons show

expression of TH, the rate limiting enzyme during dopamine synthesis (Andersson et al., 2006b). Fur-

thermore, the enzyme AACD as well as expression of the dopamine receptors DA receptor 1 and 2 and

the dopamine transporter solute carrier family 6 member 3 (DAT/SLC6A3) are required for mature mDA

neuronal fate (Prakash and Wurst, 2006a).
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Neuro-ectodermal and neuronal markers during mDA neuron development During mDA neu-

ronal development specific factors are expressed, which define the different stages during neuronal

development. During mammalian neural development one of the first marker, which defines the neuro-

ectodermal stage, is paired box 6 (PAX6) (Zhang et al., 2010). Important markers for neural progenitor

cells are SRY-box 2 (SOX2) and Nestin (NES) (Graham et al., 2003; Zhang and Cui, 2014; Suzuki

et al., 2010). Further maturated neurons are characterized by the early neuronal marker tubulin beta 3

class III (TUBB3) and microtubule-associated protein 2 (MAP2), a marker for mature neurons, which is

present in dendrites (Ambasudhan et al., 2011).

1.4 In vitro differentiation of human pluripotent stem cells towards mid-

brain dopaminergic neurons

Differentiation protocols for the generation of mDA neurons from hESCs or hiPSCs in vitro mimic the

developmental processes in vivo (Chap. 1.3). Through time- and concentration-dependent administra-

tion of growth factors and small molecules, generation of neural ectoderm and further differentiation to

mDA neurons is accomplished.

Generation of neural ectoderm from human pluripotent stem cells (hPSCs) is mediated by the inhi-

bition of gradients involved in self renewal and proliferation of hPSCs as well as signaling pathways

necessary for the formation of trophoblast, mesoderm, endoderm, and non-neural ectoderm. hPSCs

have the capability to maintain their undifferentiated state by self-renewal, which is regulated through

TGFβ , Activin/Nodal and fibroblast growth factor 2 (FGF2) signaling (James et al., 2005; Watabe and

Miyazono, 2009; Pauklin and Vallier, 2015). Signaling of Activin/Nodal and TGFβ leads to activation

of SMAD proteins, SMAD2 and SMAD3, which maintain expression of specific pluripotency factors like

NANOG or POU domain, class 5, transcription factor 1 (OCT4) (Fig. 1.3) (Pauklin and Vallier, 2015).

During mammalian development in vivo, inhibition of Activin/Nodal is obtained by LEFTY 1 and 2 as

well as CER1 and follistatin (FST) (Fig. 1.3) (Feijen et al., 1994; Carlson, 2014; Pauklin and Vallier,

2015) In contrast, inhibition of Activin/Nodal and TGFβ signaling in vitro is carried out through adminis-

tration of the small molecule SB431542 (Chambers et al., 2009). In addition, inhibition of differentiation

towards trophoectoderm, meso- and endoderm as well as non-neural ectoderm (epidermis) is required.

Beside Nodal, BMP signaling is essential for the formation of these tissues (Chap. 1.3.1) (Pauklin and

Vallier, 2015; Xu et al., 2002). Downstream effectors of the BMP signaling are SMAD 1, SMAD5, and

SMAD8 proteins (Fig. 1.3). Inhibition of this signaling pathway in vitro is conducted by administration

of Noggin or the small molecules LDN193189 or Dorsomorphine (Pauklin and Vallier, 2015; Chambers

et al., 2009; Zhou et al., 2010). In conclusion, formation of neural ectoderm in vitro results from inhibi-

tion of TGFβ /Activin/Nodal and BMP signaling. As the downstream effectors of both of these signaling

pathways comprise SMAD proteins, neural conversion of hPSCs according to this protocol is named

dual SMAD inhibition (Chambers et al., 2009).

Different protocols for the in vitro differentiation of hESCs or hiPSCs towards mDA neurons are available
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and were optimized over the last years. A schematic presentation for a general in vitro differentiation

protocol of hPSCs towards mDA neurons is shown in figure 1.4. hPSCs are either differentiated in

a co-culture-based system on mouse feeder cell lines or under feeder-free conditions on ECM-based

hydrogels.

State-of-the-art protocols for the differentiation of hESCs towards mDA neurons all bases on dual SMAD

inhibition for neural induction of hESCs (Chambers et al., 2009). Patterning towards mDA neural identity

is carried out by the addition of SHH or purmorphamine, FGF8 or the small molecule CHIR99021, for

inhibition of GSK3β and activation of the WNT pathway (Kriks et al., 2011; Kirkeby et al., 2012, 2017;

Nolbrant et al., 2017). Induction of mDA neuron differentiation of hiPSCs follows a comparable pro-

tocol like differentiation protocols for generation of hESC-derived mDA neurons. Neural conversion of

hiPSCs is performed by dual SMAD inhibition and patterning towards mDA neural fate is conducted by

administration of SHH and FGF8 (Swistowski et al., 2010; Hartfield et al., 2014; Borgs et al., 2016) as

well as purmorphamine (Sundberg et al., 2013; Doi et al., 2014) and recombinant WNT1 or CHIR99021

(Sundberg et al., 2013; Doi et al., 2014; Hallett et al., 2015).

Maturation and survival of induced mDA neural progenitor cells (NPCs) derived from either hESCs

or hiPSCs is carried out by administration of different growth and survival factors (Kriks et al., 2011;

Kirkeby et al., 2012, 2017; Nolbrant et al., 2017). An important factor promoting survival of mDA neu-

rons is the brain-derived neurotrophic factor (BDNF) (Hyman et al., 1991). Beside BDNF, glia-derived

neurotrophic factor (GDNF) is known to enhances mDA neuron survival (Lin et al., 1993). In addition,

transforming growth factor, beta 3 (TGFβ3), ascorbic acid (AA), N6,2’-O-Dibutyryladenosine 3’,5’-cyclic

monophosphate (dbcAMP) and DAPT are important factors during mDA neuron maturation. Knock

out studies in mice revealed that TGFβ3 is essential for the differentiation of dopaminergic neurons

(Roussa et al., 2006). Beside this, in vitro studies showed that AA promotes dopaminergic neuron dif-

ferentiation (He et al., 2015). In addition, dbcAMP as well as DAPT were shown to promote the survival

of differentiating dopaminergic neurons (Kirkeby et al., 2012).

The developmental status of the differentiated hPSCs is characterized by the analysis for the expres-

sion of markers important during mDA neuron development in vivo (Chap. 1.3.2 and Fig. 1.4). Neural

ectoderm formation is identified by co-expression of the neuro-ectodermal and neural progenitor mark-

ers PAX6, SOX2 and NES (Zhang et al., 2010; Graham et al., 2003; Zhang and Cui, 2014; Suzuki et al.,

2010). For determination of patterning towards midbrain identity, expression of LMX1A and FOXA2 can

be analyzed (Kriks et al., 2011). Maturation of mDA neurons is defined by co-expression of neuronal

markers TUBB3, MAP2, and markers present in mDA neurons TH, LMX1A, NR4A2, EN1 as well as

PITX3 (Kriks et al., 2011).

All differentiation protocols focus on the time- and concentration-dependent administration of growth

factors and small molecules. However, one important factor is not considered, the extracellular matrix

(ECM). The ECM presents anchorage and adhesion sites for cellular migration and is also involved in

cell differentiation by shaping gradients of growth factors and morphogens (Hynes, 2009; Rozario and

DeSimone, 2010).
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Schematic presentation of components of the Activin/Nodal/TGFβ and BMP signaling pathways reproduced from
Pauklin and Vallier (2015). Downstream effectors of Activin/Nodal/TGFβ signaling are SMAD2/SMAD3, whereas
BMP and GDF signaling results in the activation of SMAD1/SMAD5/SMAD8 proteins. Reproduced with permis-
sion, Pauklin and Vallier (2015), Development, doi:10.1242/dev.091769

1.5 The extracellular matrix during central nervous system develop-

ment

Cells in the central nervous system are surrounded by a extracellular matrix, a cell-free network, which

is produced intracellulary and secreted in the interspace of a cellular complex (Gilbert, 2014; Rozario

and DeSimone, 2010). The extracellular matrix is found in metazoa encompassing all tissues and

presenting structural support to facilitate multi-layered cell complexes (Hynes, 2002, 2009; Hynes and

Naba, 2012). The mammalian ECM counts approximately 300 proteins, which are defined as the core

matrisome comprising collagens, glycoproteins and proteoglycans. Furthermore, various matrisome-

associated factors like soluble growth factors, ECM regulators, and enzymes contribute to the ECM

(Naba et al., 2012a,b; Hynes and Naba, 2012). Beside its role as a physical scaffold for providing
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Figure 1.4: General protocol for mDA neuron differentiation of hPSCs. Schematic presentation of
a common differentiation protocol for in vitro differentiation of hPSCs towards mDA neurons. Neural ectoderm
formation of human PSCs is carried out by dual SMAD inhibition through LDN193189 (LDN) and SB431542
(SB). Patterning towards mDA neural progenitor cells (mDA NPCs) is observed by the addition of SHH and
FGF8, whereas maturation is carried out by combined treatment with BDNF, GDNF, AA, TGFβ3, DAPT and
dbcAMP. The developmental status of the differentiated cells is analyzed by expression of markers specific for
the developmental stage. Markers for developmental stages of differentiated cells are shown in brackets.

structural support, the ECM is a key regulator for cell differentiation, proliferation, survival, and morpho-

genesis by presenting growth factors for cell fate specification as well as cell adhesion and anchorage

sites for cellular migration during CNS development (Jones and Wagers, 2008; Rozario and DeSi-

mone, 2010). Through the binding of growth factors, the ECM regulates and maintain the distribution,

activation, and spatiotemporal availability of the soluble factors (Hynes, 2009). In addition, the ECM is

arranged in a compact structure around epithelial and endothelial cells, forming the basement mem-

brane, which is composed of the core matrisome proteins laminins, type IV collagen, nidogen, perlecan,

and type XV/XVIII collagen (Hynes, 2009; Lau et al., 2013). Already during early mammalian devel-

opment the basement membrane is a key regulator during gastrulation and the formation of the three

germ layers (Li et al., 2002, 2003; Miner et al., 1998).

1.5.1 Major components of the ECM

Components of the ECM are dynamically regulated during the development of the CNS. Figure 1.5 illus-

trates the major components of the core matrisome of the ECM. Major components are glycoproteins

(laminin, fibronectin), collagens, and proteoglycans forming a cell-free network surrounding the cells

(Hynes and Naba, 2012; Lau et al., 2013; Gilbert, 2014; Rozario and DeSimone, 2010).

Glycoproteins

Laminin Laminins (LN) comprise a group of glycoproteins composed of one α (LAMA), β (LAMB),

and γ (LAMC) chain forming heterotrimers (Miner et al., 1998). Eleven heterotrimers are described for

this self-assembling glycoproteins, which are named according to their chain composition, e.g. LN-111
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Figure 1.5: Components of the ECM. Schematic presentation of the extracellular matrix with its major
components laminin, fibronectin, collagens and proteoglycans.

is assembled of α1, β1, and γ1 chains. Laminins are the major component of the basement membrane.

By self-assembling, laminins form a mesh-like network, incorporating other ECM proteins (Miner et al.,

1998; Lau et al., 2013). The importance of laminin for basement membrane assembly was determined

by knock out studies in mice. Mice lacking the LamC1 gene fail to form a basement membrane and die

early during embryogenesis (Smyth et al., 1999).

Fibronectin Fibronectin (FN) is a multidomain protein, which can assemble in FN fibrills contributing

to fibrillar matrices. It is able to bind and interact with cell surface receptors (integrins), collagens, and

glycoproteins (syndecans, tenascin, fibrillin) (Schwarzbauer and DeSimone, 2011; Lau et al., 2013).

FN is important for cell adhesion, migration, and differentiation (Schwarzbauer and DeSimone, 2011).

In addition, FN binds to many growth factors, e.g hepatocyte growth factor (HGF) (Hynes and Naba,

2012).

Other glycoproteins Other glycoproteins comprise the family of fibrillins, fibulins, latent TGFβ -

binding proteins, thrombospondins, and tenascins.

In humans, the family of fibrillins comprises three members, fibrillin 1, 2 and 3 (FBN1-FBN3). They

function as a key component of microfibrils and also modulate major signaling pathways by regulat-

ing the distribution and spatiotemporal availability of growth factors of the TGFβ and BMP superfamily

(Kaur and Reinhardt, 2015). Fibulins consist of 8 family members (FBLN1-8) and mostly act as sta-

bilizing components by interaction with multiple other ECM components including FN, aggrecan and

type XV/XVIII collagen (Kaur and Reinhardt, 2015). The family of latent TGFβ binding proteins (LTBPs)

comprise four different isoforms (LTBP1-4), which regulate the bioavailability of TGFβ . LTBP binds to

latent TGFβ facilitating its secretion and integration into the ECM. Only LTBP1 and LTBP3 are able to
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bind to TGFβ . Through the interaction with other glycoproteins of the fibrillin family, the complex gets

incorporated into the ECM (Horiguchi et al., 2012). The family of thrombospondins (THBS) comprises

five calcium-binding glycoproteins, which interact with growth factors and other ECM proteins. During

mammalian embryogenesis, THBS1, 2, and 3 are mostly found in the the developing CNS. THBS in-

teract with integrins (α5β3) and growth factors including TGFβ (Adams and Lawler, 2011). The family

of tenascins comprise 4 members, tenascin-X, -W, -R, and -C, whereas tenascin-R and tenascin-C are

expressed in the central nervous system (Chiquet-Ehrismann and Tucker, 2011). Tensacin-C (TNC) is

found in the developing central nervous system and in the adult brain in areas of active neurogenesis.

TNC acts through direct interaction with cell surface receptors (e.g. integrins) or through modulation

and interaction with other ECM molecules like FN (Šekeljić and Andjus, 2012).

Collagens

The family of collagens comprises fibrillar and non-fibrillar forms, which have different physical prop-

erties, structures, and functions (Hubert et al., 2009; Rozario and DeSimone, 2010). The family of

collagens comprises 28 proteins, composed of triple α helices. For one collagen type one or several

α chain encoding gene exist, e.g. COL1A1 and COL1A2 for type I collagen. Thus, collagens can

be assembled as homo- or heterotrimers resulting in a number of isoforms (Hubert et al., 2009). By

arranging the basement membrane, collagen IV is already involved during early mammalian develop-

ment. Beside this, collagens have major structural roles by determining the stiffness of the matrix, which

directly influences and defines the differentiation process of a cell (Engler et al., 2006). Furthermore,

collagens also show protein binding domains, which allow them to interact with other ECM proteins e.g.

FN (Hynes and Naba, 2012; Schwarzbauer and DeSimone, 2011).

Proteoglycans

Proteoglycans consist of a core protein with covalently bound glycosaminoglycan (GAG) chains. There

are three different families of proteoglycans found in the CNS, which are either secreted proteins within

the ECM (e.g. agrin, versican), attached to the cell membrane by a GPI anchor (glypicans) or incor-

porated in the cell membrane via a transmembrane domain (syndecans) (Bandtlow and Zimmermann,

2000; Sarrazin et al., 2011). Differences in the core protein and variable numbers and variations in the

disaccharide units (GAG chains), specify the type of proteoglycan (Lau et al., 2013). Proteoglycans are

able to bind to multiple ligands, ECM components, and enzymes. The GAG chains of proteoglycans

are long unbranched oligosaccharides, composed of repeating disaccharide units. The most abun-

dant GAG chains in the CNS are heparan sulfate (agrin, glypicans, syndecans) or chondroitin sulfate

(versican) side chains (Bandtlow and Zimmermann, 2000). In mammals, the family of glypicans and

syndecans comprises 6 (GPC1-GPC6) and 4 (SDC1-SDC4) members, respectively. The GAG chains

of each proteoglycan have electrostatic properties, facilitating to sequester water and cations as well as

interactions with other molecules (Rozario and DeSimone, 2010; Hynes and Naba, 2012). In addition,

heparan sulfate proteoclycans (HSPGs) are also involved in the modulation of FGF, WNT, TGFβ , and
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HH signaling pathway. By stabilization of ligand-receptor interaction, they can act as co-receptors and

positively or negatively regulate major signaling pathways (Bandtlow and Zimmermann, 2000; Hynes

and Naba, 2012).

Cellular receptors for core matrisome proteins

Intracellular signal transduction of ECM molecules is facilitated by transmembrane receptors. One

important family of ECM receptors is the family of integrins, comprising 24 heterodimers, which are

composed of α and β subunits (Hynes and Naba, 2012). 8 α and 18 β subunits form 24 integrins with

differing affinity to fibronectin, laminins, and collagens (Hynes, 2002). Integrins provide a link between

the extracellular space and the intracellular compartment and facilitate the attachment and signaling

of the ECM within the cell (Lallier and DeSimone, 2000; Rozario and DeSimone, 2010). Important

integrin subunits during central nervous system development comprise the α3, α6, and αv subunits

(Hynes, 2002). Another important receptor is dystroglycan, which binds laminin, agrin, and perlecan

(Hynes and Naba, 2012). The transmembrane receptors provide a link from the extracellular space to

the cytoskeleton, and thus activate signaling transduction pathways (Rozario and DeSimone, 2010).

1.5.2 The role of the ECM during neural induction and neuronal development

Ectoderm formation and neural induction

Insights into the role of the ECM during early human development and ectoderm formation are derived

from experiments with embryoid bodies (EBs). In vitro studies of EB cultures with mouse embryonic

stem cells (mESCs) showed that cells of the EBs start to form primitive endoderm (hypoblast) ac-

cording to the blastocyst stage. Primitive endodermal cells secrete LM-111 and LM-511, which self

assemble and incorporate other ECM components like type IV collagen, nidogen and perlecan to form

the basement membrane. After basement membrane assembly, specific markers for mesoderm, defini-

tive endoderm and ectoderm are detectable, suggesting that the three germ layers were formed. Loss

of γ1 or β1-integrin leads to apoptosis in EBs. However, the loss of the two molecules can be compen-

sated by the addition of LM-111 (Li et al., 2002, 2003). The role of laminins in basement membrane

assembly was also shown in vivo. Mice lacking the LamC1 gene coding for the γ1 laminin chain fail

to form a basement membrane and die early during embryogenesis (Smyth et al., 1999). Thus, the

laminin chains are essential for basement membrane assembly during early mammalian development.

In addition, laminins also seem to have an essential role during neural induction. Studies in mice re-

vealed that the laminin chains α1 and α5 are expressed in neuro-ectodermal tissue during neurulation

(Miner et al., 1998). The α5 chain is expressed beneath the neural folds and especially in the area

of the ventral midline and floor plate during neurulation, whereas the α1 subunit is expressed across

the neural tube. Mice lacking the α5 chain die during embryogenesis and show severe brain defects

(exencephaly) by failure in closing the anterior neural tube, suggesting that this laminin subunit has an

essential role during brain development (Miner et al., 1998). In addition, integrins were also shown to
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have an important role during neurulation. Knock out of the α3 and α6 subunits in mice resulted in

alterations of the basement membrane beneath the ectoderm as well as failure in neural tube closure

(de Arcangelis et al., 1999). FN was also thought to have an essential role during mammalian neural

induction, since studies in Xenopus laevis showed that FN fibrills surround the dorsal surface of the

neural tube during neurulation (Davidson et al., 2004). However, studies in mice revealed that the ma-

jor role of FN during early mammalian development is the support for mesoderm formation, as embryos

deficient for FN fail to develop the mesoderm-derived notochord (George et al., 1993). Nevertheless,

FN is involved in later stages during neuronal development, which will be described below.

Neuronal development

During neuronal development, the ECM is a key regulator involved in multiple processes including pro-

liferation, differentiation, migration, synaptogenesis, neurite outgrowth and survival of the generated

NPCs and neurons.

Beside neural induction, laminins are also involved during neuronal development. In vitro studies with

hESC-derived neurons showed that especially laminins containing the α5 chain support and promote

survival and formation of electrophysiological active neuronal networks (Hyysalo et al., 2017), suggest-

ing that this subunit plays an essential role in promoting the viability of neurons.

Although FN is mostly involved in neural crest cell migration, it is also involved during neuronal develop-

ment of the nervous system by promoting neurite outgrowth of central and peripheral neurons (Sanes,

1989; Haugen et al., 1992; Tonge et al., 2012).

Another group of ECM-glycoproteins important during CNS development are the tenascins. Knock out

studies of TNC demonstrated, that mice had aberrant numbers of neurons and glia cells and altered

electrophysiological properties suggesting an essential role of this protein during brain development

(Irintchev et al., 2005; Gurevicius et al., 2009). In addition, TNC promotes NPC proliferation through

αvβ3 integrin signaling as well as neurite outgrowth and regulates cellular migration (Garcion et al.,

2001, 2004). Beside TNC, tenascin-R expression is limited to the central nervous system suggesting a

role of the glycoprotein in the CNS (Chiquet-Ehrismann and Tucker, 2011).

In addition, thrombospondins are essential ECM components during CNS development. Knock out

studies in mice revealed that synapse formation in the developing brain of Thbs1−/− and Thbs2−/−

mice is decreased in comparison to wild type mice, indicating that thrombospondins promote synapto-

genesis (Christopherson et al., 2005). In addition, THBS1 and THBS4 were shown to support neurite

outgrowth (O’Shea et al., 1991; Arber and Caroni, 1995; Adams and Lawler, 2011).

Beside glycoproteins, collagens contribute to the development of the CNS. In vitro studies showed that

collagen IV is involved in neurogenesis by promoting neural differentiation (Ali et al., 1998). In addition,

members of the collagen family determine the stiffness of a matrix, and thus are involved in differen-

tiation processes. Fibrillar collagens (e.g type I collagen), which contribute to a stiff matrix are mostly

found in skin, bone, and tendons, whereas soft matrices have a neurogenic effect (Engler et al., 2006;

Mouw et al., 2014).
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Another group of ECM-proteins important during CNS development are proteoglycans. The HSPG

agrin is expressed on dendrites of neurons and multiple in vitro studies strongly support a role of AGRN

in promoting synaptogenesis during brain development (Cohen et al., 1997; Ferreira, 1999; Bose et al.,

2000). Furthermore, proteoglycans are differently and dynamically expressed during the development

of the CNS contributing to the modulation of major signaling pathways important during CNS devel-

opment. HSPGs bind multiple proteins including NCAM, slit proteins, and midkine (MDK), which are

involved in the development of the CNS. Beside HSPGs, chondroitin sulphate proteoglycans (CSPGs)

interact with proteins of the core matrisome e.g. NCAM and tenascin (Bandtlow and Zimmermann,

2000).

Last, link proteins like hyaluronan and proteoglycan link protein 1 (HAPLN1) are also involved during

neuronal development. HAPLN1 is one of the major components of the perineural net (PNN), which

surrounds neurons during development (Zimmermann and Dours-Zimmermann, 2008; Eskici et al.,

2018).The PNN acts neuroprotective and also plays a role during synaptogenesis (Hockfield et al.,

1990; McRae and Porter, 2012). HAPLN1 is required for proper generation of the PNN, and thus

important during neuronal development (Eskici et al., 2018).

Interaction of core matrisome proteins with signaling pathways important during mDA neuron

development

The ECM regulates the availability of growth factors and morphogenes. By direct binding of ECM

components and growth factors, the ECM establishes growth factor gradients and acts as a reservoir

regulating the spatiotemporal distribution. Binding of growth factors with ECM components can result

in limitation of the factor by inhibition of factor-receptor interaction or diffusion of the growth factor. One

the other hand, ECM components can promote growth factor signaling by stabilization of the ligand-

receptor complex (Bandtlow and Zimmermann, 2000; Rozario and DeSimone, 2010). As discussed in

the previous sections, important signaling pathways for induction and development of mDA neurons

from hPSCs are the TGFβ , SHH, and FGF8 pathways amongst others (Chap. 1.3, chap. 1.4). Numer-

ous ECM proteins are involved and contribute to the bioavailability of the signaling molecules from each

pathway.

TGFβ signaling The ECM is involved in the bioavailability of TGFβ , a factor important for self re-

newal of hPSCs (Chap. 1.4). After synthesis, TGFβ remains in a complex with the latency-associated

peptide (LAP), which itself binds to LTBPs forming the large latent complex. LTBPs have binding sites

for diverse ECM molecules (fibrillin, vitronectin, fibronectin) facilitating the attachment of the complex to

the ECM in an inactive form. Because of the binding of TGFβ in the complex, the factor is inaccessible

for its receptor (Rozario and DeSimone, 2010; Hynes, 2009). Activation of TGFβ can be observed by

degradation of LTBPs or attached ECM proteins, which incorporate the complex in the ECM (Hynes,

2009). Beside this, TGFβ can be activated through the action of thrombospondin or integrin receptors
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(Hynes, 2009). Thrombospondin binding leads to the dissociation of LAP and activation of metallopro-

teases. Furthermore, αvβ8 integrin and αvβ6 facilitate activation of TGFβ (Hynes, 2009).

HH and FGF signaling Important factors during mDA neuron development are SHH and FGF8, which

can be modulated by HSPGS. HSPGs can either promote or inhibit the signaling of the growth factors.

One member of the glypican family, GPC3, negatively regulates Shh signaling. GPC3 competes with

the Shh receptor Patched and binding of Shh to GPC3 induces endocytosis and degradation of Shh

(Capurro et al., 2008; Filmus and Capurro, 2014). In contrast, HSPGs can also promote growth fac-

tor signaling. By protecting the soluble factor from proteolysis, and thus stabilizing the interaction of

the ligand-receptor complex, HSPGs (glypicans, syndecans) are major modulators of FGF signaling

pathways (Bandtlow and Zimmermann, 2000).

1.6 Feeder cell lines and ECM-based hydrogels for in vitro differentia-

tion of hPSCs towards midbrain dopaminergic neurons - state of the

art

The ECM not only functions as a physical scaffold facilitating the attachment of hPSCs during the

differentiation process, but has an essential role during neural induction and development of mDA

neurons. However, state-of-the-art protocols for the derivation of mDA neurons in vitro attach little

importance to this essential factor. Differentiation protocols for neural induction and mDA neuronal

development of hPSCs base on the co-culture of hPSCs with mouse stromal feeder cell lines or the use

of single glycoproteins and ECM-based hydrogels, derived from mouse sarcoma.

1.6.1 Co-culture-based differentiation

In vitro differentiation studies of mESCs revealed that the stromal cell lines PA6 and MS5 derived from

the mouse bone marrow are able to induce neural differentiation of mESCs via an unknown stromal-

derived inducing activity (Kawasaki et al., 2000; Kim et al., 2002; Barberi et al., 2003; Brederlau et al.,

2006). Following studies of the mouse stromal cell lines with hESCs showed the same effect. hESCs

co-cultured with either mouse PA6 or MS5 cells supported mDA neuron differentiation (Perrier et al.,

2004; Zeng et al., 2004; Park et al., 2005; Sonntag et al., 2007; Correia et al., 2008). However, the

stromal cells are derived from the mouse, and thus do not fulfill the requirements for clinical trials of

cell-based therapies in PD patients. For this reason, alternative methods were required. State-of-the-

art protocols bases on the use of ECM-based hydrogels or single proteins for feeder-free differentiation

(Kriks et al., 2011; Kirkeby et al., 2017; Nolbrant et al., 2017).
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1.6.2 Feeder-free differentiation

Solubilized ECM-based hydrogels (Matrigel™, Geltrex™) show a composition found in the basement

membrane, consisting of major laminins, collagen IV, heparan sulfate proteoglycans (perlecan), nido-

gen, and growth factors (Kibbey, 1994; Hayashi and Furue, 2016). The matrices are derived from

the Engelbreth-Holm-Swarm mouse sarcoma and were developed for maintenance of hPSCs (Kibbey,

1994; Hayashi and Furue, 2016). Although the matrices provide physical support by presenting an-

chorage and migration sides for the differentiating cells, ECM-based hydrogels are more suitable for

maintenance of hPSCs and not for differentiation purpose (Hayashi and Furue, 2016). ECM-based

hydrogels are used during the neural induction step, followed by further differentiation on synthetic ma-

trices or single gylcoproteins derived from rodents (Poly-L-ornithine, mouse LN, rat FN) (Kriks et al.,

2011). However, especially during neuronal development, the ECM is a major regulator during multiple

processes and the use of single proteins does not represent the in vivo situation (Chap. 1.5.2). In

addition, ECM-based hydrogels are not xeno-free as they are derived from the mouse sarcoma, and

thus not suitable for cell-based therapy in PD patients (Hayashi and Furue, 2016). Furthermore, the

exact matrix composition of these hydrogels is not clearly defined, which could result in variabilities

of the differentiation process (Hayashi and Furue, 2016). Recent studies suggest the use of human

recombinant laminins for neural induction and further differentiation of hPSCs towards mDA neurons

under GMP conditions (Kirkeby et al., 2017; Nolbrant et al., 2017). However, these matrices only con-

sist of one single glycoprotein and poorly represent the complex matrix composition of the ECM during

neural induction and mDA neuron development in vivo. Thus, a human matrix mimicking the complex

environment of the native ECM during neural induction and mDA neuron development remains elusive.

1.7 Aim of the thesis

The ECM plays an essential role during neural induction and neuronal development of mDA neurons

in vivo. However, complex human matrices mimicking the native ECM during these processes are not

available. For cell-based therapy, the differentiation process of hiPSCs towards mDA neurons in vitro

should represent the in vivo situation as closely as possible. Thus, the development of a complex hu-

man matrix for the in vitro generation of mDA neurons is essential. The overall aim of this thesis was

the development of a matrix, which mimics the complex native ECM during neural induction and mDA

neuron development, and thus supports the in vitro differentiation process of hiPSCs. Furthermore, the

matrix should be derived from human origin in order to be suitable for the generation of mDA neurons

for cell-based therapy in PD patients. The aim of the thesis is illustrated in a working model in figure

1.6. To develop a matrix with these requirements, the following objectives were conducted:

1. Cells from human origin should be tested and analyzed for their ability to promote neural induc-

tion and mDA neuron differentiation of hiPSCs. To identify cells, which promote these processes, a

stem-cell-based model system should be established to mimic early human development in vitro. Dur-
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ing early human development, cells of the three germ layers meso-, endo-, and ectoderm interact with

each other and the interplay between the germ layers is essential for the process of neural induction and

further development. To mimic the interaction of the germ layers during early neural induction in vitro,

hiPSCs should be co-cultured with human cells derived from the three germ layers meso-, endo-, and

ectoderm in the progenitor stage. The three different cell types of each germ layer should be analyzed

for their ability to promote neural induction and further mDA neuron differentiation of hiPSCs to identify

cells from human origin supporting these processes.

2. Based on the results from the first objective, a matrix of the human cells, which promoted neural

induction and mDA neuron differentiation of hiPSCs most efficiently, should be generated. In order to

identify if the matrix itself promotes neural induction and mDA neuron differentiation of hiPSCs, and

thus might represent the complex native ECM during these processes found in vivo, the effect of the

matrix during different experimental approaches should be analyzed. Furthermore, to analyze if the

matrix could potentially be used for in vitro differentiation of hPSCs towards mDA neurons, neurons

generated on the matrix should be analyzed for their electrophysiological properties and ability to func-

tionally integrate into neuronal networks.

3. As a last step, the composition of the matrix derived from the neural promoting human cells should

be analyzed according to core matrisome and matrisome associated proteins by quantitative proteome

analysis. In order to identify matrisome proteins, which potentially support neural induction and mDA

neuron differentiation of hiPSCs, the matrisome proteome of the neural promoting cells should be com-

pared to the matrisome proteome of the other human cell types used in this study.
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Figure 1.6: Aim of the thesis. Generation of a complex human matrix, which supports and promotes neural
induction and mDA neuron differentiation by mimicking the native ECM during human development in vivo. The
matrix should be derived from human origin to be suitable for cell-based therapy in PD patients.
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Results

2.1 Identification of cells from human origin supporting neural induc-

tion and mDA neuron differentiation of hiPSCs

2.1.1 Generation of a stem cell-based model system to mimic early human develop-

ment in vitro

In order to identify cells from human origin, which are able to support neural induction of hiPSCs, I devel-

oped a stem cell-based model system to mimic early human development in vitro. Figure 2.1 illustrates

the schematic presentation of the stem cell-based model system. During early human development

cells of the three germ layers, meso-, endo-, and ectoderm interact with each other and the interplay

between the germ layers is essential for the process of neural induction and further development (Chap.

1.3.1). To mimic and facilitate an interaction of germ layers during early human development in vitro,

hiPSCs were co-cultured on human feeder layers derived from the three germ layers mesoderm, endo-

derm and ectoderm. Cells selected as feeder layers were from the progenitor stage of each germ layer.

The cells used in this study were mesenchymal stem cells (MSCs, mesoderm), immature hepatocyte-

like cells (iHLCs, endoderm) and neural progenitor cells (NPCs, ectoderm), whereas iHLCs and NPCs

were derived by differentiation of hiPSCs. hiPSCs were cultured on each cell type and neural induction

was initiated by dual SMAD inhibition in a co-culture-based differentiation system according to Kriks

et al. (2011).

2.1.2 Characterization of human feeder layers used in the stem cell-based model sys-

tem

In order to characterize and confirm the identity of the human feeder layers selected for co-culture-

based differentiation experiments with hiPSCs, feeder layers were analyzed for the expression of cell

type-specific markers by immunocytochemical analysis (Fig. 2.2). MSCs were derived from StemPro™

human adipose-derived stem cells from Thermo Fisher Scientific and were supposed to be positive for
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hiPSCs

MSCs hiPSC-derived iHLCs hiPSC-derived NPCs

neural induction by dual SMAD inhibition

Figure 2.1: Stem cell-based model system to mimic early human development in vitro. hiPSCs
were co-cultured on human feeder layers derived from three different germ layers mesoderm (MSCs, mesenchy-
mal stem cells), endoderm (iHLCs, immature hepatocyte-like cells), and ectoderm (NPCs, neural progenitor cells)
and neural induction was initiated by dual SMAD inhibition.

CD29, CD44, CD73, CD90, CD105, CD166 and negative for CD14, CD31, CD45, and Lin1. To confirm

this, MSCs were tested for the expression of CD90 and CD105 by immunocytochemical analysis (Fig.

2.2 A). MSCs showed expression of the characteristic markers and cell identity could be confirmed.

NPCs were derived by differentiation of hiPSCs according to the protocol described in chapter 4.11.7.

NPCs were analyzed for the expression of markers, specific for the neural progenitor stage PAX6, NES,

and SOX2 (Zhang et al., 2010; Graham et al., 2003; Suzuki et al., 2010) (Fig. 2.2 B). Cell identity could

be confirmed by co-expression of these markers, which defined the cells as neural progenitor cells.

iHLCs were derived by differentiation of hiPSCs according to Carpentier et al. (2014) with minor mod-

ifications as described in chapter 4.11.6. Cells were analyzed for the expression of markers specific

for hepatic progenitor cells, alpha fetoprotein (AFP) (Okura et al., 2010; Carpentier et al., 2016) and

hepatocyte nuclear factor 4 alpha (HNF4α) (Tanaka et al., 2009; Carpentier et al., 2016) as well as

a marker for mature hepatocytes, albumin (ALB) (Okura et al., 2010; Carpentier et al., 2016) by im-

munocytochemical analysis (Fig. 2.2 C). Cells showed expression for the progenitor markers AFP and

HNF4α . At the same time, the marker specific for mature hepatocytes, ALB, was detected in the iHLCs.

Accordingly, the developmental status of the iHLCs could not clearly be defined. In order to address

the developmental status of the iHLCs, cells were further analyzed by quantitative real-time PCR for

the expression of other hepatic progenitor and mature hepatic markers in comparison to the human

hepato-carcinoma cell line HepG2, as a control for mature hepatocytes (Fig. 2.2 D). Expression levels

for hepatic markers were analyzed in comparison to hiPSCs and data are illustrated as fold changes.

Consistent with the results from immunocytochemical analysis, iHLCs showed high expression levels

of the hepatic progenitor markers AFP and HNF4α and fold changes were comparable to HepG2 cells.

Conversely, the fold change of ALB expression in iHLCs was less (fold change iHLCs = 4) in comparison
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Figure 2.2: Characterization of human feeder layers. Immunocytochemistry of specific markers for (A)
MSCs, (B) NPCs, and (C) iHLCs, scale bar 200 µm. (D) Gene expression analysis by quantitative real-time PCR
for specific hepatic progenitor and mature hepatic markers for iHLCs in comparison to HepG2 cells, mean ± SEM,
n = 3 (independent differentiations). (E) Oil red O staining of MS5 cells and iHLCs for visualization of lipid droplets,
scale bar left 200 µm, right 100 µm; E’ 30 µm. Lipid droplets indicated by arrow.

to HepG2 cells (fold change HepG2 = 18), suggesting that iHLCs are not as mature as HepG2 cells. In

addition, iHLCs were analyzed for the expression of the hepatic progenitor marker cytochrome P450

family 3 subfamily A member 7 (CYP3A7 ) (Okura et al., 2010) and other markers specific for mature

hepatocytes alpha-1-antitrypsin (A1AT ), cytochrome P450 family 3 subfamily A member 4 (CYP3A4)

(Okura et al., 2010; Carpentier et al., 2016) and cytochrome P450 family 7 subfamily A member 1

(CYP7A1) (Cai et al., 2007). Expression of the hepatic progenitor marker CYP3A7 was detected for

iHLCs. At the same time, markers specific for mature hepatocytes A1AT and CYP3A4 were expressed

in iHLCs. However, fold changes for the expression of these markers were lower in comparison to

HepG2 cells confirming that iHLCs do not have the same maturation status like HepG2 cells. Fur-

thermore, iHLCs did not show expression of CYP7A1, whereas the marker was clearly detected in

the positive control for mature hepatocytes, HepG2 cells. In conclusion, iHLCs showed expression of
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hepatic progenitor markers and markers specific for mature hepatocytes at the same time. However,

expression levels for mature hepatic markers were lower in comparison to HepG2 cells, indicating that

iHLCs are not mature hepatocytes. Consequently, iHLCs were determined as hepatic progenitor cells

and showed the correct identity for co-culture based differentiation experiments.

In addition, iHLCs were analyzed for the generation of lipid droplets often present in hepatic cells by Oil

red O staining. Figure 2.2 E illustrates the results of the Oil red O staining of iHLCs in comparison to the

mouse stromal cell line MS5. MS5 cells are known to induce neural differentiation of mouse and hPSCs

and are used for neural differentiation of hPSCs in a co-culture-based differentiation system (Barberi

et al., 2003; Perrier et al., 2004; Kriks et al., 2011). Lipid droplets were clearly identified for MS5 cells

indicated by a red staining. In addition, generation of lipid droplets was also detected for iHLCs. In

conclusion, iHLCs showed the same characteristic for generating lipid droplets like the mouse stromal

cells line MS5.

Finally, iHLCs were analyzed for the expression of anterior visceral endoderm (AVE) markers. During

early human development, the AVE is involved in the development of neural ectoderm. To determine if

iHLCs have characteristics of the AVE, iHLCs were analyzed for the expression of AVE specific mark-

ers. Figure 2.3 illustrates the results for gene expression analysis of AVE specific markers HEX, CER1

and LEFTY1 (Torres-Padilla et al., 2007). As a control for hepatic progenitor cells, AFP expression was

determined. Quantitative real-time PCR was performed relative to hiPSCs and data are presented as

fold changes. hiPSCs are pluripotent cells and should not show expression of these markers. Thus,

a value for fold change around 1 indicates that the gene is not expressed. Values for fold change of

HEX and CER1 expression were approximately 1. Consequently, iHLCs did not show expression of

these genes. Fold change for LEFTY1 had a negative value, suggesting that expression of this marker

is lower in iHLCs compared to hiPSCs. In contrast, iHLCs showed a 9 fold higher expression of the

hepatic progenitor marker AFP compared to hiPSCs, indicating that the cells are hepatic progenitor

cells. In conclusion, iHLCs did not express any of the AVE specific markers, strongly indicating that

iHLCs are not related to AVE.
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Figure 2.3: No expression of AVE-specific markers in iHLCs. Gene expression analysis by quantitative
real-time PCR of iHLCs in comparison to hiPSCs for AVE-specific markers (HEX, CER1, LEFTY1) and hepatic
progenitor marker (AFP), mean ± SEM, n = 3 (independent differentiations).
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2.1.3 Generation of non-proliferative feeder layers

The identity of the human feeder layers selected for co-culture-based differentiation experiments was

confirmed. Next, to ensure that human feeder cells do not proliferate or de-differentiate during co-

culture-based differentiation experiments with hiPSCs, human feeder layers were stopped from prolif-

eration by mitomycin C treatment. Mitomycin C inhibits DNA synthesis by crosslinking of DNA double

strands, and thus inhibits mitosis leading to cell cycle arrest (Mao et al., 1999; COHEN and SHAW,

1964). In order to identify the correct conditions for each cell type, feeder layers were treated with dif-

ferent concentrations of mitomycin C for diverse incubation times. Figure 2.4 shows the results from the

mitomycin C treatment for NPCs, iHLCs and MSCs. Feeder layers were cultured as monolayers before

treatment and cells were treated with 5 and 10 µg mitomycin C, incubated for 30 min to 1.5 h. NPCs

showed a complete monolayer before mitomycin C treatment. However, after mitomycin C treatment

NPCs underwent apoptosis even in the condition with the lowest mitomycin C concentration (Fig. 2.4

A). In contrast, iHLCs, and MSCs sustained mitomycin C treatment even with the highest concentra-

tion (Fig. 2.4 B). Hence, only iHLCs and MSCs, but not NPCs, could be stopped from proliferation by

mitomycin C treatment. For this reason, proliferation of NPCs was stopped by exposure to γ-radiation

instead of mitomycin C treatment.
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Figure 2.4: Production of non-proliferative human feeder layers by mitomycin C treatment. Phase
contrast images of human feeder layers before and after mitomycin C treatment (A) NPCs, (B) iHLCs, and MSCs
with different concentrations and incubation times for mitomycin C, scale bar 200 µm.

2.1.4 mDA neuron differentiation of hiPSCs on human feeder layers in a co-culture

based system

In order to identify cells from human origin, which are able to support neural induction and mDA neuron

differentiation of pluripotent cells, hiPSCs were co-cultured with human feeder layers and differentiated

towards mDA neuron identity according to Kriks et al. (2011) with minor modifications as described in
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chapter 4.11.10. As a positive control the mouse stromal cell line MS5 was used. Feeder cell layers

were stopped from proliferation by either treatment with mitomycin C (iHLCs, MSCs) or exposure to

γ-radiation (MS5, NPCs). The differentiation protocol for mDA neuron differentiation in a co-culture-

based system is illustrated in figure 2.5. hiPSCs were seeded onto non-proliferative feeder layers and

neural induction was initiated under serum free conditions in knock out serum replacement medium

(KSR medium). For dual SMAD inhibition the small molecules dorsomorphie (Dor) and SB431542

(SB) were used. To facilitate patterning to mDA neuronal fate, SHH and FGF8 were added during

differentiation. hiPSCs were co-cultured on feeder layers during neural induction form day 0 to day 11.

To indicate neural induction of hiPSCs, formation of neural rosettes, a characteristic morphology for

neural epithelial cells (Elkabetz and Studer, 2008), was analyzed. Colonies of seeded hiPSCs, which

showed neural rosette formation, were mechanically isolated and further differentiated on synthetic and

defined extracellular matrices, composed of poly-L-ornithine (P/O), LN, and FN. Maturation of neural

induced hiPSCs to mDA neurons was carried out by addition of further factors BDNF, AA, GDNF,

TGFβ , and dbcAMP.

Neurobasal/N2/B27KSR

-1    0  2       6   8       11                     18                      25        50

Feeder 
Layer

750 cells/cm2
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Days of
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SHH/FGF8
BDNF/AA

P1
P/O, LN

P2
P/O, LN, FN

KSR medium Neurobasal medium

FGF2

Figure 2.5: Protocol for mDA neuron differentiation of hiPSCs in a co-culture-based system.
According to Kriks et al. (2011) with minor modifications. P1 = passage 1; P2 = passage 2.

2.1.5 MSCs and iHLCs support proliferation of hiPSCs during mDA neuron differenti-

ation

hiPSCs were seeded onto non-proliferative feeder layers and neural differentiation was induced under

serum free conditions as described in chapter 2.1.4. In order to analyze if human feeder layers support

growth of hiPSCs in a co-culture-based system, co-cultures were analyzed for proliferation of hiPSCs

and integrity of feeder layers during differentiation. Figure 2.6 shows phase contrast images during

mDA neuron differentiation of the different co-cultures. All feeder layers were grown as monolayers

before seeding of hiPSCs. One day after seeding, hiPSCs efficiently incorporated in all feeder layers

and colonies of seeded hiPSCs were clearly identified. At day 5 of differentiation, colonies of hiPSCs

on MS5, MSCs, and iHLCs proliferated in comparison to day 1 indicated by increasing colony size and
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feeder layers were viable and still present as complete monolayers. However, for co-culture of hiPSCs

with NPCs, colonies of seeded hiPSCs detached and NPCs did not show an intact monolayer. NPCs de-

tached completely and underwent apoptosis during the co-culture differentiation process. Hence, NPCs

did not support proliferation of the seeded hiPSCs. Beside MS5, only MSCs and iHLCs showed intact

monolayers during the co-culture-based differentiation process and supported growth and proliferation

of seeded hiPSCs. Consequently, co-culture-based mDA neuron differentiation was only continued for

the co-cultures of hiPSCs with MS5, MSCs, and iHLCs.
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Figure 2.6: MSCs and iHLCs support proliferation of hiPSCs. Phase contrast images during co-culture-
based mDA neuron differentiation of hiPSCs with mouse MS5 cells and human feeder layers MSCs, iHLCs, and
NPCs, before seeding, at day 1, and 5 of differentiation, scale bar 200 µm.

2.1.6 iHLCs promote neural induction of hiPSCs in a co-culture-based differentiation

system

To investigate if feeder layers supported neural induction of hiPSCs, co-cultures of differentiating hiP-

SCs on MS5, MSCs, and iHLCs were analyzed at day 11 of differentiation (Fig. 2.7). Co-cultures

were tested by immunocytochemical staining for the expression of the neuro-ectodermal marker PAX6

(Zhang et al., 2010; Elkabetz and Studer, 2008) and formation of neural rosettes visualized by N-

cadherin (NCAD) staining (Fig. 2.7 A). Neural rosettes are formed by characteristic radial organization

of columnar neuroepithelial cells, and therefore indicate neural differentiation (Elkabetz and Studer,

2008). NCAD is specifically expressed in neuroepithelial cells and can be used to visualize the char-
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Figure 2.7: iHLCs promote neural induction of hiPSCs. (A) Immunocytochemistry at day 11 for PAX6
(red) and NCAD (green), scale bar 200 µm. PAX6 positive areas and neural rosettes indicated by arrows. (B)
(left) Quantification of data presented in A, mean ± SEM, n = 3 (independent differentiations): *p < 0.05, n.s.= non
significant (Kruskall-Wallis test). (right) Gene expression analysis by quantitative real-time PCR at day 11 for
neuro-ectodermal and neuronal markers, mean ± SEM, n = 3 (independent differentiations): *p < 0.05, n.s.= non
significant (Kruskall-Wallis test).

34



CHAPTER 2. RESULTS

acteristic morphology (Elkabetz and Studer, 2008). Figure 2.7 A illustrates the results of immunocy-

tochemical staining for PAX6 and NCAD. Colonies of seeded hiPSCs on MS5 cells differentiated to

neuro-ectodermal cells, indicated by positive PAX6 immunostaining. Beside the MS5 co-culture, PAX6

immunostaining was also detected for hiPSC-colonies differentiated on iHLCs, but not for the MSC co-

culture. In the MSC co-culture, only a few cells of the colonies from seeded hiPSCs, showed a positive

PAX6 immunostaining, whereas colonies of differentiated hiPSCs on MS5 and iHLCs were completely

PAX6 positive. These result suggest that MS5 as well as iHLCs efficiently supported neural induction

of seeded hiPSCs, whereas MSCs did not. Quantification of PAX6 + areas relative to DAPI + areas

showed a significantly lower percentage of PAX6 + areas for the MSC co-culture (11 %) in compari-

son to the MS5 co-culture (53 %) (Fig. 2.7 B, left). In contrast, percentages of PAX6 + areas relative

to DAPI + areas in the iHLC co-culture (40 %) were almost comparable to the MS5 co-culture and no

significant difference was detected (Fig. 2.7 B, left). Co-cultures were further analyzed for the forma-

tion of neural rosettes by immunocytochemical staining of NCAD (Fig. 2.7 A). Neural rosettes were

detected in hiPSC-colonies differentiated on MS5 cells and iHLCs, whereas neural rosette formation

was not identified for colonies of the MSC co-culture. Quantification of NCAD + areas relative to DAPI +

areas revealed a lower percentage of NCAD + colonies in the MSC co-culture (23 %) in comparison to

the MS5 (57 %) and iHLC (50 %) co-cultures (Fig. 2.7 B, left). However, no significant differences in

the NCAD + areas between the iHLC and MSC co-culture relative to the positive control were detected

(Fig. 2.7 B, left). In order to confirm the results from immunocytochemical stainings, gene expression

analyses was performed by quantitative real-time PCR for the neuro-ectodermal markers PAX6, NES

and the neuronal marker MAP2 (Fig. 2.7 B, right) (Zhang et al., 2010; Suzuki et al., 2010; Ambasud-

han et al., 2011). Gene expression levels were analyzed relative to hiPSCs and data are presented

as fold change relative to hiPSCs. Consistent with the results from immunocytochemical analysis,

fold changes of gene expression levels for NES, PAX6, and MAP2 were significantly lower for the

MSC co-culture (NES = 0.2; PAX6 = 6.6; MAP2 = 2.0) in comparison to the MS5 co-culture (NES = 1.7;

PAX6 = 10; MAP2 = 5.4). In contrast, values for fold changes of gene expression levels for the iHLC

co-culture (NES = 1.2; PAX6 = 7.4, MAP2 = 4) were only decreased by values between 0.5 and 2 in

comparison to the MS5 co-culture and differences were not validated to be significant. Significant

differences for expression of neuro-ectodermal and neuronal markers between the iHLC co-culture in

comparison to the MSC co-culture were not detected. However, immunocytochemical and gene ex-

pression analysis indicated that iHLCs were more efficient in supporting neural induction of hiPSCs

in comparison to MSCs. Taken together, results by day 11 of differentiation demonstrated that iHLCs

support and promote neural induction of hiPSCs to NPCs in a co-culture-based differentiation system.

To further address the identity of the differentiated hiPSC-colonies, co-cultures were analyzed for the

co-expression of neural progenitor (PAX6, NES, SOX2) and midbrain specific markers (LMX1A) by im-

munocytochemistry at day 11 of differentiation (Zhang et al., 2010; Graham et al., 2003; Kriks et al.,

2011; Suzuki et al., 2010). Figure 2.8 shows the results of the immunocytochemical stainings. Colonies

of differentiated hiPSCs on MS5 and iHLCs showed co-expression of PAX6 and SOX2, whereas co-

expression of these markers was not detectable for colonies of the MSC co-culture (Fig. 2.8 A). How-
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Figure 2.8: iHLCs support neural differentiation of hiPSCs towards midbrain identity. Characteri-
zation of hiPSCs differentiated on MS5, MSCs, and iHLCs at day 11 of differentiation by immunocytochemistry
(A) PAX6 (green) and SOX2 (red), scale bar 200 µm. (B) LMX1A (green) and NES (red), scale bar 400 µm.
Arrows indicating LMX1A positive cells.
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ever, colonies of the MSC co-culture showed SOX2 expression, suggesting that seeded cells on MSCs

might still have stem cell identity (Zhang and Cui, 2014). Furthermore, co-expression of a specific

midbrain marker, LMX1A, together with NES in colonies of differentiated hiPSCs on MS5 and iHLCs

indicated that hiPSCs differentiated towards midbrain identity (Fig. 2.8 B, indicated by arrows). LMX1A

expression was not detected for colonies of the MSC co-culture. Absence of PAX6 and LMX1A im-

munostaining in colonies of seeded hiPSCs on MSCs indicated that MSCs did not support midbrain

neural induction of hiPSCs by day 11 of differentiation. In contrast, co-expression of PAX6 with SOX2

and LMX1A with NES in differentiated hiPSC-colonies on iHLCs revealed that iHLC not only support

neural induction of hiPSCs, but also differentiation towards midbrain identity.

2.1.7 No efficient neural induction of hiPSCs by MSCs

By day 11 of differentiation, colonies of differentiated hiPSCs on MS5 and iHLCs showed formation

of neural rosettes, whereas the characteristic morphology for neural epithelial cells was not identified

for colonies on MSCs. Colonies of differentiated hiPSCs on MS5 and iHLCs with neural rosettes were

mechanically isolated and further differentiated on an synthetic and defined extracellular matrix com-

posed of P/O and LN. In order to identify if neural induction of hiPSCs is delayed in the MSC co-culture

compared to the other two conditions, hiPSCs were further differentiated on MSCs in the co-culture-

based system. To identify the developmental status of the differentiating hiPSCs, expression of PAX6

and the neuronal marker TUBB3 was analyzed at day 18 of differentiation (Fig. 2.9) (Zhang et al.,

2010; Ambasudhan et al., 2011). Isolated colonies of differentiating hiPSCs of the MS5 and iHLC

co-cultures showed PAX6 expression in the entire colony, whereas PAX6 was only detected in colony

centers of hiPSCs differentiated on MSCs (Fig. 2.9 A). These results indicate that hiPSCs isolated from

the MS5 and iHLCs co-cultures efficiently differentiated to NPCs, whereas hiPSCs on MSCs did not.

Colonies of NPCs, isolated from the MS5 co-culture, were surrounded by a population of non-neural

cells (Fig. 2.9 A, indicated by arrow). Quantification of NPC-colonies with population of non-neural

cells revealed that all colonies isolated from the MS5 co-culture showed population of non-neural cells,

whereas non-neural cell populations were only detected for 20 % of the isolated NPC-colonies from the

iHLC co-culture (Fig. 2.9 C). Difference in the percentage of NPC-colonies showing a non-neural cell

population was significant. In addition, formation of neural rosettes, visualized by DAPI counterstain,

was detected throughout the entire colonies of isolated NPCs from the MS5 and iHLC co-culture. On

the contrary, neural rosette formation was not detected in colonies of differentiated hiPSCs on MSCs.

Immunocytochemical staining for the neuronal marker TUBB3 revealed further differentiation of NPCs

to neurons for some cells of the colonies isolated from the MS5 and iHLC co-culture. TUBB3 expression

was not detected for differentiating hiPSCs on MSCs. Moreover, cells were analyzed for gene expres-

sion levels of PAX6, NES, and MAP2 by quantitative real-time PCR (Fig. 2.9 B). Gene expression

levels were determined relative to hiPSCs and are presented as fold changes. No significant differ-

ences in the fold changes for the expression of PAX6 and NES were detected between all conditions.

Values for fold changes of NES expression showed a slight difference (MS5 co-culture = 1.7; MSC
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co-culture = 0.7; iHLC co-culture = 1.7;), whereas fold changes of PAX6 expression were comparable

(MS5 co-culture = 8.7; MSC co-culture = 8.4; iHLC co-culture = 8.4;). However, gene expression level of

MAP2 was significantly lower in differentiating hiPSCs of the MSC co-culture (MSC co-culture = 2.8) in

comparison to NPCs extracted from the iHLC co-culture (fold change = 5.5). Fold change of MAP2 ex-

pression for NPCs isolated from the iHLC co-culture was comparable to the fold change of the positive

control MS5 (fold change = 5.3). Results indicate that MSCs do not efficiently support and promote neu-

ral induction of hiPSCs. Immunocytochemical stainings revealed that colonies of differentiated hiPSCs

on MSCs neither were completely PAX6+ positive nor showed formation of neural rosettes. In addi-

tion, no expression of the neuronal marker TUBB3 was detected for differentiating hiPSCs on MSCs

suggesting that the few neural progenitor cells detected in the MSC co-culture did not further differen-

tiate to neurons. This was also confirmed on RNA level by a significantly lower expression of MAP2 in

comparison to NPCs isolated from the iHLC co-culture. Due to the results that MSCs did not efficiently

support neural induction of hiPSCs, differentiation was only continued for NPCs isolated from the iHLC

and MS5 co-culture.

2.1.8 iHLCs support differentiation of hiPSCs towards mDA neuron identity

hiPSCs differentiated on iHLCs, showed expression of neural and midbrain specific markers indicating

that iHLCs support and promote neural induction of hiPSCs towards NPCs with midbrain identity. In

addition, NPCs isolated from the iHLC co-culture started to differentiate to neurons. To further validate

the identity of the NPCs isolated from the iHLC co-culture, temporal gene expression analysis was per-

formed at day 11, 18, and 25 of differentiation for the expression of markers specific for mDA neurons.

Figure 2.10 illustrates the results for temporal gene expression analysis. Gene expression levels are

presented as fold change, relative to hiPSCs. First, temporal gene expression levels for PAX6 and NES

were determined. Fold changes for expression of the markers were slightly lower for the iHLC co-culture

in comparison to the MS5 co-culture at day 11 of differentiation. However, by day 18 of differentiation

gene expression levels of PAX6 and NES for NPCs extracted from both co-cultures were comparable

and did not show any differences. The same temporal gene expression profile was detected for MAP2.

At day 11 of differentiation, gene expression level for the iHLC co-culture was lower in comparison to

the MS5 co-culture, whereas at day 18 and 25 values of fold changes for NPCs isolated from both co-

cultures were comparable. These results indicate and confirm that iHLCs support and promote neural

induction of hiPSCs and that NPCs extracted from the iHLC co-culture further differentiate to neurons.

In addition, findings suggest that iHLCs support neural induction of hiPSCs as efficient as MS5 cells.

Second, differentiating hiPSCs were analyzed for the expression of markers specific for mDA neurons

including LMX1A, TH, NR4A2, and EN1 to determine if cells differentiate to the correct neuronal sub-

type. Consistent with the results from immunocytochemical stainings (Chap. 2.1.6, Fig. 2.8), expression

of LMX1A was detectable in both co-cultures at day 11 of differentiation with values for fold changes

around 7 (MS5 co-culture) and 8 (iHLC-culture) relative to hiPSCs. At day 18 of differentiation, an in-

crease of LMX1A expression was determined for NPCs isolated from the iHLC co-culture, whereas fold
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Figure 2.9: iHLCs, but not MSCs, efficiently promote neural differentiation of hiPSCs. (A) Im-
munocytochemistry at day 18 for PAX6 (green) and TUBB3 (red). Population of non-neural cells indicated by
arrow. Scale bar 400 µm. (B) Gene expression analysis by quantitative real-time PCR for neuro-ectodermal
and neuronal markers at day 18 of differentiation, mean ± SEM, n = 3 (independent differentiations): *p < 0.05,
n.s. = non significant (Kruskall-Wallis test). (C) Quantification of data presented in A for percentage of colonies
with population of non-neural cells, mean ± SEM, n = 3 (independent differentiations): *p < 0.05 (Kruskall-Wallis
test).
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Figure 2.10: Temporal gene expression analysis of hiPSCs differentiated on MS5 and iHLCs in
a co-culture-based system. Quantitative real-time PCR for neuro-ectodermal, neuronal, and mDA neuron
specific markers at day 11, 18, and 25 of mDA neuron differentiation in a co-culture-based system, mean ± SEM,
n = 3 (independent differentiations).

change of LMX1A for NPCs extracted from the MS5 co-culture was comparable to day 11. However,

by day 25 of differentiation gene expression levels of LMX1A for NPCs isolated from both co-cultures

did not show any differences. Furthermore, co-cultures were analyzed for the expression of TH. TH

expression was detectable for both co-cultures by day 11 of differentiation and showed fold changes of

4.5 (iHLC) to 6 (MS5) relative to hiPSCs. In addition, TH expression decreased in NPCs extracted from

the MS5 co-culture from day 11 to day 18, but remained stable during further differentiation. For NPCs

isolated from the iHLC co-culture, gene expression levels of TH remained overall comparable during

differentiation. Moreover, temporal gene expression analysis of NR4A2 was determined. No notable

expression of this marker was detected at day 11 of differentiation for both co-cultures (fold change

MS5: 1; fold change iHLC: 1.8). However, by day 18 of differentiation gene expression of NR4A2 was

detcted for NPCs extracted from the iHLCs co-culture (fold change = 4). In contrast NR4A2 expression

was not detected for NPCs isolated from the MS5 co-culture at this stage. By day 25 of differentiation,

NR4A2 expression was detected for NPCs isolated from both co-cultures with comparable values for

fold changes. Finally, EN1 expression was analyzed. Expression of EN1 was already detectable by

day 11 of differentiation for both co-cultures with comparable values. Gene expression levels of EN1

increased from day 11 to day 18 in NPCs isolated from the iHLC co-culture, whereas detected fold
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change for NPCs extracted from the MS5 co-culture remained stable during differentiation. By day 25

of differentiation, gene expression levels of EN1 were comparable between NPCs isolated from both

co-cultures.

Taken together, NPCs isolated from both co-cultures showed expression of markers specific for mDA

neurons, suggesting that hiPSCs differentiated to the correct neuronal subtype. Thus, the results sug-

gest that iHLCs support and promote neural induction and differentiation towards mDA neuronal identity.

2.1.9 NPCs isolated from the iHLC co-culture mature to neurons showing expression

of mDA neuron specific markers

NPCs isolated from MS5 and iHLC co-cultures, were further differentiated on a synthetic and defined

matrix composed of P/O, LN and FN with the addition of further factors (Chap. 2.1.4, Fig. 2.5). To elu-

cidate the identity and developmental state of the differentiating NPCs extracted from both co-cultures,

differentiating cells were analyzed for the expression of mDA neuron specific markers at day 25 and

50 of differentiation. To confirm the results from temporal gene expression analysis (Chap. 2.1.8,

Fig. 2.10), NPCs were analyzed for the expression of TH and TUBB3 by immunocytochemical stain-

ing at day 25 of differentiation (Fig. 2.11). Expression of TH was detected in both conditions (Fig.

2.11, indicated by arrow). However, only single cells of isolated NPCs from both co-cultures showed

immunostaining for TH by day 25 of differentiation. Furthermore, TUBB3 immunostaining was only

detected in some cells under both conditions, suggesting that differentiating cells still remained in the

developmental stage of NPCs. This hypothesis was confirmed by DAPI counter stain. DAPI counter

stain demonstrated that cells still showed the specific morphology of radially organized neural epithelial

cells, the neural rosettes. Accordingly, cells still resided in the NPC-stage. Nevertheless, results of

immunocytochemical analysis at day 25 of differentiation suggest that NPCs differentiate to the correct

neuronal subtype, and thus confirm the results from temporal gene expression analysis.

NPCs isolated from the iHLC and MS5 co-culture were differentiated until day 50. To investigate if NPCs

differentiated to mature neurons with mDA neuronal identity, differentiating cells were analyzed for co-

expression of mDA neuron specific markers and markers for mature neurons by immunocytochemical

analysis at day 50 of differentiation (Fig. 2.12). Differentiated NPCs isolated from both co-cultures

showed expression of TH and MAP2 (Fig. 2.12 A). Furthermore, TH and MAP2 were co-expressed

in both conditions, indicating that NPCs matured to dopaminergic neurons. To further validate the

identity of the dopaminergic neurons, neurons were analyzed for the expression of LMX1A and EN1.

Co-expression of LMX1A and EN was detected for neurons of the MS5 and iHLC co-culture, suggest-

ing that neurons showed the correct midbrain identity (Fig. 2.12 B). A characteristic feature of mature

neurons is the formation of synapses (Cullen et al., 2010). To identify if the dopaminergic neurons ex-

tracted from the iHLC co-culture show this characteristic feature, immunocytochemical staining for the

pre-synaptic marker SYNAPSIN I (SYN I) was performed (Fig. 2.12 C). Indeed, formation of synapses

indicated by SYN I immunostaining was detected for neurons isolated from both co-cultures (Fig. 2.12

C, indicated by arrow). Thus, neurons extracted from the iHLC co-culture are able to form neuronal
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networks.

In conclusion, results from co-culture-based experiments indicate that iHLCs promote and support neu-

ral induction of hiPSCs in a co-culture-based differentiation system. Among the tested human feeder

layers, iHLCs supported neural induction of hiPSCs most efficiently. Furthermore, NPCs isolated from

the iHLC co-culture matured to neurons showing expression of mDA specific markers. Thus, the results

suggest that iHLCs might create an environment or secret factors, which mimic the complex native

environment during development of mDA neurons in vivo.
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Figure 2.11: Characterization of NPCs of the MS5 and iHLC co-culture at day 25 of differentiation.
Immunocytochemistry for TH (green) and TUBB3 (red), scale bar 200 µm. TH positive cells indicated by arrow.

2.1.10 No efficient neural induction of hiPSCs by HepG2 cells in a co-culture-based

differentiation system

iHLCs are derived from the endoderm lineage and support neural induction and mDA neuron differ-

entiation of hiPSCs. To analyze if another endoderm-derived cell type is also able to support neural

induction of hPSCs, hiPSCs were differentiated on the human hepato-carcinoma cell line HepG2. The

conditioned medium of these cells is reported to induce differentiation of mESCs towards primitive

ectoderm-like and neuro-ectodermal cells (Rathjen et al., 1999; Lake et al., 2000; Rathjen et al., 2002).

To analyze if HepG2 cells have the same effect on hPSCs, hiPSCs were co-cultured and differentiated

on HepG2 cells as described in chapter 4.11.10. As a positive control, the mouse stromal cell line

MS5 was used. HepG2 cells were cultured as a confluent monolayer and stopped from proliferation by

treatment with mitomycin C. Figure 2.13 A shows phase contrast images during differentiation. Both

feeder layers were cultured as confluent monolayers before seeding of hiPSCs. By day 1 of differen-

tiation hiPSCs integrated into the monolayers under both conditions. Proliferation of seeded hiPSCs

was determined by increasing colony size in both co-cultures by day 5 of differentiation. To deter-

mine if HepG2 cells support neural induction of hiPSCs, co-cultures were analyzed for the expression
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Figure 2.12: Characterization of neurons of the MS5 and iHLC co-cultures at day 50 of differenti-
ation. Immunocytochemistry at day 50 of differentiation for (A) TH (green) and MAP2 (red), (B) LMX1A (green)
and EN1 (red) and (C) SYN I (green) and TUBB3 (red). Arrows indicate single positive cells (B) or synapses (C).
Scale bar 200 µm, scale bar close up ’ and ” 80 µm.
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Figure 2.13: HepG2 cells do not efficiently support neural induction of hiPSCs. (A) Phase contrast
images during co-culture-based mDA neuron differentiation of hiPSCs on MS5 and HepG2 cells before seeding,
at day 1, and 5 of differentiation, scale bar 200 µm. (B) Gene expression analysis by quantitative real-time PCR
for neuro-ectodermal and neuronal markers at day 11 and 18 of differentiation, mean ± SEM, n = 3 (independent
differentiations): n.s. = non significant (Kruskall-Wallis test). (C) Immunocytochemistry at day 11 for PAX6 (green)
and NES (red), scale bar 200 µm.

44



CHAPTER 2. RESULTS

of neuro-ectodermal and neuronal markers by quantitative real-time PCR and immunocytochemical

staining. Gene expression analysis by quantitative real-time PCR was performed at day 11 and 18 of

differentiation. Gene expression levels are presented as fold change relative to hiPSCs (Fig. 2.13 B).

At day 11 of differentiation fold change for gene expression levels of NES for the MS5 co-culture was

above 1. By day 18 of differentiation, NES gene expression level decreased to a fold change approxi-

mately 1 suggesting that NES expression did not further increase. In contrast, gene expression levels

of NES for the HepG2 co-culture did not show values above 1 at day 11 and 18 indicating that NES

was not expressed in differentiating hiPSCs on HepG2 cells. Furthermore, co-cultures were analyzed

for PAX6 expression. At day 11 of differentiation, PAX6 expression was detected for both MS5 and

HepG2 co-cultures, whereas PAX6 expression was 4 times higher in the MS5 co-culture in comparison

to the HepG2 co-culture. In contrast, by day 18 of differentiation differentiated hiPSCs of the MS5 co-

culture showed only a 2.4 times higher PAX6 expression in comparison to differentiating hiPSCs of the

HepG2 co-culture. Moreover, by day 11 of differentiation MAP2 expression was identified for the MS5

co-culture, whereas the HepG2 co-culture did not show expression of this marker indicated by a fold

change below 1. However, by day 18 of differentiation MAP2 expression was determined for differen-

tiating hiPSCs in the HepG2 co-culture. Nevertheless, MAP2 gene expression level was still lower in

hiPSCs differentiated on HepG2 cells in comparison to hiPSCs differentiated on MS5.

In addition, co-cultures were analyzed by immunocytochamical staining at day 11 of differentiation (Fig.

2.13 C). Co-expression of PAX6 and NES was detected for hiPSCs differentiated on MS5. In contrast,

positive immunostaining of these markers was not detected for hiPSCs differentiated in the HepG2 co-

culture.

In conclusion, HepG2 cells supported the proliferation of hiPSCs. Gene expression analysis showed

expression of PAX6 and MAP2 in hiPSCs differentiated on HepG2 cells suggesting that neural induc-

tion of hiPSCs was initiated in the co-culture. However, gene expression levels were not comparable to

the positive control MS5. Furthermore, expression of PAX6 and NES was not detected on protein-level

for hiPSCs differentiated on HepG2 cells. Taken together, HepG2 cells support proliferation of hiPCS

but do not efficiently support neural induction of hiPSCs in a co-culture based system.

2.2 iHLC-matrix for mDA neuron differentiation of hiPSCs

Co-culture-based experiments revealed that iHLCs support and promote neural induction of hiPSCs.

NPCs extracted from the iHLC co-culture differentiate to mature neurons and show expression of mDA

neuron specific markers. The overall aim of the thesis was to develop a human matrix, which mimics

the complex native ECM during neural induction and mDA neuron development in vivo. Based on

the results from co-culture-based experiments, the ECM of the neural promoting iHLCs was used for

further differentiation experiments. In order to investigate the effect of the iHLC-matrix itself on neural

induction and mDA neuron differentiation, the effect of the iHLC-matrix was analyzed in three different

experimental approaches (Fig. 2.14). First, the effect of the iHLC-matrix on the pluripotent state of
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hiPSCs during culture and maintenance of hiPSCs was investigated. To determine if the iHLC-matrix

itself supports and promotes neural induction of hiPSCs, the role of the iHLC-matrix during neuronal

differentiation of hiPSCs without dual SMAD inhibition was tested. Finally, to analyze if the iHLC-matrix

supports neural induction of hiPSCs and if NPCs generated on the matrix can mature to functionally

neurons, hiPSCs were differentiated on the iHLC-matrix with dual SMAD inhibition. As a control the

commercially available matrix Geltrex™ was used. Furthermore, the matrix of HepG2 cells was used

as a control for another hepatic cell-derived matrix.

iHLCs

hiPSCs

iHLC-derived ECM

Differentiation
w/o dual SMAD

inhibition

Decellularization
Seeding of

hiPSCs

Differentiation
with dual SMAD

inhibition

Stem cell 
maintenance

Figure 2.14: Experimental approaches to elucidate the effect of the iHLC-matrix itself on neural
induction of hiPSCs. To elucidate the effect of the iHLC-matrix itself on neural induction of hiPSCs, hiPSCs
were cultured on the iHLC-matrix under SC maintenance conditions and differentiated on the iHLC-matrix with or
without dual SMAD inhibition.

2.2.1 Generation of cell-derived matrices

Cell-derived matrices of iHLCs and HepG2 cells were generated by decellularization of cell monolayers

according to Prewitz et al. (2013). iHLCs and HepG2 cells were cultured as confluent monolayers on

collagen I coated cell culture dishes for three days to allow endogenous secretion of the extracellular

matrix of each cell type (Fig. 2.15 A). Cells were decellularized by exposure to 20 mM ammonium hy-

droxide (NH4OH), 0.5 % (v/v) Triton X-100 in PBS. To validate if cell-derived matrices were intact after

decellularization and that cell-derived matrices did not detach or delaminate, matrices were analyzed

for the presence of a common extracellular matrix protein of hepatic cells, fibronectin (FN) (Fig. 2.15 B)

(Martinez-Hernandez and Amenta, 1993). Immunocytochemical analysis for FN of cell-derived matri-

ces demonstrated that matrices remained attached to the surface and that they were homogeneously

distributed (Fig. 2.15 B). To verify if the detected staining was specific for FN, negative controls were

implemented. Neither of the controls (secondary antibody only, collagen I only) showed the staining de-

tected for cell-derived matrices (Fig. 2.15 B). Therefore, cell-derived matrices were efficiently generated

with this method.
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Figure 2.15: Characterization of cell-derived matrices. (A) Phase contrast images of HepG2 and iHLCs
monolayers before decellularization, scale bar 200 µm. (B) Immunocytochemistry of HepG2 and iHLCs mono-
layers before decellularization and HepG2- and iHLC-matrix after decellularization for FN. Negative controls 2nd

antibody only and collagen I only, scale bar 200 µm.

2.2.2 The role of the iHLC-matrix on hiPSCs culture under stem cell maintenance con-

ditions

To investigate if the iHLC-matrix itself has a neural promoting effect and affect the pluripotent state

of hiPSCs, the iHLC-matrix was used for culture of hiPSCs under standard conditions for stem cell

(SC) maintenance. Confluent monolayers of iHLCs were decellularized as described in chapter 2.2.1

and hiPSCs were seeded onto the iHLC-matrix in stem cell maintenance medium (mTeSR1) and cul-

tured as described in chapter 4.11.12 (see also Fig. 2.16 A). Geltrex™ was used as a control. In

order to determine the developmental status of the seeded hiPSCs, hiPSCs cultured on iHLC-matrix

and Geltrex™ were analyzed for the expression of pluripotent markers, OCT4 and NANOG after two

days of culture (Fig. 2.16 B). hiPSCs cultured on iHLC-matrix and Geltrex™ showed expression of

both markers. Quantification of immunocytochemical stainings demonstrated that almost 100 % of the

hiPSCs cultured on Geltrex™ as well as on iHLC-matrix expressed OCT4 and NANOG (Fig. 2.16 C).

Accordingly, iHLC-matrix did not affect the pluripotent state of the hiPSCs, when cultured under stem

cell maintenance conditions.

In addition, cell morphology was determined by immunocytochemical staining for F-Actin by Phalloidin

staining (Fig. 2.16 D). The cytoskeletal protein F-Actin is involved in cell adhesion, migration and de-

vision (Stricker et al., 2010). Culture of hiPSCs on iHLC-matrix lead to a change in the morphology of

the cytoskeleton in comparison to hiPSCs cultured on Geltrex™. Furthermore, F-actin was upregulated

in hiPSCs cultured on the iHLC-matrix compared to Geltrex™. Taken together, the iHLC-matrix has no

effect of the pluripotent state of hiPSCs under SC maintenance conditions, but lead to a strong change

in the cytoskeletal organization under stem cell maintenance conditions.
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2.2.3 iHLC-matrix promotes neural induction of hiPSCs without dual SMAD inhibition

The iHLC-matrix did not affect the pluripotent state of the hiPSCs under standard stem cell mainte-

nance conditions (Chap. 2.2.2). As a second step, the effect of the iHLC-matrix itself in a serum-

free medium, which rather supports differentiation towards neural fate than SC maintenance (Tao and

Zhang, 2016), was analyzed. The medium was not supplemented with the small molecules LDN193189

and SB431542 (dual SMAD inhibition) normally used for inhibition of Activin/Nodal, TGFβ ,- and BMP-

signaling, which potentially could cover the effect of the iHLC-matrix during differentiation. Geltrex™

and HepG2-matrix were used as controls. Confluent cell layers of iHLCs and HepG2 cells were decellu-

larized as described in chapter 2.2.1 and hiPSCs were seeded onto cell-derived matrices and Geltrex™

and cultured in neuronal medium without dual SMAD inhibition as described in chapter 4.11.13. For pat-

terning of cells towards midbrain identity, SHH and FGF8 were added from day 8 until day 11. hiPSCs

differentiated on cell-derived matrices and Geltrex™ were analyzed for their developmental status at

day 3, 7, and 11 by temporal gene expression (Fig. 2.17 A). Quantitative real-time PCR was carried out

for NES, PAX6, MAP2, and LMX1A. Gene expression levels were determined as fold change relative

to hiPSCs. Data was normalized according to Willems et al. (2008) before statistical analysis. Figure

2.17 B illustrates the results of temporal gene expression analysis. Fold changes for NES expression

were comparable between the three conditions with values approximately 1 for all conditions at all time

points. This result suggests that NES expression was not upregulated in any condition or time point in

comparison to hiPSCs. Moreover, no significant difference between the expression levels for NES was

determined between conditions at any time point. In addition, PAX6 expression was validated during

differentiation. Gene expression of PAX6 increased for all conditions during differentiation. At day 3 of

differentiation, PAX6 expression was not present indicated by a fold change value of 1 in all conditions.

However, expression levels increased at day 7 and 11 in comparison to day 3 for all conditions. Val-

ues of fold changes for PAX6 expression at day 7 and 11 were highest in hiPSCs differentiated on the

iHLC-matrix, but differences to the control neither Geltrex™ nor HepG2-matrix were significant. MAP2

expression was not detectable by day 3 of differentiation for all conditions indicated by a fold change of

approximately 1. By day 7 of differentiation, MAP2 expression was determined for hiPSCs differentiated

on iHLC- and HepG2-matrix, but not in the condition with Geltrex™. Furthermore, hiPSCs differentiated

on the iHLC-matrix had a significantly higher expression of MAP2 in comparison to Geltrex™. In addi-

tion, MAP2 expression was also upregulated in hiPSCs differentiated on the iHLC-matrix in comparison

to the HepG2-matrix, however difference was not significant. Similarly to day 7, expression of MAP2

at day 11 of differentiation was significantly higher in hiPSCs differentiated on the iHLC-matrix in com-

parison to Geltrex™. The results strongly suggest that the iHLC-matrix itself promotes neural induction

of hiPSCs indicated by a higher expression of MAP2 in comparison to Geltrex™. Finally, gene expres-

sion of LMX1A was determined. LMX1A was expressed at day 3 of differentiation under all conditions

indicated by a fold change value above 1. Fold changes of LMX1A expression were highest in hiP-

SCs differentiated on the iHLC-matrix at both, day 7 and 11, suggesting that the matrix might not only

support and promote neural induction of hiPSCs, but also direct neural differentiation of hiPSCs to-
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Figure 2.16: Culture of hiPSCs on iHLC-matrix under SC maintenance conditions. (A) Experimental
workflow (B) Immunocytochemistry after 2 days of hiPSCs culture on iHLC-matrix and control (Geltrex™) for stem
cell specific markers OCT4 (green) and NANOG (red), scale bar 200 µm. (C) Quantification of data presented
in B. (D) Immunocytochemistry after 2 days of hiPSCs culture on iHLC-derived matrix and control (Geltrex™) for
F-Actin by Phalloidin staining, scale bar 200 µm, scale bar close up ’ and ” 80 µm.
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Figure 2.17: iHLC-matrix promotes neural induction of hiPSCs without dual SMAD inhibition.
(A) Experimental workflow (B) Gene expression analysis by quantitative real-time PCR for neuro-ectodermal,
neuronal and midbrain specific markers at day 3, 7, and 11 of differentiation, mean ± SEM, n = 4 (independent
differentiations): **p < 0.01, *p < 0.05, n.s.= non significant (Kruskall-Wallis test).
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wards midbrain identity. However, differences in LMX1A expression for hiPSCs differentiated on the

iHLC-matrix in comparison to Geltrex™ and HepG2-matrix were not significant. Results from temporal

gene expression analysis indicate that the iHLC-matrix itself supports and promotes neural induction of

hiPSCs, suggesting that the iHLC-matrix itself has a neural promoting effect on hiPSCs.

2.2.4 The role of the iHLC-matrix on hiPSCs during mDA neuron differentiation with

dual SMAD inhibition

The iHLC-matrix promoted neural induction of hiPSCs without dual SMAD inhibition (Chap. 2.2.3). To

analyze if the iHLC-matrix supports neural induction of hiPSCs and if NPCs generated on the iHLC-

matrix can mature to functionally neurons, hiPSCs were differentiated on the iHLC-matrix with dual

SMAD inhibition. Geltrex™ and HepG2-derived matrix were used as controls. Figure 2.18 A illustrates

the working model for mDA neuron differentiation of hiPSCs on cell-derived matrices and Geltrex™.

Confluent monolayers of iHLCs and HepG2 cells were decellularized as described in chapter 2.2.1.

hiPSCs were differentiated with dual SMAD inhibition until day 50 and analyzed for their developmental

status at different days during differentiation (day 11, 18, 25, 50) (Fig. 2.18 A).

Figure 2.18 B shows the schematic presentation of the mDA neuron differentiation protocol on cell-

derived matrices or Geltrex™ with dual SMAD inhibition and hiPSCs were differentiated as described

in chapter 4.11.14. hiPSCs were cultured in serum-free medium with the addition of LDN193189 and

SB431542 on cell-derived matrices and Geltrex™. For patterning to midbrain identity, SHH and FGF8

were added during the differentiation process. Likewise co-culture-based differentiation experiments,

neural induction of hiPSCs was performed on cell-derived matrices followed by further differentiation of

NPCs on synthetic matrices (P/O, LN, FN). For final differentiation, NPCs were cultured in serum free

medium supplemented with BDNF, AA, GDNF, TGFβ , dbcAMP, and DAPT until day 50 of differentiation.

Differentiating cells were analyzed for mDA neuron identity at different time points during differentiation.

Furthermore, functional analysis of neurons differentiated on the iHLC-matrix was performed.

iHLC-matrix supports neural induction and mDA neuron differentiation of hiPSCs

In order to identify if the iHLC-matrix also supports neural induction of hiPSCs with dual SMAD inhi-

bition, hiPSCs differentiated on iHLC-, HepG2-matrix, and Geltrex™ were analyzed for the expression

of PAX6, NCAD and SOX2 by immunocytochemical staining at day 11 of differentiation (Fig. 2.19).

Neuro-ectodermal differentiation of hiPSCs on cell-derived matrices as well as Geltrex™ was deter-

mined by positive PAX6 immunostaining (Fig. 2.19 A, B). PAX6 expression was observed under all

conditions and no distinct differences in the expression of this marker between hiPSCs differentiated on

iHLC-, HepG2-matrix of Geltrex™ were detected. Furthermore, formation of neural rosettes indicated

by NCAD immunostaining was determined under all conditions indicating efficient neural induction of

hiPSCs under all conditions (Fig. 2.19 A, indicated by arrows). In addition, co-expression of SOX2 and

PAX6 revealed that hiPSCs differentiated to NPCs. No differences in the expression of these markers
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Figure 2.18: mDA neuron differentiation of hiPSCs on cell-derived matrices with dual SMAD
inhibition. A Experimental workflow. B Differentiation protocol for mDA neuron differentiation with dual SMAD
inhibition. LDN = LDN193189, SB = SB431542; P1 = Passage 1; P2 = Passage 2.

was detected between conditions (Fig. 2.19 B). These results indicate that both cell-derived matrices

as well as Geltrex™ supported neural induction of hiPSCs with the same efficiency with dual SMAD

inhibition. hiPSCs differentiated in multiple layers under all conditions at day 11 of differentiation. For

this reason, percentages of PAX6, NCAD, and SOX2 positive cells relative to total number of cells could

not be determined.

By day 14 of differentiation, differentiating NPCs were passaged on synthetic and defined matrices

composed of P/O and LN and further analyzed for their developmental status by immunocytochemistry

at day 18 of differentiation (Fig. 2.20). Differentiating NPCs expressed PAX6 as well as TUBB3 by day

18 of differentiation and no differences between NPCs isolated from the iHLC-matrix, HepG2-matrix or

Geltrex ™ were detected for the expression of both markers. Results suggest that NPCs extracted from

cell-derived matrices and Geltrex™ started to differentiate to neurons indicated by TUBB3 immunostain-

ing. Furthermore, findings indicate that NPCs isolated from all matrices further differentiated to neurons

with the same efficiencies. Consequently, results at day 18 of differentiation support the hypothesis that

all matrices support neural induction of hiPSCs with the same efficiency, when differentiated with dual

SMAD inhibition.

To further analyze if NPCs extracted from the iHLC-matrix also differentiated towards mDA neuronal

identity, temporal gene expression analysis by quantitative real-time PCR was performed at day 11, 18,
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Figure 2.19: Characterization of hiPSCs differentiated on iHLC-, HepG2-matrix, and Geltrex™
with dual SMAD inhibition at day 11 of differentiation. Immunocytochemistry for (A) PAX6 (green) and
NCAD (red), neural rosette formation indicated by arrow, scale bar 200 µm. (B) PAX6 (green) and SOX2 (red),
scale bar 200 µm.
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Figure 2.20: Characterization of NPCs differentiated on iHLC-, HepG2-matrix, and Geltrex™ with
dual SMAD inhibition at day 18 of differentiation. hiPSCs were differentiated on cell-derived matrices
and Geltrex™ until day 14, followed by further differentiation on P/O and LN. Immunocytochemistry for PAX6
(green) and TUBB3 (red), scale bar 400 µm.

and 25 of differentiation. hiPSCs were differentiated on cell-derived matrices and Geltrex™ until day 14

followed by differentiation on synthetic and defined matrices composed of P/O and LN until day 21 and

P/O, LN, and FN until day 25. Figure 2.21 shows the results from temporal gene expression analysis.

Quantitative real-time PCR was performed for NES, PAX6, and MAP2 as well as LMX1A, TH, NR4A2,

and EN1. Results are presented as fold change relative to hiPSCs. Fold changes for NES expression

showed a value of approximately 2 for all conditions at day 11 of differentiation, which indicates a 2 fold

increase in the gene expression of this marker relative to hiPSCs. NES expression slightly decreased

at day 18, followed by an increase until day 25 of differentiation under all conditions to a fold change of

2 again. Furthermore, PAX6 expression was 9 times higher at day 11 of differentiation in comparison to

hiPSCs under all conditions, followed by a marginal decrease at day 18 and 25 of differentiation. Fold

changes of NES and PAX6 expression were comparable between the conditions and no major differ-

ences between NPCs isolated from iHLC-, HepG2-matrix or Geltrex ™ were detected (differences < 1).

Gene expression levels of these markers suggest that hiPSCs efficiently differentiated to NPCs under

all conditions. To analyze if NPCs further differentiated to neurons, MAP2 expression was determined.

Fold changes of MAP2 expression at day 11 and 18 showed a value around 4 to 4.5, whereas expres-
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sion increased from day 18 to 25 and differentiating NPCs showed a 8 times higher expression of MAP2

in comparison to hiPSCs. These results suggest that NPCs further differentiated to neurons. Similar

to gene expression levels of NES and PAX6, fold changes of MAP2 expression did not differ between

conditions, indicating that NPCs isolated from iHLC-, HepG2-matrix and Geltrex™ further differentiated

to neurons under all conditions with the same efficiency.

In addition, differentiating NPCs were analyzed for the expression of markers specific for mDA neurons.

At day 11 of differentiation, all conditions showed a 5 times higher LMX1A expression in comparison

to hiPSCs, suggesting that cells differentiated to neuro-ectodermal cells with midbrain identity. Gene

expression decreased at day 18 and 25 under all conditions. The opposite trend was observed for

temporal gene expression analysis of TH. TH expression was 5 times higher at day 11 and 18 in com-

parison to hiPSCs under all conditions and increased again at day 25 to a value around 12. Temporal

gene expression analysis of TH was comparable to MAP2 showing a strong increase in the gene ex-

pression level from day 18 to day 25. Data of Map2 and TH expression suggest that hiPSCs started

to differentiate to dopaminergic neurons. No major differences in the expression levels of TH between

NPCs isolated from iHLC-, HepG2-matrix and Geltrex™ were observed. The correct midbrain identity

of the dopaminergic neurons was determined by temporal gene expression analysis of NR4A2 and

EN1. Fold changes of NR4A2 were detected with a value of approximately 1 at day 11 and 18 for all

conditions indicating that differentiating cells did not express NR4A2 at this stage. However, expression

of NR4A2 increased at day 25 to a value 4 under all conditions. Differences in the gene expression of

NR4A2 between NPCs isolated from iHLC-, HepG2-matrix and Geltrex™ were not detected at any time

point. The same trend in the temporal gene expression was detected for EN1. Although gene expres-

sion of EN1 was already initiated at day 11 and 18 with a 3 fold higher EN1 expression in comparison to

hiPSCs for all conditions, gene expression increased strongly from day 18 to day 25. Fold changes for

all conditions were 7 times higher in comparison to hiPSCs. Except gene expression levels at day 11

of differentiation, fold changes for EN1 were comparable during differentiation between the conditions.

Temporal gene expression analysis of NR4A2 and EN1 suggest that NPCs started to differentiate to

dopaminergic neurons with mDA neuron identity. In conclusion, temporal gene expression analysis

confirmed the results from the immunocytochemical analysis. All matrices supported neural induction

and mDA neuronal differentiation of hiPSCs with the same efficiency, when differentiation was carried

out with dual SMAD inhibition.

NPCs isolated from the iHLC-matrix mature to neurons showing expression of mDA neuron

specific markers

To confirm the results of the temporal gene expression analysis (Fig. 2.21), differentiating NPCs iso-

lated from either cell-derived matrices or Geltrex™ were analyzed for the expression of TUBB3 and

TH at day 25 of differentiation by immunocytochemistry (Fig. 2.22). Immunocytochemical staining of

TUBB3 confirmed that NPCs extracted from either cell-derived matrices or Geltrex™ differentiated to

neurons (Fig. 2.22 A). Quantification of TUBB3+ cells in comparison to DAPI+ cells demonstrated that
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Figure 2.21: Temporal gene expression analysis of hiPSCs differentiated on iHLC-, HepG-matrix,
and Geltrex™ with dual SMAD inhibition. hiPSCs were differentiated on cell-derived matrices and Gel-
trex™ until day 14, followed by further differentiation on P/O and LN until day 21 and P/O, LN, and FN until day
25. Quantitative real-time PCR for neuro-ectodermal, neuronal, and mDA neuron specific markers at day 11, 18,
and 25, mean ± SEM, n = 3 (independent differentiations).

almost 100 % (>97 %) of the NPCs differentiated to neurons under all conditions (Fig. 2.22 B). Fur-

thermore, differentiation efficiency was comparable between NPCs isolated from iHLC-, HepG2-matrix

or Geltrex™ and no major differences in the percentage of TUBB3+ cells were detected. Moreover,

co-expression of TH with TUBB3 was also found under all conditions (Fig. 2.22 A). Quantification of

immunocytochemical stainings revealed that around 10 % of the DAPI+ cells already expressed this

marker on protein level (Fig. 2.22 B). Similar to the percentages of TUBB3+ cells, percentages of TH+

cells were comparable between all conditions. Thus, NPCs isolated from all matrices efficiently started

to differentiate to neurons with dopaminergic identity.

Neurons were further differentiated on P/O, LN, FN from day 25 until day 50 of differentiation and an-

alyzed for TH, MAP2, EN1, LMX1A, and NR4A2 expression by immunocytochemical staining at day

50 of differentiation. Under all conditions neurons showed co-expression of TH with MAP2 (Fig. 2.23

A). Quantification of immunocytochemical stainings showed that almost 100 % (> 94 %) of the DAPI+

cells matured to neurons under all conditions indicated by positive MAP2 immunostaining (Fig. 2.24).

Furthermore, 40 % of the DAPI+ cells showed dopaminergic identity indicated by positive immunostain-

ing for TH (Fig. 2.24). Percentages of TH+ neurons were comparable between all conditions and no
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major differences (± 3 %) in the expression of this marker were detected between neurons with neural

induction on iHLC-, HepG2-matrix or Geltrex™. Second, co-expression of LMX1A and EN1 together

with TUBB3 was detected for all conditions (Fig. 2.23 B). Thus, the results suggest that some of the

dopaminergic neurons showed the correct midbrain identity. 46 % of the neurons with neural induc-

tion on Geltrex™ or iHLC-matrix were positive for LMX1A, whereas LMX1A was only detected in 38 %

of the neurons isolated from the HepG2-matrix (Fig. 2.24). However, differences in the percentage

of LMX1A+ neurons were not significant. In addition, expression of EN1 was also detected for some

neurons under all conditions. Last, neurons were analyzed for the co-expression of TH with NR4A2,

which was detected for neurons under all conditions (Fig. 2.23 C). Taken together, NPCs either isolated

from cell-derived matrices or Geltrex™ differentiated to mature neurons with the same efficiency, when

differentiated with dual SMAD inhibition. Furthermore, neurons showed expression of mDA neuron spe-

cific markers. Thus, the results indicate that the iHLC-matrix supports neural induction of hiPSCs with

dual SMAD inhibition and NPCs isolated from the iHLC-matrix are able to mature to neurons showing

expression of mDA neuron specific markers.

2.2.5 Functional characterization of neurons isolated from the iHLC-matrix

The iHLC-matrix supported neural induction of hiPSCs with dual SMAD inhibition and NPCs isolated

from the iHLC-matrix matured to neurons showing expression of mDA neuron specific markers. To

further characterize these neurons isolated from the iHLC-matrix, neurons were analyzed for their elec-

trophysiological properties and functional integration into neuronal networks. To elucidate the elec-

trophysiological properties of the neurons, whole cell-patch clamp analysis was performed on single

cultured neurons in a collaboration with Prof. Dr. Harald Luksch and Dr. Stefan Weigel, Technical

University of Munich. To investigate if neurons differentiated on the iHLC-matrix are able to functionally

integrate into neuronal networks, neurons were cultured on mouse organotypic brain slice cultures and

analyzed for the formation of synapses with the host neurons.

Neurons isolated from the iHLC-matrix are electrophysiological active

hiPSCs were differentiated on the iHLC-matrix until day 14, followed by further differentiation on P/O,

LN and FN until day 50 as described in chapter 4.11.14. Electrophysiological activity of the neurons

was determined by whole-cell patch clamp analysis according to Kriks et al. (2011). Neurons, selected

for whole-cell patch clamp, were localized in cell clusters and showed neuron-like morphology with

branched dendrites.

A phase contrast picture of a patched neuron is illustrated in figure 2.25 A. Successful electrophysio-

logical recordings were performed from 26 cells. A typical recording is shown in figure 2.25 B. Upon

injection of current steps (-300 pA to +450 pA), patched neurons formed action potentials to depolarising

steps (Fig. 2.25 B). Onset and number of action potentials was dependent on current size and result-

ing depolarization of the membrane. No rebound action potentials were observed even after strong
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Figure 2.22: Characterization of NPCs differentiated on iHLC-, HepG2-matrix and Geltrex™ with
dual SMAD inhibition at day 25 of differentiation. hiPSCs were differentiated on cell-derived matrices
and Geltrex™ until day 14, followed by further differentiation on P/O and LN until day 21 and P/O, LN, and FN
until day 25. (A) Immunocytochemistry for TH (green) and TUBB3 (red), scale bar 200 µm. (B) Quantification of
data shown in (A), mean ± SEM, n = 3 (independent differentiations).
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Figure 2.23: Characterization of neurons differentiated on iHLC-, HepG2-matrix, and Geltrex™
with dual SMAD inhibition at day 50 of differentiation. hiPSCs were differentiated on cell-derived matri-
ces and Geltrex™ until day 14, followed by further differentiation on P/O and LN until day 21 and P/O, LN, and
FN until day 50. Immunocytochemistry for (A) TH (green) and MAP2 (red). (B) LMX1A (green), EN1 (red), and
TUBB3 (blue). (C) TH (green) and NR4A2 (red). Co-expression of both markers and NR4A2 single positive cells
indicated by arrow. Scale bar 200 µm, scale bar close up ’, ”, and ”’ 80 µm.
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Figure 2.24: Quantification of immunocytochemical stainings for neurons of data shown in figure
2.23. Images for LMX1A quantification not shown. Mean ± SEM, n = 3 (independent differentiations), n.s. = non
significant (Kruskall-Wallis test).
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hyperpolarisation. It is reported that 50 to 70 % of dopaminergic neurons in the substantia nigra of

anesthetized rats are spontaneously active (Grace and Onn, 1989). Spontaneously active dopaminer-

gic neurons show two specific firing patterns, the irregular interval single spiking pattern and the burst

firing (Grace and Bunney, 1984a,b). All measured neurons differentiated on the iHLC-matrix showed

spontaneous neural activity (Fig. 2.25 C). However, only neurons with stable recordings and a minimum

of 150 seconds recorded spontaneous activity were analyzed. 21 of the 26 measured neurons showed

burst firing with 79 to 100 % of the action potentials detected in bursts (Tab. A.1). Nevertheless, spon-

taneous activity showed a high range of variety. Interspike intervals (ISI) within bursts (ISI intra bursts)

ranged between 62 ± 42 and 404 ± 160 msec, and 12 of the 21 neurons showed ISI within bursts be-

tween 50 to 150 msec (Tab. A.1). Furthermore, bimodal distribution of ISI was detected for some of the

bursting neurons (Fig. A.1, e.g. neuron 6, 7, 18). Resting membrane potentials were determined and

varied between -44 and -65 mV (Tab. A.1). Moreover, threshold potentials of bursting neurons varied

between -41 and -57 mV (Tab. A.1). Membrane resistance of neurons differentiated on the iHLC-matrix

showed a value of 121 ± 38 MΩ and membrane time constant was determined with 103 ± 57 msec.

Technical replicates of the differentiated neurons used for electrophysiological measurements were

analyzed for their neuronal identity by immunocytochemical stainings (Fig. 2.26). Neurons showed

co-expression of TH with MAP2 as well as LMX1A and EN1 (Fig. 2.26 A, B). Quantification of immuno-

cytochemical stainings revealed that 84 % of the DAPI+ cells showed expression of MAP2. 54 % of the

DAPI+ cells were positive for TH, whereas LMXA1 expression was determined for 46 % of the DAPI+

cells (Fig. 2.26 D). Moreover, neurons showed formation of synapses indicated by immunocytochemi-

cal staining of SYN I suggesting that neurons generated a neuronal network and connections to each

others (Fig. 2.26 C).

Neurons isolated from the iHLC-matrix functionally integrate into neuronal networks

To analyze if neurons isolated from the iHLC-matrix are able to functionally integrate into neuronal

networks, mouse organotypic brain slice cultures were performed with neurons differentiated on the

iHLC-matrix. Organotypic brain slices were prepared according to Gogolla et al. (2006a) as described in

chapter 4.13. The experimental workflow for preparation of organotypic brain slice cultures is illustrated

in figure 2.27 A. Organotypic brain slices were prepared in the area of the ventral midbrain of P6

to P9 mice. Mouse coronal brain sections were cultured for 14 days before seeding of the human

neurons. For the generation of human neurons, hiPSCs were differentiated on the iHLC-matrix until

day 14, followed by further differentiation on P/O, LN and FN until day 36 as described in chapter

4.11.14. At day 36 of differentiation, human neurons were seeded onto organotypic brain slices of

the mouse and cultured for an additional 14 days on the host tissue. Brain slices were fixed and

analyzed for integration and formation of synapses of the human neurons with neurons from the host

tissue. Human neurons generated on the iHLC-matrix were visualized on organotypic brain slices by

immunocytochemical staining with an antibody against human TUBB3 (Fig. 2.27 B). Human TUBB3

antibody only recognizes the human protein and does not mark mouse TUBB3. Thus, human neurons
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Figure 2.25: Electrophysiological recordings of neurons differentiated on the iHLC-matrix. Elec-
trophysiological recordings by whole-cell patch clamp analysis of neurons differentiated on the iHLC-matrix at day
50 of differentiation. hiPSCs were differentiated on iHLC-matrix until day 14, followed by further differentiation
on P/O and LN until day 21 and P/O, LN, and FN until day 50. (A) Phase contrast picture of a patched neuron,
scale bar 15 µm. (B) Membrane voltage responses to varying current steps recorded from an exemplary cell.
Currents were stepped from -300 pA to +45 pA with a step size of 50 pA; y-scale = 20 mV, x-scale = 25 ms. (C)
Representative recording of a spontaneously active neuron; y-scale : 20 mV, x-scale = 5 sec. The inset illustrates
part of the recording in detail; y-scale = 20 mV, x-scale = 1 sec.
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Figure 2.26: Characterization of neurons differentiated on the iHLC-matrix for electrophysio-
logical analysis. hiPSCs were differentiated on iHLC-matrix until day 14, followed by further differentiation
on P/O and LN until day 21 and P/O, LN, and FN until day 50. Analysis at day 50 of differentiation. (A-C)
Immunocytochemical stainings of technical replicates of neurons differentiated on the iHLC-matrix used for elec-
trophysiological recordings (A) Immunocytochemical staining for TH (green) and MAP2 (red), scale bar 200 µm.
(B) Immunocytochemical staining for LMX1A (green) and EN1 (red), scale bar 200 µm. (C) Immunocytochemical
staining for SYN I (green) and TUBB3 (red), scale bar 200 µm, scale bar close up ’ 25 µm. Arrows indicating
pre-synapses (D) Quantification of data presented in (A) and (B), mean ± SEM n = 4 (images).

63



CHAPTER 2. RESULTS

could be clearly distinguished from the mouse neurons. Positive immunostaining for human TUBB3

indicated that human neurons survived on the host tissue and formed long branched dendrites and

axons. (Fig. 2.27 B). To identify if neurons of the host tissue generated synapses with the seeded

human neurons, organotypic brain slices were analyzed for the expression of SYN I (Fig. 2.2.5 B’ and

B”). Positive immunostaining for SYN I was clearly detected on dendrites of human neurons indicating

the formation of pre-synapses. Pre-synapses could not be assigned to be formed by surrounding

human neurons (Fig. 2.27 B, B’ and B” indicated by arrow). These findings suggest that synapses

were generated by mouse neurons. Furthermore, co-expression of TH and human TUBB3 indicated

that human neurons generated on the iHLC-matrix integrated into the substantia nigra of the host tissue

(Fig. 2.27 C, C’ and C”). Thus, results suggest that human neurons differentiated on the iHLC-matrix

are able to survive and functionally integrate into neuronal networks of a host tissue.

2.3 Differentiation of hiPSCs with iHLC-conditioned medium

In order to analyze if iHLCs secret factors which promote neural induction of hiPSCs, and thus contribute

to the effect of iHLCs in co-culture-based differentiation experiments, hiPSCs were differentiated with

conditioned medium of iHLCs. Production of iHLC-conditioned medium is described in chapter 4.11.15.

hiPSCs were cultured onto Geltrex™ coated dishes and differentiation was initiated by changing the

medium to iHLC-conditioned medium (Fig. 2.28 A). As a positive control, DMEM/F12:Neurobasal sup-

plemented with LDN193189 and SB431542 was used. DMEM/F12:Neurobasal only defined the nega-

tive control. All media were supplemented with SHH and FGF8 from day 8 until day 11 (Fig. 2.28 A).

Differentiating hiPSCs were analyzed by quantitative real-time PCR and immunocytochemical stain-

ing at day 11 of differentiation (Fig. 2.28 B, C). Quantitative real-time PCR was performed relative

to hiPSCs and data is presented as fold change. Negative values for fold changes for OCT4 and

NANOG expression were detected for the positive control, indicating that expression of these mark-

ers decreased during the differentiation process (Fig. 2.28 B). In contrast, gene expression levels

of approximately 1, determined for hiPSCs differentiated with DMEM/F12:Neurobasal only or iHLC-

conditioned medium, suggested that gene expression levels were comparable to hiPSCs. Beside this,

expression of PAX6 and MAP2 were determined for the positive control indicated by values for fold

changes above 2. On the contrary, fold changes for expression of these markers for hiPSCs differen-

tiated with DMEM/F12:Neurobasal only or iHLC-conditioned medium were detected of approximately

1, suggesting that markers were not expressed under these conditions. Results from gene expression

analysis indicate that neural induction of hiPSCs was present in the positive control, but not in hiPSCs

differentiated with DMEM/F12:Neurobasal only or iHLC-conditioned medium. In addition, findings sug-

gest that hiPSCs still remained in the pluripotent state when differentiated with DMEM/F12:Neurobasal

only or iHLC-conditioned medium. Distinct differences in the gene expression levels of the markers

between the negative control and iHLC-conditioned medium were not detected. Results from immuno-

cytochemical stainings confirmed the results from quantitative real-time PCR analysis (Fig. 2.28 C).
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Figure 2.27: Mouse organotypic brain slice cultures with neurons isolated from the iHLC-matrix.
Organotypic brain slice cultures of the mouse ventral midbrain with human neurons differentiated on iHLC-matrix.
hiPSCs were differentiated on iHLC-matrix until day 14, followed by further differentiation on P/O and LN until
day 21 and P/O, LN, and FN until day 36. (A) Experimental workflow for generation of organotypic brain slice
culture, seeding and culture of human neurons. (B) and (C) Immunocytochemical staining of organotypic brain
slices 14 days after seeding of human neurons for (B) human TUBB3 (red) and SYN I (green); arrows indicating
pre-synapses potentially formed by mouse host neurons. (C) human TUBB3 (red) and TH (green). Scale bar
33 µm, scale bar close up ’ and ” 10 µm. VM = Ventral midbrain.
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Positive immunostainings for PAX6 and NES were determined for the positive control, whereas OCT4

and NANOG were almost absent in this condition. On the contrary, OCT4 and NANOG expression

was detected in almost every cell of the hiPSCs differentiated with DMEM/F12:Neurobasal only or

iHLC-conditioned medium. At the same time, only NES expression was detected for these conditions,

whereas PAX6 expression was absent on protein-level.
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Figure 2.28: Differentiation of hiPSCs with iHLC-conditioned medium. (A) Schematic presentation
of protocol for neural differentiation of hiPSCs with iHLC-conditioned medium. (C) Gene expression analysis by
quantitative real-time PCR for stem cell, neuro-ectodermal, and neuronal specific markers at day 11 of differenti-
ation, n = 1. (D) Immunocytochemistry at day 11 of differentiation for PAX6 (green) and NES (red), OCT4 (green)
and NANOG (red), scale bar 200 µm.

2.4 Quantitative proteome analysis of iHLCs

Co-culture based differentiation experiments demonstrated that iHLCs promote neural induction of hiP-

SCs and NPCs extracted from the iHLC co-culture matured to neurons showing mDA neuronal identity.

Neither MSCs nor HepG2 cells showed a comparable effect on hiPSCs in co-culture-based experiments

(Chap. 2.1.7, Chap. 2.1.10). Furthermore, the ECM of iHLCs promoted neural induction of hiPSCs in
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comparison to Geltrex™, when differentiated without dual SMAD inhibition (Chap. 2.2.3). Beside this,

differentiation of hiPSCs on iHLC-matrix with dual SMAD inhibition resulted in successful differentiation

of hiPSCs to mature neurons showing expression of mDA neuron specific markers (Chap. 2.2.4). In

order to identify core matrisome or matrisome associated proteins potentially contributing to the neural

promoting effect of iHLCs and its matrix, the proteome of iHLCs was compared to the proteome of MSCs

and HepG2 cells using label-free LC-MS/MS methodology. As iHLCs are derived by differentiation of

hiPSCs, the proteome of iHLCs was additionally compared to the proteome of hiPSCs. Furthermore,

hiPSCs are pluripotent cells, and thus should not support neural induction. Taken together, the pro-

teome of iHLCs was compared to three different control cell types MSCs, HepG2 cells, and hiPSCs.

Cellular components were separated by subsequent fractionation in buffers with different solving proper-

ties and proteins were separated in the cytoplasmic, membrane/organelle, and ECM fraction. The frac-

tionation protocol for enrichment of ECM components was optimized by a Master-student of our group,

Jakob Reber, together with the proteomic core facility of the Helmholtz Zentrum München (HMGU). Pro-

teome analysis was performed for 2 biological replicates of each cell type. Biological replicates were

prepared in duplicates or triplicates to obtain 5 samples in total of each cell type for each fraction. LC-

MS/MS proteomic analysis and label-free quantification were performed by the proteomic core facility

of the Helmholtz Zentrum München (HMGU). Peptide identification was carried out with the Swissprot

human protein database. Numbers of identified proteins with at least 2 unique peptides were 2672 for

the cytoplasmic fraction, 3047 for the membrane/organelle fraction and 2942 for the ECM fraction.

2.4.1 Principal component analysis of cellular protein fractions

In order to validate the variability of the technical replicates of each cell type, principal component

analysis (PCA) was performed for each fraction separately with normalized abundances of all identified

proteins with at least 2 unique peptides (Fig. 2.29). Projection of datasets was performed in two

dimensions (2 components, 2D) with Perseus software. PCA of the cytoplasmic fraction indicated

that technical replicates of each cell type showed a clear cluster in distinct groups, when analyzed for

their abundances of two components. No overlap of groups of technical replicates between cell types

was determined. Interestingly, groups of hiPSCs and iHLCs technical replicates were most closely

arranged in the 2D view in comparison to MSCs and HepG2 cells. Similar separation was observed

for the membrane/organelle and ECM fraction. Variability of biological replicates increased from the

cytoplasmic to the ECM fraction, but groups of replicates for each cell type could still be delimited from

each other. Only for replicates of MSCs in the ECM fraction, groups of two and three replicates were

detected. Results of PCA indicate that the variability of the technical replicates from each cell type was

very low. Furthermore, close arrangement of hiPSCs and iHLCs technical replicates in the 2D view

throughout all fractions suggest a lower difference in the datasets of hiPSCs and iHLCs in comparison

to MSCs and HepG2 cells.
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Figure 2.29: Principal component analysis of cellular protein fractions. Principal component anal-
ysis of the cytoplasmic, membrane/organelle, and ECM fraction for all identified proteins with at least 2 unique
peptides for hiPSCs, iHLCs, HepG2 cells, and MSCs. Each dot represents one replicate of technical replicates
generated from each cell type. Five technical replicates of each cell type are shown.

2.4.2 Functional protein classification of identified proteins

To classify identified proteins of the fractions according to cellular components, functional protein clas-

sification was performed with the Panther web tool. Functional classification was carried out with all

identified proteins with at least 2 unique peptides for each fraction separately. Figure 2.30 illustrates

the results of the functional classification. Beside the cellular part (42.6 %), also membrane (6.4 %) and

organelle (29.2 %) components and ECM components (2.4 %) were identified in the cytoplasmic frac-

tion. However, cellular components comprised the highest percentage of the cytoplasmic fraction. In

contrast, membrane (11.0 %) and organelle (28.3 %) components together had the highest percentage

in the membrane/organelle fraction. Nevertheless, also cellular parts (37.5 %) and ECM components

(2.5 %) were identified in this fraction. Even in the ECM fraction the percentage of ECM components

was only 2.9 % of the overall components and the percentage of cellular parts (38.1 %) and membrane

and organelle components (38.2 %) was still very high.

Functional classification of cellular components indicated that ECM components were extracted in all

fractions. Although cellular and membrane and organelle components comprised the highest percent-

age in the cytoplasmic and membrane/organelle fraction, respectively, ECM components were dis-

tributed over all fractions. Results of functional protein classification indicate that ECM components

could not be efficiently enriched in only one fraction. For this reason, every fraction was analyzed for

deregulated core matrisome and matrisome associated proteins in iHLCs compared to the control cell

types hiPSCs, HepG2 cells, and MSCs.
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Figure 2.30: Functional classification of identified proteins in cellular protein fractions. Chart pie
for functional classification of identified proteins with at least 2 unique peptides for the cytoplasmic, membrane/or-
ganelle, and ECM fraction using the Panther software.

2.4.3 Hierarchical clustering of identified matrisome proteins of cellular protein frac-

tions

Identification of core matrisome and matrisome associated proteins was carried out by alignment of

identified protein lists with at least 2 unique peptides to the human matrisome list (Naba et al., 2012b,a;

Hynes and Naba, 2012; Naba et al., 2016). Numbers of identified proteins of each fraction were the fol-

lowing: 55 core matrisome and 68 matrisome associated proteins for the cytoplasmic fraction, 52 core

matrisome and 75 matrisome associated proteins for the membrane/organelle fraction and 60 core ma-

trisome and 87 matrisome associated proteins for the ECM fraction. Core matrisome proteins comprise

ECM glycoproteins, collagens, and proteoglycans, whereas ECM-affiliated proteins, ECM-regulators,

and secreted factors count to matrisome associated proteins. As core matrisome proteins were not only

enriched in one fraction, it cannot be concluded if ECM-regulators and secreted factors, which eluated

in the cytoplasmic and membrane/organelle fraction, were associated with core matrisome proteins or

remained in a soluble form. Thus, it cannot be concluded if these groups count to matrisome associated

proteins or not. Nevertheless, ECM-regulators and secreted factors could potentially be associated with

core matrisome proteins, and thus were also analyzed for these two fractions.

To detect and visualize first differences of matrisome proteins between cell types, hierarchical cluster-

ing of core matrisome and matrisome associated proteins within the dataset was performed with the

Perseus software and visualized in a heat map (Fig. 2.31, Fig. 2.32, Fig. 2.33). List of abbreviations

for identified matrisome proteins is shown in table A.2.

For the cytoplasmic fraction, replicates of each cell type clustered in groups, suggesting that differ-

ences of datasets were lowest between replicates of each cell type (Fig. 2.31, columns). In addition,

distinct clusters of enriched proteins for each cell type were identified (Fig. 2.34 A). Differences in the
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protein abundances between biological and technical replicates within groups for MSCs, HepG2 cells

and hiPSCs were low, indicating a minor variability between replicates. In contrast, protein abundances

between biological replicates of iHLCs showed a higher variability compared to the control cell types.

Nevertheless, clusters of enriched proteins could clearly be identified for iHLCs. Clusters of enriched

matrisome proteins in MSCs were mostly defined by proteins of the annexin, collagen, serpin, and S100

calcium binding protein family (Fig. 2.34 A). Furthermore, cathepsins (e.g CTGF, CTSB), fibulin 1 and

2 (FBLN1, FBLN2), fibrillin 1 (FBN1), fibronectin (FN1), procollagen-lysines (PLOD), thrombospondin 1

(THBS1), tenascin C (TNC), and versican (VCAN) were also detected to be enriched in this cell type.

Clusters of enriched proteins for HepG2 cells showed especially members of the annexin, cathepsin,

and serpin family. In addition, enrichment of midkine (MDK), nidogen 1 (NID1) and reelin (RELN) were

also found in HepG2 cells (Fig. 2.34 A). Clusters of enriched matrisome proteins in iHLCs were de-

fined by annexins, laminin chains, and insulin-like growth factor binding proteins (IGFBP). Furthermore,

agrin (AGRN), collagen type XVIII alpha 1 (COL18A1), FBLN1, FBN2, FN, follistatin (FST), hyaluronan

and proteoglycan link protein 1 (HAPLN1), MDK, Secreted frizzled-related protein 1 (SFRP1), THBS1,

and TNC were detected to be enriched in iHLCs (Fig. 2.34 A). In contrast to MSCs, HepG2 cells, and

iHLCs, clusters of enriched proteins in hiPSCs were only composed of a few proteins. hiPSCs showed

enrichment of cathepsins as well as FGF2, glypican 4 (GPC4), NID1 and VCAN (Fig. 2.34 A).

In line with the cytoplasmic fraction, replicates of each cell type in the membrane/organelle fraction

clustered in groups (Fig. 2.32, columns). In addition, distinct clusters of enriched matrisome proteins

could still be detected for each cell type. Variability of protein abundances between biological repli-

cates of MSCs as well as HepG2 cells were low, whereas protein abundances detected for iHLCs and

hiPSCs varied between replicates. However, clusters of enriched matrisome proteins could also be

identified for these cell types (Fig. 2.34 B). For MSCs and iHLCs, clusters of enriched matrisome pro-

teins were comparable to the cytoplasmic fraction. Annexins, collagens as well as serpins and S100

calcium binding proteins were found to be enriched in MSCs, whereas iHLCs showed mostly enrich-

ment of laminin chains, IGFBPs, AGRN, COL18A1, FBLN1, HAPLN1, MDK, SFRP1, and vitronectin

(VTN) (Fig. 2.34B). In contrast, clusters of enriched matrisome proteins in HepG2 cells for the mem-

brane/organelle fraction differed from the cytoplasmic fraction. Members of the cathepsin family were

still detected to be enriched in HepG2 cells but also fibrinogen chains (FGA, FGB, FGG), glypicans and

syndecans (Fig. 2.34B). Likewise HepG2 cells, clusters for hiPSCs showed enrichment of other matri-

some proteins compared to the cytoplasmic fraction. Beside FGF2, GPC4, and NID1, hiPSCs clusters

contained sema domain proteins as well as SFRP1 and SFRP2 (Fig. 2.34 B).

Also for the ECM fraction, replicates of each cell type clustered in groups, suggesting the lowest differ-

ence of datasets between replicates of each cell type (Fig. 2.33). In contrast to the cytoplasmic and

membrane/organelle fraction, distinct clusters of enriched matrisome proteins were difficult to deter-

mine. Only MSCs and HepG2 cells showed distinct clusters of enriched matrisome proteins, whereas

enriched matrisome proteins in iHLCs and hiPSCs were not clearly grouped. Nevertheless, enriched

matrisome proteins of iHLCs and hiPSCs could still be identified (Fig. 2.34 C). In line with the cyto-

plasmic and membrane/organelle fraction, clusters of enriched matrisome proteins detected in MSCs
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contained proteins of the annexin, collagen, serpin, and S100 calcium binding protein family. Beside

these proteins, cathepsins, FBLN 1, FBLN 2, PLODs, TNC, and VCAN were also found to be enriched

in this cell type (Fig. 2.34 C). Clusters of HepG2 cells still showed enrichment of cathepsins as well as

fibrinogen chains, syndecans and glypicans, but growth factor differentiation factor 15 (GFD15), ma-

trilin 3 (MATN3) and MDK were also detected for HepG2 cells (Fig. 2.34 C). iHLCs showed enrichment

for proteins like AGRN, COL18A1, FBLN1, FBN2, HAPLN1, IGFBP5, LAMA5, MDK, SFRP1, THBS1,

and VTN, which were also found to be enriched in the other two fractions. In addition, enrichment of

further proteins were found in iHLCs, e.g. cysteine-rich angiogenic inducer 61 (CYR61), coagulation

factor II (thrombin, F2), growth differentiation factor 6 (GDF6), hepatocyte growth factor (HGF), latent

transforming growth factor beta binding protein 1 (LTBP1), LEFTY2, and serpins (Fig. 2.34 C). As se-

creted factors like HGF and LEFTY2 were only found to be enriched in the ECM fraction, it seems likely

that the secreted factors were associated with the ECM and contribute to ECM associated matrisome

proteins. For hiPSCs, more enriched proteins were detected for the ECM fraction in comparison to the

other two fractions. In addition to FGF2, GPC4, sema domains, NID1, SFRP1 and SFRP2, enrichment

of laminin chains, collagens and LEFTY2 was detected (Fig. 2.34 C).

Through hierarchical clustering, first differences in the enrichment of matrisome proteins between cell

types could be detected. Apart from hiPSCs, no major differences in the enrichment of matrisome pro-

teins were found between fractions and all cell types showed enrichment of comparable protein clusters

throughout all factions. MSCs were mostly enriched in members of the annexin, collagen, serpin, and

S100 calcium binding protein family, whereas enrichment of cathepsins, fibrinogen chains, serpins, and

syndecans was found in HepG2 cells. In contrast, enrichment of mostly laminin chains and IGFBPs was

detected for iHLCs. Furthermore, iHLCs were enriched in AGRN, COL18A1, FBLN1, FBN2, HAPLN1,

MDK, SFRP1, THBS1, TNC, and VTN throughout all fractions. In contrast, hiPSCs showed mostly

enrichment of specific proteins like FGF2, GPC4, sema domains, and NID1. Nevertheless, enrich-

ment of matrisome proteins was determined within the dataset and no information about absolute and

quantitative values for the enrichment of matrisome proteins can be determined. Thus, enrichment of

matrisome proteins depends on the dataset and analyzed cell types.

2.4.4 Significantly deregulated matrisome proteins in iHLCs compared to the control

cell types

In order to identify significantly deregulated core matrisome and matrisome associated proteins in iHLCs

in comparison to the control cell types, fold changes of identified matrisome proteins in iHLCs relative

to the control cell types hiPSCs, HepG2 cells, and MSCs were calculated (Tab. A.3, Tab. A.4, Tab.

A.5). Fold changes were validated by statistical analysis with the Student’s t-test. Only 2-fold up- and

downregulated proteins with p < 0.05 were qualified for further analysis. To identify most deregulated

matrisome proteins, top-10 up- and downregulated core matrisome and matrisome associated proteins

were illustrated in diagrams for each fraction (Fig. 2.35, Fig. 2.36, Fig. 2.37).

In the cytoplasmic fraction, the core matrisome proteins EGF-containing fibulin-like extracellular matrix

71



CHAPTER 2. RESULTS

iPS_BR
1_1

iPS_BR
1_2

iPS_BR
1_3

iPS_BR
2_1

iPS_BR
2_2

iH
LC

_BR
1_1

iH
LC

_BR
1_2

iH
LC

_BR
1_3

iH
LC

_BR
2_1

iH
LC

_BR
2_2

H
epG

2_BR
1_1

H
epG

2_BR
1_2

H
epG

2_BR
1_3

H
epG

2_BR
2_1

H
epG

2_BR
2_2

M
SC

_BR
1_1

M
SC

_BR
1_2

M
SC

_BR
1_3

M
SC

_BR
2_1

M
SC

_BR
2_2

S100P
SERPIND1
LTBP2
FBN1
BGN
SERPINB3
FLG2
HRNR
FST
EFEMP1
SULF2
HAPLN1
FBN2
MMP2
ECM1
VCAN
CTSZ
FBLN1
COL5A2
FSTL1
LGALS3
ANXA4
CTSB
ANXA11
CSTB
PLOD2
P4HA2
ANXA5
COL2A1
CTGF
PLOD1
PLOD3
P4HA1
ANXA7
LAMB2
CRELD2
SERPINH1
COL6A3
IGFBP3
COL14A1
IGFBP7
COL5A1
COL4A1
S100A10
ANXA2
ANXA1
PXDN
S100A11
THBS1
SPARC
LOXL2
LUM
TNC
FN1
TGFBI
S100A13
ANXA6
COL12A1
S100A6
SERPINB6
COL6A2
S100A4
CTHRC1
S100A16
COL3A1
FBLN2
PCOLCE
LOX
COL6A1
POSTN
COL1A2
COL1A1
COL16A1
COL11A1
CRLF1
F2
MATN3
SERPINA1
ITIH2
RELN
FGG
CTSH
AMBP
CST3
A2M
SERPINA3
FGB
FGA
SERPINF2
GPC3
SERPINB1
LGALS1
SERPINE2
SERPINE1
S100A9
S100A8
MFGE8
GPC4
FGF2
CTSV
SFRP1
IGFBP5
MDK
HCFC1
CTSC
NID1
CTSD
PRSS1
AGT
OGFOD1
LMAN1
CTSA
TGM2
LAMA5
LAMC1
LAMB1
HSPG2
IGFBP2
CYR61
SERPINB9
ANXA3
COL18A1
AGRN

S100P
SERPIND1
LTBP2
FBN1
BGN
SERPINB3
FLG2
HRNR
FST
EFEMP1
SULF2
HAPLN1
FBN2
MMP2
ECM1 
VCAN
CTSZ
FBLN1
COL5A2
FSTL1
LGALS3
ANXA4
CTSB
ANXA11
CSTB
PLOD2
P4HA2
ANXA5
COL2A1
CTGF 
PLOD1
PLOD3
P4HA1
ANXA7
LAMB2
CRELD2
SERPINH1
COL6A3
IGFBP3
COL14A1
IGFBP7
COL5A1
COL4A1
S100A10
ANXA2
ANXA1
PXD 
S100A11
THBS1
SPARC
LOXL2
LUM
TNC
FN1
TGFBI
S100A13
ANXA6
COL12A1
S100A6
SERPINB6
COL6A2
S100A4
CTHRC1
S100A16
COL3A1
FBLN2
PCOLCE
LOX
COL6A1
POSTN
COL1A2
COL1A1
COL16A1
COL11A1
CRLF1
F2
MATN3
SERPINA1
ITIH2
RELN
FGG
CTSH
AMBP
CST3
A2M
SERPINA3
FGB
FGA
SERPINF2
GPC3
SERPINB1
LGALS1
SERPINE2
SERPINE1
S100A9
S100A8
MFGE8
GPC4
FGF2
CTSV
SFRP1
IGFBP5
MDK
HCFC1
CTSC
NID1
CTSD
PRSS1
AGT
OGFOD1
LMAN1
CTSA
TGM2
LAMA5
LAMC1
LAMB1
HSPG2
IGFBP2
CYR61
SERPINB9
ANXA3
COL18A1
AGRN

iPS_BR
1_1

iPS_BR
1_2

iPS_BR
1_3

iPS_BR
2_1

iPS_BR
2_2

iH
LC
_BR
1_1

iH
LC
_BR
1_2

iH
LC
_BR
1_3

iH
LC
_BR
2_1

iH
LC
_BR
2_2

H
epG
2_BR
1_1

H
epG
2_BR
1_2

H
epG
2_BR
1_3

H
epG
2_BR
2_1

H
epG
2_BR
2_2

M
SC
_BR
1_1

M
SC
_BR
1_2

M
SC
_BR
1_3

M
SC
_BR
2_1

M
SC
_BR
2_2

S100P
SERPIND1
LTBP2
FBN1
BGN
SERPINB3
FLG2
HRNR
FST
EFEMP1
SULF2
HAPLN1
FBN2
MMP2
ECM1
VCAN
CTSZ
FBLN1
COL5A2
FSTL1
LGALS3
ANXA4
CTSB
ANXA11
CSTB
PLOD2
P4HA2
ANXA5
COL2A1
CTGF
PLOD1
PLOD3
P4HA1
ANXA7
LAMB2
CRELD2
SERPINH1
COL6A3
IGFBP3
COL14A1
IGFBP7
COL5A1
COL4A1
S100A10
ANXA2
ANXA1
PXDN
S100A11
THBS1
SPARC
LOXL2
LUM
TNC
FN1
TGFBI
S100A13
ANXA6
COL12A1
S100A6
SERPINB6
COL6A2
S100A4
CTHRC1
S100A16
COL3A1
FBLN2
PCOLCE
LOX
COL6A1
POSTN
COL1A2
COL1A1
COL16A1
COL11A1
CRLF1
F2
MATN3
SERPINA1
ITIH2
RELN
FGG
CTSH
AMBP
CST3
A2M
SERPINA3
FGB
FGA
SERPINF2
GPC3
SERPINB1
LGALS1
SERPINE2
SERPINE1
S100A9
S100A8
MFGE8
GPC4
FGF2
CTSV
SFRP1
IGFBP5
MDK
HCFC1
CTSC
NID1
CTSD
PRSS1
AGT
OGFOD1
LMAN1
CTSA
TGM2
LAMA5
LAMC1
LAMB1
HSPG2
IGFBP2
CYR61
SERPINB9
ANXA3
COL18A1
AGRN

hiP
S

C
s_2_2

hiP
S

C
s_2_1

hiP
S

C
s_1_3

hiP
S

C
s_1_2

hiP
S

C
s_1_1

iH
LC

s_2_2

iH
LC

s_2_1

iH
LC

s_1_3

iH
LC

s_1_2

iH
LC

s_1_1

M
S

C
s_2_2

M
S

C
s_2_1

M
S

C
s_1_3

M
S

C
s_1_2

M
S

C
s_1_1

H
epG

2_2_2

H
epG

2_2_1

H
epG

2_1_3

H
epG

2_1_2

H
epG

2_1_1

- 4 - 3 - 2 - 1 210
Abundance

iPS_BR
1_1

iPS_BR
1_2

iPS_BR
1_3

iPS_BR
2_1

iPS_BR
2_2

iH
LC
_BR
1_1

iH
LC
_BR
1_2

iH
LC
_BR
1_3

iH
LC
_BR
2_1

iH
LC
_BR
2_2

H
epG
2_BR
1_1

H
epG
2_BR
1_2

H
epG
2_BR
1_3

H
epG
2_BR
2_1

H
epG
2_BR
2_2

M
SC
_BR
1_1

M
SC
_BR
1_2

M
SC
_BR
1_3

M
SC
_BR
2_1

M
SC
_BR
2_2

S100P
SERPIND1
LTBP2
FBN1
BGN
SERPINB3
FLG2
HRNR
FST
EFEMP1
SULF2
HAPLN1
FBN2
MMP2
ECM1
VCAN
CTSZ
FBLN1
COL5A2
FSTL1
LGALS3
ANXA4
CTSB
ANXA11
CSTB
PLOD2
P4HA2
ANXA5
COL2A1
CTGF
PLOD1
PLOD3
P4HA1
ANXA7
LAMB2
CRELD2
SERPINH1
COL6A3
IGFBP3
COL14A1
IGFBP7
COL5A1
COL4A1
S100A10
ANXA2
ANXA1
PXDN
S100A11
THBS1
SPARC
LOXL2
LUM
TNC
FN1
TGFBI
S100A13
ANXA6
COL12A1
S100A6
SERPINB6
COL6A2
S100A4
CTHRC1
S100A16
COL3A1
FBLN2
PCOLCE
LOX
COL6A1
POSTN
COL1A2
COL1A1
COL16A1
COL11A1
CRLF1
F2
MATN3
SERPINA1
ITIH2
RELN
FGG
CTSH
AMBP
CST3
A2M
SERPINA3
FGB
FGA
SERPINF2
GPC3
SERPINB1
LGALS1
SERPINE2
SERPINE1
S100A9
S100A8
MFGE8
GPC4
FGF2
CTSV
SFRP1
IGFBP5
MDK
HCFC1
CTSC
NID1
CTSD
PRSS1
AGT
OGFOD1
LMAN1
CTSA
TGM2
LAMA5
LAMC1
LAMB1
HSPG2
IGFBP2
CYR61
SERPINB9
ANXA3
COL18A1
AGRN

Figure 2.31: Heat map of hierarchical clustering for the cytoplasmic fraction. Hierarchical clustering
of all identified matrisome proteins detected in the cytoplasmic fraction for hiPSCs, iHLCs, HepG2 cells, and
MSCs. 1/2: biological replicate 1 or 2, _1/2/3: technical replicate 1, 2 or 3. List of abbreviations for matrisome
proteins is shown in table A.2. 72
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Figure 2.32: Heat map of hierarchical clustering for the membrane/organelle fraction. Hierarchical
clustering of all identified matrisome proteins detected in the membrane/organelle fraction of hiPSCs, iHLCs,
HepG2 cells, and MSCs. 1/2: biological replicate 1 or 2, _1/2/3: technical replicate 1, 2 or 3. List of abbreviations
for matrisome proteins is shown in table A.2. 73
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Figure 2.34: Clusters of enriched matrisome proteins detected by hierarchical clustering. Clus-
ters of enriched matrisome proteins detected by hierarchical clustering in figure 2.31, 2.32 and 2.33 of the (A)
Cytoplasmic, (B) Membrane/organelle, and (C) ECM fraction of MSCs, HepG2 cells, iHLCs and hiPSCs. List of
abbreviations for matrisome proteins is shown in table A.2.

protein 1 (EFEMP1), FBN2, HAPLN1, and IGFBP5 were one of the highest significantly upregulated

proteins in iHLCs compared to all control cell types (Fig. 2.35). Upregulation of laminin chain alpha 5

(LAMA5) as well as AGRN (iHLCs / hiPSCs∧MSCs) and CYR61 (iHLCs / HepG2∧MSCs) was found

in iHLCs compared to at least two control cell types. For matrisome associated proteins, LTBP2 was

highly downregulated in iHLCs compared to two control cell types. In addition, downregulation of fib-

rinogen chains and collagens was detected compared to HepG2 cells and MSCs, respectively. For

matrisome associated proteins, FST and sulfatase 2 (SULF2) were among the highest significantly up-

regulated proteins in comparison to all control cell types, whereas matrix metallopeptidase 2 (MMP2)

(iHLCs / hiPSCs∧HepG2), MDK (iHLCs / hiPSCs∧MSCs), and SFRP1 (iHLCs / HepG2∧MSCs) up-

regulation was found compared to two control cell types. The highest significantly downregulated protein

family in iHLCs, which was found in comparison to all control cell types, was the serpin and S100 cal-

cium binding protein family. Beside these, glypicans (GPC3, GPC4) (iHLCs / hiPSCs∧HepG2), FGF2

and cathepsins were significantly downregulated (CTSC, CTSH).

In line with the cytoplasmic fraction, HAPLN1, and LAMA5 were also detected to be among the high-

est upregulated core matrisome proteins in the membrane/organelle fraction (Fig. 2.36). Beside

these, AGRN, CYR61, COL18A1, IGFBP5, LAMB1, VTN, and TNC were also found to be highly
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upregulated compared to at least one control cell type. In addition, upregulation of IGFBP7, FBLN1

(iHLCs / hiPSCs∧HepG2), secreted phosphoprotein 1 (SPP1), IGFBP2, and EGF-like repeats and dis-

coidin I-like domains 3 (EDIL3) (iHLCs / HepG2∧MSCs) was detected in comparison to two control cell

types. In line with the cytoplasmic fraction, core matrisome proteins like fibrinogen chains and col-

lagens were among the highest downregulated proteins in iHLCs compared to the control cell types.

Furthermore, laminin chain alpha 1 (LAMA1) was found to be highly downregulated in iHLCs com-

pared to hiPSCs. For matrisome associated proteins, MDK was still found to be among the highest

upregulated proteins. In addition, S100 calcium binding protein A10 (S100A10), annexin 3 (ANXA3)

(iHLCs / hiPSCs∧HepG2), and cathepsin L2 (CTSV) (iHLCs / hiPSCs∧MSCs) were also under the list

of highest upregulated matrisome associated proteins compared to at least two control cell types. In

contrast, the matrisome associated proteins inter-alpha globulin inhibitor H2 (ITIH2), serpins and CD109

were found to be one of the highest downregulated matrisome proteins in iHLCs compared to control

cell types.

In line with the cytoplasmic and membrane/organelle fraction AGRN, COL18A1, CYR61, FBN2,

HAPLN1, IGFBP5, LAMA5, TNC, and VTN were also found to be highly upregulated in iHLCs com-

pared to the control cell types in the ECM fraction (Fig. 2.37). In addition, matrilin 2 (MATN2),

THBS1 (iHLCs / hiPSCs∧HepG2), collagen type II alpha 1 (COL2A1) (iHLCs / hiPSCs∧MSCs), and

microfibrillar-associated protein 2 (MFAP2) (iHLCs / HepG2∧MSCs) upregulation was detected in

iHLCs compared to at least 2 control cell types. However, COL2A1 was also found to be highly

downregulated in iHLCs compared to HepG2 cells in the cytoplasmic and membrane/organelle frac-

tion. The matrisome associated proteins F2, MDK, SFRP1, and MMP2 were also highly up-

regulated in this fraction. Beside these, serpin peptidase inhibitor clade C (SERPINC1), GDF6

(iHLCs / hiPSCs∧HepG2∧MSCs), HGF (iHLCs / hiPSCs∧HepG2) and LEFTY2 (iHLCs / MSCs) were

highly upregulated in iHLCs in the ECM fraction. In line with the other two fractions, FGF2 and glypicans

(GPC3, GPC4) were among the highest downregulated matrisome associated proteins, beside serpins

and sema domains.

In conclusion, AGRN, COL18A1 CYR61, FBN2, HAPLN1, IGFBP5, LAMA5, TNC, and VTN were found

to be highly upregulated in iHLCs in comparison to the other cell types in multiple fractions. In con-

trast, especially collagens as well as fibrinogen chains were among the highest downregulated core

matrisome proteins in iHLCs compared to the control cell types. For matrisome associated proteins,

FST, GDF6, HGF, MDK, MMP2, SFRP1, and SULF2 were highly upregulated in iHLCs, whereas glypi-

cans (GPC3, GPC4), FGF2 and cathepsins were highly downregulated in comparison to the control cell

types. The findings suggest that the core matrisome and matrisome associated proteins, which were

found to be highly upregulated in iHLCs, might be characteristic for iHLCs.
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Figure 2.35: Top-10 significantly deregulated matrisome proteins in the cytoplasmic fraction.
Fold changes of top-10 significantly up- and downregulated core matrisome and matrisome associated proteins in
iHLCs compared to hiPSCs, HepG2 cells, and MSCs in the cytoplasmic fraction. p < 0.05, Student’s t-test. Red =
upregulated matrisome proteins in iHLCs compared to hiPSCs, HepG2 cells, and MSCs; Green = downregulated
matrisome proteins in iHLCs compared to hiPSCs, HepG2 cells, and MSCs. List of abbreviations for matrisome
proteins is shown in table A.2.

78



CHAPTER 2. RESULTS

Core matrisome proteins Matrisome associated proteins
iHLCs/hiPSCs

1 10 10
0

IGFBP2
FBLN1

TNC
FN1

LAMA5
COL2A1

VTN
IGFBP7

HAPLN1
IGFBP5

Fold change

iHLCs/hiPSCs

11010
0

10
00

FRAS1
VCAN
MFGE8
LAMA1

1/Fold change

iHLCs/hiPSCs

1 10 10
0

10
00

CTSV
ANXA2
LOXL2

MDK
CTSB

ANXA3
ANXA1

S100A10
SULF2
MMP2

Fold change

iHLCs/hiPSCs

11010
0

10
00

SEMA6A
CD109
FGF2
SEMA4C
GPC4
ITIH2
SFRP2

1/Fold change

iHLCs/HepG2

1 10 10
0

IGFBP3
SPARC

PXDN
CYR61
FBLN1

IGFBP7
EDIL3

IGFBP2
HAPLN1

SPP1

Fold change

iHLCs/HepG2

11010
0

10
00

COL2A1
CTGF
FBN1
FGB
FGA
FGG
MATN3

1/Fold change

iHLCs/HepG2

1 10 10
0

10
00

TIMP3
S100A11

FSTL1
ANXA1
ANXA3
LOXL2
MMP14

S100A10
ANXA2

CTSV

Fold change

iHLCs/HepG2

11010
0

10
00

ANXA4
F2
SERPINA1
CST3
SERPINA3
A2M
SDC1
GPC3
CTSH
ITIH2

1/Fold change

iHLCs/MSCs

1 10 10
0

EDIL3
LAMB1
VWA9

HAPLN1
AGRN

LAMA5
IGFBP2
MFAP1

COL18A1
SPP1

Fold change

iHLCs/MSCs

11010
0

10
00

COL1A2
FBLN2
POSTN
COL1A1
COL6A1
FBN1
CTHRC1
SLIT2
EMILIN1
PCOLCE

1/Fold change

iHLCs/MSCs

11010
0

10
00

SERPINE2
FLG
SEMA7A
TIMP1
S100A6
CD109
ITIH2
LGALS1
LOX
CSPG4

1/Fold change

iHLCs/MSCs

1 10 10
0

10
00

GPC4
SEMA4C

FREM2
ANXA3
SFRP1
CTSV
MDK

CTSC

Fold change

Upregulated Downregulated

Figure 2.36: Top-10 significantly deregulated matrisome proteins in the membrane/organelle
fraction. Fold changes of top-10 significantly up- and downregulated core matrisome and matrisome asso-
ciated proteins in iHLCs compared to hiPSCs, HepG2 cells, and MSCs in the membrane/organelle fraction.
p < 0.05, Student’s t-test. Red = upregulated matrisome proteins in iHLCs compared to hiPSCs, HepG2 cells and
MSCs; Green = downregulated matrisome proteins in iHLCs compared to hiPSCs, HepG2 cells, and MSCs.List
of abbreviations for matrisome proteins is shown in table A.2.
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Figure 2.37: Top-10 significantly deregulated matrisome proteins in the ECM fraction. Fold
changes of top-10 significantly up- and downregulated core matrisome and matrisome associated proteins in
iHLCs compared to hiPSCs, HepG2 cells and MSCs in the ECM fraction. p < 0.05, Student’s t-test. Red = up-
regulated matrisome proteins in iHLCs compared to hiPSCs, HepG2 cells, and MSCs; Green = downregulated
matrisome proteins in iHLCs compared to hiPSCs, HepG2 cells, and MSCs. List of abbreviations for matrisome
proteins is shown in table A.2.

80



CHAPTER 2. RESULTS

2.4.5 Overlap between significantly deregulated matrisome proteins in iHLCs com-

pared to the control cell types

In order to identify overlaps between significantly up- and downregulated core matrisome and matri-

some associated proteins in iHLCs compared to control cell types, deregulated proteins were visualized

in Venn diagrams (Fig. 2.38, Fig. 2.39). Since no major differences between fractions were detected

in previous analysis (Chap. 2.4.3, Chap. 2.4.4), significantly deregulated proteins of the cytoplasmic,

membrane/organelle and ECM fractions were combined for each group and Venn diagrams were gen-

erated from combined fractions for significantly up- and downregulated proteins separately.

20 proteins were found to be significantly upregulated in all three comparisons (Fig. 2.38). In line

with the results of previous analysis (Chap. 2.4.4), AGRN, ANXA3, COL18A1, CYR61, EFEMP1, F2,

FBN2, FST, GDF6, HAPLN1, IGFBP2, IGFBP5, LAMA5, and SULF2 were detected to be upregulated

in iHLCs in comparison to hiPSCs, HepG2 cells, and MSCs. Furthermore, upregulation of LAMB1 and

LTBP1 was also detected compared to all control cell types. The highest overlap of significantly up-

regulated matrisome proteins in iHLCs was detected in comparison to hiPSCs and HepG2 cells for 28

shared proteins. Overlap was identified for core matrisome proteins like collagens (COL4A1), FBLN1,

FN, laminin γ chain 1 (LAMC1) as well as THBS1 and TNC and numerous matrisome associated pro-

teins (HGF, MMPs, S100 calcium binding proteins). In contrast, the comparison of MSCs ∩HepG2

(EFEMP1, EDIL3, GPC4, MFAP2, SFRP1) and MSCs∩hiPSCs (COL2A1, CTSC, MDK, VTN, VWA1)

with iHLCs shared only 5 proteins. Overlap of downregulated matrisome proteins in iHLCs compared

to all control cell types shared only 7 proteins. e.g CD109, ITIH2, and serpins (Fig. 2.39). The highest

overlap for downregulated proteins in iHLCs was detected in comparison to MSCs∩HepG2 for core

matrisome proteins of the cathepsin, syndecan, and serpin family amongst others. Downregulated pro-

teins in iHLCs compared to hiPSCs ∩HepG2 and MSCs∩hiPSCs shared only 2 (GPC3, NID) or 4

(FGF2, FRAS1, LAMA1, VCAN) proteins, respectively.

2.4.6 Comparison of the results from quantitative proteome analysis

In order to determine core matrisome and matrisome associated proteins characteristic for iHLCs, re-

sults from hierarchical clustering, top-10 significantly up- and downregulated matrisome proteins, and

shared proteins between the three different comparisons were combined. Numerous proteins could be

identified, which were significantly up- or downregulated compared to two or three control cell types and

among the top-10 up- or downregulated matrisome proteins (Fig. 2.35, Fig. 2.36, Fig. 2.37, Fig. 2.38).

AGRN, ANXA3, COL18A1, CTSV, CYR61, FBN2, FREM2, FST, GDF6, HAPLN1, IGFBP2, IGFBP5,

LAMA5, LAMB1, SERPINB9, SERPINC1, and SULF2 were found to be upregulated in iHLCs compared

to all control cell types and were also detected in the list of top-10 upregulated matrisome proteins. The

findings suggest, that iHLCs are characterized by these matrisome proteins. Furthermore, numerous

matrisome proteins were highly upregulated in iHLCs compared to MSCs ∩ HepG2 (EFEMP1, EDIL3,

SFRP1), hiPSCs∩HepG2 (ANXA1, COL4A1, COL26A1, FBLN1, FN1, FSTL1, HGF, IGFBP7, LOXL2,

LUM, MATN2, MMP2, PXDN, S100A10, S100A11, SPARC, THBS1, TIMP3, TNC) and MSCs∩hiPSCs
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Figure 2.38: Venn diagram of significantly upregulated matrisome proteins. Overlap between signif-
icantly upregulated matrisome proteins with fold change over 2 in iHLCs compared to MSCs (A = iHLCs/MSCs),
HepG2 cells (B = iHLCs/HepG2), and hiPSCs (C = iHLCs/hiPSCs) detected in the cytoplasmic, membrane/or-
ganelle, and ECM fraction visualized in a Venn diagram; p < 0.05, Student’s t-test. List of abbreviations for
matrisome proteins is shown in table A.2.
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Figure 2.39: Venn diagram of significantly downregulated matrisome proteins. Overlap between
significantly downregulated matrisome proteins with fold change over 2 (1/fold change) in iHLCs compared to
MSCs (A = iHLCs/MSCs), HepG2 cells (B = iHLCs/HepG2), and hiPSCs (C = iHLCs/hiPSCs) detected in the cyto-
plasmic, membrane/organelle, and ECM fraction visualized in a Venn diagram; p < 0.05, Student’s t-test. List of
abbreviations for matrisome proteins is shown in table A.2.
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(MDK, VTN, VWA1). The findings suggest that also these proteins might specify iHLCs. COL2A1,

CTSC as well as GPC4 were found to be upregulated in iHLCs compared to two control cell types, but

were also detected to be downregulated in iHLCs compared to one control cell type (Fig. 2.35, Fig.

2.36). These findings suggest that the three proteins might not be characteristic for iHLCs.

Proteins, which were found to be highly enriched in MSCs and HepG2 cells were found to be down-

regulated in iHLCs (Fig. 2.35, Fig. 2.36, Fig. 2.37, Fig. 2.39). MSCs were mostly characterized by

collagens and serpins, while HepG2 cells showed enrichment of fibrinogen chains (Fig. 2.34). Consis-

tent with these findings, proteins of these families were among the top-10 significantly downregulated

matrisome proteins in iHLCs compared to MSCs and HepG2 cells. In addition, matrisome proteins,

downregulated in iHLCs in comparison to all control groups were also found among the top-10 down-

regulated matrisome proteins, indicating that these proteins are not characteristic for iHLCs (CD109,

CTSD, ITIH2, LGALS1, SERPINE1). Furthermore, numerous downregulated matrisome proteins in

iHLCs compared to two control cell types, were also among the highest top-10 downregulated matri-

some proteins, e.g. MSCs∩HepG2 (A2M, ANXA4, COL16A1, CTFG, CTSH, ECM1, FBN1, LTBP2,

S100A13, SDC1, SERPINA1), hiPSCs∩HepG2 (GPC3) and MSCs∩hiPSCs (FGF2, FRAS1, LAMA1,

VCAN), suggesting that these proteins might not specify iHLCs, too.
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Discussion

3.1 Summery of the results

The overall aim of this thesis was the development a human matrix, which mimics the complexity of

the native ECM during induction and development of mDA neurons in vivo and would be suitable for

generation of hiPSC-derived mDA neurons for cell-based therapy in PD patients. To identify cells from

human origin, which are able to support neural induction of hiPSCs, I established a stem cell-based

model system to mimic early human development in vitro. During early human development, cells of the

three germ layers meso-, endo-, and ectoderm interact with each other and the interplay between the

germ layers is essential for the process of neural induction. To mimic the interaction of the germ layers

in vitro, I co-cultured hiPSCs with human cell types derived from the three germ layers meso-, endo-,

and ectoderm. Three different cell types in the progenitor stage were tested and analyzed for their effi-

ciency to support and promote neural induction of hiPSCs in a co-culture-based differentiation system. I

could identify one cell type, the iHLCs derived from the endoderm lineage, to be able to promote neural

induction of hiPSCs most efficiently. NPCs extracted from the iHLC-co-culture matured to neurons and

showed expression of mDA neuron specific markers. None of the other tested cells types showed a

comparable effect on hiPSCs during co-culture-based mDA neuron differentiation. The results suggest

that iHLCs create an environment mimicking the native environment during neural induction and mDA

neuron development in vivo, and thus promote these processes.

Based on this result, I generated a matrix of the neural promoting iHLCs and tested the effect of the

matrix itself during hiPSCs maintenance, neural differentiation of hiPSCs without dual SMAD inhibition

and mDA neuron differentiation of hiPSCs with dual SMAD inhibition. Under SC maintenance condi-

tions, the iHLC-matrix did not affect the expression of pluripotent markers, but lead to a strong change in

cell morphology of the cultured hiPSCs in comparison to hiPSCs cultured on Geltrex™. These findings

might suggest that the iHLC-matrix leads to a change in the cytoskeleton assembly of hiPSCs.

Furthermore, upon differentiation of hiPSCs in a serum free medium without dual SMAD inhibition rather

supporting differentiation towards neural fate than SC maintenance, hiPSCs differentiated on the iHLC-

matrix showed a higher expression of neuro-ectodermal and neuronal markers in comparison to hiPSCs
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differentiated on Geltrex™. These results suggest that the iHLC-matrix itself promotes neural induction

of hiPSCs and that the matrix generated by iHLCs might mimic the native ECM during neural induction

in vivo. Interestingly, hiPSCs differentiated on the iHLC-matrix also tend to a higher expression of a

midbrain specific marker suggesting that the iHLC-matrix might not only support neural induction but

also differentiation towards midbrain identity.

In addition, the iHLC-matrix supported neural induction of hiPSCs with dual SMAD inhibition and NPCs

generated on the iHLC-matrix matured to neurons and showed expression of mDA neuron specific

markers. However, upon dual SMAD inhibition the neural promoting effect of the iHLC-matrix was lost

and no differences between neurons isolated from the iHLC-, HepG2-matrix or Geltrex™ were detected.

Nevertheless, whole-cell patch-clamp analysis showed that neurons generated on the iHLC-matrix are

electrophysiological active. Moreover, organotypic brain slice cultures revealed that neurons differenti-

ated on the iHLC-matrix were able to functionally integrate in a host neuronal network. These results

suggest that the iHLC-matrix efficiently supports neural induction of hiPSCs and that NPCs generated

on the iHLC-matrix are able to differentiate to functional neurons showing expression of mDA neuron

specific markers.

As a last step, quantitative proteome analysis of iHLCs in comparison to the other cell types used in

this study MSCs, HepG2 cells, and hiPSCs, was performed. Hierarchical clustering of identified matri-

some proteins showed that MSCs were especially enriched in proteins of the annexin, collagen, S100

and serpin family compared to the other cell types, whereas HepG2 cells showed mostly enrichment of

members of the cathepsin, fibrinogen, glypican, syndecan, and serpin family. In contrast, iHLCs were

mostly enriched in matrisome proteins of the laminin and IGFBP family. Further analysis of significantly

deregulated proteins showed that the matrisome proteins AGRN, ANXA3, COL18A1, CTSV, CYR61,

FBN2, FST, GDF6, HAPLN1, HGF, IGFBP2, IGFBP5, LAMA5, LAMB1, MDK, SERPINB9, SERPINC1,

SFRP1, SULF2, THSB1, TNC, and VTN are highly upregulated in iHLCs in comparison to the control

cell types, indicating that these proteins might be characteristic for iHLCs. The matrisome associated

proteins FST and SULF2 were found to be only upregulated in the cytoplasmic fraction, whereas high

upregulation of ANXA3, CTSV, GDF6, HGF, MDK, SFRP1, SERPINB9, and SERPINC1 was detected

in the membrane/organelle or ECM fraction. Additionally, COL4A1, FN, LAMC1, and LTBP-1 were also

found to be significantly upregulated in iHLCs compared to the control cell types suggesting that also

these proteins might specify iHLCs. In contrast, matrisome proteins, which were found to be enriched in

MSCs and HepG2 cells were detected to be significantly downregulated in iHLCs including proteins of

the collagen, fibrinogen and serpin family. Furthermore CD109, CTSD, ITIH2, LGALS1, SERPINE1 as

well as FBN1, FGF2, GPC3, LAMA1, LTBP2, SDC1, SDC4, and VCAN were strongly downregulated in

iHLCs in comparison to the control cell types indicating that these proteins might not be characteristic

for iHLCs.
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3.2 Identification of iHLCs supporting neural induction and mDA neu-

ron differentiation of hiPSCs

3.2.1 Correct identity of human feeder layers used in the stem cell-based model sys-

tem

Human feeder layers were analyzed for their identity and developmental stage before their use in the

stem cell-based model system. MSCs and NPCs showed expression of cell type specific markers,

which facilitated the classification of both cell types to the progenitor stage. In contrast, iHLCs expressed

hepatic progenitor (AFP, HNF4α , CYP3A7 ) as well as mature hepatic markers (A1AT, ALB, CYP3A4)

on RNA- and protein-level (Okura et al., 2010; Carpentier et al., 2016; Tanaka et al., 2009). However,

lower expression levels of mature hepatic markers in iHLCs in comparison to the mature hepatic cell

line HepG2 indicate that iHLCs are not mature hepatocytes. Consistent with this, no expression of

the mature hepatic marker CYP7A1 in iHLCs confirmed that iHLCs are hepatic progenitor cells (Cai

et al., 2007). Thus, all cell lines used in this study were in the progenitor stage. To further analyze the

maturation status of iHLCs, cells could be analyzed for their Albumin secretion or CYP-activity. Mature

hepatocytes are characterized by their metabolic activity of CYP3A proteins e.g. CYP3A4, which could

provide further information about the developmental status of iHLCs (Carpentier et al., 2016; Okura

et al., 2010; Tanaka et al., 2009; Cai et al., 2007).

3.2.2 NPCs can be stopped from proliferation by irradiation, but not by mitomycin C

treatment

To ensure that human feeder cells do not proliferate or possibly de-differentiate during the co-culture-

based mDA neuron differentiation of hiPSCs, human feeder cells were treated with mitomycin C. Mit-

omycin C inhibits DNA synthesis by cross-linking of the DNA double strands leading to inhibition of

DNA synthesis, mitosis, and cell cycle arrest (Mao et al., 1999; COHEN and SHAW, 1964). MSCs and

iHLCs resisted a treatment with 10 µg/ml mitomycin C and still showed a confluent monolayer after the

incubation time of 1.5 h. In contrast, NPCs underwent apoptosis even with a lower concentration of the

antibiotic mitomycin C or shorter incubation times and cell viability of NPCs was massively decreased.

Different concentrations of mitomycin C are suggested for the production of non-proliferative feeder

layers. Recommended concentrations vary between 2 to 20 µg/ml (Ponchio et al., 2000; Blacker et al.,

1987; Chugh et al., 2016). The concentrations might be too high for NPCs and it could be possible that

NPCs require lower and shorter incubation times to prevent them from apoptosis.

Another method to stop proliferation of cells is irradiation by exposure to γ-radiation, which induces

DNA double-strand breaks, and thus prevent mitosis and cell proliferation (van der Schans, 1978).

NPCs resisted irradiation and could cultured as monolayers. However, upon co-culture of NPCs with

hiPSCs and induction of mDA neuron differentiation, NPCs underwent apoptosis and NPC-monolayers

detached during the differentiation process. Results from the production of non-proliferative feeder
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layers suggest that NPCs might undergo apoptosis upon cell-cycle arrest. NPCs either proliferate or

further differentiate to their terminal fate if their number of neurogenic devisions is reached (Homem

et al., 2015). If both processes are inhibited by cell-cycle arrest, NPCs might underwent apoptosis.

To further analyze if NPCs support and promote neural induction of hiPSCs, NPCs could be used in

their proliferative state. However, proliferation of NPCs might lead to an overgrowth of hiPSCs and

detachment of the NPC monolayer during the differentiation process. Thus, NPCs are not suitable for

the differentiation of hiPSCs in a co-culture based system. Only the effect of secreted factors or the

matrix of NPCs could be analyzed by either differentiation of hiPSC with NPC-conditioned medium or

decellularized NPC-matrix.

3.2.3 iHLCs, but not MSCs, create an environment promoting neural induction of hiP-

SCs

Upon co-culture of hiPSCs with MS5, MSCs, and iHLCs, feeder cell layers were viable during the dif-

ferentiation process and seeded hiPSCs colonies proliferated on all layers. Neural induction towards

midbrain identity was determined for hiPSCs differentiated on mouse MS5 cells and iHLCs indicated by

expression of neuro-ectodermal, neuronal and midbrain specific markers (PAX6, SOX2, NES, MAP2,

LMX1A) as well as formation of neural rosettes, the typical morphology of radially organized neural

epithelial cells, at day 11 of differentiation (Elkabetz and Studer, 2008). In contrast, no efficient neural

induction of hiPSCs on MSCs was detected in the co-culture based differentiation system. These find-

ings indicate that iHLCs but not MSCs efficiently promote neural induction of hiPSCs.

MSCs are from the mesoderm lineage like mouse MS5 cells, which raises the hypothesis that MSCs

could potentially support neural induction of hiPSCs. However, MSCs used for co-culture based exper-

iments are derived from the adipose tissue, and thus not from the same origin like MS5 cells, which

originate from the bone marrow (Barberi et al., 2003). The different sources of the mesodermal cells

might influence the effect of the feeder cells in the co-culture-based differentiation system.

During mammalian development the mesodermal structure notochord is an important key player for

induction of neural ectoderm (Chap. 1.3.1) (Carlson, 2014; Gilbert, 2014). Therefore, it could be sup-

posable that mesoderm-derived cell types might support and promote neural induction of hiPSCs. The

neural inducing effect of the notochord arise from the secretion of the factors Noggin and Cordin, which

promote the differentiation towards neural ectoderm (Carlson, 2014; Gilbert, 2014). However, the find-

ings by co-culture-based experiments strongly suggest that MSCs do not express these two factors, as

no efficient neural induction of hiPSCs on MSCs was determined.

It is reported that MSCs are used for maintenance and culture of hPSCs (Zou et al., 2016; Havasi et al.,

2013). MSCs secrete FGF2, which is an important factor for maintenance of hPSCs as FGF2 supports

their self renewal process (Zou et al., 2016; Havasi et al., 2013; Pauklin and Vallier, 2015). Interestingly,

colonies of seeded hiPSCs on MSCs still showed SOX2 expression and co-expression with PAX6 could

only be detected in single cells. SOX2 is a specific marker for hPSCs by promoting the maintenance

of pluripotency of the stem cells (Zhang and Cui, 2014). These findings suggest that hiPSCs differ-
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entiated on MSCs still had stem cell identity (Zhang and Cui, 2014). On the other hand, MSCs could

also secrete factors, which promote the differentiation to another lineage e.g endoderm or mesoderm.

In conclusion, results from co-culture-based differentiation experiments strongly suggest that MSCs ei-

ther secrete factors or create an environment, which does not promote neural differentiation of hiPSCs.

Consequently, MSCs might not be suitable for neural differentiation of hiPSCs.

In contrast to MSCs, iHLCs efficiently supported neural induction of hiPSCs in a co-culture based dif-

ferentiation system. During mammalian development neural induction of the generated ectoderm is

initiated by the AVE (Carlson, 2014; Gilbert, 2014). The AVE secretes the Nodal inhibitors, LEFTY1

and CER1, leading to neural induction. One hypothesis for the neural promoting effect of iHLCs could

be that iHLCs share characteristics with the AVE. However, no expression of the AVE-specific factors

HEX, CER1 and LEFTY 1 was detected in iHLCs (Carlson, 2014; Gilbert, 2014; Torres-Padilla et al.,

2007). These findings indicate that iHLCs do not have AVE identity. Consequently, the neural promoting

effect of iHLCs can not be explained by this hypothesis.

A very important and potent mitogen for hepatocytes is the hepatocyte growth factor (HGF), which pro-

motes liver regeneration after liver injury (Nakamura et al., 1984, 1989). Interestingly, HGF has not only

a mitogenic effect on liver cells, but also on developing neurons. HGF is expressed already during early

neural induction in the primitive streak and suggested to be involved in the process of neural induction

(Streit et al., 1995; Bronner-Fraser, 1995). Furthermore, the factor was found to be expressed in the

subventricular zone in the mouse brain (Nicoleau et al., 2009). Numerous in vitro and in vivo studies

in rodents report a role of HGF during neuronal development (Maina and Klein, 1999; Kokuzawa et al.,

2003; Nicoleau et al., 2009; Lundberg and Møllgård, 1979). Grafting experiments of fetal liver explants

were shown to induce mitotic activity in the adult host brain (Lundberg and Møllgård, 1979). HGF was

identified to be accounted for this effect (Nicoleau et al., 2009). Furthermore, intracerebroventricular

injected HGF triggered cell proliferation and self-renewal in the SVZ and numerous in vitro studies de-

scribe a neurotrophic effect of HGF by promoting proliferation, differentiation, survival of neurons as

well as neurite outgrowth (Maina and Klein, 1999; Kokuzawa et al., 2003; Nicoleau et al., 2009). Most

strikingly, HGF seems to have a positive effect especially on mesencephalic dopaminergic neurons

by promoting maturation and survival of the dopaminergic cells (Hamanoue et al., 1996). HGF is an

important factor during differentiation of hiPSCs to iHLCs (Carpentier et al., 2014, 2016) Accordingly,

HGF could potentially contribute to the neural promoting effect of iHLCs detected in co-culture-based

experiments by supporting neural proliferation, differentiation and survival of the neural induced cells.

iHLCs showed formation of lipid droplets like the neural inducing mouse cell line MS5. Hepatocytes

are able to store triacylglycerols in cytosolic lipid droplets, and thus are involved in lipid metabolism

and storage (Wang et al., 2013). Lipids are one of the major components in the brain, by providing

fatty acids for cell membranes (Sakayori et al., 2013). In addition, lipids are important modulators of

proliferation, differentiation, and self-renewal of pluripotent stem cells as well as neural progenitor cells

(Bieberich, 2012). Furthermore, bioactive lipids have signaling properties by acting through receptors

or modulating the formation of lipid rafts, which encompass the receptor (Bieberich, 2012). Bioactive

lipids, which modulate neural differentiation, are terpenoide (e.g. retinoic acid) and steroide (e.g. es-
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trogen, progesterone) (Bieberich, 2012). The terpenoid retinoic acid has a neural inducing effect and is

an important modulator used for neural differentiation of hPSCs (Bieberich, 2012; Tonge and Andrews,

2010). Beside this, steroide like estrogen and progesterone are neurosteroids, which act neurogenic

and neuroprotective (Bieberich, 2012). However, as the major component of hepatic lipid droplets are

triacylglycerols, a potential role of the iHLC-lipid droplets on neural induction remains controversially

(Wang et al., 2013). Furthermore, iHLCs are not matured hepatocytes, and thus it cannot be assumed

that the composition of the lipid droplets of iHLCs is comparable to mature hepatocytes. To investigate

if lipid droplets produced by iHLCs are involved in the neural promoting effect of iHLCs, the composition

of the lipid droplets in iHLCs needs to be analyzed.

In conclusion, findings indicate that iHLCs promote and support neural induction of hiPSCs. The neural

promoting effect of iHLCs could be due to secreted factors. Furthermore, iHLCs could create an ECM

mimicking the complex native environment during neural induction, and thus promote this process.

3.2.4 NPCs extracted from the iHLC co-culture efficiently mature to neurons with mDA

neuronal identity

Upon extraction and further differentiation of NPCs from the iHLC and MS5 co-culture, it was detected

that all NPC-colonies extracted from the MS5 co-culture showed non-neural cell populations at day 18

of differentiation. In contrast, contamination with non-neural cells around NPC-colonies extracted from

the iHLC co-culture was only detected for 20 % of the colonies. Spontaneous differentiation of hiPSCs

to other cell types on MS5 could be due to species differences between the mouse feeder cell line MS5

and hiPSCs. Nevertheless, the findings might suggest that iHLCs promote neural induction of hiPSCs

more efficiently compared to MS5 cells.

In addition, results of temporal gene expression analysis suggest that iHLCs might especially support

differentiation towards mDA neuronal fate as NPCs extracted from the iHLC co-culture showed a slightly

higher expression of the mDA neuron specific markers NR4A21 and EN1 in comparison to NPCs ex-

tracted from the MS5 co-culture on RNA-level at day 25 of differentiation. However, further analysis

on later time points during differentiation revealed that both co-culture systems supported mDA neu-

ron differentiation of hiPSCs with the same efficiency. NPCs extracted from both co-cultures efficiently

matured to neurons and showed expression of markers specific for mDA neuronal identity by day 50

of differentiation. To clearly state the neuronal subtype of the differentiated cells, neurons should be

further analyzed for additional markers e.g. FOXA2, PITX3 as well as ADCC and DAT (Kriks et al.,

2011; Kirkeby et al., 2017; Prakash and Wurst, 2006a). Neurons of both co-cultures were able to form

synapses indicated by positive immunostaining for the pre-synaptic marker SYN I (Gitler et al., 2004).

Consequently, findings indicate that NPCs generated on iHLCs are able to form neuronal networks.

3.2.5 HepG2 cells do not efficiently promote neural induction of hiPSCs

iHLCs are derived from the endoderm lineage and show characteristics of hepatocytes. Therefore, an-

other endoderm-derived hepatic cell type HepG2 was analyzed for a potential neural promoting effect
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on hiPSCs. The conditioned medium of these cells is supposed to induce differentiation of mESCs

towards primitive ectoderm-like and neuro-ectodermal cells (Rathjen et al., 1999; Lake et al., 2000;

Rathjen et al., 2002). Another study suggests, that the amino acid L-prolin, which is the most abun-

dant amino acid in Gly-X-Y triplets of collagens, is responsible for the promoting effect of the HepG2-

conditioned medium (Kadler et al., 2007; Washington et al., 2010; Naba et al., 2016). To analyze if

HepG2 cells have a similar neural promoting effect on hPSCs, hiPSCs were differentiated on HepG2

cells in a co-culture-based system. However, no efficient neural induction of hiPSCs on HepG2 cells

was determined. These findings suggest that HepG2 cells do not have the same effect on hPSCs like

mESCs in promoting neural induction of pluripotent cells. The results rather suggest that HepG2 cells

might secrete factors, which inhibit neural induction of hiPSCs. HepG2 cells are a carcinoma cell line

and might rather support cellular processes, which are involved in tumor formation, e.g. migration or

angiogenesis (Fitzpatrick and McDevitt, 2015). On the other hand, for differentiation experiments with

mESCs only HepG2-conditioned medium was used (Rathjen et al., 1999; Lake et al., 2000; Rathjen

et al., 2002). It could be possible that the direct contact of hiPSCs with HepG2 cells, might not favor

the neural differentiation process. Nevertheless, the findings indicate that HepG2 cells secrete factors

or create an environment which does not stimulate neural induction of hiPSCs in a co-culture-based

system.

3.3 iHLC-matrix supports mDA neuron differentiation of hiPSCs

3.3.1 Intact cell-derived matrices

Cell-derived matrices were produced from iHLCs and HepG2 cells according to Prewitz et al. (2013).

The integrity of the cell-derived matrices was confirmed by immunostaining for a common protein of the

hepatic ECMs, fibronectin (Martinez-Hernandez and Amenta, 1993). Immunostaining of FN revealed

that both cell-derived matrices were homogenously distributed, intact after the decellularization process

and neither detachment nor delamination was detected. Nevertheless, matrices were analyzed for the

expression of only one ECM protein and no conclusion can be drawn for the general integrity of other

ECM components or matrisome associated proteins, like regulatory factors or growth factors. Chemical

decellularization techniques used in this study are known to potentially disrupt the structure of the ECM

or lead to damage of GAG chains of proteoglycans (Fitzpatrick and McDevitt, 2015). Thus, an altered

structure of the iHLC- and HepG2-matrix could be possible. Consequently, the effect of cell-derived

matrices on differentiation of hiPSCs might be altered or weakened through the decellularization pro-

cess. For additional informations about the surface topography, integrity, and structure of cell-derived

matrices, further immunostainings for other ECM components and scanning electron microscopy could

be performed (Prewitz et al., 2013; DeQuach et al., 2011; Chen et al., 2007). Furthermore, mechanical

properties and elasticity of cell-derived matrices could be determined to further characterize the cell-

derived matrices (Prewitz et al., 2013; Medberry et al., 2013; Engler et al., 2006). An alternative method
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for decellularization would be physical methods like repeating freeze-an-thaw cycles, lyophylisation or

a combination of chemical and physical techniques (Fitzpatrick and McDevitt, 2015).

3.3.2 iHLC-matrix does not affect the pluripotent state, but cytoskeleton organization

of hiPSCs under SC maintenance conditions

To analyze the effect of the iHLC-matrix itself on the pluripotent state of hPSCs, hiPSCs were cultured

on the iHLC-matrix in stem cell maintenance medium (mTeSR1). No differences in the expression of

pluripotent markers OCT4 and NANOG were detected between hiPSCs cultured on the iHLC-matrix or

Geltrex™. This finding suggest that the iHLC-matrix has no neural promoting effect of hiPSCs under

these conditions. However, to maintain hPSCs in their undifferentiated state, pluripotent cells depend

on the addition of FGF2 which promotes the self-renewal process (Pauklin and Vallier, 2015; Lotz et al.,

2013). Thus, the effect of the iHLC-matrix on hiPSCs might be compensated or covered by the high

concentration of FGF2 in the stem cell maintenance medium.

In addition, hiPSCs cultured on iHLC-matrix showed a changed non-compact morphology and an up-

regulation of F-Actin. F-Actin is a cytoskeletal protein but the role of the cytoskeleton during early devel-

opment and specification of the germ layers is not clearly identified (Boraas et al., 2018). Nevertheless,

for maintenance of the pluripotent state a tight compact morphology of the hiPSC-colonies is required

(Närvä et al., 2017). Interestingly, upon induction of differentiation by retinoic acid colony compaction is

lost accompanied by a change in the orientation of F-Actin and actin fibers. The same study describes

that in the pluripotent state hiPSC colonies are completely surrounded by actin fibers, whereas upon

differentiation actin fibers encircle single cells comparable to the immunostaining detected in this study

(Närvä et al., 2017). A similar effect of differentiation on the cytoskeleton is reported for differentiation

of MSCs, which leads to upregulation of F-Actin and a higher F-Actin density (Sliogeryte et al., 2014).

Thus, the result might indicate that the iHLC-matrix directs hiPSCs from the pluripotent state towards

differentiation by changing the organization of the cytoskeleton.

3.3.3 iHLC-matrix has a neural promoting effect on hiPSCs without dual SMAD inhibi-

tion

To further analyze, if the iHLC-matrix itself has a neural promoting effect, hiPSCs were differentiated on

the iHLC-matrix in comparison to HepG2-matrix and Geltrex™ in a serum-free medium, which rather

supports differentiation towards neuronal fate than SC maintenance (Tao and Zhang, 2016). Medium

was not supplemented with the small molecules LDN193189 and SB431542, which potentially could

cover the effect of the iHLC-matrix. Interestingly, hiPSCs differentiated on the iHLC-matrix, showed

a trend for a higher expression of PAX6 in comparison to the controls, suggesting a potential neural

promoting effect of the iHLC-matrix. This hypothesis was supported by a significantly higher MAP2

expression of hiPSCs differentiated on the iHLC-matrix in comparison to Geltrex™. These findings

strongly suggest that the iHLC-matrix itself has a neural promoting effect on hiPSCs. However, no

significant differences in the expression of both markers for hiPSCs differentiated on the iHLC-matrix
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in comparison to the HepG2-matrix were detected. Nevertheless, a similar trend was determined and

hiPSCs differentiated on the iHLC-matrix showed a higher expression of these markers compared to the

HepG2-matrix. Significance could potentially be observed by more biological replicates. One the other

hand, the similar efficiency of iHLC-matrix and HepG2 matrix might indicate that the matrices of these

cells have a similar composition, and thus support neural induction to a similar degree. This hypothesis

will be discussed below (Chap. 3.6).

A similar trend detected for the expression of LMX1A in hiPSCs differentiated on the iHLC-matrix in

comparison to HepG2-matrix and Geltrex™, raise the possibility that the iHLC-matrix does not only

promote neural induction, but also favors the differentiation of hiPSCs towards midbrain identity. The

same hypothesis was also concluded from results of co-culture based experiments. More detailed in-

formations about the identity of differentiated hiPSCs on the cell-derived matrices could be observed

by microarray or single-cell RNA-sequence analysis.These analysis could provide informations if cell-

derived matrices also support differentiation towards other lineages e.g meso- or endoderm.

In conclusion, the results strongly suggest that iHLC-matrix contains matrisome proteins, which sup-

port and promote neural induction of hiPSCs. Consequently an endoderm-derived cell type creates an

environment potentially mimicking the native ECM during neural induction. Similar results were only

reported for brain-derived ECMs, but not for non-CNS-derived matrices (e.g. urinary bladder). ECM-

scaffolds of brain matrices as well as soluble forms of porcine brain-matrices promoted proliferation,

migration, and differentiation of human neural stem cells in comparison to matrices derived from non-

CNS-derived matrices (Crapo et al., 2012, 2014). A comparable effect is described for matrices pro-

duced by mouse brain sections (de Waele et al., 2015). Another study reports that coating with porcine

brain-derived ECM-hydrogels supports maturation of hiPSC-derived NPCs (DeQuach et al., 2011). All

this studies suggest that the neural promoting and supporting effect is due to tissue-specificity of the

brain-derived matrices. However, the use of brain-ECM has numerous drawbacks. Brain tissue cannot

be derived from the patient and always bases on a xenogeneic source (porcine, mouse). This might

increase the risk for transmission of pathogens from the xenogeneic source and requires the application

of immunosuppressants. Hepatocyte/liver-derived ECMs have only been used for the differentiation of

hiPSCs to hepatocytes or culture of primary hepatocytes (Jaramillo et al., 2018; Coronado et al., 2017;

Wang et al., 2016). However, the results of this study strongly suggest that a matrix derived from an-

other germlayer is also suitable to mimic the native ECM environment during neural induction providing

an alternative cell-derived source for brain-ECM.

3.3.4 iHLC-matrix supports generation of functionally active mDA neurons

iHLCs-matrix does not influence neural induction and mDA neuron differentiation of hiPSCs

upon dual SMAD inhibition

Positive immunostainings for PAX6/NCAD, PAX6/SOX2 and PAX6/TUBB3 during neural differentiation

of hiPSCs on iHLC-, HepG2-matrix and Geltrex™ revealed that all matrices efficiently supported neural

induction of hiPSCs to NPCs, when differentiated with dual SMAD inhibition. Further analysis by tempo-
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ral gene expression for neuronal and mDA neuron specific markers indicated a comparable efficiency of

all matrices in supporting neural induction of hiPSCs towards mDA neuron identity upon differentiation

with dual SMAD inhibition. In addition, positive immunostainings for MAP2/TH, LMX1A/EN1/TUBB3,

and NR4A2/TH at later time points during differentiation revealed that NPCs generated on either cell-

derived matrices or Geltrex™, efficiently matured to neurons showing expression of mDA neuron spe-

cific markers. No distinct differences in the expression of neuronal and mDA neuron specific markers

were detected. Thus, all matrices supported mDA neuron differentiation of hiPSCs with the same effi-

ciency. Consequently cell-derived matrices or Geltrex™, which were used during the neural induction

step, did not influence the differentiation process of hiPSCs, when differentiated with dual SMAD inhi-

bition. The neural promoting effect of the iHLC-matrix on hiPSCs compared to Geltrex™ was no longer

detectable upon stimulation with dual SMAD inhibition.

These findings raise the hypothesis that the neural promoting effect of the iHLC-matrix might be to

weak to be detected upon stimulation by dual SMAD inhibition. The small molecules LDN193189 and

SB431542 used for dual SMAD inhibition are potent factors, which might cover the neural promoting

effect of the iHLC-matrix, detected during differentiation of hiPSCs without dual SMAD inhibition. Thus,

it seems likely that no difference in the efficiency of neural induction between the iHLC-matrix and Gel-

trex™ was detectable.

Furthermore, the HepG2-matrix supported the neural induction step of hiPSCs with the same efficiency

like iHLC-matrix and Geltrex™ upon dual SMAD inhibition. These findings raise the hypothesis that the

HepG2-matrix could also function as a human matrix for generation of mDA neurons by supporting mDA

neuron differentiation of hiPSCs with a comparable efficiency like the iHLC-matrix. Furthermore, it could

be possible that the iHLC-matrix and HepG2 matrix might have a similar composition, and thus sup-

port neural induction to a similar degree as hypothesized for neural differentiation without dual SMAD

inhibition. Nevertheless, other possibilities could be conceivable. Crapo et al. (2012) reported that the

effect of cell-derived matrices is dependent on the concentration of the matrix used for coating. The

concentration of cell-derived matrices used in this study could not be determined due to the production

procedure. Thus, it could be possible that higher concentrations of the iHLC-matrix intensify its effect

on hiPSCs during neural induction. Furthermore, the overall integrity of the cell-derived matrices could

not be clearly determined. Thus, it might be possible that the decellularization process lowers the effect

of the iHLC-matrix on hiPSCs during the neural induction process. Additionally, it could be possible that

cell-derived matrices differ in their efficiency in supporting later stages during neuronal development.

Cell-derived matrices were only used during the neural induction step and not later stages of mDA neu-

ron development. Likewise brain-derived matrices, iHLC- and HepG2-derived matrices could also have

an impact during later stages of differentiation e.g. proliferation, synaptogenesis, and neurite outgrowth

and differ in the efficiency to support these processes (DeQuach et al., 2011). To address this, the

use of cell-derived matrices throughout the complete differentiation process is essential and should be

tested.

Nevertheless, results indicate that the iHLC-matrix supports neural induction of hiPSCs and NPCs gen-

erated on the iHLC-matrix are able to mature to neurons showing mDA neuronal identity.
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Neurons generated on the iHLC-matrix are electrophysiological active and show spontaneous

neural activity reported for dopaminergic neurons in vivo

An important criterion of mature neurons is their electrophysiological activity. To determine if neurons,

generated on the iHLC-matrix, were electrophysiological active, whole-cell patch clamp analysis was

performed. Whole-cell patch clamp analysis revealed that cells are electrophysiological active. Upon

injection of current steps, cells were able to form action potentials, indicating that the patched cells

were matured neurons. However, neurons generated on the iHLC-matrix did not show rebound action

potentials, reported for primary rat and hESC-derived dopaminergic neurons in vitro (Grace and Onn,

1989; Kirkeby et al., 2017).

Dopaminergic neurons in the substantia nigra of anesthetized rats are characterized by a specific elec-

trophysiological behavior. They are spontaneously active, showing two specific firing patterns, the

irregular interval single spiking pattern and the burst firing (Grace and Bunney, 1984a,b). For dopamin-

ergic neurons in vitro a pacemaker activity with highly regular firing pattern is reported (Grace and

Onn, 1989). Interestingly, all measured neurons of this study were spontaneously active and 21 of

26 measured cells showed burst firing with 79 to 100 % of action potentials in bursts. Burst firing of

dopaminergic neurons is reported to be characterized by trains of action potentials with an interspike

interval within bursts (ISI intra burst) between 50 to 150 msec (average 73 ± 13 msec), followed by a

period of inactivity (200 to 450 msec; average 343 ± 112 msec) (Grace and Bunney, 1984a; Grace and

Onn, 1989). Burst firing was also detected in other brain areas of vertebrates, e.g. hippocampus,

cerebellum and hypothalamus. However, ISI of neurons from these brain areas strongly differ from

dopaminergic neurons in the substantia nigra with ISI of 3 to 10 msec or 30 to 40 msec (Grace and

Bunney, 1984a). ISI within bursts detected for neurons generated on the iHLC-matrix varied between

62 ± 42 msec and 404 ± 160 msec and 12 of the 21 neurons showed and ISI between 50 and 150 msec.

Furthermore, it is reported that burst firing dopaminergic neurons show a bimodal distribution of ISI,

which was also detected in our neurons (Fig. A.1, e.g. neuron 6, 7, 18) (Grace and Bunney, 1984a,b).

Another characteristic of dopaminergic neurons in vivo is a relatively high spike threshold potential

around -30 to -45 mV, compared to other neurons with -50 mV (Grace and Bunney, 1984a; Grace and

Onn, 1989). We also detected numerous neurons showing a high threshold potential (< 45 mV) accom-

panied with intra burst ISI between 50 and 150 mV and bimodal distribution of ISI in some cases (Fig.

A.1, e.g. neuron 6). These results strongly suggest, that at least some of the neurons produced on the

iHLC-matrix showed a characteristic behavior of mDA neurons in vivo.

Beside this, resting membrane potentials varied between -44 and -65 mV (Tab. A.1). The high resting

membrane potentials of some neurons could be due to the spontaneous activity, which complicated

the exact determination of the resting membrane potential because of persistent firing. In addition,

dopaminergic neurons of anesthetized rats in vivo are characterized by a relatively low membrane re-

sistance of 31 ± 7.4 MΩ, whereas dopaminergic neurons in vitro show a input resistance of 168 ± 61 MΩ

(Grace and Onn, 1989). Membrane resistance of neurons differentiated on the iHLC-matrix showed a

value of 121 ± 38 MΩ, and thus was more comparable to dopaminergic neurons in vitro.
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The results indicate that all measured cells behave like matured neurons by showing the ability to gen-

erate action potentials. Furthermore, several measured neurons showed a behavior of mDA neurons in

vivo suggesting that the generated neurons might have the correct neuronal identity. However, neurons

used for electrophysiological analysis were not directly analyzed for their neuronal identity. Although

positive immunostainings for mDA neuron specific markers of technical replicates from differentiated

neurons used for electrophysiological measurements suggest that approximately 54 % of the neuronal

cultures were TH positive, the neuronal identity of the measured neurons was not determined. In order

to clearly identify mDA neurons among the measured cells, mDA neuron specific antibodies could be

injected after electrophysiological analysis and immunostainings could be performed. This would facili-

tate the determination of the neuronal subtype of the measured neurons.

Only general parameters of electrophysiological properties were analyzed in this study. Additional elec-

trophysiological analysis could be performed to facilitate a more distinct assignment of the measured

cells to mDA neurons and more detailed information about the electrophysiological behavior of the gen-

erated neurons. Ionic mechanism, which contribute to burst firing of dopaminergic neurons, are well

described. Intrinsic Ca2+ and K+ channels as well as calcium-selective ionotropic NMDA (N-methyl-

D-aspartate) glutamate receptors on mDA neurons contribute to the specific firing pattern (Grace and

Bunney, 1984a; Overton and Clark, 1992; Chergui et al., 1993; Iversen, 2010). Through the admin-

istration of specific inhibitors (e.g. cobalt, ethylene glycol-bis(β -aminoethyl ether)-N,N,N’,N’-tetraacetic

acid, tetraethylammonium ions) the involvement of specific ion channels on burst firing, and thus the

neuronal subtype of the measured neurons could be determined (Grace and Bunney, 1984a; Iversen,

2010).

All knowledge about electrophysiological activity of mDA neurons is mostly derived from studies in ro-

dents and detailed information about electrophysiological properties of human primary or hPSC-derived

mDA neurons remains elusive. However, electrophysiological properties are important criteria for ma-

tured neurons. For this reason, detailed analysis and general characterization of in vitro generated

hPSC-derived mDA neurons according to their electrophysiological behavior would be essential. These

informations would provide important insights about the maturation status and viability of in vitro gener-

ated hPSC-derived mDA neurons.

Neurons generated on the iHLC-matrix functionally integrate into host neuronal networks of an

ex vivo model system

In order to determine if neurons generated on the iHLC-matrix can functionally integrate into neuronal

networks, human neurons were cultured on mouse organotypic brain slices and analyzed for the for-

mation of synapses with the host neurons. Synapse formation of human neurons with the mouse host

neurons was detected indicated by positive immunostainings for SYN I. These findings indicate that

neurons differentiated on the iHLC-matrix are able to survive and functionally integrate into neuronal

networks. Furthermore, neurons generated on the iHLC-matrix integrated into the ventral midbrain of

the organotypic brain slices. These results suggest that the neurons not only functionally integrate

96



CHAPTER 3. DISCUSSION

into neuronal networks, but also in the correct brain area. To evaluate these findings in vivo, neurons

generated on the iHLC-matrix should be transplanted in an animal model of Parkinson’s disease, e.g.

6-OHDA-lesioned mice (Wernig et al., 2008; Hargus et al., 2010; Kriks et al., 2011). These experiments

would be essential to analyze if neurons are able to survive in vivo and project and re-innervate target

areas of the SNpc. In addition, behavioral studies of the mice could clarify if neurons also lead to an

improvement of motor symptoms in the PD animal model (Kriks et al., 2011).

3.3.5 The effect of iHLC-conditioned medium on hiPSCs during mDA neuron differen-

tiation

To analyze if iHLCs secrete factors which contribute to the neural promoting effect of this cells, hiPSCs

were differentiated on Geltrex™ with iHLC-conditioned medium. No major differences in the expression

of neuro-ectodermal, neuronal and pluripotent markers compared to the negative control were detected.

These preliminary results might suggest that factors secreted by the iHLCs do not contribute to the

neural promoting effect of this cells detected in co-culture based experiments. However, it could be

possible that the concentration of the secreted factors in the conditioned medium of iHLCs is too low

to efficiently induce neural differentiation of hiPSCs. To clearly state if secreted factors contribute to

the neural promoting effect of iHLCs, further analysis are required. A possible approach would be a

indirect co-cultivation assay of iHLCs with hiPSCs, which facilitates an exchange of secreted factors,

but prevents direct cell contact between iHLCs and hiPSCs (Desai et al., 2013; Abraham et al., 2010).

3.4 Conclusion of co-culture- and matrix-based experiments

iHLCs promoted neural induction of hiPSCs in a co-culture-based differentiation system and NPCs ex-

tracted from the co-culture matured to neurons with mDA neuronal identity. These findings suggest that

iHLCs secrete factors and create an ECM mimicking the complex native environment during neural in-

duction and development. In addition, the iHLC-matrix itself promoted neural induction of hiPSCs, when

differentiated in a serum-free medium without dual SMAD inhibition, suggesting that the iHLC-matrix

itself has a neural promoting effect. However, further results of iHLC-matrix-based experiments suggest

that the neural promoting effect of the iHLC-matrix itself is weaker in comparison to the complete cells,

since the effect of the iHLC-matrix on hiPSCs was no longer detectable upon addition of growth factors

or small molecules. Although, preliminary data of differentiation experiments with iHLC-conditioned

medium suggest that the neural promoting effect of iHLCs might rather originate from its matrix than

secreted factors, it seems likely that the neural promoting effect of iHLCs detected in co-culture-based

experiments might result from an interplay of core matrisome proteins and secreted factors. Even

though secreted factors can be incorporated in the iHLC-matrix, it seems likely that the concentration

of the secreted factors is lower in the iHLC-matrix compared to the intact cells. This hypothesis might

be supported by results of differentiation experiments with HepG2 cells and its matrix. HepG2 cells did

not support neural induction of hiPSCs in a co-culture-based differentiation system, but the inhibiting
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effect was not detected during differentiation experiments with the HepG2-matrix. These findings indi-

cate that the concentration of secreted factors in the matrix might be lower in comparison to the whole

cells as the inhibiting effect of HepG2 cells was lost upon decellularization of the cells. Furthermore,

iHLCs potentially constantly produce secreted factors during the co-culture-based differentiation of hiP-

SCs leading to constantly high concentrations of the factors during the whole neural induction process.

Thus, it seems likely that the concentration of secreted factors is lower in the matrix compared to intact

cells. For this reason, the iHLC-matrix itself might have a weaker effect on neural induction of hiPSCs

in comparison to the intact cells. Nevertheless, the findings strongly suggest that the iHLC-matrix or-

chestrate core matrisome proteins, which potentially mimic the native ECM during neural induction in

vivo, and thus promote this process in vitro.

3.5 Quantitative proteome analysis of iHLCs in comparison to MSCs,

HepG2 cells, and hiPSCs

3.5.1 Low variability between datasets of analyzed cell types

In order to validate the variability between datasets of technical replicates within the cell types, PCA was

performed for each fraction separately. For all fractions, replicates of each cell type clustered in clearly

separated groups in the 2 D view, indicating a minor variability between datasets of the samples within

one cell type. Variabilities between replicates of all cell types increased from the cytoplasmic to the

ECM fraction, indicating an increase in the variability of the proteome composition between replicates

during the fractionation process. Nevertheless, a clear separation between the analyzed groups was

observed. In the ECM fraction, MSC replicates clustered in groups of two and three replicates. This

can be assigned to the two biological replicates, which were generated in duplicates and triplicates. In

addition, projection of datasets by PCA showed that iHLCs and hiPSCs were most closely arranged

in the 2D view throughout all fractions. This result might suggest that datasets of hiPSCs and iHLCs

show the lowest differences in the proteome composition in comparison to the other cell types. iHLCs

are derived by differentiation of hiPSCs and are not fully matured. It could be possible that iHLCs and

hiPSCs still share parts of the proteome, which could be the reason for the close arrangement in the

PCA. In contrast, MSCs and HepG2 cells are adult stem cells or fully matured cells and neither of them

is derived from hiPSCs, leading to higher differences in the proteome displayed in the PCA.

3.5.2 No efficient enrichment of matrisome proteins in the ECM fraction

The effectiveness of the fractionation process was validated by functional classification of identified

proteins according to cellular components for all fractions. Proteins of the ECM are highly insoluble and

can potentially be enriched and separated from other cellular and membrane/organelle components

by subsequent fractionation in buffers with different solving properties leading from highly hydrophilic

to highly hydrophobic properties (Naba et al., 2012b). Functional classification of identified proteins
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revealed that ECM components could not be efficiently enriched in one fraction. ECM components

were detected in all fractions and amounts of ECM components increased only marginal from the cy-

toplasmic to the ECM fraction. This result indicate that the fractionation protocol is not applicable for

enrichment of ECM components. Buffers for fractionation according to cellular components contained

the same amount of detergent in all fractions (0.5 % (v/v) Tween 20). For separation of ECM from mem-

brane/organelle components, 20 mM ammonium hydroxide (NH4OH) was added. Although the use of

ammonium hydroxide in combination with detergents (e.g. Triton X-100) is reported for generation of

ECM samples for proteome analysis, the protocols differ in the generation process (Todorovic et al.,

2010; Rashid et al., 2012). Instead of fractionation, ECM samples are generated by direct decellular-

ization of the cells in the cell culture dish followed by reconstitution or direct digestion of the matrix

for proteome analysis (Todorovic et al., 2010; Rashid et al., 2012). Consequently, only one fraction is

produced with these protocols. Although ECM components could get lost during this decellularization

step, the loss of ECM components might be lower in comparison to three fractionation steps used in

this study. Furthermore, no distribution of ECM components over multiple fractions is possible. Beside

this method, numerous protocols are reported for the extraction and enrichment of ECM components

(Didangelos et al., 2010; Naba et al., 2012a; Zanivan et al., 2013; Prewitz et al., 2013). Most strik-

ingly, a recent study showed efficient separation of ECM components from the residual units of the

cells through the use of buffers with increasing stringency (Schiller et al., 2015). For further proteome

analysis, different protocols could be tested, to ensure that ECM components are only enriched in one

fraction. Nevertheless, beside insoluble core matrisome proteins, ECM-affiliated proteins, ECM regula-

tors as well as secreted factors also contribute to the matrisome as matrisome associated proteins, but

are not classified as ECM components in this analysis (Naba et al., 2012a). Thus, the actual amount

of matrisome proteins might differ between the fractions. Because of the observation that matrisome

proteins were not efficiently enriched in only one fraction, all fractions were analyzed separately and

results were compared in further analysis.

3.5.3 Enrichment of matrisome proteins in MSCs, HepG2 cells, hiPSCs, and iHLCs

Identification of core matrisome and matrisome associated proteins was carried out by alignment of

detected protein lists to the human matrisome list (Naba et al., 2012b,a; Hynes and Naba, 2012; Naba

et al., 2016). To detect and visualize enrichment of matrisome proteins in the different cell types within

the dataset, hierarchical clustering of all identified matrisome proteins was performed. For all fractions,

replicates of each cell type clustered in groups, indicating the lowest differences in the datasets be-

tween replicates of one cell type. Furthermore, distinct clusters of enriched proteins could be detected

for all cell types. Consistent with the results from PCA, variabilities of detected protein abundances

increased from the cytoplasmic to the ECM fraction. Results of functional classification revealed that

ECM components were already extracted in the cytoplasmic and membrane/organelle fraction. Thus,

variabilities between protein abundances could be due to varieties in the enrichment of matrisome pro-

teins during the fractionation process. Nevertheless, no major differences in enriched protein clusters

99



CHAPTER 3. DISCUSSION

of each cell type between the three fractions was detected, suggesting that the fractions were almost

comparable. Only for hiPSCs, differences in enriched protein clusters were detected. This result might

indicate, that the fractionation protocol has different efficiencies for the enrichment of ECM components

between cell types. Therefore, it will be difficult to develop a general fractionation protocol, which shows

a similar and comparable efficiency for the enrichment of ECM components for all cell types. Further-

more, as core matrisome proteins could not be enriched in only one fraction, it can not be concluded

if secreted factors and ECM regulators like growth factors or enzymes detected in the cytoplasmic or

membrane/organelle fraction were associated to core matrisome proteins. Consequently, it can not

be concluded if these proteins contribute to the characteristics of cell-derived matrices as matrisome-

associated proteins. If secreted factors or ECM regulators were detected to be only enriched in the

cytoplasmic or membrane/organelle fraction it seems likely that the proteins were rather in a soluble

form than incorporated in the matrix as an associated factor.

3.5.4 No enrichment of matrisome proteins involved in neural induction and neuronal

development in MSCs compared to HepG2 cells, iHLCs, and hiPSCs

Hierarchical clustering of matrisome proteins within the dataset revealed that MSCs have increased

amounts of proteins of the annexin, collagen, S100 protein, and serpin family in comparison to the

other cell types used in this study. Annexins (ANXA) are cytoplasmic Ca2+ phospholipid binding pro-

teins involved in cell cycle, exocytosis and apoptosis (Gerke and Moss, 2002; Mirsaeidi et al., 2016).

They can be incorporated in the ECM as matrisome associated proteins and interact with numerous

proteins including S100 proteins (ANXA1/S100A11; ANXA2/S100A10), which were also found to be

enriched in MSCs in this comparison (Gerke and Moss, 2002). Nevertheless, annexins are not highly

expressed in the brain. ANXA6 is suggested to play a role in neural crest migration, whereas ANXA1

might be involved in restoration of the blood-brain barrier after injury and disease (Wu and Taneyhill,

2012; McArthur et al., 2016). However, annexins are not known to be involved during neural induction or

neuronal development. In addition, MSCs showed enrichment in numerous collagen α-chains including

COL1A1, COL1A2, COL2A1, COL3A1, COL5A1, COL5A2, and COL11A1. These α-chains can form

fibrillar collagens (Type I, II, III, V, XI) leading to a high stiffness of a matrix (Engler et al., 2006; Mouw

et al., 2014). The physical properties of a matrix play a major role during the differentiation process to

different germ layers (Engler et al., 2006). In vitro studies showed that soft matrices are neurogenic and

mimic the environment in the brain, whereas stiff matrices are myogenic or osteogenic (Engler et al.,

2006). Thus, fibrillar proteins like collagens are almost absent in the brain and mostly present in bone,

cartilage or tendons (DeQuach et al., 2011; Fitzpatrick and McDevitt, 2015). Therefore, MSCs might

be more suitable to model the native environment of bone, cartilage or tendons and for osteogenic

differentiation.

Furthermore, clusters of MSC-enriched proteins contained S100 binding proteins. S100 proteins are

Ca2+ binding proteins and are involved in multiple cellular processes including protein phosphorylation,
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enzyme activities, cell proliferation and differentiation, dynamics of the cytoskeleton as well as inflam-

mation (Donato, 1999). Like annexins, S100 proteins interact with multiple proteins and are found in

the CNS and PNS. One member of the S100 family, S100B, is mostly expressed in astrocytes and

suggested to modulate the shape and migration of these cells (Brozzi et al., 2009). In addition, S100B

is expressed in the cerebellum during mouse development, suggesting a potential role during the de-

velopment of the CNS (Hachem et al., 2007). Nevertheless, S100B was not detected to be enriched in

MSCs, whereas S100A10, S100A11, S10013, and S10016 were enriched throughout all fractions.

Additionally, clusters showed proteins of the serpin family. Serpins are protease inhibitors involved

in inflammatory events, cell proliferation, and modulation of apoptosis (Law et al., 2006; Gatto et al.,

2013). Numerous serpin proteins are expressed in the CNS (SERPINB7, SERPINB12, SERPINB13,

SERPINI1) showing neuroprotective function (SERPINF1) and are involved during brain development,

synaptogenesis, and synaptic plasticity (SERPINI1, neuroserpin) (Gatto et al., 2013; Reumann et al.,

2017; Miranda and Lomas, 2006). However, non of these proteins was found to be enriched in MSCs.

Beside these protein families, clusters of enriched matrisome proteins showed a few proteins involved

in TGFβ signaling (FBN1,THBS1) and development of the CNS (TNC) (Horiguchi et al., 2012; Šekeljić

and Andjus, 2012; Faissner et al., 2017; Irintchev et al., 2005). Nevertheless, enrichment of collagen

chains and matrisome associated factors (Annexins, S100 proteins, serpins), which are not involved

during CNS development suggest that MSCs do not create an environment mimicking the native ECM

during neural induction and neuronal development. However, enrichment of matrisome proteins was

only analyzed within the dataset in comparison to the other cell types and no conclusion can be drawn

about absolute values with this analysis. Nevertheless, it can be concluded that MSCs create a less

suitable environment for neural induction and neuronal development of hiPSCs among the tested cell

types.

3.5.5 Enrichment of matrisome proteins involved in tumorigenesis in HepG2 cells

compared to MSCs, iHLCs, and hiPSCs

Hierarchical clustering of matrisome proteins within the dataset revealed that HepG2 cells have in-

creased amounts of cathepsins, fibrinogen chains, glypicans, serpins, and syndecans in comparison

to the other cell types (Fig. 2.34). Cathepsins are proteases and the family of cathepsins comprise

serin cathepsins (CTSA, CTSG), aspartic cathepsins (CTSD, CTSE), and cysteine cathepsins (Bon-

nans et al., 2014; Fonović and Turk, 2014). Cysteine cathepsins are members of the papain subfamily

and predominantly found in intracellular lysosomes. They are involved in remodeling of the ECM as

well as numerous cellular processes including cell death, proliferation, migration, and protein turnover

(Mohamed and Sloane, 2006). Thus, cysteine cathepsins are highly upregulated in tumors, promot-

ing cancer progression by modification of the ECM, invasion, and metastasis (Mohamed and Sloane,

2006; Olson and Joyce, 2015). In addition, fibrinogen chains were found to be enriched. Fibrinogens

are composed of α (FGA), β (FGB) and γ (FGG) chains and are produced and secreted almost exclu-

sively by hepatocytes. Fibrinogen is a coagulation factor found in the blood and belongs to the family
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of innate immunity proteins (Mosesson, 2005; Zhou et al., 2016). Likewise cathepsins, increased lev-

els of fibrinogen are found in tumors (Zhang and Long, 2017). No enrichment of fibrillar matrisome

proteins e.g. FN, was detected. The hepatic ECM mostly consists of FN, which raised the hypothesis

that HepG2 cells show enrichment of this glycoprotein in comparison to the other cell types (Martinez-

Hernandez and Amenta, 1993). In addition, HepG2 cells showed enrichment of proteins of the serpin

family (SERPINA1, SERPINA3, SERPIND1, SERPINH1). This protease inhibitor family is involved in

tumor formation by promoting survival of cancer cells (Valiente et al., 2014).

Taken together, HepG2 cells showed mostly enrichment of matrisome proteins, which are also present

during tumorigenesis in comparison to the other cell types. However, as HepG2 cells are a tumor-

derived cell line, these observations are not surprising. Apart from this, enrichment of proteoglycans of

the glypican (GPC3, GPC6) and syndecan (SDC1, SDC2, SDC4) family was detected in HepG2 cells

compared to the other cell types. Proteoglycans are dynamically expressed during the development of

the CNS, and thus play a role during neurogenesis (Bandtlow and Zimmermann, 2000; Yu et al., 2017).

Although HepG2 cells showed a low amount of fibrillar proteins and enrichment of proteoglycans and

glycoproteins important during neural development, cells were mostly enriched in proteins involved dur-

ing tumorigenesis in comparison to the other cell types. These findings strongly suggest that HepG2

cells might create an environment which is not suitable for neural induction and neuronal development

by orchestrating matrisome proteins involved during tumorigenesis.

3.5.6 Matrisome proteins enriched in hiPSCs

Hierarchical clustering of matrisome proteins within the dataset revealed that hiPSCs were mostly en-

riched in proteins of the cathepsin, sema protein, and laminin family in comparison to the other cell

types. Only a few proteins were found to be enriched in every fraction e.g. FGF2 and GPC4. hiPSCs

have the capacity for self-renewal, which is dependent to FGF2 (Pauklin and Vallier, 2015). Therefore,

it seems likely that hiPSCs show enrichment of this matrisome associated factor (Pauklin and Vallier,

2015; Lotz et al., 2013). Interestingly, proteins involved in neural induction and were also found to be

enriched e.g. LEFTY2. LEFTY2 is a Nodal inhibitor, and thus important for inhibition of SMAD signaling

for neural induction of hPSCs (Pauklin and Vallier, 2015).

As iHLCs are derived from hiPSCs, this cell type was only used as a control to determine if the iHLC-

specific matrisome proteome overlaps with the one from hiPSCs. Consequently, matrisome proteins

detected in hiPSCs will not be further discussed.

3.5.7 iHLCs and its matrix potentially mimic the native environment during neural in-

duction and neuronal development in vivo

Hierarchical clustering of matrisome proteins within the dataset showed that iHLCs have especially in-

creased amounts of proteins of the laminin and IGFBP family as well as numerous proteins involved

in neural induction, neuronal development, Activin/Nodal, TGFβ - and BMP-signaling in comparison to

the other cell types. In order to elucidate the potential neural promoting effect of iHLCs and its matrix
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detected in differentiation experiments, iHLCs were analyzed for significantly up- and downregulated

matrisome proteins in comparison to MSCs, HepG2 cells, and hiPSCs and overlaps between deregu-

lated matrisome proteins were determined. It seems unlikely that the neural promoting effect of iHLCs

and its matrix only originate from matrisome proteins, upregulated in comparison to all control cell types.

The effect might rather originate from an interplay of multiple proteins, which play a role during neural

induction and neuronal development. Thus, also matrisome proteins, which were only upregulated in

comparison to two control cell types were taking into account to contribute to the neural promoting effect

of iHLCs and its matrix.

Matrisome proteins involved in early mammalian development, neural induction, and neurogen-

esis are upregulated in iHLCs compared to MSCs, HepG2 cells, and hiPSCs

Matrisome proteins involved in basement membrane assembly, neural induction, and neurogenesis

were found to the significantly upregulated in iHLCs compared to the control cell types. The basement

membrane is a very important structure during early mammalian development, and thus formation of

the three germ layers (Li et al., 2002, 2003; Yurchenco, 2011). Interestingly, the collagen chain COL4A1

was detected to be upregulated in iHLCs. COL4A1 is one of subunits forming type IV collagen, a major

component of the basement membrane (Nurcombe, 1992). Furthermore, type IV collagen was shown

to play a role in neurogenesis by promoting neural differentiation of rat cortical neurons in vitro (Ali et al.,

1998). In addition, another collagen α-chain was found to be highly upregulated in iHLCs compared to

all control cell types, COL18A1 forming type XVIII collagen. Type XVIII collagen is a multiplexin and

is structurally assigned to the family of proteoglycans. Furthermore, it plays an important role during

homeostasis of the basement membrane and can bind and interact with growth factors or other matrix

components including FBN2, which was also found to be among the highest upregulated proteins in

iHLCs (Iozzo et al., 2009; Sarrazin et al., 2011; Kaur and Reinhardt, 2015). In addition, both collagen

types are also found in the basal lamina of the CNS (Mouw et al., 2014).

Beside collagens, laminins play an essential role during basement membrane assembly and early

neural development. The laminin chains LAMA5, LAMB1, and LAMC1 were detected to be highly up-

regulated in iHLCs in comparison to the other cell types. As the major component of the basement

membrane, laminins are already important during early mammalian development. Especially LAMC1

is essential during early developmental processes, as mice lacking this gene die early during devel-

opment (Smyth et al., 1999). Furthermore, in vitro studies with embryoid bodies showed that LM-511,

composed of LAMA5, LAMB1, LAMC1, is essential for basement membrane assembly (Li et al., 2002,

2003). Our results suggest, that iHLCs are particularly enriched with this laminin type, as these laminin

chain subunits were found to be upregulated in comparison to all (LAMA5, LAMB1) or two (LAMC1)

control cell types. These findings suggest that iHLCs might in part mimic the native ECM during early

mammalian development.

In addition, LAMA5 was among the highest upregulated proteins. The LAMA5 subunit plays an im-

portant role during neural induction. Lama5 is expressed in neuro-ectodermal tissue during mouse
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embryogenesis especially in the ventral midline and floor plate and knock out of the subunit results

in brain defects (Miner et al., 1998). Furthermore the LAMA5 subunit plays an important role in neu-

ronal survival and viability, which will be discussed below (Hyysalo et al., 2017). Consistent with these

findings, the results strongly suggest that iHLCs create an ECM mimicking in part the complex na-

tive environment during early mammalian development, neural induction, and neurogenesis, and thus

promote these processes in vitro.

Potential modulation of Activin-, TGFβ - and BMP- signaling through matrisome proteins upreg-

ulated in iHLCs compared to MSCs, HepG2 cells, and hiPSCs

Multiple matrisome proteins involved in Activin-, TGFβ - and BMP- signaling were found to be signifi-

cantly upregulated in iHLCs in comparison to the other cell types used in this study. Inhibition of TGFβ

signaling is essential for neural induction of hPSCs (Pauklin and Vallier, 2015). LTBP1 was significantly

upregulated in iHLCs compared to all control cell types, whereas LTBP2 was highly downregulated.

LTBP1 simultaneously binds to the LAP-TGFβ complex and other ECM proteins like fibrillins, regulat-

ing the bioavailability of TGFβ (Rozario and DeSimone, 2010; Hynes, 2009; Horiguchi et al., 2012).

Thus, LTBP1 in the iHLC-matrix might alter TGFβ signaling of hiPSCs driving the cells towards neu-

ral differentiation. LTBP2 does not bind to LAP, which is associated to TGFβ (Horiguchi et al., 2012).

Consequently, downregulation of the protein in iHLCs should not have any effect on TGFβ signaling

in hiPSCs. Additionally, FBN2 was found to be highly upregulated in comparison to all control cell

types, whereas FBN1 was detected to be highly downregulated in comparison to MSCs and HepG2

cells. FBN1, but not FBN2 is required for proper sequestration of LTBP1 bound TGFβ in the ECM (Ono

et al., 2009; Zilberberg et al., 2012). It seems unlikely that LTBP1 and FBN2 alters TGFβ signaling in

hiPSCs, while FBN1 required for efficient matrix assembly, is highly downregulated in iHLCs. In ad-

dition, THBS1, which facilitates the activation of TGFβ , was found to be highly upregulated in iHLCs

in comparison to hiPSCs and HepG2 cells (Adams and Lawler, 2011). However, THBS1 also plays a

role during development of the CNS by promoting synapse formation and synaptogenesis, which will

be discussed below (O’Shea et al., 1991; Christopherson et al., 2005; Adams and Lawler, 2011).

Beside core matrisome proteins, secreted factors and their antagonists could also alter Activin-, TGFβ ,-

and BMP-signaling. Interestingly, FST was found to be highly upregulated in iHLCs in comparison to

all control cell types. FST is an antagonist to Activin, which inhibition could lead to neural induction

by inhibition of SMAD2/3 signaling (Hemmati-Brivanlou et al., 1994; Pauklin and Vallier, 2015). Addi-

tionally, Fst was found to antagonize BMP4 activity in the mouse, which also induce neural induction

through inhibition of the SMAD1/5/8 signaling cascade (Fainsod et al., 1997; Rogers et al., 2009). Thus,

it could be possible that FST promotes neural induction of hiPSCs by inhibition of both SMAD signaling

cascades. However, GDF6 also known as BMP13 was also detected to be highly upregulated in iHLCs

compared to all control cell types. GDF6 activates the SMAD1/5/8 signaling cascade, and thus have

an opposite effect on SMAD signaling to FST (Mazerbourg et al., 2005). Therefore both factors might

neutralize each others effect. Furthermore, FST compared to GDF6 was only found to be upregulated
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in the cytoplasmic fraction. Thus, FST potentially resided in a soluble form and is not associated to the

iHLC-matrix. Therefore, FST could possibly contribute to the neural promoting effect of iHLCs, but it

seems unlikely that the factor plays a role in the iHLC-matrix.

Additionally, LEFTY2 was found to be significantly upregulated in iHLCs in comparison to MSCs.

LEFTY2 is involved in neural induction by inhibiting Activin/Nodal signaling (SMAD2/3) (Pauklin and

Vallier, 2015), and thus could potentially contribute to the neural promoting effect of iHLCs and its ma-

trix. However, LEFTY2 was only found to be enriched in comparison to MSCs and not to any other

cell type. Furthermore, it was also enriched in hiPSCs, suggesting that the pluripotent cells already

express this factor in low levels. Therefore, it seems unlikely that LEFTY2 contribute to the neural pro-

moting effect of iHLCs. Although matrisome associated proteins involved in Activin-, TGFβ - and BMP-

signaling were found to be significantly upregulated in iHLCs in comparison the control cell types, no

absolute values or concentrations of secreted factors can be determined with this analysis. Thus, it is

not possible to conclude if these matrisome proteins contribute to the neural promoting effect of iHLCs

and its matrix.

Matrisome proteins involved in neuronal development are upregulated in iHLCs compared to

MSCs, HepG2 cells, and hiPSCs

Although, iHLCs showed enrichment of proteins involved during early mammalian development, neural

induction, neurogenesis and Activin-, TGFβ - and BMP- signaling, cells were mostly enriched in proteins

involved during later stages of neuronal development in comparison to the control cell types. Numerous

proteins were identified to be highly upregulated in iHLCs compared to the other cell types and involved

in NPC proliferation, synaptogenesis, neurite outgrowth, migration, and neuronal survival.

The brain ECM has a low amount of fibrillar matrisome proteins e.g collagens (DeQuach et al., 2011). In

line with this, firbil-forming collagen chains were only upregulated in comparison to hiPSCs and HepG2

cells (COL3A1, COL5A1).

As mentioned above, the LAMA5 subunit was found to be highly upregulated in iHLCs. In vitro stud-

ies of hPSC-derived neurons showed that laminin substrates containing the LAMA5 subunit promote

survival, viability and formation of electrophysiological networks most efficiently in comparison to other

laminin subunits (Hyysalo et al., 2017).

The proteoglycan AGRN was detected to be highly upregulated in iHLCs compared to MSCs, HepG2

cells, and hiPSCs. AGRN is essential for the formation of neuromuscular junctions (Gautam et al., 1996;

Daniels, 2012). However, it is also highly expressed in the developing brain on dendrites of neurons

(Cohen et al., 1997) and multiple in vitro studies strongly suggest its role in promoting synaptogenesis

during brain development and maintenance of synaptic plasticity (Ferreira, 1999; Bose et al., 2000;

McCroskery et al., 2009; Daniels, 2012).

In addition, the glycoprotein HAPLN1 was also detected amongst the highest upregulated proteins

compared to all control cell types. HAPLN1 is a link protein and one of the major component of the

perineural net, which surrounds neurons during development (Zimmermann and Dours-Zimmermann,
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2008; Eskici et al., 2018). Likewise AGRN, the PNN is involved in synaptogenesis by stabilizing the

process of synaptic development (Hockfield et al., 1990; McRae and Porter, 2012). Furthermore the

PNN also acts neuroprotective (Eskici et al., 2018).

Additionally, IGFBP2 and IGFBP5 were found to be highly upregulated in iHLCs compared to all control

cell types. Both IGFBPs are expressed in the developing brain and modulate the action of insulin growth

factors IGF-I (IGFBP2) and IGF-II (IGFBP5) in a tissue-specific manner. IGFs have multiple roles during

neuronal development including survival and proliferation of neuronal cells, synaptogenesis, and neu-

rite outgrowth (Bondy and Lee, 1993; Kelley et al., 1996; O’Kusky and Ye, 2012; Simon et al., 2015). In

addition, IGFBP5 was shown to play a role in neural induction by activating IGF signaling in Xenopus

(Pera et al., 2001).

The identification that LAMA5, AGRN, HAPLN1, IGFBP2 and IGFBP5 are significantly upregulated in

iHLCs compared to all control cell types, raises the possibility that iHLCs create a matrix rather pro-

moting processes during later stages of neuronal developmental than neural induction. Consistent with

this, further proteins were identified to be highly upregulated in iHLCs and involved in neuronal devel-

opment. MDK, a heparin binding protein was found to be highly upregulated in comparison to MSCs

and hiPSCs. Although MDK is a matrisome associated protein, it was found to be highly upregulated in

the ECM fraction, and thus potentially play a role in the iHLC-matrix. MDK is expressed during neuro-

genesis and was shown to promote neurite outgrowth, both as a soluble factor and as a coating agent

(Muramatsu et al., 1993; Kaneda et al., 1996; Kadomatsu, 2005; Kikuchi et al., 1993). Furthermore, it

also acts neuroprotective via inhibition of caspase-dependent apoptosis (Owada et al., 1999). In addi-

tion, VTN was detected to be highly upregulated in iHLCs in comparison to the other cell types. VTN is

known to play a role during neuronal development, promoting differentiation of motor neurons through a

synergistic action with SHH (Martinez-Hernandez and Amenta, 1993; Pons and Martí, 2000). A similar

effect is reported for the development of granule neurons in the cerebellum (Pons et al., 2001).

Add to this, the glycoproteins TNC and THBS1 were significantly upregulated in iHLCs and amongst

the highest upregulated proteins in comparison to HepG2 cells and hiPSCs. TNC is highly expressed

during neuronal development and plays an essential role during multiple processes. Knock out studies

revealed that mice showed aberrant numbers of neurons and glia cells and altered electrophysiological

properties (Irintchev et al., 2005; Gurevicius et al., 2009). Further studies reported that TNC promotes

neural precursor proliferation and neurite outgrowth and regulates cellular migration (Husmann et al.,

1992; Garcion et al., 2001, 2004). THBS1 is involved in TGFβ signaling, but also promotes synapto-

genesis and neurite outgrowth (O’Shea et al., 1991; Christopherson et al., 2005; Adams and Lawler,

2011). Additionally, GPC4, a HSPG promoting synaptogenesis during brain development, was also

detected to be upregulated in iHLCs compared to MSCs and HepG2 cells (Ybot-Gonzalez et al., 2005;

Allen et al., 2012; Farhy-Tselnicker et al., 2017). However, GPC4 was also amongst the highest down-

regulated proteins in iHLCs compared to hiPSCs and not highly enriched in iHLCs. Therefore, it seems

unlikely that GPC4 is a major component of the iHLC-matrix.

The growth factor HGF was found to be highly upregulated in iHLCs compared to HepG2 cells and

hiPSCs. High upregulation of HGF was also detected in comparison to MSCs, but the fold change
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was not validated to be significant (see Tab. A.5). HGF has a neurotrophic effect and promotes neural

proliferation and survival as well as neural outgrowth especially of dopaminergic neurons (Maina and

Klein, 1999; Kokuzawa et al., 2003; Nicoleau et al., 2009; Hamanoue et al., 1996). In addition, upregu-

lation of the factor was detected only in the ECM fraction, which raises the possibility that HGF might be

incorporated in the iHLC-matrix as a matrisome associated factor. Consequently, HGF could contribute

not only to the neural promoting effect of iHLCs but also to its matrix.

Taken together, iHLCs show upregulation of multiple proteins which act neuroprotective and are involved

in NPC proliferation, synaptogenesis, neurite outgrowth, migration, and neuronal survival. These re-

sults strongly suggest that the iHLC-matrix mimics the complex native matrix, which orchestrates niche

molecules important during neuronal development, and thus especially supports processes during later

stages of neuronal development.

Do iHLCs and its matrix specifically support neural differentiation of hiPSCs towards midbrain

identity?

Results from differentiation experiments raised the hypothesis that iHLCs and its matrix especially sup-

ports neural differentiation towards midbrain identity. One matrisome associated protein SFRP1, which

plays a role during mDA neuron development through modulation of WNT signaling, was detected to

be upregulated in iHLCs in comparison to MSCs and HepG2 cells (Kele et al., 2012). Low as well as

medium concentrations of SFRP1 and SFRP2 promote mDA neuron differentiation of primary ventral

midbrain and mESC-derived NPCs, whereas high concentrations have an inhibiting effect (Kele et al.,

2012). Thus, SFRP1 found in iHLCs could potentially promote differentiation towards mDA neuron

identity. However, SFRP1 was also detected to be enriched in hiPSCs and the actual concentration of

SFRP1 in iHLCs and its matrix is not possible to determine. Consequently, if SFRP1 potentially drives

neural differentiation of hiPSCs towards midbrain identity cannot be determined. Additionally, GPC3

was found to be highly downregulated in iHLCs compared to hiPSCs and HepG2 cells. GPC3 is a neg-

ative regulator of Shh, which is essential for mDA neuron development (Ye et al., 1998; Capurro et al.,

2008). Thus, low levels of GPC3 might favor neural differentiation towards midbrain identity. However,

the results do not definitely support the hypothesis that iHLCs and its matrix specifically supports mDA

neuron differentiation.

Enrichment of cell-type specific matrisome proteins in iHLCs

Beside matrisome proteins, which support processes during neural induction and neuronal develop-

ment, numerous other proteins were enriched in iHLCs compared to the control cell types. These pro-

teins might be cell-type specific proteins and also contribute to the iHLC-specific matrisome proteome.

Among core matrisome proteins, FN, FBLN1, EFEMP1, and CYR61 were detected to be upregulated

in iHLCs. As FN is one of the major components of the hepatic ECM, it is not surprising that the

core matrisome protein is upregulated in iHLCs compared to the other cell types (Martinez-Hernandez
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and Amenta, 1993). Although it is reported that FN rather supports mesoderm than neuro-ectodermal

differentiation, FN also promotes neurite outgrowth of neurons of the CNS and PNS (Sanes, 1989;

Haugen et al., 1992; George et al., 1993; Tonge et al., 2012). CYR61 is expressed by hematopoeietic

stem cells, and thus might be cell type specific to iHLCs (Chen and Lau, 2009; Rashid et al., 2012).

Additionally, matrisome associated proteins like the metalloprotease ADAM9 were found to be signifi-

cantly upregulated in iHLCs compared to MSCs and HepG2 cells. ADAMs play important roles during

the development of the CNS. However, ADAM9 knock out mice do not show any defects related to

the nervous system suggesting that this member is not involved during nervous system development

(Yang et al., 2006). In addition, further metalloproteases (MMP14, MMP2), multiple enzymes (LOXL2,

F2, SULF2) as well as members of the annexin (ANXA3, ANXA1), cathepsin (CTSC,CTSV), serpin

(SERPINB9, SERPINC1) and S100 protein family were upregulated in iHLCs compared the control cell

types. These protein families also contribute to the iHLC-specific matrisome proteome and are essential

cellular components of living cells. Thus, it seems likely that iHLCs show enrichment of these proteins.

Downregulated matrisome proteins in iHLCs compared to MSCs, HepG2 cells, and hiPSCs

Overlaps between downregulated matrisome proteins in iHLCs compared to the control cell types were

only detected for a few shared proteins. This might be explained through the differences between the

cell type-specific matrisome proteome of the control cell types. Highly downregulated matrisome pro-

teins in iHLCs were mostly proteins, found to be enriched in the control cell types MSCs (collagens,

S100 proteins), HepG2 cells (fibrinogen chains, cathepsins), hiPSCs (LAMA1, FGF2), and thus spe-

cific for the control cell types. Therefore, it might be difficult to identify overlaps in proteins, specifically

downregulated in iHLCs. Beside members of the collagen, cathepsin and serpin family, the core matri-

some proteins ECM1, SDC1, and SDC4 were significantly downregulated in iHLCs compared to HepG2

cells and MSCs. SDCs are HSPGs and play an important role during neuronal development (Bandtlow

and Zimmermann, 2000). SDC1 can interact with multiple other ECM proteins (e.g. FN, TNC, MDK)

and positively regulates NPC proliferation during cortical development (Wang et al., 2012). Additionally,

major downregulated proteins in iHLCs contained NID1, FGF2, LAMA1 and VCAN. NID1 is an impor-

tant component of the basement membrane by binding to perlecan and collagen type IV, and thus play

a role during early mammalian development. However, knock out studies in mice suggested that NID1

might not be essential for basement membrane assembly (Li et al., 2002). FGF2 is an important factor

for proliferation and self renewal of stem cells (Pauklin and Vallier, 2015; Lotz et al., 2013). Thus, down-

regulation of FGF2 in iHLCs in comparison to the other cell types should even favor differentiation of

hiPSCs. Downregulation of the LAMA1 subunit might indicate that iHLCs are not enriched in LM-111 or

LM-121. LM-111 is mostly involved during early mammalian development in basement membrane as-

sembly (Li et al., 2002, 2003). Additionally, VCAN was also amongst the major downregulated proteins

in iHLCs. VCAN is rather involved in neural crest migration and is highly expressed in the adult brain

(Bandtlow and Zimmermann, 2000; Snyder et al., 2015). Therefore, it is unlikely that downregulation of

VCAN might be of great importance for iHLCs and its matrix. In comparison to upregulated matrisome
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proteins, downregulated matrisome proteins in iHLCs compared to the control cell types contained only

a few proteins important during neural induction and processes during neuronal development. Accord-

ingly, the results from downregulated matrisome proteins support the possibility that iHLCs create a

complex environment mimicking the native ECM during neural induction and neuronal development.

3.6 Conclusion of differentiation experiments and quantitative pro-

teome analysis

Results from co-culture-based experiments raised the hypothesis that MSCs secrete factors or create

an environment, which are not beneficial for neural differentiation of hiPSCs. This hypothesis was con-

firmed by proteome analysis. MSCs were mostly enriched in fibrillar collagens and secreted factors of

the annexin, serpin and S100 protein family in comparison to the other cell types, which do not promote

neural induction. Although, a few matrisome proteins supporting neural differentiation were detected to

be increased in MSCs, enrichment of fibrillar collagens strongly suggest that MSCs and their matrix is

not suitable for neural differentiation of hPSCs (Engler et al., 2006; Mouw et al., 2014; DeQuach et al.,

2011).

Findings from co-culture-based experiments with HepG2 cells suggested that HepG2 cells create an

environment or secrete factors, which do not promote neural induction and neuronal development of

hiPSCs. Proteome analysis might confirm this hypothesis as HepG2 cells showed mostly enrichment of

matrisome proteins highly upregulated during tumorigenesis including proteins of the cathepsin, fibrino-

gen and serpin family. Although the HepG2-matrix supported neural induction of hiPSCs, tumor-derived

cell lines and their matrices should rather be used for the support and analysis of cellular processes,

which are involved in tumor formation e.g migration or angiogenesis (Fitzpatrick and McDevitt, 2015).

Therefore, the HepG2-matrix might not be suitable for neural differentiation of hPSCs.

In contrast to MSCs and HepG2 cells, iHLCs promoted neural induction of hiPSCs in a co-culture-

based system most efficiently and matrix-based experiments without dual SMAD inhibition showed that

the iHLC-matrix itself has a neural promoting effect on hiPSCs. These finding suggest that iHLCs and

its matrix create an environment, mimicking the complex and native environment during early neural

induction in vivo. Indeed, proteome analysis could identify highly upregulated core matrisome pro-

teins involved in basement membrane assembly, neural induction and neurogenesis including COL4A1,

COL18A1, LAMA5, LAMB1, LAMC1. These results indicate that iHLCs might create a matrix, which

mimics the native ECM during neural induction in vivo.

Besides, the secreted protein FST, which is involved in inhibition of Activin- and BMP-signaling, and

thus neural induction, was found to be highly upregulated in iHLCs (Hemmati-Brivanlou et al., 1994;

Pauklin and Vallier, 2015; Fainsod et al., 1997; Rogers et al., 2009). FST was only detected to be highly

upregulated in the cytoplasmic fraction strongly suggesting that the factor is in a soluble form and not

associated to the iHLC-matrix. Consequently, FST could contribute to the neural promoting effect of

iHLCs, but it seems unlikely that it plays a role in the iHLC-matrix. Nevertheless, no definite concentra-
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tion of the factor can be determined by this analysis, and thus no conclusion about its impact during the

differentiation process can be drawn. For this reason, it cannot be concluded if FST contribute to the

neural promoting effect detected for iHLCs.

The neural promoting effect of the iHLC-matrix on hiPSCs seemed to be weaker in comparison to intact

cells suggesting a lower neural promoting effect of the matrix itself. One possibility could be that the

decellularization process alters the structure of the iHLC-matrix, and thus weakens its effect on hiP-

SCs during differentiation. On the other hand it could be possible that secreted factors like FST, which

potentially promote neural induction of hiPSCs in co-culture-based experiments, might not be highly

incorporated in the iHLC-matrix. This hypothesis might be supported by results from differentiation ex-

periments with HepG2 cells and its matrix. Results from co-culture based experiments suggested that

HepG2 cells secrete factors, which do not favor neural differentiation, as no efficient neural induction

of hiPSCs was detected. However, the strong inhibitory effect of HepG2 cells during co-culture-based

experiments, was not detectable in matrix-based experiments. These findings strongly suggest that the

concentration of secreted factors in the matrix is not comparable to intact cells. It seems likely that the

concentration of secreted factors in the matrix is lower compared to intact cells, as feeder cell layers

may constantly produce the secreted factors during co-culture-based differentiation with hiPSCs. Con-

sequently, secreted factors might not play a major role in cell-derived matrices.

iHLC-matrices and HepG2-matrices showed a similar efficiency in supporting neural induction of hiP-

SCs in matrix-based experiments. Although, iHLC-matrix showed a higher trend in supporting neural

induction of hiPSCs in comparison to the HepG2-matrix without dual SMAD inhibition, differences in

their efficiencies were less in comparison to co-culture-based experiments. One possibility could be

that cell-derived matrices have a comparable composition, and thus support neural induction to a sim-

ilar degree. This hypothesis was not confirmed by proteome analysis. Although, HepG2 cells showed

enrichment of proteoglycans (glypicans, syndecans) involved during neural development, cells were

highly enriched in fibrinogen chains. In contrast, iHLCs were enriched in proteins involved during neu-

ral induction (see above). However, most of the proteins, highly upregulated in iHLCs compared to

the other cell types, were found to be associated with later stages during neuronal development in-

cluding NPC proliferation, synaptogenesis, neurite outgrowth, migration and neuronal survival (AGRN,

HAPLN1, HGF, IGFBP2, IGFBP5, LAMA5, MDK, TNC, THBS1, VTN). Thus, as both cell-derived ma-

trices showed enrichment of some proteins involved during neural differentiation, both matrices should

support neural induction to a certain degree. Due to the high enrichment of proteins involved during

later stages of neuronal development, major differences in the efficiency of cell-derived matrices should

be detectable after the neural induction step. However, the effect of the matrices was only tested during

neural induction, but not during later stages of the differentiation process. Consequently, it would be

essential to test the iHLC-matrix for the whole differentiation process. In conclusion, it seems likely

that the iHLC-matrix rather promotes and supports processes during later stages of the differentiation

process than during early neural induction due to its high enrichment of proteins involved in NPC prolif-

eration, synaptogenesis, neurite outgrowth, migration and neuronal survival.

Another hypothesis of differentiation experiments was that the iHLC-matrix might especially support
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neural differentiation towards midbrain identity. Proteome analysis revealed that iHLCs were highly en-

riched in SFRP1, a protein involved in mDA neuron differentiation (Kele et al., 2012). Add to this, GPC3

was found to be highly downregulated in iHLCs. GPC3 negatively regulates SHH signaling, which is

important during midbrain development (Ye et al., 1998; Capurro et al., 2008). However it seems un-

likely, that the matrix supports especially differentiation towards this neuronal subtype because of the

regulation of SFRP1 and GPC3.

Taken together, iHLCs are highly enriched in proteins involved during early neural induction and neu-

ronal development in comparison to the other cell types. Although, iHLCs showed mostly enrichment

of proteins involved during neuronal development, the results from differentiation experiments and pro-

teome analysis strongly suggest that the iHLC-matrix mimics the complex, native ECM during neural

induction and neuronal development in vivo. Consequently, the iHLC-matrix might function as an al-

ternative human matrix for in vitro generation of mDA neurons as well as differentiation towards other

neuronal subtypes.

3.7 Biotechnological application of iHLC-matrix for neural differentia-

tion of hPSCs

Commercial available matrices used for mDA neuron differentiation of hiPSCs are composed of single

proteins or basement membrane components derived from mouse sarcoma and poorly represent the

in vivo situation. For this reason, the development of a complex human matrix, which mimics the native

ECM during neural induction and neuronal development is essential. The iHLC-matrix combines these

requirements. iHLCs are derived from human origin and create a matrix, which orchestrates multiple

matrisome proteins supporting neural induction and neuronal development. Consequently, the iHLC-

matrix could be produced and used as an ECM-based hydrogel supporting mDA neuronal differentiation

of hPSCs in vitro. In addition, as the iHLC-matrix mostly contains matrisome proteins supporting neural

differentiation in general, the matrix could be tested for differentiation of hPSCs towards other neuronal

subtypes. For the production of an ECM-based hydrogel, the solubilization of the iHLC-matrix would be

required. Different protocols for the solubilization of the matrix are described and should be tested for

their efficiency (DeQuach et al., 2011; Crapo et al., 2012, 2014). Additionally, the optimal concentration

of the iHLC-matrix for the differentiation process should be determined as the concentration of the cell-

derived matrix has a major impact on the differentiation process (Crapo et al., 2014). As the iHLC-matrix

is derived from human origin, the matrix could be used for the production of human neuronal cells under

GMP conditions. However, to fulfill GMP requirements the exact definition of the matrix composition is

essential (Hayashi and Furue, 2016). As detected by proteome analysis, biological replicates of iHLCs

still show differences in the enrichment of matrisome proteins. Thus, standardization and optimization

of the differentiation process for iHLCs would be essential.
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3.8 General conclusion

Cell-based therapy is a very promising therapeutic strategy for treatment of Parkinson’s disease. How-

ever, before clinical application of this therapy the generation process of mDA neurons for PD patients

needs to be optimized to the highest level. Beside numerous factors, the extracellular matrix plays an

essential role during neural induction and mDA neuron development. Matrices used for the generation

of mDA neurons are derived from the mouse, represent the composition of the basement membrane

or are only composed of single proteins. Consequently, the development of a complex human matrix,

which mimics the native ECM during neural induction and mDA neuron development is required.

In my PhD project, I identified a human cell type from the endoderm lineage, the iHLCs, to be able

to promote neural induction of hiPSCs. Additionally, the matrix of these cells showed a similar effect

on neural induction of hiPSCs and NPCs extracted from either cells or matrix efficiently matured to

neurons showing expression of mDA neuron specific markers. Furthermore, I could identify that iHLCs

have increased amounts of numerous matrisome proteins involved during neural induction and neu-

ronal development suggesting that iHLCs create an environment mimicking the complex composition

of the native ECM during these processes in vivo. Therefore, the iHLC-matrix could potentially function

as a novel human matrix supporting neural differentiation of hPSCs in vitro.

Several experiments are required to further elucidate the effect of the iHLC-matrix during neuronal de-

velopment and to facilitate a potential biotechnological application of the matrix. First, the iHLC-matrix

should be used for the whole differentiation process of hiPSCs towards mDA neurons to confirm its

potential effect on neuronal development. Second, the iHLC-matrix should be used for differentiation

of hPSCs towards other neuronal subtypes as results of proteome analysis did not suggest that the

iHLC-matrix specifically supports differentiation of hPSCs towards mDA neuronal fate. Last, the iHLC-

matrix should be produced as an ECM-based hydrogel facilitating the biotechnological application of

the matrix.

Most strikingly, as iHLCs are derived from hiPSCs, the matrix could be directly derived from the patient

facilitating the generation of a complete patient-specific differentiation system for generation of mDA

neurons for cell-based therapy in PD patients. This is summarized in a working model in figure 3.1.

Somatic cells extracted from the patient could be reprogrammed to hiPSCs and used for differentia-

tion towards iHLCs. The matrix of iHLCs could then further be used for the generation of hiPSC-derived

mDA neurons creating a complete patient-specific differentiation system for the production of mDA neu-

rons suitable for cell-based therapy in PD patients.
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Figure 3.1: Potential use of the iHLC-matrix as a patient-specific matrix for cell-based therapy in
PD patients. Patient specific somatic cells can be reprogrammed and used for differentiation towards iHLCs.
The matrix of these cells can further function for the generation of hiPSC-derived mDA neurons, creating a
complete patient-specific differentiation system. The generated neurons can be used for cell-based therapy in
the patient.
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Chapter 4

Materials and Methods

4.1 Equipment

Nanodrop ND-1000 Thermo Fisher Scientific, Waltham, USA

2-propanol container Scienceware Bel-Art, Wayne, USA

Amplifier SEC-05L, NPI electronics, Tamm, Germany

Analytical column HSS-T3 nanoease analytical column, 25 cm, particle size 1.8 µm,

Waters, Milford, USA

Centrifuges 5418R Eppendorf AG, Hamburg, Germany

5418 Eppendorf AG, Hamburg, Germany

Rotina 420R, Andreas Hettich GmbH und Co.KG, Tuttlingen, Ger-

many

LSE Mini Microcentrifuge Corning, Corning, USA

Data acquisation card PCI-6024E, National instruments, Texas, USA

Freezer -20 °C Liebherr Hausgeräte Ochsenhausen GmbH, Ochsenhausen, Ger-

many

Freezer -80 °C New Brunswick Scientific, New Brunswick, USA

Fridge Liebherr Hausgeräte Ochsenhausen GmbH, Ochsenhausen, Ger-

many

FUSION Xress Sytsem Peqlab, Erlangen, Germany

Heating plate RCT basic, IKA-Werke GmbH, Staufen, Germany

Horizontal Puller DMZ Universal Puller, Zeitz Instruments, Martinsried, Germany
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HPLC Ultimate 3000 RSLC nano-HPLC, Dionex, Sunnyvale, USA

Ice machine Ziegra Eismaschine, Isernhagen, Germany

Incubator CB 210, Binden, Neckarsulm, Germany

Irradiator GammaCell 2 irradiator, Nordion Ottawa

Mass spectrometer Qexative HF mass spectrometer, Thermo Fisher Scientific, Waltham,

USA

Microscopes Leica DM IL LED Fluo, Wetzlar, Germany

Olympus IX-83, Tokio, Japan

Olympus BX-51WI, Tokio, Japan

EVOS FL auto cell Imaging System, Thermo Fisher Scientific,

Waltham, USA

Microwave Severin Elektrogeräte, Sundern, Germany

PCR machine Quantstudio 12k Flex real-time PCR system, Thermo Fisher Sci-

entific, Waltham, USA

Mastercycler Nexus Gradient, Eppendorf AG, Hamburg, Germany

pH meter pH211 Microprocessor pH Meter, HANNA instruments, Kehl am

Rhein, Germany

Pipetboy accu-jet, Brand GmbH und Co.GG, Wertheim, Germany

Pipette, electronic Finnpipette, Thermo Fisher Scientific, Waltham, USA

Pipettes 2-, 10-, 20-, 200-, 1000 µl, Gilson, Middleton, USA

Pump LABOPORT, neolab Migge Laborbedarf-Vertriebs GmbH, Heidel-

berg, Germany

Scalpel Bayha GmbH, Tuttlingen, Germany

Scissors Fine Science Tools, Foster City, USA

Shaker-DOS-10L Neolab, Heidelberg, Germany

Sonicator Bandelin Sonorex, Berlin, Germany

Spectramax M5 Molecular devices, Sunnyvale, USA

Stirrer STIR, VWR international GmbH, Darmstadt, Germany

Vibratom HM650V, MICROM GmbH, Walldorf, Germany
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Vortexer Vortex Genie 2, Scientific Industries New York, USA

Water Bath JB Aqua 12 Plus, Grant instruments, Cambridge, UK

4.2 Consumables

15 cm cell culture dishes Thermo Fisher Scientific, Waltham, USA

15-/50 ml Falcon Corning, Coning, USA

225 cm Flasks Thermo Fisher Scientific, Waltham, USA

384-well plate real-time qPCR Kisker Biotech, Steinfurt, Germany

6 cm cell culture dishes Thermo Fisher Scientific, Waltham, USA

96 well cell culture plates Thermo Fisher Scientific, Waltham, USA

Borosilicate glass Science Product, Hofheim am Taunus, Germany

Cell culture well plates 6-/-12-/24-/48-well, Thermo Fisher Scientific, Waltham, USA

Cell scraper Sarstedt, Nümbrecht, Germany

Counting chamber cell culture Neubauer (LO-Laboroptik GmbH,Friedrichsdorf)

Cryo Vials Greiner GmbH, Frickenhausen, Germany

Eppendorf tubes, safe lock 1.5/2.0 mm, Eppendorf AG, Hamburg, Germany

Filter 0.22 µm Carl Roth, Karlsruhe, Germany

Glass coverslips rectangle Carl Roth, Karlsruhe, Germany

Glass coverslips round VWR, Radnor, USA

Glasslides (Superfrost Plus) Thermo Fisher Scientific, Waltham, USA

Glassware Schott, Duran, Mainz, Germany

Millicell cell culture inserts Merck Millipore, Burlington USA

Needle Ø 0.3 x 12 mm Braun, Melsungen, Germany

Nitrogen Linde AG, München, Germany

Parafilm VWR, Radnor, USA

Pipette filter tips TipOne (Starlab GmbH, Hamburg, Germany
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Pipette tips Eppendorf AG, Hamburg, Germany

Serological pipettes Greiner GmbH, Frickenhausen, Germany

StemPro® EZPassage™ tool Thermo Fisher Scientific, Waltham, USA

Syringe, 1 ml Braun, Melsungen, Germany

4.3 Chemicals

2-mercaptoethanol Cat#63689, Thermo Fisher Scientific, Waltham, USA

2-mercaptoethanol (cell culture) Cat#21985023, Thermo Fisher Scientific, Waltham, USA

2-propanol, 100 % Cat#6752.3, Carl Roth, Karlsruhe, Germany

A4’-6-diamidino-2-phenylinodole description

Accutase Cat#A6964, Sigma Aldrich, Steinheim, Germany

Activin A, human Cat#13-103-437, Miltenyi Biotec, Bergisch Gladbach, Germany

NH4OH Cat#5460.1, Carl Roth, Karlsruhe, Germany

Aqua-Poly/Mount Cat#18606, Polysciences, Inc., Pensylvania USA

Ascorbic acid Cat#A4403, Sigma Aldrich, Steinheim, Germany

ATP-M Cat#A9187, Sigma Aldrich, Steinheim, Germany

B27 Cat#5001207, Thermo Fisher Scientific, Waltham, USA

B27 w/o insulin Cat#A1895601, Thermo Fisher Scientific, Waltham, USA

B27 w/o Vitamin A Cat#12587010, Thermo Fisher Scientific, Waltham, USA

BDNF, human Cat#130-096-286, Miltenyi Biotec, Bergisch Gladbach, Germany

BSA Cat#A7030, Sigma Aldrich, Steinheim, Germany

CaCl Cat#C5670, Sigma Aldrich, Steinheim, Germany

Collagen I Cat#C7661, Sigma Aldrich, Steinheim, Germany

Cryostor® CS10 Cat#C2874, cell cryopreservation media, Sigma Aldrich, Stein-

heim, Germany

DAPI Cat#10236276001, Sigma Aldrich, Steinheim, Germany
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DAPT Cat#2634, Bio-techne, Minneapolis, USA

db-cAMP Cat#D0260, Sigma Aldrich, Steinheim, Germany

Dexamethasone Cat#D4920, Sigma Aldrich, Steinheim, Germany

Dimethylsulfoxide Cat#D2650, Sigma Aldrich, Steinheim, Germany

DMEM/F12 Cat#11320074, Thermo Fisher Scientific, Waltham, USA

DMEM High Glucose Cat#21969035, Thermo Fisher Scientific, Waltham, USA

Dorsomorphine Cat#3093, Bio-techne, Minneapolis, USA

DPBS w/o CaCl2, MgCl2 Cat#14190250, Thermo Fisher Scientific, Waltham, USA

EDTA (0.5 M, pH 8.0) Cat#15575020, Thermo Fisher Scientific, Waltham, USA

EGTA Cat#3777, Sigma Aldrich, Steinheim, Germany

Ethanol, absolute, p.a. Cat#107017, Merck KGaA, Darmstadt, Germany

FBS, heat inactivated (HI) Cat#16140071, Thermo Fisher Scientific, Waltham, USA

FBS, stem cell approved Cat#16141079, Thermo Fisher Scientific, Waltham, USA

FGF2, human Cat#130-097-610, Miltenyi Biotec, Bergisch Gladbach, Germany

FGF8, human Cat#130-095-740, Miltenyi Biotec, Bergisch Gladbach, Germany

Fibronectin Cat#F0287, Sigma Aldrich, Steinheim, Germany

GDNF, human Cta#130-096-291, Miltenyi Biotec, Bergisch Gladbach, Germany

Gelatin solution 0.1% Cat#P06-20410, Pan Biotech, Aidenbach, Germany

Geltrex™ Cat#A1413302, Thermo Fisher Scientific, Waltham, USA

Gentamycin Cat#G1397, Sigma Aldrich, Steinheim, Germany

Glucose Cat#G615.2, Sigma Aldrich, Steinheim, Germany

Glucose solution Cat#A24940-01, Thermo Fisher Scientific, Waltham, USA

GlutaMAX™ Cat#35050038, Thermo Fisher Scientific, Waltham, USA

GTP-Na Cat#51120, Sigma Aldrich, Steinheim, Germany

HBSS Cat#24020-117, Thermo Fisher Scientific, Waltham, USA

HEPES Cat#9105.2, Carl Roth, Karlsruhe, Germany
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HGF, human Cat#130-103-437, Miltenyi Biotec, Bergisch Gladbach, Germany

HyClone™ FBS Cat#SH3006603, Fisher Scientific

Hydrochloric acid (HCl) 32% Cat#100319, Merck KGaA, Darmstadt, Germany

Hydrocortisone Cat#H0888, Sigma Aldrich, Steinheim, Germany

Insulin Cat#I9278, Sigma Aldrich, Steinheim, Germany

K−MeSO4 Cat#83000-5G-F, Sigma Aldrich, Steinheim, Germany

Knockout DMEM Cat#5001222, Thermo Fisher Scientific, Waltham, USA

Knockout serum replacement Cat#10828028, Thermo Fisher Scientific, Waltham, USA

Laminin Cat#L2020, Sigma Aldrich, Steinheim, Germany

LDN193189 Cat#130-103-925, Miltenyi Biotec, Bergisch Gladbach, Germany

L-glutamine Cat#25030024, Thermo Fisher Scientific, Waltham, USA

Low-melting agarose Cat#A9414, Sigma Aldrich, Steinheim, Germany

MgCl2 Cat#25108.260, VWR, Radnor, USA

MEM Earl’s Salt Cat#32360-26, Thermo Fisher Scientific, Waltham, USA

MEMs non-essential amino acids Cat#7145, Sigma Aldrich, Steinheim, Germany

MesenPRO RS™ medium Cat#12746012, Thermo Fisher Scientific, Waltham, USA

Mitomycin C Cat#M4287, Sigma Aldrich, Steinheim, Germany

mTeSR1 Cat#85850, Stem cell technologies, Vancouver, Canada

N2 Cat#5000959, Thermo Fisher Scientific, Waltham, USA

Na2HPO4 Cat#4984.1, Carl Roth, Karlsruhe, Germany

NaHCO3 Cat#HNO1.1, Carl Roth, Karlsruhe, Germany

Neurobasal Cat#21103049, Thermo Fisher Scientific, Waltham, USA

Normal Horse Serum Cat#726050088, Thermo Fisher Scientific, Waltham, USA

Paraformaldehyde (PFA) 16% Cat#43368.9M, VWR, Radnor, USA

Penicillin/Streptomycin Cat#15140122, Thermo Fisher Scientific, Waltham, USA

Phosphocreatine-di(tris) Cat#P1937, Sigma Aldrich, Steinheim, Germany

119



CHAPTER 4. MATERIALS AND METHODS

Poly-L-ornithine Cat#P3655, Sigma Aldrich, Steinheim, Germany

KCl Cat#P9541, Sigma Aldrich, Steinheim, Germany

Power SYBR Green Master Mix Cat#4356659, Thermo Fisher Scientific, Waltham, USA

Protease inhibitor cocktail Cat#05892791001, Roche, Basel, Switzerland

RNaseZAP Cat#R2020, Sigma Aldrich, Steinheim, Germany

Rock inhibitor (Y-27632) Cat#1254/10, Bio-techne, Minneapolis, USA

RPMI Cat#11875093, Thermo Fisher Scientific, Waltham, USA

SB431542 Cat#130-106-275, Miltenyi Biotec, Bergisch Gladbach, Germany

SHH, human Cat#130-95-727, Miltenyi Biotec, Bergisch Gladbach, Germany

NaCl Cat#3957, Sigma Aldrich, Steinheim, Germany

TGFβ , human Cat#130-094-007, Miltenyi Biotec, Bergisch Gladbach, Germany

Tris Base Cat#4855, Carl Roth, Karlsruhe, Germany

Triton X-100 Cat#T8787, Sigma Aldrich, Steinheim, Germany

Trizma® hydrochloride solution Cat#T2069, Sigma Aldrich, Steinheim, Germany

Trypsin-EDTA 0.25% Cat#25200072, Thermo Fisher Scientific, Waltham, USA

Tween 20 Cat#P2287, Sigma Aldrich, Steinheim, Germany

William’s E Cat#A1217601, Thermo Fisher Scientific, Waltham, USA

αMEM Cat#22571-020, Thermo Fisher Scientific, Waltham, USA

4.4 Eukaryotic cells and cell lines

Mouse MS5 cells Gift Dr. Lorenz Studer

Mesenchymal stem cells Cat#R7788115, StemPro™ Human adipose derived stem cells,

Thermo Fisher Scientific, Waltham, USA

HepG2 cells Cat#ACC180, DSMZ, Braunschweig, Germany

Neonatal Fibroblast BJ Cat#ATCC®CRL2522™, ATCC®, Manassas, USA
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Human iPSCs Human iPSCs were derived from neonatal fibroblasts BJ (ATCC®CRL2522™) using

the CoMiP system according to Diecke et al. (2015) and were purchased from the Helmholtz Zentrum

München.

4.5 Mouse lines

C65BL/6N inbread strain, Helmholtz Zentrum München (HMGU)

4.6 Buffers and solutions

General solutions

Phosphate-buffered saline (PBS) 137 mM NaCl, 2.7 mM KCl, 10 mM Na2PO4, 1.8 mM KH2PO4,

pH 7.4

Fixation solution 4% paraformaldehyde in PBS

Cell-derived matrix extraction

Decellularization buffer 20 mM NH4OH, 0.5 % (v/v) Triton X-100 in PBS

Electrophysiology

Ringer solution 125 mM NaCl, 2.4 mM KCl, 25 mM NaHCO3, 1.25 mM NaH2PO4,

2 mM CaCl, 1 mM MgCL2, 25 mM glucose; pH 7.4; 298 mOsm/l

Electrode solution 135 mM K−MeSO4, 5 mM KCl, 5 mM HEPES, 0.25 mM EGTA,

10 mM phosphocreatine-di(tris), 2 mM ATP−Mg, 0.5 mM GTP−Na,

pH 7.3, 290 mOsm/l

Immunocytochemistry

Blocking/permeabilization solution 1 % BSA, 0.3 % (v/v) Triton X-100 in PBS

Solution for Ab dilution 1 % BSA, 0.1 % (v/v) Triton X-100 in PBS

Immunohistochemistry

Permeabilization solution 0.5 % (v/v) Triton X-100 in PBS

Blocking solution 20 % BSA in PBS

Solution for Ab dilution 5 % BSA in PBS
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Proteome analysis

Cytosolic fraction buffer 10 mM Tris, 150 mM NaCl, 25 mM EDTA, 1x Protein Inhibitor Cock-

tail, 0.5 % (v/v)Tween 20, pH 7.0

Membrane/organelle fraction buffer 20 mM NH4OH, 0.5 % (v/v)Tween 20 in PBS

ECM fraction buffer 8 M Urea, 100 mM Tris, pH 8.5

4.7 Cell culture media

Maintenance media

MS5 medium αMEM, 10 % HI FBS, 2 mM L-glutamine, 100 U/ml penicillin,

100 µg/ml streptomycin

Human iPSC medium mTeSR1 with supplement

HepG2 medium DMEM high glucose, 10 % HI FBS, 2 mM L-glutamine

MSC medium MesenPRO RS™ medium with supplement

iHLC differentiation media

iHLC induction medium RPMI, 1:50 B27 w/o insulin,1x GlutaMAX®

iHLC differentiation medium DMEM/F12, 4.5 g/l glucose, 10 % Knock out serum replacement,

1x non-essential amino acids, 1x GlutaMAX™, 100 U/ml penicillin,

100 µg/ml streptomycin

iHLC maintenance medium William’s E, 10 % HyClone™ FBS, 1x GlutaMAX™, 1 µg/ml in-

sulin, 1.8 % DMSO, 5 µg/ml hydrocortisone, 100 U/ml penicillin,

100 µg/ml streptomycin, 80 µg/ml gentamycin

iHLC plating medium William’s E, 10 % HyClone™ FBS, 1xm GlutaMAX™, 1 µg/ml in-

sulin, 100 U/ml penicillin, 100 µg/ml streptomycin, 80 µg/ml gen-

tamycin

Neural differentiation media

DMEM/F12:Neurobasal medium 50 % DMEM/F12, 50 % Neurobasal, 1:200 N2, 1:100 B27, 5 µg/ml

insulin, 1x GlutaMAX™, 5 µM 2-mercaptoethanol, 0.5x non-

essential amino acids, 50 U/ml penicillin, 50 µg/ml streptomycin
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KSR medium Knockout DMEM, 15 % Knock out serum replacement, 2 mM

L-glutamine, 10 µM 2-mercaptoethanol, 1x non-essential amino

acids, 100 U/ml penicillin, 100 µg/ml streptomycin

Neurobasal medium Neurobasal, 1:100 N2, 1:50 B27 w/o Vitamin A, 2 mM L-glutamine,

100,U/ml penicillin, 100 µg/ml streptomycin

Organotypic brain slices media

Dissection medium MEM Earl’s Salt, 10 mM Trizma® hydrochloride solution, 100 U/ml

penicillin, 100 µg/ml streptomycin

Culture medium MEM Earl’s Salt, 25 % HBSS, 25 % Normal Horse Serum, 2 mM

L-glutamine, 100 U/ml penicillin, 100 µg/ml streptomycin

4.8 Kits

Isolate II RNA Mini Kit Bioline, London, UK

Lipid (Oil red O) staining kit BioVision, Milpitas, USA

Pierce BCA Protein Assay Kit Thermo Fisher Scientific, Waltham, USA

SensiFAST™ cDNA Synthesis Kit Bioline, London, UK

4.9 Software and Web tools

Adobe Illustrator version CS3 Adobe, San Jose, USA

Adobe Photoshop version CS5 Adobe, San Jose, USA

BioVenn Hulsen et al. (2008); http://www.biovenn.nl/

Excel Microsoft 2016 Microsoft, Redmond, USA

Fiji https://fiji.sc/

GraphPad Prism version 7.04 GraphPad Software, La Jolla, USA

GraphPad Prism version 5.0 GraphPad Software, La Jolla, USA

ImageJ v.1.47 NIH, https://imagej.nih.gov/ij/

MATLAB R2017a Mathworks, Natick, USA
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Matrisome Project (Naba et al., 2012b,a; Hynes and Naba, 2012; Naba et al., 2016);

http://matrisomeproject.mit.edu/

Panther web tool, version 13.1 Thomas et al. (2003); http://pantherdb.org/

Perseus, version 1.6.1.1 Tyanova et al. (2016);

http://www.coxdocs.org/doku.php?id=perseus:start

Primer-BLAST NCBI, https://www.ncbi.nlm.nih.gov/tools/primer-blast/

Progenesis QI software, version 3.0 Nonlinear Dynamics, Waters, Milford, USA

Quantstudio Software Thermo Fisher Scientific, Waltham, USA

UniProt Retrieve/ID mapping UniProt, http://www.uniprot.org/uploadlists/

WINWCP John Dempster, University of Strathclyde

4.10 Antibodies and Primers

Table 4.1: Primary antibodies.

Antibody Species Dilution Source Cat#
anti-AFP antibody (1G7) mouse 1:200 Sigma-Aldrich WH0000174M1
anti-Albumin chicken 1:200 Abcam ab106582
anti-CD105 mouse 1:100 R&D Systems SC017
anti-CD90 mouse 1:100 R&D Systems SC017
anti-EN1 antibody (4G11) mouse 1:50 DSHB 4G11
anti-Fibronectin rabbit 1:200 Dako Q0149
anti-HNF-4α mouse 1:100 Santa Cruz sc-374229
anti-human Tubulin β3 mouse 1:200 Neuromics MO15013
anti-LMX-1 rabbit 1:2000 Merck AB10533
anti-MAP2 antibody (HM-2) mouse 1:500 Sigma-Aldrich M9942
anti-NANOG goat 1:100 R&D systems AF1997
anti-N-Cadherin Clone32 mouse 1:50 BD Biosciences 610921
anti-NESTIN mouse 1:200 Neuromics MO15012
anti-NR4A2 antibody (F-5) mouse 1:100 Santa Cruz sc-376984
anti-OCT3/4 antibody (clone 40) mouse 1:100 Stemcell 60059
anti-PAX6 (Poly19013) rabbit 1:200 BioLegend 901301
anti-SOX2 (L1D6A2) mouse 1:100 Cell signaling 4900S
anti-SYNAPSIN I rabbit 1:500 Merck AB1542P
anti-Tyrosine Hydroxylase rabbit 1:1000 Pel-Freez Biologicals P40101-150
anti-Tubulin β 3 mouse 1:500 BioLegend 801201
anti-Tubulin β 3 (AA10) mouse 1:200 BioLegend 657412
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Table 4.2: Secondary antibodies.

Antibody Species Dilution Source Cat#
Anti-rabbit IgG (H+L) Alexa Fluor 488 goat 1:500 Thermo Fisher Scientific A11034
Anti-mouse IgG (H+L) Alexa Fluor 488 goat 1:500 Thermo Fisher Scientific A28175
Anti-mouse IgG (H+L) Alexa Fluor 555 donkey 1:500 Thermo Fisher Scientific A31570
Anti-rabbit IgG (H+L) Alexa Fluor 555 donkey 1:500 Thermo Fisher Scientific A31572
Anti-goat IgG (H+L) Alexa Fluor 555 donkey 1:500 Thermo Fisher Scientific A21432
Anti-chicken Cy3 donkey 1:500 Jackson IR 703-165-155
Alexa Fluor 488 Phalloidin - 1:50 Thermo Fisher Scientific A12379

Table 4.3: Quantitative real-time PCR primer (qPCR).

Gene Forward primer Reverse Primer Source
18S GAGGATGAGGTGGAACGTGT TCTTCAGTCGCTCCAGGTCT This study
A1AT TCCGATAACTGGGGTGACCT GCATTGTCGATTCACTGTCCC This study
ACTB CCTTGCACATGCCGGAG GCACAGAGCCTCGCCTT Kirkeby et al. 2017
AFP GAGGGAGCGGCTGACATTATT CTGGCCAACACCAGGGTTTA This study
ALB GGGGTGTGTTTCGTCGAGAT AGGCAATCAACACCAAGGCT This study
CYP3A4 TGTGCCTGAGAACACCAGAG GTGGTGGAAATAGTCCCGTG This study
CYP3A7 AAGAAACACAGATCCCCCTGA TCAGGCTCCACTTACGGTCT This study
CYP7A1 TTAGGAGAAGGCAAACGGGTG AAATTGCAGAGCACAGCCCA This study
EN1 CGTGGTCAAAACTGACTCGC CGCTTGTCCTCCTTCTCGTT This study
GAPDH TTGAGGTCAATGAAGGGGTC GAAGGTGAAGGTCGGAGTCA Kirkeby et al. 2017
HNF4α CAGGCTCAAGAAATGCTTCC GGCTGCTGTCCTCATAGCTT This study
LMX1A GAGACCACCTGCTTCTACCG GCCCGCATAACAAACTCATT This study
MAP2 CCGTGTGGACCATGGGGCTG GTCGTCGGGGTGATGCCACG Kirkeby et al. 2017
NANOG CAGCTACAAACAGGTGAAGACC CCTTCTGCGTCACACCATTG This study
NES CTCAGCTTTCAGGACCCCAA GTCTCAAGGGTAGCAGGCAA This study
NR4A2 GAGACGCGGAGAACTCCTAA CAGGCGTTTTCGAGGAAAT Kirkeby et al. 2017
OCT4 TCTCCAGGTTGCCTCTCACT GTGGAGGAAGCTGACAACAA Kirkeby et al. 2017
PAX6 TGGTATTCTCTCCCCCTCCT TAAGGATGTTGAACGGGCAG Kirkeby et al. 2017
TH CGGGCTTCTCGGACCAGGTGTA CTCCTCGGCGGTGTACTCCACA Kirkeby et al. 2017

4.11 Cell culture

4.11.1 General coatings

Gelatin For gelatin coating, cell culture dishes were coated with 0.1 % gelatin in PBS for 15 min at RT.

After coating, gelatin solution was aspirated and dishes were directly used for culture of cells.

Collagen I For collagen I coating, dishes were treated with 10 µg/cm2 collagen I in DPBS for 1 h at

37 °C. Collagen solution was aspirated and dishes were directly used for culture of cells.

Geltrex™ Geltrex™ was diluted 1:50 in DMEM/F12. Dishes were coated with Geltrex™ solution for

1 h at 37 °C. After incubation, solution was aspirated and dishes were directly used for culture of cells.
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Poly-L-ornithine, laminin, fibronectin Cell culture dishes were coated with 15 µg/ml poly-L-ornithine

(P/O) in DPBS over night at 37 °C. On the following day, dishes were washed three times with DPBS

and coated with 4 µg/ml laminin (LN) and 1 µg/ml fibronectin (FN) in DPBS over night at 37 °C. After

incubation, solution was aspirated, dishes were washed once with DPBS and used for culture of cells.

For cell seeding in droplets, P/O-, LN-, FN-coated dishes were completely dried before cell seeding.

4.11.2 Culture of mouse MS5 cells

Maintenance and splitting Mouse MS5 cells were cultured on 0.1 % gelatin coated dishes (see chap.

4.11.1) in αMEM, 10 % HI FBS, 2 mM L-glutamine, 100 U/ml Penicillin and 100 µg/ml Streptomycin (MS5

medium) and split at a confluence of 60 %. Cells were rinsed once with DPBS and dissociated to single

cells by incubation with 0.25 % Trypsin for 5 min at 37 °C. Cell suspension was transferred to 4 ml MS5

medium in a 15 ml falcon tube and centrifuged at 300 g for 5 min at RT. Cells were resuspended in MS5

medium, seeded on 0.1 % gelatin coated dishes with a splitting ratio of 1:5 to 1:8 and cultured at 37 °C,

5 % CO2.

Freezing and thawing For freezing of MS5, cells were dissociated to single cells as described above.

After centrifugation cells were resuspended in freezing medium (60 % MS5 medium, 30 % HI FBS, 10 %

DMSO) at a concentration of 1x106 cells/ml. Cell suspension was frozen as 1 ml aliquots in cryo vials

in 2-propanol containing freezing containers at -80 °C and transferred to a liquid N2-tank for long term

storage after 24 h.

MS5 cells were thawed in a 37 °C water bath and transferred to 4 ml MS5 medium in a 15 ml falcon

tube. After centrifugation at 200 g for 3 min at RT, cells were resuspended in MS5 medium and seeded

on 0.1 % gelatin coated dishes and cultured at 37 °C with 5 % CO2.

4.11.3 Culture of hiPSCs

Maintenance and splitting hiPS cells were maintained under feeder free conditions on Geltrex™

coated dishes (see chap. 4.11.1) in mTeSR1 medium at 37 °C with 5 % CO2. Medium was changed

daily and pluripotent cells were split on a regular basis every 3 to 4 days at a confluence of 80 %. For

splitting of hiPSCs in cell clumps, cells were rinsed once with DPBS and incubated with 0.5 mM EDTA

(2 ml per 6 cm dish) for 5 min at RT. Cells were dissociated to cell clumps by rocking the cell culture dish.

Cell suspension was transferred to 4 ml mTeSR1 in a 15 ml falcon tube, followed by incubation for 5 min

at RT to allow cell clumps to settle. After medium aspiration, cells clumps were gently resuspended in

mTeSR1 medium and splitted in a ratio of 1:4 to 1:8 on Geltrex™ coated dishes. For single cell splitting,

hiPSCs were washed once with DPBS and incubated with accutase (2 ml per 6 cm dish) for 10 min at

37 °C. Cells were dissociated to single cells by pipetting and transferred to 4 ml mTeSR1 medium in

a 15 ml falcon tube. After centrifugation at 200 g for 3 min at RT, medium was aspirated and hiPSCs

were resuspended in mTeSR1 medium supplemented with 10 µM Rock inhibitor (Y-27632). Cells were

counted and seeded at a density of 20.000 cells/cm2 on Geltrex™ coated dishes. After cell splitting,
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hiPSCs were cultured at 37 °C with 5 % CO2. For differentiation experiments and quantitative proteome

analysis only hiPSCs > passage 20 were used.

Freezing and thawing hiPSCs were frozen as cell clumps or single cells in Cryostor® cell cryopreser-

vation media CS10. Cells were dissociated to clumps or single cells as described above at a confluence

of 80 %. For freezing of hiPSC clumps, dissociated cell clumps were resuspended in freezing medium

(3 ml per 6 cm dish) and transferred as 1 ml aliqouts to cryo vials. For freezing of single cell dissociated

hiPSCs, cell number was determined and cells were resuspended in freezing medium supplemented

with 10 µM Rock inhibitor (Y-27632) at a concentration of 1x106 cells/ml. Cell suspension was trans-

ferred as 1 ml aliquots to cryo vials. hiPSCs were immediately frozen in 2-propanol containing freezing

containers at -80 °C. After 24h cells were transferred to a liquid N2-tank for long term storage.

For thawing of hiPSCs, one vial with cell suspension was thawed in a 37 °C water bath and transferred

to 4 ml mTeSR1 medium in a 15 ml falcon. After centrifugation at 200 g for 3 min at RT, cells were resus-

pended in mTeSR1 for cell clumps or in mTeSR1 with the addition of 10 µM Rock inhibitor (Y-27632) for

single cell hiPSCs. Cell suspensions were seeded onto Geltrex™ coated dishes and cultured at 37 °C

and 5 % CO2.

4.11.4 Culture of human HepG2 cells

Maintenance and splitting HepG2 cells were cultured on collagen I coated dishes (see chap. 4.11.1)

in DMEM high glucose supplemented with 10 % HI FBS and 2 mM L-glutamine at 37 °C and 5 % CO2.

Cells were split on a regular basis every 3 days at a confluence of 70-80 %. For cell splitting, HepG2

cells were washed once with DPBS and incubated with accutase (2 ml per 6 cm dish) for 5-10 min at

37 °C. Cells were dissociated to single cells by pipetting and transferred to 4 ml HepG2 medium in

a 15 ml falcon tube followed by centrifugation at 200 g for 3 min at RT. After medium aspiration cells

were resuspended in HepG2 medium and cell number was determined. HepG2 cells were seeded at a

concentration of 35.000 cells/cm2 on collagen I coated dishes and were cultured at 37 °C with 5 % CO2.

Freezing and thawing For freezing of HepG2 cells, cells were dissociated as described above and

resuspended in freezing medium containing 60 % HepG2 medium, 30 % HI FBS and 10 % DMSO at a

concentration of 1x106 cells/cm2. Cell suspension was frozen as 1 ml aliquots in cryo vials in 2-propanol

containing freezing containers at -80 °C. After 24 h, cells were transferred to a liquid N2-tank for long

term storage.

HepG2 cells were thawed in a 37 °C water bath and transferred to 4 ml HepG2 medium in a 15 ml

falcon tube. After centrifugation at 200 g for 3 min at RT, cells were resuspended in HepG2 medium

and seeded on collagen I coated dishes and cultured at 37 °C with 5 % CO2.
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4.11.5 Culture of human MSCs

Maintenance and splitting Human mesenchymal stem cells were cultured in MesenPRO RS™

medium at 37 °C and 5 % CO2. Cells were passaged twice a week at a confluence of 70 %. For cell pas-

saging, MSCs were rinsed once with DPBS and incubated with 0.05 % Trypsin (2 ml per 6 cm dish) for

3 min at 37 °C. Cells were dissociated to single cells by pipetting and cell suspension was transferred to

4 ml MesenPRO RS™ medium in a 15 ml falcon tube. After centrifugation at 200 g for 3 min at RT, cells

were resuspended in MesenPRO RS™ medium and cell number was determined. MSCs were seeded

at a density of 5000 cells/cm2 and cultured at 37 °C with 5 % CO2. For differentiation experiments and

quantitative proteome analysis only MSCs < passage 8 were used.

Freezing and thawing For freezing of MSCs, cells were dissociated to single cells as described

above, resuspended in freezing medium (60 % MesenPRO RS™ medium, 30 % HI FBS and 10 %

DMSO) and frozen in 2-propanol containing freezing containers at -80 °C (1 ml aliquots in cryo vials).

Cells were transferred to a liquid N2-tank for long term storage after 24 h.

MSCs were thawed in a 37 °C water bath, transferred to 4 ml MesenPRO RS™ medium and centrifuged

(200 g, 3 min, RT). Cells were resuspended in MesenPRO RS™ medium and cultured at 37 °C and 5 %

CO2.

4.11.6 Differentiation of hiPSCs to iHLCs

A schematic presentation for the differentiation protocol of hiPSCs towards iHLCs is shown in figure

4.1. hiPSCs were rinsed once with DPBS and incubated with accutase (2 ml per 6 cm dish) for 7 min at

37 °C. Cells were dissociated to cell clumps by gentle pipetting followed by second addition of accutase

(1 ml per 6 cm dish) and incubation for additional 3 min at 37 °C. After dissociation to single cells by

pipetting, cell suspension was transferred to mTeSR1 medium and centrifuged at 200 g for 3 min at

RT. Cells were resuspended in mTeSR1 medium supplemented with 10 µM Rock inhibitor (Y-27632)

and cell number was determined. hiPSCs were seeded onto Geltrex™ coated 6-well plates (see chap.

4.11.1) at a density of 70.000 cells/cm2 and cultured at 37 °C and 5 % CO2. As soon as hiPSCs reached

a confluence of 100 %, medium was changed to RPMI, 1:50 B27 w/o insulin, 1x GlutaMAX® (iHLC

induction medium) supplemented with 100 ng/ml Activin A and 100 ng/ml FGF2 (day 0 of differentiation).

On the next day, iHLC induction medium was additionally supplemented with 0.1 % FBS (stem cell

approved). Cells were differentiated in iHLC induction medium supplemented with 100 ng/ml Activin A

and 100 ng/ml FGF2, 0.5 % FBS (stem cell approved) from day 2 to day 7 and medium was changed

every other day. After iHLC induction (day 7 of differentiation), medium was changed to DMEM/F12,

4.5 g/l glucose, 10 % Knock out serum replacement (KOSR), 100 µM non-essential amino acids, 1x

GlutaMAX™, 100 U/ml Penicillin, 100 µg Streptomycin (iHLC differentiation medium) with the addition

of 1 % DMSO and 100 ng/ml HGF. At day 14 of differentiation DMSO and HFG were removed from

the iHLC differentiation medium and 1 µM Dexamethasone (Dex) was added instead for an additional

3 days. For final differentiation, cells were cultured in William’s E medium supplemented with 10 %
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HyClone™ FBS, 1x GlutaMAX™, 100 U/ml Penicillin, 100 µg/ml Streptomycin, 80 µg/ml gentamycin,

1 µg/ml insulin, 1.8 % DMSO, 5 µg/ml hydrocortisone (iHLC maintenance medium). After an additional

3 days of differentiation, cells were directly used for co-culture-based experiments or generation of

iHLC-derived matrices.

For splitting and re-seeding of iHLCs after final differentiation, cells were dissociated to single cells

by subsequent incubation in accutase for 30 to 40 min (10 min 1 ml, followed by addition of 0.5 ml

every 10 min per well/6 well plate). Cells were further dissociated by rocking the plate and gentle

pipetting. Cells were transferred in William’s E medium supplemented with 10 % HyClone™ FBS, 1x

GlutaMAX™, 100 U/ml Penicillin, 100 µg/ml Streptomycin, 80 µg/ml gentamycin, 1 µg/ml insulin (iHLC

plating medium) and centrifuged at 200 g for 5 min at RT. Cells were resuspended in iHLC plating

medium supplemented with 10 µM Rock inhibitor (Y-27632) and seeded onto collagen I coated 24- and

12-well plates (see chap. 4.11.1) at a density of 80.000 cells/cm2. Cells were cultured at 37 °C and 5 %

CO2. iHLCs were not frozen and always directly used for experiments after final differentiation for 3

days in iHLC maintenance medium.
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Figure 4.1: Protocol for differentiation of hiPSCs to iHLCs. P1 = passage 1.

4.11.7 Differentiation of hiPSCs to NPCs

A schematic presentation for the differentiation protocol of hiPSCs towards NPCs is shown in figure

4.2. hiPSCs were rinsed once with DPBS and dissociated to single cells by subsequent incuba-

tion in accutase for 10 min at 37 °C (2 ml per 6 cm dish/7 min; 1 ml per 6 cm dish/3 min). Cells were

transferred to mTeSR1 medium and centrifuged at 200 g for 3 min at RT. Cells were resuspended

in mTeSR1 medium supplemented with 10 µM Rock inhibitor (Y-27632) and cell number was deter-

mined. Cells were seeded onto Geltrex™ coated 6-well plates (see chap. 4.11.1) at a concentration of

70.000 cells/cm2. On the next day (day 0 of differentiation), medium was changed to 50 % DMEM/F12,
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50 % Neurobasal, 1:200 N2, 1:100 B27, 5 µg/ml insulin, 1 x GlutaMAX™, 0.5 x non-essential amino

acids, 5 µM 2-mercaptoethanol, 50 U/ml Penicillin, 50 µg/ml Streptomycin (DMEM/F12: Neurobasal

medium) supplemented with 100 nM LDN193189 and 10 µM SB431542 to start neural differentiation

of hiPSCs. Medium was changed every other day. At day 14 of differentiation, cells were passaged

mechanically to clumps using the StemPro® EZPassage™ tool. Cell suspension was transferred to

DMEM/F12:Neurobasal medium in a 15 ml falcon tube and incubated for 5 min at RT to allow cell

clumps to settle. Cell clumps were resuspended in DMEM/F12:Neurobasal medium supplemented with

100 nM LDN193189, 10 µM SB431542, 100 ng/ml FGF2, 10 µM Rock inhibitor (Y-27632) and seeded

onto P/O and LN coated 6-well plates (see chap. 4.11.1) with a splitting ratio of 1:2. Medium was

changed every other day to DMEM/F12:Neurobasal medium with the addition of 100 nM LDN193189,

10 µM SB431542 and 100 ng/ml FGF2. After 7 days, cells were dissociated to single cells by incuba-

tion in accutase (1.5 ml per well) for 10 min at 37 °C. Cells were transferred to DMEM/F12:Neurobasal

medium and cell number was determined. After centrifugation at 200 g for 3 min at RT, cells were re-

suspended in Cryostor® cell cryopreservation media CS10 supplemented with 10 µM Rock inhibitor

(Y-27632) at a concentration of 1x106 cells/ml. Cell suspension was frozen in 1 ml aliquots in cryo vials

in 2-propanol containing freezing containers at -80 °C and transferred to a liquid N2-tank for long term

storage after 24 h.

For thawing of NPCs, one vial of frozen NPCs was thawed in a 37 °C water bath and transferred to

DMEM/F12:Neurobasal medium. After centrifugation at 200 g for 3 min at RT, cells were resuspended

in DMEM/F12:Neurobasal medium supplemented with 10 µM Rock inhibitor (Y-27632) and 100 ng/ml

FGF2 and seeded onto P/O and LN coated dishes at a concentration of 1 x 105 cells/cm2. Cells were

cultured at 37 °C and 5 % CO2.
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Figure 4.2: Protocol for the differentiation of hiPSCs to NPCs. P1 = passage 1.

4.11.8 Production of non-proliferative feeder layers by irradiation

Mouse MS5 cells For the production of non-proliferative mouse MS5 cells, a vial of non-irradiated

mouse MS5 < passage 8 (gift from Dr. Studer, New York) was thawed and cultured on 0.1 % gelatin

coated 225 cm flasks (see chap. 4.11.1) in αMEM, 10 % HI FBS, 2 mM L-glutamine, 100 U/ml Penicillin,
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100 µg/ml Streptomycin (MS5 medium). Cells were split at a confluence of 60 % as described in chapter

4.11.2 with a splitting ratio of 1:5 to 1:8 on 0.1 % gelatin coated 225 cm flasks. After 2 to 4 days MS5

cells were split again according to the described procedure. For irradiation, cells were rinsed with DPBS,

dissociated to single cells by treatment with 0.25 % Trypsin and transferred to a 50 ml falcon tube. After

centrifugation at 300 g for 5 min at RT, cells were resuspended in 30 ml MS5 medium and cell number

was determined. Cells were irradiated by exposure to 45 gray γ-radiation. After irradiation, cells were

centrifuged (300 g, 5 min, RT) and resuspended in MS5 freezing medium containing 60 % MS5 medium,

30 % HI FBS and 10 % DMSO. Cell suspension was frozen as 1 ml aliquots at a concentration of

2.5 x 106 cells/ml in 2-propanol containing freezing containers at -80 °C. After 24 h, cells were transferred

to a liquid N2-tank for long term storage.

NPCs Irradiated NPCs were derived by differentiation of hiPSCs to NPCS, followed by irradiation.

hiPSCs were differentiated to NPCs as described in chapter 4.11.7.

For the production of irradiated non-proliferative NPCs, a vial of non-irradiated NPCS was thawed and

cells were seeded on P/O and LN coated dishes (see chap. 4.11.1) in DMEM/F12:Neurobasal medium

supplemented with 10 µM Rock inhibitor (Y-27632) and 100 ng/ml FGF2 and cultured at 37 °C and 5 %

CO2. On the next day Rock inhibitor (Y-27632) was removed and medium was changed every other day

to DMEM/F12:Neurobasal medium, 100 ng/ml FGF2. For irradiation, cells were dissociated to single

cells by incubation in accutase, transferred to a 50 ml falcon tube and cell number was determined. Cells

were centrifuged at 200 g for 5 min at RT, followed by resuspension in 20 ml DMEM/F12:Neurobasal

medium. Cells were irradiated by exposure to 45 gray γ radiation. After irradiation, cells were cen-

trifuged (200 g, 5 min, RT) and resuspended in Cryostor® cell cryopreservation media CS10. Cells

were frozen in 1 ml aliqouts at a concentration of 2 x 106 cells/ml in a cryo vial. After 24 h in 2-propanol

containing freezing containers at -80 °C, cells were transferred to a liquid N2-tank for long term storage.

4.11.9 Production of non-proliferative feeder layers by mitomycin C treatment

Seeding of cells

HepG2 HepG2 cells were dissociated to single cells and seeded on collagen I coated 24- and 12-well

plates (see chap. 4.11.1) at a density of 150.000 cells/cm2 in DMEM high glucose supplemented with

10 % HI FBS, 2 mM L-glutamine described in chapter 4.11.4. Cells were cultured at 37 °C and 5 % CO2.

MSCs MSCs were dissociated, seeded at a density of 30.000 cells/cm2 on 24- and 12-well plates in

MesenPRO RS™ medium and cultured at 37 °C and 5 % CO2 as described in chapter 4.11.5.

iHLCs iHLCs feeder layers were derived by differentiation of hiPSCs as described in chapter 4.11.6.

After final differentiation, cells were dissociated to single cells by subsequent incubation in accutase

as described in chapter 4.11.6. Cells were seeded at a density of 80.000 cells/cm2 in William’s E

medium, 10 % HyClone™ FBS, 1 x GlutaMAX™, 100 U/ml Penicillin, 100 µg/ml Streptomycin, 80 µg/ml
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gentamycin, 1 µg/ml insulin (iHLC plating medium) supplemented with 10 µM Rock inhibitor (Y-27632)

on collagen I coated 24- and 12-well plates (see chap. 4.11.1) and cultured at 37 °C and 5 % CO2.

NPCs NPC feeder layers were derived by differentiation of hiPSCs to NPCs as described in chapter

4.11.7. Cells were seeded onto P/O and LN coated 24- and 12-well plates (see chap. 4.11.1) at

a density of 100.000 cells/cm2 in DMEM/F12:Neurobasal medium supplemented with 10 µM Rock

inhibitor (Y-27632), 100 ng/ml FGF2 and cultured at 37 °C and 5 % CO2.

Mitomycin C treatment

One day after cell seeding, cell monolayers were treated with 10 or 5 µg/ml Mitomycin C in appropriate

medium (HepG2: HepG2 medium, MSCs: MesenPRO RS™ medium, iHLCs: iHLC plating medium,

NPCs: DMEM/F12:Neurobasal medium) and incubated for 30 min to 1.5 h at 37 °C. Cells were washed

three times with DPBS and directly used for co-culture based experiments.

4.11.10 Co-culture-based mDA neuron differentiation of hiPSCs

For mDA neuron differentiation of hiPSCs in a co-culture based system, non-proliferative feeder layers

were used. Non-proliferative feeder layers were produced by either treatment with Mitomycin C (see

chap. 4.11.9) or irradiation by exposure to 45 gray γ-radiation (see chap. 4.11.8). Mitomycin C treated

feeder layers were used directly after production (see chap. 4.11.9) for co-culture-based differentiation

experiments.

Seeding of irradiated feeder layers

MS5 For seeding of non-proliferative MS5 feeder layers, a vial of irradiated MS5 was thawed in a 37 °C

water bath. Cells were transferred to 4 ml MS5 medium in a 15 ml falcon tube, centrifuged at 200 g for

5 min at RT and resuspended in MS5 medium. Afterwards, cells were seeded on 0.1 % gelatin coated

24- and 12-well plates (see chap. 4.11.1) at a concentration of 50.000 cells/cm2. Cells were cultured at

37 °C and 5 % CO2 and used for co-culture-based differentiation experiments on the next day.

NPCs For irradiated NPC feeder layers, a vial of irradiated NPCs was thawed in a 37 °C water bath.

Cells were transferred to 4 ml DMEM/F12:Neurobasal medium in a 15 ml falcon tube. After centrifuga-

tion at 200 g for 5 min at RT, cells were seeded on P/O and L/N coated 24- and 12-well plates (see chap.

4.11.1) at a density of 200.000 cells/cm2 in DMEM/F12:Neurobasal medium supplemented with 10 µM

Rock inhibitor (Y-27632). Cells were cultured at 37 °C and 5 % CO2 and used for co-culture-based

differentiation experiments on the next day.
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Differentiation procedure

For differentiation of hiPSCs in a co-culture-based system, cells were differentiated according to Kriks

et al. (2011) with minor modifications. Schematic presentation of the co-culture-based differentiation

protocol is illustrated in chapter 2.1.4, figure 2.5. hiPSCs were detached in clumps as described in

chapter 4.11.3 and cell suspension was transferred in KSR supplemented with 15 % KOSR, 2 mM

L-glutamine, 100 U/ml Penicillin, 100 µg/ml Streptomycin, 1 x non-essential amino acids, 10 µM 2-

mercaptoethanol (KSR medium). Cell suspension was incubated for 5 min at RT to allow cell clumps

to settle down. Afterwards, cell clumps were resuspended in 1 ml KSR medium supplemented with

10 µM Rock inhibitor (Y-27632). To determine the number of cells, an aliquot of 200 µl cell suspen-

sion was taken, centrifuged and resuspended in accutase. After incubation for 10 min at 37 °C, cell

number was determined. Non-proliferative feeder layers (Mitomycin C treated/irradiated) were washed

once with KSR medium and hiPSCs were seeded in clumps at a concentration of 750 cells/cm2 in KSR

medium supplemented with 10 µM Rock inhibitor (Y-27632) (day 0 of differentiation). KSR medium

was supplemented with 1 µM Dorsomorphine, 10 µM SB431542 from day 2 to 8 and 100 ng/ml SHH,

100 ng/ml FGF8 from day 6 to 11 of differentiation and medium was changed every other day. At day

11 of differentiation, colonies showing neural rosette structures were mechanically isolated with a sy-

ringe and collected in KSR medium in a 15 ml falcon tube. After colonies settled, cell clumps were

gently resuspended in Neurobasal with 1:100 N2, 1:50 B27 w/o vitamin A, 2 mM L-glutamine, 100 U/ml

penicillin, 100 µg/ml streptomycin (Neurobasal medium) supplemented with 100 ng/ml SHH, 100 ng/ml

FGF8, 100 ng/ml FGF2, 0.2 mM AA, 20 ng/ml BDNF and seeded onto P/O and LN coated 24-well plates

(see chap. 4.11.1). Medium was changed every second day. After 7 days of differentiation, cells were

dissociated to single cells by accutase (10 min at 37 °C), centrifuged (200 g, 5 min, RT) and resus-

pended in Neurobasal medium. Cells were seeded in droplets at a density of 20.000 cells / 20 µl onto

P/O, LN, and FN coated glass coverslips (see chap. 4.11.1) in a 24-well plate. Cells were cultured

in Neurobasal medium supplemented with 100 ng/ml SHH, 100 ng/ml FGF8, 0.2 mM AA and 20 ng/ml

BDNF for an additional 7 days. For final differentiation, Neurobasal medium was supplemented with

20 ng/ml BDNF, 20 ng/ml GDNF, 0.2 mM AA, 1 ng/ml TGFβ , 0.5 mM dbcAMP and cells were differenti-

ated until day 50. Medium was changed every three days.

4.11.11 Production of cell-derived matrices

Seeding of cells

iHLCs For the production of iHLC-matrix, hiPSCs were differentiated to iHLCs as described in chapter

4.11.6. After final differentiation, cells were dissociated to single cells and seeded onto collagen I coated

96-, 48- and 12-well plates (see chap. 4.11.1) at a density of 80.000 cells/cm2 as described in chapter

4.11.6. After three days of culture, iHLCs were used for generation of iHLC-matrix.
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HepG2 For the production of HepG2-matrix, cells were dissociated to single cells and seeded onto

collagen I coated 96-, 48- and 12-well plates (see chap. 4.11.1) at a density of 50.000 cells/cm2 as

described in chapter 4.11.4. Cells were used after three days for production of HepG2-matrix.

Generation of cell-derived matrix

Cells were washed once with DPBS and cell layers were decellularized with warm (37 °C) 20 mM

NH4OH, 0.5 % (v/v) Triton X-100 in DPBS for 3-5 min at RT. Matrices were washed three times with

DPBS and directly used for matrix-based experiments (Chap. 4.11.12, chap. 4.11.13, chap. 4.11.14).

4.11.12 Culture of hiPSCs on cell-derived matrices under SC maintenance conditions

For culture of hiPSCs on cell-derived matrices, hiPSCs were dissociated to single cells by subsequent

incubation in accutase for 10 min at 37 °C (2 ml per 6 cm dish/7 min; 1 ml per 6 cm dish/3 min). After

centrifugation at 200 g for 3 min at RT, hiPSCs were resuspended in mTeSR1 medium supplemented

with 10 µM Rock inhibitor (Y-27632) and counted. Cells were seeded onto Geltrex™ or cell-derived

matrices coated 96 well plates (see chap. 4.11.1) at a concentration of 35.000 cells/cm2. Cells were

cultured in mTeSR1 medium for two more days at 37 °C and 5 % CO2 and medium was changed every

day.

4.11.13 Matrix-based mDA neuron differentiation of hiPSCs without dual SMAD inhi-

bition

A schematic presentation for mDA neuron differentiation of hiPSCs on cell-derived matrices with-

out dual SMAD inhibition is shown in figure 4.3. hiPSCs were dissociated to single cells by subse-

quent incubation in accutase for 10 min at 37 °C (2 ml per 6 cm dish/7 min; 1 ml per 6 cm dish/3 min),

followed by centrifugation (200 g, 5 min, RT), and resuspension in mTeSR1 medium supplemented

with 10 µM Rock inhibitor (Y-27632). Cells were seeded onto Geltrex™ or cell-derived matrices

coated 48-well plates (see chap. 4.11.1) at a concentration of 70.000 cells/cm2. On the next day

medium was changed to 50 % DMEM/F12, 50 % Neurobasal, 1:200 N2, 1:100 B27, 5 µg/ml insulin, 1 x

GlutaMAX™, 0.5 x non-essential amino acids, 5 µM 2-mercaptoethanol, 50 U/ml Penicillin, 50 µg/ml

Streptomycin (DMEM/F12:Neurobasal medium) (day 0 of differentiation). From day 8 to day 11,

DMEM/F12:Neurobasal medium was supplemented with 100 ng/ml SHH and 100 ng/ml FGF8. Medium

was changed every day and cells were differentiated until day 11.

4.11.14 Matrix-based mDA neuron differentiation of hiPSCs with dual SMAD inhibition

Schematic presentation of the protocol for mDA neuron differentiation of hiPSCs with dual SMAD inhi-

bition on cell-derived matrices is illustrated in chapter 2.2.4, figure 2.18 B. hiPSCs were dissociated to

single cells by subsequent incubation in accutase for 10 min at 37 °C (2 ml per 6 cm dish/7 min; 1 ml per
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Figure 4.3: Protocol for mDA neuron differentiation of hiPSCs on cell-derived matrices without
dual SMAD inhibition.

6 cm dish/3 min). After centrifugation (200 g, 5 min, RT), cells were resuspended in mTeSR1 medium

supplemented with 10 µM Rock inhibitor (Y-27632) and seeded onto Geltrex™ or cell-derived matrices

coated 48-well plates (see chap. 4.11.1) at a concentration of 70.000 cells/cm2. One day after seed-

ing (day 0 of differentiation), medium was changed to 50 % DMEM/F12, 50 % Neurobasal, 1:200 N2,

1:100 B27, 5 µg/ml insulin, 1 x GlutaMAX™, 0.5 x non-essential amino acids, 5 µM 2-mercaptoethanol,

50 U/ml Penicillin, 50 µg/ml Streptomycin (DMEM/F12:Neurobasal medium). Medium was supple-

mented with 100 nM LDN193189, 10 µM SB431542 from day 0 to 14 and with 100 ng/ml SHH, 100 ng/ml

FGF8 from day 8 to 14. Medium was changed every day. At day 14 of differentiation, cells were pas-

saged mechanically to clumps using the StemPro® EZPassage™ tool. Cell suspension was transferred

to DMEM/F12:Neurobasal medium in a 15 ml falcon tube and incubated for 5 min at RT to allow cell

clumps to settle down. Cell clumps were resuspended in DMEM/F12:Neurobasal medium supple-

mented with 100 nM LDN193189, 10 µM SB431542, 100 ng/ml SHH, 100 ng/ml FGF8, 100 ng/ml FGF2

and 10 µM Rock inhibitor (Y-27632). Afterwards, cells were seeded onto P/O and LN coated 24 and 12-

well plates (see chap. 4.11.1) and were splitted in a ratio of 1:2. Medium was changed every other day.

After 7 days, cells were dissociated to single cells by incubation in accutase (1.5 ml per well/12-well

plate) for 10 min at 37 °C. After centrifugation and resuspension in DMEM/F12:Neurobasal medium,

cells were seeded in droplets at a density of 20.000 cells / 20 µl onto P/O, LN, and FN coated glass

cover slips (see chap. 4.11.1) in a 24-well plate. Cells were differentiated in DMEM/F12:Neurobasal

medium supplemented with 10 µM Rock inhibitor (Y-27632), 20 ng/ml BDNF, 20 ng/ml GDNF, 0.2 mM

AA, 1 ng/ml TGFβ , 0.5 mM db-cAMP and 10 µM DAPT. After one day, Rock inhibitor was removed from

the medium, and cells were differentiated until day 50 in DMEM/F12:Neurobasal medium supplemented

with the factors mentioned above. Medium was changed every three days.
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4.11.15 Differentiation of hiPSCs with cell-conditioned medium

Production of iHLC-conditioned medium

For the production of iHLC-conditioned medium, iHLCs were dissociated to single cells by accutase

as described in chapter 4.11.6. Cells were seeded onto collagen I coated 6-well plates (see chap.

4.11.1) in William’s E medium supplemented with 10 % HyClone™ FBS, 1 x GlutaMAX™, 100 U/ml

Penicillin, 100 µg/ml Streptomycin, 80 µg/ml gentamycin, 1 µg/ml insulin (iHLC plating medium) and

10 µM Rock inhibitor (Y-27632) at a concentration of 80.000 cells/cm2. On the next day, medium was

changed to 50 % DMEM/F12, 50 % Neurobasal, 1:200 N2, 1:100 B27, 5 µg/ml insulin, 1 x GlutaMAX™,

0.5 x non-essential amino acids, 5 µM 2-mercaptoethanol, 50 U/ml Penicillin, 50 µg/ml Streptomycin

(DMEM/F12:Neurobasal medium). After three days medium was collected, sterile filtered (0.22 µm),

mixed 1:1 with fresh DMEM/F12:Neurobasal medium and used for conditioned medium-based experi-

ments (Fig. 4.4). Schematic presentation of the protocol for production of iHLC-conditioned medium is

illustrated in figure 4.4.

hiPSCs

iHLCs

DMEM/F12:Neurobasal
 medium

3 days iHLC-
conditioned 

medium

50% fresh medium
50% conditioned 

medium

Figure 4.4: Protocol for production of iHLC-conditioned medium.

Differentiation of hiPSCs with iHLC-conditioned medium

Protocol for differentiation of hiPSCs with conditioned medium is illustrated in chapter 2.3, figure 2.28

A. hiPSCs were dissociated to single cells by subsequent incubation in accutase for 10 min at 37 °C

(2 ml per 6 cm dish/7 min; 1 ml per 6 cm dish/3 min). After centrifugation (200 g, 3 min, RT), cells were

resuspended in mTeSR1 medium supplemented with 10 µM Rock inhibitor (Y-27632) and seeded onto

Geltrex™ coated 48-well plates (see chap. 4.11.1). On the following day medium was changed to one

of the following conditions i.) DMEM/F12:Neurobasal medium, ii.) DMEM/F12:Neurobasal medium sup-

plemented with 100 nM LDN193189, 10 µM SB431542 iii.) iHLC-conditioned medium. Media were sup-

plemented with 100 ng/ml SHH and 100 ng/ml FGF8 from day 8 to 11 for all three conditions. Medium

was changed every day and differentiation was stopped at day 11.
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4.12 Electrophysiology

Electrophysiological recordings were performed in a collaboration with Prof. Dr. Luksch and Dr. Stefan

Weigel, Chair for Zoology, Technical University of Munich. Whole-cell patch clamp experiments were

performed according to Kriks et al. (2011).

4.12.1 Sample generation

Electrophysiological measurements were analyzed from neurons differentiated on the iHLC-matrix as

described in chapter 4.11.14. Neurons were differentiated until day 50 on P/O, LN, and FN coated glass

coverslips (see chap. 4.11.1) and used for electrophysiological experiments.

4.12.2 Whole-cell patch clamp analysis

Neurons attached to a glass cover slip were transferred to a recording chamber of a fixed stage mi-

croscope (Olympus, BX-51WI). Neurons were perfused continuously with a saline solution (Ringer so-

lution) containing 125 mM NaCl, 2.4 mM KCl, 25 mM NaHCO3, 1.25 mM NaH2PO4, 2 mM CaCl, 1 mM

MgCl2, 25 mM glucose, pH 7.4; 298 mOsm/l oxygenated with 95 % O2, 5 % CO2 at 34 °C. Patch elec-

trodes were pulled from borosilicate glass (Science Products, 1.5mm OD 0.68mm ID, with filament) on

a horizontal puller (DMZ Universal Electrode Puller,Zeitz, Germany) and had a resistance of 3 to 5 MΩ.

They were filled with an internal solution containing 135 mM K−MeSO4, 5 mM KCl, 5 mM HEPES,

0.25 mM EGTA, 10 mM phosphocreatine-di(tris), 2 mM ATP−Mg, 0.5 mM GTP−Na, pH 7.3, 290 mOsm/l

(Electrode solution). Whole-cell recordings were performed with an amplifier in bridge mode (SEC-05L,

NPI electronic, Germany). Analog data were filtered with a 3 KHz low-pass filter and digitalized with a

data acquisition card and WinWCP software. Cells selected for electrophysiological recordings showed

neuronal morphology with neurite outgrowth and were localized in cell clusters. Neurons were only

taken into account if spontaneous neural activity was recorded for a minimum of 150 sec.

4.12.3 Electrophysiological data analysis

WinWCP files were imported into MATLAB 2017a (MathWorks) with the WinWCP MATLAB importer

(import_wcp.m by David Jäckel, ETHZ) and further analyzed with a custom build script.

Spontaneous activity was recorded for a minimum of 150 sec without clamping the neurons and ana-

lyzed for burst length, interburst interval, resting membrane potential and threshold potential. Action

potentials were identified by the findpeaks-function. Bursts are periods with high spiking activity, and

thus usually show a lower interspike interval. Bursts were detected by a change in spiking activity

higher than the mean change in spiking activity. Resting membrane potential was defined as the mean

of the minimum membrane potential between bursts. Threshold potential was defined as mean of the

minimum membrane potential within a burst. To analyze the input resistance of the patched cells and
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the membrane time constant, cells were hyperpolarized to -60 mV followed by injection of current steps

with increasing amplitude from -300 to 450 pA. Input resistance was calculated according to Ohms law

dividing the steady state potential (mean of -20 to -10ms during current injection) by the injected current

(included current range: -300 to -5 pA). The membrane time constant tau was calculated by an expo-

nential fit to a 300 ms part of the data trace right after current injection (included current range: -300 to

-5 pA).

4.13 Mouse organotypic brain slice culture

4.13.1 Ethics statement

Mice were handled and housed according to the German Federal guidelines for the use and care of

laboratory animals. All experimental procedures were approved by the Helmholtz Zentrum München

Institutional Animal Care and Use Committee with adherence to the guidelines of the Regierung von

Oberbayern.

4.13.2 Husbandry and matings

Mice were kept in a 12 h light-dark cycle. For matings, male and female mice were put together in the

afternoon and female mice were checked for the presence of a vaginal plug on the next day. Pups were

used at the stage of P6-P9 for the production of organotypic brain slices. Only 50 % of the litters were

used to prevent implications for the female mice.

4.13.3 Production of organotypic brain slice cultures

Organotypic brain slice cultures of mouse brains were generated according to Gogolla et al. (2006a)

with minor modifications. Before dissection of mouse brains, Millicell cell culture inserts were placed in

6-well plates and equilibrated in MEM Earl’s Salt, 2 mM L-glutamine, 25 % HBSS, 25 % normal horse

serum, 100 U/ml penicillin, 100 µg/ml streptomycin (culture medium) for 1 h at 37 °C and 5 % CO2.

Brains of P6-P9 wt C57BL/6N pups were dissected, washed three times with ice-cold MEM Earl’s Salt,

100 U/ml penicillin, 100 µg/ml streptomycin, 10 mM Trizma® hydrocloride solution (dissection medium)

and mounted in 1 % low-melting agarose. After polymerization of the low-melting agarose, brains were

cut in ice-cold dissection medium in 300-350 µm thick coronal slices using a Vibratom. Slices were in-

cubated in ice-cold dissection medium for 30 min at 4 °C. After incubation, brain slices were transferred

to Millicell cell culture inserts and cultured at 37 °C and 5 % CO2. Medium was changed after 24 h

followed by a change every two days. Fresh medium was always equilibrated for 1 h at 37 °C with 5 %

CO2 before adding to the organotypic brain slices. Organotypic brain slices were cultured for at least 7

more days before further experiments.

138



CHAPTER 4. MATERIALS AND METHODS

4.13.4 Culture of neurons on organotypic brain slices

For culture of neurons on organotypic brain slices, culture medium was gradually shifted to 25 %, 50 %,

75 %, 100 % of 50 % DMEM/F12, 50 % Neurobasal medium, 1:200 N2, 1:100 B27, 5 µg/ml insulin, 1 x

mM GlutaMAX™, 0.5 x non-essential amino acids, 5 µM 2-mercaptoethanol, 50 U/ml Penicillin, 50 µg/ml

Streptomycin (DMEM/F12:Neurobasal medium) supplemented with 20 ng/ml BDNF, 20 ng/ml GDNF,

0.2 mM AA, 1 ng/ml TGFβ , 0.5 mM db-cAMP and 10 µM DAPT.

Neurons were differentiated on iHLC-matrix until day 36 as described in chapter 4.11.14. Cells

were dissociated to single cells by incubation in accutase for 15-20 min at 37 °C and transferred to

DMEM/F12:Neurobasal medium in a 15 ml falcon. After centrifugation (200 g, 3 min, RT), cells were re-

suspended in DMEM/F12:Neurobasal medium supplemented with 10 µM Rock inhibitor (Y-27632). Cell

concentration was adjusted to 100 cells / 1 µl and 5 µl of the cell suspension were seeded on one organ-

otypic brain slice. Organotypic brain slices were cultured for two more weeks in DMEM/F12:Neurobasal

medium supplemented with 20 ng/ml BDNF, 20 ng/ml GDNF, 0.2 mM AA, 1 ng/ml TGFβ , 0.5 mM db-

cAMP, 10 µM DAPT at 37 °C and 5 % CO2. Medium was always equilibrated for 1 h at 37 °C with 5 %

CO2 before adding to the organotypic brain slices. Medium was changed every three days.

4.14 Quantitative proteome analysis

4.14.1 Sample generation

Samples for proteome analysis were generated in two biological replicates for each cell type. Biological

replicates were prepared in technical triplicates or duplicates to obtain five samples in total per cell type

for LC-MS/MS measurements. Cells were seeded onto 6-cm dishes and one dish corresponded to one

technical replicate and was used for fractionation.

hiPSCs hiPSCs were dissociated to single cells as described in chapter 4.11.3. After centrifugation,

cells were resuspended in mTeSR1 medium supplemented with 10 µM Rock inhibitor (Y-27632) and

seeded onto Geltrex™ coated dishes (see chap. 4.11.1) at a concentration of 35.000 cells/cm2. Cells

were cultured at 37 °C with 5 % CO2 and medium was changed every other day.

HepG2 cells HepG2 cells were dissociated to single cells as described in chapter 4.11.4 and seeded

onto collagen I coated dishes (see chap. 4.11.1) in DMEM/F12:Neurobasal medium at a concentration

of 50.000 cells/cm2. Cells were cultured at 37 °C with 5 % CO2 and medium was changed on the

second day after seeding.

MSCs MSCs were dissociated to single cells as described in chapter 4.11.5. Cells were seeded in

MesenPRO RS™ medium at a concentration of 10.000 cells/cm2 and were cultured at 37 °C with 5 %

CO2. Medium was changed two days after seeding.
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iHLCs iHLCs were dissociated to single cells as described in chapter 4.11.6. Cells were seeded onto

collagen I coated dishes (see chap. 4.11.1) in William’s E medium, 10 % HyClone™ FBS, 1 x Gluta-

MAX™, 100 U/ml Penicillin, 100 µg/ml Streptomycin, 80 µg/ml gentamycin, 1 µg/ml insulin (iHLC plating

medium) supplemented with 10 µM Rock inhibitor (Y-27632) at a concentration of 80.000 cells/cm2.

Cells were cultured at 37 °C with 5 % CO2. Medium was changed on the second day after seeding and

Rock inhibitor was removed.

4.14.2 Sample preparation by fractionation

Samples for proteome analysis were generated by subsequent fractionation in buffers with different

solving properties. Proteins were separated according to their solubility and localization in the cell.

Samples were generated from the cytoplasmic, membrane/organelle, and ECM protein fraction for each

cell type. Schematic presentation of fractionation protocol is illustrated in figure 4.5. Samples were har-

vested three days after cell seeding. Medium was aspirated, cells were washed once with ice-cold PBS

and scratched of in 1.5 ml ice-cold PBS. After centrifugation at 14.000 g for 10 min at 4 °C, supernatant

was discarded and cell pellet was resuspended in ice-cold 10 mM Tris, 150 mM NaCl, 25 mM EDTA, 1 x

Protein Inhibitor Cocktail, 0.5 % (v/v) Tween 20, pH 7.0 (200 µl) and incubated for 30 min on ice. After

incubation, protein solution was centrifuged at 14.000 g for 10 min at 4 °C. The supernatant contain-

ing the cytoplasmic fraction was taken. The insoluble cell pellet was resuspended in 200 µl of 20 mM

NH4OH, 0.5 % (v/v) Tween 20 in PBS and sonicated for 15 min at 4 °C. Protein solution was centrifuged

at 14.000 g for 10 min at 4 °C and supernatant was collected as the membrane/organelle protein frac-

tion. The insoluble pellet was resuspended in 8 M Urea, 100 mM Tris, pH 8.5 and directly used for

LC-MS/MS analysis. For the cytoplasmic and membrane/organelle protein fraction, protein concentra-

tion were determined by BCA assay. 10 µg of each fraction were used for LC-MS/MS measurements.

Cells in PBS

Centrifugation

Buffer 1

Centrifugation Centrifugation

Buffer 2 Buffer 3

Cytoplasmic
    fraction

Membrane/Organelle
          fraction

Extracellular matrix
         fraction

Figure 4.5: Protocol for generation of cellular protein fractions for proteome analysis. Buffer 1:
10 mM Tris, 150 mM NaCl, 25 mM EDTA, 1x Protein Inhibitor Cocktail, 0.5 % (v/v) Tween 20, pH 7.0; Buffer 2:
20 mM NH4OH, 0.5 % (v/v) Tween 20 in PBS; Buffer 3: 8 M Urea, 100 mM Tris, pH 8.5.
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4.14.3 Mass spectrometry

LC-MS/MS proteomic analysis was performed by the proteomic core facility of the Helmholtz Zen-

trum München (HMGU). Samples were digested by a modified FASP method (Wisniewski et al., 2009;

Grosche et al., 2016) and LC-MS/MS analysis was performed on a UItimate 3000 RSLC nano-HPLC

system (Dionex), which was online coupled to a QExactive HF mass spectrometer (Thermo Fisher Sci-

entific). Digested samples were loaded on the trap column and separated on a HSS-T3 nano-ease

analytical column (25cm, particle size 1.8µm, Waters) by a non-linear acetonitrile gradient from 5 to

40 % acetonitrile in 0.1 % formic acid over 95 min. Eluting peptides were analyzed by MS/MS with the

QExactive HF mass spectrometer.

4.14.4 Label-free quantification

Label-free quantification was performed by the proteomic core facility of the Helmholtz Zentrum

München (HMGU). MS/MS spectra were analyzed by label-free quantification with Progenesis QI soft-

ware (version 3.0) and analyzed as described previously in Merl et al. (2012) and Hauck et al. (2010).

All MS/MS spectra were exported as Mascot generic files and used for peptide identification with Mas-

cot (version 2.5.1) in the Swissprot human protein database (11329970 residues, 20194 sequences).

Search parameters used were: 10 ppm peptide mass tolerance and 0.02 Da fragment mass toler-

ance, one missed cleavage allowed, carbamidomethylation was set as fixed modification, methionine

oxidation and asparagine or glutamine deamidation were allowed as variable modifications. A Mascot-

integrated decoy database search calculated an average false discovery of <1 % when searches were

performed with the mascot percolator algorithm and p < 0.05. Peptide assignments were re-imported

into the Progenesis QI software and the abundances of all peptides allocated to each protein were nor-

malized and summed up. Resulting normalized abundances were used for calculation of fold-changes

between sample groups and for statistical evaluation (Student’s t-test, Excel Microsoft 2016).

4.14.5 Analysis

Every analysis was performed with normalized abundances for proteins, identified by at least 2 unique

peptides.

Principal component analysis (PCA) was carried out with the open-source bioinformatics software

Perseus (version 1.6.1.1) (Tyanova et al., 2016). Normalized abundances were log2-transformed and

PCA was performed with correction of the Benjamin-Hochberg method (Benjamin Hochberg FDR 0.05)

for every fraction separately.

Functional protein classification by cellular components was performed with the Panther web tool (ver-

sion 13.1) by Thomas et al. (2003), for all identified proteins of each fraction based on Homo sapiens.

Data were visualized using GraphPad Prism software (version 7.04).

To identify core matrisome and matrisome associated proteins, protein lists were searched against the

human matrisome list (Naba et al., 2012b,a; Hynes and Naba, 2012; Naba et al., 2016).
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For hierarchical clustering of all identified core matrisome and matrisome associated proteins, normal-

ized abundance for each protein of one technical replicate was normalized to the mean of all nor-

malized abundances of all technical replicates of all cell types detected for the protein, followed by

log2-transformation (Excel Microsoft 2016). Hierarchical clustering was performed with the Perseus

software (version 1.6.1.1) and was calculated with Euclidian distance and complete linkage (Tyanova

et al., 2016).

To identify up- and downregulated core matrisome or matrisome associated proteins, fold changes of

the mean of normalized abundances of iHLC-replicates relative to the mean of replicates of the con-

trol groups hiPSCs, HepG2 cells and MSCs were calculated. Statistical analysis was performed by

Student’s t-test with log2-transformed normalized abundances for every single protein (Excel Microsoft

2016). Only proteins with p < 0.05 were used for further analysis. Data was visualized by GraphPad

Prism software (version 7.04).

Venn diagrams were calculated with BioVenn by Hulsen et al. (2008) and visualized with Adobe Illus-

trator (version CS3).

4.15 Methods in molecular biology

4.15.1 RNA isolation

Total RNA isolation was performed using the ISOLATE II RNA Mini Kit according to the manufacturer’s

protocol. Total RNA was eluted in 25 µl RNase free H2O. Concentration of total RNA was determined

photometrically at λ = 260 nm with the nanodrop.

4.15.2 cDNA synthesis

Reverse transcription was performed from 75 to 500 ng total RNA using the SensiFAST™ cDNA synthe-

sis kit according to the manufacturer’s protocol. Generation of cDNA was performed with Oligo(dT18)-

primer without the optional heating step at 48 °C for 15 min. Total RNA concentration for cDNA synthesis

of biological replicates was identical between groups of biological replicates.

4.15.3 Quantitative real-time PCR (qPCR)

Quantitative real-time PCR (qPCR) was carried out with Sybr Green Master Mix and run on a Quantstu-

dio 12k Flex real-time PCR system. Primer were designed with Primer-BLAST software, NCBI and are

listed in chapter 4.10, table 4.3. cDNA was diluted according to concentrations of total RNA used for

cDNA synthesis (500 ng total RNA, dilution cDNA 1:25; 300 ng total RNA, dilution cDNA 1:15, 75 ng

total RNA, dilution 1:5). Master mixes were prepared for primers and samples were created as follows:

5 µl 2xSybr Green Master Mix, 1 µl forward primer (final concentration 1.5 µM), 1 µl reverse primer (final

concentration 1.5 µM), 3 µl diluted cDNA. All samples were run as 10 µl samples on a 384-well plate in
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technical triplicates. Relative gene expression levels were analyzed with the ∆∆ Ct method and normal-

ized to three housekeeping genes GAPDH, ACTB, 18S. Gene expression levels were calculated as fold

changes relative to hiPSCs and transformed by log2. Calculated fold changes for gene expression lev-

els for matrix-based mDA neuron differentiation of hiPSCs without dual SMAD inhibition (Chap. 2.2.3,

chap. 4.11.13) were standardized and transformed according to Willems et al. (2008).

4.16 Methods in protein biochemistry

4.16.1 Immunocytochemistry

Cells were fixed in 4 % PFA in PBS for 20 min at RT. After fixation cells were washed three times with

PBS, followed by blocking and permeabilization with 1 % BSA and 0.3 % (v/v) Triton X-100 in PBS for

1 h at RT. Cells were washed three times with PBS and incubated with primary antibodies diluted in 1 %

BSA, 0.1 % (v/v) Triton X-100 in PBS at 4 °C, O/N. On the following day, cells were washed three time

with PBS followed by incubation with fluorophore-conjugated secondary antibodies diluted in 1 % BSA,

0.1 % (v/v) Triton X-100 in PBS for 1 h at RT. A4’-6-diamidino-2-phenylinodole (DAPI) counterstain was

performed with a 10 µM solution in PBS for 10 min at RT followed by three 5 min washes with PBS.

Glass coverslips were mounted with Aqua-Poly/Mount. Immunofluorescence staining was analyzed by

fluorescence microscopy on an EVOS FL Cell Imaging System (Thermo Fisher Scientific). Primary and

secondary antibodies, used for immunocytochemistry, are listed in chapter 4.10, table 4.1 and 4.2 with

appropriate dilutions.

4.16.2 Immunohistochemistry of organotypic brain slices

Immunohistochemical stainings of organotypic brain slices were performed according to Gogolla et al.

(2006b) with minor modifications. Brain slices were fixed with 4 % paraformaldehyde PFA in PBS

for 20 min at RT. Slices were washed once with PBS followed by permeabilization with 0.5 % (v/v)

Triton X-100 in PBS at 4 °C O/N. On the following day, brain slices were blocked with 20 % BSA in

PBS for 24 h at 4 °C. After blocking, brain slices were incubated with primary antibodies, diluted in

5 % BSA in PBS at 4 °C for 24 h. Brain slices were washed three times for 10 min with 5 % BSA in

PBS, followed by incubation with fluorophore-conjugated secondary antibodies diluted in 5 % BSA in

PBS for 3 h at RT. Slices were washed again three times for 10 min with 5 % BSA in PBS and DAPI

counterstain was performed with a 10 µM solution in PBS for 20 min at RT. Afterwards, brain slices

were washed three times for 10 min with PBS and were mounted on glass slides with Aqua-Poly/Mount.

Immunofluorescence staining was analyzed by confocal microscopy (Olympus IX-83). Primary and

secondary antibodies, used for immunohistochemistry, are listed in chapter 4.10, table 4.1 and 4.2 with

appropriate dilutions.
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4.17 Lipid Oil red O staining

Lipid Oil red O staining for detection of lipid droplets was performed with the Lipid (Oil Red O) staining

Kit according to the manufacture’s protocol. Staining was analyzed by bright field microscopy on an

EVOS FL Cell Imaging System (Thermo Fisher Scientific).

4.18 Analysis

4.18.1 Quantification of fluorescence stainings

Positive cells or areas of immunofluorescence stainings were analyzed relative to DAPI positive cells or

areas by counting with ImageJ software (ImageJ v.1.47).

4.18.2 Statistical analysis

Statistical analysis was performed with GraphPad Prism software (version 5.0) except for quantitative

proteome analysis (see chap. 4.14). If not stated otherwise, data are presented as mean ± SEM.

Data were tested for normal distribution before determination of statistical significance. For normally

distributed data values, Student’s t-test and One-way ANOVA were applied for the analysis of two or

multiple groups, respectively. If data were not normally distributed Mann-Whitney test or Kruskall-Wallis

test were performed for statistical analysis of two or multiple groups, respectively. Significance was

defined as *p < 0.05, **p < 0.01, ***p < 0.001.
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Electrophysiological and proteomics data

Table A.1: Electrophysiological data of measured neurons with bursting activity. Threshold poten-
tial, resting potential, interspike interval (ISI) inter and intra bursts, action potentials (APs) in bursts and mean
interspike interval detected for bursting neurons isolated from the iHLC-matrix.

Neuron Threshold potential [mV] Resting potential [mV] ISI intra burst [ms] ISI inter burst [ms] APs in burst [%] mean ISI [ms]

1 -43 -56 62 ± 42 2838 ± 3608 100 440
2 -50 -57 162 ± 116 1879 ± 2668 95 529
3 -47 -54 274 ± 193 2411 ± 4783 92 723
4 -48 -48 77 ± 35 519 ± 520 92 160
5 -46 -52 115 ± 43 1512 ± 3013 98 267
6 -44 -54 108 ± 65 1121 ± 751 97 392
7 -46 -54 108 ± 55 1121 ± 751 97 382
8 -51 -54 89 ± 33 613 ± 1428 94 169
9 -46 -50 117 ± 77 1356 ± 2020 97 382
10 -54 -54 173 ± 31 335 ± 207 79 228
11 -50 -54 90 ± 51 1808 ± 3012 94 274
12 -51 -52 241 ± 77 763 ± 521 86 391
13 -43 -46 364 ± 242 3667 ± 4031 92 1032
14 -41 -44 201 ± 91 1007 ± 633 89 417
15 -52 -54 404 ± 160 2351 ± 3749 87 849
16 -57 -57 375 ± 108 904 ± 299 90 564
17 -44 -50 121 ± 48 691 ± 1922 94 240
18 -54 -65 144 ± 103 3667 ± 5597 97 549
19 -45 -54 119 ± 66 1333 ± 3012 95 315
20 -53 -62 206 ± 167 2409 ± 3725 95 665
21 -53 -54 145 ± 38 475 ± 376 88 225
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Figure A.1: Distribution of ISI for neurons with bursting activity. Graphic illustration of distribution of
interspike interval for neurons with bursting activity. Neurons show normal (e.g. neurons 10) and bimodal (e.g.
neuron 6) distribution of ISI. ISI = interspike interval, APs = action potentials.
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Table A.2: List of abbreviations of identified matrisome proteins by quantitative proteome anal-
ysis.

Abbreviation Description Abbreviation Description

A2M alpha-2-macroglobulin GREM1 gremlin 1, cysteine knot superfamily, homolog (Xenopus laevis)
ADAM10 ADAM metallopeptidase domain 10 HAPLN1 hyaluronan and proteoglycan link protein 1
ADAM9 ADAM metallopeptidase domain 9 (meltrin gamma) HCFC1 host cell factor C1 (VP16-accessory protein)
ADAMTSL1 ADAMTS-like 1 HGF hepatocyte growth factor (hepapoietin A; scatter factor)
AGRN agrin HPX hemopexin
AGT angiotensinogen (serpin peptidase inhibitor, clade A, member 8) HRNR hornerin
AMBP alpha-1-microglobulin/bikunin precursor HSPG2 heparan sulfate proteoglycan 2
ANXA1 annexin A1 HTRA1 HtrA serine peptidase 1
ANXA11 annexin A11 IGFBP2 insulin-like growth factor binding protein 2, 36kDa
ANXA2 annexin A2 IGFBP3 insulin-like growth factor binding protein 3
ANXA3 annexin A3 IGFBP5 insulin-like growth factor binding protein 5
ANXA4 annexin A4 IGFBP7 insulin-like growth factor binding protein 7
ANXA5 annexin A5 INHBE inhibin, beta E
ANXA6 annexin A6 INS insulin
ANXA7 annexin A7 ITIH2 inter-alpha (globulin) inhibitor H2
BGN biglycan ITIH4 inter-alpha (globulin) inhibitor H4 (plasma Kallikrein-sensitive glycoprotein)
CD109 CD109 molecule LAMA1 laminin, alpha 1
COL11A1 collagen, type XI, alpha 1 LAMA5 laminin, alpha 5
COL12A1 collagen, type XII, alpha 1 LAMB1 laminin, beta 1
COL14A1 collagen, type XIV, alpha 1 LAMB2 laminin, beta 2
COL16A1 collagen, type XVI, alpha 1 LAMC1 laminin, gamma 1
COL18A1 collagen, type XVIII, alpha 1 LEFTY2 left-right determination factor 2
COL1A1 collagen, type I, alpha 1 LGALS1 lectin, galactoside-binding, soluble, 1
COL1A2 collagen, type I, alpha 2 LGALS3 lectin, galactoside-binding, soluble, 3
COL26A1 EMI domain containing 2 LMAN1 lectin, mannose-binding, 1
COL2A1 collagen, type II, alpha 1 LOX lysyl oxidase
COL3A1 collagen, type III, alpha 1 LOXL2 lysyl oxidase-like 2
COL4A1 collagen, type IV, alpha 1 LOXL4 lysyl oxidase-like 4
COL4A2 collagen, type IV, alpha 2 LTBP1 latent transforming growth factor beta binding protein 1
COL5A1 collagen, type V, alpha 1 LTBP2 latent transforming growth factor beta binding protein 2
COL5A2 collagen, type V, alpha 2 LUM lumican
COL6A1 collagen, type VI, alpha 1 MATN2 matrilin 2
COL6A2 collagen, type VI, alpha 2 MATN3 matrilin 3
COL6A3 collagen, type VI, alpha 3 MDK midkine (neurite growth-promoting factor 2)
CRELD2 cysteine-rich with EGF-like domains 2 MFAP1 microfibrillar-associated protein 1
CRLF1 cytokine receptor-like factor 1 MFAP2 microfibrillar-associated protein 2
CSPG4 chondroitin sulfate proteoglycan 4 MFGE8 milk fat globule-EGF factor 8 protein
CST3 cystatin C MMP14 matrix metallopeptidase 14 (membrane-inserted)
CSTB cystatin B (stefin B) MMP2 matrix metallopeptidase 2 (gelatinase A, 72kDa gelatinase, 72kDa type IV collagenase)
CTGF connective tissue growth factor NID1 nidogen 1
CTHRC1 collagen triple helix repeat containing 1 NID2 nidogen 2 (osteonidogen)
CTSA cathepsin A OGFOD1 2-oxoglutarate and iron-dependent oxygenase domain containing 1
CTSB cathepsin B P4HA1 prolyl 4-hydroxylase, alpha polypeptide I
CTSC cathepsin C P4HA2 prolyl 4-hydroxylase, alpha polypeptide II
CTSD cathepsin D PCOLCE procollagen C-endopeptidase enhancer
CTSH cathepsin H PCSK6 proprotein convertase subtilisin/kexin type 6
CTSV cathepsin L2 PLAU plasminogen activator, urokinase
CTSZ cathepsin Z PLOD1 procollagen-lysine 1, 2-oxoglutarate 5-dioxygenase 1
CYR61 cysteine-rich, angiogenic inducer, 61 PLOD2 procollagen-lysine, 2-oxoglutarate 5-dioxygenase 2
ECM1 extracellular matrix protein 1 PLOD3 procollagen-lysine, 2-oxoglutarate 5-dioxygenase 3
EDIL3 EGF-like repeats and discoidin I-like domains 3 PLXNA2 plexin A2
EFEMP1 EGF-containing fibulin-like extracellular matrix protein 1 PLXNB1 plexin B1
EMILIN1 elastin microfibril interfacer 1 PLXNB2 plexin B2
F2 coagulation factor II (thrombin) POSTN periostin, osteoblast specific factor
FBLN1 fibulin 1 PRSS1 protease, serine, 1 (trypsin 1)
FBLN2 fibulin 2 PXDN peroxidasin homolog (Drosophila)
FBN1 fibrillin 1 RELN reelin
FBN2 fibrillin 2 S100A10 S100 calcium binding protein A10
FGA fibrinogen alpha chain S100A11 S100 calcium binding protein A11
FGB fibrinogen beta chain S100A13 S100 calcium binding protein A13
FGF2 fibroblast growth factor 2 (basic) S100A16 S100 calcium binding protein A16
FGG fibrinogen gamma chain S100A4 S100 calcium binding protein A4
FLG filaggrin S100A6 S100 calcium binding protein A6
FLG2 filaggrin family member 2 S100A7 S100 calcium binding protein A7
FN1 fibronectin 1 S100A8 S100 calcium binding protein A8
FRAS1 Fraser syndrome 1 S100A9 S100 calcium binding protein A9
FREM2 FRAS1 related extracellular matrix protein 2 S100P S100 calcium binding protein P
FST follistatin SDC1 syndecan 1
FSTL1 follistatin-like 1 SDC2 syndecan 2
GDF15 growth differentiation factor 15 SDC4 syndecan 4
GDF6 growth differentiation factor 6 SEMA4C sema domain, (semaphorin) 4C
GPC1 glypican 1 SEMA6A sema domain, (semaphorin) 6A
GPC3 glypican 3 SEMA7A semaphorin 7A, GPI membrane anchor (John Milton Hagen blood group)
GPC4 glypican 4 SERPINA1 serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin), member 1
GPC6 glypican 6 SERPINA3 serpin peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin), member 3
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Abbreviation Description

SERPINB1 serpin peptidase inhibitor, clade B (ovalbumin), member 1
SERPINB3 serpin peptidase inhibitor, clade B (ovalbumin), member 3
SERPINB6 serpin peptidase inhibitor, clade B (ovalbumin), member 6
SERPINB9 serpin peptidase inhibitor, clade B (ovalbumin), member 9
SERPINC1 serpin peptidase inhibitor, clade C (antithrombin), member 1
SERPIND1 serpin peptidase inhibitor, clade D (heparin cofactor), member 1
SERPINE1 serpin peptidase inhibitor, clade E (nexin), member 1
SERPINE2 serpin peptidase inhibitor, clade E (nexin), member 2
SERPINF1 serpin peptidase inhibitor, clade F (alpha-2 antiplasmin)
SERPINF2 serpin peptidase inhibitor, clade F (alpha-2 antiplasmin) member 2
SERPINH1 serpin peptidase inhibitor, clade H (heat shock protein 47), member 1
SFRP1 secreted frizzled-related protein 1
SFRP2 secreted frizzled-related protein 2
SLIT2 slit homolog 2 (Drosophila)
SPARC secreted protein, acidic, cysteine-rich (osteonectin)
SPP1 secreted phosphoprotein 1
SULF2 sulfatase 2
TGFBI transforming growth factor, beta-induced, 68kDa
TGM2 transglutaminase 2
THBS1 thrombospondin 1
THSD4 thrombospondin, type I, domain containing 4
TIMP1 TIMP metallopeptidase inhibitor 1
TIMP3 TIMP metallopeptidase inhibitor 3
TINAGL1 tubulointerstitial nephritis antigen-like 1
TNC tenascin C
VCAN versican
VTN vitronectin
VWA1 von Willebrand factor A domain containing 1
VWA9 chromosome 15 open reading frame 44
WNT5A wingless-type MMTV integration site family, member 5A
WNT6 wingless-type MMTV integration site family, member 6
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Table A.3: Deregulated matrisome proteins of the cytoplasmic fraction in iHLCs compared to
hiPSCs, HepG2 cells and MSCs. Identified by quantitative proteome analysis.

iHLCs/hiPSCs iHLCs/HepG2 cells iHLCs/MSCs
Protein Fold change Student’s t-test Fold change Student’s t-test Fold change Student’s t-test Description
A2M 1.230 0.0643 0.050 0.0000 0.460 0.0001 P01023|Alpha-2-macroglobulin
AGRN 9.580 0.0001 5.370 0.0008 20.750 0.0000 O00468|Agrin
AGT 0.770 0.2067 1.110 0.9887 1.750 0.1337 P01019|Angiotensinogen
AMBP 1.130 0.7028 0.060 0.0000 0.530 0.3076 P02760|Protein AMBP
ANXA1 18.680 0.0000 15.700 0.0000 0.700 0.0093 P04083|Annexin A1
ANXA11 7.710 0.0000 1.070 0.3759 0.490 0.0000 P50995|Annexin A11
ANXA2 8.900 0.0000 12.650 0.0000 0.440 0.0000 P07355|Annexin A2
ANXA3 5.970 0.0000 4.140 0.0000 8.840 0.0000 P12429|Annexin A3
ANXA4 2.390 0.0000 0.280 0.0000 0.310 0.0000 P09525|Annexin A4
ANXA5 3.160 0.0000 0.620 0.0013 0.200 0.0000 P08758| Annexin A5
ANXA6 1.990 0.0000 1.440 0.0032 0.200 0.0000 P08133|Annexin A6
ANXA7 1.750 0.0001 0.600 0.0001 0.430 0.0000 P20073|Annexin A7
BGN 1.140 0.3551 0.390 0.1547 0.010 0.0085 P21810|Biglycan
COL11A1 10.130 0.5725 41.800 0.1216 0.620 0.1196 P12107|Collagen alpha-1(XI) chain
COL12A1 3.350 0.0149 2.580 0.0376 0.270 0.0042 Q99715|Collagen alpha-1(XII) chain
COL14A1 1.430 0.3575 2.150 0.0544 0.690 0.1195 Q05707|Collagen alpha-1(XIV) chain 3
COL16A1 0.650 0.6550 0.350 0.0480 0.030 0.0004 Q07092|Collagen alpha-1(XVI) chain
COL18A1 6.940 0.0000 4.740 0.0001 16.600 0.0000 P39060|Collagen alpha-1(XVIII) chain
COL1A1 1.400 0.0009 1.310 0.0029 0.030 0.0000 P02452|Collagen alpha-1(I) chain
COL1A2 1.670 0.0000 1.740 0.0000 0.060 0.0000 P08123|Collagen alpha-2(I) chain
COL2A1 2.330 0.1442 0.400 0.0373 0.130 0.0023 P02458|Collagen alpha-1(II) chain
COL3A1 2.730 0.0021 2.240 0.0041 0.100 0.0000 P02461|Collagen alpha-1(III) chain
COL4A1 6.750 0.0000 3.500 0.0000 0.110 0.0000 P02462|Collagen alpha-1(IV) chain
COL5A1 7.400 0.0180 5.830 0.0286 0.200 0.0120 P20908|Collagen alpha-1(V) chain
COL5A2 0.690 0.1006 3.040 0.0047 0.230 0.0012 P05997|Collagen alpha-2(V) chain
COL6A1 0.630 0.0021 0.680 0.0063 0.020 0.0000 P12109|Collagen alpha-1(VI) chain
COL6A2 0.930 0.4757 0.860 0.1188 0.060 0.0000 P12110|Collagen alpha-2(VI) chain
COL6A3 0.790 0.2002 1.070 0.9739 0.590 0.0435 P12111|Collagen alpha-3(VI) chain
CRELD2 1.690 0.3396 0.560 0.0765 0.760 0.2668 Q6UXH1|Cysteine-rich with EGF-like domain protein 2
CRLF1 0.380 0.0806 0.120 0.0031 2.820 0.1087 O75462| Cytokine receptor-like factor 1
CST3 1.960 0.0063 0.070 0.0000 0.710 0.1906 P01034|Cystatin-C
CSTB 1.450 0.1045 0.610 0.0170 0.220 0.0000 P04080|Cystatin-B
CTGF 0.640 0.0212 0.360 0.0026 0.270 0.0002 P29279|Connective tissue growth factor
CTHRC1 2.450 0.0026 1.090 0.7341 0.090 0.0000 Q96CG8|Collagen triple helix repeat-containing protein 1
CTSA 0.720 0.0095 0.210 0.0000 0.690 0.0034 P10619|Lysosomal protective protein
CTSB 5.480 0.0006 0.470 0.0163 0.440 0.0126 P07858|Cathepsin B
CTSC 0.300 0.0000 0.970 0.8262 4.470 0.0000 P53634|Dipeptidyl peptidase 1
CTSD 0.340 0.0000 0.490 0.0003 1.060 0.6451 P07339|Cathepsin D
CTSH 1.000 0.9990 0.060 0.0000 0.300 0.0000 P09668|Pro-cathepsin H
CTSV 3.330 0.0037 13.410 0.0001 20.100 0.0001 O60911|Cathepsin L2
CTSZ 0.650 0.0706 6.530 0.0003 0.390 0.0058 Q9UBR2|Cathepsin Z
CYR61 7.530 0.0000 11.720 0.0000 6.300 0.0000 O00622|CYR61
ECM1 0.000 0.1789 0.010 0.0075 0.000 0.0014 Q16610|Extracellular matrix protein 1
EFEMP1 314.910 0.0177 13.680 0.0007 5.250 0.0099 Q12805|EGF-containing fibulin-like extracellular matrix protein 1
F2 0.690 0.0711 0.030 0.0000 1.370 0.0466 P00734|Prothrombin
FBLN1 1.760 0.3443 10.460 0.0028 0.740 0.2520 P23142|Fibulin-1
FBLN2 1.960 0.0089 1.680 0.0287 0.030 0.0000 P98095|Fibulin-2
FBN1 1.790 0.0018 0.280 0.8202 0.010 0.0000 P35555|Fibrillin-1
FBN2 43.360 0.0000 54.090 0.0000 14.990 0.0000 P35556|Fibrillin-2
FGA 0.790 0.0288 0.040 0.0000 0.910 0.2922 P02671|Fibrinogen alpha chain
FGB 1.150 0.2608 0.060 0.0000 1.130 0.2937 P02675|Fibrinogen beta chain
FGF2 0.160 0.0000 3.590 0.0191 1.920 0.0117 P09038|Fibroblast growth factor 2
FGG 1.790 0.0094 0.040 0.0000 0.960 0.6694 P02679|Fibrinogen gamma chain
FLG2 1.320 0.6903 0.780 0.2548 0.040 0.5469 Q5D862|Filaggrin-2
FN1 11.050 0.0018 2.860 0.0431 0.840 0.3568 P02751|Fibronectin
FST 160.980 0.0000 88.890 0.0247 128.060 0.0128 P19883| Follistatin
FSTL1 2.580 0.0014 19.440 0.0000 1.460 0.0786 Q12841|Follistatin-related protein 1
GPC3 0.250 0.0000 0.010 0.0000 0.610 0.0047 P51654|Glypican-3
GPC4 0.060 0.0000 1.780 0.0248 3.330 0.0005 O75487|Glypican-4
HAPLN1 37.020 0.0000 31.380 0.0004 3.250 0.0097 P10915|Hyaluronan and proteoglycan link protein 1
HCFC1 0.520 0.0005 1.550 0.0033 5.990 0.0000 P51610|Host cell factor 1
HRNR 0.720 0.6250 0.200 0.3584 0.030 0.0893 Q86YZ3|Hornerin
HSPG2 1.970 0.0225 1.350 0.1702 1.620 0.0444 P98160|Basement membrane-specific heparan sulfate proteoglycan
IGFBP2 3.110 0.0012 5.840 0.0001 5.100 0.0003 P18065|Insulin-like growth factor-binding protein 2
IGFBP3 1.280 0.0271 2.210 0.0000 0.600 0.0000 P17936|Insulin-like growth factor-binding protein 3
IGFBP5 21.720 0.0198 15.260 0.0211 30.960 0.0108 P24593|Insulin-like growth factor-binding protein 5
IGFBP7 33.920 0.0025 21.080 0.0036 0.700 0.2132 Q16270|Insulin-like growth factor-binding protein 7
ITIH2 1.430 0.0074 0.030 0.0000 0.420 0.0000 P19823|Inter-alpha-trypsin inhibitor heavy chain H2
LAMA5 10.790 0.0000 3.060 0.0039 5.440 0.0008 O15230|Laminin subunit alpha-5
LAMB1 8.890 0.0004 2.030 0.0401 2.100 0.0310 P07942|Laminin subunit beta-1
LAMB2 1.490 0.0036 0.740 0.0110 0.700 0.0056 P55268|Laminin subunit beta-2
LAMC1 5.500 0.0011 2.840 0.0079 1.500 0.1781 P11047|Laminin subunit gamma-1
LGALS1 1.150 0.0534 0.070 0.0000 0.020 0.0000 P09382|Galectin-1
LGALS3 1.850 0.0237 0.240 0.0003 0.150 0.0003 P17931|Galectin-3
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iHLCs/hiPSCs iHLCs/HepG2 cells iHLCs/MSCs
Protein Fold change Student’s t-test Fold change Student’s t-test Fold change Student’s t-test Description
LMAN1 0.720 0.0182 0.400 0.0001 1.000 0.8731 P49257|Protein ERGIC-53
LOX 0.840 0.2431 0.630 0.0005 0.020 0.0000 P28300|Protein-lysine 6-oxidase
LOXL2 7.120 0.0007 14.960 0.0002 1.260 0.5585 Q9Y4K0|Lysyl oxidase homolog 2
LTBP2 3.380 0.0898 0.190 0.0297 0.010 0.0004 Q14767|Latent-transforming growth factor beta-binding protein 2
LUM 8.010 0.0199 11.060 0.0089 1.120 0.6905 P51884|Lumican
MATN3 0.830 0.5771 0.040 0.0008 0.890 0.5633 O15232|Matrilin-3
MDK 13.290 0.0005 1.820 0.1554 32.500 0.0001 P21741|Midkine
MFGE8 0.070 0.0004 0.680 0.1446 0.860 0.3612 Q08431|Lactadherin
MMP2 67.930 0.0019 51.650 0.0016 5.800 0.0566 P08253|72 kDa type IV collagenase
NID1 0.650 0.0830 0.430 0.0030 4.620 0.0002 P14543|Nidogen-1
OGFOD1 1.810 0.0834 0.460 0.0167 3.430 0.0033 Q8N543|Prolyl 3-hydroxylase OGFOD1
P4HA1 2.160 0.0044 0.510 0.0047 0.410 0.0014 P13674|Prolyl 4-hydroxylase subunit alpha-1
P4HA2 2.780 0.0025 0.990 0.7666 0.180 0.0001 O15460|Prolyl 4-hydroxylase subunit alpha-2
PCOLCE 1.040 0.8862 0.560 0.0187 0.020 0.0000 Q15113|Procollagen C-endopeptidase enhancer 1
PLOD1 1.890 0.0228 0.640 0.0418 0.510 0.0100 Q02809|Procollagen-lysine,2-oxoglutarate 5-dioxygenase 1
PLOD2 2.200 0.0019 0.660 0.0172 0.140 0.0000 O00469|Procollagen-lysine,2-oxoglutarate 5-dioxygenase 2
PLOD3 1.740 0.0065 0.530 0.0027 0.340 0.0001 O60568|Procollagen-lysine,2-oxoglutarate 5-dioxygenase 3
POSTN 0.830 0.2464 1.300 0.2477 0.040 0.0000 Q15063|Periostin
PRSS1 1.310 0.0293 1.100 0.4016 2.080 0.0001 P07477|Trypsin-1
PXDN 9.150 0.0000 45.060 0.0000 0.570 0.0085 Q92626|Peroxidasin homolog
RELN 0.830 0.1443 0.030 0.0000 0.510 0.0148 P78509|Reelin
S100A10 12.430 0.0000 24.530 0.0000 0.870 0.1468 P60903| Protein S100-A10
S100A11 9.190 0.0000 6.790 0.0001 0.450 0.0012 P31949|Protein S100-A11
S100A13 2.770 0.0001 1.870 0.0022 0.240 0.0000 Q99584|Protein S100-A13
S100A16 2.120 0.0005 1.990 0.0004 0.100 0.0000 Q96FQ6|Protein S100-A16
S100A4 1.490 0.0352 1.440 0.0464 0.080 0.0000 P26447|Protein S100-A4
S100A6 0.500 0.1832 0.680 0.3242 0.040 0.0007 P06703|Protein S100-A6
S100A8 0.600 0.2593 0.050 0.4440 0.060 0.0171 P05109|Protein S100-A8
S100A9 0.320 0.0005 0.090 0.1542 0.080 0.2890 P06702|Protein S100-A9
S100P 1.210 0.2923 0.010 0.0000 0.500 0.6688 P25815|Protein S100-P
SERPINA1 1.060 0.5996 0.020 0.0000 0.440 0.0001 P01009|Alpha-1-antitrypsin
SERPINA3 1.070 0.3000 0.100 0.0000 1.240 0.1329 P01011|Alpha-1-antichymotrypsin
SERPINB1 1.110 0.0914 0.050 0.0000 0.100 0.0000 P30740| Leukocyte elastase inhibitor
SERPINB3 0.370 0.1599 0.070 0.3228 0.010 0.3100 P29508|Serpin B3
SERPINB6 0.910 0.5043 0.550 0.0006 0.080 0.0000 P35237|Serpin B6
SERPINB9 4.490 0.0015 6.430 0.0010 13.320 0.0000 P50453|Serpin B9
SERPIND1 0.290 0.7276 0.010 0.0007 1.080 0.8844 P05546|Heparin cofactor 2
SERPINE1 0.390 0.0429 0.110 0.0018 0.030 0.0006 P05121|Plasminogen activator inhibitor 1
SERPINE2 0.330 0.0455 0.110 0.0069 0.020 0.0012 P07093|Glia-derived nexin
SERPINF2 1.180 0.3912 0.020 0.0001 0.530 0.0727 P08697|Alpha-2-antiplasmin
SERPINH1 0.810 0.0998 1.130 0.4320 0.420 0.0003 P50454|Serpin H1
SFRP1 1.110 0.9276 23.460 0.0003 6.340 0.0058 Q8N474|Secreted frizzled-related protein 1
SPARC 2.580 0.0094 7.050 0.0004 0.320 0.0025 P09486|SPARC
SULF2 24.030 0.0001 13.990 0.0003 4.020 0.0059 Q8IWU5|Extracellular sulfatase Sulf-2
TGFBI 1.830 0.1616 2.420 0.0550 0.300 0.0071 Q15582|Transforming growth factor-beta-induced protein ig-h3
TGM2 7.270 0.0006 0.680 0.0922 1.990 0.0357 P21980|Protein-glutamine gamma-glutamyltransferase 2
THBS1 9.690 0.0004 6.200 0.0014 0.460 0.0174 P07996|Thrombospondin-1
TNC 9.200 0.0107 4.970 0.0305 0.780 0.3258 P24821|Tenascin
VCAN 0.080 0.0000 0.940 0.6050 0.130 0.0000 P13611|Versican core protein
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Table A.4: Deregulated matrisome proteins of the membrane/organelle fraction in iHLCs com-
pared to hiPSCs, HepG2 cells and MSCs. Identified by quantitative proteome analysis.

iHLCs/hiPSCs iHLCs/HepG2 cells iHLCs/MSCs
Protein Fold change Student’s t-test Fold change Student’s t-test Fold change Student’s t-test Description
A2M 0.803 0.1002 0.103 0.0000 0.696 0.5288 P01023|Alpha-2-macroglobulin
ADAM10 1.095 0.3008 1.648 0.0009 1.922 0.0051 O14672|Disintegrin and metalloproteinase domain-containing protein 10
ADAM9 3.558 0.0000 2.573 0.0001 0.090 0.0000 Q13443|Disintegrin and metalloproteinase domain-containing protein 9
AGRN 2.530 0.0001 1.547 0.0030 4.444 0.0000 O00468|Agrin
AGT 1.551 0.1423 3.179 0.0083 1.557 0.1222 P01019|Angiotensinogen
ANXA1 9.690 0.0000 3.914 0.0000 0.533 0.0002 P04083|Annexin A1
ANXA11 3.959 0.0000 1.556 0.0069 0.356 0.0001 P50995|Annexin A11
ANXA2 6.223 0.0000 11.165 0.0000 0.317 0.0000 P07355|Annexin A2
ANXA3 8.742 0.0000 4.197 0.0001 6.972 0.0074 P12429|Annexin A3
ANXA4 1.814 0.0057 0.226 0.0000 0.267 0.0000 P09525|Annexin A4
ANXA5 2.340 0.0000 0.632 0.0017 0.116 0.0000 P08758|Annexin A5
ANXA6 2.509 0.0000 1.681 0.0014 0.205 0.0000 P08133|Annexin A6
ANXA7 1.655 0.0026 0.766 0.1343 0.298 0.0000 P20073|Annexin A7
CD109 0.382 0.0013 0.612 0.2007 0.025 0.0000 Q6YHK3|CD109 antigen
COL12A1 2.743 0.0001 2.040 0.0011 0.429 0.0022 Q99715|Collagen alpha-1(XII) chain
COL18A1 2.141 0.0309 2.577 0.0004 7.221 0.0000 P39060|Collagen alpha-1(XVIII) chain
COL1A1 1.678 0.0348 1.512 0.0711 0.048 0.0000 P02452|Collagen alpha-1(I) chain
COL1A2 0.893 0.0488 1.176 0.0784 0.072 0.0000 P08123|Collagen alpha-2(I) chain
COL2A1 7.133 0.0085 0.426 0.0462 0.089 0.0010 P02458|Collagen alpha-1(II) chain
COL3A1 1.439 0.2081 1.066 0.9969 0.173 0.0001 P02461|Collagen alpha-1(III) chain
COL4A1 0.984 0.7512 1.467 0.2140 0.119 0.0000 P02462|Collagen alpha-1(IV) chain
COL5A1 2.076 0.0137 0.978 0.7903 0.101 0.0000 P20908|Collagen alpha-1(V) chain
COL5A2 0.875 0.4820 0.838 0.6977 0.122 0.0000 P05997|Collagen alpha-2(V) chain
COL6A1 1.011 0.9766 1.114 0.5826 0.044 0.0000 P12109|Collagen alpha-1(VI) chain
COL6A2 0.735 0.0532 1.049 0.7938 0.079 0.0000 P12110|Collagen alpha-2(VI) chain
COL6A3 1.420 0.3176 2.307 0.0492 0.755 0.1906 P12111|Collagen alpha-3(VI) chain
CSPG4 2.946 0.7809 0.095 0.1164 0.003 0.0135 Q6UVK1|Chondroitin sulfate proteoglycan 4
CST3 4.614 0.0058 0.141 0.0000 0.730 0.2211 P01034|Cystatin-C
CTGF 0.597 0.0032 0.397 0.0001 0.292 0.0000 P29279|Connective tissue growth factor
CTHRC1 0.722 0.3027 0.681 0.5450 0.032 0.0020 Q96CG8|Collagen triple helix repeat-containing protein 1
CTSA 1.810 0.0005 0.402 0.0000 0.637 0.0079 P10619|Lysosomal protective protein
CTSB 6.741 0.0001 0.537 0.0091 0.327 0.0005 P07858|Cathepsin B
CTSC 2.235 0.0003 1.865 0.0002 18.723 0.0000 P53634|Dipeptidyl peptidase 1
CTSD 1.390 0.0222 0.537 0.0004 0.695 0.1446 P07339|Cathepsin D
CTSH 0.668 0.0249 0.046 0.0000 0.326 0.0019 P09668|Pro-cathepsin H
CTSV 5.885 0.0006 14.538 0.0000 14.694 0.0001 O60911|Cathepsin L2
CTSZ 1.551 0.0256 1.760 0.0125 0.283 0.0003 Q9UBR2|Cathepsin Z
CYR61 2.904 0.0002 8.052 0.0000 2.325 0.0002 O00622|Protein CYR61
EDIL3 1.826 0.0084 26.828 0.0003 2.638 0.0001 O43854|EGF-like repeat and discoidin I-like domain-containing protein 3
EMILIN1 2.080 0.2331 1.021 0.8367 0.013 0.0019 Q9Y6C2|EMILIN-1
F2 5.108 0.0115 0.168 0.0056 2.435 0.1324 P00734|Prothrombin
FBLN1 5.865 0.0202 12.886 0.0029 1.913 0.3965 P23142|Fibulin-1
FBLN2 1.168 0.3942 1.449 0.1220 0.058 0.0002 P98095|Fibulin-2
FBN1 1.509 0.4183 0.387 0.0210 0.043 0.0001 P35555|Fibrillin-1
FGA 1.557 0.0001 0.223 0.0000 2.485 0.0012 P02671|Fibrinogen alpha chain
FGB 1.175 0.1739 0.308 0.0001 0.883 0.1660 P02675|Fibrinogen beta chain
FGF2 0.212 0.0003 1.364 0.0120 0.491 0.0005 P09038|Fibroblast growth factor 2
FGG 0.820 0.2049 0.089 0.0000 0.683 0.0390 P02679|Fibrinogen gamma chain
FLG 1.130 0.8793 0.442 0.2064 0.050 0.0000 P20930|Filaggrin
FN1 6.185 0.0014 0.951 0.6046 0.155 0.0086 P02751|Fibronectin OS=Homo sapiens GN=FN1 PE=1 SV=4
FRAS1 0.377 0.0001 0.553 0.0006 0.387 0.0042 Q86XX4|Extracellular matrix protein FRAS1
FREM2 1.464 0.0693 3.084 0.0002 5.291 0.0001 Q5SZK8|FRAS1-related extracellular matrix protein 2
FSTL1 2.960 0.0001 3.462 0.0001 0.694 0.0399 Q12841|Follistatin-related protein 1
GPC1 1.662 0.0858 0.803 0.3754 0.205 0.0062 P35052|Glypican-1
GPC3 0.783 0.0239 0.051 0.0000 0.561 0.0043 P51654|Glypican-3
GPC4 0.194 0.0000 2.028 0.0091 2.728 0.0014 O75487|Glypican-4
GPC6 2.017 0.1002 0.621 0.0921 1.267 0.5295 Q9Y625|Glypican-6
HAPLN1 34.550 0.0000 39.411 0.0000 4.058 0.0035 P10915|Hyaluronan and proteoglycan link protein 1
HCFC1 0.588 0.0011 0.588 0.0002 1.818 0.0162 P51610|Host cell factor 1
HRNR 1.324 0.3475 1.323 0.3323 1.000 0.7938 Q86YZ3|Hornerin
HSPG2 1.478 0.1083 1.386 0.1888 0.312 0.0253 P98160|Basement membrane-specific heparan sulfate proteoglycan
IGFBP2 4.056 0.0151 37.560 0.0001 4.627 0.0111 P18065|Insulin-like growth factor-binding protein 2
IGFBP3 1.745 0.0041 3.090 0.0000 0.934 0.5983 P17936|Insulin-like growth factor-binding protein 3
IGFBP5 40.319 0.0065 2.529 0.7285 1.132 0.9226 P24593|Insulin-like growth factor-binding protein 5
IGFBP7 12.950 0.0021 13.126 0.0029 0.229 0.0133 Q16270|Insulin-like growth factor-binding protein 7
ITIH2 0.116 0.0296 0.003 0.0001 0.024 0.0027 P19823|Inter-alpha-trypsin inhibitor heavy chain H2
LAMA1 0.091 0.0398 1.086 0.9981 0.141 0.0262 P25391|Laminin subunit alpha-1
LAMA5 6.260 0.0000 1.063 0.8065 4.579 0.0001 O15230|Laminin subunit alpha-5
LAMB1 1.882 0.0226 1.763 0.0031 2.699 0.0001 P07942|Laminin subunit beta-1
LAMC1 1.575 0.0712 2.730 0.0002 1.745 0.0050 P11047|Laminin subunit gamma-1
LGALS1 1.406 0.0024 0.505 0.0003 0.021 0.0000 P09382|Galectin-1
LGALS3 1.545 0.0233 1.909 0.0025 0.221 0.0000 P17931|Galectin-3
LMAN1 1.410 0.0003 0.544 0.0000 0.665 0.0010 P49257|Protein ERGIC-53
LOX 1.475 0.7476 0.692 0.2876 0.010 0.0002 P28300|Protein-lysine 6-oxidase
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LOXL2 6.386 0.0006 5.262 0.0013 0.136 0.0013 Q9Y4K0|Lysyl oxidase homolog 2
MATN3 0.567 0.5826 0.015 0.0002 0.138 0.1598 O15232|Matrilin-3
MDK 6.610 0.0002 1.361 0.3412 16.467 0.0018 P21741|Midkine
MFAP1 0.842 0.1206 1.617 0.0016 7.175 0.0026 P55081|Microfibrillar-associated protein 1
MFGE8 0.109 0.0000 0.832 0.3182 0.818 0.0557 Q08431|Lactadherin
MMP14 3.979 0.0000 6.294 0.0000 1.016 0.9585 P50281|Matrix metalloproteinase-14
MMP2 528.450 0.0054 0.001 0.0003 2.056 0.4436 P0825372 kDa type IV collagenase
NID1 1.765 0.0544 1.050 0.8841 2.282 0.0070 P14543|Nidogen-1
P4HA1 3.049 0.0000 0.427 0.0002 0.268 0.0001 P13674|Prolyl 4-hydroxylase subunit alpha-1
P4HA2 1.983 0.0374 0.881 0.4639 0.087 0.0000 O15460|Prolyl 4-hydroxylase subunit alpha-2
PCOLCE 0.571 0.5749 0.949 0.7685 0.012 0.0000 Q15113|Procollagen C-endopeptidase enhancer 1
PLOD1 1.840 0.0063 0.539 0.0042 0.327 0.0002 Q02809|Procollagen-lysine,2-oxoglutarate 5-dioxygenase 1
PLOD2 1.043 0.7570 0.579 0.0034 0.078 0.0000 O00469|Procollagen-lysine,2-oxoglutarate 5-dioxygenase 2
PLOD3 1.865 0.0004 0.632 0.0025 0.376 0.0000 O60568|Procollagen-lysine,2-oxoglutarate 5-dioxygenase 3
PLXNA2 0.687 0.0792 1.070 0.6075 2.202 0.1234 O75051|Plexin-A2
PLXNB1 0.651 0.0227 0.293 0.0002 0.493 0.1198 O43157|Plexin-B1
PLXNB2 1.271 0.1261 1.268 0.1161 1.216 0.1820 O15031|Plexin-B2
POSTN 0.595 0.0459 1.111 0.1409 0.051 0.0000 Q15063|Periostin
PRSS1 1.429 0.4675 2.924 0.1140 0.418 0.5958 P07477|Trypsin-1
PXDN 1.536 0.0206 7.279 0.0000 0.718 0.8022 Q92626|Peroxidasin
S100A10 9.780 0.0000 10.802 0.0000 0.371 0.0031 P60903|Protein S100-A10
S100A11 4.693 0.0000 3.376 0.0000 0.302 0.0000 P31949|Protein S100-A11
S100A13 2.049 0.0003 1.103 0.3913 0.178 0.0000 Q99584| S100-A13
S100A16 2.164 0.1701 1.763 0.3706 0.231 0.0065 Q96FQ6|Protein S100-A16
S100A6 0.873 0.3745 0.598 0.0168 0.028 0.0000 P06703|Protein S100-A6
SDC1 0.594 0.0010 0.077 0.0000 0.295 0.0000 P18827|Syndecan-1
SDC2 0.973 0.7997 0.511 0.0010 1.076 0.6053 P34741|Syndecan-2
SDC4 2.281 0.0000 0.357 0.0000 0.643 0.0761 P31431|Syndecan-4
SEMA4C 0.208 0.0000 0.787 0.4407 3.986 0.0070 Q9C0C4|Semaphorin-4C
SEMA6A 0.496 0.0193 2.049 0.0344 0.492 0.0986 Q9H2E6|Semaphorin-6A
SEMA7A 1.633 0.0311 0.781 0.4403 0.039 0.0000 O75326|Semaphorin-7A
SERPINA1 2.570 0.0023 0.166 0.0000 0.254 0.0000 P01009|Alpha-1-antitrypsin
SERPINA3 1.322 0.1477 0.139 0.0000 1.437 0.0827 P01011|Alpha-1-antichymotrypsin
SERPINB6 1.753 0.2906 1.648 0.4467 0.320 0.0225 P35237|Serpin B6
SERPINB9 1.833 0.2408 3.165 0.0614 1.340 0.1597 P50453|Serpin B9
SERPINE1 1.381 0.5423 0.315 0.0077 0.086 0.0002 P05121|Plasminogen activator inhibitor 1
SERPINE2 1.498 0.1959 1.504 0.1936 0.067 0.0000 P07093|Glia-derived nexin
SERPINH1 1.291 0.0374 1.315 0.0300 0.205 0.0000 P50454|Serpin H1
SFRP1 0.943 0.8314 1.489 0.2297 8.573 0.0034 Q8N474|Secreted frizzled-related protein 1
SFRP2 0.029 0.0443 6.926 0.3776 25.885 0.0559 Q96HF1|Secreted frizzled-related protein 2
SLIT2 2.575 0.6377 0.768 0.9587 0.018 0.0352 O94813|Slit homolog 2 protein
SPARC 1.355 0.2809 5.653 0.0003 0.111 0.0000 P09486|SPARC
SPP1 13.010 0.0743 84.221 0.0168 35.926 0.0374 P10451|Osteopontin
SULF2 10.084 0.0018 3.019 0.0562 41.056 0.0514 Q8IWU5|Extracellular sulfatase Sulf-2
TGFBI 3.777 0.0007 1.429 0.1818 0.178 0.0001 Q15582|Transforming growth factor-beta-induced protein ig-h3
TGM2 4.673 0.0128 0.562 0.0805 0.697 0.2284 P21980|Protein-glutamine gamma-glutamyltransferase 2
THBS1 3.489 0.0008 2.256 0.0033 0.128 0.0000 P07996| Thrombospondin-1
TIMP1 0.623 0.5279 0.816 0.6192 0.034 0.0003 P01033|Metalloproteinase inhibitor 1
TIMP3 4.874 0.0005 3.244 0.0035 0.961 0.8509 P35625|Metalloproteinase inhibitor 3
TNC 6.048 0.0249 3.069 0.1288 0.261 0.0298 P24821|Tenascin
VCAN 0.190 0.0008 1.315 0.5012 0.104 0.0002 P13611|Versican core protein
VTN 10.596 0.0269 3.555 0.2044 4.448 0.1152 P04004|Vitronectin
VWA9 0.864 0.1849 1.695 0.0026 3.889 0.0001 Q96SY0|von Willebrand factor A domain-containing protein 9
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Table A.5: Deregulated matrisome proteins of the ECM fraction in iHLCs compared to hiPSCs,
HepG2 cells and MSCs. Identified by quantitative proteome analysis.

iHLCs/hiPSCs iHLCs/HepG2 cells iHLCs/MSCs
Protein Fold change Student’s t-test Fold change Student’s t-test Fold change Student’s t-test Description
A2M 1.136 0.7852 0.299 0.0470 0.073 0.0019 P01023|Alpha-2-macroglobulin
ADAM10 0.910 0.4548 1.139 0.7502 1.141 0.7963 O14672|Disintegrin and metalloproteinase domain-containing protein 10
ADAM9 0.889 0.4203 0.853 0.2822 0.422 0.0011 Q13443|Disintegrin and metalloproteinase domain-containing protein 9
ADAMTSL1 0.809 0.4333 0.595 0.2497 0.883 0.9923 Q8N6G6|ADAMTS-like protein 1
AGRN 1.033 0.9631 2.462 0.0050 3.269 0.0011 O00468|Agrin
AGT 2.818 0.0369 1.042 0.7995 1.379 0.1599 P01019|Angiotensinogen
ANXA1 3.369 0.0030 4.838 0.0001 0.379 0.0240 P04083|Annexin A1
ANXA11 1.662 0.1469 0.756 0.1777 0.275 0.0610 P50995|Annexin A11
ANXA2 4.101 0.0000 5.041 0.0000 0.200 0.0004 P07355|Annexin A2
ANXA4 0.667 0.1050 0.145 0.0001 0.166 0.0015 P09525|Annexin A4
ANXA5 1.529 0.0148 0.605 0.0029 0.134 0.0007 P08758|Annexin A5
ANXA6 1.228 0.1970 1.170 0.2870 0.196 0.0025 P08133|Annexin A6
ANXA7 1.059 0.6639 0.642 0.0329 0.642 0.5924 P20073|Annexin A7
CD109 0.314 0.0234 0.199 0.0034 0.020 0.0005 Q6YHK3|CD109 antigen
COL12A1 5.758 0.0159 3.176 0.1103 2.283 0.2735 Q99715|Collagen alpha-1(XII) chain
COL14A1 0.354 0.4882 2.538 0.1464 1.081 0.3722 Q05707|Collagen alpha-1(XIV) chain
COL16A1 0.513 0.3591 1.929 0.7580 0.053 0.0016 Q07092|Collagen alpha-1(XVI) chain
COL18A1 1.076 0.7345 1.481 0.1065 4.518 0.0001 P39060|Collagen alpha-1(XVIII) chain
COL1A1 3.805 0.0037 1.829 0.0938 0.117 0.0002 P02452|Collagen alpha-1(I) chain
COL1A2 0.947 0.7096 1.194 0.6036 0.117 0.0000 P08123|Collagen alpha-2(I) chain
COL26A1 4.417 0.0232 6.901 0.0106 3.714 0.0666 Q96A83|Collagen alpha-1(XXVI) chain
COL2A1 74.027 0.0000 2.062 0.1088 2.664 0.0379 P02458|Collagen alpha-1(II) chain
COL3A1 2.103 0.0592 0.577 0.0574 0.122 0.0002 P02461|Collagen alpha-1(III) chain
COL4A1 1.791 0.2558 2.281 0.1054 1.472 0.5667 P02462|Collagen alpha-1(IV) chain
COL4A2 0.932 0.6721 3.975 0.0054 1.267 0.6274 P08572|Collagen alpha-2(IV) chain
COL5A1 2.218 0.2775 1.200 0.9311 0.115 0.0032 P20908|Collagen alpha-1(V) chain
COL6A1 0.920 0.6880 0.822 0.2300 0.077 0.0000 P12109|Collagen alpha-1(VI) chain
COL6A2 0.499 0.5659 1.235 0.8677 0.118 0.0006 P12110|Collagen alpha-2(VI) chain
COL6A3 1.610 0.0717 0.962 0.9327 0.248 0.0000 P12111|Collagen alpha-3(VI) chain
CTGF 2.943 0.0000 1.740 0.0046 1.860 0.0101 P29279|Connective tissue growth factor
CTSA 1.429 0.5303 0.411 0.0326 0.303 0.1888 P10619|Lysosomal protective protein
CTSB 1.465 0.1507 0.240 0.0002 0.137 0.0001 P07858|Cathepsin B
CTSC 1.032 0.7641 0.732 0.1306 6.297 0.0000 P53634|Dipeptidyl peptidase 1
CTSD 0.747 0.0245 0.344 0.0007 0.468 0.0108 P07339|Cathepsin D
CTSV 3.261 0.0659 41.009 0.0010 13.664 0.0314 O60911|Cathepsin L2
CYR61 9.844 0.0002 11.888 0.0002 4.459 0.0033 O00622|Protein CYR61
EDIL3 0.271 0.0404 1.558 0.2185 0.502 0.2527 O43854|EGF-like repeat and discoidin I-like domain-containing protein 3
EFEMP1 1.537 0.7430 15.920 0.0309 6.238 0.1524 Q12805|EGF-containing fibulin-like extracellular matrix protein 1
EMILIN1 1.001 0.7717 1.328 0.1808 0.071 0.0000 Q9Y6C2|EMILIN-1
F2 16.592 0.0000 11.846 0.0001 7.366 0.0001 P00734|Prothrombin
FBLN1 4.469 0.0572 16.663 0.0107 2.735 0.3498 P23142|Fibulin-1
FBLN2 0.504 0.0387 1.096 0.7663 0.087 0.0001 P98095|Fibulin-2
FBN1 1.385 0.2571 0.635 0.8045 0.075 0.0001 P35555|Fibrillin-1
FBN2 12.613 0.0034 10.301 0.0053 2.608 0.1922 P35556|Fibrillin-2
FGA 0.925 0.6238 0.074 0.0000 1.124 0.6172 P02671|Fibrinogen alpha chain
FGB 1.719 0.2193 0.048 0.0001 0.600 0.3221 P02675|Fibrinogen beta chain
FGF2 0.136 0.0001 0.964 0.6828 0.647 0.1356 P09038|Fibroblast growth factor 2
FGG 0.867 0.1835 0.058 0.0002 0.881 0.8171 P02679|Fibrinogen gamma chain
FLG 0.014 0.0004 0.035 0.0152 0.001 0.0000 P20930|Filaggrin
FN1 8.913 0.0015 0.971 0.5874 0.144 0.0013 P02751|Fibronectin
FRAS1 0.295 0.0097 1.116 0.4645 0.419 0.2621 Q86XX4|Extracellular matrix protein FRAS1
FREM2 2.077 0.0427 2.305 0.0240 1.615 0.1635 Q5SZK8|FRAS1-related extracellular matrix protein 2
FSTL1 0.943 0.7235 3.157 0.1200 1.097 0.9939 Q12841|Follistatin-related protein 1
GDF15 2.325 0.1260 0.158 0.0036 1.569 0.3443 Q99988|Growth/differentiation factor 15
GDF6 8.490 0.0058 7.957 0.0041 6.315 0.0104 Q6KF10|Growth/differentiation factor 6
GPC1 2.226 0.1224 1.205 0.9822 0.141 0.0027 P35052|Glypican-1
GPC3 0.575 0.1524 0.047 0.0000 0.697 0.0507 P51654|Glypican-3
GPC4 0.138 0.0002 3.004 0.0006 2.913 0.0006 O75487|Glypican-4
GPC6 2.272 0.0205 1.393 0.0889 1.668 0.1134 Q9Y625|Glypican-6
GREM1 1.167 0.4534 0.074 0.8697 0.003 0.0116 O60565|Gremlin-1
HAPLN1 8.699 0.0171 7.898 0.0212 4.099 0.0902 P10915|Hyaluronan and proteoglycan link protein 1
HCFC1 0.559 0.1950 0.979 0.6602 2.513 0.0148 P51610|Host cell factor 1
HGF 44.348 0.0276 13.447 0.0154 43.181 0.1085 P14210|Hepatocyte growth factor
HPX 1.257 0.3967 1.037 0.9097 0.585 0.0753 P02790|Hemopexin
HRNR 1.292 0.7473 4.453 0.0483 0.839 0.9603 Q86YZ3|Hornerin
HSPG2 1.962 0.0725 1.118 0.9699 0.208 0.0008 P98160|Basement membrane-specific heparan sulfate proteoglycan
HTRA1 0.490 0.1251 1.397 0.7353 0.065 0.2733 Q92743|Serine protease HTRA1
IGFBP3 1.007 0.9191 1.574 0.0209 0.317 0.0002 P17936Insulin-like growth factor-binding protein 3
IGFBP5 12.210 0.0442 27.849 0.0127 9.301 0.0531 P24593|Insulin-like growth factor-binding protein 5
INHBE 7.509 0.5432 0.117 0.0614 0.356 0.8874 P58166|Inhibin beta E chain
INS 5.186 0.0163 1.381 0.7714 7.232 0.0550 P01308|Insulin
ITIH2 1.063 0.4809 0.081 0.0000 0.314 0.0003 P19823|Inter-alpha-trypsin inhibitor heavy chain H2
ITIH4 0.275 0.3345 0.110 0.1552 0.010 0.0216 Q14624|Inter-alpha-trypsin inhibitor heavy chain H4
LAMA1 0.086 0.0000 1.076 0.8557 0.104 0.0001 P25391|Laminin subunit alpha-1
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LAMA5 5.728 0.0004 3.237 0.0045 4.356 0.0014 O15230|Laminin subunit alpha-5
LAMB1 0.165 0.0002 1.605 0.0273 1.396 0.0916 P07942|Laminin subunit beta-1
LAMB2 0.185 0.0018 3.867 0.0287 1.370 0.3446 P55268|Laminin subunit beta-2
LAMC1 0.166 0.0001 1.768 0.0126 1.772 0.0148 P11047|Laminin subunit gamma-1
LEFTY2 1.493 0.2563 2.025 0.0701 10.500 0.0005 O00292|Left-right determination factor 2
LGALS1 0.449 0.0041 0.401 0.0029 0.023 0.0000 P09382|Galectin-1
LGALS3 1.290 0.3510 1.099 0.7730 0.127 0.0000 P17931|Galectin-3
LMAN1 1.582 0.0342 0.701 0.0524 0.403 0.0398 P49257|Protein ERGIC-53
LOX 0.240 0.0752 1.229 0.3350 0.042 0.1037 P28300|Protein-lysine 6-oxidase
LOXL2 2.283 0.0659 2.220 0.0861 0.165 0.0256 Q9Y4K0|Lysyl oxidase homolog 2
LOXL4 0.162 0.0711 0.079 0.0000 0.161 0.0550 Q96JB6|Lysyl oxidase homolog 4
LTBP1 2.902 0.0204 6.617 0.0009 3.136 0.0217 Q14766|Latent-transforming growth factor beta-binding protein 1
LTBP2 6.237 0.7207 2.385 0.8790 0.002 0.0112 Q14767|Latent-transforming growth factor beta-binding protein 2
MATN2 16.517 0.0202 13.620 0.0318 5.511 0.1343 O00339|Matrilin-2
MATN3 1.828 0.6188 0.118 0.0076 4.435 0.1268 O15232|Matrilin-3
MDK 9.056 0.0038 0.674 0.2033 17.417 0.0005 P21741|Midkine
MFAP1 0.378 0.0121 0.721 0.4720 1.243 0.5451 P55081|Microfibrillar-associated protein 1
MFAP2 2.270 0.2035 15.096 0.0017 7.720 0.0050 P55001|Microfibrillar-associated protein 2
MFGE8 0.123 0.0000 1.355 0.0177 0.988 0.9368 Q08431|Lactadherin
MMP14 1.361 0.8957 29.349 0.0340 0.696 0.6204 P50281|Matrix metalloproteinase-14
MMP2 15.477 0.0160 8.580 0.0563 9.551 0.0523 P08253|72 kDa type IV collagenase
NID1 0.171 0.0058 0.880 0.6256 1.719 0.0386 P14543|Nidogen-1
NID2 1.459 0.4450 1.102 0.8800 0.498 0.0363 Q14112|Nidogen-2
P4HA1 1.875 0.0483 0.438 0.0086 0.327 0.0045 P13674|Prolyl 4-hydroxylase subunit alpha-1
P4HA2 1.362 0.1333 0.594 0.1688 0.127 0.0030 O15460|Prolyl 4-hydroxylase subunit alpha-2
PCOLCE 4.651 0.8434 1.139 0.7426 0.015 0.0305 Q15113|Procollagen C-endopeptidase enhancer 1
PCSK6 2.648 0.6145 0.035 0.0551 0.874 0.2824 P29122|Proprotein convertase subtilisin/kexin type 6
PLAU 20.659 0.0699 1.750 0.3808 3.194 0.5660 P00749|Urokinase-type plasminogen activator
PLOD1 2.222 0.0144 0.575 0.0286 0.632 0.1631 Q02809|Procollagen-lysine,2-oxoglutarate 5-dioxygenase 1
PLOD2 2.157 0.2902 0.275 0.2184 0.065 0.0029 O00469|Procollagen-lysine,2-oxoglutarate 5-dioxygenase 2
PLOD3 1.156 0.8124 0.654 0.1701 0.254 0.0025 O60568|Procollagen-lysine,2-oxoglutarate 5-dioxygenase 3
PLXNB2 1.171 0.9096 1.192 0.6962 0.269 0.0554 O15031|Plexin-B2
POSTN 1.048 0.7424 1.317 0.0641 0.118 0.0000 Q15063|Periostin
PRSS1 2.173 0.0566 1.939 0.0989 0.804 0.5886 P07477|Trypsin-1
PXDN 1.745 0.0660 6.730 0.0005 0.596 0.0370 Q92626|Peroxidasin homolog
S100A10 4.355 0.0004 3.764 0.0065 0.273 0.0007 P60903|Protein S100-A10
S100A11 2.252 0.0042 2.681 0.0012 0.443 0.0639 P31949|Protein S100-A11
S100A13 1.179 0.1338 0.129 0.0070 0.126 0.0016 Q99584|Protein S100-A13
S100A16 0.728 0.1905 0.998 0.8605 0.095 0.0000 Q96FQ6|Protein S100-A16
S100A4 2.491 0.6064 0.108 0.7380 0.023 0.0023 P26447|Protein S100-A4
S100A7 0.059 0.7991 0.042 0.2149 0.355 0.5475 P31151|Protein S100-A7
SDC1 0.393 0.7470 0.024 0.0543 0.081 0.1160 P18827|Syndecan-1
SDC2 0.653 0.0761 0.817 0.2250 1.236 0.3090 P34741|Syndecan-2
SDC4 3.228 0.0049 0.672 0.0590 0.280 0.0016 P31431|Syndecan-4
SEMA4C 0.083 0.0003 0.533 0.6383 0.554 0.3013 Q9C0C4|Semaphorin-4C
SEMA6A 0.089 0.0111 0.504 0.5430 0.118 0.3256 Q9H2E6|Semaphorin-6A
SEMA7A 1.678 0.3988 1.248 0.8378 0.077 0.0012 O75326|Semaphorin-7A
SERPINA1 0.307 0.3949 0.050 0.0104 0.058 0.2435 P01009|Alpha-1-antitrypsin
SERPINA3 0.515 0.6283 0.011 0.0000 0.113 0.1223 P01011|Alpha-1-antichymotrypsin
SERPINB3 1.123 0.6023 0.708 0.1438 0.806 0.5965 P29508|Serpin B3
SERPINB6 0.741 0.2588 1.105 0.9254 0.253 0.0038 P35237|Serpin B6
SERPINB9 2.739 0.0549 4.763 0.0089 2.421 0.0867 P50453|Serpin B9
SERPINC1 57.957 0.0035 44.799 0.0051 17.796 0.0197 P01008|Antithrombin-III
SERPIND1 4.486 0.1886 2.535 0.3295 2.491 0.4928 P05546|Heparin cofactor 2
SERPINE1 3.725 0.0013 0.554 0.0445 0.291 0.0012 P05121|Plasminogen activator inhibitor 1
SERPINE2 2.599 0.1562 2.325 0.2081 0.165 0.0033 P07093|Glia-derived nexin
SERPINF1 4.538 0.0283 2.614 0.2892 3.084 0.2048 P36955|Pigment epithelium-derived factor
SERPINH1 1.216 0.3525 2.033 0.0081 0.513 0.0086 P50454|Serpin H1
SFRP1 0.784 0.2986 3.299 0.0294 4.892 0.0035 Q8N474|Secreted frizzled-related protein 1
SFRP2 0.068 0.0164 2.339 0.2182 1.963 0.3135 Q96HF1|Secreted frizzled-related protein 2
SPARC 1.375 0.2091 2.650 0.0379 0.183 0.0003 P09486|SPARC
TGFBI 2.247 0.3459 2.321 0.3404 0.308 0.0235 Q15582|Transforming growth factor-beta-induced protein ig-h3
TGM2 2.991 0.0402 0.790 0.2862 0.330 0.0142 P21980|Protein-glutamine gamma-glutamyltransferase 2
THBS1 15.577 0.0001 7.266 0.0012 1.528 0.2852 P07996|Thrombospondin-1
THSD4 4.206 0.0226 3.512 0.0316 0.389 0.1976 Q6ZMP0| Thrombospondin type-1 domain-containing protein 4
TIMP3 3.601 0.0383 2.577 0.1266 1.329 0.7038 P35625|Metalloproteinase inhibitor 3
TINAGL1 3.996 0.0518 2.883 0.1665 6.384 0.0167 Q9GZM7|Tubulointerstitial nephritis antigen-like
TNC 5.790 0.0232 4.182 0.0617 0.273 0.0159 P24821|Tenascin
VCAN 1.463 0.0918 1.370 0.1508 0.393 0.0016 P13611|Versican core protein
VTN 8.817 0.0002 1.692 0.1333 4.773 0.0014 P04004|Vitronectin
VWA1 3.103 0.0430 1.511 0.5506 2.969 0.0432 Q6PCB0|von Willebrand factor A domain-containing protein 1
WNT5A 2.397 0.7583 0.642 0.7309 0.030 0.1354 P41221|Protein Wnt-5a
WNT6 5.555 0.1773 2.249 0.3596 11.808 0.1798 Q9Y6F9|Protein Wnt-6
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