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ABSTRACT
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Thesis Supervisor: Assist. Prof. Nur Mustafaoglu Varol
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Human pluripotent stem cells (hPSCs) have been frequently utilized to produce
robust monolayers of brain microvascular endothelial cells (BMECs). During the
differentiation process, hPSCs are to first differentiate into mesenchymal lineage cells.
Accordingly, Mesenchymal stem cells obtained from human bone marrow (BM-MSCs)
may offer a method for producing fully functioning human BMECs that may be utilized
to construct the blood-brain barrier (BBB) for study aims. Looking through the literature,
it was shown that BM-MSCs may differentiate into a range of cell types, endothelial cells
(ECs) included. However, there is no strategy for the conversion of BM-MSCs into
endothelial cells with brain characteristics, which precludes their wide applications.
Therefore, we developed a new protocol for brain-like endothelial cells (BLECs)
differentiation from BM-MSCs, inspired by embryologically developmental procedures
and previously published iPSCs-BMECs protocols. To develop the differentiation
protocol, we optimized the seeding densities of BM-MSCs and the components of the
differentiation medium by using three different differentiation media: Endopan, EGM-2,
and IMDM. Then, in order to enhance the development of BLECs, we looked into adding
retinoic acid (RA) to the differentiation media at various concentrations. Aside from that,
we examined the control of the hypoxic environment during endothelial cell
differentiation by chemical HIF-1a regulators, cobalt chloride (CoCl,), and sodium sulfite
(Na2S0O3) to mimic the embryological developmental environment and observed
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significantly increased expression of brain endothelial cell markers. Different
combinations of the basal media used to formulate the expansion and differentiation
media were shown to impact how differentiated cells behaved, with IMDM found to favor
BLEC differentiation over LG-DMEM. The effect of using animal-derived serum (fetal
bovine serum-FBS) and synthetic serum, B27, during differentiation, was also tested, and
FBS proved to be more effective than B27, in particular when the differentiation media
was supplemented with CoCl, and Na>SOs. The use of the IMDM medium in conjunction
with the addition of 3 uM RA shortened the differentiation time of BM-MSCs into BLECs
from 14 to 9 days. The addition of 200 uM CoCl; for two days of differentiation followed
by standard differentiation medium or the addition of 4 mM Na;SOs3 throughout the
differentiation period enhanced occludin, CD-31, ZO-1, and claudin-5 expressions in
BLECs. In addition, we could prove the functionality of the BLECs by tube structure
formation when cultured on Matrigel. In conclusion, we have provided a protocol for the
differentiation of BM-MSCs into BLECs that can be used to construct fully functional,
physiologically relevant, human cell-based BBB models for the study of brain-related
diseases and the testing of various novel drugs for the treatment of neurological disorders.



OZET

INSAN KEMIK ILIGI-MEZENKIMAL KOK HUCRELERININ BEYIN BENZERI
ENDOTEL HUCRELERINE FARKLILASTIRILMASI
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Endotel Hiicreleri, Farklilasma, Retinoik Asit, Hipoksi, Tiip Olusumu Testi

Insan pluripotent kdk hiicreleri (iPKH'ler), beyin mikrovaskiiler endotel hiicrelerinin
(BMEH'ler) saglam tek tabakalarimi iiretmek icin siklikla kullanilmistir. Farklilagsma
stireci sirasinda, hPSC'ler ilk olarak mezenkimal kok hiicrelerine farklilasacaktir. Buna
gore, insan kemik iliginden (KI-MKH'ler) elde edilen mezenkimal kok hiicreler, ¢alisma
icin kan-beyin bariyerini (KBB) insa etmek tlizere kullanilabilecek tam islevli insan beyni
mikrovaskiiler endotelyal hiicrelerini (BMEH’ler) iiretmek i¢in bir yontem sunabilir.
Literatiire bakildiginda, KI-MKH'lerin endotel hiicreleri (EH'ler) dahil olmak iizere bir
dizi hiicre tipine farklilasabilecegi gosterilmistir. Bununla birlikte, genis uygulamalarini
engelleyen Ki-MKH'lerin beyin &zelliklerine sahip endotel hiicrelerine doniistiiriilmesine
yonelik bir strateji yoktur. Bu nedenle, embriyolojik olarak gelisimsel prosediirlerden ve
daha 6nce yayimlanan iPKH-BMEHs protokollerinden esinlenerek Ki-MKH'lerden beyin
benzeri endotel hiicrelerine (BBEH) farklilasmasi icin yeni bir protokol gelistirdik.
Farklilagsma protokoliinii gelistirmek i¢in, KI-MKH'lerin hiicre ekim yogunluklarmi ve
farklilasma ortaminin bilesenlerini {i¢ farkli farklilagsma ortami kullanarak optimize ettik:
Endopan, EGM-2 ve IMDM. Daha sonra, beyin benzeri endotel hiicrelerinin gelisimini
artirmak icin farklilagma ortamma cesitli konsantrasyonlarda retinoik asit (RA)
uyguladik. Bunun disinda, embriyolojik gelisim ortamini taklit etmek i¢in kimyasal HIF-
la diizenleyiciler, kobalt kloriir (CoClz) ve sodyum siilfit (Na;SO3) ile endotel hiicre
farklilasmasi sirasinda hipoksik ortamin kontroliinii inceledik ve beyin endotel hiicre
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belirteglerinin ekspresyonunda onemli dlgiide artis gozlemledik. Biiylime ve farklilagma
ortamin1 formiile etmek i¢in kullanilan bazal ortamin farkli kombinasyonlarinin,
farklilasmis hiicrelerin nasil davrandigi lizerinde bir etkiye sahip oldugu gosterildi;
IMDM'in LG-DMEM'e gore BBEH farklilagmasini destekledigi bulundu. Farklilasma
sirasinda hayvandan tiiretilmis serum (fetal sigir serumu-FSS) ve sentetik serum B27
kullanmanin etkisi de test edildi ve FBS'min, 6zellikle farklilasma ortami CoCly ve
NaxSOs ile desteklendiginde B27'den daha etkili oldugu kanitlandi. IMDM ortaminin 3
uM RA eklenmesiyle birlikte kullaniimas1, KI-MKH'lerin BBEH'lere farklilasma siiresini
14 giinden 9 giine kisaltmustir. Iki giinliik farklilasma igin 200 uM CoCl, ilavesi ve
ardindan standart farklilasma ortami veya farklilagsma siiresi boyunca 4 mM Na>SOs
ilavesi, BBEH'lerde occludin, CD-31, ZO-1, claudin-5 ekspresyonlarini arttirdi. Ek
olarak, Matrigel'de kiiltiirlendiginde tiip yapisi olusumuyla BBEH'lerin islevselligini
kanitlayabiliriz. Sonu¢ olarak, beyinle ilgili hastaliklarin incelenmesi, norolojik
bozukluklarin tedavisinde cesitli yeni ilaglarin test edilmesi i¢in tamamen islevsel,
fizyolojik, insan hiicre tabanli KBB modelleri olusturmak i¢in kullanilabilecek KIi-
MKH'lerin BBEH'lere farklilastirilmasi i¢in bir protokol sagladik.
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1. INTRODUCTION

1.1. Human Central Nervous System (CNS) Health and Disease: The Function of

the Blood-Brain Barrier

Annually, neurological conditions, including Parkinson's disease (PD), Alzheimer's
disease (AD), and Huntington's disease (HD), are diagnosed in more than 3 million adult
Americans (Borlongan et al., 2013). Just 9 of these diseases are projected to cost
Americans $789 billion (in 2014 USD) in health care costs. Costs would dramatically rise
as a result of the population almost doubling by 2050, from 43.1 million to 83.7 million
(Gooch et al., 2017). Although chronic diseases impose an ever-increasing burden on
individuals and society, their origins are often still a mystery. Numerous neurological
diseases have been linked to blood-brain barrier (BBB) dysfunction, like amyotrophic
lateral sclerosis (ALS), Alzheimer’s disease (AD), and Parkinson’s disease (PD)
(Engelhardt & Ransohoff, 2012; Garbuzova-Davis et al., 2011; Zlokovic, 2014).
Therefore, comprehension of the BBB's biology and pathology will aid in discovering
new therapeutic targets that may be employed to treat neurological disorders.

1.1.1. The Neurovascular Unit (NVU)

We must examine the cellular and molecular architecture of the BBB in detail if we are
to comprehend its structure and the method of transport through it. The neurovascular
unit (NVU) is a structural network that includes neurons and their surrounding cells,
including pericytes, glial cells such as oligodendrocytes, astrocytes, and microglia, and
vascular cells like vascular smooth muscle cells (SMCs) and brain endothelial cells
(Zlokovic, 2014). Brain endothelial cells (BECs), which are highly occluded at the



capillary level, surround the capillary tube initially and share the basement membrane
layer with pericytes, a structure with astrocytic endfeet and neurons. At the arteriolar
level, BECs are separated from pericytes and astrocytes by arteriolar SMCs, which in turn
are connected to neuronal innervation. The BBB, which comprises a monolayer of BECs
surrounded by astrocytes and pericytes, is the most important and core part of the NVU.
It extends along the capillary and arteriolar axis, dividing them and what they convey
from the brain to blood or the other way around (Sweeney et al., 2019). Essential
functions of these cells include cell-matrix interactions, neurogenesis, angiogenesis, and
neurotransmitter control. Most importantly, however, maintaining the integrity and
function of the BBB and constantly regulating the volume of cerebral blood flow (CBF)
entering the brain is a critical role of the NVU in ensuring normal brain function and
preventing any brain diseases (Yu et al., 2020). Indeed, researchers have identified a
strong link between BBB dysfunction and breakdown and the prevalence of several
neurodegenerative diseases such as AD, PD, and ALS (Sweeney et al., 2019).

1.1.2. Blood-Brain Barrier (BBB)

It is important to briefly explain the normal physiology of the BBB, how it works, and
the cells that make it up. Paul Ehrlich and Edwin Goldmann were the first to demonstrate
a specific barrier between the CNS and the circulatory system in 1885 and 1913,
respectively. It then took Stern and Gaultier years to name it the “blood-brain barrier”
(BBB) in 1922 (Stern & Gautier, 1922; Yarong He, Yao Yao, Stella E Tsirka, 2014). Due
to its dynamic morphology, the BBB, also known as the blood-brain interface (BBI), is
the complex structure by which the brain maintains its functionality and normal behavior.
It has several characteristic features, including the absence of fenestrae, a negative
membrane charge, a conserved thickness in the BEC monolayer, and the lowest activity
of the pinocytosis mechanism (Bagchi et al., 2019). Nevertheless, it's crucial to remember
that these properties are not intrinsic but acquired and well-established by the
endothelium for orchestrated interaction with the vasculature during CNS development,
as evidenced by several developmental studies (Andreone et al., 2015; Carmeliet &
Tessier-Lavigne, 2005; Eichmann & Thomas, 2013).

Regarding the physiology of the human brain, the circulatory system is essential for
nutrition and oxygen to reach neurons. In fact, the human brain receives 20% of the heart's
overall output while making up only 2% of the body's total mass. In addition, the brain
uses about 20% of the body's total oxygen and 25% of its glucose on a daily basis
(Zlokovic, 2008). These fuels and nutrients are delivered directly to the CNS on demand,
as it has no reservoir of circulating energy substrates and metabolites for spontaneous
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consumption (Sweeney et al., 2019). Therefore, it is critical to consider a specialized
barrier that maintains brain homeostasis by filtering out red blood cells (RBCs),
leukocytes, pathogens, and neurotoxic and vasculotoxic plasma components responsible
for neuronal dysfunction and impairment. This unique property of the BBB is termed
selective permeability and is achieved with the help of several BEC biomarkers, including
tight and adherens junctions, which we will discuss below. Thus, it is likely that increased
BBB permeability combined with decreased CBF leads to the accumulation of a
neurotoxic substance called B-amyloid (AB) in the brain, which most studies show very
often leads to in AD, as reviewed in Vinters et al. paper (Vinters, 2015). Moreover,
Montagne and colleagues pursued a novel approach to detect and quantify leakage of
plasma proteins into the brain of AD patients using a contrast-enhanced magnetic
resonance imaging (MRI) protocol that recorded a greater permeability of the BBB in AD
patients with aging hippocampus compared with healthy controls (Montagne et al., 2015).

1.1.3. Brain Endothelial Cells (BECs)

In addition to pericytes and astrocytes, a monolayer of BECs is primarily the main
component of the BBB. They exhibit specific junctional properties and interact with
neurons, glial cells, and the basement membrane (BM) underlying the BECs with the help
of other regulatory proteins and biomarkers to build the network of such a barrier (Reed
et al.,, 2019). The BECs wrapped around the blood vessels form the actual physical
backbone of the BBB, and the primary intact cell membrane has substantially tighter
junctions than the continuous endothelium of peripheral vasculature (Ayloo & Gu, 2019).
These junctions, along with adherens junctions, are critical for proper CNS function.
Critical characteristics of BECs include a minimum level of transcytosis, absence of
fenestrae, precise regulation of ion balance by solute carriers, transport of
macromolecules via specific carrier proteins or transporters targeted for ubiquitination,
and expression of a few breast cancer resistance proteins (BCRs) and multidrug resistance
proteins (MRPs) (Reed et al., 2019; Zlokovic, 2014).

Moreover, BECs have higher energy requirements than other cells in the BBB because
they have the most significant number of mitochondria to generate sufficient biological
energy needed for controlled solute transport across the barrier (Abdullahi et al., 2018),
which increases the tendency for an inflammatory response mediated by high levels of
oxidative damage and cytotoxicity. Tight junctions (TJs) are large multiprotein
complexes anchored to the membrane of adjacent BECs to seal them together and form a
continuous and impermeable barrier. The selective permeability of the endothelium to
impede the free flow of water and dissolved substances is demonstrated by the high trans-
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endothelial resistance (TEER) value of 1500 to 2000 cm? (Butt et al., 1990; Hollmann et
al., 2017). TJs are formed primarily by endothelial-specific claudin family proteins such
as claudin-5, occludins, tricellulins, and junctional adhesion molecules (JAMs). Zona
occludens (ZO) family proteins bridge these proteins and the cytoskeleton
microfilaments, as shown in Figure 1.1 (Abdullahi et al., 2018; Liebner et al., 2018).

Claudin-5 is the predominant 20 to 24 kDa protein that binds the cells together to a high
degree and limits paracellular diffusion. Technically, ablation of claudin-5 appears to
cause early postnatal edema and lethality in the mouse brain (Engelhardt & Liebner,
2014). Other isoforms, such as claudin-1 (Pfeiffer et al., 2011) and claudin-3 (Liebner et
al., 2008), which may contribute to the barrier property, can also be expressed. Occludin
also promotes paracellular permeability through higher-order dimerization and
oligomerization. Regarding preserving the BBB, tricellulin is a poorly understood
substance, except that, as the name implies, it is positioned at the junction of three cells
to limit the passage of macromolecules (Haseloff et al., 2015; Reinhold & Rittner, 2017).
JAMs help regulate the transmigration of immune cells like leukocytes, neutrophils, and
macrophages (Sladojevic et al., 2014). Moreover, migration or complete loss of JAMs
from the endothelium has devastating effects on BBB properties (X.-S. Wang et al.,
2014).

In general, TJ synthesis and production in developing brain capillaries are induced and
orchestrated in vivo by the Wnt/B-catenin signaling. However, dysfunction of the Wnt/[3-
catenin protein complex results in BBB impairment, which is commonly in relation to
various brain disorders such as AD, PD, brain tumors, multiple sclerosis, and stroke
(Laksitorini et al., 2019). Laksitorini et al.’s work showed that external activation of Wnt
signaling promoted the BBB phenotype in in vitro BEC cultures and further decreased
paracellular permeability in cerebral microvasculature. All these TJs are attached to
intracellular ZOs that bind to cytoplasmic filaments to keep the structure robust and tight.
On the other hand, BECs express Als, which are specialized cellular homophilic
interactions made with cadherin molecules intracellularly linked to actin filaments. AJs
are critical components of cell-cell interactions and mediate cell maturation (Tietz &
Engelhardt, 2015). By encouraging complex formation with the vascular endothelial
growth factor receptor-2 (VEGFR-2) via the phosphoinositide 3-kinase (PI3K) signaling
pathway, cadherins are crucial for endothelial integrity (Abdullahi et al., 2018).
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Figure 1.1. An illustration of the tight and adherens junctions in the neurovascular unit
(NVU). Vascular, glial, and neuronal cells comprise the NVU, pericytes,
oligodendroglia, and vSMC:s. Pericytes and astrocyte end-feet encircle endothelial tubes.
Endothelial cells are connected in close proximity by adherens and tight junctions. Most
of the tight junctions are made up of occludin, claudin, and junctional adhesion
molecules, whereas the adherens junction is mostly made up of vascular endothelial
(VE) cadherin. NVU is the neurovascular unit. Reproduced with permission from (Yu et
al., 2020), Copyright the Creative Commons Attribution (CC BY 4.0) license.



Additionally, the BBB expresses four catenin isoforms, such that B-catenin connects
vascular endothelial cadherins (VE-cadherins), the most prominent cadherin member in
the BECs, to a-catenin via its cytoplasmic tail to bind to actin filaments. N-cadherins are
the second most predominant member of the cadherin family and facilitate the interaction
between the endothelial layer and the pericytes covering it. Other biomarkers expressed
by BECs are biological transporters. These are the solute-carrier transporters (SLCs) and
the ATP-binding cassette (ABC) family, which significantly influence the permeation of
endogenous and exogenous substances into the CNS (Sanchez-Covarrubias et al., 2014).
ABC transporters primarily consist of P-glycoprotein (P-GP), BCRPs, and MRPs. Each
of them has a specific role in the membrane: P-GPs organize the passage of chemically
diverse compounds, MRPs have a role in the efflux of anionic medicines and the
conjugated metabolites of them, while BCRP functions in overlap with P-GP and
somehow acts synergistically to control the brain transport of drugs and can also interact
with various organic compounds (Abdullahi et al., 2018).

1.1.4. Development of BECs

Early in development, it becomes clear that the BBB is more specialized than the
peripheral endothelium. The perineural vascular plexus, which is formed by migrating
mesodermal angioblasts covering the neural tube, starts the formation of the cerebral
vasculature (Engelhardt, 2003). Subsequently, the vascular sprouts invade the nearby
neuroectoderm via vascular endothelial growth factor (VEGF) concentration gradients
(Raab, 2004). Although not exclusive to the CNS, this VEGF-mediated signaling is
crucial for healthy vascular growth throughout the body (Shalaby et al., 1995). However,
CNS angiogenesis, but not non-CNS angiogenesis, has been shown to require Wnt/p-
catenin signaling (Daneman et al., 2009; Stenman et al., 2008). Neural progenitor cells
express Wnt7a and Wnt7b in the neural tube's ventral region and the growing forebrain.
These ligands block B-catenin deterioration and activate -catenin targeted genes, such as
solute carrier family two member 1 (SLC2A1) (Daneman et al., 2009). This occurs when
they bind to Frizzled (Fzd) receptors in the growing vasculature. The downstream
activation of death receptor 6 (DR6) and tumor necrosis factor receptor superfamily,
member 19, also known as TNFRSF19 and TROY, which further promotes vascular
sprouting, provides more proof that Wnt signaling specifically affects angiogenesis in the
CNS (Tam et al., 2012).

Last but not least, in contrast to how the Wnt/pB-catenin signaling cascade governs
angiogenesis in the CNS, the orphan G protein-coupled receptor (GPR124) provides cell-
autonomous control over vascular branching in the CNS (Kuhnert et al., 2010). excision
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of GPR124 in mice resulted in significant brain hemorrhage, which in turn caused
embryonic death. Further study translating Wnt7a/Wnt7b signaling for CNS angiogenesis
revealed GPR124 and reversion-inducing cysteine-rich protein with Kazal motifs
(RECK) to be essential components in this signaling cascade (Cho et al., 2017). In light
of this, the unique development of the CNS vasculature is influenced by both cell-

autonomous and non-cell-autonomous mechanisms.

For the development and upkeep of BBB properties in BECs, interactions between the
various cells that make up the neurovascular unit (NVU), such as astrocytes, pericytes,
microglia, and neurons, are essential (Obermeier et al., 2013). Astrocytes release Sonic
Hedgehog (Shh), which aids in forming and maintaining powerful tight junctions. The
paracellular leak is enhanced when this route is impaired (Alvarez et al., 2011). However,
pericytes reduce vascular permeability and immune cell infiltration by preventing the
expression of genes, including angiopoietin-2 (ANGPT2), plasmalemma vesicle-
associated protein (PLVAP), intercellular adhesion molecule 1 (ICAM1), and activated
leukocyte cell adhesion molecule (ALCAM), and others, in BECs (Armulik et al., 2010).
The function that microglia play in neuroinflammation is drawing more attention to the
interactions between the BBB and microglia (Thurgur & Pinteaux, 2019), and a better
understanding of these interactions is expected to be essential for the development and/or
discovery of therapeutics against neuroinflammation.

Improvements in transcriptional sequencing techniques, notably RNA sequencing at both
the mass and single-cell levels, have clearly highlighted the molecular heterogeneity of
the BBB, both locally and throughout the vascular tree (Noumbissi et al., 2018). Even
though the expression of a number of cell adhesion molecules and transporters seems to
be heavily influenced by spatial identity, other aspects of the BBB, including the large
tight junctions created by occludin and claudin-5, seem to be preserved in these regions
(Vanlandewijck et al., 2018). For instance, Yousef et al. observed that in a latest study,
aged mice's hippocampus had a clustering of vascular cell adhesion molecule 1 (VCAM1)
expression in the endothelial cells of arteries and veins but not significantly in capillaries
(Yousef et al., 2019). However, the chemical profiles of these two clusters differed
significantly.

Genes associated with migration and proliferation were more highly expressed in vascular
VCAMI1+ populations. Cytokine receptor expression has been associated with
inflammation and served to identify venous VCAMI1+ populations (Yousef et al., 2019).
It is yet unknown how much NVU member interactions affect how transcriptional activity
varies based on location. Future development of BBB-targeting drugs will depend on a
thorough understanding of these specific molecular patterns, the alterations in BMEC
activity they cause, and the role of NVU contacts in regulating these characteristics.



1.1.5. Dysfunction of BBB

Numerous neurodegenerative diseases, such as multiple sclerosis (Friese et al., 2014),
traumatic brain injury (Barzo et al., 1996; Korn et al., 2005; Sandoval & Witt, 2008;
Strbian et al., 2008), HD (Drouin-Ouellet et al., 2015), ischemic stroke (Rosell et al.,
2008), and normal neurovascular aging (Montagne et al., 2015), are associated with BBB
dysfunction. When the BBB is not dysfunctional, the therapeutic distribution of drugs is
impeded because many drugs are hydrophilic, have large molecular sizes, or act as efflux
transporter substrates (Abbott, 2013; Muldoon et al., 2007). Enhanced transcellular and
paracellular permeability, as shown in ischemic stroke (Knowland et al., 2014), and
reduced expression and efflux transporter activity, as seen in AD and PD, are frequent
signs of BBB breakdown (Bauer et al., 2008; R. Park et al., 2014; Vogelgesang et al.,
2002). This deregulation alters the quantities of ions and macromolecules in the brain,
such as albumin and neurotransmitters, which impairs synaptic and axonal

communication and exacerbates inflammation (Abbott et al., 2006).

The critical functions of BECs in the pathophysiology of neurodegenerative disorders
have been highlighted since BBB disruption arises as a prevalent issue in the early stages
of neurodegenerative diseases. Understanding how BEC works is a potential first step in
understanding the processes by which early vascular dysfunction leads to the progression
of neurodegeneration as the BBB has evolved from a passive diffusion barrier to a
modulator of central-peripheral interactions, and so has our knowledge of it. BECs
perform two seemingly contradictory purposes: they protect the vulnerable brain from
toxins and serve as an interface to continuously receive and release signals, maintaining
and controlling the homeostasis of the brain. The majority of prior research on
neurodegenerative illnesses has concentrated on the loss of barrier functions, and the
active control of BECs has received much too little attention. Here, we outline a protocol
for creating BECs from a particular kind of stem cells known as MSCs. By using this
approach, it will be possible to investigate the evidence for BECs malfunction in
neurodegenerative disorders and investigate how BEC signals contribute to the
pathogenesis of these conditions.



1.2. Stem Cells and Mesenchymal Stem Cells (MSCs)

Human MSCs provide an unmatched opportunity to investigate BBB modulation and
malfunction due to their potential for substantial self-renewal and differentiation into
diverse cell types seen in the human body. Prior to now, human MSCs have not been
transformed into endothelial cells that demonstrate traits of the BBB in vivo, such as the
production of nutrient transporters, tight junction proteins, and active efflux transporters.
Therefore, we sought to differentiate the first MSCs into endothelial cells that exhibit
features of the brain capillaries. According to induced pluripotent stem cell (iPSC)
differentiation methods, iPSCs are transformed into mesodermal lineage cells, which can
later be transformed into BMECs. Therefore, we thought of using MSCs directly and
differentiating them into BMECs. To do this, we should understand these stem cells, their
properties, their tissues of origin, as well as their capacity to develop into endothelial
cells.

1.2.1. MSCs Roots

Mesenchymal stromal cells (MSCs) or mesenchymal stem cells (MSCs) first became
known in 1968, when Friedenstein and his colleagues found that bone marrow (BM)
featured a type of cell that could form bone structures when ectopically transplanted into
a mouse kidney (Friedenstein et al., 1966). Consequently, they named these osteogenic
stem cells (Friedenstein et al., 1968). In 1970, the same laboratory succeeded in isolating
from BM a type of fibroblast known as the colony-forming unit (CFU-F), which has the
ability to differentiate into osteocytes, chondrocytes, and adipocytes (Friedenstein et al.,
1970). After discovering CFU-Fs, Friedenstein attempted to perform the same experiment
of ectopic transplantation with CFU-Fs in 1974. The results were exactly as expected
because when ectopically injected into a mouse's kidney, these cells were capable of
forming bone elements (Friedenstein et al., 1974).

Until 1991, this cell type was not referred to as one of the stem cells. Caplan then named
them and observed their bone and cartilage differentiation(Caplan, 1991). After their stem
cell property was established, there was considerable doubt about their stem cell status
(Bianco et al., 2008). Because of this, several laboratories assigned them various names,
such as bone marrow stromal cells, multipotent stromal cells, mesenchymal stromal cells,

mesodermal stem cells, and many others. Recently, Caplan recommended renaming them



“Medicinal Signaling Cells” to emphasize their role in tissue engineering, as they secrete
many factors and elements that facilitate healing and new tissue formation (Caplan,
2017).

Pittenger demonstrated their multipotency in 1999 (Pittenger et al., 1999). Until that
point, MSCs were only known to develop into the three lineages of cartilage, bone, and
adipose tissues, together known as the traditional differentiation lineages of MSCs. Three
years later, Jiang discovered new non-mesodermal lineages that can differentiate from
MSCs, such as ectodermal and endodermal lineages, demonstrating the multipotency of
MSCs (Jiang et al.,, 2002). Examples of these lineages include cardiomyocytes,
endothelia, epithelia, pancreatic B-cells, hepatocytes, and neurons(Afflerbach et al.,
2020).

1.2.2. MSCs Characteristics and Different Sources

The following characteristics are required for MSCs to confront the International Society
for Cellular Therapy criteria: 1) they must express CD-105, CD-73, and CD-90 surface
markers; 2) they must not express CD-45, 34, 14, 11b, 79a, 19, and human leukocyte
antigen-DR isotype (HLA-DR) surface markers; 3) they must be plastically adherent in
cultures; and 4) they must be able to differentiate into the three classical mesodermal
lineages (osteoblasts, chondroblasts, and adipocytes) (Dominici et al., 2006). STRO-1,
CD106, and CD146 (bone marrow stromal-1 antigen, vascular cell adhesion molecule
1/CD106, and melanoma cell adhesion molecule/CD146, respectively) are three markers
of BM-derived MSCs that have recently been discovered (Gronthos et al., 2003; Sacchetti
et al., 2007; Simmons & Torok-Storb, 1991).

1.2.3. Origin of MSCs

During the developmental phase of the embryo, the mesoderm, the third germ layer, forms
the adult connective tissue, including BM, bones, ligaments, cartilage, and
tendons(Caplan, 1991). One hypothesis is that BM-stromal cells are derived from
embryonic mesenchymal cells (of mesodermal origin) because they both express mutual
markers, including osteopontin, vimentin, fibronectin, and laminin-B1. However, their
absolute origin is unclear.(Dennis & Charbord, 2002) Another hypothesis relates to the
ectodermal origin of MSCs, from which SRY-box transcription factor 1 (SOX-1)-
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expressing cells arise during embryonic neuroectoderm and neural crest formation.
SOX1-expressing cells are thought to originate because these cells are found on BM and
exhibit features of MSCs. However, during development, the cells residing on BM appear
to be replaced by other unknown populations (Takashima et al., 2007). A study on BM
of mouse embryos clarifies that BM has two cell populations: one with a mesodermal
origin that proliferates intensively, forms bony structures, and does not express nestin.
The second has an ectodermal origin, does not divide, does not form bony structures, but
does express nestin. Both populations are MSCs, but their origin affects their role,
function, and marker expression in adult tissues (Isern et al., 2014).

1.2.4. Niches of MSCs

The niche of stem cells is where they reside undifferentiated (Schofield, 1978). Although
the location of MSCs is unknown, it has been hypothesized that it is in the blood vessels,
given the presence of all mesenchymal sources. More importantly, cells residing in the
perivascular spaces of blood vessels, called pericytes, which have been isolated from
specific tissues like skeletal muscles, placenta, pancreas, adipose tissue, CD146+ cells,
platelet-derived growth factor receptor beta (PDGF-Rf)+ cells, neuron-glial antigen 2
(NG2)+ cells, and alkaline phosphatase (ALP)+ cells, are thought to be precursors of
MSCs because they give rise to cell populations that meet the criteria of MSCs (Crisan
et al., 2008). In parallel with Freidenstein’s findings, CD146+ cells have been shown to
be responsible for forming bone structures when MSCs are ectopically transplanted to
another site(Sacchetti et al., 2007).

In an experiment on a damaged rodent tooth, MSCs were shown to originate from
pericytes in an intermediate phase before becoming odontoblasts. On the contrary, in the
same experiment, another odontoblast originated from a different MSC origin but not
from pericytes that had migrated from blood vessels into the damaged site (Feng et al.,
2011). There has been evidence that MSCs from various sources can migrate from blood
vessels, express CD34, lack CD-31 and CD145 expression, and satisfy other MSC
requirements, such as the capacity to in vitro differentiate into PCs (Covas et al., 2008;
da Silva Meirelles et al., 2015).

MSCs are expressing some features making them a suitable candidate for constructing in
vitro models, such as having an autologous source, self-renewal ability, multipotency,
various sources, including breast milk, BM, placenta, adipose tissue, Wharton's jelly,
tooth pulp, endometrium, and dermis (Dzobo, 2021), and posing no ethical issues when
compared to embryonic stem cells (ESCs). Most importantly, MSCs, when introduced
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into the body for treatment, do not cause allergic rejections(Afflerbach et al., 2020).
Moreover, the age of the subject at the time MSCs were obtained is a unique characteristic
of MSCs; for example, if MSCs were obtained at the fetal stage, they would proliferate
more rapidly, but if MSCs were obtained from adult tissue, they would form more
colonies(Andrzejewska et al., 2019).

Going over the literature, we couldn’t find any direct differentiation protocol of MSCs
into BLECs. However, we were able to find that one of the multilineage differentiation
pathways of MSCs is their differentiation into ECs. Also, Qian et al. paper claimed a
protocol for hPSCs differentiation into BLECs, with hPSCs being first to differentiate
into mesodermal lineage cell that is then differentiated into BLECs. Here, we used MSCs
as an intermediate mesoderm-derived cells and directly differentiated them into BLECs.

1.3. Endothelial Cell Differentiation from MSCs

MSCs can be differentiated into ECs by either directly or indirectly co-culturing them
with other cell types or certain coatings. MSCs have been co-cultured with endothelial
progenitor cells (EPCs) (Ge et al., 2018), high density of MSCs (Whyte et al., 2011),
lysate of HUVECs (Lozito et al., 2009)and on chemically fixed EC layers (Joddar et al.,
2018), or endothelial cell matrix (ECM) (Gong et al., 2017). The co-culture methods are
efficient in differentiating MSCs because they play a role in activating the Notch signaling
pathway, which then activates Notch-induced VEGF-A signaling. Consequently, the
produced ECs express many features of ECs, like the increase of CD-31 expression levels,
the cobble-stone morphology, and the formation of Tubes on Matrigel.

Differentiation of MSCs in a differentiation medium supplemented with growth factors
has been extensively investigated in the literature. Growth factors supplementations
simulate the ECs development in embryos by manipulating certain ECs differentiation
signaling pathways, including Hedgehog signaling and Notch signaling to regulate VEGF
signaling, bone morphogenetic protein (BMP) signaling, which, via activating Smad
family proteins (tumor suppressor), regulates the early vascular formation, VEGF
signaling that is restricted to ECs differentiation, Hypoxia-inducible factor 1a (HIF-1a)
to modulates VEGF signaling and Wnt/B-catenin signaling. In order to differentiate MSCs
into ECs, Oswald et al. were the first to apply growth factors (Oswald et al., 2004).
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For most studies, VEGF was the widely used growth factor in a concentration of 50ng/ml.
Different types of MSCs were used, BM-MSCs (Bai et al., 2010; M. Y. Chen et al., 2009;
Khaki et al., 2018; Oswald et al., 2004; Pankajakshan et al., 2013; C. Wang et al., 2018)
and umbilical cord-derived MSCs (UC-MSCs)(Alviano et al., 2007; M. Y. Chen et al.,
2009; Doan et al.,, 2014; S. Zhang et al., 2020). Some groups supplemented the
differentiation medium with more growth factors like basal fibroblast growth factor (b-
FGF), Insulin-like growth factor (IGF), epidermal growth factor (EGF)(M. Y. Chen et al.,
2009; Doan et al., 2014; Pankajakshan et al., 2013; C. Wang et al., 2018).

Defining the constituents of the differentiation medium has been shown to be critical in
1PSCs differentiation protocols (Hollmann et al., 2017); therefore, here, we started with
Wang differentiation medium (IMDM) (C. Wang et al.,, 2018) and EGM-2 from
Pankajakshan paper (Pankajakshan et al., 2013) along with other endothelial
differentiation medium kit, Endopan, because all of those media are having defined
growth factors. Also, IMDM and EGM-2 proved to produce highly efficient ECs with
many EC markers expressions, including CD-31, Cd-34, von Willebrand factor (VWF),
VEGFR, and VE-Cadherin (Pankajakshan et al., 2013; C. Wang et al., 2018).

1.4. Methods for Inducing Brain Characteristics of ECs

1.4.1. Retinoic Acid (RA)

In the literature, RA is associated with an increase in brain-like properties of ECs (Mizee
et al., 2013). Adult mouse brain endothelium has been reported to exhibit the retinol
signaling receptor and transporter (STRA6) but not peripheral endothelium (Bouillet et
al., 1997). Additionally, research by the Lippmann group found that STRA6 expression
improved throughout the differentiation of BMECs produced from iPSCs (Lippmann et
al., 2012). Experiments in vivo revealed that BMECs exhibit retinol-binding protein and
its membrane receptor STRA6 (Kawaguchi et al., 2007). RA has also been demonstrated
to boost the number of BBB traits in humans (Mizee et al., 2013) and immortalized rodent
BMEC lines (Hafny et al., 1997; Lechardeur Delphine, 1995). Radial glial cells, which
provide the brain with RA during the embryonic cascade, are strongly linked to the
developing vasculature and are essential for creating BBB characteristics in BECs during
embryonic development.
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RA was also shown to be crucial for the regulation of endothelial cell growth and
neovascularization during vascular development in research knocking down the enzyme
retinaldehyde dehydrogenase 2 (Raldh2-/-), which is necessary for the generation of
active Rain the embryo (Lai et al., 2003). Studies on human fetal brain tissue after death
have revealed that radial glial cells contain this enzyme. The growing cerebral vasculature
also shows considerable expression of the Retinoic acid receptor f (RARP), the primary
CNS target receptor for RA signaling. Studies conducted in vitro have shown that various
brain EC-barrier components are triggered in an RA-f3 and RAR-} dependent manner.

Furthermore, serum proteins and a fluorescent tracer were able to enter the developing
brain when RAR activation was pharmacologically suppressed during mouse BBB
development. Additionally, the expression of important BBB determinants was decreased
(Mizee et al., 2013). Moreover, the Lippmann group demonstrated maturation of iPSC-
derived BMEC features upon adding RA during differentiation, including increased
expression of adherens junction proteins, MRP efflux activity, and barrier function
(Lippmann, Al-Ahmad, et al., 2014).

It is known that blood-brain barrier development and endothelial Wnt signaling are
regulated by each other (Liebner et al., 2008). In mouse embryos with aberrant endothelial
RA signaling, ectopic Wnt signaling has been observed in the brain vascular tissue. The
RA receptor, RAR-a, regulates B-catenin activity in BECs through protein kinase C
(PKC)-dependent phosphorylation processes that target f-catenin for enzymatic digestion
and transcriptional repression. RA controls vascular Wnt signaling by altering pericyte
number in growing brain vasculature. Vascular Wnt signaling must be modulated by RA
in order to prevent excessive pericyte recruiting, which would impede endothelial-
pericyte contacts crucial for vascular integrity (Bonney et al., 2018).

RARa, RARy, and RXRa receptors have been found to be capable of causing barrier
phenotypes through specific RAR agonists. A considerable improvement in barrier
integrity and an induction of VE-cadherin expression were seen after RA was
administered to iPSC-derived BMECs at days 68 of differentiation. Additionally, VE-
cadherin expression was increased, and barrier integrity was improved by RAR/RXRa
costimulation to levels that replicated RA outcomes (Stebbins et al., 2018).

RA has been tested for osteogenesis (Lim & Park, 2016), neuronal differentiation (Jacob
et al., 2015), angiogenesis in vitro, and wound repair in vivo. It has been demonstrated
that when the differentiation medium was preconditioned with high doses of RA, RA
enhanced the expression of VEGF and HIF-1a (Pourjafar et al., 2017). For the first time,
here, we looked at how adding RA affected MSCs' ability to differentiate into BLECs
with enhanced BBB characteristics.
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1.4.2. Hypoxia and MSCs

Stem cells are one of the many cell-related processes regulated by hypoxia in the body.
From embryonic development through maturity, the hypoxic environment is crucial for
cell renewal and repair (Abdollahi et al., 2011). While mild hypoxia, as employed in
intermittent hypoxia (IH) therapy, has neuroprotective benefits in a variety of CNS illness
models, excessive hypoxia typically results in acute and chronic brain injury (Li et al.,
2021). When evaluating the effects of low-oxygen environments (1-5% O;) and
normoxic (21% O2) conditions, a number of studies were found using a variety of sources
of pluripotent stem cells, such as hiPSCs cultured with or without the addition of growth
factors, human embryoid bodies (hEBs), mESCs hESCs, or mEBs, showed a rise in the
number of cells expressing the common endothelial markers (e.g., CD144, PECAMI,
VEGFRI1, Tie2), depicted endothelial-like structures, and were able to form tubule-like
structures on Matrigel and uptake acetylated LDL (Podkalicka et al., 2020).

It is also shown that human iPSC-derived BLECs differentiated under hypoxic conditions
exhibit in vivo-like functionality when cocultured with primary human pericytes and
astrocytes, as indicated by their high barrier integrity, P-GP functionality, and antibody
transcytosis capability in contrast to primary BECs and normoxic differentiation
conditions (Morad et al., 2019; T. E. Park et al., 2019; Sahtoe et al., 2021). Under a
hypoxic microenvironment, the Akt and NF-B pathways control early endothelial
differentiation and its capacity to migrate (Liu et al., 2017). Co-culturing in normoxia has
also been demonstrated to preserve endothelium and osteogenic differentiation markers.
While limiting cell proliferation and osteogenesis, the hypoxic environment also
promotes angiogenesis even after just one day of therapy (Nguyen et al., 2020).

1.4.2.1. The mechanism of oxygen sensing reveals the effect of hypoxia on MSCs

When oxygen is available in large quantities, the molecular mechanism necessary for
cellular oxygen detection is triggered. HIF-1a and HIF-2a subunits, HIF-a subunits, are
hydroxylated by a series of HIF-specific prolyl hydroxylase domain (PHD) enzymes on
evolutionarily conserved proline residues to make them identifiable by von Hippel-
Lindau protein (pVHL)-containing ubiquitin ligase complexes. The proteasome then
degrades the hydroxylated HIF-o (Simon, 2016). Reduced oxygen levels block HIF-
prolyl hydroxylation, which activates target genes and enables reversible HIF-a
stabilization and dimerization with HIF-1 (ARNT). The family of HIF-regulated genes
includes 500—-1000 validated downstream effectors that control several hypoxic responses
necessary for proper physiology, embryogenesis, and a number of disorders and events,
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including cancer and tissue ischemia. These adaptations depend on the cellular context,
as shown in Figure 1.2.
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Figure 1.2. Oxygen Sensing: A Comprehensive Analysis. Reproduced with permission
from (Simon, 2016), Copyright Massachusetts Medical Society.

1.4.2.2. Duration of hypoxia has an impact on MSCs differentiation

Many studies conducted on different types of hPSCs to test the effects of hypoxia; for
example, The Pedro-Lopez group observed alterations in the expression of genes related
to vasculogenesis and angiogenesis, as well as the control of vascular permeability,
vasodilatation, and vasoconstriction, in hESCs cultivated under 1 percent and 5 percent
O; for one, five, and fifteen days (Prado-Lopez et al., 2010). Another research found that
early differentiation in low Oz Concentrations (5 percent Oz) produced a significant
number of ECs (White et al., 2013). Furthermore, in the Shin et al. investigation, culture
under hypoxic circumstances had no impact on chromosomal integrity. However, when
the culture was prolonged under harsh circumstances (1 percent O, over 7 or 15 days),
this led to noticeably more necrosis(Shin et al., 2011).
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1.4.2.3. Hypoxic pre-conditioning (HPC) of MSCs as a preliminary step prior to

differentiation

The outcomes of HPC on stem cells have been inconsistent, allegedly due to variations
in the oxygen content, exposure time, and passage number (Chacko et al., 2010). For stem
cells to differentiate into ECs, priming the cells in hypoxia prior to differentiation is
essential, according to several studies (Chacko et al., 2010; Hu et al., 2008; Muzakkir et
al., 2020). For example, during the seven days of mESCs differentiation, Tsang et al.
examined six variants of normoxia and hypoxia (5 percent O»). It has been demonstrated
unequivocally that the first hypoxia levels must last at least two days (Tsang et al., 2017).
Furthermore, when hiPSCs were differentiated for a sum of 12 days under six days of
sustained hypoxia (5 percent O), initiated either early in the differentiation (primed 5
percent O2) or on days 6-12 (secondary 5 percent O»), the expression of platelet
endothelial cell adhesion molecule 1 (PECAMI1) and CD144 and was at a comparable
scale as being under normal O; Levels as contrasted to primed 5 percent O, resulting in
tremendous increased expression of ECs markers (Kusuma et al., 2014).

1.4.2.4. Differentiation under hypoxia toward ECs: HIF-1a as a key effector

Based on the duration of hypoxia, HIF-1a seems to be variably modulated, as HIF-1a
expression was visible as early as 12 hours (different from under normoxia), peaked
between days 1 and 2, and then was gradually reduced by days 5 and 7, showing transient
HIF-1a synthesis in spite of persistently hypoxic condition (Cameron et al., 2008;
Kusuma et al., 2014). It is known that HIF-1a target genes, glucose transporter type 1
(GLUT-1) and VEGF, are increased in hypoxic environments (1% and 5% O>) (Cameron
et al., 2008). HIF-1a and ETS variant transcription factor 2 (ETV2) are necessary for
hypoxia-mediated stimulation of EPCs differentiation and maturation since they both
inhibited overexpression of ECs markers under hypoxia in HIF-1a-KO and ETV2-KO
cells, potentially via regulating Notchl levels (Tsang et al., 2017). By linking to reverse
hypoxia-response element (HRE) sequences (rHRE), HIF-1a may potentially function as
a gene expression suppressor. Curiously, the Oct4 promoter included four of these HIF-
la-specific tHRE elements, and it was shown that HIF-1a decreased Oct4 by interacting
with three of them (Lee et al., 2012). Moreover, HIF-1f is essential for maintaining HIF
transcriptional activity. This implies that HIF-1a and HIF-1p play a significant part in
cells' development of vascular properties in hypoxia (Podkalicka et al., 2020).
Additionally, it has been made clear how crucial VEGF receptor regulation is for
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regulating the development of vascular networks stimulated by low oxygen tension (Han
et al., 2010).

Traditionally, a hypoxia chamber is used to create hypoxia. Nevertheless, other
approaches don't need specialized tools, such as the chemical modulation of HIF-1a by
CoCl,, the reduction of pericellular oxygen levels by raising the medium level, and the

oxygen usage by an enzyme system named GOX/CAT, as shown in Figure 1.3.
(Rinderknecht et al., 2021).
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Figure 1.3. Different methods of inducing hypoxia. Reproduced with permission from
(Rinderknecht et al., 2021), Copyright the Creative Commons Attribution (CC BY 4.0)
license.

1.4.2.5. Differences between oxygen differential and culture conditions' effects on

MSCs' fate

The effects of hypoxia have been reported to increase proliferative potential, clonogenic
potential, the secretome of MSCs, and osteogenic, chondrogenic, and adipogenic
differentiation (Samal et al., 2021). MSCs may come into contact with low O» levels
based on the in vivo habitat (Barry & Murphy, 2004; Dionigi et al., 2014), sometimes as
low as less than 1% (Boyette et al., 2014; Mas-Bargues et al., 2019). To illustrate, MSCs
have O concentrations of 1-7% in bone marrow (Fehrer et al., 2007a), 10-15% in
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adipose tissue (Bizzarri et al., 2006; Kabon et al., 2004), 3—10% in muscle (Saltzman et
al., 2003), 1-2% in cartilage (Reuther et al., 2012), 1.5-8% in umbilical cord blood and
amniotic fluid (Fischer & Bavister, 1993), and 10—12% in peripheral blood (Mas-Bargues
etal., 2019). Compared to the 21% O, detected in normoxic environments often employed
in labs for MSC cultivation, this physiological O concentration (physioxia) is
significantly lower (Boyette et al., 2014). The activity of MSCs may be affected by the
high number of free radicals resulting from these different O> concentrations in normoxia
(Lennon et al., 2001).

Research on the application of hypoxia to MSCs has yielded wildly varying results,
possibly related to the fact that different studies define hypoxia differently and the O»
concentration range of hypoxia from 1 to 7% (Ren et al., 2006). Variations in culture
systems, choice of markers, micronutrients, and growth factors make the uneven findings
even more problematic (Ma et al., 2009). In these studies, differentiation is usually
accompanied by either expansion in normoxia and differentiation in hypoxia or expansion
in hypoxia and differentiation in normoxia. Here, we expanded cells under normoxia and
differentiated cells under hypoxia with hypoxic preconditioning in the expansion medium
for 24 hours.

Compared with cells cultured in normoxia, increased proliferation and colony-forming
potential of hMSCs and mMSCs have been documented at O> concentrations of 1 to 5%
(Boyette et al., 2014; dos Santos et al., 2010; Fehrer et al., 2007a; Jin et al., 2010a). Some
theories postulate that the rise in proliferation may result from p16's being downregulated,
which allows cells to avoid senescence (Jin et al., 2010a). When hMSCs are exposed to
hypoxia, they initially show increased cell mortality within the first 1-2 hours and
impairment of various physiological processes (Buravkova et al., 2014). Autophagy,
which may be the initial response to hypoxia, may occur in this condition as a means of
survival for hMSCs (Wu et al., 2014). However, longer periods of hypoxia exposure (at
concentrations of 2-5% O,) have been associated with higher rates of proliferative
activity (Boyette et al., 2014; Fehrer et al., 2007a; Lavrentieva et al., 2010). Hypoxia not
only results in the decreased regulation of p16 but also stabilizes HIF-1a, which may
activate a variety of signaling pathways inside the cell, more prominently, overexpression
of the anti-apoptotic protein survivin, which promotes enhanced proliferation (Chacko et
al., 2010; Kiani et al., 2013).

hMSCs and mMSCs cultivated in hypoxic environments (2-5% O> concentrations)
exhibit increased proliferation as well as increased multipotency, as demonstrated by
elevated expression of early mesodermal and stemness genes such as octamer-binding
transcription factor 4 (Oct-4), Sox2, and Nanog (dos Santos et al., 2010; Fehrer et al.,
2007a; Valorani et al., 2010). based upon the maintenance of the undifferentiated state
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and the activation of genes associated with mesodermal and non-mesodermal lineages, it
has been hypothesized that MSCs might retain the properties of “true stem cells” under
hypoxia (Buravkova et al., 2014; Nekanti et al., 2010). hMSCs expanded at 2% O have
been reported to produce more cells; however, differentiation under normoxia did not
differ between hypoxic and normoxic cells in terms of adipogenic or osteogenic
differentiation, but cells expanded at 3% O showed greater differentiation (dos Santos et
al., 2010; Fehrer et al., 2007a).

Furthermore, it’s been proven that both maintenance of the undifferentiated state of cells
and promotion of greater proliferation in basal media can be achieved by a prolonged
culture of hMSCs for up to 4 passages at 5% O>. However, compared to cells expanded
under normoxia, these cells showed a greater capacity for osteogenic differentiation after
being grown in a hypoxic environment, indicating increased multipotency (Basciano et
al., 2011).

In both in vivo and in vitro environments, oxygen concentration considerably modulates
genetic and environmental factors that affect MSCs' survival and plasticity (Simon &
Keith, 2008). Numerous studies have shown that MSCs can proliferate and regulate their
multipotency when exposed to prolonged hypoxia (longer than 24 hours), demonstrating
that low O> concentrations may be essential for the physiological ecosystem of MSCs.
Many studies using mMSCs and hMSCs were inconclusive and reported results that
varied greatly. These discrepancies may be related to species differences, exposure times
to hypoxia and O» levels, physical restrictions, and interactions between cells and their
substrates brought on by 2D or 3D culture technique differences, and growth factor
differences (Fehrer et al., 2007b; Jin et al., 2010b; Samal et al., 2021). As a result, strict
control of cultural conditions is necessary to get reliable findings. These factors include
frequency of media changes, scaffold characteristics, stiffness, growth supplements, pH,
etc. Understanding the variables and growth conditions that mediate stem cell growth and
stemness 1s thus essential to the development of efficient strategies for in vitro cell
proliferation without compromising their functionality and expression.

1.4.2.6. Cobalt chloride as a hypoxia-imitating Compound

Numerous studies have used CoCl, as a compound that mimics hypoxia in vitro by
stabilizing HIF-1a, and different results have been obtained (Y. Chen et al., 2019; K. S.
Kim et al., 2006; Teti et al., 2018). In one study, the capacity for chondrogenesis of MSCs
obtained from various sources was examined in relation to how hypoxia affected their
activity (Teti et al., 2018). The findings demonstrated that cell viability was unaffected
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by the addition of CoCl» at concentrations ranging from 50 to 400 uM. The cellular origin
also affected the overexpression of chondrogenic markers such as VCAN, SOXO9,
COL2A1, and ACAN (Teti et al., 2018). Another research examined how human
exfoliated deciduous teeth (SHEDs) stem cells responded to hypoxia when cultivated
with 50 uM and 100 uM CoCl,. HIF-1a protein levels steadily rose with concentration
without significantly increasing the toxicity. Furthermore, CoCl> reduced osteogenic
differentiation while upregulating stem cell markers (Y. Chen et al., 2019).

Furthermore, chemical induction of hypoxic stress increased the permeability of the BBB
when tested with hydralazine or CoCl> (50 and 100 pM; the lowest cytotoxic doses
defined by a cytotoxicity test) for 24 hours. Hypoxic stress caused by hydralazine reduced
the expression of ZO-1 but didn’t affect occludin expression, according to tight junction
protein analysis. Boosting the expression and the function of the cells' efflux transporters
has also been increased as a defensive strategy (Chatard et al., 2017).

1.4.2.7. Sodium sulfite is a hypoxia-mimetic compound

Another chemical that can induce hypoxia is sodium sulfite (Na>SO3). Sodium Sulfite'
Na»SO3' can scavenge Oz molecules, and metal ions, like Co?*, Zn?*, and Ni**, can induce
the up-regulation of HIF-la (Collaco et al., 2006; Kaczmarek et al., 2009).
Erythropoietin, B-cell lymphoma 2, and vascular endothelial growth factor A (VEGF-A)
genes are all induced when a hypoxic environment activates HIF-1a. The generated
hypoxic state impacts the MSCs' stemness, differentiation, and proliferation(Sart et al.,
2014). Moreover, Na>SO; has been used as hypoxia-mimetic in C. Elegans in
concentrations ranging from 1g/L (5.5 mM) to 4 (22 mM) g/L and established hypoxia
microenvironment at 2g/L (11mM) (Bin et al., 2010).

Other studies tested a mixture of CoCl> and Na>SO; with defined concentrations (Ghaly
& Kok, 1988; H. Kim & Kwon, 2021). A study tested mixing 10 uM or 100 uM of CoCl,
with 4 mM of NaSO; and showed safety, better osteogenic differentiation, and
proliferation of MSCs with more expression of VEGF and HIF-1a genes (H. Kim &
Kwon, 2021).

Here, we optimized the safest concentration of both CoCl> and Na>SO3 and added them

to the differentiation media to mimic the BBB embryonic development conditions, thus
increasing the BBB characteristics of the resultant BLECs.
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1.5. Synthetic and Animal-derived Serum Supplementation

For iPSCs-derived BLECs, researchers used a serum-containing medium. Then they
switched to a Serum-free supplement, B27, a substitute serum used often in neuronal
cultures (Brewer et al., 1993), with the advancements made by many groups in providing
a protocol with higher BBB characteristics of the produced BLECs (Hollmann et al.,
2017; Neal et al., 2019; Qian et al., 2017; Wilson et al., 2015). Here, we describe an
unexpected benefit of adding FBS rather than switching to a serum-free component, B27,
for BLECs differentiation from BM-MSCs. Oppositely to iPSCs results, B27 showed
incompatibility with BM-MSCs differentiation media. These improvements in
differentiation methods are anticipated to benefit the modeling of age- and disease-related
decreases in BBB function utilizing BLECs produced from MSCs.

1.6. Basal Medium Effect on the Differentiation

Low glucose- Dulbecco Modified Eagle Medium (LG-DMEM) basal medium is
frequently used as the basal medium for expanding bm-MSCs (Bai et al., 2010; M. Y.
Chen et al., 2009; Oswald et al., 2004). some protocols used LG-DMEM as the basal
medium of ECs differentiation medium (Bai et al., 2010; M. Y. Chen et al., 2009; Oswald
et al., 2004), while others used IMDM (C. Wang et al., 2018), high glucose- Dulbecco
Modified Eagle Medium (HG-DMEM) (Tancharoen et al., 2017), or Dulbecco Modified
Eagle Medium/ F12 (DMEM/F12) (S. Zhang et al., 2020) as their basal medium for ECs
differentiation. Here, we tested the effect of changing the basal medium of the
differentiation medium along with the expansion medium and combining different
expansion and differentiation basal media.

In this thesis, we combined MSCs and hPSCs differentiation protocols into ECs and
BLEC:, respectively. In other words, we used MSCs-derived ECs protocols and added
some clue factors from hPSCs-derived BLECs, like RA, hypoxia-regulators, seeding
density, and serum supplementation to streamline the BBB characteristics and provide a
fully defined protocol for differentiating MSCs into BLECs.
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2. MATERIALS AND METHODS

2.1. MSCs Expansion Medium Preparation

2.1.1. LG-DMEM

Low glucose-Dulbecco Modified Eagle Medium (LG-DMEM, Gibco) basal medium
containing 10g/L glucose, NaHCO3, and supplemented with 10% heat-inactivated- fetal
bovine serum (hi-FBS, Pan-biotech), 1% Penicillin-Streptomycin (Pen/strep, Pan-
biotech), and 1% 200 mM L-glutamine (L-glu, Merck).

2.1.2. IMDM

Iscove’s Modified Dulbecco Medium (IMDM, PAN BIOTECH) basal medium
containing L-Glutamine and 3.024g/LL NaHCOs and supplemented with 10% heat-
inactivated- fetal bovine serum (hi-FBS, Pan-biotech), and 1% Penicillin-Streptomycin
(Pen/strep, Pan-biotech). The medium was sterile-filtered and stored at 4°C.
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2.2. Endothelial Differentiation Medium

2.2.1. IMDM

Iscove’s Modified Dulbecco Medium (IMDM, Pan-Biotech) basal medium with L-
Glutamine and 3.024g/L. NaHCOs supplemented with 2% Fetal Bovine Serum (FBS, Pan-
biotech), Vascular Endothelial Growth Factor (VEGF, Lonza), basic Fibroblast Growth
Factor (bFGF, Lonza), Insulin-like Growth Factor (IGF, Lonza), Epidermal Growth
Factor (EGF, Lonza), Ascorbic acid (AA, Lonza), Heparin (Lonza).

2.2.2. LG-DMEM

Low glucose-Dulbecco Modified Eagle Medium (LG-DMEM, Gibco) basal medium
containing 10g/L glucose, NaHCO3, and supplemented with 2% Fetal Bovine Serum
(FBS, Pan-biotech), Vascular Endothelial Growth Factor (VEGF, Lonza), basic Fibroblast
Growth Factor (bFGF, Lonza), Insulin-like Growth Factor (IGF, Lonza), Epidermal
Growth Factor (EGF, Lonza), Ascorbic acid (AA, Lonza), Heparin (Lonza).

2.2.3. Endopan

Basal Medium Endopan 300 SL with Serum substitute Pannexin SL-S supplemented with
EGF (human recombinant Epidermal Growth Factor), FGF-2 (human recombinant basic
Fibroblast Growth Factor), VEGF (human recombinant Vascular Endothelial Growth
Factor), Vitamin C (Ascorbic Acid phosphate), R3-IGF-1 (human recombinant Insulin-
like Growth Factor), GA (Gentamycin/Amphotericin), Hydrocortisone, and Heparin.
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2.2.4. Endothelial Growth Medium 2 (EGM-2)

Endothelial Basal Medium-s (EBM-2, Lonza) supplemented with EGF (human
recombinant Epidermal Growth Factor), FGF-2 (human recombinant basic Fibroblast
Growth Factor), VEGF (human recombinant Vascular Endothelial Growth Factor),
Vitamin C (Ascorbic Acid phosphate), R3-IGF-1 (human recombinant Insulin-like
Growth Factor), GA (Gentamycin/Amphotericin), Hydrocortisone, and Heparin (all from
Lonza bullet kit). The medium was sterile-filtered and stored at 4°C.

The first and second media were prepared as previously described (C. Wang et al.,
2018)with some modifications in which we used the specified growth factors from Lonza
Bullet-kit, not as described in the paper. The fourth medium was prepared as previously
described.

2.3. MSCs Culture

MSCs were expanded in Low glucose-Dulbecco Modified Eagle Medium (LG-DMEM)
basal medium containing 10g/L glucose, NaHCO3, and supplemented with 10% heat-
inactivated- fetal bovine serum (hi-FBS), 1% Penicillin-Streptomycin (Pen/strep), and
1% 200 mM L-glutamate. When reaching 80-90% confluency, cells were washed with
DPBS-/-, trypsinized by Trypsin/EDTA, and plated again in new plates. The used MSCs
were in passage 21.

2.4. Differentiation of MSCs into BLECs

MSCs were seeded at different seeding densities determined according to each
experiment's conditions (1x10% 7.5x103, 5x10°%, 4x10°, 2x10° cells/well of 48-well plates)
for 24 hours, hypoxic pre-conditioned in 50 pM CoClz or 4 mM Na,SOs3 in the expansion
medium for 24 hours (if a hypoxia regulator is being tested). Then the medium was
switched to differentiation medium only, according to the experiment’s conditions
(Endopan, EGM-2, IMDM, LG-DMEM), or differentiation medium supplemented with

25



50 uM CoClz or 4 mM Na»SOs (if a hypoxia regulator is being tested) for the defined
duration of each experiment with medium change frequency determined by each
experiment’s conditions. For the experiments when RA was tested, the medium was
switched to the same differentiation medium but with 1, 3, and 10 uM RA for 48h or 72h
on either Day 6 or Day 12 of differentiation.

2.5. Immunofluorescence Staining

After cells had completed their differentiation protocol, cells were checked under the light
microscope (Carl Zeiss Primovert, 3841016470), washed three times with DPBS+/+
(PAN, P04-35500), fixed with 4% paraformaldehyde (PFA) (Merck, 158127)and
incubated for 20 minutes in the dark at room temperature, incubated in the blocking buffer
(0.015% of 30% bovine serum albumin (BSA) (Pan-Biotech, P06-1403100), 0.0001%
Tween 20 (Sigma, P1379-1L) in DPBS+/+) for 1 hour in the dark at room temperature,
washed three times with DPBS+/+, incubated with the primary antibody specific for ZO-
1 (ProteinTech, 21773-1-AP, 1:500), CD-31 (ProteinTech, 11265-1-AP, 1:500),
Occludin (ProteinTech, 27260-1-AP, 1:500) overnight in the dark at 4°C, washed three
times with DPBS+/+, incubated with the Cy™?3 AffiniPure Goat Anti-Rabbit IgG (H+L)
secondary antibody (Jackson Immuno Research, 111-165-003, 1:1000) for 1 hour in the
dark at room temperature, washed three times with DPBS+/+ and incubated each time in
the dark on a shaker for 5 minutes, incubated with a ready-made solution of DAPI stain
(Sigma-Aldrich, MBDO0015, 1:1000) for 2 minutes in the dark, washed three times with
DPBS+/+, mounted with DPBS+/+, and checked under Zeiss Vert.Al Fluorescence

microscope.

2.6. Quantification of Images by ImageJ Software

Cells were quantified for their fluorescence by ImageJ Software, where a certain area of
each image was selected. The mean fluorescence intensity value was chosen from the
measurement settings. Comparisons have been made by applying those steps for test
images and only secondary Ab images, then subtracting the value of the only secondary
Ab mean fluorescence intensity from the test mean fluorescence intensity to get the mean
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fluorescence intensity value of the test images (fFiest = 1Ftest — Fonly secondary Ab). This process
was repeated for many areas, and the mean fluorescence intensity averages were

calculated and compared using GraphPad Prism software.

2.7. MTT Cell Proliferation Assay

The cells were cultivated for 24 hours at 37°C with 5 percent CO; after being plated in a
96-well plate at a 5x10° cells/ well density in LG-DMEM supplemented with 10% FBS.
The cells were then exposed to different doses of CoCl> (0.005-400 uM) and Na>SOs
(0.025-2000 uM) for 5 and 9 days, respectively. For each sample, three duplicate wells
were prepared. Control cells that had not been treated were utilized. After the treatment,
50 ul MTT was added to the cells, and they were then incubated for an additional 3—4 h.
After removing the supernatant, 200 pl of Solubilization Solution was added to each well,
and the plate was then stirred for 10 minutes to dissolve the crystals. An enzyme-labeling
device (TECAN infinite M200 Pro) assessed the absorbance at 570 nm. The zero-
absorbance point was the negative control well, which had no hypoxic agent. The assays
were carried out in triplicate. Logarithmic concentration was used as the x-axis, and the
cell viability percentage value (mean standard deviation) as the y-axis to create graphs of
cell growth.

2.8. Tube Formation Assay

After cells were incubated in a 48-well plate containing the endothelial differentiation
medium for nine days, cells were harvested with trypsin, seeded at 1x10* cells/well, and
incubated at 37°C and 5% CO» for 24 hours in a 96-well plate precoated with 50 pl
Matrigel Corning. Cells were examined under a Zeiss Vert.A1 microscope. Then, a plugin
in ImageJ software was used to measure the total tube length and total segment length.
Briefly, tiff formatted images were opened, and the Analyze HUVECs Phase Contrast
option was chosen from the Network Analysis Menu. The data were given in an Excel
sheet format and then compared by GraphPad Prism software.
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2.9. Western Blot

B-Mercaptoethanol and 2x Laemmli sample buffer (Bio-rad) were combined with the
lysates before being heated at 95 °C for 5 minutes. Following that, a gel produced in
accordance with the instructions provided in the TGX Stain-Free FastCast Acrylamide
kit was loaded with an equivalent quantity of proteins and an unstained protein marker
(12 percent) (Bio-rad). Using the Wet Transfer System (Consort), proteins were
transferred to a PVDF membrane and subsequently blocked for 1 hour at room
temperature with 5 percent skim milk (Serva) in PBST (1 percent Tween (Sigma)). The
following antibodies were used in primary antibody incubations, which were carried out
overnight at + 4 °C: anti-Occludin (ProteinTech, 27260-1-AP, 1:5000), anti-Claudin-5
(Sigma-Aldrich, SAB4502981, 1:500), and anti-CD-34 (ProteinTech, 14486-1-AP,
1:500) after three PBST washes. Secondary antibodies, goat anti-rabbit [gG-HRP, were
treated with the membrane for 1 hour at room temperature (ProteinTech, 1:5000). The
unstained marker could be seen after a 5S-minute incubation period at room temperature
with streptactin HRP conjugate (Bio-Rad, 1:10000). Following washing, the image was
discovered using the ChemiDoc MP Imaging System and Clarity Western ECL Substrate
(Bio-Rad). Total protein normalization was utilized to quantify the bands using Image
Laboratory Software Version 6.1 (Bio-Rad).

2.10. Statistical Analysis

Statistical comparisons were performed using Two-way ANOV A and One-way ANOVA.
Data were expressed as mean =+ standard error of the mean. P Values <0.05 were
considered statistically significant. The P values indications for *, **, #¥* ##¥* yere <
0.1,<0.01,<0.001, and < 0.0001, respectively.
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3. RESULTS AND DISCUSSION

The combination of the outstanding achievements in hPSCs differentiation into BLECs
and MSCs differentiation into ECs enlightened the way for this research in different ways.
Going through the literature, many protocols for differentiating hPSCs into BLECs are
available; some use iPSCs, hematopoietic stem cells (HSCs), or ESCs, but none use
MSCs. Qian et al. paper differentiated iPSCs first into mesodermal lineage cells that are
then differentiated into BLECs. Therefore, we sought to differentiate MSCs into BLECs
utilizing the help of iPSCs protocols and protocols for differentiating MSCs into ECs. We
aimed to mix such protocols and come up with clue factors to be used for our MSCs-
derived BLECs differentiation protocol.

Earlier methods for iPSC differentiation into BLECs included planting the cells at certain
densities and allowing them to grow for three days in mTeSR medium (Ludwig et al.,
2006) and expanding the cells for six days in unconditioned medium (UM) to immature
BMECs (Katt et al., 2016; Lippmann, Al-Ahmad, et al., 2014; Lippmann et al., 2012;
Wilson et al., 2015). Basic fibroblast growth factor (bFGF) and RA were added to an EC
medium in which BMECs were grown before being purified onto 24 collagen/fibronectin
matrices. After then, switching to an EC medium devoid of bFGF and RA caused the
barrier phenotype to appear. Twenty-four hours following this medium shift, peak barrier
phenotypes were seen, and this is when the majority of experiments to determine barrier
fidelity were carried out. From the moment of iPSC seeding, these techniques needed a
minimum of 13 days to produce functioning, pure BLECs.

Pro-angiogenic drugs and endothelial induction supplements have recently received much
attention as potential new treatments for ischemic illnesses. The principal regulator in
distinguishing ECs and vascular development was thought to be VEGF (Ferrara, 2004).
VEGF stimulates a number of signaling pathways involved in EC growth and
differentiation (Bhakuni et al., 2016). Similar to VEGF, bFGF aids in the differentiation
of MSCs into ECs (Z. Xu et al., 2013). Previous studies claimed that bFGF and VEGF
work together to induce vasculogenesis in a synergistic manner (Asahara et al., 1995).
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EGF has been shown to be a powerful inducer of EC motility, maturation, and
vasculogenesis (Volz et al., 2017). Recent research revealed a feedback loop between
EGF and VEGF production, increasing the potential that EGF stimulates angiogenesis
via a VEGF-independent mechanism, perhaps by activating the PI3K and mitogen-
activated protein kinase (MAPK) pathways (Mehta et al., 2007). IGF is a possible
ingredient in the EC differentiation medium while being less effective than VEGF
(Nicosia et al., 1994).

3.1. Culture of BM-MSCs

BM-MSCs showed fibroblast-like morphology while passaging and maintaining in the
LG-DMEM expansion medium, as shown in Figure 3.1a. As the colony continued to
multiply, the cells expanded parallel to one another in accordance with the "whirlpool"
growth principle, as shown in Figure 1b. Cells showed higher rates of death and cell body
formations with higher seeding densities, as shown in Figure lc. When CD-105
expression levels were tested in BM-MSCs and induced cells in the IMDM differentiation
medium, MSCs showed higher expression than differentiated cells, as shown in Figure
3.1d and e.
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Figure 3.1 Culture, morphology, and marker expression of BM-MSC:s. (a-c) Bright-field
images of BM-MSCs (a) cultured in LG-DMEM expansion medium, where the
whirlpool growth pattern and cell bodies crystals formation upon culture continuation
are evident in (b) and (c), respectively. (d) Immunofluorescence images of BM-MSCs
and the differentiated cells in the IMDM differentiation medium as 4x10° cells/well of
48 well plates for nine days showed higher expression of CD-105 in BM-MSCs over the
differentiated cells. (e) the fluorescence intensity quantified by Fiji software. One-way
ANOVA showed significance at P< 0.05. All the scale bars are 100 um.
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3.1. Differentiation of BM-MSCs into BLECs

3.1.1. Different Medium Constituents Affect the Differentiation of BM-MSCs

It has been shown in the past that modifications to culture techniques and differentiation
media may affect the timeframes at which some lineages, including neuroectoderm,
differentiate (Chambers et al., 2009; Lippmann, Estevez-Silva, et al., 2014; Pankratz et
al., 2007) and midbrain dopaminergic neurons (Chambers et al., 2009; Kawasaki et al.,
2000), with cells eventually displaying the same distinguishing markers using all
techniques. It is not unexpected that changes to the differentiation medium caused
variable differentiation timescales. Shuffling this information together, we sought to start
our experiments by comparing different media with different basal media and/or different
growth supplements. Therefore, Endopan, IMDM, and EGM-2 media were used and
compared for their ability to differentiate MSCs into BLECs. Different seeding densities
and differentiation media have been tested as an initial step. Comparing induced cells to
undifferentiated MSCs revealed clear differences. The cells started to form short spindle-
shaped structures, as shown in Figure 3.2a. At the induced stage, the cells went confluent,
as shown in Figure 3.2b.

Figure 3.2. Culture and morphology of differentiated BM-MSC:s. (a) Bright-field image
of BM-MSCs in IMDM medium on D4 showing the short spindle. (b) higher confluency
of cells along with culture continuation. (c¢) cell bodies crystals formation upon culture
continuation on D9. The scale bar of (a) is 50 pum. The scale bars of (b and c) are 100
um.
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Firstly, complete Endopan was used as the differentiation medium. MSCs were expanded
in LG-DMEM expansion medium until reaching 80-90% confluency; then, the complete
Endopan differentiation medium was applied. 6-well plates were seeded with 1x10°,
2x10°, 3x10°, and 4x10° cells/well in the expansion medium for 24 hours, and then the
medium was switched to a complete Endopan differentiation medium. Cells were kept in
that medium for 14 days, and the medium was changed every two days. Cells started to
form crystals of cell bodies at D9 of differentiation, as shown in Figure 3.2c. Therefore,
the seeding density was decreased for the cells to survive till D14.

Secondly, another different endothelial differentiation medium has been tested, the
complete IMDM differentiation medium, from Wang et al. Paper (C. Wang et al., 2018).
Cells were expanded in LG-DMEM expansion medium for 24 hours in a 48-well plate
with 5x103, 1x10%, 2x10%, and 4x10* seeding densities. Two replicates for each condition
and one control MSCs culture without differentiation. The medium was changed every
day for 14 days. For cells in the IMDM differentiation medium, there was no noticeable
growth pattern along the differentiation process. Then, immunostaining was conducted
on the resultant cells from both differentiation media at D14; the results showed that both
media induced cells to express ZO-1 and CD-31 surface markers.

After that, another medium for differentiation, Endothelial Growth Medium-2 (EGM-2),
from Pankajakshan et al. paper (Pankajakshan et al., 2013). MSCs were seeded on a 48-
well plate at 5x10°, 1x10%, 2x10%, and 4x10* densities as two experimental replicates and
one control replicate for ten days, with medium change every three days. Cells showed a
pattern of growth in the differentiation medium. So, the lower seeding densities were
more fitting than the higher ones, and the cells expressed ZO-1 and CD-31 as the two
previously tested media.

After different seeding densities, 1x10* seeding density was used to compare the
previously mentioned media at D7 and D14 of differentiation with medium change daily
for the expression of ZO-1 and CD-31 surface markers. IMDM showed the highest
expression of ZO-1 and CD-31 on D7 of differentiation to be better than Endopan and
EGM-2, as shown in Figures 3.3a and 3.3b.

Additionally, D14 results were lower than D7. Still, we owe these results to the fact that
the higher seeding density and the longer duration of culture are causing the cells to
quickly form cell body clusters that are easily detached while washing or changing the
medium. Therefore, the following experiment was conducted with lower seeding
densities (7.5x103 and 5x10%) to exclude the factor of flowing out of cells.
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Immunofluorescence staining for CD-31 and ZO-1 was tested over the 2, 5, 8, 11, and 14
days of induction, and the three chosen differentiation media were compared for those
markers' expression at two different seeding densities, 5x10° cells/well and 7.5x103
cells/well. ZO-1 showed the highest expression on Days 5 and 8 for the Sk seeding density
with EGM-2 and on Days 8 and 14 for the 7.5x10° seeding density with IMDM, as shown
in Figures 3.4a and 3.5a. At the same time, CD-31 showed the highest expressions on
days 8 and 14 for the 5k seeding density with IMDM and on days 5 and 11 for the 7.5x103
seeding density with EGM-2 and IMDM, respectively, as shown in Figure 3.4b and 3.5b.
From these results, day eight was the most promising for both markers. Also, higher
expressions were noticed with higher seeding densities, but the higher seeding densities
were causing the washing out of cells and the formation of cell bodies; thus, we continued
with lower seeding densities. In conclusion, IMDM and EGM-2 showed more promising
data than Endopan; therefore, our next experiment was conducted to compare those two

media.

Moreover, it was then concluded that cells formed cell bodies faster as the seeding density
increased. Also, cell detachment was evident because of the cell body formation on the
wells cultured with Endopan and IMDM. While EGM2 proved more promising on Day
8, IMDM provides higher ZO-1 and CD-31 expressions among the different medium
conditions used for EC differentiation. Consequently, 5k seeding density was chosen
because, at higher densities, the cells form cell bodies at least on D10 of differentiation.
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Figure 3.3. Different medium constituents affect the differentiation. BM-MSCs
cultured in different differentiation media as 1x10* cells/well of 48-well plates for 7 and
14 days, respectively. ZO-1 (a) and CD-31 (b) expressions were tested by
immunofluorescence staining, and the fluorescence intensity was quantified by Fiji
software. Two-way ANOVA showed significance at P< 0.05. All scale bars are 50 um.
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Figure 3.4. Different medium compositions and seeding densities affect the
differentiation. BM-MSCs were cultured in different differentiation media as 5x103
cells/well of 48 well plates for 2, 5, 8, 11, and 14 days, respectively. ZO-1 (a) and CD-31
(b) expressions were tested by immunofluorescence staining, and the fluorescence
intensity was quantified by Fiji software. Two-way ANOVA showed significance at P<
0.05. All the scale bars are 50 um.
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3.5. Different medium compositions and seeding densities affect the

differentiation. BM-MSCs are cultured in different differentiation media as 7.5x103
cells/well of 48 well plates for 2, 5, 8, 11, and 14 days, respectively. ZO-1 (a) and CD-31
(b) expressions were tested by immunofluorescence staining, and the fluorescence
intensity was quantified by Fiji software. Two-way ANOVA showed significance at P<
0.05. All the scale bars are 50 um.
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3.1.2. Medium Change Frequency Plays a Role in the Differentiation of BM-MSCs

into BLECs

Knowing that MSCs are secreting secretomes with higher amounts of growth factors
(Bartaula-Brevik, 2017), we sought to test whether medium change frequency every day
or every three days is better for inducing the cells. For this, IMDM and EGM-2 were
compared for their ability to induce differentiation with higher levels of markers
expressions. A decreased seeding density of 4x10° was used, and ZO-1 and CD-31
expressions showed better data with IMDM with no difference between every day and
every three days medium change as shown in Figure 3.6; therefore, IMDM with medium
change every three days was chosen as the best media to induce MSCs differentiation
into ECs. Indeed, IMDM has been previously proven to differentiate MSCs into ECs with
higher percentages of CD-31, CD-34, vWF, VE-cadherin, and VEGFR-2 expressions (C.
Wang et al., 2018) as they proved that many cytokines added to the differentiation system
made it more effective than just one pro-angiogenic factor (G. Zhang et al., 2008) or
combination of two cytokines (M. Y. Chen et al., 2009).
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and CD-31 (b) expressions were tested by immunofluorescence staining, and the
fluorescence intensity was quantified by Fiji software. Two-way ANOVA showed
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3.2. Specification of ECs

3.2.1. RA Impact on MSCs Differentiation into BLECs

Next, we sought to improve the protocol by adding some clue factors used in iPSC-
BLECs protocols, including retinoic acid (RA). Incorporating RA, which is released by
radial glial cells in the developing CNS and is hypothesized to provide immature BMECs
in vivo BBB features (Mizee et al., 2013), throughout the differentiation process greatly
enhanced the passive barrier traits of the BMECs (Lippmann, Al-Ahmad, et al., 2014).
We first tested different concentrations of RA, 1 uM, 3 uM, and 10 uM, for their ability
to improve the expression levels of ZO-1 over 48h and 72h when added on day six or day
12. Three uM for both 48h and 72h showed the best results when added on day 6 of
differentiation, as shown in Figure 3.7. Although the increase in the expression was not
as much as we expected, the addition of RA decreased the duration period of
differentiation from 14 days to 8 days. Thus, we needed to look up new factors to
efficiently increase the expression of ZO-1.
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3.2.2. Chemical Hypoxia Induces the Differentiation of BM-MSCs into BLECs

Given that the BBB initially develops in the developing brain in an environment with
low O levels (1-8%) before the circulatory system is established (Abdollahi et al., 2011),
and endothelial development from various stem cell origins has been found to be strongly
influenced by oxygen supply (Kusuma et al., 2014; Lee et al., 2012), We proposed that
comparable hypoxic settings may be used to cultivate MSC cells to produce more highly
differentiated BLECs and perhaps stabilize their phenotypic. Additionally, the formation
of brain microvessels depends on canonical Wnt/B-catenin signaling, and the Wnt ligands
Wnt7a and Wnt7b have been linked to BBB development in vivo (Daneman et al., 2009;
Delsing et al., 2018).

Additionally, previous in vitro and in vivo investigations have shown that the Wnt/B-
catenin signaling pathways interact with the HIF-1a signaling pathways (W. Xu et al.,
2017; Q. Zhang et al., 2013). By stabilizing HIF-1a, CoCl; has previously been shown to
chemically imitate the consequences of hypoxia (K. S. Kim et al., 2006). It's interesting
to note that, compared to normoxic circumstances, iIPSCs exposed to 100 uM cobalt
chloride (CoCl,) for nine days of differentiation had their levels of HIF-la protein
elevated (T. E. Park et al., 2019). Overall, CoCl, has been tested over the whole
differentiation period of the MSCs-BLEC:s differentiation protocol.

Given that the safe concentration window of CoCl is 200 uM (Teti et al., 2018). This
concentration, along with 150 uM, 100 uM, and 50 uM, were added to IMDM for the
eight days of differentiation. Unfortunately, the cells couldn't survive till the end of
differentiation (not shown). Moreover, many MSCs protocols that apply hypoxic
conditions for the differentiation are conducting a step named “Hypoxic preconditioning
(HPC)” (Chacko et al., 2010; Muzakkir et al., 2020) by adding CoCl, concentration to
the expansion medium for 24h before inducing the cells in the differentiation medium.
HPC is thought to induce the expression of prosurvival and pro-angiogenic markers
(Chacko et al., 2010). Consequently, HPC was applied for 24h in the expansion medium
with lower concentrations (25 uM, 5 uM, 1 uM, and 0.2 uM), but cells couldn't survive
till the end of differentiation. More low concentrations (0.15 uM, 0.1 uM, 0.05 uM, and
0.025 uM) were tested, but their ZO-1 expression was not significant. Therefore, we
considered adding the higher concentrations to IMDM for only 24h, 48h, and 72h after
HPC MSCs in those concentrations for 24h. Surprisingly, ZO-1 expression levels were
much higher with higher concentrations of CoClz, as shown in Figure 3.8. Collectively,
MSCs were incubated with CoCl, for 72h, 24h of them in the expansion medium, and
48h in the IMDM differentiation medium.
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Figure 3.8. Chemical Hypoxia affects BM-MSCs differentiation. BM-MSCs were
cultured in the IMDM differentiation medium as 2x10° cells/well of 48 well plates for
nine days. The figure shows ZO-1 expressions tested by immunofluorescence staining
and the fluorescence intensity quantified by Fiji software. Two-way ANOVA showed
significance at P< 0.05. All the scale bars are 200 pum.
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Figure 3.9. MTT Assay for CoCl; cytotoxicity. BM-MSCs were cultured in LG-DMEM
expansion medium as 2x10° cells/well of 96-well plates for (a) 5 and 9 days and (b) 5 and
8 days with the represented concentrations. The figure shows the non-cytotoxic safe
concentrations of CoCl,. The graphs are non-linear regression curves with logarithmic
concentrations.

Afterward, different concentrations of CoCl, ranging from 0.5 pM to 400 uM were tested
for their cellular toxicity over five and nine days of culture by MTT Assay. 50 uM showed
the highest and safest concentration over the nine days of culture, as shown in Figure
3.9a. To confirm the non-cytotoxicity of 50 uM CoCl,, another MTT Assay was
conducted for CoCl, concentrations ranging from 0.025 pM to 50 pM. The results
confirmed the safety and non-cytotoxicity of 50 uM over the nine days in the culture, as
shown in Figure 3.9b.

Sodium sulfite, Na>SOs3, is a chemical that regulates hypoxia. It is known to scavenge O>
molecules as well as metal ions, including Co?*, Zn?>*, and Ni*" and to cause the up-
regulation of HIF-la (Collaco et al., 2006; Kaczmarek et al., 2009). The generated
hypoxic state impacts the MSCs' stemness, proliferation, and differentiation(Sart et al.,
2014). In addition, Na>SOs3 has been utilized at C. elegans to mimic hypoxia in doses
ranging from 5.5 mM to 22 mM, and at 11 mM, it created a hypoxic microenvironment
(Bin et al., 2010). Therefore, different concentrations ranging from 2 mM to 16 mM were
tested for 24h with MSCs in IMDM. High concentrations, 16 mM and 8 mM, were highly
toxic to MSCs and mostly killed all the cells, while 4 mM and 2 mM were safe.
Nonetheless, an MTT assay was conducted to confirm the non-cytotoxicity of Na,SO3
through testing different concentrations ranging from 0.025 uM to 4 mM over five days
and nine days of culture, and all those concentrations proved safe and non-toxic, as shown
in Figure 3.10. Therefore, the highest and safest concentration (4 mM) has been chosen
to induce hypoxia.
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Figure 3.10. MTT Assay for Na>SO; cytotoxicity. BM-MSCs were cultured in LG-
DMEM expansion medium as 2x10°3 cells/well of 96-well plates for 5 and 9 days with the
represented concentrations. The figure shows the safe, non-cytotoxic concentrations of
NaxSOs. The graphs are non-linear regression curves with logarithmic concentrations.

In a study, CoCl, and Na>SO3 showed a rapid formation of hypoxic conditions. MSCs
proliferation was also affected by hypoxia. Moreover, the autocrine activity of VEGF,
which is abundantly expressed by HIF-la, boosts MSC growth and encourages
osteogenic differentiation (Ghaly & Kok, 1988; H. Kim & Kwon, 2021). Accordingly,
CoCl>+Na,S0s3 different mixtures were applied to the differentiation medium as 10 uM
CoCly+4 mM Na;SOszand 100 uM CoClx+4 mM NaxSOs, but the cells couldn't survive in
the latter mix. Therefore, separate application of those hypoxia-mimetics is better for
inducing hypoxia.
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3.3. Effect of Basal Media and Serum Supplementation on BM-MSCs

Differentiation into BLECs

3.3.1. The Role of Different Combinations Between Expansion and Differentiation

Media in Inducing the Differentiation of BM-MSCs into BLECs

In all previously conducted experiments, our expansion medium was LG-DMEM, and
our differentiation medium was IMDM. We thought to establish different mixing
combinations between the LG-DMEM and IMDM basal media. In other words, we used
LG-DMEM once as an expansion medium and once as a differentiation medium. The
same also applies to IMDM. Collectively, four combinations were formulated, LG-
DMEM+IMDM, LG-DMEM+LG-DMEM, IMDM+LG-DMEM, and IMDM+IMDM,
where the former and the latter abbreviations were for the used basal medium for
preparing expansion and differentiation media, respectively. ZO-1 expression levels were
increased significantly in the media where IMDM was the differentiation medium over
the LG-DMEM differentiation medium combinations, as shown in Figure 3.11.

Here, we could prove the different mixing of expansion and differentiation media is
affecting the differentiation of MSCs. Moreover, the differentiated cells in the LG-
DMEM differentiation medium showed more round morphology, as shown in Figure
3.14. In contrast, cells in IMDM showed significantly higher levels of Occludin and
Claudin-5, as shown in Figure 3.12. These results led us to conclude that the IMDM
differentiation medium is priming the differentiation of MSCs toward BLECs. Because
the IMDM+IMDM combination was more promising in the expression of ZO-1, 50 uM
CoCl; and 4 mM Na>SOs; were added to it. CoCl, showed better ZO-1 expressions that
were more concentrated at the cell's circumference, whereas NaxSO3; showed less
expression than CoCl but higher than the previously used combination, LG-
DMEM+IMDM, as shown in Figure 3.11.
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3.3.2. FBS Proved to Be Superior to Serum-Free Supplementation

Given that serum-free media has been used in some 1PSC protocols and produced good
results because it has been used in neuronal cultures (Brewer et al., 1993; Hollmann et
al., 2017; Neal et al., 2019; Qian et al., 2017), we thought to use the B27 serum-free
supplement instead of the animal-derived FBS supplement that we were using in the
previous differentiation media. B27 was shown to be less effective than FBS with lower
Z0-1 expressions, as shown in Figure 3.11. Also, the western blot results of Occludin
were much lower than the FBS set, as shown in Figure 3.13. The difference was only
evident and significant when CoCl, and Na>SO; were added to the IMDM+IMDM
combination containing the B27 supplement. Surprisingly, the expression of ZO-1 was
drastically decreased with B27 when compared not only to the IMDM+IMDM
combination but also to the CoCl, and Na,SO3 combinations with FBS, as shown in
Figure 3.11. We could conclude that B27 is incompatible with hypoxia-inducers and FBS
is more compatible with MSCs cultures.
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Figure 3.11. Different combinations between LG-DMEM and IMDM basal media for
expansion and differentiation of BM-MSCs. BM-MSCs cultured in LG-DMDM or
IMDM differentiation media supplemented with either FBS or B27 as 2x103 cells/well of
48 well plates for nine days. The figure shows ZO-1 (a) expressions on D9 of
differentiation. Expressions were tested by immunofluorescence staining, and the
fluorescence intensity was quantified by Fiji software. Two-way ANOVA showed
significance at P< 0.05. All the scale bars are 200 pum.
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Figure 3.12. Different mixing between LG-DMEM and IMDM basal media for expansion
and differentiation of BM-MSCs. BM-MSCs cultured in LG-DMDM or IMDM
differentiation media supplemented with FBS as 2x10° cells/well of 48 well plates for
nine days. The figure shows (a) Occludin and (b) Claudin-5 expressions. Expressions
were tested by Western Blot, and the Chemiluminescent volume intensity was quantified
by Image Lab Software. One-way ANOV A showed significance at P< 0.05.
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Figure 3.13. Different mixing between LG-DMEM and IMDM basal media for
expansion and differentiation of BM-MSCs. BM-MSCs cultured in LG-DMDM or
IMDM differentiation media supplemented with B27 as 2x103 cells/well of 48 well plates
for nine days. The figure shows Occludin expressions. Expressions were tested by
Western Blot, and the Chemiluminescent volume intensity was quantified by Image Lab
Software. One-way ANOV A showed significance at P< (.05.
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3.3.3. Subculture of the Differentiated Cells Showed Differences in Their

Attachment to the Non-Coated Plates

We then tried to subculture the differentiated cells into new uncoated plates. We were
surprised when the cells differentiated in LG-DMEM couldn't attach, whereas the cells
differentiated in IMDM attached easily to the plates, as shown in Figure 3.14. Also, the
sub-cultured cells were tested for CD-31 expression, and CoCl, and Na>SOs; were
significantly expressing it over the IMDM without any hypoxia regulators, as shown in
Figure 3.15.

LG+LG IM+LG IM+IM +50 uM CoCl> +4 mM Na:SOs

= =

Before Subculture

LG+LG IM+LG IM+HIM +50 uM CoCl> +4 mM Na:SOs

After Subculture

Figure 3.14. Effect of subculturing the cells on uncoated plates. BM-MSCs cultured in
LG-DMDM or IMDM differentiation media as 2x10° cells/well of 48 well plates for nine
days. The figure shows bright-field images of the cells (a) on D9 of differentiation and
(b) after four days in the same medium on uncoated plates. All the scale bars for ‘before
subculture’ images are 100 um. All the scale bars for ‘after subculture’ images are 200
pm.
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Figure 3.15. Effect of subculture on the differentiated cells from BM-MSCs. BM-MSCs
were cultured in LG-DMDM or IMDM differentiation media as 2x103 cells/well of 48
well plates for nine days and then subcultured on non-coated plates. The figure shows
CD-31 expressions on D4 after subculturing. Expressions were tested by
immunofluorescence staining, and the fluorescence intensity was quantified by Fiji
software. One-way ANOVA showed significance at P< 0.05. All the scale bars are 200
um.
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3.4. Tube Formation Proved Endothelial Functionality

The primary characteristic of functioning ECs is often thought to be angiogenesis.
Numerous studies have shown that ECs may create vascular networks in a dish
(Tancharoen et al., 2017). According to an angiogenesis experiment on Matrigel,
uninduced MSCs gathered and did not create a capillary network. The construction of
vessel-like constructs on Matrigel was significantly increased after the differentiation of
MSCs into BLECs, as shown in Figure 3.16a. Moreover, the total lengths of the tubes
formed on Matrigel were calculated by Image] software. IMDM and LG-DMEM
differentiation media proved to induce the differentiation of MSCs into functional ECs,
as shown in Figure 3.16b. Additionally, Immunostaining results of the formed tubes
showed expression of CD-31 and Occludin, as shown in Figure 3.16¢c. As a result, the
greatly increased quantity of BLECs upon induction seems more promising for medicinal
neovascularization and BBB modeling.
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Figure 3.16. Tube Formation Assay. BM-MSCs cultured in LG-DMDM or IMDM
differentiation media as 2x10° cells/well of 48 well plates for nine days. The figure shows
(a) phase contrast images of the formed tubes after three days and five days on Matrigel,
normalized total length. (b) CD-31 and Occludin expressions on the formed tubes.
Expressions tested by immunofluorescence staining. Two-way ANOVA showed
significance at P< 0.05. All the scale bars for the bright-field images are 200 um. All the
scale bars for the fluorescent images are 500 pm.
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4. CONCLUSION AND FUTURE PROSPECTIVES

In conclusion, the current work showed that MSCs may effectively develop into BLECs
and create in vitro vessel-like constructs when cultivated in an environment that induces
endothelial growth. The utilization of completely specified media to enhance the BLEC
differentiation, animal-derived serum supplement (FBS) rather than synthetic serum
supplement (B27), hypoxia regulators (CoCl, and Na>SOs3), and RA significantly
enhances the BBB phenotype of BLECs. However, this research emphasizes how
sensitive BLECs produced from BM-MSCs are to the extracellular environment's makeup
and the composition of the basal media utilized to develop and grow BBB endothelial
cells. Therefore, we defined the basal media (IMDM), which have publicly available
compositions, and supplemented the medium with defined concentrations of RA, CoCly,
NaxSO3, and FBS. Cells differentiated using IMDM media were positive for Occludin
and Claudin-5, ZO-1, and CD-31, indicating that this media affects our ability to produce
Brain endothelial cells. These developments may make MSCs-derived BLECs more
accessible to researchers, resulting in high-fidelity human in vitro BBB models for a
variety of applications.

However, given the extremely initial aspect of our findings, they would need to be
thoroughly verified in a wide range of MSC types. Also, more functional tests for the
produced BLECs need to be conducted, like TEER measurement, efflux transporter
activity assay, and sodium fluorescein permeability assay. Moreover, conducting more
experiments to test the reason for the unattachment to the non-coated plates and, finally,
test the effect of combining RA with one of the hypoxia regulators. As this manuscript is
centered on the differentiation of BM-MSCs into BLECs for in vitro differentiation, we

have not continued these investigations here.

54



BIBLIOGRAPHY

Abbott, N. J. (2013). Blood—brain barrier structure and function and the challenges for
CNS drug delivery. Journal of Inherited Metabolic Disease, 36(3), 437-449.
https://doi.org/10.1007/s10545-013-9608-0

Abbott, N. J., Ronnbédck, L., & Hansson, E. (2006). Astrocyte—endothelial interactions at
the blood-brain barrier. Nature Reviews Neuroscience, 7(1), 41-53.
https://doi.org/10.1038/nrn 1824

Abdollahi, H., Harris, L., Zhang, P., Mcllhenny, S., Srinivas, V., Tulenko, T., & Dimuzio,
P. (2011). The Role of Hypoxia in Stem Cell Differentiation and Therapeutics. The
Journal of Surgical Research, 165, 112-117.
https://doi.org/10.1016/5.Js5.2009.09.057

Abdullahi, W., Tripathi, D., & Ronaldson, P. T. (2018). Blood-brain barrier dysfunction
in ischemic stroke: targeting tight junctions and transporters for vascular protection.
Am J Physiol Cell Physiol, 315, 343-356.
https://doi.org/10.1152/ajpcell.00095.2018.-The

Afflerbach, A. K., Kiri, M. D., Detinis, T., & Maoz, B. M. (2020). Mesenchymal stem
cells as a promising cell source for integration in novel in vitro models.
Biomolecules, 10(9), 1-30. https://doi.org/10.3390/biom10091306

Alvarez, J. 1., Dodelet-Devillers, A., Kebir, H., Ifergan, 1., Fabre, P. J., Terouz, S.,
Sabbagh, M., Wosik, K., Bourbonni¢re, L., Bernard, M., van Horssen, J., de Vries,
H. E., Charron, F., & Prat, A. (2011). The Hedgehog Pathway Promotes Blood-Brain
Barrier Integrity and CNS Immune Quiescence. Science, 334(6063), 1727-1731.
https://doi.org/10.1126/science.1206936

Alviano, F., Fossati, V., Marchionni, C., Arpinati, M., Bonsi, L., Franchina, M., Lanzoni,
G., Cantoni, S., Cavallini, C., Bianchi, F., Tazzari, P. L., Pasquinelli, G., Foroni, L.,
Ventura, C., Grossi, A., & Bagnara, G. P. (2007). Term amniotic membrane is a high
throughput source for multipotent mesenchymal stem cells with the ability to
differentiate into endothelial cells in vitro. BMC Developmental Biology, 7.
https://doi.org/10.1186/1471-213X-7-11

Andreone, B. J., Lacoste, B., & Gu, C. (2015). Neuronal and Vascular Interactions.
Annual Review of Neuroscience, 38, 25-46. https://doi.org/10.1146/annurev-neuro-
071714-033835

Andrzejewska, A., Lukomska, B., & Janowski, M. (2019). Concise Review:
Mesenchymal Stem Cells: From Roots to Boost. Stem Cells, 37(7), 855-864.
https://doi.org/10.1002/stem.3016

55



Armulik, A., Genové, G., Mée, M., Nisancioglu, M. H., Wallgard, E., Niaudet, C., He, L.,
Norlin, J., Lindblom, P., Strittmatter, K., Johansson, B. R., & Betsholtz, C. (2010).
Pericytes regulate the blood—brain barrier. Nature, 468(7323), 557-561.
https://doi.org/10.1038/nature(09522

Asahara, T., Bauters, C., Zheng, L. P., Takeshita, S., Bunting, S., Ferrara, N., Symes, J.
F., & Isner, J. M. (1995). Synergistic Effect of Vascular Endothelial Growth Factor
and Basic Fibroblast Growth Factor on Angiogenesis In Vivo. Circulation, 92(9),
365-371. https://doi.org/10.1161/01.CIR.92.9.365

Ayloo, S., & Gu, C. (2019). Transcytosis at the Blood-Brain Barrier. Curr Opin
Neurobiol., 57, 32—-38. https://doi.org/10.1016/j.conb.2018.12.014

Bagchi, S., Chhibber, T., Lahooti, B., Verma, A., Borse, V., & Jayant, R. D. (2019). In
Vitro blood-brain barrier models for drug screening and permeation studies: An
overview. In Drug Design, Development and Therapy (Vol. 13, pp. 3591-3605).
Dove Medical Press Ltd. https://doi.org/10.2147/DDDT.S218708

Bai, K., Huang, Y., Jia, X., Fan, Y., & Wang, W. (2010). Endothelium oriented
differentiation of bone marrow mesenchymal stem cells under chemical and
mechanical stimulations. Journal of Biomechanics, 43(6), 1176-118]1.
https://doi.org/10.1016/j.jbiomech.2009.11.030

Barry, F., & Murphy, M. (2004). Mesenchymal stem cells: clinical applications and
biological characterization. The International Journal of Biochemistry & Cell
Biology, 36, 568—584. https://doi.org/10.1016/j.biocel.2003.11.001

Bartaula-Brevik, S. (2017). Secretome of Mesenchymal Stem Cells Grown in Hypoxia
Accelerates Wound Healing and Vessel Formation In Vitro. International Journal of
Stem Cell Research and Therapy, 4(1). https://doi.org/10.23937/2469-
570x/1410045

Barz6, P., Marmarou, A., Fatouros, P., Corwin, F., & Dunbar, J. (1996). Magnetic
resonance imaging—monitored acute blood-brain barrier changes in experimental
traumatic brain injury. Journal of Neurosurgery, 85(6), 1113-1121.
https://doi.org/10.3171/jns.1996.85.6.1113

Basciano, L., Nemos, C., Foliguet, B., de Isla, N., de Carvalho, M., Tran, N., & Dalloul,
A. (2011). Long term culture of mesenchymal stem cells in hypoxia promotes a
genetic program maintaining their undifferentiated and multipotent status. BMC
Cell Biology, 12(1), 12. https://doi.org/10.1186/1471-2121-12-12

Bauer, M., Karch, R., Abrahim, A., Wagner, C. C., Kletter, K., Miiller, M., & Langer, O.
(2008). Decreased blood-brain barrier P-glycoprotein function with aging. BMC
Pharmacology, 8(S1). https://doi.org/10.1186/1471-2210-8-s1-a48

Bhakuni, T., Ali, M. F., Ahmad, I., Bano, S., Ansari, S., & Jairajpuri, M. A. (2016). Role
of heparin and non heparin binding serpins in coagulation and angiogenesis: A
complex interplay. Archives of Biochemistry and Biophysics, 604, 128-142.
https://doi.org/https://doi.org/10.1016/j.abb.2016.06.018

Bianco, P., Robey, P. G., & Simmons, P. J. (2008). Mesenchymal stem cells: revisiting
history, concepts, and assays. Cell Stem Cell, 2(4), 313-3109.
https://doi.org/10.1016/j.stem.2008.03.002

Bin, J.,Ren, C., L1, Y., Lu, Y., Li, W., Wu, Y., Gao, Y., Ratcliffe, P., Liu, H., & Zhang, C.
(2010). Sodium sulfite is a potential hypoxia inducer that mimics hypoxic stress in
Caenorhabditis elegans. Journal of Biological Inorganic Chemistry: JBIC: A
Publication of the Society of Biological Inorganic Chemistry, 16, 267-274.
https://doi.org/10.1007/s00775-010-0723-1

Bizzarri, A., Koehler, H., Cajlakovic, M., Pasic, A., Schaupp, L., Klimant, I., & Ribitsch,
V. (2006). Continuous oxygen monitoring in subcutaneous adipose tissue using

56



microdialysis. Analytica Chimica Acta, 573-574, 48-56.
https://doi.org/https://doi.org/10.1016/j.aca.2006.03.101

Bonney, S., Dennison, B. J. C., Wendlandt, M., & Siegenthaler, J. A. (2018). Retinoic
acid regulates endothelial B-catenin expression and pericyte numbers in the
developing brain vasculature. Frontiers in Cellular Neuroscience, 12.
https://doi.org/10.3389/fncel.2018.00476

Borlongan, C. v, Burns, J., Tajiri, N., Stahl, C. E., Weinbren, N. L., Shojo, H., Sanberg, P.
R., Emerich, D. F., Kaneko, Y., & van Loveren, H. R. (2013). Epidemiological
Survey-Based Formulae to Approximate Incidence and Prevalence of Neurological
Disorders in the United States: a Meta-Analysis. PLOS ONE, 8(10), ¢78490-.
https://doi.org/10.1371/journal.pone.0078490

Bouillet, P., Sapin, V., Chazaud, C., Messaddeq, N., Décimo, D., Doll¢, P., & Chambon,
P. (1997). Developmental expression pattern of Stra6, a retinoic acid-responsive
gene encoding a new type of membrane protein.

Boyette, L. B., Creasey, O. A., Guzik, L., Lozito, T., & Tuan, R. S. (2014). Human Bone
Marrow-Derived Mesenchymal Stem Cells Display Enhanced Clonogenicity but
Impaired Differentiation With Hypoxic Preconditioning. Stem Cells Translational
Medicine, 3(2), 241-254. https://doi.org/10.5966/sctm.2013-0079

Brewer, G. J., Torricelli, J. R., Evege, E. K., & Price, P. J. (1993). Optimized survival of
hippocampal neurons in B27-supplemented neurobasal™, a new serum-free
medium combination. Journal of Neuroscience Research, 35(5), 567-576.
https://doi.org/https://doi.org/10.1002/jnr.490350513

Buravkova, L. B., Andreeva, E. R., Gogvadze, V., & Zhivotovsky, B. (2014).
Mesenchymal stem cells and hypoxia: Where are we? Mitochondrion, 19, 105-112.
https://doi.org/https://doi.org/10.1016/j.mit0.2014.07.005

Butt, A. M., Jones, H. C., & Abbott, N. J. (1990). Electrical resistance across the blood-
brain barrier in anaesthetized rats: a developmental study. The Journal of Physiology,
429(1). https://doi.org/10.1113/jphysiol.1990.sp018243

Cameron, C. M., Harding, F., Hu, W. S., & Kaufman, D. S. (2008). Activation of hypoxic
response in human embryonic stem cell-derived embryoid bodies. Experimental
Biology and Medicine, 233(8), 1044—1057. https://doi.org/10.3181/0709-RM-263

Caplan, A. I. (1991). Mesenchymal stem cells. Journal of Orthopaedic Research : Official
Publication of the Orthopaedic  Research Society, 9(5), 641-650.
https://doi.org/10.1002/j0r.1100090504

Caplan, A. 1. (2017). Mesenchymal Stem Cells: Time to Change the Name! Stem Cells
Translational Medicine, 6(6), 1445-1451. https://doi.org/10.1002/sctm.17-0051

Carmeliet, P., & Tessier-Lavigne, M. (2005). Common mechanisms of nerve and blood
vessel wiring. Nature, 436(7048). https://doi.org/10.1038/nature03875

Chacko, S. M., Ahmed, S., Selvendiran, K., Kuppusamy, M. L., Khan, M., & Kuppusamy,
P. (2010). Hypoxic preconditioning induces the expression of prosurvival and
proangiogenic markers in mesenchymal stem cells. American Journal of Physiology-
Cell Physiology, 299(6), C1562—C1570. https://doi.org/10.1152/ajpcell.00221.2010

Chambers, S. M., Fasano, C. A., Papapetrou, E. P., Tomishima, M., Sadelain, M., &
Studer, L. (2009). Highly efficient neural conversion of human ES and iPS cells by
dual inhibition of SMAD signaling. Nature Biotechnology, 27(3), 275-280.
https://doi.org/10.1038/nbt.1529

Chatard, M., Puech, C., Perek, N., & Roche, F. (2017). Hydralazine is a Suitable Mimetic
Agent of Hypoxia to Study the Impact of Hypoxic Stress on in Vitro Blood-Brain
Barrier Model. Cellular Physiology and Biochemistry, 42(4), 1592-1602.
https://doi.org/10.1159/000479399

57



Chen, M. Y, Lie, P. C., Li, Z. L., & Wei, X. (2009). Endothelial differentiation of
Wharton’s jelly-derived mesenchymal stem cells in comparison with bone marrow-
derived mesenchymal stem cells. Experimental Hematology, 37(5), 629-640.
https://doi.org/10.1016/j.exphem.2009.02.003

Chen, Y., Zhao, Q., Yang, X., Yu, X., Yu, D., & Zhao, W. (2019). Effects of cobalt chloride
on the stem cell marker expression and osteogenic differentiation of stem cells from
human exfoliated deciduous teeth. Cell Stress and Chaperones, 24(3), 527-538.
https://doi.org/10.1007/s12192-019-00981-5

Cho, C., Smallwood, P. M., & Nathans, J. (2017). Reck and Gpr124 Are Essential
Receptor Cofactors for Wnt7a/Wnt7b-Specific Signaling in Mammalian CNS
Angiogenesis and Blood-Brain Barrier Regulation. Neuron, 95(5), 1056-1073.e5.
https://doi.org/10.1016/j.neuron.2017.07.031

Collaco, C. R., Hochman, D. J., Goldblum, R. M., & Brooks, E. G. (2006). Effect of
sodium sulfite on mast cell degranulation and oxidant stress. Annals of Allergy,
Asthma & Immunology, 96(4), 550-556. https://doi.org/10.1016/S1081-
1206(10)63549-1

Covas, D. T., Panepucci, R. A., Fontes, A. M., Silva, W. A. J., Orellana, M. D., Freitas,
M. C. C., Neder, L., Santos, A. R. D., Peres, L. C., Jamur, M. C., & Zago, M. A.
(2008). Multipotent mesenchymal stromal cells obtained from diverse human tissues
share functional properties and gene-expression profile with CD146+ perivascular
cells and fibroblasts. = Experimental = Hematology, 36(5), 642-654.
https://doi.org/10.1016/j.exphem.2007.12.015

Crisan, M., Yap, S., Casteilla, L., Chen, C.-W., Corselli, M., Park, T. S., Andriolo, G.,
Sun, B., Zheng, B., Zhang, L., Norotte, C., Teng, P.-N., Traas, J., Schugar, R., Deasy,
B. M., Badylak, S., Buhring, H.-J., Giacobino, J.-P., Lazzari, L., ... Péault, B. (2008).
A perivascular origin for mesenchymal stem cells in multiple human organs. Cell
Stem Cell, 3(3), 301-313. https://doi.org/10.1016/j.stem.2008.07.003

da Silva Meirelles, L., Malta, T. M., de Deus Wagatsuma, V. M., Palma, P. V. B., Aragjo,
A. G., Ribeiro Malmegrim, K. C., Morato de Oliveira, F., Panepucci, R. A., Silva,
W. A. J., Kashima Haddad, S., & Covas, D. T. (2015). Cultured Human Adipose
Tissue Pericytes and Mesenchymal Stromal Cells Display a Very Similar Gene
Expression Profile. Stem Cells and Development, 24(23), 2822-2840.
https://doi.org/10.1089/scd.2015.0153

Daneman, R., Agalliu, D., Zhou, L., Kuhnert, F., Kuo, C. J., & Barres, B. A. (2009).
Wnt/B-catenin signaling is required for CNS, but not non-CNS, angiogenesis.
Proceedings of the National Academy of Sciences, 106(2), 641-646.
https://doi.org/10.1073/pnas.0805165106

Delsing, L., Donnes, P., Sanchez, J., Clausen, M., Voulgaris, D., Falk, A., Herland, A.,
Brolén, G., Zetterberg, H., Hicks, R., & Synnergren, J. (2018). Barrier Properties
and Transcriptome Expression in Human iPSC-Derived Models of the Blood—Brain
Barrier. STEM CELLS, 36(12), 1816-1827.
https://doi.org/https://doi.org/10.1002/stem.2908

Dennis, J. E., & Charbord, P. (2002). Origin and differentiation of human and murine
stroma. Stem Cells (Dayton, Ohio), 20(3), 205-214.
https://doi.org/10.1634/stemcells.20-3-205

Dionigi, B., Ahmed, A., Pennington, E. C., Zurakowski, D., & Fauza, D. O. (2014). A
comparative analysis of human mesenchymal stem cell response to hypoxia <em>in
vitro</em>: Implications to translational strategies. Journal of Pediatric Surgery,
49(6), 915-918. https://doi.org/10.1016/j.jpedsurg.2014.01.023

58



Doan, C. C., Le, T. L., Hoang, N. S., Doan, N. T., Le, V. D., & Do, M. S. (2014).
Differentiation of umbilical cord lining membrane-derived mesenchymal stem cells
into endothelial-like cells. Iranian Biomedical Journal, 18(2), 67-75.
https://doi.org/10.6091/1bj.1261.2013

Dominici, M., Le Blanc, K., Mueller, I., Slaper-Cortenbach, 1., Marini, F., Krause, D.,
Deans, R., Keating, A., Prockop, D., & Horwitz, E. (2006). Minimal criteria for
defining multipotent mesenchymal stromal cells. The International Society for
Cellular  Therapy position statement. Cytotherapy, 8(4), 315-317.
https://doi.org/10.1080/14653240600855905

dos Santos, F., Andrade, P. Z., Boura, J. S., Abecasis, M. M., da Silva, C. L., & Cabral, J.
M. S. (2010). Ex vivo expansion of human mesenchymal stem cells: A more
effective cell proliferation kinetics and metabolism under hypoxia. Journal of
Cellular Physiology, 223(1), 27-35.
https://doi.org/https://doi.org/10.1002/jcp.21987

Drouin-Ouellet, J., Sawiak, S. J., Cisbani, G., Lagacé, M., Kuan, W.-L., Saint-Pierre, M.,
Dury, R. J., Alata, W., St-Amour, ., Mason, S. L., Calon, F., Lacroix, S., Gowland,
P. A., Francis, S. T., Barker, R. A., & Cicchetti, F. (2015). Cerebrovascular and
blood-brain barrier impairments in Huntington’s disease: Potential implications for
its pathophysiology. Ann Neurol, 78(2).

Dzobo, K. (2021). Recent Trends in Multipotent Human Mesenchymal Stem/Stromal
Cells: Learning from History and Advancing Clinical Applications. OMICS: A
Journal of Integrative Biology, 25(6), 342-357.
https://doi.org/10.1089/0m1.2021.0049

Eichmann, A., & Thomas, J. L. (2013). Molecular parallels between neural and vascular
development. Cold Spring Harbor Perspectives in Medicine, 3(1).
https://doi.org/10.1101/cshperspect.a006551

Engelhardt, B. (2003). Development of the blood-brain barrier. Cell and Tissue Research,
314(1), 119-129. https://doi.org/10.1007/s00441-003-0751-z

Engelhardt, B., & Liebner, S. (2014). Novel insights into the development and
maintenance of the blood-brain barrier. Cell and Tissue Research, 355(3).
https://doi.org/10.1007/s00441-014-1811-2

Engelhardt, B., & Ransohoft, R. M. (2012). Capture, crawl, cross: the T cell code to
breach the blood, 2013; brain barriers. Trends in Immunology, 33(12), 579-589.
https://doi.org/10.1016/5.1t.2012.07.004

Fehrer, C., Brunauer, R., Laschober, G., Unterluggauer, H., Reitinger, S., Kloss, F., Giilly,
C., GaBner, R., & Lepperdinger, G. (2007a). Reduced oxygen tension attenuates
differentiation capacity of human mesenchymal stem cells and prolongs their
lifespan. Aging Cell, 6(6), 745-757. https://doi.org/https://doi.org/10.1111/5.1474-
9726.2007.00336.x

Fehrer, C., Brunauer, R., Laschober, G., Unterluggauer, H., Reitinger, S., Kloss, F., Giilly,
C., GaBner, R., & Lepperdinger, G. (2007b). Reduced oxygen tension attenuates
differentiation capacity of human mesenchymal stem cells and prolongs their
lifespan. Aging Cell, 6(6), 745-757. https://doi.org/https://doi.org/10.1111/5.1474-
9726.2007.00336.x

Feng, J., Mantesso, A., De Bari, C., Nishiyama, A., & Sharpe, P. T. (2011). Dual origin of
mesenchymal stem cells contributing to organ growth and repair. Proceedings of the
National Academy of Sciences of the United States of America, 108(16), 6503—
6508. https://doi.org/10.1073/pnas.1015449108

Ferrara, N. (2004). Vascular Endothelial Growth Factor: Basic Science and Clinical
Progress. Endocrine Reviews, 25(4), 581-611. https://doi.org/10.1210/er.2003-0027

59



Fischer, B., & Bavister, B. D. (1993). Oxygen tension in the oviduct and uterus of rhesus
monkeys,  hamsters and  rabbits. = Reproduction, 99(2), 673-679.
https://doi.org/10.1530/jr£.0.0990673

Friedenstein, A. J., Chailakhjan, R. K., & Lalykina, K. S. (1970). The development of
fibroblast colonies in monolayer cultures of guinea-pig bone marrow and spleen
cells. Cell and Tissue Kinetics, 3(4), 393-403. https://doi.org/10.1111/5.1365-
2184.1970.tb00347.x

Friedenstein, A. J., Chailakhyan, R. K., Latsinik, N. V, Panasyuk, A. F., & Keiliss-Borok,
I. V. (1974). Stromal cells responsible for transferring the microenvironment of the
hemopoietic tissues. Cloning in vitro and retransplantation in vivo. Transplantation,
17(4), 331-340. https://doi.org/10.1097/00007890-197404000-00001

Friedenstein, A. J., Petrakova, K. V, Kurolesova, A. 1., & Frolova, G. P. (1968).
Heterotopic of bone marrow. Analysis of precursor cells for osteogenic and
hematopoietic tissues. Transplantation, 6(2), 230-247.

Friedenstein, A. J., Piatetzky-Shapiro, 1. 1., & Petrakova, K. V. (1966). Osteogenesis in
transplants of bone marrow cells. Journal of Embryology and Experimental
Morphology, 16(3), 381-390.

Friese, M. A., Schattling, B., & Fugger, L. (2014). Mechanisms of neurodegeneration and
axonal dysfunction in multiple sclerosis. Nature Reviews Neurology, 10(4), 225—
238. https://doi.org/10.1038/nrneurol.2014.37

Garbuzova-Davis, S., Rodrigues, M. C. O., Hernandez-Ontiveros, D. G., Louis, M. K.,
Willing, A. E., Borlongan, C. v, & Sanberg, P. R. (2011). Amyotrophic lateral
sclerosis: A neurovascular disease. Brain Research, 1398, 113-125.
https://doi.org/https://doi.org/10.1016/j.brainres.2011.04.049

Ge, Q., Zhang, H., Hou, J., Wan, L., Cheng, W., Wang, X., Dong, D., Chen, C., Xia, J.,
Guo, J., Chen, X., & Wu, X. (2018). VEGF secreted by Mesenchymal stem cells
mediates the differentiation of endothelial progenitor cells into endothelial cells via
paracrine mechanisms. Molecular Medicine Reports, 17(1), 1667-1675.
https://doi.org/10.3892/mmr.2017.8059

Ghaly, A. E., & Kok, R. (1988). The effect of sodium sulfite and cobalt chloride on the
oxygen transfer coefficient. Applied Biochemistry and Biotechnology, 19(3), 259—
270. https://doi.org/10.1007/BF02921498

Gong, T., Heng, B., Jianguang, xu, Zhu, S., Yuan, C., Lo, E., & Zhang, C. (2017).
Decellularized extracellular matrix of human umbilical vein endothelial cells
promotes endothelial differentiation of stem cells from exfoliated deciduous teeth.
Journal of Biomedical Materials Research. Part A, 105.
https://doi.org/10.1002/jbm.a.36003

Gooch, C. L., Pracht, E., & Borenstein, A. R. (2017). The burden of neurological disease
in the United States: A summary report and call to action. Annals of Neurology,
81(4), 479-484. https://doi.org/https://doi.org/10.1002/ana.24897

Gronthos, S., Zannettino, A. C. W., Hay, S. J., Shi, S., Graves, S. E., Kortesidis, A., &
Simmons, P. J. (2003). Molecular and cellular characterisation of highly purified
stromal stem cells derived from human bone marrow. Journal of Cell Science, 116(Pt
9), 1827-1835. https://doi.org/10.1242/j¢s.00369

Hafny, B. el, Chappey, O., le Piciotti, M., Debray, M., Boval, B., & Roux, F. (1997).
Modulation of P-glycoprotein activity by glial factors and retinoic acid in an
immortalized rat brain microvessel endothelial cell line.

Han, Y., Kuang, S. Z., Gomer, A., & Ramirez-Bergeron, D. L. (2010). Hypoxia influences
the vascular expansion and differentiation of embryonic stem cell cultures through

60



the temporal expression of vascular endothelial growth factor receptors in an ARNT-
dependent manner. Stem Cells, 28(4), 799-809. https://doi.org/10.1002/stem.316

Haseloff, R., Dithmer, S., Winkler, L., Wolburg, H., & Blasig, 1. (2015). Transmembrane
proteins of the tight junctions at the blood-brain barrier: structural and functional
aspects. Semin Cell Dev Biol, 38, 16-25.
https://doi.org/10.1016/j.semcdb.2014.11.004

Hollmann, E. K., Bailey, A. K., Potharazu, A. V., Neely, M. D., Bowman, A. B., &
Lippmann, E. S. (2017). Accelerated differentiation of human induced pluripotent
stem cells to blood-brain barrier endothelial cells. Fluids and Barriers of the CNS,
14(1). https://doi.org/10.1186/s12987-017-0059-0

Hu, X., Yu, S. P, Fraser, J. L., Lu, Z., Ogle, M. E., Wang, J.-A., & Wei, L. (2008).
Transplantation of hypoxia-preconditioned mesenchymal stem cells improves
infarcted heart function via enhanced survival of implanted cells and angiogenesis.
The Journal of Thoracic and Cardiovascular Surgery, 135(4), 799-808.
https://doi.org/10.1016/j.jtcvs.2007.07.071

Isern, J., Garcia-Garcia, A., Martin, A. M., Arranz, L., Martin-Pérez, D., Torroja, C.,
Sanchez-Cabo, F., & Méndez-Ferrer, S. (2014). The neural crest is a source of
mesenchymal stem cells with specialized hematopoietic stem cell niche function.
ELife, 3, €03696. https://doi.org/10.7554/eLite.03696

Jacob, R. S., Das, S., Ghosh, D., & Maji, S. K. (2015). Influence of retinoic acid on
mesenchymal stem cell differentiation in amyloid hydrogels. Data in Brief, 5, 954—
958. https://doi.org/https://doi.org/10.1016/;.dib.2015.11.015

Jiang, Y., Jahagirdar, B. N., Reinhardt, R. L., Schwartz, R. E., Keene, C. D., Ortiz-
Gonzalez, X. R., Reyes, M., Lenvik, T., Lund, T., Blackstad, M., Du, J., Aldrich, S.,
Lisberg, A., Low, W. C., Largaespada, D. A., & Verfaillie, C. M. (2002).
Pluripotency of mesenchymal stem cells derived from adult marrow. Nature,
418(6893), 41-49. https://doi.org/10.1038/nature00870

Jin, Y., Kato, T., Furu, M., Nasu, A., Kajita, Y., Mitsui, H., Ueda, M., Aoyama, T.,
Nakayama, T., Nakamura, T., & Toguchida, J. (2010a). Mesenchymal stem cells
cultured under hypoxia escape from senescence via down-regulation of pl6 and
extracellular signal regulated kinase. Biochemical and Biophysical Research
Communications, 391(3), 1471-1476.
https://doi.org/https://doi.org/10.1016/j.bbrc.2009.12.096

Jin, Y., Kato, T., Furu, M., Nasu, A., Kajita, Y., Mitsui, H., Ueda, M., Aoyama, T.,
Nakayama, T., Nakamura, T., & Toguchida, J. (2010b). Mesenchymal stem cells
cultured under hypoxia escape from senescence via down-regulation of pl6 and
extracellular signal regulated kinase. Biochemical and Biophysical Research
Communications, 391(3), 1471-1476.
https://doi.org/https://doi.org/10.1016/j.bbrc.2009.12.096

Joddar, B., Kumar, S. A., & Kumar, A. (2018). A Contact-Based Method for
Differentiation of Human Mesenchymal Stem Cells into an Endothelial Cell-
Phenotype. In Cell Biochemistry and Biophysics (Vol. 76, Issues 1-2, pp. 187—-195).
https://doi.org/10.1007/s12013-017-0828-z

Kabon, B., Nagele, A., Reddy, D., Eagon, C., Fleshman, J. W., Sessler, D. 1., & Kurz, A.
(2004). Obesity Decreases Perioperative Tissue Oxygenation. Anesthesiology,
100(2), 274-280. https://doi.org/10.1097/00000542-200402000-00015

Kaczmarek, M., Cachau, R. E., Topol, I. A., Kasprzak, K. S., Ghio, A., & Salnikow, K.
(2009). Metal Ions-Stimulated Iron Oxidation in Hydroxylases Facilitates
Stabilization of HIF-la Protein. Toxicological Sciences, 107(2), 394-403.
https://doi.org/10.1093/toxsci/kfn251

61



Katt, M. E., Xu, Z. S., Gerecht, S., & Searson, P. C. (2016). Human Brain Microvascular
Endothelial Cells Derived from the BC1 iPS Cell Line Exhibit a Blood-Brain Barrier
Phenotype. PloS One, 11(4), e0152105-e0152105.
https://doi.org/10.1371/journal.pone.0152105

Kawaguchi, R., Yu, J., Honda, J., Hu, J., Whitelegge, J., Ping, P., Wiita, P., Bok, D., &
Sun, H. (2007). A membrane receptor for retinol binding protein mediates cellular
uptake of vitamin A. Science, 315(5813), 820-825.
https://doi.org/10.1126/science.1136244

Kawasaki, H., Mizuseki, K., Nishikawa, S., Kaneko, S., Kuwana, Y., Nakanishi, S.,
Nishikawa, S.-1., & Sasai, Y. (2000). Induction of Midbrain Dopaminergic Neurons
from ES Cells by Stromal Cell-Derived Inducing Activity. Neuron, 28(1), 31-40.
https://doi.org/https://doi.org/10.1016/S0896-6273(00)00083-0

Khaki, M., Salmanian, A. H., Abtahi, H., Ganji, A., & Mosayebi, G. (2018).
Mesenchymal Stem Cells Differentiate to Endothelial Cells Using Recombinant
Vascular Endothelial Growth Factor-A. In Reports of Biochemistry & Molecular
Biology (Vol. 6, Issue 2). www.RBMB.net

Kiani, A. A., Kazemi, A., Halabian, R., Mohammadipour, M., Jahanian-Najafabadi, A.,
& Roudkenar, M. H. (2013). HIF-1a Confers Resistance to Induced Stress in Bone
Marrow-derived Mesenchymal Stem Cells. Archives of Medical Research, 44(3),
185-193. https://doi.org/https://doi.org/10.1016/j.arcmed.2013.03.006

Kim, H., & Kwon, S. (2021). Dual effects of hypoxia on proliferation and osteogenic
differentiation of mouse clonal mesenchymal stem cells. Bioprocess and Biosystems
Engineering, 44(9), 1831-1839. https://doi.org/10.1007/s00449-021-02563-1

Kim, K. S., Rajagopal, V., Gonsalves, C., Johnson, C., & Kalra, V. K. (2006). A Novel
Role of Hypoxia-Inducible Factor in Cobalt Chloride- and Hypoxia-Mediated
Expression of IL-8 Chemokine in Human Endothelial Cells12. The Journal of
Immunology, 177(10), 7211-7224. https://doi.org/10.4049/jimmunol.177.10.7211

Knowland, D., Arac, A., Sekiguchi, K. J., Hsu, M., Lutz, S. E., Perrino, J., Steinberg, G.
K., Barres, B. A., Nimmerjahn, A., & Agalliu, D. (2014). Stepwise Recruitment of
Transcellular and Paracellular Pathways Underlies Blood-Brain Barrier Breakdown
in Stroke. Neuron, 82(3), 603—617. https://doi.org/10.1016/j.neuron.2014.03.003

Korn, A., Golan, H., Melamed, 1., Pascual-Marqui, R., & Friedman, A. (2005). Focal
Cortical Dysfunction and Blood-Brain Barrier Disruption in Patients With
Postconcussion Syndrome.

Kuhnert, F., Mancuso, M. R., Shamloo, A., Wang, H.-T., Choksi, V., Florek, M., Su, H.,
Fruttiger, M., Young, W. L., Heilshorn, S. C., & Kuo, C. J. (2010). Essential
Regulation of CNS Angiogenesis by the Orphan G Protein—Coupled Receptor
GPR124. Science, 330(6006), 985-989. https://doi.org/10.1126/science.1196554

Kusuma, S., Peijnenburg, E., Patel, P., & Gerecht, S. (2014). Low oxygen tension
enhances endothelial fate of human pluripotent stem cells. Arteriosclerosis,
Thrombosis, and Vascular Biology, 34(4), 913-920.
https://doi.org/10.1161/ATVBAHA.114.303274

Lai, L., Bohnsack, B. L., Niederreither, K., & Hirschi, K. K. (2003). Retinoic acid
regulates endothelial cell proliferation during vasculogenesis. Development,
130(26), 6465—-6474. https://doi.org/10.1242/dev.00887

Laksitorini, M. D., Yathindranath, V., Xiong, W., Hombach-Klonisch, S., & Miller, D. W.
(2019). Modulation of Wnt/B-catenin signaling promotes blood-brain barrier
phenotype in cultured brain endothelial cells. Scientific Reports, 9(1).
https://doi.org/10.1038/s41598-019-56075-w

62



Lavrentieva, A., Majore, 1., Kasper, C., & Hass, R. (2010). Effects of hypoxic culture
conditions on umbilical cord-derived human mesenchymal stem cells. Cell
Communication and Signaling, 8(1), 18. https://doi.org/10.1186/1478-811X-8-18

Lechardeur Delphine. (1995). Induction of Blood-Brain Barrier Differentiation in a Rat
Brain-Derived Endothelial Cell Line. Experimental Cell Research, 161-170.

Lee, S. W., Jeong, H. K., Lee, J. Y., Yang, J., Lee, E. J., Kim, S. Y., Youn, S. W, Lee, J.,
Kim, W. J., Kim, K. W, Lim, J. M., Park, J. W., Park, Y. B., & Kim, H. S. (2012).
Hypoxic priming of mESCs accelerates vascular-lineage differentiation through
HIF1-mediated inverse regulation of Oct4 and VEGF. EMBO Molecular Medicine,
4(9), 924-938. https://doi.org/10.1002/emmm.201101107

Lennon, D. P., Edmison, J. M., & Caplan, A. I. (2001). Cultivation of rat marrow-derived
mesenchymal stem cells in reduced oxygen tension: Effects on in vitro and in vivo
osteochondrogenesis. Journal of Cellular Physiology, 187(3), 345-355.
https://doi.org/https://doi.org/10.1002/jcp.1081

Li, G., Liu, J., Guan, Y., & Ji, X. (2021). The role of hypoxia in stem cell regulation of
the central nervous system: From embryonic development to adult proliferation. In
CNS Neuroscience and Therapeutics (Vol. 27, Issue 12, pp. 1446—-1457). John Wiley
and Sons Inc. https://doi.org/10.1111/cns.13754

Liebner, S., Corada, M., Bangsow, T., Babbage, J., Taddei, A., Czupalla, C. J., Reis, M.,
Felici, A., Wolburg, H., Fruttiger, M., Taketo, M. M., von Melchner, H., Plate, K. H.,
Gerhardt, H., & Dejana, E. (2008). Wnt/B-catenin signaling controls development of
the blood-brain barrier. Journal of Cell Biology, 183(3), 409-417.
https://doi.org/10.1083/jcb.200806024

Liebner, S., Dijkhuizen, R. M., Reiss, Y., Plate, K. H., Agalliu, D., & Constantin, G.
(2018). Functional morphology of the blood-brain barrier in health and disease. Acta
Neuropathol., 135(3), 311-336. https://doi.org/10.1007/s00401-018-1815-1

Lim, J., & Park, E. K. (2016). Effect of fibroblast growth factor-2 and retinoic acid on
lineage commitment of bone marrow mesenchymal stem cells. Tissue Engineering
and Regenerative Medicine, 13(1), 47-56. https://doi.org/10.1007/s13770-016-
9102-0

Lippmann, E. S., Al-Ahmad, A., Azarin, S. M., Palecek, S. P., & Shusta, E. V. (2014). A
retinoic acid-enhanced, multicellular human blood-brain barrier model derived from
stem cell sources. Scientific Reports, 4. https://doi.org/10.1038/srep04160

Lippmann, E. S., Azarin, S. M., Kay, J. E., Nessler, R. A., Wilson, H. K., Al-Ahmad, A.,
Palecek, S. P., & Shusta, E. V. (2012). Derivation of blood-brain barrier endothelial
cells from human pluripotent stem cells. Nature Biotechnology, 30(8), 783-791.
https://doi.org/10.1038/nbt.2247

Lippmann, E. S., Estevez-Silva, M. C., & Ashton, R. S. (2014). Defined Human
Pluripotent Stem Cell Culture Enables Highly Efficient Neuroepithelium Derivation
Without Small Molecule Inhibitors. Stem Cells, 32(4), 1032-1042.
https://doi.org/10.1002/stem.1622

Liu, C., Tsai, A. L., Li, P. C., Huang, C. W., & Wu, C. C. (2017). Endothelial
differentiation of bone marrow mesenchyme stem cells applicable to hypoxia and
increased migration through Akt and NFkB signals. Stem Cell Research and
Therapy, 8(1), 1-11. https://doi.org/10.1186/s13287-017-0470-0

Lozito, T., Kuo, C., Taboas, J., & Tuan, R. (2009). Human mesenchymal stem cells
express vascular cell phenotypes upon interaction with endothelial cell matrix.
Journal of Cellular Biochemistry, 107, 714—722. https://doi.org/10.1002/jcb.22167

Ludwig, T. E., Levenstein, M. E., Jones, J. M., Berggren, W. T., Mitchen, E. R., Frane, J.
L., Crandall, L. J., Daigh, C. A., Conard, K. R., Piekarczyk, M. S., Llanas, R. A., &

63



Thomson, J. A. (2006). Derivation of human embryonic stem cells in defined
conditions. Nature Biotechnology, 24(2), 185—187. https://doi.org/10.1038/nbt1177

Ma, T., Grayson, W. L., Frohlich, M., & Vunjak-Novakovic, G. (2009). Hypoxia and stem
cell-based engineering of mesenchymal tissues. Biotechnology Progress, 25(1), 32—
42. https://doi.org/https://doi.org/10.1002/btpr.128

Mas-Bargues, C., Sanz-Ros, J., Roman-Dominguez, A., Inglés, M., Gimeno-Mallench,
L., el Alami, M., Vifia-Almunia, J., Gambini, J., Vifa, J., & Borras, C. (2019).
Relevance of Oxygen Concentration in Stem Cell Culture for Regenerative
Medicine.  International ~ Journal  of  Molecular  Sciences,  20(5).
https://doi.org/10.3390/1jms20051195

Mehta, V. B., Besner, G. E., Mehta, V. B., & Besner, G. E. (2007). HB-EGF promotes
angiogenesis in endothelial cells via PI3-kinase and MAPK signaling pathways.
Growth Factors, 25(4), 253-263. https://doi.org/10.1080/08977190701773070

Mizee, M. R., Wooldrik, D., Lakeman, K. A. M., van het Hof, B., Drexhage, J. A. R.,
Geerts, D., Bugiani, M., Aronica, E., Mebius, R. E., Prat, A., de Vries, H. E., &
Reijerkerk, A. (2013). Retinoic acid induces blood-brain barrier development.
Journal of Neuroscience, 33(4), 1660-1671.
https://doi.org/10.1523/JINEUROSCI.1338-12.2013

Montagne, A., Barnes, S. R., Sweeney, M. D., Halliday, M. R., Sagare, A. P., Zhao, Z.,
Toga, A. W., Jacobs, R. E., Liu, C. Y., Amezcua, L., Harrington, M. G., Chui, H. C.,
Law, M., & Zlokovic, B. V. (2015). Blood-Brain barrier breakdown in the aging
human hippocampus. Neuron, 85(2), 296-302.
https://doi.org/10.1016/j.neuron.2014.12.032

Morad, G., Carman, C. V, Hagedorn, E. J., Perlin, J. R., Zon, L. 1., Mustafaoglu, N., Park,
T.-E., Ingber, D. E., Daisy, C. C., & Moses, M. A. (2019). Tumor-Derived
Extracellular Vesicles Breach the Intact Blood—Brain Barrier via Transcytosis. ACS
Nano, 13(12), 13853-13865. https://doi.org/10.1021/acsnano.9b04397

Muldoon, L. L., Soussain, C., Jahnke, K., Johanson, C., Siegal, T., Smith, Q. R., Hall, W.
A., Hynynen, K., Senter, P. D., Peereboom, D. M., & Neuwelt, E. A. (2007).
Chemotherapy Delivery Issues in Central Nervous System Malignancy: A Reality
Check. Journal of Clinical Oncology, 25(16), 2295-2305.
https://doi.org/10.1200/JC0O.2006.09.9861

Muzakkir, A. F., Suryawan, 1. G. R., & Yusrizal, T. (2020). Hypoxic Preconditioning
Effects of Bone Marrow-derived Culture Mesenchymal Stem Cells on CD31+
Expression, Vascular Endothelial Growth Factors-a (VEGF-A) and Stromal-derived
Sactors-1 Alpha (SDF-1a). IOP Conference Series: Earth and Environmental
Science, 441(1), 012161. https://doi.org/10.1088/1755-1315/441/1/012161

Neal, E. H., Marinelli, N. A., Shi, Y., McClatchey, P. M., Balotin, K. M., Gullett, D. R.,
Hagerla, K. A., Bowman, A. B., Ess, K. C., Wikswo, J. P., & Lippmann, E. S. (2019).
A Simplified, Fully Defined Differentiation Scheme for Producing Blood-Brain
Barrier Endothelial Cells from Human iPSCs. Stem Cell Reports, 12(6), 1380—1388.
https://doi.org/10.1016/j.stemcr.2019.05.008

Nekanti, U., Dastidar, S., Venugopal, P., Totey, S., & Ta, M. (2010). Increased
Proliferation and Analysis of Differential Gene Expression in Human Wharton’s
Jelly-derived Mesenchymal Stromal Cells under Hypoxia. Int J Biol Sci, 6, 499—
512. https://doi.org/10.7150/1jbs.6.499

Nguyen, V. T., Canciani, B., Cirillo, F., Anastasia, L., Peretti, G. M., & Mangiavini, L.
(2020). Effect of Chemically Induced Hypoxia on Osteogenic and Angiogenic
Differentiation of Bone Marrow Mesenchymal Stem Cells and Human Umbilical

64



Vein Endothelial Cells in Direct Coculture. Cells, 9(3).
https://doi.org/10.3390/cells9030757

Nicosia, R. F., Nicosia, S. V, & Smith, M. (1994). Vascular endothelial growth factor,
platelet-derived growth factor, and insulin-like growth factor-1 promote rat aortic
angiogenesis in vitro. The American Journal of Pathology, 145(5), 1023-1029.
http://europepmec.org/abstract/ MED/7526691

Noumbissi, M. E., Galasso, B., & Stins, M. F. (2018). Brain vascular heterogeneity:
Implications for disease pathogenesis and design of in vitro blood-brain barrier
models. In Fluids and Barriers of the CNS (Vol. 15, Issue 1). BioMed Central Ltd.
https://doi.org/10.1186/s12987-018-0097-2

Obermeier, B., Daneman, R., & Ransohoff, R. M. (2013). Development, maintenance and
disruption of the blood-brain barrier. Nature Medicine, 19(12), 1584-1596.
https://doi.org/10.1038/nm.3407

Oswald, J., Boxberger, S., Jorgensen, B., Feldmann, S., Ehninger, G., Bornhéduser, M., &
Werner, C. (2004). Mesenchymal Stem Cells Can Be Differentiated Into Endothelial
Cells In Vitro. In Stem Cells (Vol. 22). www.StemCells.com

Pankajakshan, D., Kansal, V., & Agrawal, D. K. (2013). In vitro differentiation of bone
marrow derived porcine mesenchymal stem cells to endothelial cells. Journal of
Tissue  Engineering and  Regenerative  Medicine, 7(11), 911-920.
https://doi.org/10.1002/term.1483

Pankratz, M., Li, X.-J., LaVaute, T. M., Lyons, E. A., Chen, X., & Zhang, S.-C. (2007).
Directed Neural Differentiation of Human Embryonic Stem Cells via an Obligated
Primitive Anterior Stage. STEM CELLS, 25.

Park, R., Kook, S.-Y., Park, J.-C., & Mook-Jung, 1. (2014). AB1-42 reduces P-
glycoprotein in the blood—brain barrier through RAGE-NF-«kB signaling. Cell Death
& Disease, 5(6), €1299—e1299. https://doi.org/10.1038/cddis.2014.258

Park, T. E., Mustafaoglu, N., Herland, A., Hasselkus, R., Mannix, R., FitzGerald, E. A.,
Prantil-Baun, R., Watters, A., Henry, O., Benz, M., Sanchez, H., McCrea, H. J.,
Goumnerova, L. C., Song, H. W., Palecek, S. P., Shusta, E., & Ingber, D. E. (2019).
Hypoxia-enhanced Blood-Brain Barrier Chip recapitulates human barrier function
and shuttling of drugs and antibodies. Nature Communications, 10(1).
https://doi.org/10.1038/s41467-019-10588-0

Pfeiffer, F., Schéfer, J., Lyck, R., Makrides, V., Brunner, S., Schaeren-Wiemers, N.,
Deutsch, U., & Engelhardt, B. (2011). Claudin-1 induced sealing of blood—brain
barrier tight junctions ameliorates chronic experimental autoimmune
encephalomyelitis. Acta Neuropathologica, 122(5), 601-614.
https://doi.org/10.1007/s00401-011-0883-2

Pittenger, M. F., Mackay, A. M., Beck, S. C., Jaiswal, R. K., Douglas, R., Mosca, J. D.,
Moorman, M. A., Simonetti, D. W., Craig, S., & Marshak, D. R. (1999). Multilineage
potential of adult human mesenchymal stem cells. Science (New York, N.Y.),
284(5411), 143—147. https://doi.org/10.1126/science.284.5411.143

Podkalicka, P., Stepniewski, J., Mucha, O., Kachamakova-Trojanowska, N., Dulak, J., &
Loboda, A. (2020). Hypoxia as a driving force of pluripotent stem cell
reprogramming and differentiation to endothelial cells. In Biomolecules (Vol. 10,
Issue 12, pp. 1-30). MDPI AG. https://doi.org/10.3390/biom10121614

Pourjafar, M., Saidijam, M., Mansouri, K., Ghasemibasir, H., Karimi dermani, F., &
Najafi, R. (2017). All-trans retinoic acid preconditioning enhances proliferation,
angiogenesis and migration of mesenchymal stem cell in vitro and enhances wound
repair in vivo. Cell Proliferation, 50(1). https://doi.org/10.1111/cpr.12315

65



Prado-Lopez, S., Conesa, A., Armifidn, A., Martinez-Losa, M., Escobedo-Lucea, C.,
Gandia, C., Tarazona, S., Melguizo, D., Blesa, D., Montaner, D., Sanz-Gonzalez, S.,
Sepulveda, P., Gotz, S., O’Connor, J. E., Moreno, R., Dopazo, J., Burks, D. J., &
Stojkovic, M. (2010). Hypoxia promotes efficient differentiation of human
embryonic stem cells to functional endothelium. Stem Cells, 28(3), 407-418.
https://doi.org/10.1002/stem.295

Qian, T., Maguire, S. E., Canfield, S. G., Bao, X., Olson, W. R., Shusta, E. V, & Palecek,
S. P. (2017). Directed differentiation of human pluripotent stem cells to blood-brain
barrier  endothelial  cells. Science  Advances, 3(11), el701679.
https://doi.org/10.1126/sciadv.1701679

Raab Heike; Gaumann Andreas; Yiice Ali; Gerber Hans-Peter; Plate Karl; Hammes Hans-
Peter; Ferrara Napoleone; Breier Georg, S. B. (2004). Impaired brain angiogenesis
and neuronal apoptosis induced by conditional homozygous inactivation of vascular
endothelial growth factor. Thrombosis and Haemostasis, 91(03), 595-605.
https://doi.org/10.1160/TH03-09-0582

Reed, M. J., Damodarasamy, M., & Banks, W. A. (2019). The extracellular matrix of the
blood-brain barrier: structural and functional roles in health, aging, and Alzheimer’s
disease. In Tissue Barriers (Vol. 7, Issue 4). Taylor and Francis Inc.
https://doi.org/10.1080/21688370.2019.1651157

Reinhold, A., & Rittner, H. (2017). Barrier function in the peripheral and central nervous
system-a review. Pflugers Arch, 469, 123—134. https://doi.org/10.1007/s00424-016-
1920-8

Ren, H., Cao, Y., Zhao, Q., Li, J., Zhou, C., Liao, L., Jia, M., Zhao, Q., Cai, H., Han, Z.
C., Yang, R., Chen, G., & Zhao, R. C. (2006). Proliferation and differentiation of
bone marrow stromal cells under hypoxic conditions. Biochemical and Biophysical
Research Communications, 347(1), 12-21.
https://doi.org/https://doi.org/10.1016/1.bbrc.2006.05.169

Reuther, M. S., Wong, V. W., Briggs, K. K., Chang, A. A., Nguyen, Q. T., Schumacher,
B. L., Masuda, K., Sah, R. L., & Watson, D. (2012). Culture of Human Septal
Chondrocytes in a Rotary Bioreactor. Otolaryngology—Head and Neck Surgery,
147(4), 661-667. https://doi.org/https://doi.org/10.1177/0194599812448049

Rinderknecht, H., Ehnert, S., Braun, B., Histing, T., Nussler, A. K., & Linnemann, C.
(2021). The Art of Inducing Hypoxia. Oxygen, 1(1), 46-61.
https://doi.org/10.3390/0xygen1010006

Rosell, A., Cuadrado, E., Ortega-Aznar, A., Hernandez-Guillamon, M., Lo, E. H., &
Montaner, J. (2008). MMP-9—Positive Neutrophil Infiltration Is Associated to
Blood—Brain Barrier Breakdown and Basal Lamina Type IV Collagen Degradation
During Hemorrhagic Transformation After Human Ischemic Stroke. Stroke, 39(4),
1121-1126. https://doi.org/10.1161/STROKEAHA.107.500868

Sacchetti, B., Funari, A., Michienzi, S., Di Cesare, S., Piersanti, S., Saggio, 1., Tagliafico,
E., Ferrari, S., Robey, P. G., Riminucci, M., & Bianco, P. (2007). Self-renewing
osteoprogenitors in bone marrow sinusoids can organize a hematopoietic
microenvironment. Cell, 131(2), 324-336.
https://doi.org/10.1016/j.cell.2007.08.025

Sahtoe, D. D., Coscia, A., Mustafaoglu, N., Miller, L. M., Olal, D., Vulovic, 1., Yu, T.-Y.,
Goreshnik, 1., Lin, Y.-R., Clark, L., Busch, F., Stewart, L., Wysocki, V. H., Ingber,
D. E., Abraham, J., & Baker, D. (2021). Transferrin receptor targeting by de novo
sheet extension. Proceedings of the National Academy of Sciences, 118(17),
€2021569118. https://doi.org/10.1073/pnas.2021569118

66



Saltzman, D. J., Toth, A., Tsai, A. G., Intaglietta, M., & Johnson, P. C. (2003). Oxygen
tension distribution in postcapillary venules in resting skeletal muscle. American
Journal of Physiology-Heart and Circulatory Physiology, 285(5), H1980-H1985.
https://doi.org/10.1152/ajpheart.00322.2002

Samal, J. R. K., Rangasami, V. K., Samanta, S., Varghese, O. P., & Oommen, O. P. (2021).
Discrepancies on the Role of Oxygen Gradient and Culture Condition on
Mesenchymal Stem Cell Fate. In Advanced Healthcare Materials (Vol. 10, Issue 6).
John Wiley and Sons Inc. https://doi.org/10.1002/adhm.202002058

Sanchez-Covarrubias, L., Slosky, L., Thompson, B., Davis, T., & Ronaldson, P. (2014).
Transporters at CNS Barrier Sites: Obstacles or Opportunities for Drug Delivery?
Current Pharmaceutical Design, 20(10).
https://doi.org/10.2174/13816128113199990463

Sandoval, K. E., & Witt, K. A. (2008). Blood-brain barrier tight junction permeability and
ischemic stroke. Neurobiology of  Disease, 32(2), 200-219.
https://doi.org/https://doi.org/10.1016/1.nbd.2008.08.005

Sart, S., Agathos, S. N., & L1, Y. (2014). Process engineering of stem cell metabolism for
large scale expansion and differentiation in bioreactors. Biochemical Engineering
Journal, 84, 74-82. https://doi.org/https://doi.org/10.1016/j.bej.2014.01.005

Schofield, R. (1978). The relationship between the spleen colony-forming cell and the
haemopoietic stem cell. Blood Cells, 4(1-2), 7-25.

Shalaby, F., Rossant, J., Yamaguchi, T. P., Gertsenstein, M., Wu, X.-F., Breitman, M. L.,
& Schuh, A. C. (1995). Failure of blood-island formation and vasculogenesis in Flk-
1-deficient mice. Nature, 376(6535), 62—66. https://doi.org/10.1038/376062a0

Shin, J. M., Kim, J., Kim, H. E., Lee, M. J., Lee, K. il, Gyong Yoo, E., Joo Jeon, Y., Chae,
D. W. K. J. il, & Chung, H. M. (2011). Enhancement of differentiation efficiency of
hESCs into vascular lineage cells in hypoxia via a paracrine mechanism. Stem Cell
Research, 7(3), 173—185. https://doi.org/10.1016/j.scr.2011.06.002

Simmons, P. J., & Torok-Storb, B. (1991). Identification of stromal cell precursors in
human bone marrow by a novel monoclonal antibody, STRO-1. Blood, 78(1), 55—
62.

Simon, M. C. (2016). The Hypoxia Response Pathways — Hats Off! New England
Journal of Medicine, 375(17), 1687—1689. https://doi.org/10.1056/nejmcibr1 610065

Simon, M. C., & Keith, B. (2008). The role of oxygen availability in embryonic
development and stem cell function. Nature Reviews Molecular Cell Biology, 9(4),
285-296. https://doi.org/10.1038/nrm2354

Sladojevic, N., Stamatovic, S. M., Keep, R. F., Grailer, J. J., Sarma, J. V., Ward, P. A., &
Andjelkovic, A. v. (2014). Inhibition of junctional adhesion molecule-A/LFA
interaction attenuates leukocyte trafficking and inflammation in brain
ischemia/reperfusion injury. Neurobiology of Disease, 67.
https://doi.org/10.1016/7.nbd.2014.03.010

Stebbins, M. J., Lippmann, E. S., Faubion, M. G., Daneman, R., Palecek, S. P., & Shusta,
E. v. (2018). Activation of RARa, RARY, or RXRa Increases Barrier Tightness in
Human Induced Pluripotent Stem Cell-Derived Brain Endothelial Cells.
Biotechnology Journal, 13(2), 1700093.
https://doi.org/https://doi.org/10.1002/biot.201700093

Stenman, J. M., Rajagopal, J., Carroll, T. J., Ishibashi, M., McMahon, J., & McMahon,
A. P. (2008). Canonical Wnt Signaling Regulates Organ-Specific Assembly and
Differentiation of CNS Vasculature. Science, 322(5905), 1247-1250.
https://doi.org/10.1126/science.1164594

67



Stern, L., & Gautier, R. (1922). II. — Les Rapports Entre Le Liquide Céphalo-Rachidien
Et Les ¢léments Nerveux De L[’axe Cerebrospinal. Archives Internationales de
Physiologie, 17(4). https://doi.org/10.3109/13813452209146219

Strbian, D., Durukan, A., Pitkonen, M., Marinkovic, 1., Tatlisumak, E., Pedrono, E., Abo-
Ramadan, U., & Tatlisumak, T. (2008). The blood—brain barrier is continuously open
for several weeks following transient focal cerebral ischemia. Neuroscience, 153(1),
175-181. https://doi.org/https://doi.org/10.1016/j.neuroscience.2008.02.012

Sweeney, M. D., Zhao, Z., Montagne, A., Nelson, A. R., & Zlokovic, B. v. (2019). Blood-
brain barrier: From physiology to disease and back. Physiological Reviews, 99(1),
21-78. https://doi.org/10.1152/physrev.00050.2017

Takashima, Y., Era, T., Nakao, K., Kondo, S., Kasuga, M., Smith, A. G., & Nishikawa,
S.-1. (2007). Neuroepithelial cells supply an initial transient wave of MSC
differentiation. Cell, 129(7), 1377-1388. https://doi.org/10.1016/j.cell.2007.04.028

Tam, S. J., Richmond, D. L., Kaminker, J. S., Modrusan, Z., Martin-McNulty, B., Cao, T.
C., Weimer, R. M., Carano, R. A. D., van Bruggen, N., & Watts, R. J. (2012). Death
Receptors DR6 and TROY Regulate Brain Vascular Development. Developmental
Cell, 22(2), 403—417. https://doi.org/10.1016/j.devcel.2011.11.018

Tancharoen, W., Aungsuchawan, S., Pothacharoen, P., Markmee, R., Narakornsak, S.,
Kieodee, J., Boonma, N., & Tasuya, W. (2017). Differentiation of mesenchymal stem
cells from human amniotic fluid to vascular endothelial cells. Acta Histochemica,
119(2), 113—121. https://doi.org/10.1016/j.acthis.2016.11.009

Teti, G., Focaroli, S., Salvatore, V., Mazzotti, E., Ingra, L., Mazzotti, A., & Falconi, M.
(2018). The hypoxia-mimetic agent cobalt chloride differently affects human
mesenchymal stem cells in their chondrogenic potential. Stem Cells International,
2018. https://doi.org/10.1155/2018/3237253

Thurgur, H., & Pinteaux, E. (2019). Microglia in the Neurovascular Unit: Blood—Brain
Barrier—microglia Interactions After Central Nervous System Disorders.
Neuroscience, 405, 55-67.
https://doi.org/https://doi.org/10.1016/j.neuroscience.2018.06.046

Tietz, S., & Engelhardt, B. (2015). Brain barriers: Crosstalk between complex tight
junctions and adherens junctions. Journal of Cell Biology, 209(4).
https://doi.org/10.1083/jcb.201412147

Tsang, K. M., Hyun, J. S., Cheng, K. T., Vargas, M., Mehta, D., Ushio-Fukai, M., Zou,
L., Pajcini, K. v, Rehman, J., & Malik, A. B. (2017). Embryonic Stem Cell
Differentiation to Functional Arterial Endothelial Cells through Sequential
Activation of ETV2 and NOTCHI1 Signaling by HIF1&#x3b1; Stem Cell Reports,
9(3), 796—-806. https://doi.org/10.1016/j.stemcr.2017.07.001

Valorani, M. G., Germani, A., Otto, W. R., Harper, L., Biddle, A., Khoo, C. P., Lin, W. R.,
Hawa, M. L., Tropel, P., Patrizi, M. P., Pozzilli, P., & Alison, M. R. (2010). Hypoxia
increases Sca-1/CD44 co-expression in murine mesenchymal stem cells and
enhances their adipogenic differentiation potential. Cell and Tissue Research,
341(1), 111-120. https://doi.org/10.1007/s00441-010-0982-8

Vanlandewijck, M., He, L., Mée, M. A., Andrae, J., Ando, K., Del Gaudio, F., Nahar, K.,
Lebouvier, T., Lavifia, B., Gouveia, L., Sun, Y., Raschperger, E., Rdsidnen, M., Zarb,
Y., Mochizuki, N., Keller, A., Lendahl, U., & Betsholtz, C. (2018). A molecular atlas
of cell types and zonation in the brain vasculature. Nature, 554(7693).
https://doi.org/10.1038/nature25739

Vinters, H. v. (2015). Emerging Concepts in Alzheimer’s Disease. Annual Review of
Pathology: Mechanisms of Disease, 10(1). https://doi.org/10.1146/annurev-pathol-
020712-163927

68



Vogelgesang, S., Cascorbi, 1., Schroeder, E., Pahnke, J., Kroemer, H. K., Siegmund, W.,
Kunert-Keil, C., Walker, L. C., & Warzok, R. W. (2002). Deposition of Alzheimer’s
B-amyloid is inversely correlated with P-glycoprotein expression in the brains of
elderly non-demented humans. Pharmacogenetics and Genomics, 12(7).
https://journals.lww.com/jpharmacogenetics/Fulltext/2002/10000/Deposition_of A
Izheimer s amyloid is inversely.5.aspx

Volz, A.-C., Huber, B., Schwandt, A. M., & Kluger, P. J. (2017). EGF and hydrocortisone
as critical factors for the co-culture of adipogenic differentiated ASCs and
endothelial cells. Differentiation, 95, 21-30.
https://doi.org/https://doi.org/10.1016/5.diff.2017.01.002

Wang, C., L1, Y., Yang, M., Zou, Y., Liu, H., Liang, Z., Yin, Y., Niu, G., Yan, Z., & Zhang,
B. (2018). Efficient Differentiation of Bone Marrow Mesenchymal Stem Cells into
Endothelial Cells in Vitro. European Journal of Vascular and Endovascular Surgery,
55(2), 257. https://doi.org/10.1016/j.€jvs.2017.10.012

Wang, X.-S., Fang, H.-L., Chen, Y., Liang, S.-S., Zhu, Z.-G., Zeng, Q.-Y., Li, J., Xu, H.-
Q., Shao, B., He, J.-C., Hou, S.-T., & Zheng, R.-Y. (2014). Idazoxan reduces blood—
brain barrier damage during experimental autoimmune encephalomyelitis in mouse.
European Journal of Pharmacology, 736.
https://doi.org/10.1016/j.ejphar.2014.04.034

White, M. P., Rufaihah, A. J., Liu, L., Ghebremariam, Y. T., Ivey, K. N., Cooke, J. P., &
Srivastava, D. (2013). Limited gene expression variation in human embryonic stem
cell and induced pluripotent stem cell-derived endothelial cells. Stem Cells, 31(1),
92—103. https://doi.org/10.1002/stem.1267

Whyte, J. L., Ball, S. G., Shuttleworth, C. A., Brennan, K., & Kielty, C. M. (2011).
Density of human bone marrow stromal cells regulates commitment to vascular
lineages. Stem Cell Research, 6(3), 238-250.
https://doi.org/https://doi.org/10.1016/j.scr.2011.02.001

Wilson, H. K., Canfield, S. G., Hjortness, M. K., Palecek, S. P., & Shusta, E. V. (2015).
Exploring the effects of cell seeding density on the differentiation of human
pluripotent stem cells to brain microvascular endothelial cells. Fluids and Barriers
of the CNS, 12(1), 13. https://doi.org/10.1186/s12987-015-0007-9

Wu, J., Niu, J., Li, X, Li, Y., Wang, X., Lin, J., & Zhang, F. (2014). Hypoxia Induces
Autophagy of Bone Marrow-Derived Mesenchymal Stem Cells via Activation of
ERK1/2. Cellular Physiology and Biochemistry, 33(5), 1467-1474.
https://doi.org/10.1159/000358711

Xu, W., Zhou, W., Cheng, M., Wang, J., Liu, Z., He, S., Luo, X., Huang, W., Chen, T.,
Yan, W., & Xiao, J. (2017). Hypoxia activates Wnt/B-catenin signaling by regulating
the expression of BCL9 in human hepatocellular carcinoma. Scientific Reports, 7,
40446. https://doi.org/10.1038/srep40446

Xu, Z., Zhang, Q., & Li, H. (2013). Differentiation of human hair follicle stem cells into
endothelial cells induced by vascular endothelial and basic fibroblast growth factors.
Molecular Medicine Reports, 9. https://doi.org/10.3892/mmr.2013.1796

Yarong He, Yao Yao, Stella E Tsirka, Y. C. (2014). Cell-Culture Models of the Blood—
Brain Barrier. Stroke, 45(8), 2514-2526.
https://doi.org/10.1161/STROKEAHA.114.005427

Yousef, H., Czupalla, C. J., Lee, D., Chen, M. B., Burke, A. N., Zera, K. A., Zandstra, J.,
Berber, E., Lehallier, B., Mathur, V., Nair, R. V, Bonanno, L. N., Yang, A. C.,
Peterson, T., Hadeiba, H., Merkel, T., Korbelin, J., Schwaninger, M., Buckwalter, M.
S., ... Wyss-Coray, T. (2019). Aged blood impairs hippocampal neural precursor

69



activity and activates microglia via brain endothelial cell VCAMI1. Nature Medicine,
25(6), 988—1000. https://doi.org/10.1038/s41591-019-0440-4

Yu, X.,Ji, C., & Shao, A. (2020). Neurovascular Unit Dysfunction and Neurodegenerative
Disorders. In Frontiers in Neuroscience (Vol. 14). Frontiers Media S.A.
https://doi.org/10.3389/fnins.2020.00334

Zhang, G., Zhou, J., Fan, Q., Zheng, Z., Zhang, F., Liu, X., & Hu, S. (2008). Arterial—
venous endothelial cell fate is related to vascular endothelial growth factor and
Notch status during human bone mesenchymal stem cell differentiation. FEBS
Letters, 582(19), 2957-2964.
https://doi.org/https://doi.org/10.1016/j.febslet.2008.07.031

Zhang, Q., Bai, X., Chen, W., Ma, T., Hu, Q., Liang, C., Xie, S., Chen, C., Hu, L., Xu, S.,
& Liang, T. (2013). Wnt/B-catenin signaling enhances hypoxia-induced epithelial—
mesenchymal transition in hepatocellular carcinoma via crosstalk with HIF-1a
signaling. Carcinogenesis, 34(5), 962-973. https://doi.org/10.1093/carcin/bgt027

Zhang, S., Zhang, W., Li, Y., Ren, L., Deng, H., Yin, X., Gao, X., Pan, S., & Niu, Y.
(2020). Human Umbilical Cord Mesenchymal Stem Cell Differentiation Into
Odontoblast-Like Cells and Endothelial Cells: A Potential Cell Source for Dental
Pulp Tissue Engineering. Frontiers in Physiology, 11.
https://doi.org/10.3389/fphys.2020.00593

Zlokovic, B. v. (2008). The Blood-Brain Barrier in Health and Chronic
Neurodegenerative Disorders. In Neuron (Vol. 57, Issue 2, pp. 178-201).
https://doi.org/10.1016/j.neuron.2008.01.003

Zlokovic, B. v. (2014). Neurovascular pathways to neurodegeneration in Alzheimer’s
discase and other disorders. Nat Rev Neurosci., 12, 723-738.
https://doi.org/10.1038/nrn3114

70



APPENDIX

su

su

su

INAINI

sk sk sk sk
su su su su uedopuyg
sk sk Y b1a
* seokokok su gk # -INDHA
sestestesk * sekokok su SOSINY
seokokok su seokekok INAINIT
. * uedopuyg
LA
skokoskk ¢-INDH
SOSINYU
INAINI uedopuyg C-INDH SOSINYU INAINI uedopuyg ¢-INDH SOSINYU
rid Ld
qg¢’¢ om3Ig
* sk ok sk sk sk sk ke ok sk ok INAINI
sk ok Rk sk sk sk sk sk uedopuyg b1d
sk sk sk sk sk ok -INDH
sestestesk seokokok sekokok su SOSINY
su kKK ok kokoskk INANI
sk ke ok sk ok uedopuyg
LA
kokoskk -INDH
SOSINU
INAINI uedopuyg ¢-INDH SOSINU INAINI uedopuyg ¢-INDH SOSINYU
rid Ld

Be ¢ aI3ig

71



sk kx kokokok su * su o su su sk kekkk skekokok su sk skekskk skekokok skekskok sksksksk skekokok INAINT
sk kskoksk ekl ek etk stk skskoksk skl ksl skokokok su skl sokskk ek skl skekokok SU 44 | UedoOpuy b1d
sefeoleok skokokok su su sefoleok skokokok *ok sk skokokok su *ok skkk kkEk kkkk ks kkkx sxkx | CIANDH
sk sk ok su sk kkokok kokkok su sk kkokok kokkok su su su su su SOSINYU
et stk ek et stk su su sk kokkk skokokok su sk skekskok skekoksk skekskok sksksksk skekokok INAINT
su sk sokskok sk sk sokokok ® * fkE kR ksl skl sk ssss | UBAOPUY [na
o su su sk kokkk skokokok su skl ek ekl kel ek sekx | CINDH
sk kkokok kokkok su sk skl gk su su su su su SOSINY
su sk kkdkk kR su skl okl sekskk ek skl sk | NN
skl okl skokokok su Wk REk kkkk kkkk sk sk | UBAOPUE ed
skl dokskk skekoksk su skl skl ek sk seksk | CINDH
sk kkokok kokkok su su su su su SOSINY
sk ek ek ekl ek sk sk | INAIAL
fkE kR ksl skl sk ssss | UBAOPUY ca
sk ksl ks ssokx ossekex | CANDH
su su su su | SDSIAY
su * su INAINI
su su | uedopug
<d
su C-INDH
SOSINY
| E| Q| ¢| =| E| 2| ¢ = El 2l gl =| &E|alg|l =] & 2 ¢
Al &l = »| A gl =| @ A el =| @ | A el =| @ | A el = | @
S| 2| 9| =2 = = Q = = = Q = > i O = > i O =
= 0 m = — m 2 < — m 83| <= — m /M <= — m /M <=
yid Ia 8d cd <ad

B ¢ 231y

72



skkE kkEk kkkx SU SU e kkkr k% SU s mwwr kkrx SU s wmkx sk sskk o kekx ks | NAINT
wxk SU ek wxxx SU SU s wwokk * su SU  gexxx SU su su su ok su | uedopug b1a
et stk su sk kekkk sololok skoksksk skekokok su sk skokokok su * T T T Bl A\ G |
sk skeokskok su su sk kkkk skokkk su su feksksk o su su su su su SOSINYU
su sk kokkk skkokok su o sk skokskok su skl skokksk slolok skeksok skl kkokok INAINI
sk skokoksk sk su sk skkoksk sekokok su gk kwks Rk ks ssks ks | UBdOpUY [na
su sk dkokokok ek su su et stk su su su su * su -INDHA
dkrx kkkk xkkk SU SU  seswx su su su su su SOSINY
su sk dokkok okl skoksk kRl kel skl sk sk s | NN
sk dokkk skl su Jskk kR Rk sk sk ssss | UBAOPUR ed
sk kokkok ok su sk skokskok K3k sk kwkx | CINDH
SU  wws wx su su su su su | SDSIAY
wEEE Ak su su su su su WANI
gk kwks Rk ks ssks ks | UBdOpUY ca
ok ok SU s C-INDH
su su su su | SOSIAY
su su su NI
% su | uedopug
<d
su ¢-INDH
SOSINYU
=] =] =] =] =]
= < Q 3 = < Q 3 = < Q 3 S < Q 3 S < Q 3
o o o o o
Al o| 2| @ a 5 = % =) 5 = % =) 5 = % =) 5 = %
S| 218 2/ 2| 2|8 2| 5| 2|8 2|5 2|8 5| 5| z2|¢8| ¢
p— m = — m = f— m = f— m = — m =
y1d Ia 8d cd <ad

Qp’€ N3

73



selokk cdkskok kol kol sokoksk kskekek okokok su T T P T T o I A\ (€A
su Rk su su sk koksksk kokskok su sk kKKK *% *% sk keksk ek ksl ks ks | URAOPUY b1d
Reskeskok su su sk sk ks su *% Rk su su skkx kwkk kR kkkx skkx sxkx | CINDH
REE kEEE kR su REE kEEE kR su sk kEEE kokokok su su su su su SOSINY
su sk koksksk skokskok su skE deokokok *% *% sk kR kR kR koksksk sokokok INAINT
sk kol skokskok su sk kskskok * sk sk wkwk kwksk wkkx sk ssss | UBAOPUY na
wREE kR su su Reskskok su su su sk ek ke kel sk | CINDH
sk kR ok su sk kEEE kokokok su su su su su SOSINY
P T T o I A\ (€A
su Rk su su fkk ksl dokk ok sokx ks | UBAOPUH ed
Rk su su su solokx ke ke kol sk | CINDH
sk kEEE kokokok su su su su su SOSINY
su # sk kKR kR koksksk sokskok INAINT
su wk gk Rk gk sk | UBAOPUR ca
Heskeskok su wx%  kxxx wxxx | CINDH
su su su su | SDSIAY
su su su INOINIT
su su | uedopug
cd
su ¢-INDH
SOSINU
[= [= [= [= [=
b s Q & = 3 N 3 s 3 N 3 s 3 N 3 s s N 3
gl = gl = gl = gl = gl =
a S 2] a S n a S n a S n a 9 N
S| 2| 8| 5| S| 2| 8| 2| 2| 2| 38|2|5|<2|¢8|lg| 2|2 g z
] E = ] E = ] E = ] E = ] E =
rid Ia 8d cad <ad

BG ¢ 2I31yg

74



sk dkk dkokokok * su sk skokokok su sk skokskok ke dkokokok su * sk kkkok skl skekoksk ok INAINI
SU e ook skokokok su sk skokokok su su seokodeok su sk skoksksk kR sk su su s | URdOpUY b1d
sk dokokok skokokok su T su su seokodeok su su skkx dkkkk skekokok su su seokedek ¢-INDHA
sk skokoksk sekokok su sk skokoksk sekokok su sk skokoksk sekokok su su gk kokkk su SOSINY
su sk skokokok su sk skokskok keksksk kkkk skokok su sk kol ekl skekoksk ok INAINI
sk skokskok su sk skokkok kskokok skokskok su su R 1 Je (VGG | [na
sk skokokok su su sesfestesk su sfok o skokosksk skekskk ook su su st stk ¢-INDHA
sk kokkk skkkok su sk skokoksk sekokok su su sk skokokok su SOSINY
sk skokkok kskokok skokskok su su skkok skokksk soloksk ekl sokoksk INAINI
su Kok su * sk kokkk kskokok su su wxxs | UBdOpPUY ed
seokdeok su sk sk skokokok skekok su su st stk ¢-INDHA
sk skokoksk sekokok su su sk skokokok su SOSINY
sk dokokok skokokok * su su skt k INAINI
sk skoksksk Rk su sk s | URdOpUY ca
skl ekl sk sk s | CINDH
su sk skokokok su SOSINY
sk skokokok su INAINI
SU  .xxx | UBdOpUY
<ad
kgt ¢-INDH
SOSINY
[= [= [= [= [=
S| £ 3] & = s| 3] & = s| 3] & = s Q| & = s| 3 &
a ) 2 a ) 2 a 9) n =) o) n =) o) 2}
| 2|2 2| 5| 2 2| 2|5 2| g/ 22|28 g|£5 2 8 z
— m = p— m = — m = — m = f— m =
71d Ira 8d cd <ad

qg"¢ 231

75



su su Fxkk xkk FxEk su Fxkk *x FxEE su su su FxEk etk ok d/ WAdNI
su Fxkk xkk FxEk *% Ekkx Ekkx Ekkx su % su Ekkx *kkx d/ -INbd
*kkx Tkkx *kkx k% *kkx *kkx Ekkx su k% su Ekkx xkk ag/ WANI v1d
Fxkk *kkx su *kkx aeg/ T-INHdA
*kkx *kkx Ekkx su SOSINY
Fxkk P FxEk xkk d/ WAdNI
su Fxkk Tkkx wkkx d/ -INbd
Ekkx *kkx Ekkx *kkx ag/ WANI 11
su Ekkx Tkkx wkkx ac/ T-INHd
FxEk Ekkx Tkkx su SOSINY
% su FxEk xkk d/ WAdNI
Fxkk Tkkx wkkx d/ -INbd
FxEk xkk ag/ WANI cd
wkkx ac/ T-INHdA
SOSINY
S8 87 8% 2| 8|8 |878% 2| 8% |87 &g z
v1d [1da cd

©9 ¢ 231

76



su su sk ek ke ok sekok su ekt k su et stk ad/ WAaNI
su su *k ook ok su Heskskeok * Kk ad/ T-INDd
ek et stk $ekk su seokede ok su ke ke ok as/ Want v1d
su Hkkk sk seokede ok seokokok su ae/ T-INHH
seokeskeok seotesteok seokede ok seokokok su SOSINY
sk su * et stk ad/ WAaNI
Heskskeok su seskskeok ad/ ¢-INHd
sk seskskeok as/ WAaiNi Ia
sk ok ag¢/ ¢-INDHd
SOSINY
NN 5 | 5 | 2 | 5. ] 2
> a = A 72} = @) S A N
Se | Ge| Be | 2| g | Be| ze| Bm | i8¢
— [Sa] — [Sa] = — [Sa] — [Sa] =
y1d Ima

Q'€ aIm31]

77



Figure 3.7
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