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Chapter 1

General Introduction



Abnormal vascular physiology and precipitating inflammatory pathways underlie many
different diseases, including hemorrhage, stroke, vascular dementia and even cancer.
Pluripotent stem cells (PSCs) can now be derived by reprogramming from any individual
so that it is possible in principle to derive all somatic cells of the human body that would
normally be difficult to access. In this thesis, | studied the derivation of myeloid cells
from human induced pluripotent stem cells (hiPSCs) to model the inflammatory
component of vascular disease and characterized the development path of hiPSC-
derived endothelial cells (hiPSC-ECs) which form the vascular walls. Functional defects
in either of these cell types can cause or exacerbate vascular disease. | then used these
cell types to gain insight into the mechanisms underlying two genetic diseases:
Hereditary Hemorrhagic Telangiectasia (HHT) which is caused by mutations in a gene
called Endoglin expressed on cells of the vascular wall and inflammatory macrophages,
and a vascular tumor called Pseudomyogenic hemangioendothelioma (PHE) in which
endothelial cells are thought to be the tumor cell of origin but this remained to be
proven. | developed new differentiation protocols to generate inflammatory cells from
hiPSC, characterized these cells functionally and used Next-Generation Sequencing and
bioinformatic analysis to gain insight into the molecular pathways controlling
development of one particular type of endothelial cells from hiPSC and the underlying
tumorigenic mechanisms of PHE.

1.1 Myeloid cells derived from hiPSCs

1.1.1 Derivation of myeloid cells from hiPSCs

Myeloid cells mainly refer to the monocytes and granulocytes in the blood but also
include the derivatives of monocytes in tissue, including macrophages and dendritic
cells. In this thesis, | mainly considered monocytes and macrophages within the myeloid
lineage, as these cells express high levels of endoglin and thus may be most relevant to
HHT type 1 (HHT1).

Macrophages in tissue have two different development origins: primitive
hematopoiesis that occurs in the yolk sac of early embryo and which can give rise to
primitive erythrocytes and primitive macrophages; monocytes that differentiate from
hematopoietic stem cells in the bone marrow, which can differentiate into macrophages
after transmigration through blood vessels during inflammation. Macrophages not only
provide protection from pathogens, but also play a key role in the regulation of
angiogenesis and tissue regeneration by secreting a wide range of cytokines,
chemokines and growth factors. When polarized by different stimuli, macrophages can
be divided functionally into several subtypes, termed M1 (LPS and IFN-y sensitive), M2a
(IL4), M2b (Fc receptors and immune-complex expression) and M2c (IL10 and
glucocorticoid expression) (Mantovani et al., 2004).
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Currently, tumor derived macrophage cell lines and peripheral blood monocyte-
derived macrophages are commonly used as a source of macrophages for research.
Both sources have limitations: tumor cell lines differ considerably from physiologically
normal macrophages and primary macrophages from blood are different from those in
organ tissues, have limited availability and have ethical challenges associated with
informed consent and invasive methods of collection. Furthermore, studying
macrophage biology in rare genetic diseases is even more difficult since there are only
few patients to donate tissue. Thus, by comparison, hiPSCs differentiated to
macrophages could represent an unlimited supply of human macrophages, that are
either healthy or carry specific patient genotypes (Zhang and Reilly, 2017); they can thus
be used for in vitro disease modelling to understand underlying disease mechanisms
and consequently improve therapeutic strategies.

In 2008, Karlsson et al. reported an “embryoid body” (EB)-based protocol to
differentiate hESCs into monocyte-like cells. M-CSF and IL-3 were add to induce the
monocytes from EBs and floating single cells were collected continuously and then
further differentiated into macrophages (Karlsson et al., 2008). Choi et al. used OP9
coculture to induce the hematopoietic differentiation from hPSCs. From the coculture
system, lin-CD34+CD43+CD45+ multipotent progenitors were expanded with GM-CSF
and then further differentiated into macrophages using M-CSF and IL-1B(Choi et al., 2009;
2011). In 2013, Yanagimachi and colleagues developed a monocyte differentiation
protocol using monolayer culture and defined conditions. With their protocol, a large
number of monocytes could be harvested continuously from day 16 to day 28, and
macrophages could be derived from these monocytes after one more week
(Yanagimachi et al., 2013). Meanwhile, Cowley’s group also developed a serum-free
protocol which was based on EB formation. They found monocytes could be
continuously harvested from 14 days of differentiation onwards for a period of almost
one year, although the differentiation efficiency decreased dramatically after about 6
months(van Wilgenburg et al., 2013). Lachmann and colleagues also established a EB-
based differentiation protocol for continuous production of monocytes and neutrophils
over a 2 month timespan using M-CSF and G-CSF respectively (Lachmann et al., 2015).
Zhang et al. reported a stepwise differentiation method, in which highly pure
populations of CD14+ monocytes could be derived from hiPSCs after 15 days of
induction (Zhang et al., 2015). Most protocols reported so far for the differentiation of
monocytes and macrophages from hiPSCs are EB-based or do not use fully defined
conditions(Brault et al., 2014; Choi et al., 2011; Karlsson et al., 2008; Lachmann et al., 2015;
Yanagimachi et al., 2013; Zhang et al., 2015). Recently, Takata et al. established a serum-
free monolayer differentiation protocol to induce primitive macrophages from hiPSCs
by Wnt inhibition from day 6 to day 10. They also showed that coculture of these
macrophages with hiPSC-derived neurons could promote differentiation of microglia-
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like cells (Takata et al., 2017).

One of the main aims of this thesis was to establish a more robust method for
differentiation of myeloid cells from hiPSCs and show this was applicable to multiple
hiPSC lines. Specifically, we aimed to use a monolayer protocol based on serum- and
feeder cell-free culture conditions for the differentiation and hoped to see that the
protocol was faster and more robust from line to line.

1.1.2 Characterization of hiPSC-derived macrophages

Although several differentiation methods have been established so far for
monocyte and/or macrophage differentiation from hiPSCs, the question remains
whether hiPSC-derived macrophages (IPSDMs) behave similarly to primary human
macrophages in vitro and in vivo. A thorough characterization of IPSDMs may provide
the field with a critical reference to what extent primary macrophages can be replaced
by IPSDMs for disease modeling, drug screening and cell replacement therapies in the
future.

Characterization of IPSDMs is usually based on their morphology, gene expression,
surface marker expression, cytokine secretion, lipid uptake, cholesterol efflux, and
phagocytotic activities. Cowley’s group compared macrophages derived from hiPSCs
using their EB-based protocol with peripheral blood-derived macrophages (PBDMs) by
Scanning Electron Microscopy and Transmission Electron Microscopy, which showed
similar morphologies of these two sources of cells. Their IPSDMs expressed normal
levels of CD14, CD16, CD163 and CD86 compared with primary cells, whereas MHCII
levels were much lower on IPSDMs than PBDMs. They also showed that IPSDMs
secreted high levels of pro-inflammatory cytokines after stimulation by LPS and IFN-y,
including IL-6, TNF-o., RNATES and IL-23 (van Wilgenburg et al., 2013). With Lachmann’s
protocol, it was reported that IPSDMs expressed most of the macrophage specific
markers, although CD11b was lower on IPSDMs compared with PBDMs. These IPSDMs
could also phagocytose bacteria and secrete some of inflammatory cytokines including
TNF-a, IL-6, IL-8, MCP-1 and IL-10 (Lachmann et al., 2015). Zhang et al. compared gene
expression in IPSDMs and PBDMs derived from the same subject by transcriptomic
analysis. They found that around 12% genes were differentially expressed between
IPSDMs and PBDMs, which mainly related to the immune and defense responses (Zhang
et al., 2015). They also compared the morphology, surface marker expression, LDL-
uptake, bacterial phagocytosis, and cytokine secretion of MO, M1 and M2a subtypes of
IPSDMs and PBDMs. Their results indicated high similarities between IPSDMs and
PBDMs (Zhang et al., 2015).

However, so far only some aspects of functional activities of IPSDMs have been
examined and only some subtypes of macrophages compared. Efferocytosis, a
characteristic mainly of tissue resident macrophages, can remove and clear apoptotic
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cells after tissue damage which is critical to maintaining tissue hemostasis. Defective
efferocytosis can lead to disease including cystic fibrosis, Chronic Obstructive Pulmonary
Disease and asthma. Efferocytosis activity of IPSDMs would thus greatly facilitate their
application in disease modelling and studies of the pathology of these conditions.
Increasing evidence showed macrophages as one of the main effector cells of
monoclonal antibody (mAb) based cancer therapy (Gul and van Egmond, 2015). Human
primary macrophages phagocytose tumor cells efficiently in vitro through antibody-
dependent cell phagocytosis and antibody-independent phagocytosis. CD47 serve as
“don’t eat me” signals on tumor cells by binding to SIRPa expressed on macrophages
and inhibiting their phagocytotic activity. Thus CD47-SIRPa pathway can serve as a
target to enhance phagocytosis of tumor cells by macrophages in vitro and in vivo
(Majeti et al., 2009; Theocharides et al., 2012; Tseng et al., 2013; Willingham et al., 2012).
CDA47 and SIRPa blocking antibodies synergize with tumor specific mAb to promote the
efficiency of cancer therapy (Chao et al., 2010; Tseng et al., 2013). Human primary
macrophages have commonly been used as a tool to test CD47-SIRPa blocking
antibodies and tumor specific mAb in vitro (Chao et al.,, 2010; Majeti et al., 2009;
Willingham et al., 2012). However, the variations among different individuals and limited
availability make primary macrophages less than ideal for pre-clinical drug screening.
Instead, IPSDMs can be a better option due to their patient-specific genetic background
and unlimited source. However, at the outset of the research in this thesis, tumor
phagocytotic activity of IPSDMs still needed to be carefully checked.

To date, IPSDMs have already been used to model several genetic diseases,
including Tangier disease, chronic granulomatous disease, Blau syndrome neuronal
ceroid lipofuscinoses, Gaucher disease and chronic infantile neurological cutaneous,
articular syndrome, mycobacterial disease (Aflaki et al., 2014; Jiang et al., 2012; Neehus
et al., 2018; Panicker et al., 2012; Tanaka et al., 2012; Uusi-Rauva et al., 2017). There are
no reports so far for modeling of vascular diseases using IPSDMs to the best of our
knowledge.

1.2 Endothelial cells derived from hiPSCs

1.2.1 Tight-regulation of endothelial cell (EC) specification in vivo

During vertebrate embryo development, a functional circulatory system is a
prerequisite for organ formation to meet their increasing demand for nutrients and
oxygen. Together with the increasing organ size during cell specification and
morphogenesis of different organs, the vasculature is also expanding, remodeling and
specializing to fulfill the requirement of each organ they “serve”. Blood vessels are
formed through two mechanisms, termed vasculogenesis and angiogenesis.
Vasculogenesis mainly refers to de novo EC differentiation and specification from
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mesoderm precursors and occurs before the onset of blood flow. Vascular progenitors
first appear in yolk sac, which come from mesodermal progenitors and form the blood
islands. The outer cells of blood island differentiate into ECs and the inner cells become
hematopoietic cells. Within the embryo, vascular progenitors form angioblasts which
aggregate to form the ventral and dorsal aortas and the vitelline arteries and veins. Then,
primary vasculature thus formed starts to expand and remodel through angiogenesis;
this includes ECs sprouting, vessel branching, and intussusception from existing blood
vessels (Patan, 2004). Also, further specialization of the endothelium to arterial, venous,
hemogenic, and lymphatic subtypes is necessary to fulfill diverse functions of the
vasculature (Marcelo et al., 2013).

The signaling pathways that are involved in vasculogenesis and angiogenesis have
been intensively studied (Figure 1). Although the hierarchy of these signals has not been
clearly defined in vivo, numerous data have been obtained from studies using
embryonic stem (ES) cell systems. Studies using mouse ES cells indicated bone
morhogenic protein 4 (BMP4) as the earliest key factor that drives mesoderm
differentiation and initiates fibroblast growth factor 2 (FGF2)-dependent specification
of EC progenitors (Park, 2004; Pearson et al., 2008). However, with human ES cells, FGF2
is required for maintaining the undifferentiated state thus its role in the commitment of
mesoderm cells to ECs is not essential. Instead, Indian Hedgehog was found as a critical
factor downstream of BMP4, which promotes EC differentiation from mesoderm cells
(Kelly and Hirschi, 2009). Like IHH, VEGF is another visceral endoderm-derived factor that
is a key regulator of vasculogenesis. Heterozygous knockout of VEGF-A was embryonic
lethal due to the failure of vascular development (Carmeliet et al., 1996; Ferrara et al.,
1996). On the other hand, overexpression of VEGF-A also lead to embryonic lethality in
mice due to the impaired cardiac development (Miquerol et al., 2000). These data
indicate that a precise dosage of VEGF-A is required for cardiovascular development.

E-twenty six (ETS) transcription factors are also well-known as key regulators of EC
development. Several members of the ETS family, including Ets1, Erg, Fli-1 and Etv2 have
been shown to play essential roles in endothelial and hematopoietic differentiation
(Dejana et al., 2007). Notably, all characterized enhancers and promoters of endothelial
related genes so far contain multiple essential ETS binding sites, and ETS motifs are
strongly associated with endothelial genes throughout the human genome (Bernat et al.,
2006; Val et al., 2008). Many ETS share redundant functions, except for ETV2, which plays
a specific and critical role for the differentiation of mesoderm toward an EC-fate and will
be discussed specifically later.

Although it is known that ETS play a central role in the transcriptional control of EC
specification, the wide spread binding sites of Ets proteins make it difficult to fully
understand the regulatory network of ETS factors. Except for the canonical binding sites,
ETS can also bind to noncanonical sites in conjunction of other factors (Hollenhorst et
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al.,, 2007). Studies identified evolutionarily conserved FOX:ETS motifs which can be
bound by FoxC2 and ETV2 simultaneously, and these motifs are located in the promoters
and enhancers of endothelial genes including Tall, Tie2, flk1, and VE-cadherin (Cdh5)
(Val et al., 2008) .

Forkhead (Fox) Proteins also play a key role in EC specification; they include
members of FoxC, FoxF, FoxH and FoxO subfamilies. FoxO1 is required for vascular
development and functions as both a positive and negative regulator of transcription,
suggesting that it may act as a transcriptional switch in EC specification (Paik et al., 2007).

FoxF1 is also necessary for vascular
@ development and it may regulate the BMP

mesodermal progenitor cell . . . . .
signaling in splanchnic mesoderm prior to EC
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1.2.2 Roles of ETV2 in ECs development
The specification of ECs from mesoderm progenitors is highly depend on the
activity of the Etv2 transcription factors (van Bueren and Black, 2012; Koyano-
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Nakagawa and Garry, 2017; Val, 2011). Studies in zebrafish embryos showed that ETV2
alone is necessary for vasculogenesis, while Etv2 and another ETS fator Flilb function
redundantly during early embryo angiogenesis (Craig et al., 2015). Genetic ablation of
Etv2 leads to complete loss of blood and vessels, and overexpression of this factor has
been shown to convert non-ECs to the endothelial lineage (Ferdous et al., 2009; Morita
et al., 2015). Expression of ETV2 starts to appear in (mouse) development in the KDR+
and PDGFRa- mesoderm cells in yolk sack and embryo. At embryonic day 7.5 (E7.5),
angioblasts that migrate back to the embryo express high levels of ETV2. From E8.5 to
E9.5, ETV2 was observed in perivascular cells rather than differentiated ECs (Kobayashi
et al., 2013). Then from E10.5, ETV2 expression dramatically decreased except in the
region of dorsal aorta (Koyano-Nakagawa et al., 2012). Postnatally, only testis still
expresses ETV2 constitutively (Haro and Janknecht, 2002). Some tissues may express
ETV2 transiently, such as hematopoietic stem cells (HSCs) (Lee et al., 2011). However,
ETV2 expression is significantly upregulated after injury which indicated its essential
role in neovascularization (Park et al., 2016).

One of the key target genes that regulated by Etv2 in ECs is FIk1/VEGFR2 (Becker et
al., 2016). Upregulation of VEGFR2 and neovascularization after ischemic injury in mice
require the de novo expression of Etv2 in adult ECs (Park et al., 2016). Overexpression
of Etv2 in vascular progenitor cells in the postnatal arterial adventitia can directed them
to endothelial cell fate. Endothelial-specific genes could be upregulated in Etv2-
transduced Scal+ progenitor cells which inhibit intimal hyperplasia in wire-injured
femoral arteries when grafted onto the adventitial side of the femoral artery wall (Bras
et al., 2018). Many other genes were also identified as target genes that are regulated
by ETV2 either using overexpression studies or identification of direct binding to
promoter sequences, including Pecam1, Tie2, VE-Cadherin, Gatal, Gata2, Lmo2, EIk3,
Cebpd, Scl, Mef2c, Notch4 Spil, Flil, Sox7, Ecel, Nrp1, Nrp2, Fitland Erg (Abedin et al.,
2014; Ferdous et al., 2009; Kataoka et al., 2011; Koyano-Nakagawa et al., 2012; 2015;
Lee et al., 2008; Liu et al.,, 2012; 2015; Robinson et al.,, 2014). miR-130a is also a
downstream target of Etv2, which promote EC differentiation from mesoderm cells
prior to their patterning (Singh et al., 2015). In chapter 4 of this thesis, we generated an
ETV2™mche™ reporter hiPSC line and used it to track and label the ETV2 expression during
the derivation of ECs from hiPSCs. Roles of ETV2 played during the segregation of
endothelial and myocardial lineages were also revealed using tthis reporter line in
combination with bulk and scRNAseq approaches.

1.2.3 Derivation of ECs from hiPSCs

Since ECs are the major cell type affected in multiple vascular diseases, derivation
of functional ECs from hiPSCs similar to patient primary ECs is the first and most
essential step in modeling vascular diseases using hiPSCs. Most hiPSC-EC
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differentiation protocols are based on our understanding of vascular development in
the embryo. So far, most protocols for hiPSC-ECs have relied on three different
approaches: coculture with stromal cells, EB formation and monolayer differentiation.

In 2009, two groups independently reported two similar methods for the
differentiation of ECs from hiPSCs. Both groups found that coculture of hiPSCs with OP9
feeder cells resulted in the formation of endothelial progenitors which could be isolated
and further induced into functional ECs (Choi et al., 2009; Taura et al., 2009). Later,
several aggregation or EB-based differentiation methods were reported for the
induction of ECs from hiPSCs (Adams et al., 2013; James et al., 2010; Kane et al., 2011;
Nourse et al., 2010; Park et al., 2014; White et al., 2012). With EB-based methods, EBs
are first cultured in pro-endothelial growth media (EGM) supplemented with VEGFA and
BMP4 to induce mesodermal lineages. These mesoderm progenitors eventually give rise
to ECs. The study also found that a Transforming Growth Factor beta (TGFB) signaling
inhibitor improved differentiation efficiency and maintained of endothelial phenotype
over several passages (James et al., 2010). With these culture conditions, CD144 and
CD31 positive cells were derived and purified for further expansion and differentiation.
However, the majority of EB based protocols had low differentiation efficiencies, high
heterogeneity of differentiated cells and were also time-consuming.

An alternative strategy now widely used is to culture hiPSC on a matrix-coated
culture plate in monolayer and induce the stepwise differentiation from hiPSCs to
mesoderm and finally ECs by timed addition of specific molecules and growth factors.
Monolayer differentiation methods for EC differentiation from hPSCs were first
described in 2010 although details were missing (Kane et al., 2010). Orlova et al.
developed highly efficient monolayer differentiation methods for simultaneously
producing CD31+ ECs and CD31- pericytes from hiPSCs using defined medum conditions
(Orlova et al., 2014). With this protocol, a large number of ECs could be derived from
hiPSCs in ~2 weeks. Notably, this protocol was tested using multiple hiPSC lines that
were derived from different somatic cell types using different reprogramming methods.
The functionalities of these hiPSC-ECs were evidenced by their ability to form primary
vascular plexus in vitro and be incorporated into the vasculature of zebrafish (Orlova et
al., 2014a). Meanwhile, others found that addition of retinoic acid could promote the
expression of the mature endothelial cell marker VE-Cadherin and enhance the barrier
function of differentiated ECs using monolayer protocols (Katt et al., 2016; Lippmann et
al., 2014). Later, Patsch et al. developed a protocol in which Wnt activation and BMP4
were used to induce mesoderm for 3 days, followed by VEGF and Forskolin treatment
for another 2 days, and then VEGF for 4 days. With this differentiation method, the
authors reported up to 90% differentiation efficiency of ECs from hiPSCs (Patsch et al.,
2015). Recently, an even shorter differentiation protocol was established which could
induce ECs from hiPSCs in just 8 days with an efficiency of more than 80% (Harding et
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al., 2017). It was reported recently that cyclic AMP synergistically enhanced the VEGF
effects for the differentiation of ECs from the mesoderm stage in a serum-free 2D
monolayer culture. Almost pure populations of ECs could be derived using stage-specific
addition VEGF and cyclic AMP combined with the elimination of non-responder cells at
early stages (Rajasingh et al., 2017). In this thesis, | used the method described by Orlova
et al (2014b) to produce hiPSC-ECs from patients with inherited vascular disease and
used an ETV2 reporter hiPSC line to examine molecular characteristics of the early and
intermediate stages of differentiation. This allowed detailed examination of any
heterpogeneity in the cell populations.

1.2.4 Characterization of hiPSC-ECs

ECs derived from hiPSCs have been isolated mainly based on their KDR, CD31 and
VEC expression but their heterogeneity has been less studied. Rufaihah et al. found that
high concentrations of VEGF-A (50 ng/ml) together with 8Br-cAMP could induce arterial
ECs and low VEGF-A concentrations (10 ng/ml) led to a venous like EC identity. A
combination of high concentration of VEGF-A and VEGF-C, together with angiopoietin 1
could induce lymphatic ECs (Rufaihah et al., 2013). Another group also confirmed that
arterial and venous identities could be obtained by using different VEGF concentrations
(Ram et al., 2015).

Although hiPSC-ECs have numerous features common with human primary ECs,
including surface marker expression and 2D tube formation in vitro, comparing their
functionality requires different kinds of assays. In vivo vessel formation is commonly
used to examine functionality of hiPSC-ECs. In this assay, ECs are first mixed with 3D
matrix (collagen, Matrigel, fibrinogen etc.) and transplanted subcutaneously into mice.
Transplanted EC functionality is then assessed based on the vessel formation in the 3D
matrix. We used this method to examine the functionality if diseased hiPSC-EC in vivo
in chapter 6. Other in vivo models that have also been developed to test the therapeutic
potential of hiPSC-ECs, included experimental hindlimb ischemia, myocardial infarction
and retinopathy (Park et al., 2014; Prasain et al., 2014; Rufaihah et al., 2011; Sahara et
al., 2014; Yoo et al., 2013). However, 3D matrix transplantation is the most reproducible
and straightforward functional assay for hiPSC-ECs. In addition to mouse models,
zebrafish embryos have also been used to test functionality of hiPSC-ECs in vivo (Kane
et al., 2010; Orlova et al., 2014a). More recently, new methods to examine functionality
through 3D vessel formation in vitro have been developed. hiPSC-ECs are first mixed in
matrix and then cultured under static or flow conditions, where ECs can self-organize
into vessel-like lumenised structures (Chan et al., 2015; Kusuma et al., 2013; Palpant et
al., 2016; Park et al., 2014; Zanotelli et al., 2016; Zhang et al., 2017). It had been shown
that ECs cultured in this way are more similar to those isolated from the 3D matrix
transplant in vivo than ECs cultured in 2D culture dishes (Zanotelli et al., 2016; Zhang et
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al., 2017).

Patient-specific hiPSC-ECs can be used as a model to study disease mechanisms and
screen of candidate drugs. hiPSC-ECs had been used to model a number of genetic
(cartdio)vascular diseases to date, including Moyamoya disease, Pulmonary arterial
hypertension and Calcified aortic valve disease. (Lin et al., 2017).

1.2.5 Whole transcriptome analysis of hiPSC-ECs in development and disease

Along with the development of Next-generation sequencing (NGS) technologies,
the emergence of RNA sequencing (RNAseq) brings new opportunities for diagnosis and
treatment of human disease and to gain insights into how different cell types form in
differentiation and development. RNAseq provides an in-depth view of the whole
transcriptome within a cell sample and has a number of advantages compared to most
conventional RNA measurement platforms, including qPCR and microarray. This
includes hogher throughput. In comparison to more conventional methods, RNAseq can
detect a greater range of transcripts expression than microarray, thus thousands of
differentially expressed genes (DEGs) can be identified from comparison of two or more
different samples.

Droplet-based single cell RNA sequencing (scRNAseq) is a commonly used method
which | also used in my thesis. It proved an excellent tool for the study of global
transcriptional dynamics during EC differentiation from hiPSCs. Several scRNAseq
studies had been performed prior to my study for hiPSC-ECs differentiated with different
methods. In one study, scRNAseq was performed on day 8 and day 12 of EC
differentiation, although ECs accounted for only less than 10% of the total population
while most cells were cardiac lineage. However, the transcriptional control and
dynamics during the developmental process of EC were not further investigated in this
study (Paik et al., 2018). In another study, scRNAseq was done at multiple time points
during hESC-derived EC differentiation using a different protocol (McCracken et al.,
2019). The transcriptional dynamics during EC specification and maturation were
characterized using “pseudotime analysis” (McCracken et al., 2019). They observed a
mesodermal population at day 4, followed by an emergence of endothelial and
mesenchymal populations. Transcriptional signatures of endothelial commitment and
maturation during the differentiation process were identified based on the
transcriptional changes along pseudotime trajectory. Recently, our group developed a
co-differentiation method for both ECs and cardiomyocytes from hiPSCs through a
cardiac mesoderm stage (Giacomelli et al., 2017). The developmental process and
transcriptional dynamics during the specification, as well as the segregation of these
two lineages from mesoderm progenitors in this protocol had not so far been studied.
Thus, in this thesis, we have carried out both bulk and scRNAseq to study the
transcriptional control and dynamics of this differentiation system. We first generated
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an ETV2™e™ hiPSC reporter line in order to study the ETV2 expression pattern and its
role during endothelial and myocardial lineages segregation and development. Bulk
RNAseq could give a more in-depth view of the transcriptome profile, while scRNseq
could generate an overview of the whole cell population in the differentiation system
as well as the dynamics of each individual genes along the differentiation time.

In addition, transcriptomic analyses were also performed for ECs in HHT1 and PHE
hiPSC models established in this thesis. Majorly, differentially expressed gene (DEG) and
gene ontology (GO) enrichment analyses were utilized to reveal the underlying disease
mechanisms of HHT1 and PHE.

1.3 Modeling HHT1 with hiPSCs

1.3.1 HHT

HHT is an autosomal dominant genetic vascular disease with a prevalence of 1 in
5000-10000 (Dakeishi et al., 2002; Marchuk et al., 1998; Westermann et al., 2003). HHT
is characterized by recurrent nosebleeds and telangiectasias, especially on patients’ lips,
finger tips and nasal mucosa. There is a high chance for HHT patients to develop large
arteriovenous malformations (AVM) in several organs, including lung (PAVM, 13-35%),
brain (CAVM, 5-13%) and liver (HAVM, ~32%) (Letteboer, 2005). CAVM can lead to stroke
and brain abscess. Most HHT patients show normal life spans. However, disease
symptoms usually get worse during aging and new symptoms, for example
gastrointestinal bleeding, may arise in old age. The “Curacao criteria” have been used
for the diagnosis of HHT based on patient symptoms since 2000 (Shovlin et al., 2000).
In practice, family history and the presence of AVM are often sufficient for diagnosis,
due to the rare occurrence of AVM in the general population. There are few drugs that
have proven consistently effective for the treatment of HHT patients yet. Treatment and
care for the HHT nowadays mainly focused on prophylaxis of different symptoms, such
as stroke and liver AVMs. Thalidomide and Bevacizumab are the two main drugs that
are considered for HHT treatment and under clinical test (www.clinicaltrials.gov).
Thalidomide and bevacizumab are known anti-angiogenic drugs that are used to treat
nosebleeds in HHT patients. Thalidomide has shown ability to promote vascular
maturation via PDGF-B activation (Lebrin et al., 2010) . Bevacizumab is a monoclonal
antibody against vascular endothelial growth factor (VEGF) and has been used to treat
fragile vessels and excessive angiogenesis that could cause nosebleeds in patients with
HHT (Dupuis-Girod et al., 2012; Fleagle et al., 2012). However, their functional
mechanisms and possible side-effects need to be further studied and alternative drugs
are still being sought. More recently, an immune modulator, tacrilomus, is also being
tested clinically.

Around 85% of HHT patients in the world have mutations in either ENG gene (HHT
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type 1) or ACVRL1 gene (HHT type 2). At least 525 different ENG mutations and 430
ACVRL1 mutations have been reported so far in the HHT database (see
http://www.hhtmut.org). These mutations are distributed across all exons of these two

genes, even though several exons seem to have higher chance to carry the mutation
(Figure 2 A-B). In addition, mutations in MADH4 gene were found to contribute the
development of both HHT and juvenile polysis. Notably, all genes found so far that could
lead to HHT are involved in TGFB superfamily signaling pathway. In this thesis | focused
on HHT1 caused by an ENDOGLIN mutation.
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Figure 2 Distribution of all known ENG (A) and ACVRL1 (B) mutation on all exons of these two
genes (all information about HHT mutations are coming from the HHT database:

http://www.hhtmut.org)

1.3.2 TGFB superfamily signaling pathway and endoglin

Endoglin is a receptor that is part of the TGFB signaling pathway. The TGFB
superfamily includes a large number of secreted cytokines including TGFBs, activins,
Bone Morphogenetic Protein (BMPs) and Growth Differentiation Factors (GDFs), which
play crucial roles in different process during development and in the maintenance of
hemostasis. The TGFB family of ligands act on cells through their specific binding to
transmembrane type | and type Il receptors, which then can phosphorylate different R-
SMADs mediators and regulate specific genes expression.

Different combinations of type | and type Il receptors bind to different TGFB family
ligands. For example, TGFp signals mainly by binding firstly to TGFB Receptor Il (TGFBR2)
which recruits TGFP Receptor | (TGFBR1, ALK5) to the receptor complex. BMP type Il
Receptor (BMPR2) and ALK1 type | receptor respond to different BMP ligands. Type IlI
receptors such as betaglycan and endoglin, are essential for the regulation of TGFB
signaling specificity and affinity of ligand binding.
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Human endoglin is 180 kDa disulfide-linked homodimeric transmembrane
glycoprotein. It contains a large 561 amino acid extracellular domain and a
serine/threonine-rich cytoplasmic region which contain 47 amino acid in the long
isoform (L-endoglin) and 14 amino acid in the short isoform (S-endoglin). The
extracellular domain contain an orphan domain which can mediate its interaction with
TGFpB superfamily ligands, especially BMP9 and BMP10 (Castonguay et al., 2011; Saito
et al., 2017). An arginine-glycine-aspartic (RGD) tripeptide is also present in the
extracellular domain at Arg399-Asp401, suggesting that endoglin may also mediate cell
adhesion process. Endoglin is highly expressed on vascular ECs and on activated
monocytes, macrophages and smooth muscle cells. Mutations in Endoglin may thus
affect the vascular cells directly or indirectly via inflammatory cells.

1.3.3 Role of endoglin in angiogenesis

Endoglin plays an important role in angiogenesis. This is evidenced by the fact that
endoglin knockout mice die on gestational day 10.5 due to vascular development
defects in the embryo (Arthur et al., 2000; Bourdeau et al., 1999; Li et al., 1999). Even
though EC differentiation takes place, mature vascular networks do not form in the
knock out mice, indicating that endoglin plays an essential role in angiogenesis rather
than vasculogenesis (the differentiation of EC) (Arthur et al., 2000; Li et al., 1999). ES
cells derived from endoglin knockout mice failed to undergo hematopoietic
differentiation while endothelial differentiation was not affected. Proliferating Human
Umbilical Vein Endothelial Cells (HUVECs) in culture showed clearly higher endoglin
expression than quiescent HUVECs (Fonsatti et al., 2001). Evidence has shown that
endoglin may be important for keeping the balance of TGFB signaling through ALK1 and
ALKS5. Endoglin promotes ALK1 activation and indirectly inhibits ALK5 activity (Lebrin et
al., 2004). Activation of TGFB-ALK1 could induce EC proliferation and migration through
Smad1/5/8 signaling pathway (in most cells only activated downstream of BMP signaling
but exceptionally in ECs through TGFP signaling), while TGFB-ALK5 downstream
activation of Smad 2 and 3 inhibits their proliferation and migration (Goumans et al.,
2003). Knockout or blocking of endoglin in ECs could inhibit their proliferation and
migration and enhance the effect of TGFB1 on the inhibition of EC growth (Lebrin et al.,
2004; Li et al., 2000). However, controversy still exists on the exact role of endoglin in
angiogenesis. For example, both enhanced and reduced growth inhibition by TGFB1
were observed with ECs derived from endoglin knockout mice (Lebrin et al., 2004; Pece-
Barbara et al., 2005).

BMPs is another group of multifunctional growth factors in the TGFB superfamily.
Recent studies show emerging roles of BMPs played in angiogenesis. Like TGFBs, BMPs
elicit their effects by binding to type | and type |l receptors on the cell surface. But unlike
TGFpBs, BMPs showed high affinity of binding to both type | and type Il receptors alone
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independently. The receptor complex for BMPs also include a type lll co-receptor,
including betaglycan and endoglin. Endoglin can be shed from the cell surface by matrix
metalloproteinase, suggesting that they can modulate the activity of BMP signaling
pathway through the changing their surface expression levels (Hawinkels et al., 2010).
BMP9 can bind to both ALK1 and ALK6, but with a much higher affinity to ALK1
compared to ALK6 (David et al., 2006). BMP9 triggers Smad1/5/8 phosphorylation in
ECs with an ECs of around 50 pg/ml. Different BMP type | receptors showed different
specificities to Smad 1/5/8. ALK3 and ALK6 can activate all three Smads, whereas ALK2
can only activate Smad 1 and 5 (Miyazono et al., 2005; Reddi, 2001). Freshly-isolated
mouse aorta and pulmonary endothelium showed high phosphorylation of Smad 1/5/8,
indicating that ECs were physiologically activated by BMPs (Valdimarsdottir et al., 2002).
Studies showed that BMP signaling through ALK1 is mainly implicated in the maturation
phase of angiogenesis. BMP9 could inhibit the proliferation and migration of dermal
Human Mammary Epithelial Cells (HMECs) and Bovine Aorta Endothelial Cells (BAECs)
(David et al., 2006; Scharpfenecker et al., 2007). The inhibitory effect of BMP9 on ECs
was confirmed in an ex vivo metatarsal culture model (Scharpfenecker et al., 2007).
Besides, BMP9 also showed inhibition of neo-angiogenesis in vivo (David et al., 2008).
All these in vivo and in vitro studies demonstrated that endoglin/ALK1/BMPRII signaling
pathway play important roles in angiogenesis.

Heterozygous ENG*- mice showed mild phenotypes but using a different strain of
mice, they showed different disease phenotypes, providing evidence that genetic
background also plays a role in the development of the disease (Bourdeau et al., 1999).
Aside from a mild disease phenotype, it also appeared at very low frequency in
heterozygous mice (Bourdeau et al., 1999; Torsney et al., 2003). Reduced angiogenesis
in adult ENG*/~ mice has been reported in pathological conditions, like femoral artery
ligation(Jerkic et al., 2006), myocardial infarction (van Laake et al., 2006), and stroke
(Shen et al., 2014). Treatment of ENG*/- mice with pro-angiogenic factors could induce
abnormal angiogenesis but not AVMs, indicating other stimulations were necessary for
the development of AVMs in mice models (Xu et al., 2016). Lebrin and colleagues found
that treatment of ENG*- mice with Thalidomide could promote vascular maturation
through increased PDGF-B expression in ECs (Lebrin et al., 2010). Cell type specific loss
of ENG showed that the endoglin deficiency in ECs was a prerequisite for AVM formation,
whereas specific knockout in pericytes, vSMCs and macrophages had no effect on the
AVM formation (Choi et al., 2014; Garrido-Martin et al., 2014). However, both complete
knockout and conditional knockout mice model are distinct from the situation of HHT1
patients. So far, based on the studies that had been done with heterozygous mouse
models, it is still not clear how these severe symptoms developed in HHT1 patients.
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1.3.4 Role of myeloid cells in HHT1
1.3.4.1 Inflammation and HHT1

Inflammation is an adaptive immune response that is triggered by various
conditions including infection, tissue injury, tissue stress and malfunction. A controlled
inflammation response is beneficial as it could provide protection from infection and
promote tissue repair and adaption to stress. However, dysregulated inflammation may
have pathological consequences. For example, uncontrolled inflammation can lead to
autoimmunity, fibrosis and tumor growth.

Inflammation is an important trigger for the development of HHT1 disease
phenotypes in endoglin knockout mouse models. The failure to recapitulate
(heterozygous) HHT1 patient phenotypes in mice suggested that additional triggers may
be needed for the development of disease symptoms, including aging, wounding and
inflammation. Pro-angiogenic factors or inflammatory stimuli could successfully induce
AVMs in these conditional knockout ENG deficient mice (Choi et al., 2014; Garrido-
Martin et al., 2014). Some researchers have proposed that at least three events were
needed for the development of AVMs: endoglin haploinsufficiency in ECs; loss of
heterozygosity (becoming homozygous) in some tissues due to accumulated endoglin
mutation or shedding during inflammation by MMPs; pro-angiogenic or inflammatory
stimuli (Tual-Chalot et al., 2015).

Evidence has shown that the inflammation responses were also affected due to the
endoglin deficiency in both HHT1 patients and mouse models. The prevalence of severe
infection in HHT1 patients is around 22.8%, which is much higher than chance in the
general healthy population. It also had been shown that HHT1 patients had much higher
chance of developing cerebral infection than HHT2 and HHT3 patients (Girod et al.,
2007). ENG*"- mice also developed more severe colon inflammation induced by DSS
compared with control mice (Jerkic et al.,, 2010). Another study found that after
injection of LPS, ENG* mice exhibit reduced myeloid cell recruitment in lung tissue
compared to the control mice in an systemic inflammation model (Rossi et al., 2013). In
addition, functions of myeloid cells also seemed to be impaired because of the endoglin
mutation. Conditional knockout of ENG specifically in macrophages in mice impaired
the phagocytotic activity of macrophages (Ojeda-Fernandez et al., 2016). Interestingly,
compared with mononuclear cells isolated from healthy individuals, mononuclear
cells from HHT1 patients showed defective repair and migratory activity to the injured
heart following myocardial infarction in mice (van Laake et al., 2006). Post and
colleagues found that HHT1 patient blood monocytes showed impaired response to
SDF-1a (Post et al., 2010). All of these studies indicated a correlation between
inflammation and HHT1. On the one hand, inflammation serves as a trigger for the
development of HHT1 disease symptoms. On the other hand, endoglin mutation
impairs functions of myeloid cells and leads to an abnormal inflammation response in
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both patients and mouse models.

1.3.4.2 Monocytes and ECs interaction in inflammation

Monocytes play a pivotal role in both the initiation and resolution of inflammation.
Recruitment of blood monocytes to the site of injury or infection by extravasation
through endothelium are essential for the inflammation response. The extravasation of
blood monocytes is a tightly regulated process that consists of a series of interactions
between monocytes and ECs and the final transmigration step. The adhesion between
monocytes and ECs is mainly via the interaction between integrins (extracellular matrix
protein receptors) expressed on monocytes and the immunoglobulin superfamily that
is expressed on ECs (Meerschaert and Furie, 1995) (Figure 3).

Upon stimulation, for example after infection, tissue resident macrophages can be
activated and secrete proinflammatory cytokines including tumor necrosis factor-a
(TNF-a) and IL-1B. These inflammatory cytokines can transiently activate ECs of blood
vessels nearby and upregulate their expression of chemokines and adhesion molecules,
mainly P- and E-selectin, ICAM-1 and VCAML1. First, the interaction between selectins
on endothelium can bind to O-glycosylated carbohydrate ligands displayed on P-selectin
glycoprotein ligand-1 (PSGL-1) that expressed on monocytes. This interaction could
capture monocytes and slow them down in the blood flow and then enable them to roll
on the endothelium wall. The slow rolling process was strongly depend on the
expression VLA-4 (a4p1 integrin) and CD44 that expressed on monocytes (Mestas and
Ley, 2008). Then interaction between VCAM1 on activated endothelium and VLA-4 on
monocytes mediates the transition from slow rolling to firm adhesion. Next is the
directional chemotactic and mechanotactic step, in which monocytes spread, polarize,
and subsequently locomote laterally to find preferred sites of extravasation. The
intraluminal crawling depends on the interaction of leucocyte integrins lymphocyte
function-associated antigen-1 (LFA-1) and macrophage-1-antigen (Mac-1) on
monocytes and their ligands ICAM-1 and ICAM-2 on ECs. Blocking of these adhesion
molecules was shown to disable crawling and the subsequent transmigration (Wong et
al.,, 2010). Notably, ICAM-1 and VCAM-1 are expressed diffusely on endothelial cell
surface in rest condition, but will be concentrated to the interface with monocytes
during the adhesion and rolling (Shaw et al., 2004), which is depend on the actin
cytoskeleton and remodeling events that include the Src-mediated phosphorylation of
cortactin, an actin binding protein (Schnoor et al., 2011; Yang et al., 2006). Finally, to
migrate out of blood vessels, monocytes must negotiate the endothelium, the lamina
basalis and the embedded pericytes (Figure 3). As all adhesion and rolling processes
discussed above are reversible, the majority of monocytes that initially bind to
endothelium cannot finish the transmigration step. Transmigration seems to be the
crucial event in the monocyte adhesion cascade, as it is the only step that is hardly ever

-23-



reversed although with some notable exceptions (Woodfin et al., 2011).

Monocytes transmigrate through vascular endothelium by two different modes:
the paracellular route by which monocytes migrate through the junctions between ECs
and requires junctional remodeling; the transcellular route that directly through fusing
vesicles in the endothelial cell. The paracellular mode is predominant although it’s still
difficult to accurately quantify the ratio of these two modes (Carman et al., 2007). The
transmigration process is tightly regulated by the junctional molecules on ECs, including
VE-Cadherin, the junctional adhesion molecule (JAM) family, PECAM-1 PVR/DNAM-1,
and CD99 and their interaction with integrin on monocytes (Gerhardt and Ley, 2015;
Muller, 2015; Schnoor et al., 2015).

It is known already that the adhesion to endothelium and transmigration could
change the gene expression profile of monocytes dramatically. Genes that related to
chemokines, immune response and inhibition of apoptosis were upregulated after
transmigration of monocytes (Thomas-Ecker et al., 2007; Williams et al., 2009). After
transmigrating into the tissue, monocytes will terminally differentiate into macrophages
and dendritic cells, which can phagocytose pathogens and regulate the inflammation
process by secretion of pro-inflammatory and anti-inflammatory cytokines. During the
resolution phase of inflammation, macrophages are responsible for the cleaning up
dead cells through efferocytosis, and also promote tissue regeneration and
angiogenesis through the secretion of various growth factors.
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Figure 3 Schematic overview of monocyte adhesion and transmigration through vessel wall.
A multistep cascade of capture, rolling, slow rolling, firm adhesion, adhesion strengthening,
and intraluminal crawling precedes the transendothelial migration of monocytes. Two modes
of transmigration are indicated: a paracellular and a transcellular. Activated ECs express
adhesion molecules and chemokines that interact with monocytic ligands. Such interactions
essentially mediate the various steps of the adhesion cascade. This figure is adapted from
(Gerhardt and Ley, 2015).
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1.3.4.3 Regulation of angiogenesis by macrophages

Macrophages are specialized cells that play diverse roles in human body, including
immune response, tissue repair and homeostasis (Wynn et al., 2013). Macrophages
derived from precursor monocytes are continuously produced from hematopoietic
stem cells (HSCs), which develop through definitive hematopoiesis (Medvinsky et al.,
2011) . Direct association with macrophages has been well documented in wide range
of diseases (Wynn et al., 2013). Macrophages are highly heterogeneous and can change
their phenotype and function depending on the stimuli or immune response induced
by local tissue environment. Depending on the distinct immune function they possess,
macrophages have been classified into different subsets, known as M1, M2a, M2b and
M2c (Mantovani et al.,, 2013; Részer, 2015). M1 macrophages secrete various
proinflammatory cytokines and chemokines to enhance the inflammation response and
recruit more immune cells to the inflamed tissue, mainly neutrophils and monocytes.
Dead neutrophils and tissues can then stimulate and change M1 macrophages into an
M2 state (alternative activated macrophages), which can inhibit the inflammation
process and promote tissue repair and angiogenesis after the injury or infection.

Macrophages can regulate angiogenesis through the secretion of variety of
proangiogenic and antiangiogenic growth factors or cytokines (Corliss et al., 2016).
Studies showed that VEGFA secreted by macrophages was essential for angiogenesis
during wound healing (Lucas et al., 2010; Stockmann et al., 2011; Urbich et al., 2003;
Willenborg et al.,, 2012). Also, evidence indicates that different subtypes of
macrophages may exert regulatory roles in different stages of angiogenesis, according
to their different secretion profiles. For example, M1 macrophages may be involved in
the initiation of angiogenesis as they produce high level of VEGF-A and FGF2. M2a
macrophages secrete high amounts of PDGF-BB and M2c produce high level of MMP9.
M1 macrophages stimulate capillary sprouting, while M2 macrophages may aid in vessel
stabilization through pericyte recruitment (Spiller et al., 2014).

Macrophages have been shown to make direct contact with ECs to regulate
angiogenesis. During the development of hindbrain of mouse and zebrafish,
macrophages can bridge two EC sprouts and promote tip cell fusion (Fantin et al., 2010).
Studies have also shown that microglia are associated with tip cells during retina
development. Knockout of microglia resulted in sparser retinal vascular network with
less branching (Kubota et al., 2009). A better understanding of macrophages and their
role in angiogenesis may inspire new therapeutic strategies for regenerating tissues and
curing diseases that are caused by deregulated angiogenesis, such as HHT1.

1.3.5 Modeling HHT1 using hiPSCs
Until now, most of our knowledge about the disease pathology of HHT1 comes from
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the study of either patient material or mutant mouse models. Using patient material is
unavoidably restricted by its availability. Peripheral blood or small tissue biopsies of
HHT1 patients can be obtained under certain conditions from HHT hospital centres.
However, given the condition is rare, it would be difficult to draw statistically significant
conclusions based on studies using cells collected from a single or low number of
patients, as the disease phenotype largely depends on genetic background, patient age
and general health condition. Nevertheless, some researchers have managed to obtain
sufficient numbers of patient cells for gene profiling analysis, where they found nasal
telangiectasia of HHT1 patients express abnormal levels of genes that involved in
angiogenesis, TGFB and Wnt signaling pathways (Tgrring et al., 2015).

Although mouse models of HHT1 are most commonly used for the study of disease
pathology, they do have several drawbacks. First of all, the genetic background of mice
and human are quite different. Second, phenotypes showed in mouse models are
different from disease phenotypes found in human patients. For example, it is still a
question on how to induce AVMs in ENG** mice. Third, it may take a long time for the
generation of endoglin knockout mice and the appearance of disease phenotypes,
especially those related to ageing. Last but not least, mouse experiments raise ethical
issues and animal protection concerns.

In 2006, iPSCs were first generated from mouse fibroblasts by overexpressing four
transcription factors (known as Yamanaka factors) normally expressed in ES cells. These
mouse iPSC were similar to ES cells(Takahashi and Yamanaka, 2006). Shortly thereafter,
human somatic cells were also successfully reprogrammed to hiPSCs (Takahashi et al.,
2007). hiPSCs can also self-renew indefinitely in culture and differentiate into many
different kinds of cell types, which make them potentially an excellent tool for disease
modeling since they capture the genome of the patient from who they are derived.
hiPSC derived cells can be used for the study of disease pathologies and drug screening
(Robinton and Daley, 2012). Recent advances in genome editing, including TALENs and
CRISPR/Cas systems, now allow rapid and efficient introduction of genetic modifications
in hiPSCs. Both techniques apply nuclease to cut genome DNA to get a double strand
break in the specific location with the help of guiding RNA sequence. Then specific
modification of the sequence could be achieved through DNA repair by non-
homologous end joining (NHEJ) or homology directed recombination (HDR) when a
template DNA molecule is available (Kim, 2016). These techniques further facilitate the
application of hiPSCs for the modeling of different genetic diseases. For example, in
order to study the effect of genetic background on the development of a genetic disease,
a same mutation could be introduced into a control hiPSC line and compare it with the
patient-derived hiPSC line. The mutation carried by the patient hiPSC line could also be
corrected using genome editing to create an isogenic control, by which the effect of
genetic variation except the mutation on the pathogenic gene could be excluded.
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There are several potential advantages of using hiPSC-derived cells for modeling of
HHT1. First, patient-specific hiPSCs and their derivatives carry the same genetic
background as HHT1 patients. Second, unlimited numbers and different types of
vascular and other cells likely similar to primary cells from patients can be derived from
patient specific hiPSCs. Third, the differentiation processes of different cells types from
hiPSCs are relatively short compared to the generation of mouse models, as described
in section 1.1.1 and 1.2.3. Fourth, CRISPR/Cas 9 genetic modification technologies make
it much easier to correct the ENG mutation in patient specific hiPSC lines to generate
isogenic control lines, which are necessary for the study of disease related phenotypes.
The potential disadvantage is that the hiPSC derivatives may not be mature enough to
mimic the disease in adults.

One of the major aims of this thesis is establishing a multicellular vascular model of
HHT1 using patient-derived hiPSCs. To better recapitulate the microenvironment of
blood vessels in vivo, 3D culture combining different cellular components associated
with blood vessel development and functions are required. Previous work in our group
showed that in hiPSC-ECs with endoglin haploinsufficiency the TGFB signaling pathway
was unaffected and functionalities normal in 2D culture conditions (unpublished data).
Here, we decided to investigate whether patient -like phenotypes would be evident in
a 3D culture model combining ECs and mural cells-vascular smooth muscle cells (vSMCs)
derived from isogenic HHT1 hiPSC lines. We found dysregulated interactions between
EC and mural cells which had been shown to be a major underlying pathology of HHT1
in mutant mice, evidenced by impaired vSMC development and mural cell recruitment
and coverage of blood vessels (Lebrin et al., 2010).

As the next step (not included in this chapter), we modeled the inflammation
process with patient derivativs by thesting adhesion of monocyets on ECs. We are also
working on including of inflammatory cell component — IPSDMs in our 3D vascular
model. As above in section 1.3.5 of this thesis, inflammation and myeloid cells
(especially macrophages) are closely related to the onset and development of HHT1
phenotypes. Thus, by including IPSDMs in our model, we expected to observe new
disease phenotypes related to inflammation condition and to identify new disease
pathologies which would provide essential clues for the drug development and
screening in the future.

1.4 Modeling PHE with hiPSCs
1.4.1 PHE

PHE is tumor associated with blood vessels with intermediate malignant potential
which mainly affects young adults and has a male predominance. PHE has similar clinical
presentation as epithelioid sarcoma. The tumor is known to express several EC markers
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although with morphology distinct from vasculature and involving different anatomic
planes, including dermis, subcutis, and skeletal muscle (Al-Qaderi and Mansour, 2019).

In 2014, Walther and colleagues revealed a balanced t(7;19)(g22;913)
chromosome translocation in several PHE patients which lead to a fusion of the
SERPINE1 and FOSB genes (Walther et al., 2014). FOSB dimerizes with Jun proteins to
form AP-1 transcriptional complex which was found to drive various tumors. The
overexpression of FOSB under the SERPINE1 promoter after translocation is considered
as the mechanism underlying the pathology of PHE.

Local recurrence was commonly observed in PHE, while few patients develop
distant metastasis (Inyang et al., 2016). Currently there is still no effective treatment for
this tumor, although drugs targeted rapamycin inhibitors are under clinical test,
including everolimus (Ozeki et al., 2017) and sirolimus (Gabor et al., 2018).

1.4.2 Disease Modeling of PHE

Establishing an in vitro model of PHE would greatly facilitate the study of underlying
disease mechanisms and development of screening platforms for candidate drugs.
However, no tumor cell line has so far been established for this disease in part because
PHE is so rare. hiPSC would an alternative approach to model PHE and they could be
produced by introducing the chromosomal translocation into WT hiPSCs by genome
editing. Previously, chromosomal translocations have been successfully introduced into
human umbilical cord-derived mesenchymal stromal cells (hMSCs), umbilical cord
blood-derived CD34+ cells, and more recently human induced pluripotent stem cells
(hiPSCs) using CRISPR/Cas9 (Schneidawind et al., 2018; Torres et al., 2014; Torres-Ruiz
et al., 2017; Vanoli et al., 2017). Thus, we hypothesized that by introducing SERPINE1-
FOSB translocation into hiPSCs and differentiating them into EC using established
protocol (Halaidych et al., 2018; Orlova et al., 2014b; 2014a) we may establish an hiPSC
disease model for PHE which could be further used for further study. This was indeed
carried out in the study presented in chapter 6 where my focus was primarily on the
transcriptional analysis of the mutant hiPSC-derived ECs in relationship to the isogenic
wild-type cells.

1.4.3 Transcriptomic analysis of the hiPSCs model of PHE

Whole transcriptome sequencing and analysis provides a powerful tool for the
revealing of dysregulated transcription networks and indicating potential underlying
disease mechanisms of PHE using the PHE-hiPSC model. The study demonstrated that
ECs are indeed the likely cell of origin of PHE as postulated before this study. Comparison
of ECs derived from PHE and isogenic WT hiPSCs could then provide new insights into
the nature of the disease. Although FOSB overexpression had been identified as the
major driver of tumor development, it is still not fully clear what the downstream
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transcriptional changes are and their correlation with observed disease phenotypes of
PHE. Whole transcriptome sequencing allowed us to identify the majority of
dysregulated genes in PHE-hiPSC-EC model. Gene Ontology (GO) enrichment analysis
enabled us to link these identified DEGs with different cell signaling pathways and
activities. Moreover, gene regulation networks could be generated using available gene-
gene interaction prediction tools like Ingenuity Pathway Analysis (IPA). Novel
therapeutic targets and candidate drugs could this be identified based on these RNAseq
analyses.

1.5 Aims of this thesis

The overall aim of the work in this thesis was to establish vascular models in culture
using hiPSC-ECs and myeloid cells for a genetic vascular diseases HHT1 and a vascular
tumor PHE. To achieve this goal, several questions needed to be addressed first and
each is presented in the chapters of this thesis.

Much of the research in this thesis is intended to address the underlying
mechanisms of HHT1, a major focus of our research group. To model the crucial
inflammatory component of HHT1 using hiPSCs, first we needed to establish a robust
differentiation protocol for monocytes and macrophages from hiPSCs, which could be
included in the vascular part of the HT-hiPSC model. The protocol for this was
established (chapters 2 and 3) and the monocytes/macrophages (IPSDMs) functionally
characterized. A detailed comparison of IPSDMs with PBDMs was performed in terms
of gene expression and functional behavior. Second, the derivation and characterization
of hiPSC-derived ECs, as EC is the major cell type affected in HHT1 and the major
component of HHT1 hiPSC model. A reporter hiPSC line for ETV2 was generated using
CRISPR/Cas9 technology and used to initiate a study the developmental origin and
maturation process of hiPSC-derived ECs (chapter 4). Third, derivation of an hiPSC line
from HHT1 patient somatic cells and generation of its isogenic control line without
endoglin mutation. Fortunately, this did not require genetic engineering since we have
identified a mosaic patient who carried the endoglin mutation only in some but not all
tissues. We thus managed to establish a pair of isogenic hiPSC lines from both wild type
and mutated cells from this mosaic patient. Fourth, differentiation and characterization
of ECs from isogenic HHT-hiPSC lines based on their transcriptome profile and functional
analysis. Finally, an in vitro disease model for HHT1 by combining ECs and mural cells in
2D and 3D culture systems was established (chapter 5). With the disease model
established the aim was to ultimately provide new insight into the HHT1 disease
mechanisms and an experimental platform for screening potential drugs for disease
treatment.

Finally, another disease we modeled in this thesis was PHE. This was part of a
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collaborative study; my contribution was whole transcriptomic sequencing and
bioinformatic analysis of PHE and WT hiPSC-ECs to identify the dysregulated
transcriptional network which could contribute to revealing of the underlying pathology
of PHE and identify new therapeutic targets (chapter 6). At the end, a general Discussion
of the outcome of this thesis is provided in Chapter 7. A number of important issues
have been addressed that would be needed to create representative human models for
HHT1 and PHE in culture. The outcome has provided important cellular tools that can
help move the field forward and proved the basis for better understanding of the
mechanisms underlying the genetic forms of vascular disease.
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