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ABSTRACT

Tissue engineering restores impaired function of tissues or organs by generating constructs
harbouring cells, often stem cells, that upon implantation in sites of injury or degeneration
can regenerate the tissue. The potential of cell survival and viability is correlated with the
vascularisation of the implantable construct, and thus, generating blood vessels and their
components, perivascular cells (PCs) and endothelial cells (ECs), in vitro allows for studies

to further comprehend their function and contribution to the vascularisation process.

As described in the current thesis, the host laboratory has developed a method for the
differentiation of hESCs/hiPSCs to ECs (Tsolis et al. 2016) using chemically defined
conditions (APEL medium) supplemented with growth factors. Whereas the efficiency of
the protocol is overall satisfactory (around 25%) there is room for improvement,
additionally, the generated ECs exhibit low proliferative capacity and require sorting of the
acquired mixed population. In this thesis two different protocols of differentiation to ECs
were tested alongside the already established protocol to further improve the generation of
ECs. The first protocol tested, published by Patch and coworkers (Patch, C., et al., 2015),
was selected due to the high differentiation efficiency (66 — 88 %) and the highly
proliferative ECs produced, whereas the second protocol (Harding et al., 2017) exhibited
high differentiation efficiency (73 — 83%), on day 8 of differentiation, with no requirement

for cell sorting or magnetic purification to yield a very pure population.

The Patch et al. protocol involved testing the effect of the initial cell density of the hPSCs
and the concentration of the GSK3 inhibitor used in the differentiation towards the
mesodermal state. Performing the protocol on HI hESCs and testing various seeding
densities of the starting population and a range of GSK3i concentrations revealed that the
highest seeding density and the highest GSK3i concentration led to the optimal
differentiation efficiency (38.3 % of CD34" and 27.2% of CD31" cells). However, the
differentiation efficiency that was not equivalent to the efficiency suggested by the authors
(66 — 88%) and did not improve the efficiency compared to the differentiation protocol

already established in the host laboratory (~25 %) (Tsolis et al., 2016).

The Harding et al. protocol tested the effect of i) method of cell dissociation during
subculturing, i1) the use of various culturing substrates, iii) composition of culture media and

serum concentration.
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The optimal protocol involved passaging H1 hESCs with dispase, seeding VPCs on
fibronectin and were culturing the hESC-ECs in EGM-2 medium supplemented with 50
ng/ml VEGF and serum up to 5%. The efficiency of differentiation reached 57.4% CD31",
more than double than the efficiency obtained with the protocol of the host laboratory (~25
%) (Tsolis et al., 2016).

While the current thesis focuses more on the phenotypical characterization of the derived
ECs, future plans involve the functional characterization of the population, with assays such
as LDL uptake, in vitro angiogenesis and tube formation that are typical in a population of
ECs. Finally, further improving the efficiency and the desired conditions of the Harding et
al. protocol could reveal a protocol that can be used in totally serum free conditions, which

is ideal in certain types of experiments, such as experiments dissecting molecular pathways.
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IIEPINAHYH

H unyaviky wotdv, mov amotedel ™ Paon tng avayevvnTikng 0Tpikng, LITOCYETOL VO
QTOKOTOGTNGEL TV UEI®UEVT AEITOVPYIO IGTMV 1 OPYAV®V LE TNV ONHovpyio KOUTOCKELMV
LLE XPNOT IKPLOUATOV, GOUPOTOV e KOTTOPA, KATA KOPLO AOY0 PAAGTIKA KOTTOPO, TO, OTO1,
KOTA TNV EUPVTEVOT 6€ BEGEIC TOV £YOLV VTOGTEL TPOVUATIGUO 1) EKPVAGUO KLTTAPWYV, VO
endyovv Vv avayévvnon tov totob. H Pioocommra tov kuttdpmv oto UQUTEVUOTO
GLOYETICETOL LLE TNV AYYELOTOINGT TOV EULPLTEVLOATOG KO, ETMOUEVAGS, O iN Vitro GYNUATIGULOG
TOV QUOPOP®Y 0yYei®mV Kol T®V SOUIKMY GLUGTATIKOV TOVS, ONANOT TOV TEPLUYYELNKDV
kuttdpov (perivascular cells, PCs) kot tov gvéoOniokdv kuttdpov (ECs), dbvator va
eMTPEYEL TV Jeoy@yn LEAETMOV YOl TNV TEPOUITEP® KATAVONGCT TNG AELTOVPYING KO TNG

GUVELGPOPAS AVTAOV GTNV JAOTKAGI0 TNG Oy YELOYEVESTC.

Onmg meptypaeetal 6TNV TOPOVCH. LETATTUYLOKY] OTPPr], TO EPYOCTNPLO VIOJOYNG EXEL
avontoéel pio péBodo yw tn dlagopomoinon twv oavlpomivov eufpuikdv PAOCTIKGOV
kuttdpov (hESCs) kot tov avOponivav eraydpeveov moAvdivoumy PAOCTIKGOV KUTTAP®OV
(hiPSCs) og ECs (Tsolis et al. 2016), ypnouomoldvIog yNUIKE Kabopiopéves cuvOnKeg
(Bpentikd péco karlépyeiag APEL) gumlovticpéves pe avénrtikovs mapdyovies. Evod
amOO0GT TOL TPMOTOKOAAOV glval Yevikd tkovomonTiky| (mepimov 25%), vrdpyel tepddplo
vy Pertioon, evod  mopdAinio  to  mwapaydpevo  ECs  moapovoialovv  youmAn
TOALOTAQGLOGTIKT IKOVOTNTA KOt Atotto vV S10A0YT] TOL HEWKTOV TANOLGLLOV TTOV TPOKVTTEL.
2y mapovoa daTpPn eetdotnray 000 SPOPETIKA TPOTOKOAAL SLOPOPOTOINGNG TPOG
ECs, o€ cuvovaoud e 1o 101 kabepmpévo TpOTOKOAAO S10POPOTOINGNG, TPOKEEVOD VL
Bektiwbel meportépo N moapayoyn tov ECs. To mpdto mpwmtéxoArlo mov &€etdotnke,
onuoctevpévo amd tovg Patch et al. (Patch, C., et al., 2015), emAéyOnke Loy® g vynAng
amddoong olapoporoinong (66 — 88%) kat TS VYNANG TOAAATAACIACTIKNG IKOVOTNTAG TOV
napayopevov ECs, evd to dedtepo mpotdokorro (Harding et al., 2017) mapovsioce vynin
amodoon drapopomoinong (73 — 83%) v 8n nuépa g dtapoponoinong, ywpig vo amortet

OLOAOYN TOV KLTTAP®YV Y10 TV AmOKTNGN VOGS KaBapov mAnducpov.

To mpwtdxorro Twv Patch et al. mepreddpPfave v agloddynon g enidpacng e apytkng
Kuttapikng mokvotntag tov hPSCs kot g ovykévipoong tov avactoréo GSK3 mov
YPNOOTOIEITOL KATA TNV Olapopomoinon mpog 10 pecddepuo. H epappoyn tov
mpotokOAlov o€ H1 hESCs kot 1 doxyn d1apOpmv TUKVOTHT®V TOV apykoy TAn6ucon

Kol LG GEPAg GUYKEVIPOGE®V Tov ovaoTorléa GSK3 &deiéav 611 1 vynAdTepn apykn
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KLTTOPIKT TUKVOTNTO Kot 1) VYNAGTEPT CLYKEVTP®OT Tov avactorén GSK3 odnyncav otnv
Béhtiotn amddoon drapopomoinong (38,3% CD34" kou 27,2% CD31" kxuttdpav). Qotdco,
N anddoon TG dPOPOTOiNoMG OV NTOV AVTIGTOYYN UE TNV ATOJ0CT| TOV TPOTEIVAY Ol
ocvyypapeic (66 — 88%) kot dev PeAtiooe v amdd00T GE GUYKPLON UE TO TPOTOKOALO

dwpoporoinong mov eiye oM kabepwhel oto epyactpro (~25%) (Tsolis et al., 2016).

To mpwtéKoAho TV Harding et al. e£étale v enidpaon: 1) g peboddov amokdAANoNG TOV
KOUTTAP®V KOTA TV OVOKAAMEPYELD, 11) TNG YPNONS OL0LPOP®Y VITOGTPOUATOV KOAMEPYELOGS,
1i1) NG oHVOEOTG TOV LEGMY KAAMEPYELOG Ko TG GLYKEVTP®ONG 0pov. H BéATio ektéheon
TOL TPMOTOKOAALOL TepteAdpPave v amokdAinon tov H1 avBpomivov epppuikov
Practikdv kuttdpwv (hESCs) pe diomdon, v TpockKOAANGT TV TPOYOVIKDV OYYELKMY
kuttapov (VPCs) oe vidotpopa erumpovektivng kot v koAlépyeia twv hESC-ECs og
Opentikd péco kaalépyetog EGM-2 gpmiovtiopévo pe 50 ng/ml VEGF kot opd péyxpt 5%.
H an6doon g dwapopornoinong éptace 1o 57,4% oe CD31" kbtrapa, dnhadf ndve amd
duhdoto amd TV anddoon Tov EMTEHYONKE LE TO TPOTOKOAAO TOL gpyactnpiov (~25%)

(Tsolis et al., 2016).

[Topott N mapovoo petamtuytoky SatpPn €oTdlel GTOV EUVOTVTIKO YOPOKTPIOUO TMV
enayopevov evoodniakav kuttapov (ECs), oto peAlovtikd miava mepthapfdvetal o
AELTOVPYIKOS YOPAKTNPIOUOS TOV TANBVGHOV, e SOKIUES Omwg TpocAny™n tov LDL kot in
vitro ayyeloyéveon mov eivor TVmIKE YopaKTNPLOTIKA TOL TANBvopoy twv ECs. Téhog,
mepautép® Pertioon g amddoons Kol TV ETBLUNTOV GLVINKOV TOV TPOTOKOAAOV TOV
npotdOnke and tovg Harding et al., Bo umopovce va amokaidyel Eva TPOTOKOALO TOV
umopet va ypnowonomBel vd cuvinKkeg YwPic 0pd, MOV OmOTEAEL WOVIKY] GLVONKN Yo

opopéva €idn TEPAUATOV, OTOS TEWPAATO TOL £EETALOVY LOPLAKA LOVOTTATLL.
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1. INTRODUCTION

1.1 Regenerative Medicine

U. IOANNINA

Regenerative medicine is an emerging field with potential to restore the function of tissues

and organs that injuries or diseases have inflicted damage to. The importance of this field

comes from transplantation demands and the inability of innate repair mechanisms to restore

extended function loss due to severe trauma, requiring a different approach to conventional

medicine.

Blntocyy
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Figure 1.1. Embryonic stem cells are pluripotent and
originate from the inner cell layer of the blastocyst,
called inner cell mass (ICM). These stem cells can
become any tissue in the body, except placenta
(modified from Stupar et al., 2013).

A key goal of regenerative medicine is to
repair, replace, or regenerate tissues and
organs that are malfunctioning or
damaged by injury through cell therapy.
Thus, it uses this knowledge to prevent
and treat chronic degenerative diseases
(eg diabetes, osteoarthritis, degenerative
diseases of the heart and nervous system)
and repair traumatic injuries. Stem cells
are a key component of regenerative
medicine. Indeed, embryonic stem cells
can practically regenerate all body
tissues (Figure 1.1), while adult stem

cells have a narrower range of

differentiation. It has been written that stem cell-based therapy is going to be the third

therapeutic principle in the future, after surgery and pharmaceutical therapy. The use of

embryonic stem cells (ES-cells) and adult stem cells (adult stem cells) in Therapy has been

widely discussed and has recently begun to be tested (the American FDA approved the first

clinical trials with human ES cells in January of 2009).



IAPYMA TEXNOAOIAZ KAI EPEYNAX
U. IOANNINA

1.2 Stem Cells (SCs)

Stem cells are found in both embryos and adults and can be defined on the basis of their
origin and potency into Adult Stem Cells (ASCs) and Embryonic Stem Cells (ESCs). Stem
cells possess the ability to either self-renew indefinitely or to differentiate into more mature
cells with specialized functions. Considering their differentiation potency, stem cells have
several steps of specialization, with each step defined by a reduced differentiation and
developmental potency and are thus classified from lowest to highest differentiation capacity
into: unipotent, oligopotent, multipotent, pluripotent, and totipotent stem cells. (Zakrzewski

W., etal., 2019).

Unipotent stem cells are adult stem cells characterized by the narrowest differentiation
capabilities of all stem cell categories associated with the property of dividing repeatedly.
The latter feature distinguishes them from non-stem cells and the former means that these
cells are committed to one specific lineage, having the ability to form only one cell type, for

example the dermatocytes.

Oligopotent stem cells can differentiate into only a few cell types and include myeloblast
stem cells, which can divide into three types of white blood cells (eosinophils, neutrophils,

and basophils) but not red blood cells.

Multipotent stem cells have a wider spectrum of differentiation than uni- and oligopotent
stem cells and specialize in discrete cells of specific cell lineages. For example,
haematopoietic stem cells first differentiate and become oligopotent stem cells, which are

restricted to a specific cell lineage and can then develop into several types of blood cells.

Pluripotent stem cells (PSCs) give rise to all three germ layers but not extraembryonic
structures, such as the placenta. Examples of PSCs are embryonic stem cells (ESCs) and
induced pluripotent stem cells (iPSCs), with the former derived from the inner cell mass of
the blastocyst of preimplantation embryos and the latter from the epiblast layer of implanted
embryos. Their pluripotency exists for only a specific time period of pre-implantation
development in the cells forming Inner Cell Mass (ICM). As the cells differentiate into other
cell lineages, their self-renewing potential decreases due to various epigenetic changes
which leads to the loss of pluripotency and thus to the formation of less potent cells, such as

multi-, oligo- and unipotent cells.
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Totipotent stem cells have the highest differentiation potential and can differentiate into
embryonic and extra-embryonic structures, such as the placenta, giving rise to cells of the
whole organism. One example of a totipotent cell is a zygote, which is formed after sperm
fertilizes an egg. These cells can later develop either into any of the three germ layers or

form a placenta (Zakrzewski W., et al., 2019).

1.2.1 Embryvonic Stem Cells (ESCs)

In embryonic development, during the preimplantation stage, which is the first five to six
days after fertilization and prior to implantation, the human zygote develops into a blastocyst
that is composed of two distinct cell types: an outer layer of trophectoderm (TE), which
encloses the inner layer of inner cell mass cells (ICM) found in the blastocyst cavity. The TE
forms extraembryonic structures needed for support of the embryo, such as the placenta, and
the ICM contains two types of cells, the epiblast and the hypoblast, with the former
contributing to cells and tissues of the embryo and the latter forming an epithelial layer on
the epiblast. As TE cells differentiate to extraembryonic membranes, ICM cells retain their
undifferentiated, fully pluripotent state, allowing them to form any cell of the whole

organism. (Rossant J., et al.., 2022).

Human embryonic stem cells (hESCs) are pluripotent stem cells derived from the pre-
implantation blastocyst and specifically from the ICM of a human blastocyst stage embryo
and can form three distinct cell aggregates named germ layers, which differentiate to
different cell types and tissues in the embryo: ectoderm, mesoderm and endoderm. This
differentiation occurs after implantation of the blastocyst and after that hESCs have limited
pluripotency and become multipotent stem cells, giving rise to cells of the specific

embryonic layer. (Rossant J., et al.., 2022).

Human Embryonic Stem Cells (hESCs), as pluripotent stem cells, are defined by pluripotent
transcription factors such as OCT4, SOX2 and NANOG, and, in their undifferentiated state,
they are characterized by expression of a number of cell surface markers and transcription
factors including stage-specific embryonic antigen-4 (SSEA-4), SSEA-3, TRA antigens,
Oct3/4, Nanog and the absence of hESC negative markers, such as SSEA-1. (Vazin T., et
al.., 2010).
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1.2.2 Challenges Attributed to the Use of ESCs

However, the use of embryonic stem cells runs into two problems. The generation of
embryonic stem cells from human embryos or in vitro fertilization material is not ethically
acceptable. Furthermore, the use of such embryonic stem cell lines will, in some patients,
fail due to immune rejection. As shown by a series of pioneering studies, these problems are
circumvented by the use of reprogrammed stem cells (induced pluripotent stem cells-iPS
cells), where terminally differentiated cells (fibroblasts, keratinocytes) from a patient are
transformed ex vivo into stem cells with transient expression of specific transcription factors
(e.g, Oct4, Sox2, Nanog, KIf4 (see below). A series of studies have shown that iPS cells
have the properties of embryonic stem cells differentiating to all tissues of the body, although
this point is still being examined. Thus , embryonic stem cells can replace regenerative
medicine approaches. This system, discovered by Yamanaka and colleagues and developed
by leaps and bounds in recent years (Takahashi and Yamanaka, 2006), is free of the usual
limitations that accompany the use of embryonic stem cells (immune rejection, bioethical
problems) and has very good prospects in terms of the development of cell models that
reproduce the pathogenesis of specific diseases (disease-specific models), facilitate the

testing of new drugs and support the invention of personalized regimens cell therapy.

The infinite proliferative capacity of ESCs serves as both a blessing and a curse, as these
cells can lead to the formation of tumors after transplantation, in the form of teratomas.
Tumorigenicity can be attributed to genetic alterations, from single nucleotide mutations to
copy number variations, that occurred during the in vitro culture of the undifferentiated
ESCs, and can deem a cell line inappropriate for further use in medical applications
(Yamanaka S., 2020).

Another critical issue regarding the use of ESCs in cell therapy and tissue transplantation is
immune rejection. The recipient’s immune system deems ESC-derived transplanted cells or
tissues as allogenic because the lack of or mismatch of class | MHC expression on ESC-
derived grafts is recognized by the adaptive immune response (Boyd A. S., et al.., 2012).
Traditionally, the problem of immune rejection in organ transplantation has been overcome
by the life-long use of immuno-suppressive drugs for long-term immunosuppression,
however, the use of these drugs is associated with numerous complications, either

immediate, such as infections, or delayed, such as secondary lymphomas. Thus, the option
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of immunosuppressive treatment is not optimal for the incorporation of ESC-derived drafts

into the damaged tissue or organ (Yamanaka S., 2020).

Additionally, different ESC cell lines are characterized by heterogeneity in gene expression,
which is correlated with the differences in the genetic background and the epigenetic
variations of the various cell lines. This heterogeneity can become a problem when these
cells are needed for medical applications, such as cell therapies (Yamanaka S., 2020).

1.2.3 Human Induced Pluripotent Stem Cells (hiPSCs)

The turning point for stem cell research was the discovery of the possibility of reprograming
multipotent adult stem cells to their pluripotent state by Shinya Yamanaka and Kazutoshi
Takahashi in 2006 (Takahashi K., et al.., 2006). The reprogramming to induced pluripotent
stem cells (iPSCs) was conducted with retrovirus transduction of first of mouse fibroblasts
and then of human fibroblasts with four transcription factors (Oct-3/4, Sox2, KLF4, and c-
Myc). This method opened a new field in stem cell research with a generation of patient
specific iPSC lines bypassing the limitations of ESCs (Zakrzewski W., et al.., 2019). The
generation of autologous iPSCs helped overcome various hurdles posed by the use of

allogenous ESCs in medical applications.

Human induced pluripotent stem cells (hiPSCs) can be reprogrammed from fibroblasts, as
performed by Yamanaka in 2007 (Takahashi K., et al., 2007). But, because a biopsy is
needed to acquire these cells, other more accessible cell types can be used, such as peripheral
blood cells, keratinocytes or renal epithelial cells. Although, alternative stem cell sources are
available for the generation of iPSCs, the best stem cell source appears to be the fibroblasts,

because of a faster and better controlled stimulation (Zakrzewski W., et al.., 2019).

1.2.4 Applications in Medicine

The discovery of iPSCs has led to studies for disease modeling, drug discovery and
regenerative medicine. The advancement of iPSCs technology can be utilized to give rise to
patient-specific cell lines derived from patients to study the underlying mechanisms of
disease and the potential therapies, but also to generate tissue-specific cells for cell-
replacement therapy and transplantation. Furthermore, iPSCs bypass the immunorejection
issue caused by heterologous cells of ECs, due to the generation of iPSCs from autologous

cells. Additionally, many medical conditions, such as birth defects, cancer, spinal cord
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injuries, retinal degeneration and heart failure, remain untreatable and can be attributed to
improper differentiation and thus iPSCs technology can shed some light to stem cell
physiology and potential stem cell therapies (Wu S. M., et al.., 2011, Zakrzewski W., et al..,
2019).

IPSCs have a wide variety of applications in research and clinical studies such as disease
modeling, regenerative medicine and drug cytotoxicity studies.

In disease modeling patient-specific and disease-specific iPSCs can be generated from
somatic cells of patients suffering from a disease with a known or suspected etiology to
investigate the evolution of the disease
and the potential therapeutic

applications. The solution to finding a

Healthy or
diseased adult treatment for many diseases lies in the
human or mouse
understanding of the underlying
l mechanisms regarding disease
Adult cells . . .
(skin fibroblasts) progression, which can be achieved by
h using disease models. Many disease
! models have been used, such as rat, mice,
OCT4 OCT4
Sox2 q NANOG primates, however, the variability in the
(Myc) Lin28 . A
| genetic makeup of these animals and the

Genetic repair by H H H
ol reneul C romologous differences with the human genetic

recombination

Pocels ~ i necessary) background as well as the differences in

the cellular environment and metabolism

o of different species, led to the
é—, N .
— identification of iPSCs as a better
D|fferent|at|on alternative mOdeI Human |PSCS, Wlth
their unlimited differentiation potential
f”d"’tm Scrzgglr;g Transplantahon
of drug candidates
on healthy and self-renewal  capabilities and the
diseased cells A . .
possibility to combine a 3D culture with
extracellular matrix proteins, can mimic
*—\

the in-vivo human microenvironment.

Figure 1.2. In 2007 human induced pluripotent stem (iPS) cells were generated from adult skin
fibroblasts, by the overexpression of OCT4 and SOX2, in combination with two other proteins,
NANOG and Lin28. The generated iPSCs showed the essential characteristics of ESCs in terms of



~ 5y eI o8
2 " P
1 y e
e
[ v g’qﬁtN
e

IAPYMA TEXNOAOIAZ KAI EPEYNAX

U. IOANNINA

morphology, cell-surface markers, gene-expression profiles and telomerase activity, could be
maintained in culture for several months and could be induced to differentiate into all three
embryonic germ layers. Reactivation of Myc increased tumorigenicity in chimeric mice derived from
mouse iPS cells, and a modified protocol was developed that did not require activation of Myc in
either mouse or human cells. Thus, it became feasible to generate iPS cells from fibroblast cultures
from patients (with genetic defects corrected if necessary), and these cells could then, in principle,
be induced to differentiate into a variety of patient-specific cell types, allowing transplantation
without the risk of immune rejection. The more immediate applications of human iPS cells could be
the creation of human models of human disease in vitro for studying the underlying molecular
mechanisms of disease, for screening drug candidates, and for assessing drug safety and toxicity
(modified from Passier R., et al., 2008).

In regenerative medicine, the generation of iPSCs has raised the potential of stem cell
therapies for various conditions, such as macular degenerations, strokes, osteoarthritis and
neurodegenerative diseases. Differentiation of iPSCs to these specific cell types or cell types
that have acquired an injury in a damaged tissue can lead to the generation of tissues and
organs that can be transplanted to the site of injury or degeneration and reverse the effects
of such conditions. Since the somatic cells used for the generation of iPSCs will be derived
from the patient’s own body, a number of problems regarding transplantations can be
overcome, such as non-availability of donor tissues and organs and immunorejection due to

different physiological profile of donor and patients.

For pharmacological testing and drug discovery, iPSCs can be utilized in clinical and
research studies for drug screenings to examine the toxicity of molecules potentially used as
therapeutic agents for certain diseases. The use of animals as testing systems for predictions
of drug toxicity has limitations regarding the differences between the physiological
conditions in different species which can lead to unwanted side-effects or no positive
outcome when the drugs are tested on humans. Because newly discovered drugs and
therapies must be tested on human cells to be extensively used it is important to utilize a
system that closely resembles the human organism. For this purpose, the generation of iPSCs
from specific somatic cells, healthy or diseased and the subsequent pharmacological testing
performed on these cells can help directly identify potentially harmful effects of a drug
composition and the changes needed in order to render a drug effective, with minimal side-
effects (Singh V. K., et al., 2015, Robinton D. A,, et al., 2012).
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1.3 Blood Vessels

1.3.1 Vascular Cells and Blood Vessel Formation

Vascular tissue engineering is an emerging field that establishes the regeneration of blood
vessels and the restoration of blood circulation for vascular disease treatment and modelling

or for the incorporation of healthy vascular tissue at sites of injury (Wanjare M., et.al, 2013).

Blood vessels are the first organ to develop during embryogenesis, are derived from the
mesoderm and involve different cell types that offer a variety of properties, with the basic
components being perivascular cells (PCs) and endothelial cells (ECs). Differences in
cellular composition and vessel size vary, which leads to different vascular functions (Figure
1.3). Small blood vessels, such as capillaries, which are the most abundant vessels in the
human body, consist of ECs enveloped by basal lamina and a single layer of pericytes (Figure
1.3, b). Larger blood vessels consist of three layers (from innermost to outermost layer)
(Figure 1.3, d): the intima, media and adventitia. The intima is comprised mostly of one cell
type — the endothelium — which lines the luminal surface, with intimal SMCs found to a

lesser extent. The media is composed of multiple

a 57 . ..
rin (‘Q‘B’ layers of SMCs and is separated from the intima by

b Eecbe an internal elastic lamina. The outermost adventitial

PCs

layer consists of loose connective tissue and contains

smaller blood vessels and nerves (Karen K., et al.,

1996). Similarly, veins are irregularly covered by
smooth-muscle cells and pericytes and have valves
to prevent the backflow of blood (Figure 1.3, c),
whereas arteries have strong, elastic vessel walls

with dense populations of concentrically formed

smooth-muscle cells to withstand the higher blood

Internal elastic lamina (IEL)

€2 Endothesal cell (EC)

Pericyte (PC)  ----- xtern, i lamin. :

e | pressures (Figure 1.3, ¢) (Bergers G., et al., 2005).
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Figure 1.3. Wall composition of nascent and mature
vessels. (a) Nascent vessels consist of a tube of ECs, which mature into the specialized structure of
capillaries, arteries and veins. (b) Capillaries consist of ECs surrounded by basement membrane
(BM) and pericytes (Pcs) embedded within the BM. (c) Arterioles and venules have an increased
coverage of mural cells compared to capillaries. (d) The walls of larger vessels consists of three
specialized layers: an intima composed of ECs, a media of SMCs and an adventitia of fibroblasts
with matrix and elastic laminae (modified from Jain R. K., et al., 2003).
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Blood vessel formation occurs via vasculogenesis or angiogenesis (Figure 1.4).
Vasculogenesis refers to the de novo formation of blood vessels typically occurring during
embryonic development, which is critical for embryonic survival and later organogenesis,
but can occur in adults by circulating progenitor stem cells of a specific tissue (endothelial
progenitors, hematopoietic stem cells or stromal stem cells). Angiogenesis is the formation
of blood vessels from preexisting structures, which occurs in both adults and embryos
(Wanjare M., et.al, 2013).

) Angiogenesis
Vasculogenesis Arteriogenisis
Lymph vessels

transdifferentiate
from veins
-

Artery

Progenitors

Primitive vascular
network

Mature vascular network

Figure 1.4. Development of the vascular systems: during vasculogenesis, endothelial progenitors
give rise to a primitive vascular labyrinth of arteries and veins, during subsequent angiogenesis, the
network expands, pericytes (PCs) and smooth muscle cells (SMCs) cover nascent endothelial
channels, and an organized vascular network emerges (modified from Carmeliet P, 2005).

During vasculogenesis blood vessels assembly by clustering primitive vascular cells or
hemangioblasts into blood islands which give rise to tube-like endothelial structures that
define the pattern of the vasculature. These blood islands are composed of two cell types:
angioblasts that are found primarily in embryonic mesoderm and form the outer layer of ECs
encasing the blood islands, and hematopoietic stem cells, in the inner cluster, which give rise
to the first embryonic blood cells (Risau W., 1997). Fibroblast growth factors (FGF) and
vascular endothelial growth factor (VEGF) are important for the formation of angioblasts

and

haematopoietic cells from mesoderm. For vasculogenesis, expression of VEGF receptors
and sufficient production of VEGF are both necessary. VEGF is produced by the endoderm,

while its receptors are expressed by mesoderm-derived angioblasts, and acts in a paracrine
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manner. Induction of VEFG-R2 is thought to initiate angioblast differentiation, while

quantity and activity of VEGF determines angioblast survival (Risau W., 1997).

Hemangioblast ~="" Pericyte

—== Smooth muscle cell
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VASCULOGENESIS VASCULAR MYOGENESIS

Figure 1.5. Development of the vascular system. (a) During vasculogenesis, mesodermal precursors,

the hemangioblasts, differentiate into ECs and form a primary vascular plexus. (c) Maturation and
stabilization of the nascent plexus relies on the recruitment of pericytes and SMCs and deposition of
extracellular matrix under the control of the coordinated action of PDGFE, Ang2 (angiopoietin 2) and
TGF-b signaling (modified from Pardali E., et al., 2010).

Once the main vessels have been produced, branching and remodeling of such structures, a
process known as angiogenesis, leads to the formation of a primitive vascular network,

which occurs in both adults and embryos (Figure 1.6).
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Figure 1.6. The recruitment of perivascular cells (pericytes and vascular smooth muscle cells
(vSMCs)) to nascent blood vessels plays an essential part in the stabilization and maturation of new
vascular networks. Whereas pericytes primarily associate with small-caliber capillaries, vSMCs
ensheathe larger arteries and veins. Initially, platelet-derived growth factor B (PDGFB) is released
from endothelial cells (ECs) undergoing angiogenic remodeling. Recruited pericytes are
incorporated into the wall of immature vessels and establish direct cell-cell contacts with ECs.
Furthermore, angiopoietin 1 (ANG1) released from perivascular cells activates the TIE2 receptor in

10
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ECs, promoting EC survival and cell attachment. Activation of activin receptor like kinase 5 (ALKS;
also known as TGFBRI) by TGFp1 in perivascular cells may then promote vSMC differentiation to
generate vSMC-ensheathed quiescent mature vessels. Importantly, this whole process can be
reversed in response to pro angiogenic signals, such as vascular endothelial growth factor A
(VEGFA) or the TIE2 antagonist ANG2, which promote mural cell detachment and vessel
destabilization to allow further rounds of vascular remodeling (modified from Herbert S. P, et 2011).
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\ Figure 1.7. Main steps of physiological angiogenesis.
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he first step towards the maturation of the blood vessels is the formation of new capillaries
by sprouting or splitting from the vessel of origin (Figure 1.7, a). Sprouting angiogenesis is
induced by VEGF and occurs in the yolk sac and in the embryo. The process includes the
degradation of the extracellular matrix, the migration and the proliferation of the endothelial
cells and the maturation of the endothelium. One of the factors that induce angiogenesis is
VEGF. Non-sprouting angiogenesis includes either the proliferation of endothelial cells

inside a vessel, which produce a wide lumen that can be split by transcapillary pillars, or

11
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fusion and splitting of capillaries. This process is defined by the expression of endothelial
receptor tyrosine kinase TIE-2 or TEK. TIE-2 regulates VEGF activity and induces

endothelial cells to narrow their lumina for sprouting or splitting.

The vascular system is then submitted to pruning (Figure 1.7, ¢), which is the remodeling of
the formed vessels to form a mature system of larger and smaller vessels, and finally
maturation (Figure 1.7, d), which leads to the modification of the basal lamina and the
differentiation of pericytes and smooth muscle cells and the connection of the vessels with
the tissue or organ they supply or regression. At some point during angiogenesis, survival of
endothelial cells becomes independent of VEGF and maturation is affected by intracellular
and extracellular interactions of endothelial cells. This process is also affected by circulation,
where shear stress affects interactions of endothelial cells and expression of grown factors.
For example, PDGF-B is upregulated and activates its receptors on perivascular cells,
promoting their attachment to the endothelium and activating TGF-f, which alternates the
composition of extracellular matrix, stabilizes the phenotypical characteristics of endothelial
cells and inhibits their proliferation. For maturation, tissue factor, a procoagulant receptor
expressed by the endothelium, recruits perivascular cells and induces the expression of TGF-

B, which inhibits endothelial cell proliferation (Risau W., 1997).

1.3.2 Perivascular Cells (PCs)

Perivascular cells (PCs) consist of pericytes and vascular smooth muscle cells (vSMCs) and
surround the inner endothelial lining, conferring support and stabilization. During vessel
development, ECs recruit both pericytes and vSMCs in the newly formed vasculature to
promote stabilization by wrapping around the blood vessels. The cell composition of blood
vessels is directly correlated with the location of the vessel: mature vSMCs circumferentially
wrap around the inner layers of larger arteries and veins including the aorta, carotid artery,
and the saphenous vein, while pericytes surround smaller blood vessels or microvasculature,
such as capillaries, in which a single EC makes up the inner perimeter of the blood vessel,

precapillary arterioles, and postcapillary venules (Wanjare M., et.al, 2013).

12



e

IAPYMA TEXNOAOIAZ KAI EPEYNAX

U. IOANNINA

1.3.2.1 Vascular Smooth Muscle Cells (vSMCs)

Vascular smooth muscle cells (vSMCs), which originate from mesodermal lineages, are
found primarily in larger vessels and to a lesser extent in small vessels, such as capillaries,
and they provide support to the endothelial tube of the vessels by regulating intravascular
pressure. vSMCs are separated from the endothelium with the intervention of the basement
membrane and the elastic lamina containing extracellular matrix (ECM), distinguishing
them from pericytes which are connected with ECs with the basement membrane. These are
characterized by plasticity, which is important for the completion of different functions of
the vascular smooth muscle cells, such as contraction, proliferation and synthesis of

extracellular matrix.

Dyring embryogenesis, vSMCs, with their phenotypic plasticity, play a crucial role in the
maturation of the vessel following organization of endothelial cells into primary vascular
plexus. In adults, a different set of conditions can cause a phenotypic switch in vSMCs by
regulating the expression of smooth muscle cell markers. In wound healing and reparation
of injuries implicated on the vascular wall, dedifferentiated synthetic SMCs are recruited at
the site of the injury and form the neointima, the innermost part of larger blood vessels,
consisting primarily of endothelial cells. This is accomplished by the decrease in the
expression of contractile proteins, leading to the phenotypic switch in smooth muscle cells.
Similarly, in some cardiovascular pathologies, such as atherosclerosis, restenosis and aortic
aneurysm disease, these recruited SMCs can possess a synthetic phenotype while

pathological lesions are formed (Wang G., et al., 2015).
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Figure 1.8. Phenotypic plasticity of vSMCs. Characteristics of the synthetic and contractile
phenotypes — including morphology, proliferation, ECM and contractile protein expression, and
phenotypic switch — are regulated by various biochemical and biomechanical cues (from Wanjare
M., etal, 2013).

vSCMs can acquire a contractile or synthetic phenotype, with the former referred to as
differentiated SMCs and found in healthy adult blood vessels where they play a role in
contraction and the later referred to as dedifferentiated SMCs with proliferating capacity
found in the embryo during the neovascularization or in injured adult blood vessels (Wanjare
M., et.al, 2013). These two phenotypes are distinguished by a different set of smooth muscle
cell markers expressed: the contractile phenotype expresses markers for cytoskeleton and
contractile proteins, such as smooth muscle a-actin (SMaA), smooth muscle myosin heavy
chain (SMMHC), calponin and SM220, which are down-regulated in the synthetic
phenotype (Wang G., et al., 2015).

Contractile vSMCs:

Contractile SMCs are considered to be the mature SMCs in the vessel under normal
physiological conditions, wrapping circumferentially around the inner layers of larger

arteries and veins (Wanjare M., et.al, 2013).

Contractile vSMCs are characterized by a spindle-like morphology, with low proliferation
rate and by wrapping circumferentially around the vasculature, they promote stabilization
and contraction of the vessel wall. Some markers that define and promote contractile vSMCs
phenotype are FGF9 (Fibroblast Growth Factor 9), which induces the wrapping and
stabilization of the vasculature, elastin, which offers elasticity and resilience, and smooth
muscle myosin heavy chain (SMMHC), which powers the contraction. At different
developmental stages, a variety of markers are expressed: alpha smooth muscle actin
(aSMA) early on, SM22a, calponin, caldesmon heavy chain and smoothelin intermediately
and SMMHC at later mature stages. Also, TGF-B1 plays an important role in vessel
formation, by promoting differentiation of vascular progenitor cells into pericytes and

vSMCs and by increasing the expression of contractile proteins (Wanjare M., et.al, 2013).

Mature SMCs are sensitive to growth factors, mitogens, inflammatory mediators and

mechanical forces, which can promote functional and morphological changes, referred to as

14



| T =
IAPYMA TEXNOAOIAZ KAI EPEYNAX

U. IOANNINA
phenotypic switch. During this process, a number of contractile protein markers are
downregulated and thus SMCs lose their contraction properties, and instead they migrate,
proliferate and accumulate in the intima, the innermost layer of a larger blood vessel
consisting of ECs. Thus, mature SMCs dedifferentiate to the synthetic phenotype (Wang G.,
etal., 2015).

Svnthetic vSMCs:

Synthetic vSMCs are prevalent in vessels that have undergone remodeling or that have
endured injuries. The cells are defined by hill and valley morphology, with higher
proliferation rate and, after enduring injury in the vessel wall, they promote thickening of
the internal vascular tube and migration by producing ECM proteins, such as fibronectin and

collagen and matrix metalloproteinases (MMPs) respectively.

During vessel remodeling, interactions with ECs affect the synthetic phenotype, by the
secretion of PDGF-B, that recruits vSMCs containing PDGFR-B receptor. PDGFB acts by
repressing the contractile phenotype and downregulating the smooth muscle cell markers
they express, such as aSMA, SMMHC, and SM22a. This effect is exacerbated by the
activation of KLF4 factor. Synthetic vSMCs are identified by caldesmon light chain,
vimentin, non-smooth muscle myosin heavy chain B (SMemb)., tropomyosin 4, and cellular
retinol binding protein 1 (Wanjare M., et.al, 2013).

1.3.2.2 Pericytes (PCs)

Pericytes — Morphological Characteristics:

Pericytes, as the name suggests, along with vascular smooth muscle cells (vSMCs), are
found adjacent to capillaries in a variety of tissues and surround the inner endothelial lining,
conferring support and stabilization. During vessel development, both pericytes and vSMCs
are recruited to stabilize newly formed vasculature (Karen K., et al., 2013). These cells are
distinctively shaped, with elongated morphology and polymorphic structures, that possess
many cytoplasmic processes that protrude from the cell body and encircle endothelial cells

in the microvasculature (Shepro D., et al., 1993).

The shape, size and distribution of pericytes is related to the type of vessels they decorate.

They usually surround smaller blood vessels, microvasculature, such as capillaries, in which
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ECs form an inner layer of the blood vessel, precapillary arterioles and postcapillary venules

(Wanjare M., et al., 2013).

Phenotypically pericytes possess characteristics that closely resemble microvascular smooth
muscle cells. Unlike smooth muscle cells, pericytes are covered by the same basement
membrane of endothelial cells except where two mural cells are in contact. Pericytes also
exhibit a number of characteristics consistent with muscle-cell activity and express

contractile smooth-muscle actin (Karel K., et al., 1996).

Pericytes — Functions:

These morphological differences are intertwined with the vessel- and tissue-specific roles
pericytes possess: regulation of capillary blood flow, phagocytosis and regulation of new

capillary growth (Karen K., et al., 1996).

Pericytes possess a number of characteristics that resemble the vascular smooth muscle cell
phenotype, the most important being the presence of contractile proteins, such as SMA-
(actin), myosin and tropomyosin and adhesive protein fibronectin, which support the
regulation of the contraction of the underlying endothelium. This controls the blood flow by
the regulation of “vessel tone”, via the expression of vasodilator vasoconstrictor endothelin
1 and angiotensin II receptors, that recognize the vasoactive substances produced by ECs,
which in turn relax the contracted SMC via the cGMP-dependent mechanism. Additionally,
pericytes possess cholinergic and adrenergic receptors: the -adrenergic response in pericytes
leads to relaxation, whereas the cholinergic response is antagonistic and produces

contraction. (Bergers G., et al., 2005, Karen K., et al., 1996).

The interaction between pericytes and the endothelial cells offers an advantage in the
regulation of capillary growth, as pericytes inhibit the ECs proliferation in newly formed
vessels during wound healing. At the same time, since there appears to be tight control of
ECs and perivascular cells in the vasculature, this control must be regulated at multiple sites,
which include soluble paracrine or autocrine factors, mechanical forces produced by blood
flow and pressure and homotypic (EC-EC, mural-mural cell) and heterotypic (EC-mural)

interactions (Bergers G., et al., 2005, Karen K., et al., 1996).

Injuries imposed on the vessel wall cause inflammation which in turn promotes the

phenotypic switch of pericytes, which stop surrounding the vessels and acquire migratory
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characteristics, including the loss of connection with the basement membrane and loss of

stress fibers (Bergers G., et al., 2005, Karen K., et al., 1996).

Pericytes — Molecular Markers:

Due to the broad range of the phenotypical characteristics pericytes possess and their varying
location in the body, there are no general pan-pericyte molecular markers that can be used
for their identification. The most common identification is a CD146+PDGFRB+CD34—
CD31- population, but a number of markers can be used depending on the tissue they

accommodate.

A number of growth factors majorly affect the phenotypical characteristics of pericytes. In
culture, pericytes are positive for NG2, aSMA, CD44, CD146, platelet-derived growth factor
B (PDGFRp), and nestin and negative for CD56, CD34, CD31, and von Willebrand factor.
Additionally, pericytes have mesenchymal stem cell (MSC) markers, such as CD44, CD73,
CD90, and CD105. Transmembrane chondroitin sulfate proteoglycan neuron-glial 2 (NG2
or cspgd4) and aSMA are used interchangeably to identify pericytes in different types of
vessels: pericytes in capillaries are NG2+aSMA—, of the venules are NG2—aSMA+, and of
the arterioles are NG2+aSMA+ (Bergers G., et al., 2005).

Cell-surface proteins found in pericytes are neuron-glial 2 (NG2), a chondroitin sulfate
proteoglycan, proteoglycan, and platelet-derived growth factor receptor beta (PDGFR), a
tyrosine-kinase receptor. Neuron-glial 2 (NG2) chondroitin sulfate proteoglycan is
considered a characteristic of immature neural cells capable of differentiating into either glia
or neurons. It is expressed on the surface of pericytes during the formation of new vessels
and acts by binding with high affinity to basic fibroblast growth factor (bFGF), PDGF-AA,
and plasminogen and angiostatin. PDGF-BB promotes the recruitment of pericytes which in
turn offer stabilization to the vessel walls, VEGF stimulates pericyte migration in injured
vessels, TGF- B1 increases the expression of aSMA and regulates the contractile phenotype

(Karen K., et al., 1996).

1.3.2.3 Endothelial Cells

The vascular system is, as mentioned above, composed of a variety of cells that interact to
form intact wall vessels. Vascular endothelium consists of approximately 1x10'* endothelial
cells and forms a monolayer that covers the entire vascular system by being anchored to the

blood vessel wall through the basement membrane and is thus considered the largest organ
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in the human body. This monolayer acts as the first selective permeable barrier for all
molecules, cells or pathogens circulating in the bloodstream, while offering various synthetic
and metabolic properties, such as regulation of thrombosis and thrombolysis, platelet
adherence, modulation of blood flow and regulation of immune and inflammatory responses.
The discontinuity of the endothelium is correlated with cardiovascular pathologies, such as

atherosclerosis (Hennigs J., et al., 2021)

Hemangioblast precursor cells, which are differentiated from mesenchymal cells (from the
splanchnopleuric mesoderm) give rise to an intermediate pre-endothelial cell which then
differentiates into either the hematopoietic cell line or endothelial cells. Endothelial cells in
turn possess the ability to transdifferentiate into mesenchymal cells and intimal smooth
muscle cells. Since endothelial cells cover different parts of the vascular tree, either arterial
or venous cells, they do not show phenotypical changes depending on their location (Hennigs

J., etal., 2021).

The mesodermal specification as well as the formation of hematopoietic and endothelial cell
lines are regulated by two key signaling components: fibroblast growth factor 2 (FGF2 or
bFGF) and bone morphogenetic protein 4 (BMP4). FGF2 activates FGF receptor type I and
induces differentiation to mesoderm, while BMP4 acts by activating the pathway
downstream of Indian hedgehog (IHH) and induces differentiation of endothelial cells. The
formation of both endothelial and hematopoietic cells is regulated by the secretion of IHH,
which acts as an inductive in vivo signal. Along with these factors, vascular endothelial
growth factor (VEGF) is known to play a role in vasculogenesis, by regulating the survival
or propagation of endothelial cells, from the early embryonic stages, as it is expressed by the
extraembryonic visceral endoderm and follows the formation of blood islands in the yolk
sac. VEGF-A is recognized by its main receptors VEGFR1 (fims-related tyrosine kinase-1
[FIt-1]) and VEGFR?2 (fetal liver kinase-1 [Flk-1]), and also interacts with the coreceptors
neuropilin-1 and -2. Even though Flk-1 has lower affinity for VEGF-A, its activation is

usually connected to the responses of endothelial cells (Marcelo K., et al., 2013).

Endothelial cell development is also defined by the expression of E-twenty-six (ETS)
transcription factors (such as Etsl, Erg, Fli-1, Etv2), that mostly act through transcriptional
activation of endothelial specific genes. Etv2 expression is initially observed to be more
widespread within the primitive streak mesoderm, but is soon restricted to developing

vascular endothelial cells (Marcelo K., et al., 2013).
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Endothelial cells exhibit a variety of biosynthetic pathways that can be used for their
identification that are either specific for the endothelial cell line or general but used in
combination with other specific cellular markers. Angiotensin converting enzyme (ACE)
catalyzes the conversion of angiotensin I (Angl) in the vasoactive peptide angiotensin II
(Angll) that catabolizes bradykinin (BK). Endothelial cells produce endothelin-1 (ET-1),
which acts as an endogenous vasoconstrictor, prostaglandin I-2 (PI-2), which acts as a
vasodilator, and express nitric oxide synthase (NOS), which, along with PI-2, maintains
homeostasis of blood vessels. Additionally, endothelial cells express lipoprotein receptors to
incorporate acetylated low-density lipoproteins (Ac-LDL) and remove them from

circulation, where they can cause vascular inflammation (Marcelo K., et al., 2013).

1.3.2.3.1 Endothelial Cells — Functions

Vascular endothelium is both morphologically and functionally heterogeneous and

endothelial cells exhibit specialized functions depending on the tissue they are located in.

The structure of the endothelium and the continuity of the endothelial cells are important for
the maintenance of the structure of the vessel wall and the blood circulation. The
endothelium is semi-permeable for small molecules and acts as a barrier, responsible for
receiving and translating signals from the blood. Changes in the circulating blood, such as
mechanical stress (elongation and wall shear stress) and changes in the concentrations of
metabolic factors, are detected by endothelial cells, which serve paracrine and endocrine
functions and transduce these signals to the underlying layers of the vascular wall, such as
smooth muscle cells. To exert these paracrine and endocrine actions, endothelial cells
express distinct receptors to respond to growth factors, such as the VEGF or basic fibroblast
growth factor (bFGF), hormones and cytokines, such as interleukins or to bacterial toxins

(Hennigs J., et al., 2021).

Regarding regulation of blood circulation, endothelial cells regulate the vascular tone by
producing and secreting vasoactive factors, such as nitric oxide (NO) and prostacyclin
(PGI2), that inhibit platelet aggregation and cause vasodilation of the vessels, and
vasoconstrictive factors, such as angiotensin and endothelin-1 and -2 (Hennigs J., et al.,

2021).

Endothelial cells act by balancing coagulation and fibrinolysis. Concerning coagulation,

endothelial cells synthesize platelet activating factor (PAF), which adheres platelets and
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neutrophils to endothelium via P-selectin. Activated platelets express CD154, which binds
to CD40 on endothelial cells and induces the expression of leukocyte adhesion molecules on
the surface of the endothelial cells. Another important factor in coagulation is Von
Willebrand factor (vVWF). Although, platelets contain vWF, the majority is synthesized from
endothelial cells, in two forms: the vVWF dimers secreted into the plasma and subendothelial
matrix and granular vVWF multimers stored in endothelial storage granules called Weibel—
Palade bodies, for rapid mobilization in response to activating molecules, such as thrombin.
When vascular wall is injured, vWF is released from the Weibel-Palade bodies, binds to the
damaged area and to the platelets, causing platelet aggregation and in turn formation of blood
clots, preventing hemorrhage. When the healing of the injured blood vessel is completed,
the thrombus is removed from the site of injury through the action of plasmin and the
accumulation of fibrin is prevented through a process referred to as fibrinolysis. Endothelial
cells contain heparin like glycosaminoglycan receptors on their surface, which are targeted
by antithrombin and thrombomodulin for the inactivation of thrombin and produce tissue

type plasminogen activator (t-PA), which releases plasmin (Hennigs J., et al., 2021).

Endothelial cells also play important roles in immune and inflammatory responses by
dilating arterioles, capillaries and venules, increasing permeability, blood flow and
lymphocyte and leukocyte movement into tissues. Lymphocytes express integrins, such as
leukocyte function-associated antigen-1 (LFA-1) or very late antigen-4 (VLA-4), and
interact with endothelial cells through adhesion molecules, such as intramolecular cell
adhesion molecules 1 and 2 (ICAM-1 and ICAM-2), and vascular cell adhesion molecule
(VCAM). ICAM-2 is constitutively expressed on resting endothelial cells, while [CAM-1
and VCAM are expressed in response to infection (Hennigs J., et al., 2021).

Endothelial cells also express growth factor receptors, such as VEGFR2, on their surface

and initiate angiogenesis by the recognition of VEGF.

1.3.2.3.2 Endothelial Cells — Molecular Markers

Cell surface markers are proteins expressed on the surface of cells that often serve as markers
of specific cell types. Von Willebrand factor (VWF), together with the Weibel-Palade bodies
(WPB), angiotensin-converting enzyme (ACE, CD143), and the cobblestone morphology

specific for monolayer cultures, was previously referred to as a few obligate criteria to

20



e

IAPYMA TEXNOAOIAZ KAI EPEYNAX

U. IOANNINA
confirm the authenticity and the purity of endothelial cell culture. A modern list of
endothelial markers with their characteristics, in short, is analyzed below (Goncharov, et al.,

2017).

Endothelial cells
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Figure 1.9. Schematic representation of endothelial to mesenchymal transition (EndMT) in response
to inflammatory stimuli and metabolic dysfunction. Upon chronic inflammatory conditions, involving
tumor necrosis factor-o, (TNF-o), transforming growth factor beta (TGFp), IL-1§, and endotoxin and
metabolic dysfunction, such as increased serum LDL, glucose, diverse ECs undergo activation,
which results in loss of endothelial cell markers and acquisition of mesenchymal-cell markers.
EndMT contributes to endothelial dysfunction under inflammatory conditions and metabolic
dysfunction, with EndMT mediators identified. This process can cause a variety of postnatal diseases,
such as fibrosis, PAH, and metabolic syndrome (from Cho J. G., et al., 2018).

The Weibel-Palade bodies are specific endothelial organelles containing VWEF, P-selectin
(CD62P), and angiopoietin-2 (Ang2), participating in platelet binding, leukocyte
recruitment, and modulation of inflammation, respectively. VWEF, produced in
megakaryocytes and ECs, is a glycoprotein participating in blood coagulation, exhibits a
binding site for factor VIII (FVIII) and also for heparin. VWF size and function are regulated
by protease ADAMTS-13, and disturbance of this function can lead to thrombotic
thrombocytopenic purpura. VWF was found in about 80% of the HUVEC cell population in

culture. Interestingly, endothelial VWF can be involved in angiogenesis. Additionally, a loss
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of VWF in ECs results in enhanced and dysfunctional angiogenesis, which is consistent with
the clinical observations that in some patients with VWF disease vascular malformations can

cause severe gastrointestinal bleeding.

Angiotensin-converting enzyme (ACE, EC 3.4.15.1), one of the principal members of renin-
angiotensin system (RAS), is a COOH-terminal dipeptidyl carboxypeptidase I, converting
angiotensin I to vasoconstrictor angiotensin II, degrading bradykinin and amyloid beta-
protein. On average, only 20% of capillary ECs in each organ stains for ACE, with the
exception of the lung and kidney. In the lung, all capillary ECs express ACE, whereas in the
kidney, all the vasculature is devoid of ACE. Angiotensin-converting enzyme 2 (ACE2) is a
relatively new member of the RAS. Normal levels of ACE2 in the lung are necessary for the
host to combat inflammatory lung disease. ACE and ACE2 maintain blood pressure
homeostasis and fluid salt balance, mainly due to generation of angiotensin II and
inactivation of bradykinin. Also, ACE activities play roles in immunity, reproduction, and
neuropeptide regulation. The main active peptides of the RAS include angiotensin II (Ang
IT), Ang III, Ang IV, and angiotensin-(1-7) (Ang-(1-7)), among which Ang II and Ang-(1-7)
are the most important in health and disease. Functional effects of Ang-(1-7) are different
from those of AT(1) receptor stimulation and include wvasodilatation, natriuresis,
antiproliferation, and an increase in the bradykinin-NO (nitric oxide) system. It has also been
suggested that the Mas oncogene may function as a receptor for Ang-(1-7) and thus the
ACE2/Ang-(1-7)/Mas axis is a pathway that acts against the detrimental effects of the renin-
angiotensin system, with several factors such as Akt phosphorylation, PKC activation, and
MAP kinase inhibition involved in this signaling pathway. Cofilin-1, which is a widely
distributed intracellular actin-modulating protein that binds and depolymerizes filamentous
F-actin and inhibits the polymerization of monomeric G-actin, is involved in the
translocation of actin-cofilin complex from cytoplasm to nucleus and plays a dominant role

in Ang-(1-7)-induced GO/G1 arrest and autophagy in human aortic ECs.

VEGF receptors 1-3 contain an extracellular segment with seven immunoglobulin-like
domains, a transmembrane segment, a juxta membrane segment, a protein kinase domain
with an insert of about 70 amino acid residues, and a C-terminal tail. VEGF-A stimulates the
activation of preformed VEGFR2 dimers by the autophosphorylation of activation segment
tyrosines followed by the phosphorylation of additional protein-tyrosines that recruit

phospho tyrosine-binding proteins thereby leading to signaling by the ERK1/2, AKT, Src,
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and p38 MAP kinase pathways. Blood vessel formation is primarily achieved by
angiogenesis—EC sprouting from pre-existing vessels. Vessel networks expand when
sprouts form new connections, and vessel anastomosis is spatially regulated by VEGFR1
(F1t1), a VEGF-A receptor that acts as a decoy receptor. VEGFR1 modulates the activity of
VEGFR2, which is the chief pathway in vasculogenesis and angiogenesis. Oxidized low-
density lipoprotein (ox-LDL) impairs angiogenesis via VEGFR2 degradation and markedly
suppresses HUVEC tube formation, along with induced apoptosis. VEGFR3 and its ligands
(VEGF-C and VEGF-D) are involved primarily in lymphangiogenesis.

In addition to the VEGF receptor pathway, the angiopoietin (Angpt)-Tie is another EC-
specific ligand-receptor signaling pathway necessary for embryonic cardiovascular and
lymphatic development. The Angpt-Tie system also controls postnatal angiogenesis,
vascular remodeling, and permeability to maintain vascular homeostasis in adults. This
pathway is involved in many diseases where the vasculature plays a significant role, such as
in cancer, sepsis, diabetes, atherosclerosis, and so forth. Mutations in the TIE2 signaling
affect vascular morphogenesis, resulting in venous malformations and primary congenital
glaucoma. ECs specifically express Tie-2, its paralog Tie-1, the tyrosine phosphatase VE-
PTP, and its ligand Angpt-2, while Angpt-1 is secreted by pericytes. In the quiescent
vasculature, Tie-2 is phosphorylated at tyrosine residues in its intracellular domain, thus

promoting barrier function and anti-inflammation.

Cell adhesion molecules (CAM) make up a significant group (at least a couple of dozen) of
endothelial markers, which are involved in homo- or heterophilic binding with other cells or
with the extracellular matrix. All representatives of the four principal protein families
(immunoglobulins, integrins, cadherins, and selectins) are expressed on the surface of ECs,
including IgGs. Platelet endothelial cell adhesion molecule 1 (PECAM-1, CD31) is widely
distributed on endothelium and hematopoietic-derived cells. It maintains the integrity of the
blood vessels and therefore is involved in leukocyte-endothelium interaction and in
leukocyte-transendothelial migration during inflammation. As ECs are often present at
inflammation sites, the cells of the BBB are involved in development and/or manifestation
of Alzheimer's disease, Parkinson's disease, multiple sclerosis, some cases of bacterial
meningitis, trauma, and tumor-associated ischemia. PECAM-1 and its soluble form

(sPECAM-1) are potential markers and possible targets for therapies.
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Inflammation modulates gene expression through the activation of NF-xB and other
transcription factors and promotes disassembly of the adherens junction and a loss of
intercellular adhesion, creating gaps between the ECs allowing the diffusion of small
molecules and transmigration of leukocytes. Adhesion of leukocytes through multiple
transmembrane proteins—such as ICAM-1 (CD54), VCAM-1 (CD106), and CD47—
promotes activation of small GTPases (Racl, RhoA, and RhoG) and PTK signaling, such as
activation of Src and Pyk2. ICAM-1 is one of the principal adhesion molecules, which
determines changes of endothelial permeability and transendothelial leukocyte migration.
Expression of ICAM-1 is increased after activation of ECs by proinflammatory stimuli; the
effect of which is mediated by signaling pathways involving Akt/PKB, NF-xB, MAP-kinase
p38, and ERK1/2. ICAM-1 protein binds with integrins CD11/CD18 and LFA-1 of
leukocytes, mainly neutrophils, after that they easily penetrate into tissues (Goncharov, et

al., 2017).

1.4 Differentiation Protocols

1.4.1 Differentiation of Pluripotent Stem Cells (PSCs) to Endothelial Cells (ECs)

The differentiation protocols that have been developed for the generation of ECs from iPSCs
and ESCs have helped shed some light on the effect ECs have on pathological conditions.

There are three primary methods to generate endothelial cells from ESCs or iPSCs: stromal
cell co-culture, feeder-free monolayer differentiation, and three-dimensional embryoid
bodies, which utilize a number of growth factors that promote proliferation and

differentiation to ECs (Lin, et al., 2017, Wilson, et al., 2014).

When stromal cells are co-cultured with ECs and iPSCs, they enhance differentiation
towards endothelial cells. The stromal cells, extensively used in the earlier stages of the field,
were usually murine bone marrow-derived cell lines such as OP9 or M10B2. Drawbacks,
such as low differentiation efficiency producing a mixed population of ECs with other cell
types (haematopoietic cells, smooth muscle cells and murine stromal cells) rendered this

strategy inadequate for applications in regenerative medicine.
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Figure 1.10. Schematic overview of cell surface marker expression during mesoderm specification
and vascular cell derivation from ESCs. During vascular specification, specific markers are
modulated: from the pluripotency of ESC, through their mesodermal commitment and VPC lineage,
into their derivation into endothelial and mural lineage. A map of the selective markers utilized to
define and track the different steps of vascular differentiation can be made (from Descamps B. and
Emanueli C., 2012).

In feeder-free monolayer differentiation protocols ESCs and iPSCs are cultured in two-
dimensional culture conditions on tissue culture plates coated with extracellular matrix
proteins such as Matrigel, fibronectin and gelatin, in medium containing growth factors that
promote and enhance differentiation towards mesoderm and then endothelial cells. The

protocols that are based on this method yield to higher yield of ECs.

In three-dimensional embryoid bodies, ECs and iPSCs are cultured in conditions that
promote self-aggregation of cells into three-dimensional embryoid bodies, leading to a not
fully controlled, spontaneous differentiation. The embryoid bodies are comprised of different
lineages of cells which give rise to the three germ layers: endoderm, mesoderm and
ectoderm, recapitulating the progression of early embryonic development. The cells found
in the mesoderm differentiate to haematopoietic and endothelial lineage cells. This strategy
has shown to generate endothelial cells that can self-organize into vascular structures within
the embryoid bodies, while endothelial cell differentiation is enhanced by the addition of a
variety of growth factors (Lin, et al., 2017, Wilson, et al., 2014).
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Table 1.1. Defects in components of TGF-b signaling pathways lead to vascular abnormalities in
human and mouse (modified from Pardali E., et al., 2010).

Gene (mouse/human)

Animal model

Human disease

Ligands
Tgfb1/TGFB1

Tgfb2/TGFB2

Tgfb3/TGFB3

Receptors

Tgfbr2/TGFBR2
SM22-Cre-Tgfb2™"
Tie1-Cre-Tgfbr2™"

Tgfbr1 (Alk5)/TGFBR1 (ALK5)
Tie1-Cre-Tgfbr1™"

Acvrl1 (Alk1) / ACVRL1 (ALK1)

Bmpr2/BMPR2

Accessory receptors
Eng/ENG (endoglin)

Soluble endoglin
Tgfbr3/TGFBR3 (betaglycan)

Smads
Smad1/SMAD1

Smad4/SMAD4
Smad5/SMAD5

Smad6/SMAD6

Smad7/SMAD7

KO: embryonic lethal with vascular defects or
postnatal lethality from autoimmune disease

KO: aortic arch defects, cardiac septal defects,
perinatal lethality

KO: cleft palate, delayed lung maturation,

die shortly after birth

KO: embryonic lethal, vascular defects

KO: embryonic lethal, vascular defects

KO: embryonic lethal, vascular defects

KO: embryonic lethal, angiogenesis defects
KO: embryonic lethal, angiogenesis defects
KO: embryonic lethal, reduced VSMC
differentiation, dilated vessels, AVMs.

KO: embryonic lethal (pre-angiogenesis)
lethality. Transgenic BMPR2-mutant allele:
pulmonary hypertension

KO: embryonic lethal due to vascular defects,
reduced VSMC differentiation, heart defects.
Het: vascular lesions similar to HHT

KO: poorly formed cardiac septa, incomplete
compaction of ventricular walls

KO: embryonic lethal due to defects in
chorioallantoic circulation

KO: embryonic lethal

KO: embryonic lethal due to angiogenesis
defects

KO: heart abnormalities, aortic ossification
and elevated blood pressure

KO: embryonic lethal due to cardiovascular
defects

Camurati—
Engelmann
disease®
unknown

unknown

MFS2?, LDS?®

LDS
HHT®

PAH®

HHT

Pre-eclampsia
Unknown

Unknown

JPP and HHT
Unknown

Unknown

Unknown

Table 1.2. Knockout animals from the VEGFR/VEGF, Tie2/Ang, and Eph/ephrin families have
exhibited a variety of embryonic defects in vascular development (from Gale N. W. and Yancopoulos

G. D., 1999).

Gene knockeur

Stage of W ssel

Time of death

development

Causcs of Jethality

VEGFA |+/-} EIlS
VEGF-A |--1* E105
VEGFR E45-E95
VEGFER-2 ENS-EVS
VEGFR-3 EIDS-EN2
Ang) EIDS
Ang2 E125-P1
Tiel El135-PI
e EI05
ephnn-K2 EIDS
EpiB2/EphB3 E105 |-30%
Ephid EI05
EphA2 vinble

vasculogenesis/
langlogenesis)

vasculogenesis
vasculogenesis

vasculogencsis

vasculogonesis

angiogencsis

marurney
maruney

anglogencsis

|vascuodgenesis!
Angiogencsis

|vascuolegenesis
ARgIOZenesis

reduced red blood celly, defective heart and sorta formation
detective yessel conpectivity, defective sprouting

ahsent dorsal aora: defective endathelial cell development
tasture of endothelial cell formanion

excess endothelial cells form abaormal vessel structuncs
entoring vessel lumens

debective vessel remodeling and omganization; irregular Lange
vessels with detective lumens

defective vessel romodeling, coganization, and sprouting heart
trabeculaton defeces

poar vessel inzegrity, edema, and bemorthage

poor vessel integrity, edema, and hemoerhuge

defective vessel remedeling, cognizartion, and sprouting hearnt
trabeculaton defeces

some defective vessel primoridia; defective vessel remodeling,
seanization, and speouting heare trabeculacon defecas

some defective vessel primondsa; defective vessel remodeling,
orpanization, and sprouting: heart trabeculation Jdefeces
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2. AIMS

Regenerative Medicine (RM) is an interdisciplinary field of research and clinical
applications, focused on repair, replacement, or regeneration of cells, tissues, or organs to
restore impaired function resulting congenital defects, disease, and trauma (Mao & Mooney,
PNAS 2015). Development of successful cell-based therapies relies upon tissue engineering
for the arrangement of assorted cells into correct spatial organization and the creation of

optimal microenvironments for growth and differentiation.

A major requirement for viability and function of the implantable construct is the availability
of blood vessels to support its in vivo growth. Vascularisation is one of the most important
aspects to the success of tissue engineered constructs and constitutes a major hurdle facing
the regenerative medicine field (Carmeliet & Jain, Nature 2000). Vascularisation remains a
critical obstacle in engineering thicker, metabolically demanding organs, such as the heart
muscle, the brain and the liver. Regenerating tissue over 100200 pm exceeds the capacity
of nutrient supply and waste removal by diffusion requiring an intimate supply of vascular
networks (Carmeliet & Jain, Nature 2000; Jain, Science 2005). It takes several weeks for a
scaffold to become fully vascularized in vivo (Nillesen et al.. Biomaterials 2007). Recently,
there is great interest in generating tissue-engineered constructs that are already pre-
vascularised before implantation to shorten the time needed for implant vascularization and

survival.

The host laboratory has developed a method for the differentiation of hRESCs/hiPSCs to ECs
(Tsolis et al. 2016) using chemically defined conditions (APEL medium) supplemented with
growth factors. Whereas the protocol overall functions satisfactorily, the generated ECs
exhibit low efficiency of differentiation (around 25 %), low proliferative potential and

require sorting.

The aim of the present study is to improve the protocol of the host laboratory for generating
differentiated ECs by comparing it to selected appropriate published protocols aiming at

adopting steps that will:

e optimise the differentiation protocol to generate ECs exhibiting higher differentiation

efficiency.

o facilitate the phenotypical characterisation and functional analysis of the generated ECs

using visualisation and quantification by specific expression markers.
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3. MATERIALS AND METHODS
3.1 Cell Culture Methods

3.1.1 Cell Culture of hPSCs (hiPSCs, hESCs)

For the purpose of this thesis the differentiation protocols were assessed on hPSCs, both
hiPSCs and hESCs. hiPSCs were generated from human fibroblasts as previously described
(Kyrkou et al., 2016), and the H1 hESC line was purchased from Wicell Research Institute
(Madison, WI, United States). Also, two different pluripotent cell lines were cultured, this
time iPSCs derived from patients with Parkinsons’ disease, one that contained the leucine-
rich repeat kinase 2 (LRRK?2) mutation and one that had the gene corrected, from postdoc
Maria Markou.

hiPSCs from human fibroblasts were cultured on six-well tissue culture plates (Corning,
3506), coated with hESC-qualified Matrigel (Corning, 354277), at 37°C and 5% COa, in
mTeSR1 medium (StemCell Technologies, 05850), which was changed every 1-2 days. GC
and IM2 iPSCs were cultured on Matrigel-coated six-well culture plates, at 37°C and 5%
COz, in StemFit medium (AMSBIO, SFB-503), which was changed every 1-2 days.

The homogeneity of the culture was maintained by removing cells that started to differentiate
and presented a different phenotype from the rest of the culture. Those cells were found
either in single colonies or at the edges of connected uniform colonies. The removal of these
cells was performed during medium change, by marking the areas containing these cells and

suctioning them with an aspirator pump in the biological safety cabinet.

hPSCs were recultured when the majority of the colonies had grown in size, had compact
centers and the edges had started to connect. Every 4-6 days, hPSCs were passaged
enzymatically using 1 mg/ml dispase (Invitrogen, 17105-041) for 2 min at 37°C. hPSC
colonies were then harvested, dissociated into small clumps and replated onto Matrigel-

coated 6-well plates (ratio 1:6).

For the reculturing of the hPSCs, wells in a 6-well plate were covered with 1ml of 1%
Matrigel, diluted in DMEM/F12 (ThermoFisher Scientific, 11320) medium and incubated
for 1h at room temperature. Simultaneously, mTeSR medium used for the culturing of the
hPSCs, was incubated at room temperature. After the 1h incubation, the well covered with

matrigel was washed with 1 ml DMEM/F12, to remove excess Matrigel. In the well of the
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6-well plate containing the hPSCs that needed reculturing, the medium was removed using
an aspirator pump and the well was washed with 1 ml DMEM/F12 medium. hPSCs were
passaged enzymatically using 1 ml of dispase at a concentration of 1 mg/ml (ThermoFisher
Scientific, 1710541) and incubating the plate in an incubator at 37°C for 1 min, until the
edges of the colony started to detach, without detaching the whole colony from the well.
After 1 min incubation, dispase was removed using an aspirator pump and the well was

washed two times with 2 ml of DMEM/F12, to remove the excess dispase.

The colonies were gently detached by adding 1 ml of mTeSR medium to the well and
scraping with a cell scraper (Corning, 3010). The detached cell aggregates were transferred
to a 15 mL conical tube. This was performed twice, to ensure that all colonies were
transferred. The 15 ml tube was centrifuged at 1.200 rpm (210 g), for 5 min, at room
temperature, the supernatant was aspirated, and the cell pellet was resuspended with 1 ml of
mTeSR medium. The cell aggregate mixture was pipetted up and down 2—3 times to break
up the aggregates, but not to create a single-cell suspension, and the cell mixture was evenly
distributed to the new matrigel-coated wells from a 6-well plate, in a 1:7 analogy. The 6-well

plate was shaken mildly and incubated in an incubator, at 37°C and 5% COs..

3.1.2 Cell Culture of Human Umbilical Vein ECs (HUVECS)

ECs from umbilical vein (HUVECs) were cultured in M199 full medium, containing M199
medium (Gibco, ThermoFisher Scientific, 11150067) supplemented with 20% heat
inactivated fetal calf serum (FCS), 47 mg/ml endothelial cell growth supplement (ECGS),
4.7 m/ml heparin (Sigma) and 1% penicillin-streptomycin as previously described (Bellou

etal., 2012), at 37°C and 5% COa.

Medium change was performed every 1-2 days and reculturing was performed when 80-
90% of the plate area was covered. Before reculturing, plates were covered with 25 mg/ml
Type I collagen (Corning, 354236), incubated at 37°C for 20 min and then washed twice
with PBS. For the reculturing, the medium was aspirated, and each plate was washed with
PBS. Then 0.05% Trypsin — EDTA (Gibco, ThermoFisher Scientific, 25300054) was added
to lift the cells off the plate and cover the whole plate, and then immediately removed from
the plate and incubated in incubator at 37°C for 1 min. After incubation, M199 full medium

was added and cells were transferred in collagen-coated plates, in a 1:3 ratio.
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3.2 Isolation Methods

3.2.1 Isolation of ECs from Umbilical Cord Veins (HUVECs, Human Umbilical Vein
Endothelial Cells)

Umbilical cords were used to isolate endothelial cells from the veins (HUVECs). In each

HUVEC:s isolation, 2-3 umbilical cords were used.

Before the procedure, PBS (Biosera, LM-S2043) was incubated at room temperature. One
single 10 cm? culture plate and one single 6 cm? culture plate were covered with 25mg/ml
type I collagen from rat tail and incubated at 37°C for 20 min. After 20 min, the plates were
washed twice with PBS.

The procedure was performed in a biological safety cabinet. The umbilical cords were
cleaned to remove the blood and cut with a scalpel to remove any clotted or disfigured parts.
The cords were kept in a petri dish containing PBS, for hydration. The vein was found, along
with the arteries, and was washed with PBS, using a syringe, until the vein was cleared of
the blood it contained. After washing with PBS, a sterile hemostat was secured on each side
of the vein of each cord, to control the liquid flow through the veins. PBS was added using
a syringe and let flow through each side of the veins to ensure correct application of the
hemostats and then air was applied with a syringe to remove the excess PBS from the walls
of the cord so as not to dilute the collagenase (Sigma). One side of each vein was closed off
using the hemostat and 0.1% collagenase diluted in PBS was added in the vein, until it filled
up, and then the hemostat on the other side was closed. The cords were then submerged in
PBS and incubated in a waterbath, at 37°C strictly for 12 min, to collect only the endothelial
cells found in the inner layer of the veins. During incubation, M199 medium with 5% FBS
was prepared using MI199 medium (Gibco, ThermoFisher Scientific, 31150-022)
supplemented with 5% FBS. After incubation, one hemostat of each cord was opened so the
collagenase mixture could flow through the vein into a 50 ml falcon tube. Each vein was
washed twice with the prepared M199 medium with 5% FBS, which flowed through the
veins into the 50 ml falcon tube. The 50 ml falcon tube was centrifuged for 5 min at 1.200
rpm and the supernatant was aspirated. The cell pellet was resuspended in M199 full
medium, which was prepared using M199 medium supplemented with 20% fetal calf serum

(FCS), 47 mg/ml endothelial cell growth supplement (ECGS), 4.7 m/ml heparin (Sigma) and
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1% penicillin-streptomycin as previously described (Bellou et al., 2012), and distributed in

the collagen-coated plates. The cells were incubated in an incubator, at 37°C and 5% CO..

Medium change was performed the day after plating and reculturing was performed every

2-3 days, when 80-90% of the plate area was covered.

3.2.2 Isolation of Collagen from Rat Tails

The protocol used for the isolation of collagen from rat tails was performed as suggested by

Piatti et al., 2022. Collagen stock preparation was performed in the biological safety cabinet.

Rat tails were stored at -20°C. Each time the collagen isolation protocol was performed, 5-6
tails were thawed, for 24—48 hours at 4°C. The tails were then submerged in 70% EtOH, in
a sterile beaker, for 30 min. The tails were kept in PBS to maintain their hydration and one
tail at a time was handled. Two techniques were used to remove the collagen fibers,

depending on how long the tails were frozen for.

When the tails were frozen for less than one month at -20°C, the first technique was used, as
suggested by Piatti et al., 2022. Each tail was cut at the base and the skin was cut
longitudinally with a scalpel. The inner part of the tail was held using forceps and the skin
was pulled with another forceps, separating the skin from the underlying layers of connective
tissue, exposing the collagen fibers. The tip of the tail was held with the forceps using the
left hand at the vertebra joint and the base of the tail was held with the other forceps set with
the right hand. Both forceps were held at a 45° angle. 45° angle right and left wrist
movements were made with the right hand forceps (base of the tail) while holding the tip
and pulled with right hand forceps until a string of collagen detached. The collagen strings
were transferred immediately into a beaker containing 250 mL of 70% EtOH. The tissue end
was cut with a scissors before submerging the collagen tail. This process was repeated from
base to tip of the tail until all the collagen was pulled, with the collagen strings getting thicker

and shorter.

For tails that were frozen for longer periods of time at -20°C, a different technique was used.
The skin of the tail was removed with a set of forceps and scalpel as suggested before. The
connective tissue along the collagen strings was cut with a scalpel and then the collagen

strings were pulled with forceps.
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When collagen strings from all the tails were extracted, the collagen strings were washed 3
times with 70% EtOH, by submerging the collagen strings in 3 different beakers containing
70% EtOH. The collagen strings were then transferred to a sterile Erlenmeyer flask and were
weighed. For each gram of strings, 200 mL of 0.1% acetic acid solution (prepared with cell
culture H20) was added. The Erlenmeyer flask was shaken 1-2 times a day and was placed
at 4°C for 48 h, until the collagen strings were completely dissolved. After 48 h, the acetic
acid solution (with debris) was transferred into sorvall dry spin centrifuge bottles (Sorvall,
06829) and centrifuged at 4°C for 90 min at 11,000 g. The supernatant was transferred into
50-mL tubes and frozen for at least 24 h.

After at least 24 h, the frozen tubes were placed in the lyophilizer/freezer dryer for 5 days at
-83°C using a 0.027 Mbar pressure. Then the tubes were taken out of the lyophilizer/freezer

dryer, the collagen was weighed and stored frozen.

Five days before using the collagen, the lyophilized collagen was resuspended in the
appropriate volume of 0.1% acetic acid solution to a stock concentration of 15 mg/mL and
kept at 4°C, while mixing vigorously once per day until the solution became transparent.
The day before the experiment, the transparent collagen was spun down at 2000 g at 4°C for

10 min to remove bubbles.

For the hydrogel preparation, the protocol followed was described by Piatti et al., 2022. For
a 0.75% w/v (7.5 mg/mL) final collagen solution, the following reagents were needed: Type
I collagen stock solution (1.5% w/v—15 mg/mL), 1 N sodium hydroxide (NaOH) solution,
M199 10X medium supplement, Endothelial Cell Growth Medium (EGM-2). The volume
of the stock collagen solution (V stock) was prepared following the equation: V stock =V
final * (C final / C stock). V final is the final volume of gel required, C final is the desired
concentration of the gel, and C stock is the concentration of the stock collagen solution.
Using a 1-mL syringe, the appropriate volume of stock collagen was transferred to an empty
30-mL conical tube. The volumes of neutralizing reagents (NaOH, M199 10x and EGM-2
medium) were calculated using the equation mentioned above and the reagents were mixed
in a 15-mL conical tube and added to the aliquoted collagen. The mixture was stirred using
a spatula until the formation of a homogeneous gel, without the introduction of bubbles. The
pH was checked using a pH strip and was adjusted accordingly to obtain pH % 7. The final

collagen solution was spun down at +4 C, 1900 g for 20 min to remove bubbles.
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3.3 Protocols of Differentiation to Endothelial Cells (ECs)

3.3.1 Tsolis et al. Protocol

The protocol of differentiation to endothelial cells already established in the lab was
published in 2016. (Tsolis et al., 2016). This protocol involves differentiation of hESCs to
CD34+ cells under feeder-free, chemically defined conditions. H1 colonies were first
dissociated into small clumps and replated onto Matrigel-coated six-well plates as per

normal routine passaging.

After 48 h, mTeSR medium was changed to differentiation medium (APEL), which was
synthesized as previously described, (Ng, et al., 2008) supplemented with 5 uM glycogen
synthase kinase-3 (GSK-3) inhibitor (CHIR99021, Selleckchem, S2924). After 24 h, the
medium was replaced with the same basal medium supplemented with bone morphogenetic
protein-4 (BMP-4) (25 ng/mL, Life Technologies, PHC9534) for 48 h and then with VEGF-
A (80 ng/mL; Immunotools) for another 48 h.

Cells were cultured for 5 days, when the percentage of CD34 " cells was evaluated with FACS

analysis to measure the differentiation efficiency.

3.3.2 Patch et al. Protocol

In the protocol published by Patch, et al., 2015, human pluripotent stem cells were routinely
cultured on matrigel in mTeSR1 medium. Cultures were passaged every 3—5 days using
Accutase (Stem Cell Technologies, 07920). An 80% confluent 10cm plate was required to
start differentiation in one well from a 12-well plate. For the accutase passaging, one well in
a 12-well plate was coated with growth factor reduced matrigel by thawing it on ice and
diluting it 1:30 and then incubated at room temperature for 1h. The well was then washed
once with DMEM-F12 (ThermoFisher Scientific, 11320). From the PSC plate, culture
medium was aspirated and rinsed with 1 ml of pre-warmed DMEM-F12. 1.5 ml of accutase
was added and incubated at a 37°C incubator for 3-5 minutes, or until most cells were
detached. After incubation, 1.5 ml of DMEM/F12 was added in the well to lift the cells twice
and transferred in a 15 ml falcon tube. 10 pL of cell mixture were added in a Neubauer cell
counting chamber for cell counting. 37.000 to 47.000 cells/cm? were added in a new 15 ml
falcon tube, optimized according to the different cell lines used. The cell suspension was

centrifuged at 1200 rpm \(210g) for Smin. The supernatant was aspirated, and the cell pellet
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resuspended in 'z culture volume of pre-warmed mTeSR Medium supplemented with 2 pL
of ROCKi (Fasudil, 5 mM stock, 5 uM/uL) to concentration of 10 mM. The cells were
transferred in the matrigel-coated well in a 12-well plate and incubated at 37°C, 5% CO2 for
24 h.

For lateral mesoderm induction, after 24 h the medium was replaced with pre-warmed
N2B27 Medium supplemented with 6-8 uM CHIR-99021 (Selleckchem, S2924) and
25ng/ml BMP4 \(3 ml/12well), for 3 days without medium change. For the preparation of 1
L of N2B27 Medium, 500ml of DMEM/F12 medium and 500ml Neurobasal medium (Life
Technologies, 21103049) were supplemented with 20ml B27 \(1.94%) (Minus Vitamin A,
Life Technologies, 12587010), 10ml N2 \(0.97%) (100X, Life Technologies, 17502048),
Iml B-Mercaptoethanol 50 mM \(0.097%) (Life Technologies, 21985023) and filtered with
0.22 pm sterile filter.

For endothelial cell induction, after 3 days the media was replaced with StemPro-34 SFM
medium (Life Technologies, 10639011) supplemented with 200ng/ml VEGF (Immunotools)
and 2uM forskolin (Abcam, ab120058) \( 2 ml/12well) and changed every day for 2 days.
Cells were cultured for 6 days, when the percentage of CD31" and CD34" cells was tested

with FACS analysis to measure the differentiation efficiency.

3.3.3 Harding et al. Protocol

In the publication Harding et al. 2017 an additional protocol for the differentiation of hiPSCs
and hESCs to ECs, in three stages, was presented. hiPSC or hESCs cells were manually
passaged as small clusters onto hESC-qualified Matrigel-coated culture plates in mTeSR
medium, as described before, with accutase or dispase and incubated at 37°C, 5% CO, for

24 h.

For mesoderm induction, culture medium was changed to APEL medium (Ng, et al., 2008)

with 6 uM of CHIR99012 (Selleckchem, S2924) for 48 h.

For endothelial cell induction, the cells were cultured in APEL medium supplemented with

25 ng/ml BMP4, 10 ng/ml FGF2, and 50 ng/ml VEGF for 48 h.

After 4 days, cells were lifted with accutase (e.g. page 33) and seeded onto wells from 12-
well plates covered with 0.1% gelatin (Stem Cell Technologies, 07903), collagen or
fibronectin (Sigma) at 5 x 10° —1 x 10* cells per cm? in EC Growth Medium MV2 (ECGM-
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MV2, PromoCell) with an additional 50 ng/ml VEGF. The medium was changed every 2
days for 4-6 days to generate ECs.

Cells were cultured for 6-9 days, when the percentage of CD31" and CD34" cells was tested

with FACS analysis to measure the differentiation efficiency.

1. EGM-2 Medium (LONZA, CC3162) Components

Fetal Calf Serum 0.02 ml / ml
Epidermal Growth Factor (recombinant human) 5ng/ ml
Basic Fibroblast Growth Factor (recombinant human) 10 ng / ml
Insulin-like Growth Factor (Long R3 IGF) 20ng / ml
Vascular Endothelial Growth Factor 165 (recombinant human) 0.5 ng / ml
Ascorbic Acid 1ug/ml
Heparin 22.5pg / ml
Hydrocortisone 0.2 pg / mi
2. ECGM-2 Medium (Promocell) Components
Fetal Calf Serum 0.05 ml / ml
Epidermal Growth Factor (recombinant human) 5ng/ ml
Basic Fibroblast Growth Factor (recombinant human) 10 ng / ml
Insulin-like Growth Factor (Long R3 IGF, recombinant human) 20 ng / ml
Vascular Endothelial Growth Factor 165 (recombinant human) 0.5 ng / ml
Ascorbic Acid 1pg/ ml
Hydrocortisone 0.2 pg / ml
3. APEL Medium Components
1 x Iscove'’s modified Dulbecco’s medium (IMDM) 1x
1 x Ham's F-12 nutrient mixture 1x
Human Serum Albumin 100 mg ml™ (10%)
Polyvinylalcohol (PVA) 5%
Linoleic acid {100 ng mi™) 10,000x
Linolenic acid (100 ng mi™*) 10,000x
Cholesterol (Sigma, C3045) 7,200x
a-Monothioglycerol (a-MTG) (3.9 ml per 100 ml; B350-450 mM) 13 mlin 1 ml IMDM
rh Insulin-transferrin-selenium-ethanolamine solution (rhiTS-Eth) 100x
Protein-free hybridoma mixture Il (PFHMII) (5%) 1x
Ascorbic acid 2 phosphate (50 mg mi™ ) smg ml™?

Glutamax| (L-alanyl-L-glutamine) (2 mM) 200 mM (100x)

Figure 3.1. Composition of media. 1 is for EGM-2 medium (LONZA, CC3162) used in the current
project, 2 is for the ECGM-2 medium (Promocell) used in the Harding et al. protocol and 3 is for the
APEL medium suggested by Harding et.al.

3.4 Analysis Methods

3.4.1 Immunofluorescence

Immunofluorescence (IF) is a technique that permits visualization of cell components in any
given tissue or cell type, through combinations of specific antibodies tagged with

fluorophores.
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Indirect immunofluorescence on adherent cells was performed using primary and secondary
antibodies (Figure 3.2). Cells were cultured on coverslips placed in 24-well plates until
confluency, at which time the medium was removed, and the cells were washed with culture
volume (0.5 ml) of PBS. For fixation, 0.5 ml of 3% paraformaldehyde (Merck, 104005) was
added and incubated at room temperature for 15 min. PFA was removed and cells were
washed with 0.5 ml of PBS. To quench the free aldehyde groups, 0.5 ml of 50 mM
ammonium chloride (99.5 % NH4Cl Sigma-Aldrich : STAL A4514-100G) in PBS was added
and incubated at room temperature for 15 min. Ammonium chloride was removed followed
by washing with 0.5 ml of PBS. For cell membrane permeabilization, 0.5 ml of 0.1% Triton
X-100 (Sigma-Aldrich : Fluka 93418) in PBS was added and incubated at room temperature
for strictly 4 min and then removed, followed by washing with 0.5 ml of PBS. The coverslips
were then placed in a plastic container padded with Wattman papers, that were washed with
PBS and covered with a piece of parafilm. For blocking of non-specific sites, 40 uL of 10%
FCS was added and incubated at room temperature for at least 20 min. The 1% antibody was
diluted in 10% FCS or PBS, according to the manufacturer’s instructions. The 10% FCS was
then removed and 50 pL of the 1% antibody were added and incubated at room temperature
for 1 h. The coverslips were then transferred to a 24-well plate and washed twice with 0.5
ml of PBS while placed on a shaker, to remove the excess antibody, and transferred onto the
parafilm. The 2" antibody was diluted in 10% FCS or PBS, 50 pL of which were added to
the coverslips and incubated at room temperature for 1 h, under dark conditions, to protect
the light-sensitive 2™ antibodies. The coverslips were again transferred to a 24-well plate

and washed twice with 0.5 ml of PBS while placed on a shaker.

Cell nuclei were stained using propidium iodide-PI (Sigma), samples were mounted in
moviol plus dabco, and images were taken on a Leica TCS SP5 confocal microscope using

HCX PLAPO CS 40 1.25 OIL objective.

3.4.2 Fluorescence-Activated Cell Sorting (FACS) Analysis

Fluorescence-activated cell sorting (FACS) is a specialized type of flow cytometry, that
utilizes the specific light scattering and fluorescent characteristics of each cell to count and

profile cells in a heterogenous fluid mixture (Figure 3.2).

Cells were enzymatically detached from the culture using 0.05% trypsin, by incubating at

37°C for 30-45 sec, and lifted with a PBS mixture supplemented with 2% FBS and 1 mM
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EDTA of the cell mixture was placed on a Neubauer cell counting chamber and counted
200.000 cells were transferred to eppendorf tubes and centrifuged at 1200 rpm \(210g) for 5
min and then resuspended in 40 uL of PBS/2%FBS-EDTA mixture. In each eppendorf tube,
8 uL of FITC-Fluorescein isothiocyanate or PE-Phycoerythrin labeled antibodies were added
and incubated on ice and in the dark for 30 min. Then, 400 uL of PBS were added and
centrifuged at 1200 rpm \(210g) for 5 min. The supernatant was removed, and the cell pellet
was resuspended in 1 ml of PBS and transferred to 1.5 ml FACS tube compatible with the
FACS analysis machine CyFlow (Partec, Miinster, Germany) used (Department of
Biological Applications & Technology, E4 Premises, ground floor). For each sample, 20.000
events were collected, and the analysis was performed with the use of FlowMax Software.

All antibodies had previously been titrated. Isotypic control antibodies were used as negative

controls.
1. Antibodies for Immunofluorescence 2. Antibodies for FACS Analysis
Primary Antibodies Mouse I1gG1l Isotypic Contrel FITC (ImmuncTools, 21275513)
CD31 Monoclonal Antibody (AbCam) Anti-Human CD31 FITC (ImmunoTools, 21270313)
vWF Monoclonal Antibody (AbCam) Anti-Human C€D34 FITC (ImmunoTools, 21270343)
Mouse IgG1 Isotypic Control PE (ImmunoTools, 21270214)
Secondary Antibodies Anti-Human CD31 PE (ImmunoTools, 21270314)
Alexa Fluor® 488 AffiniPure Donkey Anti-Mouse IgG (H+L) Anti-Human CD34 PE (ImmunoTools, 21620344)

(Jackson ImmunoResearch Laboratories, USA)
Alexa Fluor® 488 AffiniPure Donkey Anti-Rabbit 1gG (H+L)
(Jackson ImmunoResearch Laboratories, USA)

Figure 3.2. 1) Antibodies used for Immunofluorescence. 2) Antibodies used for FACS Analysis.
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4. RESULTS

The host laboratory has developed and established a method to generate ECs from a starting
pluripotent population, as shown in Figure 4.1. hESCs are first differentiated to mesodermal
intermediates and then towards CD34+ VPCs under feeder-free, chemically defined
conditions. Briefly, H1 colonies are first dissociated into small clumps and replated onto
Matrigel coated six-well plates. After 48 h, mTeSR medium is changed to differentiation
medium (APEL), supplemented with 5 uM glycogen synthase kinase-3 (GSK-3) inhibitor
(CHIR99021, Selleckchem). After 24 h, the medium is replaced with the same basal medium
supplemented with bone morphogenetic protein-4 (BMP-4) (25 ng/mL) for 48 h and then
with VEGF-A (80 ng/ml) for another 48 h. On day 5, successful commitment to endothelial
lineage is confirmed by FACS analysis (Tsolis, K. C., et al., 2016).

With this protocol, each growth factor is added separately, for better control over the
differentiation process, offering the possibility to study each step separately, while at the
same time acquiring in a fast manner, within 5 days, the population of interest. The
differentiation event gives rise to two distinct cellular populations: the CD34+ VPCs and a
CD34— population that probably contains mixed cells, which can be further differentiated

into other cell types of mesenchymal lineages.

Day -2 0 1 3 5 Ve
H1 hESCs 5 uM GSK 25 ng/ml 80 ng/ml Confirmation Magnetic
Wicell inhibitor BMP4 Mesoderm VEGF-A CD34' sorting 6
Research Instituts APEL med APEL med. KDR? (ant-CD34)
“ > > (- » » CD34°
compleate
miTeSRT™ APEL medium A
medium
Matrigel-coated
6-well piate

Figure 4.1. Overview of the established differentiation protocol to ECs used in the laboratory,
published by Tsolis K. C. et. [, 2016. The differentiation process, lasting 5 days, is carried out under
feeder-free, chemically defined conditions. Starting from a pluripotent population, dissociated in
small clumps and replated into matrigel-coated 6-well plates, the cells are successively cultured in
culture media that support the differentiation towards ECs on day 5 of differentiation.
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A number of downsides are correlated with the use of the aforementioned differentiation
protocol, despite the important advantages mentioned above (such as chemically defined
conditions and fast acquisition of population of interest). The aforementioned protocol
leads to the generation of low proliferative ECs, with the possibility of keeping the cells up
to passage 1-2, has no possibility of cryopreservation. In addition, magnetic sorting is
required to sort the mixed population acquired on day five, and it ultimately has a moderate
differentiation efficiency (20-30%). For this reason, we selected and tested a number of

published differentiation protocols using either serum free or reduced serum conditions.

In order to have a comparison of the differentiation protocols tested in the current thesis
with the established protocol in the laboratory (Tsolis K. C., et al., 2016), the established
differentiation protocol was performed. Anti-CD34 and CD31 antibodies, used throughout
this thesis to determine differentiation efficiency, were first tested on HUVEC cells
isolated as described in Materials and Methods (see Supplementary Figure 1). Having
established that the antibodies were functional we proceeded with the experiments in stem
cells. H1 hESCs were plated in matrigel-coated 12-well plates and the differentiation
carried out as shown in Figure 4.1. The population acquired on day five of the
differentiation process was stained with CD34 PE antibodies and subjected to FACS
analysis compared to isotypic control antibody (Figure 4.2). FACS analysis revealed that
the CD34" endothelial cell population derived from H1 hESCs was 23.5% (Figure 4.2,
histogram 2).

Day 5 Day 5 H1 hESCs
FITC Isotypic Control APEL medium
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Figure 4.2. FACS analysis performed on the HI1-hESC-derived endothelial cell population on day 5
of the differentiation process, stained with anti-CD34 PE or isotypic control antibodies. Histogram
1 shows PE isotypic control and histogram 2 shows the CD34 expression of Hl hESCs-derived ECs.
The experiment was performed and kindly shared by Maria Markou, post-doctoral member of the
laboratory.
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4.1 Comparison to the Differentiation Protocol Published by Patch et al.. 2015

The protocol of differentiation to ECs published by Patch and coworkers (Patch, C., et al..,
2015) was selected due to the following advantages: (1) serum free conditions, allowing the
culturing of cells in defined medium, (2) the high differentiation efficiency (66 — 88 %
depending on the PSC line used), (3) the high proliferative ECs produced (cultured up to
passage 4 — 6), and (4) the possibility of cryopreservation of the ECs, which is essential for

consistent reproducible results.

4.1.1 Description of the Patch et al.. Protocol - Parameters Affecting Yield

This protocol, depicted in Figure 4.3, involves culturing hPSCs for 4 days as a monolayer in
chemically defined medium supplemented with a GSK3f inhibitor and BMP4 inducing
differentiation of the cell population to the mesodermal state. Cells are then cultured for 2
days in a different medium containing VEGF, supplemented with forskolin, which is a potent
activator of adenylyl cyclases, modulating angiogenesis (Namkoong, S., et al., 2009). On
day six, EC differentiation was evaluated by analyzing the expression of endothelial cell

markers (CD31, CD34).

Several parameters affect the final yield of ECs including (1) initial cell density, (2)
concentration of GSK3 inhibitor, CHIR and (3) PSC line used. We tested each of these as

follows:

1. Initial cell density: For the first step of the differentiation process, we plated the
hPSCs (H1 hESCs or iPSCs) as single cells at different densities to determine the most
efficient starting number of cells (Figure 4.3, Day 0). The suggested cell density was
37.000-47.000 cells/cm? (Patch et al. published at Nature Protocol Exchange
(doi:10.1038/protex.2015.055), and therefore we tested the lowest and highest cell
number from this range for both H1 hESCs and iPSCs.
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w/o medium change | | medium change |

Day 0 Day 1
37.000 cells/cm? | |
Or
47.000 cells/cm? | |
— hESCs or Mesoderm
ccutase — > iPSCs Induction
Coating
Mediums mTESR

Fasudil

Factors (ROCK inhibitor)

-

Endothelial Cell
Induction

FACS Analysis
(CD31, CD34)

matrigel

N2B27 StemPro34

2 uM Forskolin
200 ng/ml VEGF

6 or 8 uM CHIR99021
25 ng/ml BMP4

Figure 4.3. Overview of the differentiation protocol we tested, based on the published protocol by
Patch et. [, 2015. The differentiation process, lasting 6 days, starts from a pluripotent population
passaged in small clusters enzymatically (accutase) into matrigel-coated 12-well plates, in culture
media that successively support the differentiation towards ECs on day 6 of differentiation.

Concentration of CHIR: For the second step of the differentiation protocol, cells were
differentiated to mesoderm using either CP21 or CHIR and/or BMP4 (Figure 4.3, Day
1). Patch and coworkers suggest that when either GSK3 inhibitor was used at its optimal
concentration, the yield of CD144" cells was equivalent. Based on this, CHIR99021 was
used as a GSK3 inhibitor.

Even though Patch and coworkers suggested that CHIR induced CD144 expression most
efficiently at a concentration of 6uM, (Patch, C., et al., 2015), they suggested that some
cell lines may require minor changes of the GSK3p inhibitor concentration as well as
the seeding density. The recommended CHIR99021 concentration was between 6-8 mM,

and thus we tested the lowest and highest concentrations from this range.

3. PSCline used: Patch et al. tested this strategy on several hPSC lines, including HUESO,

SA001, BJ-RiPS, and a commercially available iPS cell line and promoted the
differentiation of hPSCs into ECs with efficiencies between 61.8% and 88.8% as
assessed by flow cytometry of CD144" cells. We tested the differentiation protocol in
hiPSCs as well as H1 hESCs.
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4.1.2 Highest Seeding Density of H1 hESCs and Highest GSK3i Concentration Lead

to the Highest Differentiation Efficiency

The differentiation protocol was performed in matrigel-coated wells of 12-well plates, which
have a growth area of 3.8 cm?. H1 hESCs were passaged with Accutase (Figure 4.3, day 1).
The cells were counted in a Neubauer chamber, and 140.600 cells for cell density of 37.000
cells/cm? and 178.600 cells for 47.000 cells/cm? were transferred to 12-well plates. Then,
on day one of differentiation, 6 mM or 8 mM CHIR99021 were added to both 37.000 and
47.000 cells/cm? cells and the protocol was followed as described. The ECs acquired on day
six of the differentiation process were stained with CD31 PE and CD34 FITC antibodies and
subjected to FACS analysis compared to isotypic control antibodies (Figure 4.4, day 6,

Induction).

Figure 4.4. TIRF microscopy imaging depicting the different stages the cells undergo from
pluripotent state (iPSCs) to endothelial cell differentiation during the 6 days of the differentiation
process for the Patch et al. protocol. The upper panel shows the imaging from the Patch et al.
protocol with iPSCs as a starting population and the lower panel shows the imaging acquired in this
project with a starting population of HI hESCs. Plating occurs on day 1, when pluripotent cells are
passaged and plated on matrigel-coated plates. Priming occurs on day 4 when the pluripotent
population is exposed to factors leading to mesodermal population. Induction refers to the induction
of ECs, which are acquired on day 6. Upper panel scale bars: 200 mm, Lower panel scale bars: 100
mm. Representative images of 2 different experiments.
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FACS analysis revealed that with a cell density of 37.000 cells/cm* and CHIR99021

concentration of 6 mM, the CD34+ endothelial cell population was 23.8% and the CD31+
was 14.4% (Figure 4.5A, histograms 2 and 4), while with 8§ mM CHIR99021 concentration
CD34+ cells were at 36.8% and CD31+ cells at 22.1% (Figure 4.5B, histograms 2 and 4).

With a cell density of 47.000 cells/cm? and a CHIR99021 concentration of 6 mM, the CD34+
cells were 30.7% and the CD31+ cells 18.9% (Figure 4.5C, histograms 2 and 4), while with
8 mM CHIR99021 concentration, the CD34+ cells were 38.3% and CD31+ cells were 27.2%

(Figure 4.5D, histograms 2 and 4). These results suggest that the highest differentiation

efficiency is achieved with the highest seeding density (47.000 cells/cm?) and the highest
concentration of CHIR99021 GSK3 inhibitor (8 mM) (Figure 4.5D).
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Figure 4.5. Graphs from FACS analysis performed on the HI-hESC-derived endothelial cell
population on day 6 of the differentiation process, stained with anti-CD31-FITC and anti-CD34 PE
or isotypic control antibodies. (A) 37.000 cells/cm’ cell density of HI hESCs starting population and

43




il =i
: T-Jv ."ﬂ
3 15}

IAPYMA TEXNOAOIAZ KAI EPEYNAX

U. IOANNINA

6 mM CHIR99021 concentration, (B) 37.000 cells/cm’ H1 hESCs density and 8 mM CHIR99021
concentration, (C) 47.000 cells/cm® H1 hESCs density and 6 mM CHIR99021 concentration, (D)
47.000 cells/cm’ and 8 mM CHIR99021 concentration. The first column of each graph shows
histograms 1 and 3 for the isotypic PE and FITC controls and the second column of each graph
shows histograms 2 and 4 for the CD34 and CD31 expression, respectively. of the 37.000 cells/cm’
with 6 mM CHIR99021. Representative graphs are shown of 2 experiments for 2 different wells per
condition.

From the results presented in Figure 4.5D we concluded that the most efficient conditions
for the H1 hESCs were a seeding density of 47.000 cells/cm? and CHIR99021 concentration
of 8 mM, yielding the highest levels of expression of both CD31 and CD34 (Figure 4.5D,
histograms 3 and 6). The protocol was repeated on different batches of HI hESCs to verify
the differentiation efficiency. 47.000 cells/cm? and CHIR99021 (8 mM) were used. The
results on day six of differentiation were CD31" 20.8% and CD34" 28.2% (Figure 4.6,
histograms 2 and 3), which was similar to the experiment shown in Figure 4.5D (histograms

3 and 6).

1sotyple FITC 47.000 celis/cny
H1 hESCs Doy 6, 8 pM CHIRS2021

1.51 2. 2 D31 : 3.;

| i L

w w 2l i w - » . w w
Isctypic FITC CO31 ATC CDM FITC

Figure 4.6. FACS analysis performed on the HI-hESC-derived endothelial cell population on day 6
of the differentiation process. HI cells were seeded at a density at 47.000 cells/cm’ and 8 mM
CHIRY9021 concentration used. ECs on day 6 were stained with CD31 FITC, CD34 FITC and
isotypic FITC antibodies and FACS analysis was performed. Histogram 1 shows the isotypic control
strained H1 hESC-derived ECs, histogram 2 shows the CD31 expression for the 47.000 cells/cm’
with 8 mM CHIR99021 and histogram 3 shows the CD34 expression for the 47.000 cells/cm’ with 8
mM CHIR99021 for CD34 expression. Representative graphs are shown of 1 experiment for 3
different wells.

4.1.3 Highest Seeding Density of iPSCs and Highest GSK3i Concentration Lead to a

Low Differentiation Efficiency

Since the differentiation efficiency we acquired following this protocol was not equivalent

to the differentiation efficiency suggested by Patch et al (66 — 88%, depending on the cell
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line), the protocol was tested on a different cell line, iPSCs, which were derived from patients
with leucine-rich repeat kinase 2 (LRRK?2) mutation Parkinson’s Syndrome (iPSC IM2).
For this, the highest seeding density (47.000 cells/cm?) was tested to begin the differentiation
process in matrigel-coated 12-well plates, as well as the highest concentration of GSK3
inhibitor CHIR99021 (8 uM) on day one of differentiation. The ECs acquired on day six of
differentiation were stained with CD31 and CD34 FITC antibodies and subjected to FACS
analysis. The results revealed that with a cell density of 47.000 cells/cm? and 8 uM the
CD31" cells were at 16.3% and the CD34" cells were at 21.8% (Figure 4.7, histograms 2 and
3).

isotypic Control 47.000 cells/cm? 47.000 calls/cm
iPSCs Doy 6 B uM CHIR99021 8 UM CHIR99021
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Figure 4.7. FACS analysis performed on the iPSC-derived endothelial cell population on day 6 of
the differentiation process. iPSCs were seeded at a density at 47.000 cells/cm’ and 8 mM CHIR99021
concentration used. ECs on day 6 were stained with CD31 FITC, CD34 FITC and isotypic FITC
antibodies and FACS analysis was performed. Histogram I shows the isotypic control strained iPSC-
derived ECs, histogram 2 shows the CD31 expression for the 47.000 cells/cm’ with 8 mM CHIR99021
and histogram 3 shows the CD34 expression for the 47.000 cells/cm’ with 8 mM CHIR99021 for
CD34 expression. Representative graphs are shown of 3 independent experiments for 2 different
wells.

Conclusion: The differentiation efficiency we acquired following the Patch protocol was
between 28-38% of CD34" cells using H1 hESCs and at around 21.8% of CD34" using
1PSCs, which are not equivalent to the differentiation efficiency suggested by Patch et al (66
—88%). Additionally, compared to the already established protocol of differentiation to ECs,
there was not much of an improvement in the differentiation efficiency (Figure 4.2, 23.5%

of CD34").

These results suggest that this differentiation protocol is not ideal for the laboratory, since it
i1s not as efficient as the suggested protocol in two of the cell lines used and not an

improvement to the currently used protocol.
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4.2 Comparison to the Differentiation Protocol Published by Harding et al.. 2017

This protocol of differentiation to ECs was published by Harding and coworkers (Harding
et al., 2017). The protocol has a high differentiation efficiency (73 — 83% on day 8 of
differentiation, depending on the cell line), with no requirement for cell sorting or magnetic

purification to yield a very pure population.

Enzymatic or hESC
Chemicol _” " lil“" )
Passoging =

Mediums APEL APEL APEL APEL or EGM-2

& uM CHIR93021 -

Foctors . e armi FGF2 +50 n@/ml VEGF o 20 ng
ROCK inhibite GSKI nhibl

) g/l VEG No serum or 2% / 5% FES

Figure 4.8. Overview of the differentiation protocol published by Harding et. I, 2017. The
differentiation process, lasting 8 days, starts from a pluripotent population passaged in small clusters
enzymatically (accutase or dispase) or chemically (versene) into matrigel-coated 12-well plates, in
culture mediums that successively support the differentiation towards vascular progenitor cells on
day 5. The cells are then detached enzymatically (accutase) and placed on different coated plates
(0.1% gelatin, collagen or fibronectin) with different mediums (APEL or EGM-2) supporting the
differentiation to ECs on day 8 of the differentiation process.

4.2.1 Description of the Harding et al. Protocol

Differentiation of ECs from hiPSCs and hESCs was progressively induced in three stages,
see Figure 4.8, for an overview of the differentiation protocol. Briefly, hiPSC or hESCs cells
were manually passaged as small clusters onto Matrigel-coated culture plates in Mouse
Embryonic Fibroblast (MEF) conditioned hESC medium with an additional 10 ng/ml of
FGF2. After 1 day, the medium was changed to StemDiff APEL medium (STEMCELL
Technologies, Cambridge, MA) with 6 uM of CHIR99021 for 2 days to acquire the

mesodermal population.

Harding et al. then cultured the derived mesodermal cells in APEL medium supplemented
with 25 ng/ml BMP4, 10 ng/ml FGF2 and 50 ng/ml VEGF for 2 days to acquire the VPCs.

Cells were then passaged using accutase on day 4 and seeded onto p100 culture dishes at 5
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x 10°—1 x 10* cells per cm? in EC Growth Medium MV2 (ECGM-MV2, PromoCell) with
an additional 50 ng/ml VEGF, or APEL medium, and the medium was changed every 2 days
for 4-6 days to generate ECs.

Harding et al. showed that the hiPSC or hESC-derived ECs (hiPSC-ECs or hESC-ECs) on
day 8 of differentiation, expressed endothelial lineage markers, CD31/PECAMI1 at 94-97%,
from which 73%-81% cells were CD34" and 78%-83% were CD144"/VE-Cadherin. These
cells also expressed a mature EC marker, Von Willebrand factor (vWF), as revealed by

immunostaining. Passaging the population of ECs, led to the loss of CD34 expression, but

yielded a nearly pure population of ECs (99.7% of CD31" and 96.8% CD144").

4.2.2 H1 hESCs Passaged with Dispase and Vascular Progenitor Cells Seeded on 0.1%
Gelatin — Testing of Different Endothelial Cell Culture Mediums

To follow the differentiation protocol outlined above we needed to clarify several issues: (1)
Harding et al. did not describe the type of manual passaging preferred for the generation of
small clusters of hiPSC or hESC cells to start the differentiation protocol, so we tested
dispase and versine and (2) The type of coating was not specified at the stage when the
vascular progenitors were acquired, but rather we suggested 3 options, gelatin, collagen or
fibronectin. Papers implementing this protocol on their differentiation process suggested
either the use of 0.5 — 1% gelatin (Lee LW., et al., 2023, Deinsberger, J., et al., 2023), or the
use of collagen type IV (Karagiannis et al., 2024). Vascular and endothelial progenitor cells
can be cultured on fibronectin-coated plates, with fibronectin promoting the appearance of
endothelial cell forming colonies earlier than collagen (Colombo E., et al., 2013). Therefore,

we decided to test also fibronectin.

We first tested the Harding et al. protocol on H1 hESCs. Starting the differentiation process,
the pluripotent population of H1 hESCs was passaged enzymatically with dispase and small
clusters were plated onto matrigel-coated 12-well plates in a splitting ratio of 1:7 (Figure
4.8, day 1 of differentiation protocol). The protocol was then followed as suggested, and, on
day 5 of differentiation, the vascular progenitors (Figure 4.9, days 2 and 4 of differentiation
protocol) were passaged with accutase and seeded onto 12-well plates coated with 0.1%

gelatin, at a cell density of 38.000 cells/cm?. Two types of media were used on day 5 of
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differentiation (Figure 4.8, day 5 of differentiation protocol), EGM-2 medium or APEL

medium (Figure 3.1, materials and methods, composition of media).

Day 0

Day 1 Doy 3 Day & Day 8

Figure 4.9. TIRF microscopy imaging depicting the different stages the cells undergo from
pluripotent state to endothelial cell differentiation during the 8 days of the differentiation process for
the Harding et al. protocol. On Day 0 the pluripotent cells were plated on a matrigel-coated plate in
small clusters. Day 1 shows the effect GSK3 inhibitor CHIR99021 has on the cell clusters, with single
cells translocating towards the periphery of the center. Day 3 shows the increasing number of cells
in the periphery, which are the cells that need to be dissociated and replated onto new plates. Days
6 and 8 show the endothelial cell population. Scale bars: 100 mm. Representative images are shown
of 2 independent experiments.

4.2.3 Culturing hESCs-ECs in APEL Medium Serum Free Conditions Leads to a

High Differentiation Efficiency with Major Drawbacks

First, to achieve serum-free conditions throughout the differentiation process and since the
serum is added on day 5 of differentiation, cells were cultured on day 5 onwards on APEL
medium, a serum free medium. Since APEL medium’s composition does not include VEGF
(Figure 3.1, materials and methods, composition of mediums) in the first test APEL medium
was used supplemented with 50 ng/ml VEGF and ECs were cultured until day 8 (Figure 4.8
and Figure 4.9, day 8 of differentiation protocol), when the cells were stained with CD31
FITC and CD34 PE antibodies and a FACS analysis was performed. The results indicated
that ECs from H1 hESCs passaged with dispase, cultured on 0.1% gelatin-coated plates and
in APEL medium supplemented with 50 ng/ml VEGF were CD31" at 45.3% and CD34" at
69.1% respectively (Figure 4.10, histograms 2 and 4).
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Figure 4.10. Histograms from FACS analysis performed on the HI-hESC-derived endothelial cell
population on day 8 of the differentiation process. In this experiment, the starting pluripotent
population was passaged enzymatically with dispase, and the vascular progenitor cells were plated
on 0.1% gelatin-coated plates. Endothelial cell culture medium (APEL) and with the addition of 50
ng/ml VEGF (APEL with VEGF) was used to culture the cells. ECs on day 8 were stained with CD31
FITC and CD34 PE antibodies and FACS analysis was performed. The first row shows histograms
for the CD31 FITC antibody, and the second row shows histograms for the CD34 PE antibody. The
first column (histograms 1 and 3) is for the isotypic FITC (histogram 1) and for the isotypic PE
(histogram 3) H1 hESCs controls. The second column (histograms 2 and 4) is for the APEL medium
supplemented with 50 ng/ml VEGF and the expressions of CD31 (histogram 2) and CD34 (histogram
4). Representative graphs shown from 1 experiment for 2 different wells.

Although ECs from H1 hESCs passaged with dispase, cultured on 0.1% gelatin-coated plates
and APEL medium supplemented with 50 ng/ml VEGF yielded a high percentage of CD31
and CD34 expression (Figure 4.10, histograms 2 and 4), a problem arose regarding the cells’
viability. The cells were low proliferative after passage 1 and couldn’t survive in the culture
medium, thus limiting the use of these cells for further experiments, which require passages
up to 3 and 4. For this reason, the APEL medium supplemented with VEGF was not further

used for the culture of ECs from day 5 onwards.
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4.2.4 Culturing hESCs-ECs in EGM-2 Medium Without Additional VEGF for Low

Serum Conditions Leads to a Low Differentiation Efficiency

Based on the aforementioned result regarding the APEL medium, EGM-2 medium, an
endothelial cell growth medium, similar in composition to ECGM-2 medium suggested by
the protocol, with 2% serum instead of 5% contained in ECGM-2 (Figure 3.1, materials and
methods, compositions of mediums) was used. EGM-2 medium was first tested without the
addition of VEGEF, since the medium already contains VEGF (0.5 ng/ml) (Figure 3.1,
materials and methods, composition of media). ECs were cultured until day 8 (Figure 4.8
and Figure 4.9, day 8 of differentiation protocol), when the cells were stained with CD31
FITC and CD34 PE antibodies and a FACS analysis was performed.

The results indicated that ECs from H1 hESCs passaged with dispase, cultured on 0.1%
gelatin and EGM-2 medium without the addition of extra VEGF, were CD31" at 23.1% and
CD34" at 26.2%, (Figure 4.11, histograms 2 and 4).
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Figure 4.11. Histograms from FACS analysis performed on the endothelial cell population on day 8
of the differentiation process. The fluorescent marker FITC was used to detect CD31 expression
levels and PE was used to detect CD34 expression levels. In this experiment, the starting pluripotent
population was passaged enzymatically with dispase, and the vascular progenitor cells were plated
on 0.1% gelatin-coated plates. Here one of the three different conditions were tested for two
parameters: endothelial cell culture medium (EGM-2, 2% serum) and without the addition of 50
ng/ml VEGF (EGM-2, 2% serum, without VEGF). ECs on day 8 were stained with CD31 FITC and
CD34 PE antibodies and FACS analysis was performed. The first row shows histograms for the CD31
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FITC antibody, and the second row shows histograms for the CD34 PE antibody. The first column
(histograms 1 and 3) is for the isotypic FITC (histogram 1) and for the isotypic PE (histogram 3) HI
hESCs controls. The second column (histograms 2 and 4) is for the EGM-2 medium, 2% serum,
without VEGF and the expressions of CD31 (histogram 2) and CD34 (histogram 4). Representative
graphs are shown of 1 experiment for 2 different wells.

ECs derived from H1 hESCs cultured on 0.1% gelatin-coated plates, with EGM-2 medium
(2% serum) without 50 ng/ml VEGF were cultured up to passage 1, and subjected to
immunofluorescent staining for CD31, VE-Cadherin and vWF. These stainings revealed that
the HI hESC-ECs cultured on EGM-2 medium (2% serum) without extra VEGF had very
low expression of CD31 marker, which was seen in very few, clustered areas of ECs (Figure
4.12, images 2 and 5, 3 and 6, Figure 4.13 images 3 and 7, 4 and 8). This immunofluorescent
staining is in agreement with the FACS results (Figure 4.11, histogram 2). As well as having
a low expression of CD31 marker, these cells exhibited very low signal of vVWF expression

factor (Figure 4.13, images 2 and 6, 4 and 8).

Coating: 0.1% Gefatin
Medium: EGM-2 without VEGF

Figure 4.12. Immunostaining of EC-specific markers on Hl hESC derived-ECs. Images 1 and 4 are
for PI staining, images 2 and 5 are for CD31 staining and images 3 and 6 are for merge images for
HI-hESC-ECs cultured on 0.1% gelatin-coated plates with EGM-2 medium (2% serum) without
VEGEF. Scale bars: 100 uM. Representative images are shown of I experiment.
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Coating: 0.1% Gelatin
Medium: EGM-2 without VEGF

Figure 4.13. Immunostaining of EC-specific markers on HI hESC derived-ECs. Cells were fixed and
processed for indirect immunofluorescence as outlined in materials and Methods. Images 1 and 2
are stained with DAPI, images 2 and 6 show vVWF staining, images 3 and 4 show CD31 staining and
images 4 and 8 arve merged images for HI-hESC-ECs cultured on 0.1% gelatin-coated plates with
EGM-2 medium (2% serum) without extra VEGF. Scale bars: 100 uM. Representative images are
shown of 1 experiment.

4.2.5 Culturing hESCs-ECs in EGM-2 Medium With extra VEGF for Low Serum

Conditions Leads to a High Differentiation Efficiency

Since the addition of VEGF improves the differentiation efficiency and its external addition
to the endothelial cell culture medium is suggested according to the protocol on day 5 of the
differentiation process, the EGM-2 medium with 2% serum was tested with the addition of
50 ng/ml VEGF. ECs were cultured until day 8 (Figure 4.8 and Figure 4.9, day 8 of
differentiation protocol), when the cells were stained with CD31 FITC and CD34 PE

antibodies and a FACS analysis was performed.

The results indicated that ECs from H1 hESCs passaged with dispase, cultured on 0.1%
gelatin-coated plates and EGM-2 medium supplemented with 50 ng/ml VEGF were CD31"
at 31.3% and CD34" at 53% respectively (Figure 4.14, histograms 2 and 4). Thus, we
confirmed that the addition of 50 ng/ml VEGF led to an increase in the expression of markers

CD31 from 23.1% (Figure 4.11, histogram 2) to 31.9% (Figure 4.14, histogram 2).
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Figure 4.14. Histograms from FACS analysis performed on the endothelial cell population on day 8
of the differentiation process. In this experiment, the starting pluripotent population was passaged
enzymatically with dispase, and the vascular progenitor cells were plated on 0.1% gelatin-coated
plates. EGM-2, 2% serum plus the addition of 50 ng/ml VEGF (EGM-2, 2% serum, with 50 ng/ml
VEGF) was used. ECs on day 8 were stained with CD31 FITC and CD34 PE antibodies and FACS
analysis was performed. The first row shows histograms for the CD31 FITC antibody, and the second
row shows histograms for the CD34 PE antibody. The first column (histograms 1 and 3) is for the
isotypic FITC (histogram 1) and for the isotypic PE (histogram 3) HI hESCs controls. The second
column (histograms 2 and 4) is for the EGM-2 medium, 2% serum, supplemented with 50 ng/ml
VEGF and the expressions of CD31 (histogram 2) and CD34 (histogram 4). Representative graphs
are shown of 2 different experiments for 2 different wells per condition.

ECs derived from H1 hESCs cultured on 0.1% gelatin-coated plates, with EGM-2 medium
(2% serum) with the addition of 50 ng/ml VEGF were cultured up to passage 1, and subjected
to immunofluorescent staining for CD31, VE-Cadherin and vWF. These stainings revealed
that the H1 hESC-ECs cultured on EGM-2 medium (2% serum) supplemented with 50 ng/ml
VEGF were positive for CD31 marker of ECs (Figure 4.15, images 2 and 4, 3 and 6) in a
manner that coincided with the FACS analysis results (Figure 4.14, histogram 2), At the same
time it was observed that H1 hESC-ECs positive for CD31 also expressed vWF (Figure 4.16,
images 2 and 4, 6 and 8).
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Cooting: 0.1% Gelatin
Medium: EGM -2 with 50 ng/m! VEGF

.

Figure 4.15. Immunostaining of EC-specific markers on HI hESC derived-ECs. Cells were fixed and
processed for indirect immunofluorescence as outlined in materials and Methods. Images 1 and 2
are for Pl staining, images 2 and 5 are for CD31 staining and images 3 and 6 are for merge images
for HI-hESC-ECs cultured on 0.1% gelatin-coated plates with EGM-2 medium (2% serum) with 50
ng/ml VEGF. Scale bars: 100 uM. Representative images are shown of 1 experiment.

Coating: @.1% Gelatlr

Mediurm: EGM-2 with 50 ng/mi VEGF

Figure 4.16. Immunostaining of EC-specific markers on HI hESC derived-ECs; vWF=Von
Willebrand factor. Cells were fixed and processed for indirect immunofluorescence as outlined in
materials and Methods. Images 1 and 5 are DAPI staining, images 2 and 6 are vWF staining and
images 3 and 7 are CD31 staining and images 4 and 8 are for merge images for HI-hESC-ECs
cultured on 0.1% gelatin-coated plates with EGM-2 medium (2% serum) with 50 ng/ml VEGF. Scale
bars: 100 uM. Representative images are shown of 1 experiment.
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4.2.6 Culturing hESCs-ECs in EGM-2 Medium with VEGF and Addition of Serum

Further Increases the Differentiation Efficiency

Since the Harding et al. protocol uses ECGM-2 endothelial growth medium, which contains
5% serum, as opposed to 2% serum contained in EGM-2 medium used so far for the
differentiation in this project, another test was performed to evaluate the effect the additional
serum had on the differentiation efficiency and survival of the acquired endothelial cell
population. For this purpose, the differentiation protocol was performed on a starting
population of H1 hESCs, which were passaged enzymatically with dispase as small clusters
onto matrigel-coated 12-well plates. The protocol was followed as suggested and, on day 5
of differentiation, the vascular progenitors were dissociated with accutase and seeded onto
12-well plates coated with fibronectin, at a cell density of 38.000 cells/cm?, with EGM-2
medium, supplemented with 50 ng/ml VEGF and additional FBS serum, for a total of 5%
serum. ECs were cultured until day 8, when the cells were stained with CD31 FITC antibody
and a FACS analysis was performed. The results indicated that ECs from HI hESCs
passaged with dispase, cultured on fibronectin and EGM-2 medium supplemented with 50
ng/ml VEGF and 3% serum (for a total of 5% serum) were CD31" at 57.4% (Figure 4.17,
histogram 3).

FITC ! Isckypic FITC " ‘ FITC

Figure 4.17. Histograms from FACS analysis performed on the endothelial cell population on day 8
of the differentiation process. The fluorescent marker FITC was used to detect CD31 expression
levels. In this experiment, performed on HI hESCs, one condition was tested for three parameters:
starting population passaged enzymatically (dispase), ECs cultured on plates coated with fibronectin
and EGM-2 medium supplemented with serum (5% total serum) and 50 ng/ml VEGF. ECs on day 8
were stained with CD31 FITC and FACS analysis was performed. Histogram 1 is for the unstained
HI hESCs used as a control, histogram 2 for the HI hESCs FITC isotypic control and histogram 3
for the CD31 expression. Representative graphs are shown of 1 experiment for 2 different wells.
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4.2.7 Culturing hiPSCs-ECs in EGM-2 Medium with VEGF and Addition of Serum

Leads to a Very High Differentiation Efficiency

Since these conditions further improved the differentiation efficiency from 31.9% to 57.4%
for CD31", this differentiation protocol was performed on two different pluripotent cell lines,
this time iPSCs derived from patients with Parkinsons’ disease, one that contained the
leucine-rich repeat kinase 2 (LRRK2) mutation and one that had the gene corrected, from
postdoc Maria Markou. The starting pluripotent population of iPSC IM2 and iPSC GC were
passaged enzymatically with dispase as small clusters onto matrigel-coated 12-well plates.
On day 5 of differentiation, the vascular progenitors were dissociated with accutase and
seeded onto 12-well plates coated with fibronectin, at a cell density of 38.000 cells/cm?, with
EGM-2 medium, supplemented with 50 ng/ml VEGF and additional FBS serum, for a total
of 5% serum. ECs were cultured until day 8, when the cells were stained with CD31 FITC
antibody and a FACS analysis was performed. The results indicated that ECs from iPSC GC
and iPSC IM-2 passaged with dispase, cultured on fibronectin and EGM-2 medium
supplemented with 50 ng/ml VEGF and 3% serum (for a total of 5% serum) were CD31" at
55.8 % and 73.2% respectively (Figure 4.18, histograms 3 and 4).
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Figure 4.18. Histograms from FACS analysis performed on the endothelial cell population on day 8
of the differentiation process. In this experiment, performed on iPSC cell lines (GC and IM-2 cell
lines), the starting population was passaged with dispase, ECs cultured on plates coated with
fibronectin and EGM-2 medium supplemented with serum (5% total serum) and 50 ng/ml VEGF. ECs
on day 8 were stained with CD31 FITC and FACS analysis was performed. Histogram 1 is for the
unstained iPSC GC cells used as a control, histogram 2 for the iPSC GC cells with FITC isotypic
control, histogram 3 for the CD31 expression in iPSC GC cells and histogram 4 for the CD31
expression in iPSC IM-2 cells. Representative graphs are shown of 1 experiment for 2 different wells.

56



I', i
=

IAPYMA TEXNOAOIAZ KAI EPEYNAX
U. IOANNINA

Testing the differentiation protocol suggested by Harding and his colleagues (Harding, et al.,
2017) on different cell lines, such as H1 hESCs (Figure 4.17), iPSCs derived from patients
with leucine-rich repeat kinase 2 (LRRK?2) mutation Parkinson’s Syndrome (iPSC IM2)
or the iPSCs derived from patients with the gene corrected leucine-rich repeat kinase 2
(LRRK?2) mutation Parkinson’s Syndrome (iPSC GC) (Figure 4.18), revealed that there is a
difference between different cell lines in terms of efficiency. The differentiation efficiency
we acquired following this protocol, 57.4% CD31" for HI hESC-derived ECs (Figure 4.17,
histogram 3), 55.8% CD31" for iPSC GC-derived ECs (Figure 4.18, histogram 3) and 73.2%
CD31" for iPSC IM2-derived ECs (Figure 4.18, histogram 4) was higher than the
differentiation efficiency acquired with the established protocol by Tsolis and his colleagues
(Tsolis et al., 2016) used in the laboratory, which was 23.5% CD34" for HI hESC-derived
ECs (Figure 4.2). These results suggest that this differentiation protocol is ideal for the
laboratory, since it is more efficient than the suggested protocol in the H1 hESC line and is
efficient in all three of the cell lines tested in the current thesis, H1 hESC, iPSC GC and
iPSC IM2.
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5. DISCUSSION

Tissue engineering, first used as a term in 1985 by Y.C. Fung, a pioneer in field of
biomechanics and bioengineering, is considered an interdisciplinary field that employs
aspects of cell biology and transplantation, materials science, and biomedical engineering to
develop biological substitutes that can restore and maintain the normal function of damaged
tissues and organs. These techniques can include the two most basic components of tissue
engineering: functional cells injected into a nonfunctional site to stimulate regeneration,
promote vascularisation, and/or supplement the production of hormones and growth factors
and/or the use of biocompatible materials, which include both natural and synthetic matrices

(commonly called “scaffolds™), to create new tissues and organs.

A major requirement for viability and function of the implantable construct is the availability
of blood vessels to support its in vivo growth and vascularisation poses an obstacle in
engineering thicker, metabolically demanding organs, such as the heart muscle, the brain and
the liver, since these engineered tissues exceed the capacity of nutrient supply and waste
removal by diffusion requiring an intimate supply of vascular networks (Carmeliet & Jain,
Nature 2000; Jain, Science 2005). Constructing pre-vascularised tissue-engineered
constructs has been found to overcome the struggles of in vivo vascularisation of scaffolds,
which takes several weeks to complete, and thus generating blood vessels and their
components, perivascular cells (PCs) and endothelial cells (ECs), in vitro allows for studies

to further comprehend their function and contribution to the vascularisation process.

As described in the current thesis, the host laboratory has developed a method for the
differentiation of hESCs/hiPSCs to ECs (Tsolis et al. 2016) using chemically defined
conditions (APEL medium) supplemented with growth factors. Whereas the efficiency of
the protocol is overall satisfactory, the generated ECs exhibit low efficiency of differentiation
(around 25 %), low proliferative capacity and require sorting of the acquired mixed

population.

Through this thesis, two different protocols of differentiation to ECs were tested alongside
the already established protocol to further improve the generation of ECs. The first protocol
tested was published by Patch and coworkers (Patch, C., et al.., 2015) and was selected due
to advantages, such as serum free culturing conditions, allowing the culturing of cells in
defined medium, high differentiation efficiency (66 — 88 %), high proliferative ECs produced
(cultured up to passage 4 — 6), and the possibility of cryopreservation of the ECs, which is
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essential for consistent reproducible results. The second protocol tested was published by
Harding and coworkers (Harding et al., 2017), has a high differentiation efficiency (73 —
83% on day 8 of differentiation, depending on the cell line), with no requirement for cell

sorting or magnetic purification to yield a very pure population.

Comparison to the Differentiation Protocol Published by Patch et al. 2015

This protocol utilises the information published regarding the effects of a potent activator of
adenylyl cyclases, forskolin, on angiogenesis. Forskolin, which is a diterpene extracted from
plants, acts by binding to specific cellular receptors known as adenylyl cyclase isoforms,
such as AC1 to ACS8 except AC9, increasing the cellular cAMP levels, an intracellular second
messenger thought to be related to the phosphorylation and activation of multiple selective
cellular substrates, including PKA and Epac. Forskolin ultimately induces the activation of
Akt, eNOS, CREB, and ERK as well as increases NO production and VEGF expression,
which are closely linked to angiogenesis and drastically increased endothelial cell
proliferation, migration, and tube formation in vitro as well as neovascularisation in vivo

(Namkoong et al., 2009).

The protocol first involves culturing hPSCs for 4 days as a monolayer in chemically defined
medium supplemented with a GSK3f inhibitor and BMP4 differentiating towards the
mesodermal state, then cultured for 2 days in a different medium containing VEGF,
supplemented with forskolin and on day 6, EC differentiation was evaluated by analysing
the expression of endothelial cell markers (CD31, CD34) (Figure 4.3, overview of the
protocol). Since the differentiation efficiency is suggested to change based on the PSC line
used as a starting population (efficiencies between 61.8% and 88.8% on different cell lines),
the optimal conditions must be tested accordingly, on both initial cell density and

concentration of GSK3i.

Performing the protocol on H1 hESCs and testing the lowest and highest seeding density of
the starting population of H1 hESCs (37.000 cells/cm? and 47.000 cells/cm?) and the lowest
and highest GSK3i concentration (6 and 8 mM) (four different conditions, as shown in
Figure 4.5) revealed that the protocol performed with the highest seeding density and the
highest GSK3i concentration led to the optimal differentiation efficiency we could acquire

with the H1 hESC line, which was 38.3 % of CD34" and 27.2% of CD31" cells (Figure 5.1,
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B for the highest differentiation efficiency and Figure 4.5 for the comparison on the different
combinations of seeding density and GSK3i concentration). This result was not equivalent
to the differentiation efficiency suggested by the authors (66 — 88%) and didn’t improve the
differentiation efficiency compared to the differentiation protocol established by Tsolis and
his colleagues (~25 %, Tsolis et al., 2016) used in the laboratory (Figure 20A). Thus, these
results are deeming this differentiation protocol as not ideal for the laboratory, since it is not
as efficient as the suggested protocol in the H1 hESCs. Whether the efficiency is higher in
other PSCs remains to be tested, potentially providing promising results on different cell

lines.

Comparison to the Differentiation Protocol Published by Harding et al. 2017

This protocol of differentiation to ECs published by Harding and coworkers (Harding et al.,
2017) was chosen for the high differentiation efficiency (73-83% on day 8 of differentiation,
depending on the cell line), and the generation of a very pure population with no requirement
for cell sorting or magnetic purification. Harding et al. showed that the hiPSC-ECs or hESC-
ECs on day 8 of differentiation, expressed endothelial lineage markers, CD31/PECAMI1 at
94-97%, from which 73-81% cells were CD34".

In the protocol, hiPSC or hESCs cells were manually passaged as small clusters onto
Matrigel-coated culture plates in MEF conditioned hESC medium with an additional FGF2.
After 1 day, the medium was changed to APEL with CHIR99021 (GSK3i) for 2 days to
acquire the mesodermal population (Figure 4.8), followed by culturing in APEL medium
supplemented with BMP4, FGF2 and VEGF for 2 days to acquire the VPCs. Cells were then
passaged using accutase on day 4 and seeded onto p100 culture dishes at 5 x 10°—1 x
10* cells per cm? in EC Growth Medium MV2 with additional VEGF to generate ECs
following medium changing every 2 days for 4-6 days. The MEF conditioned medium
supports the feeder-free growth of PSCs (both iPSCs and ESCs) and helps maintain their
pluripotency by including growth factors required for stem cell growth and pluripotency

(Stover, A.E. etal., 2011).

A number of issues not clarified by Harding et al. needed to be addressed in order to evaluate
the efficiency of this protocol on the host laboratory’s cell lines, such as the manual

passaging performed on the starting pluripotent population (day 0 of differentiation), the
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type of coating at the stage of the vascular progenitors (day 3 of differentiation) and the
medium for the culture of the ECs (day 5 of differentiation).

The manual passaging performed on the starting population of hESC or hiPSC cells was not
mentioned, and thus we tested both versine and dispase. Versine, not shown in the results,
generated small clusters of cells, but all the differentiations performed led to a low
differentiation efficiency and was thus not further tested. Dispase on the other hand led to
small clusters of cells and ultimately to varying differentiation efficiencies, depending on

other changes we made on the protocol.

Regarding the coating at the VPs stage, papers implementing this protocol on their
differentiation process suggested either the use of 0.5 — 1% gelatin (Lee 1.W., et al., 2023,
Deinsberger, J., et al., 2023) or the use of collagen type IV (Karagiannis et al., 2024).
Vascular and endothelial progenitor cells are known to be cultured on fibronectin-coated
plates, with fibronectin promoting the appearance of endothelial cell forming colonies earlier
than collagen (Colombo E., et al., 2013). Therefore, we decided to test 0.5% gelatin, collagen

and fibronectin.

Two types of media were used on day 5 of differentiation, EGM-2 medium or APEL medium,
even though the suggested medium was ECGM-2 (Figure 3.1, materials and methods,
composition of media). APEL medium is a serum-free medium and was opted to achieve
serum free conditions throughout the differentiation protocol. EGM-2 medium, an
endothelial cell growth medium, similar in composition to ECGM-2 medium suggested by
the protocol, contains 2% serum instead of 5% contained in ECGM-2 and was tested on both

2% and 5% serum to compare with the results Harding et al. acquired.

H1 hESCs passaged with dispase, VPCs seeded on gelatin and hESC-ECs cultured in APEL
medium supplemented with VEGF revealed a high differentiation efficiency of 45.3% of
CD31" and 69.1% of CD34" (Figure 4.10). Culturing the ECs in the APEL medium
supplemented with VEGF alone led to cells with viability problems (couldn’t be maintained
in culture beyond passage 1), however, supplementing the medium with additional FGF2,
which is known to promote the proliferation of the ECs (Sahni A., 2004), could help maintain

the ECs to higher passages, with the additional benefit of using serum free conditions.

EGM-2 medium was first tested without the addition of VEGF, since it contains 0.5 ng/ml

VEGF (Figure 3.1, materials and methods, composition of media). HI hESCs passaged with

61



IAPYMA TEXNOAOIAZ KAI EPEYNAX

U. IOANNINA
dispase, VPCs seeded on gelatin and hESC-ECs cultured in EGM-2 medium without the
addition of VEGF revealed a low differentiation efficiency of 23.1% of CD31" and 26.2%
of CD34" (Figure 4.11). Supplementing EGM-2 medium with VEGF increased the
differentiation efficiency to 31.3% of CD31" and 53% of CD34" (Figure 4.14). Adding
serum up to the level of 5%, which equals that of the ECGM-2 medium used by Harding et
al.., further increased the efficiency of the EC differentiation to 57.4% CD31".

Testing the last conditions (Harding protocol, passaging with dispase and culturing with
EMG-2 medium with 5% serum plus additional VEGF) on iPSCs derived from patients with
leucine-rich repeat kinase 2 (LRRK2) mutation Parkinson’s Syndrome (iPSC IM2) or the
iPSCs derived from patients with the gene corrected leucine-rich repeat kinase 2 (LRRK?2)
mutation Parkinson’s Syndrome (iPSC GC) led to high differentiation efficiencies of 55.8%
CD31" for iPSC GC-derived ECs (Figure 19C, histogram 9) and 73.2% CD31" for iPSC
IM2-derived ECs (Figure 19C, histogram 10).

The highest differentiation efficiency of HI hESCs using the Harding protocol and further
optimized as described above, was 57%. This is higher than the differentiation efficiency
acquired with the established protocol by Tsolis and his colleagues (Tsolis et al., 2016) used
in the laboratory, which was 23.5% CD34" for H1 hESC-derived ECs (Figure 5.1 for
comparisons). These results suggest that the modified Harding differentiation protocol is
ideal for the laboratory, since it is more efficient than the suggested protocol in the H1 hESC
line and is efficient in all three of the cell lines tested in the current thesis, H1 hESC, iPSC
GC and 1PSC IM2.
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Figure 5.1. Overview of the differentiation protocols presented in the current thesis with the
histograms from FACS analysis performed on the EC population on the last day of each
differentiation process. (A) Tsolis et al., 2016 protocol. FACS analysis performed on the HI-hESC-
derived EC population on day 5 of the differentiation process, stained with anti-CD34 PE or isotypic
control antibodies. Histogram 1 shows PE isotypic control and histogram 2 shows the CD34
expression of HI hESCs-derived ECs. (B) Patch et al., 2015 protocol. FACS analysis performed on
the H1-hESC-derived endothelial cell population on day 6 of the differentiation process, stained with
anti-CD31-FITC and anti-CD34 PE or isotypic control antibodies, at 37.000 cells/cm2 cell density
of H1 hESCs starting population and 6 mM CHIR99021 concentration. The first column shows
histograms 3 and 5 for the isotypic PE and FITC controls and the second column shows histograms
4 and 6 for the CD34 and CD31 expression, respectively. (C) Harding et al., 2017 protocol. FACS
analysis performed on the EC population stained with anti-CD3I-FITC and isotypic control
antibodies on day 8 of the differentiation process. Starting population passaged enzymatically
(dispase), ECs cultured on plates coated with fibronectin and EGM-2 medium supplemented with
serum (5% total serum) and 50 ng/ml VEGF. Histogram 7 is for the HI hESCs FITC isotypic control,
histogram 8 for the CD31 expression on Hl hESC-derived ECs, histogram 9 for the CD31 expression
on iPSC GC-derived ECs and histogram 10 for the CD31 expression of iPSC IM-2-derived ECs.
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FUTURE GOALS

The current and similar RM projects will be greatly benefited by the expansion of our

knowledge into several scientific directions that will enable us to develop

1.

1l

1il.

Differentiation protocols in chemically defined conditions: This will avoid using

serum allowing faster translation in Clinical applications.

Assays for functional characterization of the differentiated cells/vessels: Such

assays include LDL uptake assay, in vitro angiogenesis assays, tube formation assays

and vascular organoids (Markou M., et al., 2020), but more are needed.

Prevascularised tissue engineering 3D constructs with vessels as close as possible

to the in vivo ones: To achieve this, we require not only ECs but also Mural Cells

(MCs), including pericytes (PCs) and/or vascular smooth muscle cells (vSMCs) in
order to promote the maturation and stability of nascent vasculature. MCs are primarily
responsible for stabilisation, inhibition of regression, contraction of the vessel as well
as production and deposition of extracellular matrix (ECM) proteins (Shepro D. et al.,
1993, Chistiakov D.A., et al., 2015). Interactions between MCs and ECs are critical in
the process of vascular development (Armulik A., 2005, Regan J.N., et al., 2009, Trkov
S., et al., 2010). MCs are composed of vSMCs, surrounding larger vessels, such as
arteries and veins, and PCs, typically surrounding smaller microvessels and capillaries.
Regarding vSMCs, two distinct phenotypes have been identified: synthetic and
contractile (Hedin U., et al., 1987, Kusuma S., et al., 2013, Holm A., et al., 2018,
Beamish J.A., et al., 2010). Both participate in neovascularization, but synthetic
vSMCs predominate in the embryo and in diseased or injured adult vessels, while
contractile vSMCs predominate in healthy adult vessels. In this context, understanding
distinctions between MCs and the molecular mechanisms underlining their phenotypic
stability and plasticity, will enable improved therapeutics in a tissue specific manner.
However, although the role of MCs in engineering vascularised constructs for
therapeutic applications is unquestionable (Wanjare M., et al., 2013, Dar A & Itskovitz-
Eldor J., 2013) their dynamic phenotypic nature has not been extensively studied
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mainly due to limitations of isolation/expansion and phenotypic plasticity during in
vitro culture of primary MCs (Cathery W., et al., 2018). The host lab has developed a
robust method for the generation of defined synthetic and contractile vSMC
phenotypes from hPSCs (Markou M., et al., 2020) and now the importance of these

cells, especially the synthetic vSMCs, in vasculogenesis can be directly addressed.

Microfluidic perfused 3D prevascularised constructs for evaluating the effect of

flow-derived forces: Success in future aim iii is a prerequisite for successful

accomplishment of this goal too Campinho P., 2020, Gaengel K., 2009). Blood flow-
derived forces control the growth and shape of both newly formed and established
vascular network in collaboration with cellular genetic identity. Shear stress in laminar
blood flow is essential for vessel development and along with circumferential and axial
stress, define shape and wall thickness of vasculature (Hoefer 1. E., 2013). RNA seq
experiments on CD31+ hiPSCs-ECs revealed that a laminar shear stress of 15
dyne/cm? promotes a more stable, homogenous and quiescent EC phenotype compared
to static conditions. Activation and proliferation of the CD31" hiPSCs-ECs was
inhibited under flow conditions, compatible with a more mature, quiescent phenotype.
In the same study it has also been shown that, CD31" hiPSCs-ECs under flow show a
tendency to gain a venous phenotype by induced expression of relative markers (Helle
E., et al., 2020). However, in another study with different experimental approach, a
threshold shear stress level of ~4 dyne/cm?* was determined as sufficient to promote an
arterial phenotype to hiPSC-ECs (Anora S., et al., 2019). Importantly, experiments
carried out to date address the role of flow on CD31" hiPSCs-ECs, without considering
the contribution of MCs, even though the interplay between ECs and MCs including
growth factor secretion, cell-cell contact and extracellular matrix modulation, is of
great significance during early vasculogenesis (Sweeney M., et al., 2018). Therefore,
using the PSC derived ECs and MCs and a microfluidic system (available in the host-

lab) a more physiological 3D vessel can be generated and studied.

65



853 be17%
: : £

135
(2.1

N
IAPYMA TEXNOAMNOIIAZ KAI EPEYNAX -
U. IOANNINA

REFERENCES

Arora, S., Lam, A. J. Y., Cheung, C., Yim, E. K., & Toh. (2019). Determination of critical
shear stress for maturation of human pluripotent stem cell derived endothelial cells towards
an arterial subtype. Biotechnology and Bioengineering. doi:10.1002/bit.26910

Armulik, A. (2005). Endothelial/Pericyte Interactions. Circulation Research, 97(6), 512—
523. d0i:10.1161/01.res.0000182903.16652.d7

Beamish, J. A., He, P., Kottke-Marchant, K., & Marchant, R. E. (2010). Molecular
Regulation of Contractile Smooth Muscle Cell Phenotype: Implications for VVascular Tissue
Engineering.  Tissue  Engineering Part B: Reviews, 16(5), 467-491.
d0i:10.1089/ten.teb.2009.0630

Bellou, S., Karali, E., Bagli, E., Al-Maharik, N., Morbidelli, L., Ziche, M., et al. (2012). The
isoflavone metabolite 6-methoxyequol inhibits angiogenesis and suppresses tumor growth.
Mol. Cancer 11:35. doi:10.1186/1476-4598-11-35

Bergers, G., & Song, S. (2005). The role of pericytes in blood-vessel formation and
maintenance. Neuro-Oncology, 7(4), 452-464. d0i:10.1215/s1152851705000232

Boyd, A. S., Rodrigues, N. P, Lui, K. O., Fu, X., & Xu, Y. (2012). Concise Review: Immune
Recognition of Induced Pluripotent Stem Cells. STEM CELLS, 30(5), 797-803.
d0i:10.1002/stem.1066

Campinho, P., Vilfan, A., & Vermot, J. (2020). Blood Flow Forces in Shaping the Vascular
System: A Focus on Endothelial Cell Behavior. Frontiers in Physiology, 11.
doi:10.3389/fphys.2020.00552

Carmeliet, P. (2005). Angiogenesis in life, disease and medicine. Nature, 438(7070), 932—
936. doi:10.1038/nature04478

Carmeliet, P., & Jain, R. K. (2000). Angiogenesis in cancer and other diseases. Nature,

407(6801), 249-257. doi:10.1038/35025220

Cathery, W., Faulkner, A., Maselli, D., & Madeddu, P. (2018). Concise Review: The
Regenerative Journey of Pericytes Toward Clinical Translation. Stem Cells.

doi:10.1002/stem.2846

66



IAPYMA TEXNOAOIAZ KAI EPEYNAX

U. IOANNINA
Chistiakov, D. A., Orekhov, A. N., & Bobryshev, Y. V. (2015). Vascular smooth muscle cell
in atherosclerosis. Acta Physiologica, 214(1), 33—50. doi:10.1111/apha.12466

Cho, J. G., Lee, A., Chang, W., Lee, M.-S., & Kim, J. (2018). Endothelial to Mesenchymal
Transition Represents a Key Link in the Interaction between Inflammation and Endothelial

Dysfunction. Frontiers in Immunology, 9. doi:10.3389/fimmu.2018.00294

Colombo E, Calcaterra F, Cappelletti M, Mavilio D, Della Bella S. (2013). Comparison of
Fibronectin and Collagen in Supporting the Isolation and Expansion of Endothelial
Progenitor Cells from Human Adult Peripheral Blood. PLOS ONE 8(6):
€66734. doi:10.1371/journal.pone.0066734

Dar, A., & Itskovitz-Eldor, J. (2013). Therapeutic potential of perivascular cells from human
pluripotent stem cells. Journal of Tissue Engineering and Regenerative Medicine, 9(9), 977—

987. d0i:10.1002/term.1698

Deinsberger, J., Holzner, S., Bromberger, S., et al. (2023). Vascular cells differentiated from

peripheral blood mononuclear cell- versus urine cell-derived induced pluripotent stem cells:

A comparative analysis, available at Research Square. doi:10.21203/rs.3.1rs-2919751/v1

Descamps, B., & Emanueli, C. (2012). Vascular differentiation from embryonic stem cells:
Novel technologies and therapeutic promises. Vascular Pharmacology, 56(5-6), 267-279.
d0i:10.1016/5.vph.2012.03.007

Gaengel, K., Genove, G., Armulik, A., & Betsholtz, C. (2009). Endothelial-Mural Cell
Signaling in Vascular Development and Angiogenesis. Arteriosclerosis, Thrombosis, and

Vascular Biology, 29(5), 630—638. doi:10.1161/atvbaha.107.161521

Galan Moya, E. M., Le Guelte, A., & Gavard, J. (2009). PAKing up to the endothelium.
Cellular Signaling, 21(12), 1727-1737. doi:10.1016/j.cellsig.2009.08.006

Gale, N. W., & Yancopoulos, G. D. (1999). Growth factors acting via endothelial cell-
specific receptor tyrosine kinases: VEGFs, Angiopoietins, and ephrins in vascular

development. Genes & Development, 13(9), 1055-1066. doi:10.1101/gad.13.9.1055

Goncharov, N. V., Nadeev, A. D., Jenkins, R. O., & Avdonin, P. V. (2017). Markers and
Biomarkers of Endothelium: When Something Is Rotten in the State. Oxidative Medicine
and Cellular Longevity, 2017, 1-27. do0i:10.1155/2017/9759735

67



IAPYMA TEXNOAOIAZ KAI EPEYNAX

U. IOANNINA
Harding, A., Cortez-Toledo, E., Magner, N. L., Beegle, J. R., Coleal-Bergum, D. P., Hao, D.,
... Zhou, P. (2017). Highly Efficient Differentiation of Endothelial Cells from Pluripotent
Stem Cells Requires the MAPK and the PI3K Pathways. STEM CELLS, 35(4), 909-919.
doi:10.1002/stem.2577

Hedin, U., & Thyberg, J. (1987). Plasma fibronectin promotes modulation of arterial smooth-
muscle cells from contractile to synthetic phenotype. Differentiation, 33(3), 239-246.
doi:10.1111/5.1432-0436.1987.tb01563.x

Helle, E., Ampuja, M., Antola, L., & Kiveld, R. (2020). Flow-Induced Transcriptomic
Remodeling of Endothelial Cells Derived From Human Induced Pluripotent Stem Cells.
Frontiers in Physiology, 11. doi:10.3389/fphys.2020.591450

Hennigs, J. K., Matuszcak, C., Trepel, M., & Korbelin, J. (2021). Vascular Endothelial Cells:
Heterogeneity and Targeting Approaches. Cells 10, no. 10: 2712. doi:10.3390/cells10102712

Herbert, S. P., & Stainier, D. Y. R. (2011). Molecular control of endothelial cell behavior
during blood vessel morphogenesis. Nature Reviews Molecular Cell Biology, 12(9), 551—
564. doi:10.1038/nrm3176

Hoefer, I. E., den Adel, B., & Daemen, M. J. A. P. (2013). Biomechanical factors as triggers
of vascular growth. Cardiovascular Research, 99(2), 276-283. do0i:10.1093/cvr/cvt089

Holm, A., Heumann, T., & Augustin, H. G. (2018). Microvascular Mural Cell Organotypic
Heterogeneity and Functional Plasticity. Trends in Cell Biology, 28(4), 302-316.
doi:10.1016/.tcb.2017.12.002

Jain, R. K. (2003). Molecular Regulation of Vessel Maturation. Nature Medicine, 9(6), 685—
693. doi:10.1038/nm0603-685

Jain, R. K. (2005). Normalization of Tumor Vasculature: An Emerging Concept in

Antiangiogenic Therapy. Science, 307(5706), 58—62. doi:10.1126/science.110481

Karagiannis, T.C., Orlowski, C., Ververis, K., Pitsillou, E., Sarila, G., Keating, S. T.,
Foong, L. J., Fabris,S., Ngo-Nguyen, C., Malik, N., Okabe, J., Hung, A.,
Mantamadiotis, T., EI-Osta A. (2024). YH2AX in mouse embryonic stem cells: Distribution
during differentiation and following y-irradiation. Cells & Development. Volume 177,

203882, ISSN 2667-2901. doi:10.1016/j.cdev.2023.203882

68


https://doi.org/10.3390/cells10102712

) e
2 " ro
1 . R
pd

b2

IAPYMA TEXNOAOIAZ KAI EPEYNAX
U. IOANNINA

Karen K. Hirschi, Patricia A. D'Amore. (1996). Pericytes in the Microvasculature,
Cardiovascular Research, Volume 32, Issue 4, Pages 687-698, doi:10.1016/S0008-
6363(96)00063-6

Kusuma, S., Shen, Y.-1., Hanjaya-Putra, D., Mali, P., Cheng, L., & Gerecht, S. (2013). Self-
organized vascular networks from human pluripotent stem cells in a synthetic matrix.
Proceedings of the National Academy of Sciences, 110(31), 12601-12606.
doi:10.1073/pnas.1306562110

Kyrkou, A., Stellas, D., Syrrou, M., Klinakis, A., Fotsis, T., and Murphy, C. (2016).
Generation of human induced pluripotent stem cells in defined, feeder-free conditions. Stem

Cell Res. 17, 458-460. d0i:10.1016/].s¢r.2016.05.006

Lee LW, Lee H.G., Moon D.K., Lee Y.J., Seo B.G., Baek S.K., Kim T.S., Hwangbo C., Lee
J.H. (2023). Limited in vitro differentiation of porcine induced pluripotent stem cells into

endothelial cells. Journal of Animal Reproduction and Biotechnology 38:109-
120. doi:10.12750/JARB.38.3.109

Lin, Y., Gil, C.-H., & Yoder, M. C. (2017). Differentiation, Evaluation, and Application of
Human Induced Pluripotent Stem Cell-Derived Endothelial Cells. Arteriosclerosis,

Thrombosis, and Vascular Biology, 37(11), 2014-2025. doi:10.1161/atvbaha.117.309962

Mao, A. S., & Mooney, D. J. (2015). Regenerative medicine: Current therapies and future
directions. Proceedings of the National Academy of Sciences, 112(47), 14452—
14459. doi:10.1073/pnas.1508520112

Marcelo, K. L., Goldie, L. C., & Hirschi, K. K. (2013). Regulation of Endothelial Cell
Differentiation and Specification. Circulation Research, 112(9), 1272-1287.
doi:10.1161/circresaha.113.300506

Markou, M., Kouroupis, D., Badounas, F., Katsouras, A., Kyrkou, A., Fotsis, T., ... Bagli, E.
(2020). Tissue Engineering Using Vascular Organoids From Human Pluripotent Stem Cell
Derived Mural Cell Phenotypes. Frontiers in Bioengineering and Biotechnology, 8.

doi:10.3389/fbi0e.2020.00278

Namkoong, S., Kim, C.-K., Cho, Y.-L., Kim, J.-H., Lee, H., Ha, K.-S., ... Kim, Y.-M.

(2009). Forskolin increases angiogenesis through the coordinated cross-talk of PKA-

69


https://doi.org/10.1016/S0008-6363(96)00063-6
https://doi.org/10.1016/S0008-6363(96)00063-6

IAPYMA TEXNOAOIAZ KAI EPEYNAX

U. IOANNINA
dependent VEGF expression and Epac-mediated PI3K/Akt/eNOS signaling. Cellular
Signalling, 21(6), 906-915. doi:10.1016/j.cellsig.2009.01.038

Ng, E. S.; Davis, R.; Stanley, E. G.; Elefanty, A. G. (2008). A protocol describing the use of
a recombinant protein-based, animal product-free medium (APEL) for human embryonic
stem cell differentiation as spin embryoid bodies. Nat. Protoc. 3, 768-776.
doi:10.1038/nprot.2008.42

Nillesen, S. T. M., Geutjes, P. J., Wismans, R., Schalkwijk, J., Daamen, W. F., & van
Kuppevelt, T. H. (2007). Increased angiogenesis and blood vessel maturation in acellular
collagen—heparin scaffolds containing both FGF2 and VEGF. Biomaterials, 28(6), 1123—
1131..doi:10.1016/j.biomaterials.2006.10.0291

Patsch, C., Challet-Meylan, L., Thoma, E. C., Urich, E., Heckel, T., O'Sullivan, J. F,,
Grainger, S. J., Kapp, F. G., Sun, L., Christensen, K., Xia, Y., Florido, M. H., He, W., Pan,
W., Prummer, M., Warren, C. R., Jakob-Roetne, R., Certa, U., Jagasia, R., Freskgérd, P. O.,
... Cowan, C. A. (2015). Generation of vascular endothelial and smooth muscle cells from

human pluripotent stem cells. Nature cell biology, 17(8), 994—1003. doi: 10.1038/ncb3205

Patch, C., Meylan, L. & Thoma, E. (2015). Endothelial cells differentiation from hPSCs.
Protocol Exchange. doi:10.1038/protex.2015.055

Pardali, E., Goumans, M.-J., & ten Dijke, P. (2010). Signaling by members of the TGF-f
family in vascular morphogenesis and disease. Trends in Cell Biology, 20(9), 556—
567. doi:10.1016/1.tcb.2010.06.006

Passier, R., van Laake, L. W., & Mummery, C. L. (2008). Stem-cell-based therapy and
lessons from the heart. Nature, 453(7193), 322-329. doi:10.1038/nature07040

Piatti, L., Howard, C.C., Zheng, Y., Bernabeu, M. (2022). Binding of Plasmodium
falciparum-Infected Red Blood Cells to Engineered 3D Microvessels. In: Jensen, A.T.R.,
Hviid, L. (eds) Malaria Immunology. Methods in Molecular Biology, vol 2470. Humana,
New York, NY. doi:10.1007/978-1-0716-2189-9_43

Regan, J. N., & Majesky, M. W. (2009). Building a Vessel Wall With Notch Signaling.
Circulation Research, 104(4), 419-421. doi:10.1161/circresaha.109.194233

Risau, W. (1997). Mechanisms of angiogenesis. Nature, 386(6626), 671-674.
doi:10.1038/386671a0

70



IAPYMA TEXNOAOIAZ KAI EPEYNAX

U. IOANNINA
Robinton, D. A., & Daley, G. Q. (2012). The promise of induced pluripotent stem cells in
research and therapy. Nature, 481(7381), 295-305. doi:10.1038/nature10761

Rossant J., Tam P. P.L. (2022). Early human embryonic development: Blastocyst formation
to gastrulation. Developmental Cell, 57 (2), 152—-165. doi:10.1016/j.devcel.2021.12.022

Sahni, A. (2004). Stimulation of endothelial cell proliferation by FGF-2 in the presence of
fibrinogen requires v 3. Blood, 104(12), 3635-3641. doi:10.1182/blood-2004-04-1358

Shepro, D., & Morel, N. M. (1993). Pericyte physiology. The FASEB Journal, 7(11), 1031-
1038. doi:10.1096/fasebj.7.11.8370472

Singh, V. K., Kalsan, M., Kumar, N., Saini, A., & Chandra, R. (2015). Induced pluripotent
stem cells: applications in regenerative medicine, disease modeling, and drug discovery.

Frontiers in Cell and Developmental Biology, 3. doi:10.3389/fcell.2015.00002

Stover, A.E., Schwartz, P.H. (2011). Adaptation of Human Pluripotent Stem Cells to Feeder-
Free Conditions in Chemically Defined Medium with Enzymatic Single-Cell Passaging. In:
Schwartz, P., Wesselschmidt, R. (eds) Human Pluripotent Stem Cells. Methods in Molecular
Biology, vol 767. Humana Press. doi:10.1007/978-1-61779-201-4 10

Stupar, M., Vidovic, V., Baltic, V., Strbac, L., & Lukac, D. (2013). Epigenetic DNA changes
and stem cells therapy. Arhiv Za Onkologiju, 21(1), 24-27. d0i:10.2298/a001301024s

Sumpio, B. E., Timothy Riley, J., & Dardik, A. (2002). Cells in focus: endothelial cell. The
International Journal of Biochemistry & Cell Biology, 34(12), 1508-1512.
doi:10.1016/s1357-2725(02)00075-4

Sweeney, M., & Foldes, G. (2018). It Takes Two: Endothelial-Perivascular Cell Cross-Talk
in Vascular Development and Disease. Frontiers in Cardiovascular Medicine, 5.

doi:10.3389/fcvm.2018.00154

Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T., Tomoda, K., & Yamanaka,
S. (2007). Induction of Pluripotent Stem Cells from Adult Human Fibroblasts by Defined
Factors. Cell, 131(5), 861-872. d0i:10.1016/j.cell.2007.11.019

Takahashi, K., & Yamanaka, S. (2006). Induction of Pluripotent Stem Cells from Mouse
Embryonic and Adult Fibroblast Cultures by Defined Factors. Cell, 126(4), 663—676.
doi:10.1016/j.cell.2006.07.024

71



IAPYMA TEXNOAOIAZ KAI EPEYNAX

U. IOANNINA
Trkov, S., Eng, G., Di Liddo, R., Parnigotto, P. P., & Vunjak-Novakovic, G. (2010).
Micropatterned three-dimensional hydrogel system to study human endothelial-
mesenchymal stem cell interactions. Journal of Tissue Engineering and Regenerative

Medicine, 4(3), 205-215. doi:10.1002/term.231

Tsolis, K. C., Bagli, E., Kanaki, K., Zografou, S., Carpentier, S., Bei, E. S., et al.. (2016).
Proteome Changes during Transition from Human Embryonic to Vascular Progenitor Cells.

Journal of Proteome Research, 15(6), 1995-2007. doi:10.1021/acs.jproteome.6b00180

Vazin, T., & Freed, W. J. (2010). Human embryonic stem cells: Derivation, culture, and
differentiation: A review. Restorative Neurology and Neuroscience, 28(4), 589-603.

doi:10.3233/rnn-2010-0543

Wang, G., Jacquet, L., Karamariti, E., & Xu, Q. (2015). Origin and differentiation of vascular
smooth muscle cells. The Journal of Physiology, 593(14), 3013—3030. doi:10.1113/jp270033

Wanjare, M., Kusuma, S., & Gerecht, S. (2013). Perivascular cells in blood vessel
regeneration. Biotechnology Journal, 8(4), 434-447. do0i:10.1002/biot.201200199

Wilson, H. K., Canfield, S. G., Shusta, E. V., & Palecek, S. P. (2014). Concise Review:
Tissue-Specific Microvascular Endothelial Cells Derived From Human Pluripotent Stem

Cells. STEM CELLS, 32(12), 3037-3045. do1:10.1002/stem.1797

Wu, S. M., & Hochedlinger, K. (2011). Harnessing the potential of induced pluripotent stem
cells for regenerative medicine. Nature Cell Biology, 13(5), 497-505. doi:10.1038/ncb0511-
497

Yamanaka, S. (2020). Pluripotent Stem Cell-Based Cell Therapy—Promise and Challenges.
Cell Stem Cell, 27(4), 523-531. d0i:10.1016/j.stem.2020.09.014

Zakrzewski, W., Dobrzynski, M., Szymonowicz, M. et al. (2019). Stem cells: past, present,
and future. Stem Cell Res Ther 10, 68. doi:10.1186/s13287-019-1165-5

72



IAPYMA TEXNOAOIAZ KAI EPEYNAX
U. IOANNINA

SUPPLEMENTARY FIGURES

The anti-CD31 antibody used throughout the thesis in FACS analysis was first tested on
HUVEC cells, isolated as described in Materials and Methods, to establish its functionality
and proceed with testing on stem cells. In HUVECs, CD31 expression is 99.9% across the
cells in a typical culture, while CD34 is expressed in only a small percentage of the cells,

thus not shown in Supplementary Figure 1.

1. HUVECs Isotypic Control. 2. HUVECs CD31 FITC.
g g cD31
s 3 99.9 %
£ £
03§ P2 §§ P2

Supplementary Figure 1. FACS analysis performed on the HUVEC population stained with anti-
CD31 FITC or isotypic control antibodies. Histogram 1 shows the FITC isotypic control and
histogram 2 shows the CD31 expression of HUVECs. Representative graphs are shown of 1
experiment.

Collagen isolated from rat tails as described in Materials and Methods was used as a coating
for the culture of HUVEC cells. To test the quality of the collagen isolated 12-well plates
were coated with collagen at a concentration of 1.5% w/v (15 mg/mL) and HUVECs were
seeded and observed 1 day after plating (Supplementary Figure 2). The HUVECs attached

well and showed no signs of toxicity.
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Supplementary Figure 2. TIRF microscopy imaging depicting HUVECs cells cultured in M199 Full
Medium on collagen-coated plates after one day of plating. The collagen used was isolated as
described in Materials and Methods. Upper panel scale bars: 200 mm, Lower panel scale bars: 100
mm. Representative images are shown of 1 experiment for 2 different wells.



