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Agrip
Stofnfrumur hafa verid mikid i svidsljdsinu undanfarin ar, sérstaklega stofnfrumur ar fésturvisum
manna (hES frumur, human embryonic stem cells). Merkilegar rannsoknir hafa verid stundadar a
peim i raman aratug og hefur afrakstur peirra gefi® vonir um nyja moguleika & svidi
leeknisfreedinnar. bPessar rannsoknir veita dmetanlega innsyn inn i fosturproska mannsins og
moguleikann a pvi ad sidar verdi heegt ad nota pessar frumur til leekninga a sjakdomum. Miklar
vonir eru bundnar vid stofnfrumur i tengslum vid sjikdoma svo sem Parkinsons, sykursyki,

Alzheimer, sem og hjarta- og aedasjukdoma.

Mikilveegt er ad geta styrt pvi hvort stofnfrumur vidhaldi sér eda sérheefist i akvednar
frumugerdir likamans. TGFB storfidlskyldan (Transforming Growth Factor B) hefur mikilveegu
hlutverki ad gegna og reedur liklega miklu um 6rlég ES fruma. bvi er naudsynlegt ad 6dlast betri
skilning & virkjun bodleidarinnar. ,Knock-out® tilraunir i masum hafa synt fram 4 ad storfjolskyldan

gegnir veigamiklu hlutverki i fésturproskun i att ad hjarta- og sedapelsfrumum.

I pessu verkefni var leitast eftir ad varpa betra ljosi & hlutverk TGFB storfjdlskyldunnar i
sérheefingu hES fruma i aedapelsfrumur. hES frumur voru 6rvadar med ymsum vaxtarpattum og
hindrum stérfjdlskyldunnar og ahrifin & sedapelssérheefingu greind med adferdum svo sem PCR,
flarjiomandi éneemislitunum og western blottun. Einnig var sett upp adferd sem einangrar
Lvascular® frumur ar storu pydi mismunandi sérhaefdra fruma. hES frumur voru merktar med anti-
CD31 motefni, pekkt kenniprétein fyrir sedapelsfrumur, og peer einangradar. Auk samskonar
greiningaradferda og adur, voru framkveemd proéf a pessum forverafrumum til ad meta getu peirra
til ad mynda pipulaga byggingar a matrigeli.

Nidurstodur minar leiddu i lj6s ad TGF vaxtarpatturinn virdist studla ad hES frumusérhaefingu
i att ad ,vascular* frumum. | frumukdalum (embryoid bodies) ytir TGFB undir tjaningu & TGFB
genum sem fyrirfinnast adeins i ,vascular‘/aedapelsfrumum. Einnig orvadi TGFf tjaningu a
Lvascular‘ genum svo sem CD31 (PECAM-1).

Mér tokst ad setja upp adferd & rannsoknastofunni til ad einangra hES eettadar ,vascular”
frumur (CD31 jakveedar frumur). Adapelseiginleikar pessara fruma voru rannsakadir og kom i
lios ad peer hofou getu til a® mynda pipulaga byggingar & matrigeli in vitro sem svipar til
a&damyndunar in vivo. Ad auki tjadu peer alfa smooth muscle actin (aSMA) sem bendir til ad
pessar CD31+ forvera ,vascular frumur hafa pa heefni til ad sérheefast enn frekar i
a@dapelsfrumur eda sléttvodvafrumur. Ahugaverdar nidurstédur gafu til kynna ad Bone
Morphogenetic Protein 9 (BMP9) sé langoflugast til pess ad yta undir pipumyndun CD31
jakveedra fruma i gegnum Smad1/5 virkjun og Id1 tjAningu. Pessar frumur tjaddu ekki lengur aSMA
og ma pvi leida likum ad pvi ad BMP9 eigi patt i ad sérheefa ,vascular® frumur i proskadar

gedapelsfrumur.






Abstract

For the past few years there has been much focus on stem cell research, specifically human
embryonic stem cells (hES). For more than a decade important research has been pursued,
bringing hope and new possibilities in regenerative medicine. These studies provide invaluable
insight into early human development and open the possibility for using embryonic stem cells to
treat degenerative diseases, such as Parkinson, diabetes, Alzheimer and cardiovascular
diseases.

It is very important to improve the steering of hES cell differentiation towards different cell
types of the human body. The TGFB superfamily (Transforming Growth Factor ) plays important
role on ES cell destiny, hence it is essential to understand its molecular mechanisms and
regulation. Knock-out studies in mice have shown that the TGF superfamily plays a pivotal role

in early differentiation towards cardiomyocytes and endothelial cells.

In this project we wanted to elucidate what effect the TGFB superfamily members have on
hES cell differentiation towards endothelial cells. hES cells were treated with members of the
TGFB superfamily and the effect analyzed with various biological assays such as PCR,
immunofluorescent staining and western blotting. A method to sort vascular cells from a large
population of differentiated cells was established in our laboratory. hES cells were labelled with
CD31 antibody, a known vascular marker, and isolated. In addtition to previously mentioned

analysis, the ability of the sorted vascular cells to form tubes on matrigel was evaluated.

My results suggest that the TGFB growth factor promotes hES cell commitment towards
vascular cells. During embyoid body differentiation, TGFB induced expression of TGFB genes
knowing to have a specific role in endothelial cells during angiogenesis. Besides, TGFp

upregulated vascular genes such as CD31 (PECAM-1).

| succeeded in setting up a differentiation method to isolate hES derived vascular cells (CD31
positive cells). Endothelial properties of these cells were investigated. My data show that the
CD31+ cells had the potency to form tube like structures on matrigel in vitro, a biological assay
that mimics blood vessel formation in vivo. Also, these vascular cells were able to express the
alpha smooth muscle marker (aSMA). Having these two properties suggests that these cells are
vascular progenitors having the ability to further mature either into endothelial cells or smooth
muscle cells. One of the most interesting results indicate Bone Morphogenetic Protein 9 (BMP9)
being by far the strongest inducer of the tube formation in hES derived CD31+ cells via Smad1/5
activation and Id1 upregulation. The BMP9 stimulated cells did not express aSMA anymore and
we can therefore decuce that BMP9 promotes the differentiation of these vascular precursors

towards mature endothelial cells.
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1 Introduction

Vessels are very important for vascular blood supply to all tissues in the human body. To control the
exchange of oxygen and nutrients between surrounding tissues and blood stream, endothelial cells
(ECs) play a crucial role lining the blood vessels. During development, ECs organize themselves into
tubes, then stimulate development and growth of the connective tissue cells, forming a surrounding
layer of smooth muscle cells covering the blood vessel wall. Signals from surrounding tissue attract
ECs to invade, making vascular blood supply not only a necessity for both non-malignant tissues but
for tumours as well, making them an interesting therapeutic target (Valdimarsdottir, 2004).

Stem cells are the underlying principle of life and contribute to the genesis, growth and maturation
of all higher organisms (Sng & Lufkin, 2012). Throughout our lifespan stem cells generate new stem
cells either by dividing or they become more specialized cells, such as muscle or brain cells (Passier &
Mummery, 2003). The possibility to treat diseases such as diabetes and Parkinson’s with cell
replacement therapies was made available with the establishment of human embryonic stem cells
(hES) cells. To be able to use embryonic stem cells (ES) for that purpose, it is crucial to understand
intracellular molecular pathways that regulate both self-renewal and differentiation of ES cells (Sng &
Lufkin, 2012; Valdimarsdottir & Mummery, 2005). hES cells should improve our understanding in
developmental biology and provide information concerning tissue replacement, disease and drug
testing. The field of stem cell medicine is rapidly growing and further experiments on hES cells will link

us closer to treat or even prevent human diseases (Thomson et al., 1998).

1.1 Stem Cells

Stem cells are primitive cells in all organisms that have the unique ability to either self-renew
indefinitely or differentiate into other cells of particular organism (Passier & Mummery, 2003). They are
often divided into two groups. First the ES cells which are derived from the inner cell mass (ICM) of the
blastocyst. Secondly, tissue specific stem cells, which are involved in tissue replacement and repair.
These tissue specific stem cells (also known as adult stem cells), give rise to cell types already
present in the surrounding tissue (Gilbert, 2003; Passier & Mummery, 2003).

Besides being able to divide and self-renew, stem cells can also differentiate. Totipotent stem cells
are those which can form all cells of the body, including eggs, sperm and extra embryonic tissues.
Stem cells that can differentiate into all cell types except germ cells and do not have the ability to form
extra embryonic tissues are referred to as pluripotent. Multipotent stem cells are cells such as
haematopoietic stem cells (HSC) that can only differentiate into limited types of cells. These cells are
usually found in a specialized tissue and only form cells restricted to that tissue. Unipotent cells can

only differentiate into one cell type (Chambers & Smith, 2004; Mummery, 2011).
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1.2 Embryonic stem cells
Embryonic stem cells are pluripotent cells derived from an early embryo. The first ES cells were
isolated and established from pre-implanted mouse embryos more than 30 years ago (Passier &
Mummery, 2003). The study of teratomas and teratocarcinomas, spontaneous tumours derived from
ES cells of the testis or ovaries both in mice and humans, led to the discovery of embryonal carcinoma
cells. In the developing testis or ovaries a germ cell may not differentiate properly and can form a
tumour during puberty. If the tumour is benign or non-malignant it is called teratoma, but
teratocarcinoma if it is malignant. Within these tumours the lack of organization leads to development
of random tissues such as bone, cartilage, muscle, tooth-like structures and hair (Mummery, 2011;
Valdimarsdottir & Mummery, 2005). Based on earlier

work on teratocarcinomas and mouse ES cells (MES HON A Yot SO Com A e
cells), the first hES cell line was derived from human

blastocyst in 1998 (Thomson et al., 1998). @R In Vitro fertization

\

Human embryonic stem cells are derived from the

zygote, during assisted fertilization. After informed \@ Totipotent calls

consent and approval, surplus embryos are donated o Dey3

for research (Cowan et al., 2004; Valdimarsdottir & \

Mummery, 2005). The embryos are cultured upto the el Blastocyst
Day 5

blastocyst stage where there are two distinctive

Trophectodem — |
tissues present. The sphere-shaped blastocyst is 'ﬂmrf—’@"\

mass

composed of an outer layer, the trophoectoderm,
which gives rise to extraembryonic tissues such as
the placenta. The ICM gives rise to all three germ
layers of the embryo, the ectoderm, mesoderm and
endoderm (Smith, 2001; Valdimarsdottir & Mummery,

2005). Around days 5-8 of development the ICM is Cultured pluripotent stem cells

carefully isolated from the blastocyst and plated onto
Figure 1. Isolation of human embryonic stem

a layer of mouse embryonic fibroblasts (MEFs) or cells.
feeder cells. The feeder cells are essential for ES cell The inner cell mass of the blastocyst is
removed and plated onto a culture plate
proliferation and they inhibit ES cell differentiation previously coated with MEFs. These cells are
. . pluripotent cells that can give rise to all cells
(Figurel) (Reubinoff et al., 2000). of the three germ layers (Winslow, 2001).

15



1.2.1 Maintenance of hES cells

Culturing conditions for ES cells vary between species.
The cells are placed on a culture plate or a culture bottle
containing medium with all the essential nutrients for the
cells such as sugars, amino acids and minerals (Figure 2).
The medium needs to be refreshed every day and the cell
culture is kept in a 37°C incubator. The growing cells must
be diluted or passaged regularly or while they still have

round and dense looking colonies and before they

become confluent, meaning before they cover the whole

Figure 2. Human embryonic stem cell
well in a culture plate (Mummery, 2011). colonies cultured on MEFs.

During passaging, enzymatic dissociating solutions such as trypsin are commonly used, but more
gentle enzymes can substitute for trypsin, such as collagenase, dispase or TrypLE and the cell culture

is replated onto a new culture plate or used for experiments.

1.2.2 Factors sustaining ES cell pluripotency

To routinely culture and maintain undifferentiated state of mES cells, they need to be cultured either
on feeder cells or in conditioned medium supplemented with leukemia inhibitory factor (LIF). Initially, a
feeder layer was considered essential to maintain the pluripotent state of mES cells, but in 1988 it was
demonstrated that the feeder cells secreted the LIF factor and that it was sufficient to replace the
feeder layer with conditioned medium containing LIF (Passier & Mummery, 2003; Smith, 2001). The
LIF cytokine binds to a heterodimer formed by LIF-R receptors and the co-receptor gp130. This signal
activates JAK/stat3 signalling, the activated Stat3 is sufficient to maintain undifferentiated proliferation
of mES cells (Cartwright et al., 2005; Xu et al., 2005).

This however does not apply to hES cells. In order to promote hES cell self-renewal and
pluripotency, they are cultured on MEFs which supply hES cells with various growth factors and a
layer to grow on. It has not been fully characterized which factors the MEFs release into the hES
medium. The MEFs are mitotically inactivated or they have been treated with irradiation to prevent cell
division. In addition to MEFs, hES medium has to be supplemented with basic Fibroblast Growth
Factor (bFGF), these conditions are sufficient to maintain hES cells in their pluripotent state (Xu et al.,
2005). The transcription factors Nanog, Oct4 and Sox2 also play an important role in keeping hES
cells in their pluripotent state (Chambers & Smith, 2004; Silva et al., 2009).

1.22.1 Feeder-free conditions

Human embryonic stem cell lines require culture on feeder cells and/or in conditioned medium
obtained from human cells. To minimize the possibility of transmitting infectious disease from other
animals or species, feeder-free and serum-free ES cell culture conditions are very important if stem

cell therapies are ever to become a reality (Mannello & Tonti, 2007).
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hES cells can be maintained pluripotent without the support of feeder cells, on Matrigel or laminin
in medium conditioned by MEFs or in fully defined culture medium, mTeSR. Feeder-free culture
conditions of hES cells, show maintenance in normal karyotype, stable proliferation rate, high

telomerase activity and they can form all three germ layers in vitro (Xu et al., 2001).

1.3 Differentiation of hES cells

When a cell starts to differentiate and specialize, the ability to proliferate decreases. The more
differentiated the cell is, the less capable it is to divide. If hES cells are kept in the right conditions for
differentiation they should be able to differentiate into one of more than 200 cell types present in the
human body. It varies between germ layers how easily hES cells can be induced to differentiate
towards each layer (Mummery, 2011). During later stages of development, the endoderm forms the
inner lining of the gastrointestinal tract, the skin and the neural crest are formed by the ectoderm and
the mesoderm forms for example blood cells, cardiomyocytes, and vascular- and smooth muscle cells
(Figure 3) (Gilbert, 2003). hES cells are most easily induced to differentiate into ectoderm, then

mesoderm, whereas cells of the endoderm seem to be much harder to produce. For unknown reasons

Figure 3. Origin of the three germ layers.
Early human development, showing origin of various cells types of the human body (Winslow, 2001).



the efficiency of cell types produced varies between stem cell lines (Mummery, 2011). Differentiation
of hES cells can be achieved by two main methods; Spontaneous differentiation and directed

differentiation (Passier & Mummery, 2003).

1.3.1 Spontaneous differentiation

Spontaneous differentiation is a differentiation method that is not directed towards any certain lineage
of cells, resulting in a diverse mixture of cell types. Studies on hES cell differentiation indicate that
independently-derived hES cells differ between themselves and are therefore likely to have unique
characteristics. External factors like culture conditions and passage number are not the only factors
that must be taken into account. Intrinsic factors have an influence on lineage commitment of hES
cells (Pal et al., 2009).

3D culture systems such as embryoid bodies (EBs) in suspension or hanging drops are
spontaneous differentiation models were the EBs form cells from all three germ layers (Figure 4). For
the hanging drop method, hES cell colonies are dissociated from the feeder layer and certain number
of cells are used for the formation of each embryoid body, depending on lineage or cell type of interest
(Maltsev et al., 1994). Using spontaneous EB differentiation method in suspension, differentiation

efficiency is low. For example EC differentiation yield is from 1% to 3%, (Kane et al., 2010).

'Hanging Drop (HD) Liquid Suspension Culture (LSC)
| 11 ]

@ @ @
® @ o

Figure 4. Spontaneous differentiation of hES cell embryoid body formation.
Hanging drop method showing cultivation of hES cells in a drop of medium mimicking blastocyst formation
(left panel). Suspension method depicting hES cells cultured on non-adherent surface (right panel). Figure
modulated from (Dang et al., 2002).

Because hES cells form a heterogeneous population of different cell types, it diminishes the
possibility of using them as a potential source of cells of interest for cell replacement therapies.
Currently, the knowledge about how to differentiate, support proliferation and maturation of hES cells
into different cell types is still limited. However, several attempts have been made to direct hES cells

towards certain lineages and cell types (Pal et al., 2009; Passier & Mummery, 2003).
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1.3.2 Directed differentiation

A few methods can be used to direct differentiation towards a

certain lineage. Well known and widely used directed
differentiation method is serum and growth factor
supplementation in 2D monolayer cultures (Kane et al., 2010).

Gene manipulation and co-culturing with other cells are also

frequently used methods. hES cells were co-cultured with 8-12'd culture
visceral-endoderm like cell line, END-2 to raise the odds of +

cardiomyocyte differentiation (Mummery et al., 2003). The final [\J\J\J\J\JW\./]

cultures however, are always a heterogeneous mixture of |
Transfer to adherent dish

for regenerative medicine, one way is to induce and select the [l g “ " +" " " " n

desired cells by FACS (fluorescent activated cell sorting) or
MACS (magnetic activated cell sorting) methods (Levenberg et Figure 5. Directed differentiation of

different cell types. To obtain a pure population of cells, usable

. hES cells.
al., 2010; Passier & Mummery, 2003). A known number of
. .. . . undifferentiated hES cells are
Embryoid bodies in suspension are commonly used to direct used in each well in a defined

serum-free medium to induce
differentiation of the desired cell
growth factors to the medium. EB size seems to play a crucial type (Ng et al., 2008).

differentiation towards a specific lineage, adding lineage specific

role in reproducibility and to be able to control cell type specific differentiation (Burridge et al., 2007;
Ungrin et al., 2008). Several research groups have reported new mechanism to control EB size using
forced aggregation (Figure 5). Ng and colleagues described a method for differentation of hES cells,
using a known number of undifferentiated cells in each well of a 96 well plate and a defined serum-
free medium. To be able to use hES cells for clinical purposes, it is important to use pathogen-free

neutral medium (Ng et al., 2008).

1.4 Endothelial cells

In recent years a constantly growing interest has been for exploring the possibility of using ECs for
therapeutic purposes. This has led scientists to exploring hES cells as a potential source for
endothelial progenitor cells (Figure 6) (Levenberg et al., 2007). All regenerated tissues are dependent
on revascularization. The possibility to generate vascular cells from hES cells might improve
regenerative medicine in many ways. This might treat diseases in regard to EC dysfunction or improve

tissue transplantation and help rebuild ischemic tissues (Levenberg et al., 2002; Wang et al., 2007).

ES cell-derived endothelial cells can also be beneficial in regard to other research fields, such as
human embryogenesis. They can be used as a model for studying early vasculogenesis and they
might shed a light on mechanisms involved in normal developmental cell fate decisions. Moreover
they might lead to therapeutic approaches for many diseases such as vascular- and heart diseases or
cancer (Cleaver & Melton, 2003; Jacquemin et al., 2006; Lammert et al., 2001). Understanding EC
signalling or regulatory mechanisms in developing vasculature or adult vessels is still in its earliest

stages (Levenberg et al., 2007).
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Figure 6. Endothelial cells.
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Endothelial cells line the interior surface of vessels and form an interface between blood circulation and the
rest of the vessel wall (Yoshimoto & Yoder, 2009).

1.4.1 Blood vessel formation

Vasculogenesis and angiogenesis are
commonly known as the two crucial
processes contributing to the
development of the vasculature (Jain,
2003). In early development, vasculo-
genesis occurs when mesenchymal cells
differentiate into haemangioblasts that
form blood islands. The inside of the
blood islands differentiates into
haemotopoietic precursors and the outer
cells differentiate into ECs which in turn
form the primary vascular plexus (Figure
7A) (Flamme et al., 1997; Luttun et al.,
2002; Pepper, 1997). The hypothesis is
that HSCs and ECs originate from a

common precursor, the heamangioblast,
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Figure 7. Vascular development.
(A) Vasculogenesis is blood vessel formation occurring by
a de novo production of endothelial cells, whereas (B)
angiogenesis is the formation of new blood vessels form
pre-existing once (Chinoy, 2003).

because of their proximity and development (Bollerot et al., 2005; Carmeliet, 2003).

The process of new vessels sprouting from pre-existing ones is known as angiogenesis (Figure 7B)

(Carmeliet, 2000; Risau, 1997), which mostly takes place during development and adulthood

(Ausprunk & Folkman, 1977; Risau, 1997). Angiogenesis is divided into two phases, the activation and

resolution phase (Figure 8). In the activation phase, ECs can proliferate and migrate into the
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extracellular space and form new capillary sprouts because of increased vascular permeability and
membrane degradation. ECs quit proliferation and migration in the resolution phase, and start
reconstructing the basement membrane and promote vessel maturation. At this point mesenchymal
cells are recruited, which differentiate into pericytes and smooth muscle cells surrounding the new
vessel (Carmeliet, 2000; Folkman & D'Amore, 1996; Risau, 1997).
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Figure 8. Activation and Resolution phase.
In the activation phase ECs proliferate and migrate into the extracellular space and form new capillary
sprouts. In the resolution phase ECs quit proliferation and start reconstructing the basement membrane and
promote vessel maturation (Valdimarsdottir, 2004).

A complex network of blood vessels is composed of arteries, capillaries and veins that provide all
tissues of the body for oxygen and nutrients. ECs line the interior of blood vessels forming an interface
between circulating blood and the rest of the vessel wall. Lack of either oxygen or nutrients triggers
activation of angiogenesis by secretion of growth factors. ECs switch to the tip cell state while others
form stalk cells (Figure 9). Tip cells start to migrate at the end of the stalk cells, which proliferate and
form tubes (Geudens & Gerhardt, 2011; Herbert & Stainier, 2011; Larrivee et al., 2009). Tissue
hypoxia is the main driving force behind angiogenesis, which activates secretion of vascular
endothelial growth factor (VEGF) and other cytokines, quiescent ECs become reactivated by the
VEGF signal. To initiate sprouting, cells need to break out of the vessel wall, degrade basement
membrane, change cell shape, proliferate and invade the surrounding tissue while staying connected
to vessel network (Blanco & Gerhardt, 2012). The ECs that lead the sprouting are known as
endothelial tip cells. They get their characterization by the position, their long and dynamic filopodia
and their migratory properties. The tip cells lead the sprouting towards the VEGF source and they
make new connections between different sprouts to generate connected and functional vascular
network (Gerhardt et al., 2003; Isogai et al., 2003). Following the tip cells are the proliferative
endothelial stalk cells, establishing adherent and tight junctions to support sprout elongation (Dejana
et al., 2009; Gerhardt et al., 2003). The vascular lumen formation initiates blood flow, increases tissue

oxygenation which reduces secretion of VEGF and other cytokines, supporting the establishment of
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quiescence. For vessel maturation and stabilization mural cells (vascular smooth muscle cells and

pericytes) are recruited and extracellular matrix (ECM) rebuilt (Blanco & Gerhardt, 2012).
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Figure 9. Tip and stalk cells.
Tip endothelial cells lead sprouting and make new connections between sprouts to generate vascular network.
Stalk cells establish adherent and tight junction to support sprout elongation (Blanco & Gerhardt, 2012).

1.4.2 Isolation of hES derived endothelial cells

The process of hES cells developing towards ECs is thought to have various differentiation stages. To
characterize vascular-endothelial differentiation of hES cells, both in vitro and in vivo assays have
been used. Multiple markers can been used, such as VE-Cadherin (vascular endothelial caderin),
PECAML1 (platelet endothelial cell adhesion molecule, also known as CD31), CD34, FIkl (VEGFRII)
and their ability to take up Dil-labeled acetylated low-density lipoprotein (Dil-Ac-LDL). For mature EC
identification, VWF (von Willebrand factor), eNOS (endothelial nitric oxide synthase) and E-selectin
proteins have been used. To select and purify ECs from hES culture, two main approaches are
commonly used. First, selecting EBs for specific cell-surface markers and second, supplementing
feeder layer or the medium with various growth factors. These two methods are thought to differ
substantially in regard to the source of the cells and the cell line itself. It could also have an effect
whether undifferentiated cells or differentiated EBs are used, the age of the EBs and the type of

growth factors supplemented (Levenberg et al., 2007).
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1.4.3 Are endothelial- and smooth muscle cells derived from the same
progenitor ?

Vascular diseases are the leading cause of death worldwide. No known marker exists to isolate
endothelial progenitors from hES cells at different stages of development. This restrains the ability to
define and investigate the hES derived endothelial cells (Kirton & Xu, 2010; Levenberg et al., 2007;
Yoder, 2009). ECs are thought to share progenitors with HSCs. Both express CD34, and they share a
similar mesodermal origin during embryonic development. Therefore CD34+ cell population must be
heterogeneous (Asahara et al., 1997; Wang et al.,, 2004; Zambidis et al., 2005). Later it was
demonstrated that CD34+CD31+ cells were able to give rise to both ECs and SMCs. If grown in
serum-free medium containing growth factors (BMP4, VEGF and FGF2) it promoted the cells first to
differentiate into a pool of HSC expressing cells (CD34+CD31-), developing into a mixture of HSCs
and ECs (CD34+CD31+) and finally a population of ECs (CD34-CD31+) (Bai et al., 2010). At different
time points both CD31 and CD34 are expressed in haematoendothelial differentiation, but CD31 is
normally associated with more mature EC phenotype and not in SMCs. It has been demonstrated that
hESC-ECs and hESC-SMCs, derived from the same CD34+ vascular progenitor cell population, show
great difference highlighting their independent contribution in the structure and function of mature
vasculature (Hill et al., 2010). Endothelial precursors have been isolated based on the expression of
CD31, CD34 as well as CD133 (Prominin-1) (Ferreira et al., 2007; Rufaihah et al., 2010; Wang et al.,
2007).

1.4.4 Driving force of mesodermal differentiation

What growth factors are responsible for hES cells ability to differentiate into mesodermal lineage is not
well known. BMP does not apper to be the only driving force of mesoderm as FGF has also been
shown to promote mesodermal specification and proliferation (Vallier et al., 2009; Yang et al., 2008).
The combination of these two factors has great effects on the outcome of the differentiation pathways.
BMP4 and FGF alone were not sufficient to promote hES cells towards mesodermal differentiation, but

with addition of VEGF it greatly increased mesodermal determination (Bai et al., 2010).

Nourse and colleagues compared a few different endothelial differentiation methods. When EBs
were treated with VEGF, it promoted expression of the endothelial markers CD31 (PECAM-1) and VE-
Cadherin without inducing expression of haematopoietic markers (Nourse et al., 2010). Other groups
do not belief VEGF to promote hESC-EC differentation, nor do they see CD31 expression in network
structures (Boyd et al., 2007; Nakagami et al., 2006). Many different approaches and differentiation
methods have been used to differentiate ECs from hES cells. For regenerative use of hESC-EC, a

large-scale production is needed.

1.5 The TGF superfamily

The Transforming Growth Factor beta (TGF[) superfamily consist of over 40 members, including bone

morphogenetic proteins (BMPs), activins, nodal and growth and differentiation factors (GDFs)
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Figure 10. TGFB superfamily signalling pathway (Valdimarsdottir, 2004).

(Massague, 2000). They act throughout the body, affecting most cell types and play an important role
in the maintenance of self-renewal and pluripotency of both mouse and human ES cells (Watabe &
Miyazono, 2009). TGFBs act as growth inhibitors in most cell types, they induce apoptosis for
epithelial cells but are also known to stimulate the production of extracellular matrix proteins. Activins
play critical roles in the induction of dorsal mesoderm during early embryogenesis and Nodals in the
anterior patterning and formation of left and right asymmetry. The members of the superfamily all play
their part in cell growth, differentiation, migration and apoptosis in vivo (Massague, 1990; Miyazawa et
al.,, 2002). TGFp transduces signals from the membrane to the nucleus by binding to a heteromeric
complex of serine/threonine kinase receptors known as TGFB type | (TBRI) and type Il (TBRII)
receptors (Figure 10). The type | receptor, also known as the activin receptor-like kinase (ALK) acts
downstream of the type Il receptor and propagates the phosphorylation signal through specific
downstream mediators, the Smads (Heldin et al., 1997; Massague, 2000; Piek et al., 1999). The
Smads enter the nucleus where they activate transcription of their target genes (Valdimarsdottir &
Mummery, 2005).

There are two major pathways involving Smad proteins that are activated by members of the TGF3
superfamily (Miyazono et al., 2001). The cytokines of the superfamily can be classified into two
subfamilies depending on which Smad signalling pathway they activate (Miyazawa et al., 2002), the
TGFB and the BMP subfamilies. There are three subclasses of Smads depending on their structure
and function, namely the receptor-regulated Smads (R-Smads), the common-mediator Smad (Co-
Smad) and inhibitory Smads (I-Smads) (Macias-Silva et al., 1996; Souchelnytskyi et al., 1997). R-
Smads undergo conformational change to be able to form complex with Co-Smads after
phosphorylation by the type | receptor. Receptors type | and Il pair in many different ways, therefore
the combinations of type | receptors and R-Smads are highly restricted. This specificity in pairing is

based on the complementary of the L45 loop in the type | kinase domain and the L3 loop in the C-
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terminal of the MH2 domain of R-Smads. Even though loop L3 differs only in two amino acids between
Smad2/3 and Smad1/5/8, it is enough to distinguish between different R-Smads (Valdimarsdottir &
Mummery, 2005). Two inhibitory Smads have been identified in mammals, Smad6 and Smad7.
Smadé6 is thought to preferentially inhibit phosphorylation of BMP Smads whereas Smad7 acts as
inhibitor of TGFB subfamily Smads (Itoh et al., 1998; Souchelnytskyi et al., 1998).

1.5.1 TGFB subfamily

Each member of the TGFB superfamily binds to a unique combination of type | and Il receptors (Figure

11). TGFp type Il receptor is constitutively active and serves as a specific receptor for TGFB. Upon
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Figure 11. TGFB superfamily signalling through receptors and Smads (Valdimarsdottir, 2004).

binding, TGF ligand recruits the TGFp type Il receptor and type | receptor, also known as the activin
receptor-like kinase 5 (ALK5), that is phosphorylated by the type Il receptor (Franzen et al., 1993;
Reissmann et al., 2001; Wrana et al., 1994), whereas activin signals through ALK4, both resulting in
the phosphorylation of Smad2 and Smad3 (Chen & Massague, 1999; Derynck & Zhang, 2003; Oh et
al., 2000; Shi & Massague, 2003; ten Dijke et al., 1994; Yamashita et al., 1995).

1.5.2 BMP subfamily

Originally the BMPs were thought to induce bone and cartilage tissues in vivo (Wozney et al., 1988).
Now it is known that they have diverse effects on various cells and induce ventral mesoderm during
early embryogensis (Miyazawa et al., 2002). BMPs also regulate tooth, hair, skin, kidney, muscle,
haematopoietic and neuronal development as well as maintaining iron metabolism and vascular

homeostasis in vivo (Miyazono et al., 2010).

These family members are subdivided into subgroups based on their similarity of primary amino
acid sequence. First group is BMP2/4, second BMP5/6/7/8 and finally BMP9/10 (Suzuki et al., 2010).
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The BMPs signal through ALK2, ALK3 and ALKG6 causing phosphorylation of Smadl, Smad5 and
Smad8 (Figure 11) (Chen & Massague, 1999; Derynck & Zhang, 2003; Oh et al., 2000; Shi &
Massague, 2003; ten Dijke et al., 1994; Yamashita et al., 1995).

1.5.3 BMP9-ALK1 mediated effect in angiogenesis

BMP9 and BMP10 have been shown to bind to ALK1 and Endoglin in ECs, which causes
phosphorylation of Smad1/5/8 (Brown et al., 2005). However, the regulation of BMP9-ALK1 signalling
in ECs has not been fully understood. ALK1 receptor is a specific endothelial type | receptor, which
BMP9 is known to bind to with high affinity. Interestingly, TGFp is also thought to bind to ALK1.
Whether either of these bindings result in proliferation and migration of ECs is still unclear. TGFB has
been shown to bind to ALK5 causing phosphorylation of Smad2/3, but studies have also confirmed
activation of ALK1-Smadl/5/8 pathway leading to activation of EC proliferation and migration
(Goumans et al., 2002).

Suzuki and colleagues examined the role of BMP9 both in vasculo- and angiogenesis. They
demonstrate that BMP9 induces ex vivo vascular formation, proliferation of in vitro cultured MESEC
(Mouse embryonic stem cell derived endothelial cells) cells and in vivo angiogenesis (Goumans et al.,
2002; Suzuki et al., 2010). Inconsistent with Suzuki‘s findings, BMP9 has been reported to inhibit
proliferation and migration of endothelial cells (David et al., 2007; Scharpfenecker et al., 2007).
Scharpfenecker and colleagues showed that BMP9 does bind to ALK1 with high affinity and
phosphorylates Smad1/5/8 and induces Id1 transcription. However, they find BMP9 to inhibit bFGF
stimulated proliferation and migration of BAECs (bovine aortic endothelial cells) and to block VEGF
induced angiogenesis. BMP10 is the ligand most related to BMP9 based on protein sequence
comparison. In the absence of BMP9, BMP10 is believed to be able to substitute for BMP9 resulting in
inhibition of proliferation and migration of endothelial cells. However BMP10 binds with lower affinity to
ALK1 than BMP9 and is mainly expressed in the murine heart (David et al., 2007). Another group
showed that blocking BMP9 with neutralizing antibody in newborn mice induced retinal vascular
density. Injection of the extracellular domain of ALKl to BMP9-KO mice showed impaired
vascularization of the retina, supporting the importance of ALK1 and suggesting another ligand for
ALK1 (Ricard et al., 2012). Whether BMP9 and BMP10 mediate vascular effect similarly still has to be
clarified (Cunha & Pietras, 2011).

TGFB has also been shown to bind to ALK1, but only in the presence of ALK5, suggesting that
TGFB regulates the activation state of proliferation and migration of endothelial cells through a fine
tuning of these two receptors (Goumans et al., 2002). Synergistic effects of BMP9 and TGF[3 has been

elucidated on endothelial cell growth and sprouting via ALK1 (Cunha & Pietras, 2011).

The inconsistency between results from different research groups is still considerable. The reason
might be that the possible crosstalk between pathways is not fully understood or that the effects of
BMP9 stimulation and ALK1 signalling regulation is cell type dependent (Larrivee et al., 2012; Suzuki
et al., 2010). The role of BMP9 and BMP10 is known to some extent in angiogenesis. However there

is not much known about the effect in vasculogenesis.
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1.6 Vascular defects in TGFB superfamily deficient mice

Most of current knowledge about endothelial molecular regulation and differentiation is derived from
mouse embryonic developmental studies. The mouse system can be predictive of the human system,
but at the same time it is well known that regulation of vascular differentiation differs between mouse
and human ES cells. Therefore a better understanding is needed of the human regulatory system in
order to promote endothelial differentiation for regeneration and clinical therapies (Xu et al., 2005;
Zambidis et al., 2005). The importance of the TGFB superfamily members in angiogenesis has been
demonstrated with knock-out studies in mice, which show their crucial role in development and

disease (Goumans & Mummery, 2000).

Before and around gastrulation, BMP4 is expressed in extraembryonic ectoderm. At later stages of
gastrulation it is also detected in mesoderm. If mice lack the Bmprla and Bmpr2 genes they die by
day 9.5 because of mesodermal formation defects during gastrulation, showing little or no mesodermal
formation and no expression of the early mesodermal marker Brachyury T (Beppu et al., 2000;
Lawson et al., 1999; Mishina et al., 1995). BMP2/5/7 deficient mice show malformation in development

of the amnion and chorion as well as retarded heart development (Goumans & Mummery, 2000).

When TBRI (ALK5) is absent it leads to defects in yolk sac vessel formation and haematopoiesis
(Goumans & Mummery, 2000). TGFB1 knockout mice die during midgestation due to abnormal
vascular development and they suffer from hyperdilated, leaky vessels (Goumans & Mummery, 2000).
Knockout of Alkl and Eng genes causes abnormal angiogenesis, enlargement of major vessels, lack
of capillary network and defects in differentiation and recruitment of smooth muscle cells (Li et al.,
1999; Oh et al., 2000; Urness et al., 2000). Smad1 deficient mice fail to establish chorion-allantoic
circulation, and disruption of the Smad5 gene shows lack of normal vascular structures of the yolk sac,
dilation of blood vessels and irregular distribution of blood vessels (Chang et al., 1999; Lechleider et
al., 2001; Tremblay et al., 2001; Yang et al., 1999). Id1, a downstream member of the BMP subfamily,
is important for regulation of angiogenesis. It is required for proliferation and invasiveness of ECs
during angiogenesis. Mutant mice show abnormal angiogenesis with enlarged and dilated blood
vessels (Table 1) (Lyden et al., 1999).
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Table 1. Defects in TGF ligand, receptor and Smad deficient mice.

Gene Phenotype Lethality Reference

BMP4 Mesodermal formation defects during E9.5 (Lawson et al., 1999; Winnier et al.,

gastrulation 1995)

BMP2/5/7 Developmental malformation of the E7.5-10.5 (Solloway & Robertson, 1999; Zhang
amnion and chorion, as well as & Bradley, 1996)

retarded heart development

TGFB1 Abnormal vascular development E10.5 (Dickson et al., 1995)

ALK5 Yolk sac vessel formation and E10.5 (Larsson et al., 2001)
haematopoiesis defects

ALK1 Abnormal angiogenesis, enlargement E11.5 (Oh et al., 2000; Urness et al., 2000)
of major vessels, lack of capillary
network and defect in differentiation

and recruitment of smooth muscle cells

Endoglin Abnormal angiogenesis, enlargement E10-11.5 (Arthur et al., 2000; Bourdeau et al.,
of major vessels, lack of capillary 1999; Li et al., 1999)
network and defect in differentiation

and recruitment of smooth muscle cells

Smadl Failure in establishing chorion-allantoic E9.5 (Lechleider et al., 2001; Tremblay et
circulation. al., 2001)
Smad5 Lack of yolk sac vascular structures, E9.5-11.5 (Chang et al., 1999; Yang et al., 1999)

dilation and irregular distribution of

blood vessels.

Id1 Abnormal angiogenesis with enlarged E13.5 (Lyden et al., 1999)

and dialted blood vessels

1.7 Regenerative medicine

Vascular defects can cause many types of human diseases. One of those diseases is Hereditary
hemorrhagic telangiectasia (HHT) also known as Osler-Weber-Rendu disease. It is a genetic disorder
which is mostly caused by mutations in the gene for either ALK1 or Endoglin. It is characterized as
abnormal blood vessel formation (AVM) in the nose, oral cavity, gastrointestinal tract and often in
organs such as the lung, liver and brain. It can lead to nosebleeds, acute and chronic digestive tract

bleeding, resulting in severe ischemic injury or stroke. (Suzuki et al., 2010).

Another genetic disorder is primary pulmonary arterial hypertension (PAH or PPH1), caused by a
stenosis of precapillary pulmonary arteries. An increased pulmonary artery pressure and right

ventricular systolic pressure is caused by proliferation of endothelial and smooth muscle cells in the
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pulmonary arteries. More than 70% of patients with familial PAH have a mutation in the BMPR2 gene,
but the mutation alone is not sufficient to initiate the process of the disease (Lane et al., 2000).
Mutations in the ALK1 gene have also been linked to some patients with PAH. The BMP signalling
pathway may thus play an important role in endothelial and smooth muscle cells with regard to

maintaining vascular homeostasis in the pulmonary arteries.

The components of the TGFB superfamily affect many cellular processes through different
pathways. Interruption of these pathways can lead to many different diseases, including cancer. To
give an example, to date, three different biological ALK1 inhibitors have been reported from
pharmaceutical companies. Preclinical tumor studies in mice show that blocking ALK1 diminishes tube
formation in vitro, delays tumor growth in vivo, and decreases blood flow in tumors (Cunha & Pietras,
2011; Waite & Eng, 2003). During early stages of tumor development TGFB is known to act as a
suppressor but at the later stages it promotes growth (Ikushima & Miyazono, 2010). Thus, for cancer
treatments it is of great importance to consider inhibitors for some TGFB components, because
blocking the signalling might be helpful depending on the stage of the disease. With regard to
endothelial cells, affecting the BMP9/10 pathway could also be promising, both for cancer and

vascular disorders, such as PAH and HHT.

1.8 iPScells

For the past 10 years cardiovascular research has largely focused on embryonic stem cells and
cardiomyocyte and vascular progenitor cells for use in regenerative medicine. However the use of
embryonic stem cells has always been controversial and we still face the problem of immune rejection
after transplantation. Few years ago Yamanaka and colleagues introduced a method which
reprogrammes ES cells using defined factors to create induced pluripotent stem cells (iPS) cells. By
viral expression of Oct4 and Sox2, combined with either KIf4 and c-Myc or LIN28 and Nanog, human
iPS cells have been generated from multiple cell types (Figure 12) (Takahashi et al., 2007; Yamanaka,
2008a, 2008b; Yu et al., 2007). Human iPS cells are thought to be both molecularly and functionally
similar to hES cells, and one way to overcome ethical and immune rejection is to generate iPS cells
from the patients own cells (Soldner et al., 2009; Ye et al., 2009). However, before iPS cells can be
used for clinical purposes, there are several issues that need to be addressed. So far most of the iPS
cells made are based on lenti- or retroviruses, which could cause genetic mutations. A better
knowledge of what genes are involved in development and differentiation would make it possible to
develop new and more improved techniques for human iPS cell derivation. Furthermore, properties of

differentiated human iPS cells must be compared to their natural counterparts in vivo (Li et al., 2011).

Human iPS cells have already been differentiated to various cell types including cardiomyocytes
and vascular cells (Choi et al., 2009; Zhang et al., 2009). In the nearest future, many studies will have
developed and fully explored derivation of vascular progenitor cells from pluripotent stem cells and iPS

cells for regenerative use (Kane et al., 2011).
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Figure 12. Potential applications of induced pluripotent stem cells (Stadtfeld & Hochedlinger, 2010).
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2 Project aim

Human embryonic stem cell-derived endothelial cells have great potential for vascular research and
for cell transplantation or regenerative medicine. Several research groups have succeeded in
differentiating hES cells into endothelial cells by various differentiation methods. However none of
these methods possess the ability to produce hES derived endothelial cells with enough efficiency for
clinical application. The aim of this project was to analyze hES cells as an in vitro model for human
vascular development and to improve currently used technigues to make hES derived vascular cells
more efficient. Since gene ablation studies have shown a pivotal role of the TGFB superfamily in
cardiovascular development, its effect on a biological and molecular level in hES cell vascular

commitment was studied.

The thesis is divided into three main parts:

1. Effect of BMP4 on embryoid body vascular outgrowth.

Embryoid bodies were formed from human embryonic stem cells and cultured in either differentiation
medium or EGM-2 alone, or supplemented with BMP4, a member of the TGFB superfamily. EBs
capability to migrate and form outgrowths was evaluated. Using adenoviral infection and in turn
performing tube like formation assays, activation of the BMP branch and EBs ability to form tubes on a

gel substrate was evaluated.

2. The effect of the TGFB superfamily on hES cell vascular differentiation.

Embryoid bodies were formed using the SpinEB method and stimulated or inhibited for 10 days with
different members of the TGFB superfamily. Gene expression was determined in cells undergoing
differentiation, using Q-PCR.

3. Isolation, expansion and sprouting of hES derived vascular cells

Embryoid bodies in suspension were made from hES cells and cultured in differentiation medium. A
cell sorting technique using the MACS method was established in our laboratory to sort CD31+ cells, a
population of vascular cells. Various biological assays were performed to assess the CD31+ cell
population. The CD31+ cells were subjected to different members of the TGF superfamily and their

ability to form tubes on gel substrate and protein expression was evaluated.
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3 Materials and methods
3.1 Cell culture

3.1.1 Mouse embryonic fibroblasts (MEF cells)

A monolayer of irradiated primary mouse embryonic fibroblasts was used as a feeder cells to support
growth and maintenance of hES cells in undifferentiated state. MEF cells (granted from ATCC-LGC
Standards and Cell Systems) were seeded onto 0.1% gelatin coated 6-well culture plates in MEF

medium (Table 2), 5 x 10° cells per well, and incubated for 24 hours before hES seeding.

MEF cells were also used to collect conditioned medium (CM). The MEF cells secrete various
metabolites, growth factors and extracellular matrix proteins, which the hES cells need in order to
facilitate cell growth and pluripotency. Roughly 4 ml of “stripped” hES medium (Table 3) was applied to
each well containing only MEF cells. The medium was then collected every 24 hours (from now
termed CM medium) and replaced with either fresh stripped hES medium, or seeded with hES cells

using hES medium.

Table 2. MEF medium.

MEE medium |

Stock concentration Final Concentration

Dulbecco's modified eagle medium, DMEM
(11960-044) (Invitrogen)

Fetal Calf Serum (Sigma-Aldrich) 10%
Penicillin (Invitrogen) 5000 U/ml 50 U/ml
Streptomycin (Invitrogen) 5000 pg/mi 50 pg/mi
GlutaMAX (Invitrogen) 200 mM 2 mM
Non-Essential Amino Acids (Invitrogen) 100x dilution

3.2 Maintenance of undifferendiated hES cells

In this study four hES cell lines were used. The first one was HUES9 obtained from Douglas A. Melton
at Howard Hughes Medical Institute, Harvard University (Cowan et al., 2004). The second line used
was H1 cells from WiCell (Thomson et al., 1998) and the third and fourth lines were HES2 and HES3
from ES Cell International, ESI (Reubinoff et al., 2000). Pluripotent hES cells were maintained on
MEFs in 6 well culture plates, using hES medium. hES medium was supplemented with 10 ng/ml basic
Fibroblast Growth Factor (bFGF) and CM or mTeSR (Table 4) medium to accelerate cell growth.
Before use, the CM was filter-sterilized using 0.22 um filter. hES cells were then split every 3-4 days

and hES medium replaced daily.
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Table 3. hES medium.

hES medium

Stock concentration Final Concentration

Dulbecco’s modified eagle medium, DMEM/F-12

% + GlutaMAX (31331-028) (Invitrogen)

g KO serum replacement (Invitrogen) 20%

E Non-Essential Amino Acids (Invitrogen) 100x 100x dilution

g_ Penicillin (Invitrogen) 5000 U/ml 50 U/mi

'.m% Streptomycin (Invitrogen) 5000 pg/mi 50 pg/mi
GlutaMAX (Invitrogen) 200 mM 2mM
2-Mercaptoethanol (Invitrogen) 55 mM 77 pmol/ml

ADD

g Conditioned medium (CM) or mTeSR1 10%

3

€ DbFGF 100 ng/pl 10 ng/ml

i

Table 4. mTeSR medium.

mTeSR medium

mTeSR™1 Basal Medium (StemCell Technologies) 400 ml
ADD
mTeSR™1 5x Supplement 100 ml

e Bovine Serum Albumin

e rh bFGF

e rh TGFB

e Lithium Cloride

e Pipecolic acid

e GABA

e Concentrations not available

mTeSR medium (Table 4) is a feeder-independent maintenance medium used for hES cells. It is a
defined serum-free medium and does not require addition of other growth factors.

3.2.1 Passage of human embryonic stem cells
hES medium was pre-warmed up to 37°C (Table 3). Medium was removed and cells washed once
with 1 ml 1x PBS. The cells were dissociated using 0.5 ml TrypLE (Invitrogen) and incubated at 37°C

for 2-3 minutes. The TrypLE was then inactivated with 1.5 ml hES medium and transferred to 15 ml
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tube and then centrifuged for 5 minutes at 1000 rpm. The cell pellet was resuspended in hES medium
by pipetting 5-10 times, or until single cell suspension. The cell suspension was then split in 1:6 to
1:12 ratio.

3.3 Feeder-free cell culture

MEF feeder culture for hES cells is not practical for all experiments. For those experiments, the hES
cells were feeder depleted and instead cultured on Matrigel (1:100 dilution). The Matrigel used was a
Growth Factor Reduced BD Matrigel™ Matrix from BD Biosciences. It is a gelatinous protein mixture,
secreted by Engelbreth-Holm-Swarm (EHS) mouse sarcoma cells, that resembles the extracellular

environment.

When hES cells are grown without feeders, they were cultured in either 50% hES medium and 50%

CM or mTeSR combined with 10ng/ml bFGF to guarantee their pluripotency.

3.4 Differentiation of hES cells

In this study two differentiation methods were used. The first was by generating embryoid bodies in
suspension and the second was the SpinEB method. Both methods involve spontaneous
differentiation. Methods can be directed into different lineages with addition of stimulants and/or
inhibitors. Various growth factors and inhibitors (Table 5) were used that affect the TGFB and BMP
pathways and facilitate mesodermal differentiation.

Table 5. Stimulants and inhibitors.

Substrate Concentration Effect Supplier
TGFB low 0.5 ng/ml Stimulant of the TGFB pathway PeproTech
TGFB high 5 ng/ml Stimulant of the TGF pathway PeproTech
BMP4 10 ng/ml Stimulant of the BMP pathway PeproTech
BMP9 1 ng/ml Stimulant of the BMP pathway R&D Systems
BMP10 10 ng/ml Stimulant of the BMP pathway R&D Systems
VEGF 10 ng/ml Stimulant of the TGF pathway PeproTech
ActivinA 10 ng/ml Stimulant of the TGFB pathway PeproTech
SB-431542 10 uM Inhibitor of the TGF pathway Tocris
Noggin 300 ng/ml Inhibitor of the BMP pathway PeproTech

3.4.1 Embryoid bodies in suspension
This method was used both for individual experiments only and as a forerunner for longer

experiments.

hES cells were grown on MEFs in 6 well tissue culture plates. The cells were dissociated into
clumps using 1ml of 1mg/ml dispase (Invitrogen) diluted in DMEM/F12 medium and incubated by
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gentle shaking for 15 minutes at 37°C. The dispase was then inactivated with hES medium, the cells
scraped off the plate and placed in 15 ml tubes and then centrifuged at 800 rpm for 4 minutes. The
cells were resuspended gently in differentiation medium (F12 medium supplemented with 1.3 % A-
Monothioglycerol (a-MTG)), and clumps transferred to 12-well low attachment plates (BD-Falcon) and

growth factors and inhibitors added.

3.4.2 SpinEB method

To promote differentiation of hES cells when exogenous growth factors were added, the SpinEB
method was implemented, using a defined serum free medium, BPEL medium ( Bovine Serum
Albumin (BSA) Polyvinylalcohol Essential Lipids) (Table 6) (Ng et al., 2008).

Day 0:
hES cells (2.3x106) were split using normal passaging procedure (see 3.2.1) onto matrigel coated
plates in 50/50 medium (50% CM and 50% hES medium) with 10 ng/ml bFGF. Cells were stored
overnight at 37°C or until 70-90% confluent.

Day 1:
100 pl of sterile H,O was added to 36 outer wells of a sterile 96-well V-shaped low-attachment
plate to humidify the EBs during differentiation. Medium was aspirated and the cells rinsed once
with 1x PBS. Then cells were dissociated with TrypLE to generate single-cell suspension. To
inactivate the TrypLE, hES medium was added and the cell suspension transferred to 15 ml tubes
and centrifuged for 5 minutes at 1000 rpm. The cells were resuspended and diluted to total number

of cells needed, supplemented with growth factors
o Optimum cell number is 3000 cells/well
o 1.8x10° cells needed in 6 ml BPEL medium for each 96 well plate

Then 100 pl hES cell suspension was aliquot into each well of the 96 well plate, then centrifuged at
1100 rpm for 2 minutes at 4°C to induce formation of the Spin EBs and incubated at 37°C. Every other

day medium was changed until embryoid bodies were harvested at days 5, 7 and 10 for analysis.
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Table 6. BPEL medium.

Compound Stock concentration Amount  Final concentration

Iscove‘s modified Dulbecco‘s 1x 86.2 ml
medium (IMDM) (Invitrogen)

Ham's F-12 nutrient mixture 1x 86.2 ml

(Invitrogen)

Deionized BSA (Sigma-Aldrich) 10% 5ml 2.5 mg/ml
Polyvinylalcohol (PVA) (Sigma- 5% 5ml

Aldrich)

Linoleic acid (Sigma-Aldrich) 10.000x 20 pl 100 ng/ml
Linolenic acid (Sigma-Aldrich) 10.000x 20 pl 100 ng/ml
SyntheChol (Sigma-Aldrich) 7.200x 28 pl 2.2 pg/ml
A-Monothioglycerol (a-MTG) 1.30% 600 pl ~400 uM
(Sigma-Aldrich) (13l i 1 ml IMDM)

Rh Insulin-transferrin-selenium 100x 2 ml

ethanolamine sol. (Sigma-Aldrich)

Protein-free hybridoma mixture Il 1x 10 ml 5%
(PFHMII) (Invitrogen)

Ascorbic acid 2 phosphate 5 mg/ml 2 ml 50 pg/mi
(Sigma-Aldrich)

Glutamaxl (Invitrogen) 200 mM (100x) 2 ml 2mM
Penicillin/Streptomycin 5000 pil/ml /5000 U/ml 2 ml 50 pg/ml /50 U/ml
(Invitrogen) (100x)

3.5 Cell separation methods

3.5.1 Magnetic-activated Cell Sorting (MACS)

5, 7 and 10 days after differentiation with either embryoid bodies in suspension or SpinEBs, the EBs
were dissociated. The single cells suspension was labeled with anti-CD31 antibody (Miltenyi Biotec)
and separated from the cell mixture by Magnetic-activated Cell Sorting (MACS) according to protocol

by Levenberg et al (Levenberg et al., 2010).

EBs were harvested to a 15 ml tube/s, using collagenase type IV solution (Invitrogen) (1mg/ml into
DMEM/F12 nothing added medium). The tube/s were then centrifuged for 4 minutes at 800 rpm and
the supernatant aspirated. 2-3 ml of Collagenase B solution was added into the tube/s (Roche) (1

mg/ml into DMEM/F12 nothing added medium), and incubated for 2 h (flick the tube/s regularly).

After 2 hours the tube/s were centrifuged for 3 minutes at 1680 rpm, the supernatant removed and
the cells washed once with 5 ml 1x PBS. The tube/s were then again centrifuged for 3 minutes at 1680
rpm, the supernatant aspirated and 2 ml of TrypLE added and incubated at 37°C for 5-10 minutes
(flick tubel/s regularly). To dissociate the cells properly into single cell suspension we used 1000 pl
pipette and pipetted up and down a few times. To inactivate the TrypLE, 2 ml of 5% FBS was added

and the cell suspension passed through a 40 mm cell strainer into new 15 ml tube/s. Then the tubes
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were centrifuged for 5 minutes at 1680 rpm and the supernatant aspirated. The cells were
resuspended in 5-10 ml 5% FBS and counted using hemocytometer. Next the cells were centrifuged
at 4°C for 5 minutes at 1680 rpm and the supernatant removed, and the cells resuspended in 300 pl
5% FBS. Now the cells were labeled by adding 100 pl FcR blocking sol and 100 pl anti-CD31
microbeads (Miltenyi Biotec) into the 15 ml tube/s and the cell suspension was kept on ice for 30
minutes. The cells were centrifuged at 1680 rpm for 5 minutes, the supernatant removed and the cells
rinsed with 5-10 ml FBS. Finally the cells were centrifuge at 4°C for 5 minutes at 1680 rpm, the
supernatant aspirated (repeat for higher purity)* and the cells resuspended (up to 1x108) in 500 pl
MACS buffer (Appendix A) and pipetted thoroughly.

From here it was either done manually:

LS columns rinsed with 3 ml MACS buffer — cells suspension added
Unlabeled cells which pass through collected

Column washed 3x with 3 ml MACS buffer

Column placed over a new collection tube

5 ml MACS buffer added

Plunger applied firmly to flush out magnetically labeled cells

N N N N Y N N

For higher purity cell fraction, steps repeated from *

Or in an autoMACS:

v" Miltenyi Biotec — see manual for autoMACS pro separator miltenyibiotec.com

After isolation, the vascular cells are then cultured in medium conditions (Table 7) with or without

growth factors that support specific differentiation and expansion pathways.
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Table 7. EGM-2 medium.

EGM-2 medium

EBM-2 medium (CC-4176) (Lonza)
10% Fetal calf serum (Sigma-Aldrich)
Hydrocortisone (Lonza)

hFGF (Lonza)

VEGF (Lonza)

R3-IGF (Lonza)

Ascorbic acid (Lonza)

hEGF (Lonza)

GA-1000 (Lonza)

Heparin (Lonza)

3.5.2 Dynabeads cell sorting
After dissociating the EBs to single cells suspension, the cells were marked with magnetically labelled
CD31 antibody and sorted with dynabeads. This is more gentle way of cell sorting and more practical

for endothelial cell isolation.

The medium was aspirated and the cells were washed in PBS. To dissociate the cells, 0.5 ml of
TrypLE was added for a few minutes and then 1.5 ml of MACS buffer to inactivate the TrypLE. Cells
were then harvested and centrifuged at 1000 rpm for 5 minutes. The cell pellet was resuspended in 1
ml of MACS buffer, 30 pl of Dynabeads (Miltenyi Biotec) added to the cell solution and incubate for 30
min at 4°C and flicked every 10 minutes. The cell suspension was washed twice with 3 ml MACS
buffer, centrifuged at 1000 rpm for 5 minutes and resuspended in 5 ml MACS buffer. Tube/s were
placed on magnet for 1 minute and the medium aspirated. Tube/s were then remove from magnet and
cells resuspended in 5 ml MACS buffer. The tube/s were then again placed on the magnet for 1
minute, the buffer aspirated and the cells resuspended in 4 ml PBS. The cell suspension was
centrifuge for 5 minutes at 1000 rpm, the PBS removed and the cells resuspend in appropirate
medium. For endothelial cell sorting, EGM-2 medium was used with and without growth factors that

support vascular differentiation.

3.6 RNA isolation

RNeasy Mini Kit from Qiagen was used for RNA isolation. The kit is designed to purify RNA from small
amounts of starting material, all RNA molecules longer than 200 nucleotides are purified and ready to
use with this RNeasy procedure. All RNA isolation was performed on SpinEBs (see. 3.4.2) after 5, 7

and 10 days in culture.

Cells were harvested and centrifuged for 5 minutes at 1000 rpm and then the supernatant was

carefully removed. To disrupt the cells, Buffer RTL was added (see appropriate volume of RTL buffer
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in Table 8). 10 ul of B-mercaptoethanol (3-Me) has to be added to each ml of Buffer RTL. Vortex or

pipette to mix.

Table 8. Volume of Buffer RTL.

Numer of cells  Volume of Buffer RTL

<5x 10° 350 pl
5x 10°-1x 10" 600 pl

The lysate was homogenized by vortexing for one minute (or pipette with 20 gauge needle at least
five times to mix). One volume of 70% EtOH was added and the solution mixed by pipetting. 700 pl
were transferred to an RNeasy spin column in a 2 ml collection tube and centrifuged for 30 s at 10.000
rpm, the flow-through was discarded. Next 700 ul of Buffer RW1 were added to the column, which was
centrifuged for 30 s at 10.000 rpm and the flow-through in the collection tube was discarded. 500 pl
buffer RPE were added and the column centrifuged for 30 s at 10.000 rpm and the flow-through
discarded from the collection tube. To the column 500 ul were added of buffer RPE, which was
centrifuged for 2 minutes at 10.000 rpm and the flow-through from the collection tube was discarded.
The RNeasy spin column was then centrifuged for 1 minute at full speed and the flow-through
discarded from the collection tube. Finally, the column was place in a new 1.5 ml collection tube and
30 — 50 pl of RNease-free water added to the column, which was centrifuged for 1 minute at 10.000
rpm. After isolation, RNA concentration was measured using NanoDrop spectrometer. Samples were

stored in -80°C until further use.

3.7 cDNA synthesis
For cDNA synthesis SuperScriptTM Il First Strand Synthesis Systems for RT-PCR (Invitrogen) was

used. This system is optimized to synthesize first-strand cDNA from purified total RNA.

X ul of RNA sample was used and RNase-free water was filled up to 10 pl final sample amount.
Next 10 pl of total RNA was mixed with 10 pl of 2x RXN (RT Reaction Mix) and incubate for 5 minutes
at 65°C and then let stand on ice for 1 minute. 2 pl of RT enzyme mix was added (1:10 of total sample
volume) and incubated for 30 - 50 minutes at 50°C. The reaction was terminated at 85°C for 5 minutes
and then cooled on ice. Finally, 1 pl of RNase H (2U/ul) was added and incubated at 37°C for 20
minutes. Samples were stored at -20°C until further use.

3.8 Adeonviral infection of hES cells
hES cells were infected with adenoviruses expressing constitutively active (ca) ALK1, ALK2, ALKS,
Id1 and LacZ (kindly provided by Kohei Miyazono) using a multiplicity of infection (MOI) of 100.

Optimized infection efficiency of the adenoviruses had previously been verified. Once cells had
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reached 70% confluency they were infected with previous viruses and the following day the hES cells

were dissociated for embryoid body formation and PCR analysis.

3.9 PCR and RT-PCR techniques

3.9.1 Normal PCR
PCR reaction was executed with primers for the housekeeping gene hARP (Biomers), (Table 11)
when cDNA synthesis was complete. A standard PCR solution (Table 9) and program (Table 10) was

used for the amplification.

3.9.2 Quantitative real-time PCR (QRT-PCR)

Real-time PCR was performed on diluted samples and 15 pl reactions executed using Maxima SYBR
green/ROX gPCR master mix (Fermentas). The procedure was carried out according to manufactures
protocol using the following primers (Table 11). The control gene used was hARP. After the run, the
7500 Software v2.0 (Applied Biosystems) gave a Ct value for each sample. The Ct values were then

used to calculate relative quantification values, or fold difference, relative to the housekeeping gene.

Table 9. PCR reaction solution.

Reaction solution Volume (ul)

MgCl; (Invitrogen) 15
10x DreamTaq Buffer (Invitrogen) 25
dNTP Mixture, 2 mM (Invitrogen) 0.5
Forward primer (Biomers, 100 pmol/ul) 0.5
Reverse primer (Biomers, 100 pmol/ul) 0.5
Nuclease-free water (Invitrogen) 18.5
cDNA 1

Dream Tag DNA Polymerase (Invitrogen) 0.06

Table 10. Standard PCR program.

Step Temperature (°C) Time
1 | 94 | 30 sec
2 94 20 sec
3 60 1 min
4 72 1 min

Cycle for step 2 for x more times

5 72 5 min
6 4 0
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Table 11. Primers used.

*Human  hARP f 569 caccattgaaatcctgagtgatgt 115bp AT =60°C
hARP r 684 tgaccagcccaaaggagaag

Human VE-Cadherin f  tggagaagtggcatcagtcaacag 118 bp AT =57°C
VE-Cadherinr  tctacaatcccttgcagtgtgag

*Human Endoglin f ccecgeaccgatccagaccactect 192 bp AT =60°C
Endoglin r tgtcacccctgtcctctgectcac

*Human  CD31f atcatttctagcgcatggectggt 159bp AT =60°C
CD31r atttgtggagggcgaggtcataga

Human KDR f cetctactccagtaaacctgattggg 219bp AT =60°C
KDR r tgttcccagcatttcacactatgg

Human 1d2 f acgacccgatgagectgeta 213bp AT =51°C
Id2r tcctggagegetggtictg

Human 1d3 f tgagetigetggacgac 571bp AT =51°C
Id3r cettggcatagtttggagag

Human VWF f ttccagaatggcaagagagtg 345bp AT =56°C
vVWE r tgagttggcaaagtcataagg

Human ALK1 f gagtccagtcteatectgaaage 544bp AT =57°C
ALK1r ctcttgaccagcacattgcg

*Human  Id1f aaacgtgetgcetctacgaca 152bp AT =51°C
Idir gattccgagttcagctccaa

Human CD34 f tgaagcectagecetgteacct 200bp AT =56°C
CD34r cgcacagctggaggtcttat

Human Tie-2 f atcccatttgcaaagcttctggetgge 512 bp AT =58°C
Tie-2r tgtgaagcgtctcacaggtccaggatg

Human SMA f ccteccttgagaagagttacgagtig 447 bp AT =56°C
SMA r agaggagcaggaaagtgttttagaagc

*Human ALK1 f atctgagcagggcgacac 61 bp AT =60°C
ALK1r actccctgtggtgeagtca

*Human  Calponin f cgcccacaaccaccacgcacacaa 203bp AT =56°C
Calponin r ccgccagtetgctctctccaaactctaa

*primers were also used for qRT-PCR.
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3.9.3 Western Blotting

Cells were lysed in a mix of lysis and sample buffer and sonicated (Bioruptor) (Appendix A). Then the
samples were boiled at 95°C for 10 minutes. Samples were loaded on 10% or 12.5% SDS PAGE gels
and the proteins migrated through the gel at different speeds (120 mA for 2.5 hours). The proteins in
the gel were transferred onto a nitrocellulose membrane in a wet transfer system at 400 mA for 2
hours. Next steps where either done using wet transfer or using the dry iBlot method as explained

below (Figure 13).

Wet transfer: The nitrocellulose membrane was preincubated for 30 minutes in 5% milk diluted in
TBS-T at room temperature. Primary antibodies (Table 12) were mixed with TBS-T containing 3% milk
and incubated on a shaker overnight at 4°C. Following incubation the membranes were washed in
TBS-T and then incubated with secondary antibodies (Table 12) on a shaker for 1 hour at room
temperature, ending with a TBS-T wash 3 times. Finally, the membranes were treated with ECL
Western Blotting Detection System (GE Healthcare) and developed in a dark room with Durr Med

Medicine 260 developing device.

iBlot dry transfer: This new technique is much faster than the wet transfer even though in
principle they are very similar. After electrophoresis, the gel was placed on top of the bottom buffer
matrix which had been covered with a PVDF membrane. Next a wet filter paper was placed on top of
the gel, then the top buffer matrix and last a sponge was placed on top of the filter. The device was
closed and the transfer allowed to take place for
5:40 minutes. The nitrocellulose membrane was
preincubated in TBS for 1 hour at room temperature.
Primary antibodies (Table 12) were mixed with TBS-
T containing 5% BSA and incubated on a shaker

overnight at 4°C. Following incubation the

membranes were washed in TBS-T and then

+++++++++

incubated with secondary antibodies (Table 12)
diluted in TBS-T and 0.01% SDS on a shaker for 1
hour at room temperature, ending with a 3 times
TBS-T wash.

Figure 13. Western blotting method.
(According to Invitrogen protocol)
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Table 12. Antibodies used for Western Blotting.

Antibody Origin Type Dilution Supplier

against

Actin MAB1501R Mouse Primary 1:20000 Millipore
Phospho-Smadl S463/465 Rabbit Primary 1:1000 Cell Signaling
Phospho-Smad2 S465/467 Rabbit Primary 1:1000 Cell Signaling

ld1 sc-488 Rabbit Primary 1:500 Santa Cruz Biotechnology
HRP-Anti-Mouse NA931 Sheep Secondary  1:10000 GE Healthcare
HRP-Anti-Rabbit NA934 Donkey  Secondary  1:10000 GE Healtcare

IRDye 680LT 926-68021 Rabbit Secondary  1:20000 Li-Cor

Irdye 800CW 926-32210 Mouse Secondary  1:20000 Li-Cor

3.9.4 Immunofluorescent staining

Various optimizations were done in order to optimize paraformaldehyde and Goat Serum

concentrations. Different incubation and permablilization time periods were also tested. The

conclusion was to fix cell cultures with 2% paraformaldehyde in Phosphate Buffered Saline (PBS) for

30 minutes, followed by 8 minute incubation in Triton X-100 in PBS to permeabilze the cell

membranes. The two first steps were performed at room temperature.

Samples were preincubated in PBS and 4% Goat Serum. Primary antibodies (Table 13) mixed with

PBS containing 4% Goat Serum were added and incubated on a shaker overnight at 4°C. Then

samples were washed 3x in PBS/0.05% Tween and incubated with fluorescently labeled secondary

antibodies (Table 13) for 1-2 hours in the dark. Samples were rinsed with PBS/0.05% Tween and

again rinsed shortly with dH,O containing nuclei stain (Topro3). Then the chamber slides were

mounted with coverslips using Fluoromount (Sigma-Aldrich) for preservation of the fluorescent signal.

Immunoflourescence was visualized using a confocal Zeiss LSM 5 Pascal laser scanning microscope.
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Table 13. Antibodies used for immunofluorescent staining.

Antibody Origin  Type Isotype Dilution Supplier

against

PECAM-1 M0823 Mouse Primary IgG1 1:100 Dako

ld1 sc-488 Rabbit  Primary IgG 1:50 Santa Cruz
Biotechnology

VE-Cadherin 550878 Mouse Primary lgG1 1:250 BD Pharmingen ™

Endoglin 555746 Mouse Primary lgG1 1:250 BD Pharmingen ™

Phospho- S463/465 Rabbit  Primary IgG 1:100 Cell Signaling

Smadl

Phospho- S465/467 Rabbit  Primary IgG 1:100 Cell Signaling

Smad?2

Actin MAB1501R Mouse Primary IgG1 1:1000 Millipore

CD34 130-046-702 Mouse Primary 1gG2a 1:100 Miltenyi Biotec

aSMA Ab7817 Mouse Primary IgG2a 1:200 Abcam

KDR FAB357P Mouse Primary IgG 1:100 R&D Systems

Cy3 anti- 115-165-146 Goat Secondary  1gG 1:250 Jackson

mouse ImmunoResearch

Alexa 488 A11070 Goat Secondary  1gG 1:1000 Invitrogen

anti-rabbit

IgG 120-000-288 Goat Secondary  1gG 1:500 Miltenyi Biotec

Topro3 T3605 - Nucleic - 1:500 Invitrogen

3.9.5 Acetylated low density lipoprotein (ac-LDL) assay
This assay is characteristic of endothelial cells. It can be used to distinguish endothelial cells from for

instance smooth muscle cells and fibroblasts.

Cells were incubated with 10 pg/ml ac-LDL conjugated to Alexa Fluor 488 (Invitrogen) diluted in
culture medium for 4 hours at room temperature. Control cells were incubated with fresh medium only,
and both conditions rinsed 3x with PBS. The cells were fixed with 4% paraformaldehyde for 8-10

minutes and then rinsed 3x with PBS and once with dH20 containing Topro3.

Then the chamber slides were mounted with coverslips using Fluoromount (Sigma-Aldrich) for
preservation of the fluorescent signal. Immunoflourescence was visualized using a confocal Zeiss

LSM 5 Pascal laser scanning microscope.

3.9.6 Anti-BMP9
To investigate the role of endogenous BMP9 in early vascular development, neutralizing anti-BMP9

antibody (0.1 pg/ml) was used from R&D systems.

hES cells were counted (35000 cells per chamber) and preincubated with neutralizing anti-BMP9

antibody for 30 minutes in EGM-2 medium containing 2.5% serum. Cells were then split onto matrigel
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coated chamber slides (8 wells) and treated in medium containing various growth factors for about 24
hours. The cells were then rinsed once in 1x PBS and fixed with 4% paraformaldehyde. The cells were
then immunofluorescently stained according to previously described method (see. 3.9.4). Then the
chamber slides were mounted with coverslips using Fluoromount (Sigma-Aldrich) for preservation of
the fluorescent signal. Immunoflourescence was visualized using a confocal Zeiss LSM 5 Pascal laser

scanning microscope.
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4 Results

4.1 The effects of TGFB superfamily in vascular development

Our knowledge of vascular development in humans is mainly based on ablation studies in mice.
However, vascular differentiation kinetics differ between mouse and human ES cells, meaning that the
mouse system is not necessarily predictive of the human system. Because the TGF superfamily is
very important in early mouse mesodermal development, we wanted to study its effects and how
downstream transcription factors regulate target genes that are important in differentiation of hES cells
into the vascular lineage. Because of the discrepancy in mouse and human ES cells, as well as within

human ES cells themselves, it is important to unravel the TGFB superfamily’s role in human ES cells.

Much is known about what regulates later stages of vascular development, i.e. angiogenesis. Much
less is known about the mechanism regulating de novo formation of the vasculature. We therefore
wanted to improve the enrichment and enhancement of hES derived endothelial precursors and to
study their potential to make tube-like structures by stimulation or inhibition by different members of
the TGFB superfamily.

4.1.1 Effect of BMP4 on spontaneous differentiation

Several studies have explored the endothelial potential of hES cells in general, mainly by using
spontaneous differentiation. Embryonic stem cells form embryoid bodies which recapitulate the
development of all three germ layers including early vascular events (Feraud et al., 2001; Itskovitz-
Eldor et al., 2000; Risau et al., 1988). In mice, the vasculature arises from the mesoderm, and it is
suggested that one of its regulatory signals is BMP4 (Baron, 2001; Winnier et al., 1995). Recent paper
by Boyd et al indicates that BMP4 can enhance the formation and outgrowth of an immature vascular
system in human embryonic stem cell-derived embryoid bodies (EB). Vascular outgrowths are a
network of cells similar to capillary-like structures formed by mature endothelial cells (Boyd et al.,
2007). With that in mind, we wanted to compare the effect in equivalent differentiation medium to

Boyd's and in well established endothelial growth medium on vascular outgrowth from human EBs.

To determine the effect of BMP4 in human vascular development, hES cell colonies grown on
MEFs in H1 medium were dissociated for embryoid body formation and differentiation. EBs were
cultured for 5 days on low attachment culture plates in differentiation medium with and without BMP4
(10 ng/ml) (Figure 14). EBs from both conditions were moved onto matrigel substrate and cultured for

additional 5 days either in differentiation medium or EGM-2 medium with and without BMP4.
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Figure 14. Morphology of hES cells and embryoid bodies.
(A) Undifferentiated hES cell colonies on MEF feeder layer. (B) Untreated EBs in suspension at
day 4. (C) BMP4 (10 ng/ml) treated EBs in suspension at day 4.

As seen on the flowchart in Figure 15, EBs grown in differentiation medium without treatment with
BMP4 did not develop any outgrowth. Within 2-3 days the cells began to migrate out of the EB along
the surface when supplemented with BMP4, consistent with Boyd's results. EBs culture in EGM-2
medium without supplementation of BMP4 resulted in outgrowths (black arrows). However, additional
supplementation of BMP4 to EGM-2 medium resulted in abnormal hyper outgrowth (red arrow).
Because the EGM-2 medium contains various growth factors possibly including BMP4, the baseline is
already inducing vascular outgrowth. Therefore, the addition of BMP4 might result in hyper abnormal
outgrowths.

Differentiation
medium

EGM-2

medium

| |
-BMP4 + BMP4 - BMP4 + BMP4

Figure 15. Differentiation flow chart of human embryoid body outgrowth.
hES cells were cultured in either differentiation medium or EGM-2 medium with or without
10 ng/ml BMP4 to observe outgrowth.
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Since we can not be absolutely certain that the BMP signalling cascade is continuously active
during this differentiation process we decided to use a more robust setup by overexpressing BMP type
| receptor, ALK2 and the BMP4 downstream target Id1. We infected hES cells with LacZ (control), and
with constitutively active (ca) ALK2 and Id1 adenoviral constructs. When hES cells had reached 70 %
confluency they were infected and the day after the cells were harvested for western blot analysis. The
western blot results confirm the overexpression of caALK2 and Id1, with anti-HA and anti-ld1
antibodies (Figure 16, A and B). Parallel, infected embryoid bodies were seeded onto matrigel coated
wells in differentiation medium for tube like formation (Figure 16C). Morphology images show that the
caALK2 (b) and 1d1 (c) overexpressed human EBs develop vascular outgrowths (red arrows) much
more potently than the LacZ control (a).

A B LacZ

ld1

O = o o)

LacZ caALK2/HA = £ = =

- - - g = 8 8

o Q @] O ™~ Ire) = o~
= = = =
2 o [ [l
= o [ =
— o~ — o~

16 kDa — « Id1

65 kDa — « caALK2

42 kDa — « actin

; _ . 200pm :
Lacz caALK2 ld1
(200 MOI) (100 MOI) (200 MOI)

Figure 16. BMP signalling pathway induces vascular outgrowth from embryoid bodies via ALK2
and Id1.
ES cells were infected with adenoviral constructs containing LacZ, caALK2/HA and Id1. The day
after, the cells were harvested for western blot analysis to confirm the overexpression of
caALK2 (A) and Id1 (B) with anti HA and anti-ld1. (C) When hES cells were infected with
previously used adenoviral constructs and seeded onto matrigel, they showed the ability to form
tube-like structures.

It is important to verify that the human EB outgrowths are real vascular outgrowths. Hence, human
EBs need to be immunofluorescently stained to observe vascular markers. After cultivation of EBs
under various culture conditions, the whole EBs were immunofluorescently stained to study protein

distribution. As can be seen from Figure 17 the stainings were rather unpredictable. Primary
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antibodies used for protein assessment were anti-ld1 and anti-Endoglin, secondary antibodies used
were Alexa Fluor 488 (green) and Cy3 (red). No specificity from either growth factors or antibodies
could be observed. It was difficult to stain the whole EBs as we could not be certain that the staining
had reached the core of the EB. Therefore, as mentioned in materials and methods, optimization for
immunofluorecense staining was performed. EBs were permeabilized in different concentrations at
different time intervals. Instead of using a combination of PBS and goat serum for secondary antibody
stainings, we used IF buffer (Appendix A). However, we were not satisfied with whole EB
immunofluorescent stainings using previous protocol. Also, it was challenging to keep the EBs fixed on
the chamber slides after transferring them from culture plates. Therefore we decided to attempt using
protocol published by Ng et al and assess vascular gene expression during EB development (Ng et
al., 2008).

Figure 17. Immunofluorescent staining of EB generated in BPEL medium.
(A) 1d1 expression was mostly observed in outgrowths of BMP4 stimulated EBs. Id1 expression
was detected using anti-ld1. (B) Anti-Endoglin antibody detected Endoglin expression on BMP4
treated EB surface. Secondary antibodies used were anti-mouse Cy3 (red) and anti-rabbit
Alexa Fluor 488 (green).

4.2 Upregulation of vascular markers induced by the TGFB superfamily

In 2008 Ng et al developed a method that uses recombinant protein-based, animal product-free
medium in which hES cells are aggregated by centrifugation to form EBs (Ng et al., 2008). The
importance of this method is twofold. Firstly, to initiate aggregation, a known number of
undifferentiated hES cells is used in each well of a 96 well round bottomed low attachment plate,
resulting in reproducible formation of EBs uniform in size in all wells (Costa et al., 2007). Secondly, the
method uses of defined medium that is neutral and therefore suitable for analyzing the effects of
exogenously added growth factors (Johansson & Wiles, 1995). We carried out Ng'‘s protocol (Materials
and methods 3.4.2) to direct differentiation towards endothelial lineage, using various stimulants. hES
colonies were harvested and optimum cell number for mesodermal differentiation used, i.e. 3,000 cells

per well. The 96 well plate was then centrifuged to initiate forced EB formation (Figure 18).
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Figure 18. Embryoid bodies generated in BPEL medium using the SpinEB method.
(A) Morphology images of undifferenatiated hES cells at day 0 right after centrifugation.
(B) More compact Spin embryoid bodies at day 2.

Because of the controversy in regard to which growth factors induce mesodermal differentiation
and the proliferation and migration of vascular cells, we were interested in studying what vascular
genes and TGFB endothelial specific genes were expressed upon different stimulation or inhibition
with TGFB superfamily members. To our knowledge, the effects of few of these growth factors have
not been elucidated in human vasculogenesis. Both BMP9 and BMP10 have been shown to bind to
the endothelial specific receptor ALK1 in endothelial cells, causing phosphorylation of Smad1/5/8
(Brown et al., 2005). Whether this binding causes inhibition or induction of vascular formation is still

unclear and inconsistent between research groups as previously mentioned.

Table 14. Growth factors used for differentiation.

Growth factors Concentration

TGFB 5 ng/ml
BMP4 10 ng/ml
BMP9 1 ng/ml
BMP10 10 ng/ml
VEGF 10 ng/ml
ActA 10 ng/ml
SB-431542 10 uM
Noggin 300 ng/ml

For relative expression studies, a SpinEB experiment was carried out. The EBs were cultured for 5
and 10 days on low attachment culture plates in chemically defined medium and treated with different
members of the TGFB superfamily or their inhibitors (Table 14). The cells were harvested, RNA
isolation performed and cDNA made. All experiments for each gene were repeated three times and
each experiment performed in triplicate.
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Figure 19. TGFB and Noggin upregulated the vascular marker CD31 (PECAM-1) during hES cell
differentiation.
hEBs were treated with various growth factors of the TGF[ superfamily for 5 and 10 days, and
unstimulated cells used as a control. CD31 expression was assessed with gRT-PCR. P < 0.05.
Error bars, s.d. of experimental values performed in triplicate.

We assessed the expression of several vascular and smooth muscle cell markers as well as TGFf3
components that have been reported to have a pivotal role in blood vessel formation. CD31 is a cell
surface protein that can be found on various cell types, especially endothelial cells and is involved in
angiogenesis. As seen in Figure 19, TGF highly induced the vascular marker CD31, almost 5 fold
expression, whereas the other ligands tested did not. Noggin is the inhibitor of BMP4 and SB-431542
the inhibitor of the TGFB branch of the superfamily. Inhibiting the BMP branch with Noggin for the first
5 days also upregulated CD31 expression close to 3.7 fold. When the TGF[3 cascade was inhibited, no
CD31 upregulation was detected, which is consistent with our main results. Other ligands tested did

not have much effect on CD31 expression.
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Figure 20. Ligands of the TGFB branch upregulate the endothelial marker ALK1 during hES
cell differentiation.
EBs were treated with various stimulants and inhibitors for 5 and 10 days, and unstimulated
cells used as a control. ALK1 expression was assessed with gRT-PCR. P < 0.05. Error bars,
s.d. of experimental values performed in triplicate.

Next | assessed the expression of the endothelial specific TGFf type | receptor ALK1. Again, the
TGF branch of the superfamily highly upregulated ALK1. Ligands belonging to the TGFB branch of
the superfamily induced more ALK1 expression than the other ligands. Stimulation with both TGF(
and ActivinA upregulated ALK1 expression the most, along with Noggin inhibition for the first 5 days.
TGFB upregulated up to 2 fold expression of ALK1 and both ActA and Noggin induced nearly 2.5 fold
expression. As before, the BMPs did not have much effect upregulating ALK1 (Figure 20).
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Figure 21. BMP9 and Noggin upregulate Endoglin during hES cell differentiation.
EBs were treated with various stimulants and inhibitors for 5 and 10 days, and unstimulated
cells used as a control. Endoglin expression was assessed with gRT-PCR. P < 0.05. Error
bars, s.d. of experimental values performed in triplicate.
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The endothelial TGF type Il co-receptor Endoglin is more upregulated by BMP9 and BMP10 than
the TGFB branch (Figure 21). Endoglin is located on the cell surface and is part of the TGFp receptor
complex. This receptor has a role in the development of the cardiovascular system and in vascular
remodeling. BMP9 and BMP10 stimulation upregulate potently the highest Endoglin expression, as
well as early inhibition with Noggin. Both BMP9 and Noggin induce Endoglin stronger than other
ligands. BMP9 induced over 18 fold expression of Endoglin and Noggin more than 29 fold. Of note,
although Noggin inhibits BMP4, it does not inhibit BMP9 or BMP10. Other ligands tested did not have
much effect on Endoglin expression.
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Figure 22.TGFB upregulates 1d1 during hES cell differentiation.
EBs were treated with various stimulants and inhibitors for 5 and 10 days, and unstimulated
cells used as a control. Id1 expression was assessed with gqRT-PCR. P < 0.05. Error bars, s.d.
of experimental values performed in triplicate.

Id1 is a known BMP target. BMP4/9 and 10 upregluate Id1 but TGFp resulted in 5 fold upregulation
upon stimulation on day 10 during EB differentiation (Figure 22). To our surprise, TGF was more
potent inducer of 1d1 then the BMP ligands. This could be explained by data reported by Goumans
and colleagues that TGFB can induce the ALK1/Smadl/5/8/ld1 cascade in ECs. By day 10, the
vascular genes needed for endothelial phenotype are already present and TGFB can therefore work
through both ALK1 and ALK5 (Goumans et al., 2002). Other ligands tested did not have much effect

on Id1 expression.
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Figure 23. TGFBs components, TGFB, ActA and Noggin upregulate smooth muscle marker
Calponin during hES cell differentiation.
EBs were treated with various stimulants and inhibitors for 5 and 10 days, and unstimulated
cells used as a control. Calponin expression was assessed with gRT-PCR. P < 0.05. Error bars,
s.d. of experimental values performed in triplicate.

In order to see if the TGFB superfamily has any effect on SMC development during EB formation, |
studied Calponin expression. Calponin is a late marker for smooth muscle cells, being a calcium
binding protein. Calponin is responsible for binding many actin binding proteins, phospholipids and
regulating the actin/myosin interaction. Calponin was upregulated almost 3.5 fold when cells were
stimulated with Noggin for the first 5 days. The TGFB seems to play the biggest part in inducing
Calponin expression, along with ActivinA, resulting in more than 2 to 3.5 fold upregulation. Other
ligands tested did not have much effect on Calponin expression (Figure 23).

Recent reports have shown that the BMP-Smad1l pathway plays an important role in angiogenesis
and therefore we expected that branch to be important during vascular enrichment. To our surprise
TGFB was by far the most effective inducer of all the markers we assessed in the embryoid bodies
differentiation model. To get more insight into the role of the two main branches in the TGFf pathway,
we decided to overexpress hES cells with 3 different constitutively active (ca) type | receptors as well
as Id1. hES cells were infected with an adenoviral construct of caALK1, caALK2, caALK5 and 1d1,
using a multiplicity of infection (MOI) of 100. LacZ was used as a negative control. To assess gene
expression, cells were harvested after 20 hours, RNA extracted and cDNA made and amplified by
PCR. The results showed that Calponin and CD31 was most upregulated in caALK5 overexpessed
cells and the late endothelial cell marker VE-Cadherin showed highest level of expression in caALK1

overexpressed cells (Figure 24).
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Figure 24. hES cells infected by adenoviral constructs.
hES cells overexpressing caALK5 upregulate the smooth muscle marker Calponin as well as
early vascular marker CD31, whereas caALK1 and caALK2 upregulate the late endothelial
marker VE-Cadherin.

This is consistent with my gRT-PCR data in that TGFB results in upregulation of early vascular
marker CD31. VE-Cadherin is a late endothelial marker and is more expressed in caALK1
overexpressed cells, possibly by BMP9 or the TGFB/ALK1 pathway. We therefore suggest that TGFf3
is necessary in upregulating TGFB vascular specific genes, such as ALK1 and Id1 and the early
vascular marker CD31. After upregulation of ALK1, BMP9 is able to induce the endothelial marker VE-
Cadherin via ALK1 with the help of the co-receptor Endoglin.

4.3 Cell sorting of vascular progenitors

One aim of the project was to address whether sprouting takes place during vascular expansion by
stimulating hES-derived CD31+ cells with different TGFB ligands and assess tube formation. Since
previous reports have shown BMP signalling and inhibition of the TGFf signalling cascade to induce

endothelial proliferation and maintenance (Bai et al., 2010; Boyd et al., 2007; James et al., 2010), that
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became the main focus of this project. It is very important to take notice of growth factor concentration
and time and duration of stimulation. Poon and colleagues reported that TGF stimulation for the first
3-8 days decreases EB vessel formation (Poon et al., 2006). TGFB and Notch signalling are more
likely to mediate hES cell differentiation towards smooth muscle cells (SMC) (Kurpinski et al., 2010).
On the other hand, James et al., reported that early activation of this pathway, before day 7, is
required for mesodermal precursor differentiation, and inhibition after day 7 to maintain endothelial
identity (James et al., 2010). In 2010 Bai et al., reported that high concentration of BMP can also

induce hES cell to differentiate towards mesoderm (Bai et al., 2010).

A part of this project was to develop a cell sorting technique using the MACS method. Our previous
work on EB formation and immunostaining of the whole EBs, was not fully convincing. By sorting
CD31+ cells, (vascular progenitor cells), we hoped for more concrete results. We wanted to improve
the enrichment of hES cell derived endothelial cells and to study their potential to make tube-like

structures by using different members of the TGF superfamily.

To induce spontaneous differentiation, undifferentiated hES colonies were dissociated into clumps
and embryoid bodies formed in suspension (Materials and methods 3.4.1.). They were cultured for 10
days in serum-free differentiation medium on non-adherent culture plates. Previous reports were
based on cultures in the presence of serum, which contains many unknown factors. In this study, we
used serum replacement in order to avoid any disturbance of growth factors or inhibitors from the
serum. The embryoid bodies were cultured in differentiation medium alone or the medium was
supplemented with 10 ng/ml BMP4. The morphology differed slightly between culture conditions. On
days 3-5 the EBs looked compact and round in both conditions. On day 10 unstimulated EBs still
looked compact and round, however and to our surprise the BMP4 stimulated EBs had attached to the

culture plate in some of the wells (Figure 25).
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Unstimulated

Figure 25. Embryoid body formation in suspension.
Embryoid bodies were cultured for 10 days in differentiation medium alone, or the medium was
supplemented with 10 ng/ml BMP4.

By day 10, cell separation was performed using the MACS method (Materials and methods 3.5.1.).
EBs were harvested from suspension culture and CD31+ cells purified by cell sorting using anti-CD31
antibody. Those cells are believed to be vascular cells (Levenberg et al., 2010). The sorted cells were
plated onto gelatin coated culture plates and expanded (Figure 26). CD31+ cells were then plated onto
matrigel coated chamber slides for tube like formation assay (Figure 29). Figure 26 shows proliferation
time of vascular cells cultured on gelatin. By day 5 there were few cells in both conditions, however
cells stimulated with BMP4 induced endothelial cell proliferation faster than unstimulated cells. By day

13 both conditions showed similar proliferation rate (data not shown).
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Unstimulated BMP4

Figure 26. BMP4 stimulated cells induce more CD31+ cells.
Stimulation with 10 ng/ml BMP4 induced more proliferation of CD31+ sorted cells on gelatin.

We wanted to confirm that the proliferated CD31+ sorted cells were indeed vascular cell that had
endothelial potential. One way to characterize ECs is by Acetyleted-LDL (ac-LDL) uptake (Li et al.,
2011). Fluorescently labeled ac-LDL was added to the CD31+ sorted cell culture to confirm if the
sorted cells were indeed mature ECs. Human umbilical vein endothelial cells (HUVECSs) were used as
a positive control as they are true mature ECs and take up ac-LDL. As seen in Figure 27, HUVECs
were able to take up ac-LDL and so did the CD31+ sorted cell, confirming that this cell population
consists of endothelial cells.
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Figure 27. Acetylated low density lipoprotein assay.
To confirm that the CD31+ sorted cell population had indeed endothelial potential, fluorescently
labeled ac-LDL was added to CD31+ cell culture to observe their ability to take up ac-LDL.

HUVEC cells were used as a positive control, they are mature endothelial cells that take up ac-
LDL.

Besides showing endothelial potential we wanted to know if the CD31+ sorted cell population also
had smooth muscle potential. We therefore seeded the CD31+ sorted cells onto gelatin and
immunofluorecently stained with antibody against smooth muscle marker aSMA. We observed that the
cells expressed aSMA as well as the endothelial marker Endoglin (Figure 28).
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Figure 28. CD31+ cell population is able to differentiated into both endothelial and smooth
muscle cells.
CD31+ cells were plated on to gelatin for immunofluorescent staining. The cells were fixed and
stained with primary antibodies anti-aSMA and anti-Endoglin. Secondary antibody used was
anti-mouse Cy3 (red).
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To study the effects of TGFB growth factors on the CD31+ sorted cell population, several biological
assays were performed that mimic angiogenesis in vivo. The assay we used was tube-like formation

assay and tubes were assessed using immunofluorescent stainings.

Figure 29 shows morphology images of CD31+ cells on matrigel, where both unstimulated and BMP4

stimulated cells formed tubes.

Unstimulated

Figure 29. hES derived CD31 + cells form tubes on matrigel.
The biological assay of tube-like formation was performed on matrigel to see both unstimulated
and BMP4 stimulated cells potential to form tubes.

Both untreated and BMP4 stimulated cells were able to form tubes. As seen in Figure 30 BMP4
promotes more organized tube like formation. Untreated and BMP4 stimulated cells induce similar
expression of endothelial markers. BMP4 stimulated cells induced slightly more phosphorylation of
BMP downstream transcription factor Smadl than unstimulated cells and show more VE-Cadherin
expression (Figure 30). Surprisingly, CD31+ cells showed phosphorylation of TGFB downstream
transcription factor Smad2 in both conditions. Both conditions showed similar expression of
transmembrane co-receptor Endoglin, but BMP4 treated cells expressed Id1l at modest level.
Interestingly, aSMA expression was also seen in BMP4 stimulated cells. Our results are consistent
with previous findings by Valdimarsdottir and colleagues, were they report that BMP receptor/Smad
activation stimulate endothelial cell migration and tube-like formation. This indicates that BMP has a
role in regulating differentiation and organization of newly formed endothelial cells (Valdimarsdottir et

al., 2002), rather than in later developmental stages.
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Figure 30. BMP4 induces hES cell mesodermal differentiation.
BMP4 stimulated cells upregulate more vascular markers and form more organized tubes
compared to untreated cells. For nuclei staining, all conditions were stained with Topro3.
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To broaden our view on the effect of TGFB superfamily components, hES-derived endothelial cells
were stimulated with either stimulants or inhibitors. Endothelial cells have an endothelial specific type |
receptor, ALK1. TGFB has been known to signal both through ALK5 and ALK1 with opposite affects.
Activation of the ALK1-Smad1/5/8 pathway showed EC proliferation and migration. Upon binding to
ALKS5 it causes phosphorylation of Smad2/3, leading to inhibition or activation (Goumans et al., 2002).
The SB-431542 inhibitor is known to inhibit the TGF pathway.

Recently, another member of the TGF[3 superfamily, BMP9 was shown to bind with high affinity to
ALK1 in endothelial cells, but its effect on endothelial cells is controversial. Reports have suggested
that the BMP9/ALK1 cascade inhibits proliferation and migration of endothelial cells (David et al.,
2007; Scharpfenecker et al., 2007). Three years later, Suzuki et al., reported BMP9 to induce
proliferation and migration of endothelial cells (Suzuki et al., 2010). Hence, the role of BMP9 on ECs is
still unclear. Moreover, to our knowledge BMP9 has not been studied in hES derived endothelial cells.

Therefore, we wanted to get more insight into the effect of BMP9 on hES derived vascular cells.

Endothelial cell properties of hES derived CD31+ cells were evaluated in cord like formation. BMP9
treatment of CD31+ cells resulted in induced tube-like formation much faster than the other ligands
tested. Consistent with increased tube formation upon BMP9 treatment, these cells also had the
highest expression of the endothelial marker VE-Cadherin. BMP9 induces endothelial cell
differentiation and they have acquired an endothelial fate, since no aSMA expression could be
detected. Upon BMP9 treatment phosphorylation of Smadl was observed as well as expression of
Id1. BMP10 stimulated cells show some tendency to form tubes and show expression of Endoglin, as
well as BMP9 stimulated cells. We observed that TGF treated CD31+ cells showed tendency to form
tubes expressing both VE-Cadherin and Endoglin. Phosphorylation of Smad2 was observed with most
intensity in TGF stimulated cells, as expected but to our surprise, p-Smad?2 could also be detected in
BMP9 treated cells. No tubes were formed when the TGFf branch was inhibited with SB-431542
inhibitor (Figure 31). Kinase insert domain receptor (KDR), also known as vascular endothelial growth
factor receptor 2 (VEGFR-2) is an early mesodermal marker. Since CD31+ cell population has

assessed endothelial fate, not KDR expression could be detected (data not shown).
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Figure 31. BMP9 induces endothelial cell differentiation.
BMP9 induces tube formation and endothelial cell marker expression much earlier that other ligands.
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Figure 32. BMP9 induces phosphorylation of transcription factor Smad1l and expression of Id1.
When hES cells are stimulated with BMP9 it caused phosphorylation of Smadl and expression
of Id1. Showing, that BMP9/ALK1/Smad1l pathway is active, leading to almost 3 fold translation
of 1d1 compared to unstimulated cells.

It is important to identify key signalling pathways, how growth factors and inhibitors act on hES cell
fate. How these factors interact and activate transcription factors downstream of pathways of interest
is equally important. We were interested in knowing if BMP9 is activating the Smad1/5/8 branch in
hES derived cells. Cell lysates were analysed on western blot. Figure 32 shows that stimulation with

BMP9 induces phosphorylation of Smadl and expression of Id1 protein.

4.3.1 Anti-BMP9

Given the involvement of BMP9 signalling in hES derived vascular cell sprouting and the fact that
serum in the EGM medium might contain bioactive BMP9 (David et al., 2007) we made an attempt to
pre-incubate CD31+ cells with or without anti-BMP9 neutralizing antibody. Figure 33 shows p-Smad1l
activation in untreated cells. BMP9 pre-incubated cells did show less organized tube formation and
less activation of p-Smad1l than cells not pre-incubated with BMP9 antibody. The experiment was only

done once and needs to be repeated to give reliable results.
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Figure 33. Anti-BMP9 neutralizing antibody leads to less organized tube formation and
decreases Id1 expression.
(A) CD31+ cells were pre-incubated for 30 minutes with 1gG antibody that served as a negative
control. (B) CD31+ cells were pre-incubated with anti-BMP9 neutralizing antibody (0.1 ug/ml) for
30 minutes. To assess p-Smad1 activation, cells were fixed and stained with primary anti-p-
Smadl antibody. Secondary antibody used was anti-Alexa Fluor 488 (green).

For all fluorescent stainings, cells were stained with IgG antibody and secondary antibodies, anti-
mouse Cy3 (red) and anti-rabbit Alexa Fluor 488 (green). This was done to exclude any unspecific
binding of IgG or secondary antibodies. In Figure 34 negative controls can be seen. Since all negative

controls were successful, Figure 34 applies to all previous immunostaining experiments.
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Figure 34. Negative control for immunofluorescent staining of hES cells.
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5 Discussion

It is of great importance to elucidate the mechanisms behind early human vascular development.
From knockout studies in mice we have learned that the TGF superfamily may play an important role
in determining hES cell fate towards the vascular lineage. In this study we used hES cells as an in
vitro model to analyze human vascular development and to further improve currently used techniques
to make vascular cell derivation more efficient for future clinical applications. | was able to establish a
differentiation method to isolate hES derived vascular cells (CD31 positive cells). This vascular cell
population expressed both endothelial and smooth muscle cell markers, suggesting that these cells
are vascular progenitors, with the ability to further mature either into endothelial cells or smooth
muscle cells. The most interesting results indicate that BMP9 is by far the strongest inducer of tube
formation in hES derived CD31+ cells. The BMP9 stimulated cells did not express aSMA anymore and
we can therefore decuce that BMP9 promotes the differentiation of these vascular precursors towards

mature endothelial cells.

5.1 BMP involvement in vascular outgrowths

What directs pluripotent stem cell differentiation into lineage-specific cells still remains partially
unknown. Many papers suggest what molecular signals control differentiation and vessel formation.
Boyd et al proposed BMP4 to be one of those growth factors, that are required for mesodermal
formation and vascular- and heamatopoietic differentiation. Their findings indicate that BMP4
enhances the formation and outgrowth of an immature vascular system in hES cells (Boyd et al.,
2007). Bai and colleagues demonstrated that BMP2/4/7 but not BMP9, promotes human embryonic
stem cell differentiation into CD34+CD31+ vascular progenitor cells (Bai et al., 2010). Boyd et al used
endothelial growth medium containing serum supplemented with 100 ng/ml BMP4. Serum contains
various known and unknown growth factors and inhibitors. This high BMP dose is above the bioactive
concentration. Hence, we were interested in recapitulating these vascular outgrowth experiments
without serum and using ten times lower dose of BMP4 to see the real effect of BMP4 during hES cell

vascular commitment.

EBs grown in differentiation medium without the addition of BMP4 did not show any outgrowth.
Outgrowths could only be detected in EBs grown in differentiation medium supplemented with BMP4,
consistent with the above mentioned studies. The EGM-2 medium induced vascular outgrowth of EBs,
consistent with Yu and colleagues (Yu et al., 2009). Addition of BMP4 in EGM-2 medium resulted in
abnormal hyper outgrowth, possibly because the EGM-2 medium contains various growth factors
including VEGF and possibly BMP4. To get more insight into the BMP effect on vascular outgrowth,
we decided to overexpress a constitutively active (ca) form of the BMP type | receptor, ALK2 and the
BMP downstream target Id1. hES cells infected with adenoviral constructs of caALK2 and 1d1,
confirmed BMP4 to signal through ALK2 receptor and Id1 as the cells showed similar effects on EB
outgrowth, respectively. To confirm that the EB outgrowths were indeed vascular outgrowths,

immunostainings for vascular marker expression were done. Unfortunately, we did not succeed in
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staining whole embryoid bodies despite great efforts in optimizing the protocol and therefore the

results were not as clear cut as we hoped for.

5.2 TGF induces vascular marker expression in embryoid bodies

Since vasculogenesis in human ES cells has not been studied thoroughly, current understanding of
early human embryonic development is for the most part based on mouse experiments. Because of
the discrepancy in regard to which TGFp superfamily members induce mesodermal differentiation and
the proliferation and migration of vascular cells, we were interested in studying which vascular genes
were expressed upon different treatment with members of the TGFB superfamily during hES
differentiation. To elucidate the effects of specific growth factors on hES cells, we performed gRT-PCR
for several genes of interest. Again, to avoid any noise from the serum we now used chemically
defined medium (Ng et al., 2008).

Our findings suggest that upon TGFf stimulation, CD31 expression was elevated. No upregulation
could be detected for the first 5 days, but by day 10 the expression had increased almost 5 fold. In
2006, Poon and colleagues published a paper highlighting the difference between early human and
mouse embryonic development. Both Poon and other laboratories have shown that TGFB and its
signalling components are crucial for early vascular development in mice. On the other hand, Poon et
al reported that TGF treatment was inhibiting the expression of CD31 in human EB vessel formation.
According to James et al, stimulation with TGF@ for the first 7 days and followed by inhibition
thereafter is essential to achieve a large number of stable and proliferative endothelial cells (James et
al., 2010). TGFB might affect differentiation of ES cells into the emergence and maintenance of

endothelial precursors (Poon et al., 2006).

Our results showed robust Endoglin expression upon BMP9 stimulation for the first 5 days (and
inhibition with Noggin). These results are consistent with Suzuki’s results, were VEGFR2+ derived
hES cells cultured in serum-free medium supplemented with 30 ng/ml VEGF and 1 ng/ml BMP9

showed upregulation of Endoglin.

Activin receptor-like kinase 1, ALK1, is only expressed in endothelial cells. Both TGFB and BMP9
have been shown to bind to the ALK1 receptor activating a different branch of the TGFB superfamily
leading to different effects (Ricard et al., 2012; Suzuki et al., 2010). Our results demonstrated that
ActivinA and TGFB induce ALK1 expression, ActivinA for the first 5 days and TGFf later on in the
differentiation process. In 2002, Goumans and colleagues reported that the activation state of the
endothelium being able to signal via two distinct TGF[ type-I receptors i.e. ALK5 and ALK1. There
they display TGFBR/ALK1 pathway to induce endothelial cell migration and proliferation of mouse
embryonic endothelial cells (MEEC). Increased ALK1 signalling resulted in increased Id1 expression
(Goumans et al., 2002). According to our results TGFB stimulation resulted in almost 5 fold expression
of 1d1. Id1 has been thought to be the target of the BMP branch. We believe that the signal is going
through TGFB/ALK1, causing phosphorylation of Smad1/5/8 and in turn activating transcription of Id1.

In a recent article, TGFB (and Notch) signalling is believed to mediate hES cell differentiation into

smooth muscle cells (Kurpinski et al., 2010). According to our results TGFB stimulation during later
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stages of hES cell differentiation does induce Calponin expression. From our previous results on the
possible role of BMP4 on vascular outgrowths we had expected BMP4 to be a potent inducer of
vascular markers during hES cell differentiation observed by qRT-PCR. To our surprise it had the
opposite effect. Moreover, Noggin subjected hEBs had increased vascular marker expression along
with TGFB, which was the strongest inducer. Possibly, the activation state of the endothelium might be
dependent on the balance of ALK1 versus ALK5 activation that is induced by TGFB (Goumans et al.,
2002), BMP4 and inhibition with Noggin.

5.3 BMP9 induces tube like formation of hES derived vascular cells

One part of my project was to establish a cell sorting technique for isolating hES derived vascular cells
using the MACS method and use this method to address sprouting during vascular expansion by
stimulating hES-derived CD31+ cells with different TGFp ligands. Among other growth factors, BMP9,
a relatively new member of the superfamily was of special interest to us. The effect of BMP9 on
endothelial cells is debated in the literature and to our knowledge it has not been studied in hES
derived vascular cells. Therefore we attempted to elucidate the effect of BMP9 and other TGFf

superfamily members on vascular expansion in hES derived vascular cells.

When hES cells were either stimulated or inhibited with a member of the TGFB superfamily, BMP9
was by far the fastest to induce tube-like formation and to upregulate vascular markers compared to
other growth factors used. hES cells were harvested for western blot protein detection to confirm
BMP9/Smad1/5/8 activation.

To date much more is known about the effect of the TGFB superfamily on mature endothelial cells
than during early development. Human embryonic stem cells can come in great use to study early
vasculogenesis and to characterize various human vascular diseases. Several research groups
around the world are studying the effects of the TGF superfamily on early vascular development. The
biological effects of BMP9 stimulation on ES cells has caused a discrepancy among the research
community. Suzuki and colleagues reported BMP9 to induce proliferation and migration of endothelial
cells in mice (Suzuki et al., 2010). Meanwhile, other groups have reported that BMP9 binds with high
affinity to ALK1 in endothelial cells, but that the BMP9/ALK1 cascade inhibits proliferation and
migration of mouse endothelial cells (David et al., 2007; Scharpfenecker et al., 2007). We wanted to
elucidate the effects of BMP9 in human embryonic stem cell derived-vascular cells. Our experiments
are novel in two ways. The effect has never been studied in human embryonic stem cells or in early
human development. From our results, as said before, BMP9 was much more potent in inducing tube-
like formation and to upregulate vascular markers compared to other growth factors used. This
indicates that BMP9 indeed induces endothelial properties, in line with Suzuki’s results. Surprisingly,
phosphorylation of Smad2 was continuously present, even though Smad?2 is a known TGFf target. In
the sprouting assays we used EGM medium including serum which may explain the effects of Smad2
activation. In a paper from 2009, Upton and colleagues also demonstrated that BMP9 was able to
induce stimulation of Smad2 and phosphorylation of Smad2 (Upton et al., 2009). Another ligand,
BMP10 is thought to be able to compensate for the absence of BMP9.
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Defects in retinal vascularization were not observed in BMP9-KO in mice. However when the
extracellular domain of ALK1 was injected intraperitoneally, retinal vascularization was diminished.
These findings suggested another ligand for ALK1l. When BMP9-KO mice were injected with
neutralizing BMP10 antibody, vascularization was induced, indicating that BMP9 and BMP10 are able
to substitute each other (Ricard et al., 2012).

We made an attempt to use previously mentioned neutralizing BMP9 antibody. Unfortunately this
attempt was not successful. hES cells were pre-incubated with or without anti-BMP9. Both these
conditions were stimulated with various growth factors from the TGFB superfamily. The difference
between those two conditions was not clear, indicating that the pre-incubation might not have been
successful. No reliable results can be concluded from this experiment and can only be predicted as
preliminary. When culture without pre-incubation was compared to pre-incubated cells, based on
endothelial maker expression and tube formation, hardly any difference could be detected. In regard to
both BMP9 and BMP10 stimulated cells, they even seemed to induce tube formation and endothelial
expression when pre-incubated. To examine the specific effect of BMP9 on human embryonic derived

vascular cells it is very important to repeat this experiment.
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6 Conclusions

Based on previous results, hES cell differentiation towards endothelial cells is fairly complex. Previous
work has suggested the importance of BMP4 to direct hES cells into mesodermal differentiation, and
possibly towards vascular cell differentiation. When studying both vasculo- and angiogenesis during
this project, BMP4 treated EBs showed the ability to form outgrowths. However immunofluorescent
stainings were not able to confirm that the tube formation expressed endothelial markers. Hence, we

used a different approach for differentiating EBs towards the vascular linage.

Using chemically defined serum-free medium to form EBs, we obtained different results. gRT-PCR
results strongly indicated that TGFp have a vital role in vasculogenesis by directing hES cells towards
vascular cell differentiation. By using a chemically defined medium, we can be quite confident that the

effects we see are caused by externally added growth factors.

The CD31+ sorted cell population (“vascular cells”) had both endothelial and smooth muscle cell
properties. “Vascular” cells treated with BMP9 induced tube-like formation much faster than the other
ligands tested, and differentiated the cells towards the endothelial linage, expressing endothelial
markers VE-Cadherin and Endoglin. Whereas, if these “vascular’ cells were TGF[@ treated they
showed differentiation tendency towards smooth muscle cells, expressing Calponin and aSMA (Figure
35).

BMP4
TGFB

Flk (KDR)
Mesoderm T-Brachyury

BMP4?
TGFB
CD31
BIVIP?/ ‘GFB?
VE-cadherin Calponin
Endoglin aSMA

Figure 35. hES derived endothelial cell differentiation model.
A proposal of hES cell differentiation towards endothelial cells and possibly smooth muscle cells.
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Appendix A - Buffers

Materials and methods, chapter 3.5.1

MACS buffer

0.5g BSAin 50 ml PBS

0.074 EDTA g in 50 ml PBS

Mix and filter

Materials and methods, chapter 3.9.3.

Lysis buffer 2X sample buffer ‘

20 mM Tris (pH 7.4) SDS 10%
150 mM NaCl 2- 10%
1% Triton X-100 Bmercaptoethanol
10% Glycerol Glycerol 20%
ADD Tris 130mM

Protease inhibitor: Bromophenol Blue  0.1%

e 1mM PMSF

e 10 pg/ml

Aprotinin
Results chapter 4.4.1., page 49

IF buffer Stock sol. End sol. Volume
Triton X -100 2% 0.2% 5ml
Tween20 0.1% 0.05% 25 ml
BSA 1% 0.1% 5ml
PBS - - 15 ml
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