IN VITRO MODELING OF NANOMATERIAL TRANSPORT ACROSS THE
BLOOD-BRAIN BARRIER (BBB) MODEL DERIVED FROM iPSCs

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
ANKARA UNIVERSITY

by

Cemile GOKCE

DEPARTMENT OF BIOMEDICAL ENGINEERING

ANKARA
2024

All rights reserved



ABSTRACT
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Blood—brain barrier (BBB) is the main entry to central nervous system (CNS) and
considered as the bottleneck of most CNS-related studies like finding new therapeutic
canditates against brain tumors such as glioblastoma multiforme (GBM). Maintaining
physical BBB and blood-brain-tumor barrier (BBTB) integrity and their well
characterization are highly crucial for these studies. For modulating the treatment efficacy
of brain tumors, especially GBM, there is a need to understand the behaviors of both BBB
and BBTB in further studies. In this regard, decades have been devoted to the
investigation and comprehension of the cellular and molecular mechanisms that underlie
the development of the BBB and BBTB using in vitro models. Additionally, researchers
aim to design nanodelivery systems and/or use nanomaterials (NMs) to cross the BBB
and BBTB and therefore successfully deliver them to the brain, for purposes like drug
delivery to the tumor site. With the in vitro BBB and BBTB models, it is possible to
investigate the transport of these materials/systems from the blood to the brain. For these
reasons, in this thesis, useful in vitro human BBB and BBTB models are provided by
using differentiation and culturing methods to evaluate the properties of human brain
endothelial cells (ECs) and then to investigate the transport of novel fluorescent NMs
across the BBB and BBTB. Demonstration of transportation from blood to the brain will
pave the way for these NMs to be more preferred in CNS-related studies and even to be
used in the treatment of various neurological diseases in future studies.

September 2024, 115 pages

Key Words: In vitro blood-brain barrier model, human brain endothelial cells, human induced
pluripotent stem cells, differentiation, disease modeling, glioblastoma multiforme, blood-brain-
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OZET

Yiksek Lisans Tezi

uPK HUCRELERINDEN ELDE EDILEN KAN-BEYIN BARIYER MODELINDE
NANOMALZEME GECISININ IN VITRO MODELLENMESI

Cemile GOKCE

Ankara Universitesi
Fen Bilimleri Enstitiisii
Biyomedikal Miihendisligi Anabilim Dali

Danigsman: Dog. Dr. Agelya YILMAZER AKTUNA

Kan-beyin bariyeri (KBB), merkezi sinir sistemine (MSS) ana giristir ve glioblastom
multiform (GBM) gibi beyin tiimorlerine karsi yeni terapotik adaylarin bulunmasi gibi
MSS ile ilgili ¢ogu calismanin énemli bir pargasi olarak kabul edilir. Fiziksel KBB ve
kan-beyin-tiimor bariyeri (KBTB) biitiinliigiiniin korunmasi ve bunlarin karakterizasyonu
bu calismalar i¢in olduk¢a dnemlidir. Beyin tiimdrlerinin, 6zellikle de GBM'in tedavi
etkinliginin modiile edilebilmesi i¢in ileriki ¢alismalarda hem KBB hem de KBTB'nin
davraniglarinin anlasilmasina ihtiya¢ vardir. Bu baglamda, in vitro modeller kullanilarak
KBB ve KBTB'nin gelisiminin altinda yatan hiicresel ve molekiiler mekanizmalarin
arastirilmasina ve anlasilmasina onlarca yil ayrilmistir. Ayrica arastirmacilar, KBB ve
KBTB'y1 ge¢gmek i¢in nanodagitim sistemleri tasarlamayr ve/veya nanomalzemeler
kullanmay1 ve dolayisiyla bunlar1 timdr bolgesine ilag dagitimi gibi amaglarla basarili bir
sekilde beyne ulastirmayr hedeflemektedir. Olusturulan in vitro KBB ve KBTB
modellemeleriyle bu malzemelerin/sistemlerin kandan beyne tasinmasini arastirmak
miimkiindiir. Bu sebeplerden dolayi, bu tezde, farklilastirma ve kiiltliir yontemleri
kullanilarak insan beyni endotel hiicrelerinin (EH'ler) 6zelliklerini degerlendirmek ve
daha sonra yeni floresan nanomalzemelerin (NM'lerin) KBB ve KBTB boyunca
tasinmasini arastirmak i¢in kullanislt in vitro insan KBB ve KBTB modelleri saglanmastir.
Kandan beyne gecisinin gosterilmesi, bu nanomalzemelerin MSS ile ilgili ¢aligmalarda
daha cok tercih edilmesine, hatta ileride yapilacak calismalarda ¢esitli ndrolojik
hastaliklarin tedavisinde kullanilmasinin oniinii agacaktir.

Eyliil 2024, 115 sayfa

Anahtar Kelimeler: In vitro kan-beyin bariyeri modeli, insan beyni endotel hiicreleri, insan
kaynakli pluripotent kok hiicreler, farklilasma, hastalik modelleme, glioblastom multiform, kan-
beyin-tiimor bariyeri, floresan nanomalzemeler, nanomalzeme tasinmasi
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1. INTRODUCTION

In well-developed organisms just like the human body, tissues of the brain are preserved
from foreign molecules such as infectious agents and toxins via three main physiological
barriers in the central nervous system (CNS): blood—cerebrospinal fluid (CSF) barrier, the
arachnoid barrier, and blood-brain barrier (BBB) (Abbott, Patabendige, Dolman, Yusof,
& Begley, 2010).

BBB is one of the most exclusive ones for homeostasis of the brain, and thus its modeling
is extremely important in biomedical applications like CNS drug studies like
permeability, screening, and delivery and treatments of brain disorders like neurological
diseases and tumors in brain (Bagchi et al., 2019; Z. Liu et al., 2022; Miura et al., 2013;
Reddy, Tatiparti, Sau, & Iyer, 2021; Vignone et al., 2022). Regarding this, BBB models
can be created under laboratory (LAB) conditions (Hatherell, Couraud, Romero, Weksler,

& Pilkington, 2011; J. Helms et al., 2020; Neuhaus et al., 2006; Prashanth et al., 2021).

This thesis provided a basic description of stem cells (SCs) and an overview of BBB
anatomy, function, properties, important terms determining BBB integrity, and different
transport mechanisms (pathways) present in the BBB. Also, to better understand the
thesis aim, different BBB models in vitro in two (2D) and three dimensions (3D), the
factors or diseases causing the disruptions in the BBB integrity as well as its function,
BBB disease models, NMs’ use in biomedical areas like nanodelivery systems in addition

to BBB studies including clinical ones are mentioned.



2. LITERATURE REVIEW

2.1 Stem Cells (SCs)

Stem cells (SCs) are undifferentiated cells with potential to differentiate into different cell
types within human tissues and organs. SCs may be used in the therapies of various
chronic human diseases like diabetes and cancer, replacement of the skin, repair of spinal
cord injury, transplantation of brain cells for Parkinson’s disease. They are mainly
classified as embryonic, hematopoietic or adult, and pluripotent SCs based on their

sources (Kalra & Tomar, 2014).

Embryonic SCs (ESCs) are immortalized and self-renewed cells found in the blastocyst’s
inner cell mass and derived from four-to five-day-old embryos. Pluripotency is shown by
these cells, meaning they differentiate into almost any cell type. Adult SCs (ASCs) are
found in the umbilical cord, placenta, and mature body tissues. They possess multipotent
differential potential by differentiating into a cell family (Kalra & Tomar, 2014). They are
widely used in tissue engineering to regenerate dying cells and/or damaged tissues (Eberli
& Atala, 2006). Induced pluripotent SCs (iPSCs) are somatic cells, which gain
pluripotency by introducing Yamanaka transcription factors, OCT4, SOX2, KLF4, and c-
MYC (Takahashi et al., 2007). They possess the capacity for self-renewal and the
potential to differentiate to any cell type derived from the three primary germ layers:
ectoderm, endoderm, mesoderm (Figure 2.1). They are generated from adults, unlike

embryonic tissue, so they do not have ethical issues (Delsing et al., 2020).



Endoderm

Adult Cells
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c-Myc

Figure 2.1 iPSCs isolating from adult cells and differentiating into three germ layers
(Created by BioRender)

2.2 The blood-brain-barrier (BBB)

2.2.1 Structure and function

BBB, as a selectively semipermeable system, is considered the most regulated and
privileged barriers in human body (Alahmari, 2021). Its development starts to occur
during fetal life and its proteins’ formation by birth. The protection of the CNS in the
brain is particularly maintained by the BBB, whose function is to regulate the flow of all
kinds of substances from luminal (blood) to abluminal (brain) side or vice versa and thus
BBB controls brain’s chemical composition for its normal functioning (Nance, Pun,

Saigal, & Sellers, 2021).

2.2.2 Neurovascular unit (NVU)

The BBB has the combination of three interfaces: physical barrier with tight junction

proteins (TJs) like occludin (OCLN), and claudins (CLDNs) (see Figure 2.3), transport



barrier with transport pathways like diffusion and transcytosis (see Figure 2.4), and
metabolic barrier with enzymes like gamma-glutamyl transpeptidase (-GTP) and alkaline
phosphatase (ALP) (Abbott, Ronnbéack, & Hansson, 2006; Stamatovic, Keep, &
Andjelkovic, 2008). It consists of cells having a comparatively small pore size that inhibit
the transcytosis of most solutes and particles (Nance et al., 2021). The critical BBB
components are pericytes, astrocytes, and endothelial cells (ECs) creating a neurovascular
unit (NVU), as shown in Figure 2.2. In the NVU, the blood capillary walls are formed by
ECs, and ECs are connected by TJs, which restrict the flux between these cells (Abbott
et al., 2010). Blood vessels are surrounded by end-feet of astrocytes, which have role in
maintaining BBB, controlling blood flow, and critical to restore BBB integrity after brain
damage (Kubotera et al., 2019). Pericytes, situated very close to the end-feet of astrocytes’
end feet, play crucial role in stabilizing vascularization as well as supporting BBB. They
contribute to the BBB regulation and functionality through producing transforming
growth factor-f (TGF-B) (Alahmari, 2021; Azad et al., 2015). They also produce
extracellular matrix (ECM) proteins and regulated activity of ECs (Mo, Pellerino,
Soffietti, & Ruda, 2021). In the brain side of BBB, cells, namely microglias, regulate
passage of immune cells across the BBB and provide immunity by wrappping foreign

particles (Alahmari, 2021; Daneman, 2012).

In the basement membrane (basal lamina, BL), the ECs interact with ECM proteins like
collagen (CoL), fibronectin (FN), glycoproteins like tenascin, and proteoglycans like
agrin by using integrin receptors and thus manage the BBB to function properly. ECM
proteins are prominent because they may promote adhesion, spreading of ECs and
monolayer BBB formation (Katt, Linville, Mayo, Xu, & Searson, 2018). In neurological
diseases such as stroke, Alzheimer’s disease (AD), membrane is disrupted by matrix
metalloproteinases disrupt therefore the BBB dysfunctions (Alahmari, 2021; Daneman,
2012; Daneman & Prat, 2015). Furthermore, ECM has great impact on the therapeutic
outcome owing to interactions between drug delivery systems or nanoparticles (NPs) and
ECM at BBB before reaching brain and then modifies system/particle uptake and
releasement to tissues (Henrich-Noack et al., 2019). ECM is also modulated in tumor
presence with the partial loss of some ECM components from the blood vessels (Azad et

al., 2015; Rascher et al., 2002).
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Figure 2.2 Anatomical BBB structure, including BBB vascular view and cross-section
(Created by BioRender)

2.2.3 Properties/Characteristics of the BBB

Due to the different areas in the brain and the BBB throughout the vasculature, including
capillaries, arteries, veins, and venules, heterogeneity of the BBB is observed (Daneman,
2012). Each vasculating segment has different functional properties. Transport properties-
related genes are predominant in venules, whereas immunological properties are enriched

in capillaries (Macdonald, Murugesan, & Pachter, 2010).

As described before, TJs form layers of ECs and critical for determining the strength and
degree of permeability of the BBB. This is because TJs consist of numerous components,
which comprise a sequence of transmembrane proteins including OCLNSs, junctional

adhesion molecules (JAMs), and more predominanlty claudin family (see Figure 2.3)



(Daneman, 2012; Furuse, Sasaki, & Tsukita, 1999). Out of the family, CLDN-5 seems to
be the most prevalent one in endothelial TJs (Morita, Sasaki, Furuse, & Tsukita, 1999).
Importantly, the heterogeneous composition of CLDNs within TJs are variable in different
cellular barriers and human neurological diseases (Furuse et al., 2002; Nitta et al., 2003).
On the other hand, the state of CNS affects the function of the BBB as well as its integrity
(Abbott et al., 2010). For example, tumor presence changes the molecular and cellular
regulations of the BBB and increases its heterogeneity (Griffith et al., 2020;
Papadopoulos et al., 2004). Other than TJ components, adherens junctional proteins such
as vascular endothelial-cadherin (VE-Cadherin) and the platelet—endothelial cell adhesion
molecule (PECAMI) are identified in brain ECs (Daneman, 2012; Daneman et al., 2010).
In addition to the TJs’ formation, polarity of the membrane itself affects BBB
permeability. Permeability is also associated with molecules’ properties to be crossed the
barrier such as topological surface area, molecular flexibility, shape, and weight,
metabolic stability, and polarity (Cafiso, 2017; Fong, 2015; Stowasser, 2008). Also, the
releasement of agents like vasoactive peptides and cytokines and production of reactive
oxygen species can regulate it (Abbott et al., 2010; Abbott et al., 2006; Pun, Lu, &
Moochhala, 2009).

Another BBB property is transendothelial electrical resistance (TEER), TJs’ indicator
between brain ECs and its analysis is a way of quantifying the functionality of the TJs. It
can be regulated with the phosphorylation of OCLNSs in vitro and significantly increased
by adding ROCK inhibitor (RevitaCell) to the culture medium, which increase cells to
survive and adhere (Katt et al., 2018; Raleigh et al., 2011). However, increased levels of
VEGF as seen in patients with Multiple Sclerosis or adding VEGF to ECs result in
increment of the permeability and decrease of TEER, by lowering the expression of
OCLNs and CLDN-5 (Argaw, Gurfein, Zhang, Zameer, & John, 2009; J. J. Su et al.,
2006).

As a consequence, distinct brain areas exhibit specialized functions of the BBB. Also,
high TEER, CLDNs and OCLN-positive TJs, and polarized nature of the membrane

maintained by P-gp efflux may be counted as characteristics of the BBB. To assess them,



the stiffness of ECM proteins coatings and factors in the culture medium that affect TEER,
and permeability values may be screened (Katt et al., 2018).
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Figure 2.3 Molecular composition of ECs and TJs of the BBB including TJ components
junctional adhesion molecules (JAMs), occludin, claudins, and adherent
junction components VE-Cadherin, PECAM]1 (Created by BioRender)
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2.2.4 Transport pathways across the BBB

As mentioned before, the delivery of molecules in and out of the brain is regulated
through pumps and by targetting proteins like receptors. In this regard, the BBB has
various pathways for the high controllable molecule transport between blood and brain.
These pathways mainly are; paracellular aqueous/diffusion pathway, transcellular
lipophilic/diffusion pathway, carrier-mediated influx (transporter protein pathway), efflux
mechanism, receptor-mediated transcytosis (RMT), and adsorptive transcytosis (AT)

(Lalatsa & Butt, 2018) (see Figure 2.4). In paracellular aqueous/diffusion pathway, polar



solute (water-soluble) molecules such as ions may passively transported by utilizing small
intercellular pores located in the TJs, which are formed by transmembrane proteins like
CLDNs (Y. H. Kim, Kim, D’Argenio, & Crandall, 2021; Wolburg, Wolburg-Buchholz,
Liebner, & Engelhardt, 2001). However, the complex inteaction of claudin with occludin
and other proteins may block the transportation of these solutes (Lalatsa, Schitchlein, &
Uchegbu, 2012). In transcellular lipophilic/diffusion pathway, lipid-soluble and/or
amphiphilic solute molecules may diffuse passively through lipid bilayered cell
membrane to cross the BBB (Lalatsa & Butt, 2018; Lalatsa et al., 2012). In carrier-
mediated influx, numerous essential polar molecules, which may not easily diffuse
through the membrane like amino acids, amines, nucleosides, and glucose are transported
into the CNS via specialized carries. For instance, aminoacids, nucleosides, low
molecular weight drugs, and drug-loaded NPs use large neutral amino acid transporters,
and glucose uses the glucose transporter (GLUT1) as their carries (Lalatsa & Butt, 2018).
In efflux mechanism, xenobiotics, endogeneous metabolites, or passively penetrating
undesirable molecules (e.g. azidothymidine, cyclosporine A, vinca alkaloids) are
transported out of the brain ECs via active efflux pumps or carries such as adenosine
triphosphate (ATP)-binding cassette transporters (e.g. ATP binding cassette subfamily B
member 1, ABCB1) (Loscher & Potschka, 2005; Mahringer & Fricker, 2016). ABCBI1 is
polyglycoprotein (P-gp), which more likely use high molecular weight lipophilic drugs
(e.g. paclitaxel, loperamide, vinblastine, and cyclosporine) as its substrate and therefore
prevents their accumulation in the brain (Lalatsa & Butt, 2018). Furthermore, in the brain
ECs, endocytosis, intracellular vesicular trafficking, exocytosis are present for
transportation, respectively (Pulgar, 2019). The first step involves AT and RMT. AT
depends on the charge of the membrane as well as the molecules to be transported across
the BBB. The molecules can be positively charged polymers, lipids, polymers, and NPs.
They may engage with the membrane and be internalized via AT by forming small surface
pits in the membrane, namely caveolae (W. Lu, 2012; Mayor & Pagano, 2007). On the
contrary, transportation of various macromolecules such as proteins (e.g. cytokines,
insulin, transferrin), peptides (e.g. leptin), viruses (e.g. herpes simplex virus), and
particulate formulations (e.g. functionalized NPs, drug and antibody conjugates) occurs
through several receptors at the BBB such as transferrin receptor (TFRC), insulin

receptor, unlike there is no expression of others such as albumin receptors in the BBB



(Lalatsa & Butt, 2018; Pardridge, Eisenberg, & Cefalu, 1985; Pulgar, 2019). This
transportation pathway is called as RMT and based on the specific receptor-ligand
interactions on the brain ECs that result in receptor modification and triggering clathrin-
coated pits formation. Following intracellular trafficking, the ligand (e.g., transferrin)
separates from the receptor, enabling the receptor to be recycled and returned to EC
surface in the brain (Brooks, 2009; Nance et al., 2021). In conclusion, the BBB both
blocks foreign molecules to pass into brain, and restricts solute molecules to diffuse

unregularly out of brain by constraining the pathways.
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Figure 2.4 Transport routes across the BBB (Created by BioRender)



2.3 In vitro models of the BBB

BBB models have been established in vitro to better mimic in vivo BBB and facilitate
studies related to the CNS, including novel drug development and drug delivery to treat
a wide range of neurological diseases (He, Yao, Tsirka, & Cao, 2014). Concerning these
purposes, in vitro BBB models are categorized as static/transwell (monoculture, co-
culture, tri-culture), dynamic, 3D ECM-based, and 3D-microfluidic models (Gomes,
Mendes, Martins, & Sarmento, 2016) (see Figure 2.5 and 2.7).

Monoculture BBB models are constructed from monolayers of brain ECs, which are
grown in transwell-clear inserts. The well in which the insert is positioned mimics brain
side, while insert itself simulates blood side. The exchange of growth factors secreted by
the cells as well as small molecules is allowed by membrane of the inserts whereas the
cell migration across the two sides is restricted (He et al., 2014; Naik & Cucullo, 2012).
These models are the most commonly used, simple, and have only one type of cell, which
i1s brain ECs growth into surface of the inserts, with no physiological stimuli like
interaction with different cell types (e.g. astrocytes, pericytes) of the BBB. Thus, they are
used in signaling pathways and transporter studies (Gomes et al., 2016; He et al., 2014).
Nonetheless, randomly patterned cell adhesion may be observed in ECs formed in the
inserts, giving rise to unreliable permeability measurements (Gomes et al., 2016).
Moreover, EC dedifferentition may be promoted, fasten the loss of characteristics of the
BBB (Naik & Cucullo, 2012). Hence, more complex models BBB models, such as co-
culture BBB models, have been created (Abbott, 2013). Co-culture BBB models have
been constructed with ECs, growing in interaction with glial cells /astrocytes or pericytes
to resemble the BBB phenotype more like in the human body. In these models, brain ECs
are seeded inside the inserts, and the incorporation of ECs with astrocytes or pericytes are
maintained by growning them either at the well bottom, where the insert located without
(w/o) contact, or on the underside of the inserts with direct contact (He et al., 2014). Co-
culture with astrocytes may demonstrate high TEER and low permeability to molecules
(Dehouck, Méresse, Delorme, Fruchart, & Cecchelli, 1990; Rubin et al., 1991). Similarly,
co-culture with pericytes may result in an increase in TEER and influence ECs by means

of factor secretion or gap junction interaction, enhancing maturation of endothelium and
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barrier functioning (Hayashi et al., 2004; Santaguida et al., 2006). Additionally, co-culture
of hCMEC/D3 with human fetal ganglionic eminence-derived neural stem cell line can
be an alternative approach to generate an in vitro BBB model owing to the fact that these
cell lines yield abundantly homogeneous cell populations (Gomes et al., 2016). Thus, co-
culturing enhance formation of TJs, but this improvement is not pronounced as more
complex BBB models, like tri-culture models (Hatherell et al., 2011). Tri-culture models
are designed to incorporate advanced BBB properties, thereby simulating the
neurovascular unit (NVU) structure found in vivo. These models can be formed by brain
ECs-pericytes-astrocytes/glial cells by seeding brain ECs inside the inserts, pericytes on
the underside of the inserts with direct contact, and astrocytes at the bottom of the well
(He et al., 2014). The addition of astrocyes and pericytes to the model have strengthen
barrier integrity, contributed to higher TEER and reduced permeability (Nakagawa et al.,
2009; Nakagawa et al., 2007). It can be said that tri-culture models appear to be the closest
static in vitro model of the in vivo BBB and used for large-scale screenings and
pathophysiological studies (He et al., 2014). Nevertheless, static/transwell models are
incapable to replicate blood flow-produced-physiological tangential force, essential to
preserve BBB structure and function (Naik & Cucullo, 2012; Prabhakarpandian et al.,
2013). Furthermore, in the absence of antimitotic signals from flow and laminin, the cell
cycle rate tends to accelerate, resulting in the uncontrolled multilayer proliferation of ECs.
Therefore, dynamic models have been developed for mimicking blood flow (Gomes et
al., 2016; Santaguida et al., 2006). They generate intraluminal flow via pulsatile variable
speed pump, which is regulated through viscosity of the medium and capillary-like
artificial structural supports, namely hollow fibers to generate shear stress (Naik &
Cucullo, 2012). Physiological shear stress induced by blood flow influences the
transporters and TJ expressions, in addition to the barrier function (Tarbell, 2010). For
example, inclusion of blood flow have been demonstrated to substantially boost the
zonula occludens (ZO-1) expression while decreasing the monolayered brain EC
permeability (He et al., 2014; Siddharthan, Kim, Liu, & Kim, 2007). In these models,
brain ECs are cultivated on the microporous hollow fibers’ interior surface in a sealed
chamber, and are subjected to continuous fluid flow, whereas other cells (e.g. astrocytes)
are seeded in the outer surface of these fibers (Gomes et al., 2016; He et al., 2014). By

using dynamic models numerous physiological reactions and functional characteristics
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seen at the BBB such as low permability to polar molecules and potassium, expression of
BBB-specific proteins related to transportation, high TEER can be replicated (Cucullo et
al., 2008). However, they are not preferred for drug permability studies due to time
consuming in addition to the need of high cell loading, and technical skills (Naik &
Cucullo, 2012). Other than hollow fibers, cells of the BBB can be cultured using 3D
supports such as self-polymerizing ECM protein scaffolds (e.g. matrigel) with the
advancement of tissue culture technology. This in vitro BBB, namely 3D ECM-based
models, mimics ECM environment with close interaction and communication of cells,
and biochemical gradient formation required in cell signaling. Nonetheless, they are not
as convenient and cheap as static models (Naik & Cucullo, 2012). Moreover, 3D-
microfluidic models better represent dynamic models to form BBB in vitro developed to
address the limitations of dynamic models (Booth & Kim, 2012; Yeon et al., 2012). They
use multilayered microfluidic device including two channels crossing perpendicularly
and a thin porous membrane where channels intersect. The membrane permits ECs and
astrocytes cultured together and the channels allow both shear stress and dynamic flow
(He et al., 2014). They have been used in permeability studies, and monitoring of
migration of cells and alterations in function of the BBB (Booth & Kim, 2012; Griep et
al., 2013; Prabhakarpandian et al., 2013). In conclusion, choosing the BBB models out of
various models in vitro is dependent on research area. Also, the best BBB model in vitro
meeting putative BBB properties in vivo has not been established so far and its creation

is still challenging (Cardoso, Brites, & Brito, 2010; Gomes et al., 2016).
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Figure 2.5 Different configurations of BBB Models (Created by BioRender)

Model Type Advantages Disadvantage
Epithelial cells overexpressing * Cheap * Di ithelial and
Transporters model * Easy to standardize cells

Nan-physiclogically high levels of transporter

Transwell monoculture model ® Uses brain endothelial cells ® Effect of other cellular components of the neurc-
- Cerebral endothelial cells on microporous | ® Inexpensive vascular unit (NVU-astrocytes, pericrtes) is
membranes neglected

No shear stress

Co-cultures models ® Takes into account the i of | ® Relatvely ive and til
- Co-culture of cerebral microvascular other elements of the neurovascular & Mo shear stress
endothelial cells with astrocytes unit (NVU)

* Co-culture models using pericytes

* Triple cell co-culture moddls (astrocytes,
endothelial and pericytes)

® Co-culture of brain endothelial cells with
neuronal precursors

of | ® Bxp
Mo peossibility to optically monitor the cells
Special skills required to culture cells in these
conditions

Mimics in-viva

Dynamic in vitro (DIV} model

co-culture

Microfluidic madel Mimics in-vivo situation possibility of | ® Mot well-established models presently expensive

eo-—culture
iPSC (Pluripotent stem cells) based model # Generate models similar to the human | ® Differential procedure depends upon random and
complexity observed in-vive pormanent inscrtion of transcription factors,
® Very high TEER values ® Complicated procedure with meagre yield

Rigid removal of epigenetic markers related to

environmental exposure or age

Table 2 Comparison of different in vitro BBB models for drug transport

Model Type Other brain Sheer Time to Appropriate for Cost Technical
cell required | Stress stable migration assay requisite
produced TEER (d)
Monolayer No No 34d Yes Low Low
Co-culture Yes No 3-4d Yes Low to moderate | Moderate
Cone-plate apparatus No Yos 344 No Low Low to modorare
Dynamic in vitro BB8 Yes Yes 9-12d No High High
Microfluidic based model | Yes Yes 344 Yes High Moderate
iPSC based model No Yes =1 ¥Week Yes High High

Figure 2.6 Advantages and disadvantages using BBB models in vitro (Prashanth et al.,
2021)
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2.4 Sources of BBB Models

Over the years, different BBB models in vitro have been established for several BBB-
related studies, such as drug targeting, and may be categorized as non-human (animal)
and human models. None of the models have the same barrier properties based on
structure, function, and behavior in vitro, which give rise to their benefits and drawbacks

and make it a challenge to obtain the best model for a particular research.

2.4.1 Non-human models

BBB models in vitro may be derived from animals like rodents (e.g. mouse and rats),
porcine, and bovine because of the difficulty in obtaining the brain ECs from humans and
their primary culture (Hans C Helms et al., 2016). The first attempts at modeling have
started with the brain capillaries’ isolation from rats (Joo, 1973). These capillaries have
been treated with an enzyme mixture to isolate the primary brain capillary ECs (BCECs)
(Bowman et al., 1981). Primary brain ECs isolated from animals retain quite tight BBB
in vitro, which makes them useful for studying paracellular transport (Patabendige &
Abbott, 2014). However, an issue in rat models that the researchers deal with is increasing
the purity of the primary isolation of the rat brain ECs. This is achieved by treating the
cells with P-gp substrate, puromycin (Perriere et al., 2005). Rat models can be formed by
culturing with astrocytes and/or pericytes together to examine their characterization and
study the cell interactions (Fan et al., 2019; Gaillard et al., 2001; Nakagawa et al., 2007).
On the other hand, mouse brain ECs as an immortalized cell line (e.g. bEND.5) can be
preferred because they may yield large cell numbers, and having stable BBB
characteristics independent of the increase in passage number (Hans C Helms et al.,
2016). They can be created from a mouse, which is genetically modified via the
expression of polyoma middle T antigen (Wagner & Risau, 1994). Mouse models have
been co-cultured with astrocytes and displayed a well-characterized BBB with tight
barriers and high TEER (Coisne et al., 2005). Rodent brain ECs are widely used in the
field as immortalized cell lines (Burek, Salvador, & Forster, 2012), can be targeted with
antibodies, and therefore rodent models are very suitable for large cohort studies (T. M.

Lu et al., 2021). Their in vitro co-culture with neural cells better mimics the NVU and
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demonstrates enhanced TEER (Abbott, Dolman, Drndarski, & Fredriksson, 2012; Coisne
et al., 2005). Furthermore, due to the need for larger species to generate enough brain
ECs, porcine brain ECs have been firstly isolated from brain capillaries (Mischeck,
Meyer, & Galla, 1989). Porcine models have demonstrated very high TEER both in
monocultures and co-cultures with the help of hydrocortisone in the culture medium and
astrocytes in co-culturing. Therefore, these models exhibit limited permeability to
molecules at small sizes (Hoheisel et al., 1998; Patabendige, Skinner, & Abbott, 2013;
Patabendige, Skinner, Morgan, & Abbott, 2013; Yan Zhang et al., 2006). Bovine models
have been sourced from BCECs since the early beginning (Bowman, Ennis, Rarey, Lorris
Betz, & Goldstein, 1983). Similar to porcine models, bovine models may show high
TEER values both in mono- and co-cultures, which are greater than 800 Q x cm?, but also
show lower TEER of 150-300 Q x cm? in the same in vitro model. Many researchers have
also found the TEER even lower than 150 w/o the BBB transporter activity (Hakkarainen,
Rilla, Suhonen, Ruponen, & Forsberg, 2014; Hans Christian Helms et al., 2014). The
wide range of differences in TEER can be a disadvantage for bovine models. Fortunately,
their co-cultured models have shown drug-induced changes in TJs, affecting drug
permeability and thus being used in drug transport studies (Gaillard & de Boer, 2000).
Both porcine and bovine BBB models can be easily established owing to their ability to
be isolated in large quantities, which enhance their use in several BBB studies related to

transcytosis and permeability (T. M. Lu et al., 2021).

In conclusion, in vitro animal models have sustained insight into the BBB, although there
is a lack of precise reproducibility caused by varied BBB phenotypes and TEER values,
as well as major differences in the BBB cellular phenotype relative to the human BBB

(Hans C Helms et al., 2016; T. M. Lu et al., 2021).
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Figure 2.7 Charts of employment of models and culture types in studies and heat-map
of usage of different cell types forming BBB models with frequencies
(Prashanth et al., 2021)

2.4.2 Human models

The restrictive barrier capacity of non-human models as well as the difference of
expression of transporters specific to brain ECs between different species have emerged
a need for enhanced BBB models in vitro (Syvénen et al., 2009; Urich, Lazic, Molnos,
Wells, & Freskgard, 2012). Therefore, human BBB models are preferred over animal
BBB models because of the precise reproducibility with certain human BBB models (T.
M. Lu et al.,, 2021). However, there are concerns over the use of commercial primary
BMECs as BBB models due to their lack of detailed experimental data such as cell
isolation and sourcing. In addition, the exclusive endothelial identity and barrier
properties of these BMECs may not be well maintained in vitro over extended periods
(Hans C Helms et al., 2016; T. M. Lu et al., 2021). These limitations have been overcomed
by establishing immortalized human brain EC lines (Rahman & Meyding-Lamadé, 2016;
BB Weksler et al., 2005).
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2.4.2.1 The human immortalized endothelial cell line: hCMEC/D3

In the literature, there are many immortalized human brain EC lines used for permeability
studies, such as BB19, HCEC, and HBMEC/3 cells, demonstrating various BBB
phenotypes with advantages and limitations (Babette Weksler, Romero, & Couraud,
2013). Out of them, the human cerebral microvascular EC line (h\CMEC/D3) is a well
characterized, reproducible, and easy-to-use human in vitro BBB model, having stable
growth and enhanced proliferation even in high passage numbers (BB Weksler et al.,
2005). It expresses proteins important for TJ integrity, seen in BBB in vivo, like zonula
occludens-1 (ZO-1), PECAMI1, VE-cadherin, OCLN, CLDNs (Hans C Helms et al.,
2016; Ohtsuki et al., 2013). Expression of these proteins, particularly CLDNs and OCLN,
is best detected when the cells approach confluency. h\CMEC/D3 also expresses proteins
of transport pathways such as ABC transporters (e.g. ABCB1), essential for studying drug
delivery through the BBB (Babette Weksler et al., 2013). For example, in a study,
transporter expression levels and their functional activities in hCMEC/D3 have been
measured. The transport rates of a number of molecules with various molecular weights
and physicochemical characteristics have been examined to assess the barrier tightness
and distinguish low and high transport rates (Poller et al., 2008). The clearance
mechanism of amyloid beta from the CNS has also been studied in this cell line to avoid
neurotoxicity and vasculotoxicity consequences, including the emergence of neurological
diseases such as Alzheimer’s disease (Tai, Loughlin, Male, & Romero, 2009). In

conclusion, \CMEC/D3 is a unique BBB model to examine the human brain endothelium.

hCMEC/D3 arranges itself into extended cell monolayers on collagen type I (CoL1) with
surface inhibition (Hans C Helms et al., 2016; BB Weksler et al., 2005). hCMEC/D3
monolayers show 5-fold higher concentrations of TJs on transwell-clear inserts than well-
plates. Furthermore, the TEER of these monolayers ranges from 30 to 50 Q x cm?
(Babette Weksler et al., 2013). Similar to non-human models, this value may be increased
with co-culturing hCMEC/D3 with astrocytes (Hatherell et al., 2011) as well as the
addition of hydrocortisone because corticosteroids modulate the expression of proteins of
TJs (Forster et al., 2008). Nevertheless, ECs can be dysfunctional, and paracellular

transport of dextrans is increased through the induction of cytokines and/or chemokines
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(Lopez-Ramirez et al., 2012). Recently, new preparations of pure brain ECs with higher
expression of TJs and transporters from the isolation of stem cells to construct a highly

efficient in vitro human BBB model than EC lines have been developed.

2.4.2.2 Human iPSCs (hiPSCs)-derived brain microvascular endothelial cells
(BMEC:sS) for BBB model

Recent progress in SC technologies allows BMECs to generate from diverse SC sources
with expandable and renewable capabilities, such as circulating endothelial progenitors
(Ponio et al., 2014), hematopoietic stem cells (Cecchelli et al., 2014), and human iPSCs
(hiPSCs) (Lippmann et al., 2012).

As mentioned before, obtaining primary brain ECs from healthy individuals and/or
patients is highly difficult, and immortalized BMECs may have lower expression of TJ
specific genes such as OCLN than in vivo as well as non-sustainable functional barrier
phenotypes (T. M. Lu et al., 2021). So, brain-related studies have been an issue until the
use of hiPSCs has been included. hiPSCs-derived BMECs are widely used by researchers
to study the development and maintenance of the BBB as well as the effects of
neurological diseases like Huntington’s disease (Lim et al., 2017), CNS-related
antimicrobial infections (Alimonti et al., 2018; B. J. Kim et al., 2017) by disease modeling
(Canfield et al., 2017; Delsing et al., 2020; Lippmann, Al-Ahmad, Azarin, Palecek, &
Shusta, 2014; Workman & Svendsen, 2020). They demonstrate more restricted barrier
properties correlating with the in vivo BBB than many primary ECs or immortalized EC
lines from both animal and human origins. They may provide information about transport
pathways for drug delivery and earlier drug discovery (Ribecco-Lutkiewicz et al., 2018;
Roux et al., 2019) and their 2D and 3D models provide the opportunity for studies related
to examining both static and dynamic changes in the BBB. This is why models created
from these cells have facilitated the broader application of standardized BBB in vitro
(Eigenmann et al., 2013). However, using high potential of iPSCs requires reliable and
robust culture and differentiation protocols (Delsing et al., 2020). Different protocols of
hiPSCs culture and their differentiation into BMECs have been released during the years
since 2012 (Delsing et al., 2018; Hollmann et al., 2017; Lippmann et al., 2014; Lippmann
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et al., 2012; Neal et al., 2019; Park et al., 2019; Pong, Lizano, & Karmacharya, 2020;
Praca et al., 2019; T. Qian et al., 2017; Stebbins et al., 2016; Wilson, Canfield, Hjortness,
Palecek, & Shusta, 2015). In the protocols, these cells are basically derived from hiPSCs
followed by the purification of endothelial progenitor cells selectively and further be
BMECs under the differentiation culture conditions (T. M. Lu et al., 2021). Additionally,
long-term cryopreservation of BMECs is crucial for enabling the production and storage
of these cells at large scales w/o deforming the expression of BBB markers, and the high
TEER similar to non-frozen BBB. It also decreases the time to generate purified BMECs
(Wilson, Faubion, Hjortness, Palecek, & Shusta, 2016). All in all, hiPSCs-derived
BMECs have a significant impact on enhancing knowledge about both human BBB

development and disease.

Human in vitro BBB Model
hiPSC colonies

Z====non-purified hiPSCs-
< derived BMECs

T hiPSCs-derived

BMECs

77 Transwell-clear insert

Y pre-coated with

Collagen type | +
Fibronectin

Figure 2.8 hiPSCs-derived BBB model construction in vitro (Created by BioRender)

2.4.2.2.1 Characterization of hiPSC-derived BMECs phenotype

After obtaining hiPSC-derived BMECs, several characterization assays can be conducted
for these BMECs to be validated as a BBB model. For example, expression of BMECs-
related marker genes and proteins like TJs (e.g. OCLN) preventing paracellular diffusion,

and efflux transporters (e.g. P-gp) preventing transcellular flux can be observed via real-
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time quantitative reverse transcription polymerase chain reaction (RT-qPCR), flow
cytometry, and visually localized via immunocytochemistry assay (Czupalla, Liebner, &
Devraj, 2014; Delsing et al., 2020). Other than these, the integrity of BMECs is achieved
by a electrophysiological measurement that gives the overall BMEC monolayer resistance
such as TEER, a hallmark of brain ECs. On the other hand, impedance spectroscopy
monitors BMEC monolayer to better give informations about the BBB integrity (Benson,
Cramer, & Galla, 2013). Additionally, administration and delivery of therapeutics
through the BBB, like drugs and NMs, is hindered by natural functional activity of the
BBB, so they either fail to enter the brain or have limited bioavailability (Czupalla et al.,
2014; Pardridge, 2005). Therefore, permeability assays can be performed to characterize
the transport of these therapeutics as well as the transport of usually tested molecules (e.g.
FITC-dextran, sodium fluorescein, lucifer yellow) across the BBB by finding the BMEC
monolayer permeability coefficients (Canfield et al., 2017; Katt et al., 2018; Natarajan,
Northrop, & Yamamoto, 2017; Sun et al., 2022). In all these characterization assays, a
transwell setup including transwell-clear inserts with a porous membrane is the preferred
growing surface for more functional assays. Because the behavior of BMECs varies in
accordance with their growing surface, whenever possible, all experiments should be
conducted on the identical growing surface (Czupalla et al., 2014). Thus, determining the

methods are important to obtain reliable BBB characterization.

: TEER,
Functional —> Permeability
Expression & Immunocytochemistry,
—> Localization » Electron Microscopy
Expression Y RT-qPCR,
Western
Blotting

Figure 2.9 Different assays performed for BMEC characterization (Created by
BioRender)
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2.5 BBB in presence of brain tumors: Blood-brain-tumor barrier (BBTB)

BBB integrity may be altered and disrupted in various neurological diseases, such as the
most common primary brain tumor, glioblastoma multiforme (GBM). The BBB is
renamed as blood-brain-tumor barrier (BBTB) (Van Tellingen et al., 2015). The disruption
depends on the stage and type of the disease and therefore impacts drug delivery and
therapeutic efficacy (Mo et al., 2021). Characteristics of the BBTB are shown as increased
caveolae and fenestrations in GBM vessels. NVU is altered by pericyte’ detachment,
reactive astrocytes’ number increase, the schrinkage of end-feet of astrocytes, ECM
thickening and change by the loss of ECM molecules such as agrin and tenascin in the
BL (Rascher et al., 2002). Fenestrated vessels form highly permeable BBTB and cause
molecules to diffuse into brain (Mo et al., 2021). Also, in BBTB, the reduced expression
of TJs and platelet-derived growth factor receptor beta (PDGFR-) are observed as a
consequence of increased vascular endothelial growth factor (VEGF) secretion and
metalloproteinases like MMP2-MMP9 from the tumors (Arvanitis, Ferraro, & Jain,
2020). Some genes that are normally expressed in ECs of the CNS, such as a type of
transporter called solute carrier family 2 member 1 (SLC2A1), are downregulated by
activating WNT/B-catenin pathway, signal transduction pathway regulating tissue

regeneration, and homeostasis (Jung & Park, 2020; Phoenix et al., 2016).

Because BBTB has a leaky vasculature, some may think that theureputic efficacy and
drug delivery are no longer limited in the treatment of GBM. However, the disruption of
BBB integrity is heterogeneous, meaning that the undamaged parts of BBTB prevent the
bypassing of molecules to the diseased brain side and thus protect some parts of malignant
brain tumors from therapeutic drugs and/or NPs (Griftith et al., 2020; Mo et al., 2021).
Therefore, methods must be provided, like the blockage of drug metabolizing enzymes,
and transport systems must be exploited (receptor-mediated transcytosis) and/or blocked
(efflux mechanism) to overcome the BBTB (Deligne et al., 2020; Van Tellingen et al.,
2015).
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Figure 2.10 BBB in tumor presence and absence (Created by BioRender)

2.6 Neurological disease studies using BBB models

As mentioned earlier, the barrier structure and function are altered in presence of nearly
all neurological diseases compared to healthy controls (Obermeier, Daneman, &
Ransohoff, 2013; Sweeney, Sagare, & Zlokovic, 2018). Therefore, it is extremely
important to model the BBTB as well as diseases in vitro for better understanding of the
barrier breakdown, dysfunction, pathological proteins in various type of fields including
drug permeability and delivery, neurological diseases and cancer treatment, infectious
diseases, NVU cell-to-cell interactions (Workman & Svendsen, 2020). In this regard,
iPSCs-based BBB models with disease mechanisms are provided (Wu, Sonninen,
Peltonen, Koistinaho, & Lehtonen, 2021). They have been recently preferred and be used
as disease models for preclinical and clinical researchs (Chang et al., 2020; de Rus
Jacquet, Denis, Cicchetti, & Alpaugh, 2021; Pasteuning-Vuhman, de Jongh, Timmers, &
Pasterkamp, 2021). For example, Katt et al. have used with different iPSC lines to conduct
a comprehensive study correlating the defects of brain ECs causing BBB to mutate and
dysfunction in various neurological diseases (Katt et al., 2019). In AD, risks have been

declared by researchers (Rieker et al., 2019). Moreover, the phenotype and potential
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mechanisms of iPSCs-derived brain ECs, harboring the mutation of presenilin-1, have
been described to infer how to clear toxic amyloid beta peptides and deliver drugs (Oikari
et al., 2020; Raut, Patel, & Al-Ahmad, 2020). Besides, 3D ECM-based disease model on
matrigel with culturing of hiPSCs-derived brain ECs, astrocytes, and pericytes have been
constructed to reveal cerebral amyloid angiopathy pathology in AD and to highlight the
targets of therapy like apolipoprotein-4 gene (Blanchard et al., 2020).

Other than iPSCs-based BBB models, immortalized cell lines-based BBB models have
been used. As an example, TYO08 cell line co-cultured with human pericytes have
developed a BBB model to study the effects of diabetic encephalopathy, resulting in
dimentia, in the BBB for its prevention and treatment (Shimizu et al., 2013). Bamji-Mirza
et al. have constructed a BBB model using hCMEC/D3 to demonstrate the protection of
BBB dysregulation, caused by amyloid beta inducement in AD (Bamji-Mirza et al.,
2014). Another study has used the same cell line, that releases metalloproteinases such as
TIMP-1 and TIMP-2 and it has been exposed to simvastatin, favorably effecting to treat
acute stroke (Reuter et al., 2015). Furthermore, a BBTB model by co-culturing
hCMEC/D3 and human glioblastoma cell line (U87) has been constructed to characterize
the barrier properties in brain tumors to investigate novel drugs or systems to conduct
effective tumor treatment (Mendes et al., 2015). Advanced BBB models have been also
developed. A 3D BBTB model has been engineered to study drug response and delivery
in the treatment of GBM in vitro (Seo, Nah, Lee, Choi, & Kim, 2022). More recently, a
BBTB model, using both primary brain ECs and U87, have been developed to study
spatial organization of brain tumors and the resistance of drug, temozolomide (Lam et al.,
2023). Therefore, it can be concluded that disease models can help to prevent the

development of neurological diseases and offer insights on how to cure them.

2.7 Use of nanomaterials (NMs) in the biomedical field

Nanomedicine are playing a major role in therapeutic and diagnostic studies of various
diseases in the biomedical field. Due to the difficulty in targeting brain areas, both
periclinal and clinical studies have been devoted to neurological disease therapy including

AD and especially GBM by using nanoparticles (NPs) and 2D NMs.
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In this section, various types of NMs and nanodelivery systems crossing the normal and

diseased BBB will be mentioned.

2.7.1 Nanomaterials and delivery systems overcoming the BBB and BBTB

Due to BBB existence and the lack of neurotherapeutics like nanodelivery systems and/or
NMs crossing BBB and BBTB, neurological or CNS-related diseases therapy remains an
important issue. The restricted delivery of these compounds to the brain by the barriers is
significant factor contributing to challenges in disease treatment. Solution to this issue
will necessitate collaborations among government, industry and academics (Neuwelt et

al., 2008; Reddy et al., 2021).

In addition to the conventional neurotherapeutics’ inability in crossing barriers, they may
fail pre-clinically and clinically because of their severe side effects, their poor
distribution, and unfavorable prognosis of the disease (Z. Liu et al., 2022). Size effects
and distribution of these compounds can be affected by their characteristics (e.g. chemical
composition, charge, shape, size, hydrophobicity). These factors also influence their
clearance and reactions to the immune system (Nance et al., 2021). Fortunately, as shown
in Table 2.1, nanotechnology has promising opportunities regarding to the delivery of
drugs such as doxorubicin, paclitaxel, and temozolomide across the BBB via various
nanodelivery systems, which are polymers (e.g. polymeric NPs and micelles), lipids (e.g.
liposomes, and solid lipid NPs), dendrimers, amphiphilic cyclodextrins, inorganic NMs
(e.g. gold, silver, and iron oxide NPs), carbon nanotubes, carbon dots (CDs), and quantum
dots (Calabrese et al., 2021; Chakraborty et al., 2022; Mc Carthy, Malhotra, O’Mahony,
Cryan, & O’Driscoll, 2015). Nanodelivery systems can include ligands (e.g. peptides, and
antibodies) on their surface for an enhanced targeting, mediated by receptors and thus are
useful to maintain sustained releasement of the drugs to the infected area and/or tumor
site (Madane & Mahajan, 2016; Reddy et al., 2021). Other than receptor-mediated
delivery, systems conjugated or encapsulated with the drugs can be accumulated in brain

tumor tissues via enhanced permeability and retention (EPR) effect.
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Table 2.1 Nanomaterials/ Nanodelivery systems used in the therapy of brain tumors

Clinical / Preclinical Study Type of Tumor Nanomaterial / References
Nanodelivery System
Liposome +
Temozolomide (TMZ) + NCT02340156
GBM SGT-53
Liposome + Rhenium 186 | NCT01906385
Refractory Non-
brainstem Liposome + Doxorubicin NCT02861222
Malignant (DOX)
Glioma
Refractory Solid | Liposome + HCL+ DOX NCT00019630
.. Tumors
Clinical
GBM,
Relapsed and
refractory Liposome + PEG + DOX | NCT01848652
primary CNS
lymphoma
Liposome + Irinotecan NCT03328884
Brain Metastases (CPT-11)
Gadolinium-based NP
(AGuIX) NCT03818386
Diffuse Intrinsic Convection-enhanced NCT0202264,
Pontine Glioma delivery of Liposome + NCT03086616
Irinotecan
AGulX + TMZ NCT04881032
GBM Gold NPs + NU-0129 | NCT03020017
Albumin-based NPs + NCT03463265
Rapamycin
Brainstem Platinum Acetylacetonate
Glioma + Titania (NPt-Ca) NCT03250520
Liposome + DOX + (Yanyu Zhang et
CB5005 al., 2018)
Liposome + Paclitaxel (Zhu et al., 2021)
(PTX) + Rg3
Preclinical GBM

Liposome + Super
paramagnetic iron oxide
NPs (SPIONs) + DOX +

PINS + TNC

(Zhu et al., 2021)

Liposome + Rapamycin +
MTI-31 + VAP

(X. Wang et al.,
2019)




(continued)

Table 2.1 Nanomaterials/Nanodelivery systems used in the therapy of brain tumors

Clinical / Preclinical Study Type of Tumor Nanomaterial / References
Nanodelivery System
Liposome + DOX + (Yanyu Zhang et
CB5005 al., 2018)
siPLK Micelle + TMZ + (Shi et al., 2020)
Angiopep-2 (Ang2)
Micelle + Platinum + (Miura et al.,
cyclic RGD (cRDG) 2013)
Dendrimer (PAMAM) + | (Han et al., 2018)
DOX + Ang2
PAMAM + Arsenic (Y. Luetal.,
trioxide + cRGD 2018)
PAMAM + TRAIL + (Gao, Li, Jiang,
Transferrin (Tf) Hong, & Hao,
2015)
PAMAM + Tamoxifen + (Y. Lietal,
DOX + PEG + Tf 2012)
Cyclodextrin + (Lin et al., 2020)
butylidenephthalide

Magnetic Double (Fang et al.,

Emulsion Nanocapsules + 2014)
Lactoferrin

Preclinical GBM Spherical Nucleic Acid (Jensen et al.,
NPs (Gold NPs) 2013)

SPION + HAPtS (Sallem et al.,
2019)

Silver (Ag) NPs + (Zhao et al.,

Verapamil + AS1411 2021)

Iron oxide NPs + (Yulin Zhang et
Cisplatin + Folate Acid al., 2020)
Polybutylcyanoacrylate (Ebrahimi

(PBCA) NPs + Cisplatin Shahmabadi et
al., 2014)
PLGANPs + (Madani et al.,
Methotrexate / PTX + 2024)
Poloxamer 188
BSANPs + DOX + PEG (Z.Suetal.,
+ Lactoferrin 2014)
Ph-dye NPs + ApoE (J. Wang et al.,
2022)
Polylevodopamine NPs + (Dube, Kumar,
DOX + Indocyanine green Bishnoi, &

Panda, 2021)

Ag-In-S ternary quantum
dots + Cysteine + KLA

(Mansur et al.,
2022)




Table 2.1 Nanomaterials/Nanodelivery systems used in the therapy of brain tumors

(continued)
Clinical / Preclinical Study Type of Tumor Nanomaterial / References
Nanodelivery System
Carbon Nitride Dots (Liyanage et al.,
2020)
Graphene Quantum Dots (Patel & Shah,
2023; Perini et
al., 2020)
(Deng et al.,
2023; M. Qian et
al., 2018; L.
GBM Carbon Dots (CDs) Qiao, Sun,
Zheng, Zheng, &
Xie, 2018; Zhou
etal., 2019)
Preclinical
CDs + DOX + Tf (S.Lietal.,,
2016)
Iron-doped Orange (S. Liu et al.,
Emissive CDs 2022)
Boron CDs + Exosome | (J. Lietal., 2021)
Small Orthotopic
Glioma Sugar CDs (Y. Wang et al.,
2021)
GBM and Diffuse
Intrinsic Pontine | CDs + Pepl + Epirubicin (Cilingir et al.,
Glioma (DIPG) +TMZ 2022)
As in compounds of nanodelivery systems, various formulations have been

revolutionized to treat challenging brain tumors. For instance, Boltman et al., have used
cell-penetrating peptide-based NPs, namely chlorotoxin (CTX) NPs, to treat GBM and
neuroblastoma by considering the ability of CTX to bind to tumors and kill tumors by
hyperthermia via these NPs (Boltman, Meyer, & Ekpo, 2023). CTX can also combined
with other molecules like cancer drugs, DOX, and polymers like chitosan to increase the
efficiency of cytotoxicity in brain tumors. In studies, CTX has been conjugated to a
fluorescent molecular probe, cyanine 5.5 (Cy5.5) to be used as a tumor paint, and to
PEGylated-chitosan branched copolymer NPs. As a result, this formulation has

demonstrated capability to pass BBB, targeted tumors in brain, caused prolonged
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retention in tumors and cytotoxicity (Jeong et al., 2010; Veiseh et al., 2009). Furthermore,
CTX conjugated with DOX-loaded liposomes have been studied against U87 in vitro and
significantly inhibited tumor growth in vivo (Xiang et al., 2011). Also, gold nanorods
entrapped in PLGA NPs with CTX and Cy5.5 have exhibited binding ability to U87 and
have led to damage of tumor cells in vitro (Locatelli et al., 2014). Lee and co-workers
have perfused fluorescent polystyrene (PS) NPs, and novel rhodamine-labeled
polyurethane (PU) NPs to the in vitro 3D BBB microvasculature model. They have
observed same permeability of PU NPs and PS NPs. They have also functionalized these
NPs with holo-transferin (Tf) and found that the Tf has increased NPs’ permeability the
BBB and so easier delivery across the BBB (Lee et al., 2020). Qiao et al. have developed
a lactoferrin (Lf)-conjugated and PEG-coated nanodelivery probe with iron oxide (Fe3O4)
NPs for facilitated passage of NPs from the BBB by using RMT via Lf receptors present
on the BBB (R. Qiao et al, 2012). Moreover, due to the studies regarding
superparamagnetic iron oxide NPs (SPIONs) causing cytotoxicity on monolayers of
BMEC:s (See Table 2.1), in a study by Theumer et al., BBB model suitability in both 3D
and 2D with BMECs and spheroids, have been demonstrated by investigating the

interactions of SPIONs interactions with these models (Theumer et al., 2015).

As a concluence, the BBB-related preclinical studies with existing and novel NMs and/or
nanodelivery systems are still ongoing, and their accelerated development specialized for
GBM therapy to the clinic highlights the therapeutic potential of nanomedicine and

improves the therapeutic outcomes of patients with brain tumors.
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Figure 2.11 Nanomaterials by-passing the BBB with NVU to enter CNS (Created by
BioRender)

The thesis’s aim was raised from the issue that there is no perfect human in vitro BBB
model for personalized modeling. hiPSCs transduced from the blood of one healthy
human can offer a way for this type of modeling. Also, the easy passage of
neurotherapeutics across the BBB via transport pathways as well as their detection inside
brain tumors needed for the treatment of GBM. In this thesis, the BBB was modeled by
using brain microvascular ECs (BMECs) derived from hiPSCs and the transport of
fluorescent NMs, namely titanium carbide/oxide (TizCoTx) MXene quantum dots
(MQDs), across both BBB and BBTB models and their uptake by brain tumors in BBTB
model, used hiPSCs-derived BMECs and U87 were investigated.

29



3. MATERIAL AND METHODS

3.1 Materials

Table 3.1 Materials used in the thesis

Materials & Reagents

Cell Lines (hCMEC/D3, U87) Culture

-EndoGRO™ MV Complete
Media Kit (Cat. No. SCME004,
Merck, Millipore)

-Recombinant Human FGF-
basic (FGF2) (Lot. No.
1563542C, Invitrogen Gibco)

-Collagen type I, Rat tail (Lot.
No. SLBW1777, Sigma)

-DPBS (1X, Cat. No. 14190094,
Gibco)

-Trypsin-EDTA Solution with
Phenol Red (1X, 0.25 %, Cat.
No. 25200056, Gibco)

~Trypsin-EDTA (1X, 0.05 %,
Cat. No. A1413201, BI)

-DMSO (5X, D2650, Sigma)

-FBS, heat inactivated (Cat. No.
10500064, Gibco)

-Penstrep Solution (Penicillin-
Streptomycin) (Cat. No.
15140122, Gibco)

-MEM (1X, Lot. No. 2411746,
31095-029, Gibco)
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Table 3.1 Materials used in the thesis (continued)

Materials & Reagents

hiPSCs Culture

“thVTN-N (A31804, Gibco)

-E8 (A15169-01, Gibco)

-E8 Supplement (Lot. No.
2313787, A15171-01, Gibco)

-RevitaCell™ Supplement
(A26445-01, Gibco)

-EDTA Buffer (0.5 mM, Cat.
No. 15575020, Thermo)

-PSC Cryomedium (A26444-01)

Materials & Reagents

BMECs Culture (Induction,
Expansion & Purification)

-DMEMF12 (31330-038, Gibco)

-KnockOut Serum Replacement
for ESCs/iPSCs (KOSR, Lot.
No. 2517495, 10828-010,
Gibco)

-MEM NEAA (100X, 1954599,
Gibco)

-Glutamax-1 (100X, 35050-061,
Gibco)

-2-Mercaptoethanol (50mM, Lot
N0.2099616, 31350-010, Gibco)

-RA (Lot No. SLBB5473V,
R2625 100 mg, Powder, Sigma)

-DMSO Molecular Biology
Grade (Serva, 220551)

-RevitaCell™ Supplement
(A26445-01, Gibco)
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Table 3.1 Materials used in the thesis (continued)

Materials & Reagents

BMECs Culture (Induction,
Expansion & Purification

-hESFM (11111-044, Gibco)

-Human PDS (P2918, Sigma)

-Collagen type I, Rat Tail (4.1
mg/mL, Lot. No. 3951247, 08-
115, Merck, Millipore)

-Collagen type IV from human
cell culture (0.3 mg/mL, C6745)

-Fibronectin (Bovine Plasma,
Img/mL, 341631, Millipore)

-StemPro Accutase Cell
Dissociation reagent (A11105-
01, Gibco)

Materials & Reagents

Assays (ICC, Permeability, cDNA,
RNA lIsolation, RT-gPCR, TEER,
Flow Cytometry, LDH, Mycoplasma)

-MeOH-BioReagent (Lot. No.
SHBF0179V, 494437, Sigma)

-BSA (Cat. No. ALB001.100,
BioShop)

-TritonX_100 (TRX506-100,
Bioshop)

-Mounting Medium with DAPI
solution (ab104139, Abcam)

-FITC-Dextran (FD4-250 MG,
Lot. No. BCBZ1714, Sigma)

-Technic Ethanol (%96, EYA-
01, Emir)

-iScript™ cDNA Synthesis Kit
(Cat. No. 170-8891, BIO-RAD)
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Table 3.1 Materials used in the thesis (continued)

Materials & Reagents

Assays (ICC, Permeability, cDNA,
RNA Isolation, RT-qPCR, TEER,
Flow Cytometry, LDH, Mycoplasma)

-Ultra pure water / NFW (Lot.
No. 1719421, 01-8661A, BI)

-Macherey-nagel
NucleoSpinRNA Mini Kit (Cat.
N0.740955.50)

-B-Mercaptoethanol (62689-
25ML-F, Sigma)

-Sso Advanced™ Universal
SYBR® Green Supermix (Cat.
No. 172-5271. BIO-RAD)

-Microseal ‘B’ Seals (Cat. No.
MSB1001, BIO-RAD)

-TC-Inserts (24 Well, PET 0,4
um, TP, Lot. No. 21410116,
83.3932.041, Sarstedt)

-Black Polystrene 96 well-plate
(Lot No. 2631022, Corning)

-Titanium Carbide/Oxide
(TisC2Tx) MXene Quantum Dots
(University of Manitoba,
Winnipeg, Canada)

-CyQUANT™ LDH
Cytotoxicity Assay (Cat. No.
C20301, Thermo)

-EZ-PCR Mycoplasma Detection
Kit (Cat. No.B120-700-20, BI)

-EZ Load 1 kb Molecular Ruler
(80 pg/mL, 1708355, BIO-RAD)

-SafeView™ Classic (Cat No.
G108, abm)
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Table 3.1 Materials used in the thesis (continued)

-Fluorescence Microscope (Zeiss)
-Fluorescent Plate Reader (Mithras? LB 943, Berthold Technologies)
-NanoDrop (BioSpec)
-BIORAD Thermal Cycler (CFX96)

Devices &
Equipments -Volt-Ohmmeter (MERS00002, Millicell® ERS-2, Millipore)
-STX2 Electrodes (World Precision Instruments)

-Ultrasonic Bath Sonicator (EImasonic S80H, EIma-Hans GmbH)

-Flow Cytometer (BD Accuri C6 Plus, BD Biosciences)

3.2 Methods

In this thesis, NMs, namely TizCoTx MQDs was kindly provided by Prof. Sanjiv Dhingra,
faculty member in the Physiology and Pathophysiology Department at the Rady Faculty
of Health Sciences at Manitoba University, Winnipeg, Canada. Ti3C2Tx MQDs have been
synthesized via hydrothermal method (in distilled water), are zero dimensional, and have
sizes of 4.58 nm in diameter each (Rafieerad, Yan, Amiri, & Dhingra, 2020). Their surface
area is abundant with highly active functional groups. They may exhibit intrinsic anti-
inflammatory effects for regenerative medicine to treat cardiac allograft vasculopathy and
stem cell therapy as well as infectious diseases caused by viruses (Rafieerad et al., 2019;
Yan et al., 2023; Yilmazer et al., 2023). Moreover, they are considered as fluorescent NMs
due to their excellent autofluorescence abilities at various excitation/emission

wavelengths, especially in 586 nm/647 nm, which could be easily trackable by emitting
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red light (Rafieerad et al., 2020). Regarding these red-emitting fluorescence and
immunomodulatory properties, they have been tracked inside the breast tumor and how
they may change the tumor microenvironment has been studied using spatial omics

techniques (Ceylan et al., 2024).

The cell lines were obtained commercially and hiPSCs were obtained from human
peripheral blood mononuclear cells (PBMCs) programmed via Sendai-virus (SeV) vector
encoding Yamanaka Factors (Sox2, Oct3/4, c-Myc, KIf4) and characterized under
TUBITAK ARDEB 1004 Center of Excellence Support Program. Also, 4 kDa FITC-
dextran were kindly provided by Prof. Ibrahim Cagatay Karaaslan, faculty member in

Molecular Biology and Deputy Director in Sciences Institute at Hacettepe University.

As for experiments of the thesis, most of them were carried out in Cell and Tissue Culture
Research LAB, and Nanomedicine LAB at Ankara University, Biomedical Engineering
Department. Fluorescence Detection of TizCoTx MQDs, 4 kDa FITC-dextran, and
antibody stainings were carried out in Ankara University, Stem Cell Institute. In addition,
TEER experiment and its measurement by Volt-Ohmmeter were performed in Cell

Culture LAB at Hacettepe University, Molecular Biology Department.

3.2.1 Culture of the cell lines

Cell growth in a LAB is known as cell culture. In this thesis, 2 types of cell lines were
used; which are U87 obtained from ATCC, and hCMEC/D3 obtained from Sigma-
Aldrich. Additionally, a human iPSCs (hiPSC) obtained by transducing PBMCs, and
BMEC:s differentiated from the hiPSCs were used. hCMEC/D3 was used as human
monoculture BBB model in vitro and this model was used as control group for the human
BBB modelled by using BMECs differentiated from hiPSCs (hiPSCs-derived BMECs).
These cells were then separately co-cultured together to model human BBTB in vitro.

The detailed informations of all of these cells are shown in Table 3.2.
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For all culturing processes, a Laminar class II cabinet (a laminar flow hood) was used

with sterilization provided by ultraviolet light.

3.2.1.1 Thawing of the cell lines

To thaw cell lines, the cryovial was taken from liquid nitrogen and immediately incubated
in a water bath at 37°C until a piece of ice remains. As soon as cell line was thawed, vial’s
outer surface was disinfected with 70% ethanol and it is taken inside the cabinet. Cell line
was transferred to sterile conical falcon tube (15 mL), made up the volume to 5 mL by
slowly adding its medium and then centrifuged 5 minutes 300 x g. Supernatant was
aspirated, and cell line was suspended with its freshly prepared medium (appropriate
amount usually 7-8 mL). Cells were gently disturbed by slowly pipetting up and down a
few times for homogenizing cell suspension. The cell suspension was then transferred to

a culture plate (generally T25 flask) and was left for incubation at 37°C and 5% COa.

3.2.1.2 Passaging and seeding of hCMEC/D3

For preparation of passaging cells, CoL1 was diluted with DPBS at 1:10 dilution rate as
described in Table 3.3. Appropriate culture plate was coated with this CoL1+DPBS

solution and incubated at least 1 hour at 37 °C.

EndoGRO™ basal medium was completed with EndoGRO™-MV supplements and 1
ng/mL FGF2 in dark. To use 1 ng/mL FGF2, 10 pg of lyophilized FGF2 was dissolved in
1 mL DPBS including 0.1% bovine serum albumin (BSA) solution, which was thoroughly
mixed by vortex and presterilized by filtration. To prepare a 50 mL EndoGRO™ medium,
100 pL of EndoGRO™ LS supplement, 50 pL rhEGF, 50 pL hydrocortisone
hemisuccinate, 50 uL ascorbic acid, 50 uL heparing sulfate included in the EndoGRO™.-
MYV media kit, and 5 pL of FGF2 from already prepared 10 pg/mL stock concentration
were added to 47.5 mL of the EndoGRO™ basal medium.
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DPBS was aspirated from the coated culture plate and freshly completed EndoGRO™
medium was added to the plate. hCMEC/D3 was thawed in this completed EndoGRO™
medium according to a protocol described just above. After thawing, hCMEC/D3 was
plated into already coated culture plate. Day after thawing, the media was changed with
freshed one. When cells have reached over 30% confluency, they were passaged with

Trypsin-EDTA (0.25%).

For passaging cells, culture plate was freshly coated with CoL1. After coating, old media
was aspirated. Cells were washed with DPBS (3 mL to T25 flask). The DPBS was
aspirated, and Trypsin-EDTA was added (1 ml to T25 flask) and incubated 2-4 minutes at
37°C. Cells were detached by tapping culture plate with hand palm and were observed
under an inverted light microscope (ILM). Trypsin-EDTA was deactivated with 3 times
amount of the medium. To continue their expansion, only needed amount of cell-medium-
Trypsin-EDTA suspension was taken and volume was completed with fresh medium
(total volume should be 4-8 mL for T25 flask). The cells were put in an incubator with
appropriate cell culture environment (5% COz, 37°C). If not used, they were freezed with

its freezing medium prepared according to Table 3.2 for later experiments.

For seeding cells, after deactivation of Trypsin-EDTA with medium, cell suspension was
transferred to a sterile conical falcon tube and centrifuged 5 minutes 300 x g. Supernatant
was aspirated, cell pellet was gently disturbed by flicking falcon, and resuspended with
medium. Cell suspension was mixed by pipetting up and down a few times. Cell
suspension (10 pL) was taken to be counted on a hemocytometer. Only the 4 circular
areas shown in red, consisting of 1x1 cm? squares, shown in Figure3.1 were counted. The
average of all 4 circular areas was taken and then was multiplied by 10* to calculate cell
number in cell suspension (I mL). From 1 mL cell suspension, the total cell number in

the suspension and desired cell suspension volume needed for seeding were calculated.
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Figure 3.1 Counting cells on hemocytometer and visualized under ILM

3.2.1.3 Subculturing of \(CMEC/D3

For in vitro modeling of monoculture BBB, Table 3.4 was used for appropriate working

volumes and seeding densities.

Transwell-clear inserts were carefully placed into wells of the plates and the microporous
polystrene (PET) membrane (0.4 pm) of these inserts were coated with CoL1 (see Section
3.2.1.2). Cell suspension was seeded onto these pre-coated inserts drop by drop using a
200-gauge micropipette to distribute cells evenly over the surface. Only its fresh medium

(500 pL) was added to basolateral (lower) side of the insert.

3.2.1.4 Freezing of hCMEC/D3

Before beginning to the freezing, cryovials were labelled with informations of the cells

such as name, passage number, and the date which the cells were freezed.

For freezing cells, old media was aspirated. Cells were then washed with DPBS (add 3-4
mL for T25 flask). DPBS was aspirated, and Trypsin-EDTA was added directly onto the
cells (1 mL to T25 flask). The cells with Trypsin-EDTA were incubated 3-5 minutes at
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37°C. After incubation, Trypsin-EDTA was deactivated with 3 times amount of the
medium. Cell suspension was then transferred to a sterile conical falcon tube and
centrifuged 5 minutes 300 x g. Supernatant was aspirated and resuspended with its
freezing medium described in Table 3.2 (1 mL cell-freezing medium for each cryovial).
The cryovials were placed in freezing container with isopropanol (Mr. frosty) overnight
at 80°C. The next day, they were transferred to tank with liquid nitrogen at -176 °C for

storage.

Figure 3.2 ILM images of hCMEC/D3 cell line at passage +4 (A. Magnification: 10X,
scale bar: 100 uM, B. Magnification: 20X, scale bar: 50 uM)

3.2.1.5 Culturing of U87 (Thawing, passaging, seeding, and freezing)

Before beginning to culture U87, MEM medium was completed with 10% FBS and 1%
penicillin-streptomycin. U87 was thawed in this completed MEM medium according to
a previously described thawing protocol. After thawing, U87 was plated into an
appropriate plate. When the cells reached 70-80% confluency, they were passaged with
Trypsin-EDTA (0.05%). For passaging, seeding, and freezing same protocols were used
in hCMEC/D3, referring to Tables 3.2, 3.3, and 3.4.
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Figure 3.3 ILM image of U87 at passage +7 (Magnification: 10X, scale bar: 100 uM)

Table 3.2 Cells used with their culturing informations

Passage Cell Cell Type Media Passaging | Coating
Number Name Agent
Culture: E8 Basal Medium +
E8 supplement (Completed
26 hiPSCs Human Induced E8) 0.5mM VTN
obtained | Pluripotent Stem | Freezing: PSC Cryomedium EDTA diluted in
from Cell or  90% Completed E8 + DPBS
PBMCs’ 10% DMSO
transduct
ion
Culture: hESFM + 1% PDS
0 hiPSCs- Human Brain (Culture Medium) Accutase CoL1 +
derived Microvascular FN +
BMECs Endothelial Cell Freezing: 60% EC Medium dH0
+ 30% FBS + 10% DMSO
Culture: EndoGRO™-MV
Media Kit + 1 ng/ml FGF2
+6 hCMEC/ | Human Cerebral (Completed EndoGRO™ 0.25% ColL1
D3 Microvascular Medium) Trypsin- | diluted in
Endothelial Cell Freezing: 90% Completed EDTA DPBS
Line EndoGRO™ Medium +
10% DMSO
Culture: MEM+ 10% FBS+
+8 us7 Human 1%Penicillin-Streptomycin 0.05%
Glioblastoma Cell | Freezing: 90% FBS + 10% Trypsin- -
Line DMSO EDTA
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3.2.2 Culturing hiPSCs

In all steps or experiments in which hiPSCs were used, attention was paid to the
sterilization of all materials used, as the risk of contamination would be greater due to the

absence of the use of Penicillin-Streptomycin in the medium.

For preparation of culturing hiPSCs, VTN was prepared in DPBS as described in Table
3.3. Appropriate culture plates (e.g. T25 flasks or petri dishes) were coated with this VTN
for an hour at RT. If not used, leftover coated culture plates were stored at +4 for later use
for a maximum of 1 week. Essential 8 (E8) medium was completed by adding 1 mL E8

Supplement to 49 mL E8 Basal Medium.

For culturing hiPSCs, hiPSCs was thawed in this freshly completed E§ medium by adding
RevitaCell™ Supplement (50 pL supplement to 5 mL medium) to reduce large amount of
cell death and get optimal post-thaw cell recovery. DPBS was aspirated from coated plate
and hiPSCs colony was plated by pipetting up and down one-two times w/o damaging the
colonies. The spent medium was changed with freshly completed E§ medium w/o
RevitaCell™ (4 mL for T25 flask) every 24 H to prevent uncontrollable differentiation of
hiPSCs to any type of cell.

3.2.2.1 Passaging and Freezing of hiPCSs

When hiPSC colonies were covered 80% of the surface area (SA) of the culture plate,
they were non-enzymatically passaged by 0.5 mM EDTA prepared in DPBS (add 50 pL
pure EDTA to 50 mL DPBS). Also, non-enzymatic passaging was continued until the
mature hiPSCs (passage number > 20) was observed, according to the characterization

data of hiPSCs shown in Appendix 8.

For non-enzymatic passaging of hiPSCs, old media was aspirated and the colonies were
washed with DPBS (add 3 mL to T25 flask). The DPBS was aspirated, EDTA in DPBS
was added (3 ml to T25 flask) and incubated 4 minutes at 37°C. The half detachment of
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colonies from plate surface were observed under an ILM. EDTA in DPBS was aspirated.
500-1000 pL of completed E§ medium was quickly released onto the colonies by using
micropipette to completely detach the best colonies. A small amount (10-20 pL for T25
flask) was taken from the colony-media suspension with a micropipette, transferred to a
new coated culture plate and the volume is completed with fresh medium (4 mL for T25
flask). The cells were put in an incubator with appropriate cell culture environment (5%

CO,, 37°C).

For freezing of hiPSCs, if not used, they were freezed by gently spraying the medium
over the colonies a few times for better collection and then the same protocol mentioned

in Section 3.2.1.4 and informations in Table 3.2 were used.

Figure 3.4 ILM image of hiPSCs colony 4 at passage 25 (Magnification: 10X, scale bar:
100 uM)
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Table 3.3 Volumes for ECM coating solutions

Coating Type Usage of the Plate/Transwell/Flask | Working Volume Coating
Coating Type Time
T25 Flask 25 pL in 4 mL DPBS
Independent from the
volume,  dependent T75 Flask 75 uL in 7 mL DPBS
VTN only surface area of phamim Wait 1H
the culture plate, and i atRT
must be used within 6-well Plate 9.6 uLin 2 mL before
enough DPBS (1X) DPBS usage
covering the surface | 24-well Transwell-clear 1.9 uLin 1 mL
Insert DPBS
6-well Plate 1.5 mL of already
prepared mixture
Mixture ECMs as:
CoL1:4 puL
CoL1+FN+ | FN (1 mg/mL): 1 uL 24-well Plate 500 pL of already Wait 24H
dH20 dH.O: 5 uL prepared mixture at 37 °C
in total of 10 pL of before
the mixture usage
24-well Transwell-clear 100 pL of already
Insert prepared mixture
T25 Flask 200 pL in 4 mL
DPBS
Dilution ratio is 1:20 T75 Flask 350 pL in 7 mL
ColL1 For exp. Take 1 mL DPBS :
of CoL1 and mix I\é\éz':tla;
with 19 mL of DPBS 24-well Plate 500 pL of already o
(1X) diluted CoL1 at3r °c
before
usage
24-well Transwell-clear 50 uL of already g
Insert diluted ColL1

3.2.3 Differentiation of hiPSCs into BMECs

The differentiation was started with seeding of singularized hiPSCs (Day -3), and was
continued with induction (Day 0-5), expansion (Day 6-7), and purification of BMECs
(Day 8-11), as demonstrated in Figure 3.5. Also, differentiation was performed using
procedures in the literature with some differences like coating types (Stebbins et al.,

2016).
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3.2.3.1 Seeding of Singularized hiPSCs and Their Expansion for Differentiation

Before starting the experiment, hiPSCs should be reach 80% confluency (lasted ~7 days).

Day -3: 5 x 6-well plates were coated with VTN (see Section 3.2.2 for steps and Table
3.3 for appropriate volumes). Old medium was aspirated, then colonies were washed with
DPBS. DBPS was aspirated and hiPSC colonies were then enzymatically dissociated with
cold accutase for 3 minutes to observe singularization. Completed E8 medium (see
Section 3.2.2) was gently sprayed over the surface a few times to collect all the single
cells off the culture plate. Cells were then collected to a conical falcon tube and
centrifuged 5 minutes at 1000 rpm. After centrifugation, the supernatant was aspirated.
The cell pellet was resuspended in Completed E8 medium with RevitaCell™ (see Section
3.2.2) by pipetting a few times, and counted on a hemocytometer (see Section 3.2.1.2).
100.000 cells/1.5 mL media were seeded on each well of 6-well plate. One well was
marked as a counting well to count the cell density and determine the starting day of
induction, Day 0. The plates were placed in an incubator with appropriate cell culture
environment (5% CO., 37°C) and shaked forth and back, paused, shaked right-to-left,

paused. This shaking was repeated three times for even cell distribution.

Day -2 and Day -1: Medium was changed with fresh E§ Medium w/o RevitaCell™ (2 mL
of medium for each well) after 24 H. Medium change was repeated every 24 H for three

days until an appropriate cell density (250.000-400.000 cells/per well) was counted.

3.2.3.2 Induction of BMECs

Day 0: Unconditioned medium (UM) was prepared by adding 10 mL KOSR, 0.5 mL
NEAA, 250 pL glutamax, and 0.35 pL 2-mercaptoethanol to 39.25 mL DMEM-F12. The
cells in the marked counting well were dissociated with cold accutase (see Section
3.2.3.1), counted as 320.000 cells/per well, which is an ideal starting density for
induction. After counting, old medium of the other wells was changed with UM for 6

days until day 5 (2 mL for each well).
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3.2.3.3 Expansion of BMECs

Day 6: To prepare 10 uM RA (3 mg/mL), 10 mM (40 mg/mL) stock concentration of RA
was made by dissolving 100 mg of RA powder in 2.5 mL DMSO and then diluted as
1:1000. Endothelial cell (EC) medium was prepared by adding 0.5 mL PDS, 100 uL
FGF2, 50 pL RA to 50 mL hESFM. For expansion of BMECs, UM was changed with EC

medium (2 mL for each well). Medium was not changed at day 7.

Day 8: If not used, BMECs were freezed.

3.2.3.4 Freezing of BMECs

Due to the absence of some reagents like PDS, and FN, BMECs are freezed at day 8 as
non-purified cells based on previously published protocol (Wilson et al., 2016). Protocols
are same for non-purified and purified (the cells at day 11, which were seeded onto coated

plates) BMECs.

For freezing hiPSCs-derived BMECs, old medium was taken and cells were washed with
DPBS. DPBS was taken, and cells were incubated with cold accutase at 37°C (waited 30
minutes for BMECs on day 8, 15 minutes for BMECs on day 11) until single cells were
observed. After incubation, EC Medium was added onto cells w/o aspirating accutase,
suspension was gently sprayed a few times for each well and then centrifuged 5 minutes
300 x g. Supernatant was aspirated and cell pellet was resuspended with its freezing

medium (see Table 3.2) and stored (see Section 3.2.1.4)

3.2.3.5 Thawing of BMECs and their subculturing for purification

All experiments of the thesis were carried out by thawing the non-purified BMECs at day
8 (Wilson et al., 2016). The protocols are same for non-purified and purified BMECs.
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Thawing medium was prepared by adding 50 pL FGF2, 0.5 mL PDS, and 500 uL
RevitaCell™ to 50 mL hESFM. The culture medium was prepared by adding 1% PDS to
hESFM. To mimic basement membrane components, culture flasks or transwell-clear
inserts were coated with ECM coating solution (CoL1 + FN + dH>O) according to Table
3.3. 24 H later, cells were thawed by using thawing medium (see Section 3.2.1.1). After
thawing, cells were immediately seeded like in Section 3.2.1.2 with appropriate volumes
and seeding densities in Table 3.4. For in vitro modeling of monoculture hiPSCs-derived
BBB, cell suspension was seeded onto pre-coated inserts like in Section 3.2.1.3.
Beginning from post-thawing, every 24 H until day 11, thawing medium was changed to

culture medium for removing non-adherent cells and thus maximize TEER.

A e { T T
Centrifugation # o Reprogramming f ’1 Differentiation ‘{ 53;’ ]
{ .y [ o
— B8 - i @ E\ | — {
| | iy R 4
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Yamanaka
Human Blood PBMCs with the blood Isolated PBMCs factors Cultured hiPSCs
Sample BMECs
B Day -3 Day 0 Day 8
hiPSCs singularized hiP3Cs
seeding
Enzyme — .
Digestion Growth Differentiation
_—) | —p ‘ >
| - - >
Cold Accutase 1 day in E8 medium 6 days in Unconditioned medium
3 min. + RevitaCell : : :
2 days E8 medium 2 daysin Endothelial medium +
Vitronectin 100.000 cells/well 300.000 cells/well bFGF and RA
Day 11
Day 8
= [t
singularized BMECs -
BMECs 9 T
Enzyme Subculture J— After 72H |
Digestion T : =
Max. TEER
iy >’ 1 day in Endothelial medium
Cold iocuressi30 +bFGF + RA and RevitaCell - ¥
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- EE-Em
{i=m

cryopreservation of
non-purified BMECs

cryoprér ;vaiion of
purified BMECs

Figure 3.5 A. Steps of BMECs’ differentation starting from PBMCs’ isolation, B.
BMECs’ derivation from hiPSCs on 6-well plates (Created by BioRender)
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3.2.4 Formation of in vitro BBTB models

After TEER has reached its maximum value, brain ECs (hCMEC/D3 and hiPSCs-derived
BMECs) were separately co-cultured with U87 by using transwell systems. Table 3.4 was

used for seeding densities of cells and working volumes of both models.

3.2.4.1 Models with hCMEC/D3 and U87

Before seeding the cells, transwell-clear insert was placed into a well-plate and then it
was coated with CoL1 (see Sections 3.2.1.2 and 3.2.1.3). U87 cells were subcultured on
an empty well of the well-plate which had the insert. Cells were incubated 1-2 H for
adherence. h\CMEC/D3 cells were seeded on the apical (upper) side of the insert. Two
days later (after 48 H), the insert including cultured hCMEC/D3 cells supplemented with
completed EndoGRO™ medium was transformed to the well where U87 cells were
cultured and supplemented with completed MEM Medium. Before the experiments
including co-culturing, it was waited for 2 H to ensure that both cells were

communicating.

3.2.4.2 Models with BMECs and U87

Transwell-clear insert was coated with CoL1 and FN (see Section 3.2.3.5). After 24H,
non-purified BMECs were subcultured on upper side of insert. Next day, media of non-
purified BMECs was changed with its fresh culture medium (hESFM + 1% PDS) and
U&7 cells were seeded on an empty well of well-plate which had insert including BMECs.
Two days later (after 48 H), insert including purified BMECs supplemented with hESFM
+ 1% PDS was transformed to well where U87 cells were cultured and supplemented with
completed MEM Medium. Before experiments including co-culturing, it was waited for

2 H to ensure that both cells were communicating.
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Table 3.4 Seeding densities and working volumes in subculturing of the cells used

Cell Name

Plate/Transwell Type Seeding Density Working
Volume/well
6-well Plate 100.000 cells/well 15t02mL

hiPSCs Upper Chamber:

24-well Transwell 3.500 cells/well 100 to 300 uL
Lower Chamber:

500 pL

24-well Plate 104.500 cells/well 500 pL to 1 mL
hCMEC/D3 Upper Chamber:

24-well Transwell 16.500 cells/well 100 to 300 uL

Lower Chamber:
500 pL

hiPSCs-derived
BMECs

24-well Plate

250.000 cells/well

500 pL to 1 mL

24-well Transwell

330.000 cells/filter

Upper Chamber:
100 to 300 puL.

Lower Chamber:
500 pL

us7

24-well Plate

60.000 cells/well

500 pL to 1 mL

3.2.5 Immunocytochemistry (ICC)

For immunocytochemistry (ICC) experiment, cells (hCMEC/D3, BMECs) were seeded
on 24-well plates. Fixation was performed on day the cells (BMECs and hCMEC/D3)
reached maximum TEER value. It was done to observe specific markers related to brain

ECs.
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In the experiment, aspiration and DPBS washing were done. Then, cold methanol
(MeOH) was added to cover wells and incubated 15 minutes, -20°C. MeOH was removed
and allowed to dry in the hood. DPBS washing and its aspiration were applied to cells.
To block non-specific bindings and to improve permeabilization of dyes and intensity of
staining, a solution (50 pL tritonX 100 and 0.5 g BSA in 50 mL DPBS) was prepared and
vortexed thoroughly until it has completely homogenized. The wells were then covered
by adding 200 pL this solution to each and incubated for 1 H at room temperature (RT).
After incubation, the solution was taken and the cells were washed 3 times with DPBS.
Primary antibodies (CD31 and OCLN) were diluted in prepared solution separately
according to Appendix 1. After washing, 100 pL prepared antibodies were added to
determined wells and incubated at +4°C overnight. Primary antibodies were aspirated and
cells were washed 3 times with DPBS. The secondary antibody (AF488) was diluted in
prepared solution separately according to Appendix 1 in dark. After washing, 100 pL
prepared antibodies were added to determined wells and left for incubation 1-2 H at RT.
After incubation, solution was aspirated and cells were washed 3 times with DPBS. To
stain cell nuclei, 4’6-diamidino-2-phenylindole (DAPI) was diluted (ratio 1: 100) and
added to all wells in dark. Then, the stained wells were examined under a fluorescence

microscope.
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Steps for Immunocytochemistry
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Figure 3.6 Steps of ICC experiment (Created by BioRender)

3.2.6 Real-time quantitative reverse transcription polymerase chain reaction (RT-
qPCR)

RT-qPCR detects and quantifies RNA. It was done to get expression profiles of genes

related to brain ECs with three biological replicates.

Firstly, the RNAs of hiPSCs, BMECs, and hCMEC/D3 cells were separately isolated by
using column method as in the protocol of the Macherey-nagel nucleospin RNA mini kit.
To prepare the lysis solution, 250 pl B-mercaptoethanol was added to the 25 mL lysis
solution included in the kit. For all cell types, they were thoroughly lysed with 350 uL
this solution by pipetting a few times and transferred into an eppendorf microcentrifuge
tube. After lysis, the steps from the Mini Kit were applied. At the last step, 50 pL nuclease-
free water (NFW) was added to the isolated RNA in the tube, and this step was repeated.
Then, the RNA samples were stored at -20°C.
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Secondly, complementary DNA (cDNA) was synthesized from 1000 nanograms (ng)
each RNA sample (ng/uL) by following the protocol in the iScriptTM cDNA synthesis
kit. To observe whether pure RNA was obtained and to calculate the amount of RNA to
be taken from the RNA sample to prepare 1000 ng RNA, 2 uL NFW was dropped as
blank, and then 2 uLL RNA sample was dropped on the NanoDrop device (BioSpec). The
cDNA synthesis solution was prepared by taking 1 pL the iScript reverse transcriptase
enzyme and 4 pL iScript reaction mix per sample, both of which were contained in the
kit. 5 pL this solution were then added to the total 15 uL calculated 1000 ng RNAs and
NFW, for 20 pL total volume. After that, this mixture (1000 ng RNA, NFW, and cDNA
synthesis solution) in a PCR tube was incubated with the BIORAD thermal cycler device
(CFX96) 5 minutes 25°C, 20 minutes 46°C, and 1 minute 95°C. The synthesized cDNAs
were diluted with RNase-free water at 1:2 and stored at -20°C.

Lastly, for RT-qPCR, primer sequences were designed using “NCBI Primer Blast” and
outsourced to “Oligomer” company, as shown in Appendix 2, were used by following the
protocol of Sso Advanced™ Universal SYBR® Green Supermix. Commercially obtained
lyophilized forward (F) and reverse (R) primers were solved with NFW according to
designer’s instructions and thus 100 uM main stocks were prepared. After that, running
stocks were prepared by adding 475 pL of NFW to the 25 pL of main stock. RT-qPCR
reaction mixture was prepared by taking 10 pL. SsoAdvanced Universal SYBR® Green
Supermix, 1 pL F primer, 1 pL R primer, and 6 nL NFW per sample. For each sample,
18 pL of the mixture was transferred into 96-well PCR plates and each sample was
repeated 3 times. Except for the no template, 2 uLL cDNA was added to them. Total volume
was 20 pL for each well. After that, this plate was covered with an adhesive PCR plate
seal and placed in BIORAD thermal cycler device (CFX96) and the reaction was taken
place 10 minutes 95°C, 15 seconds 95°C (40 cycles), and1 minute 60°C (40 cycles). After
the reaction has completed, cycle threshold (Ct) value for all genes were obtained (Ct <
40). This value was used to calculate the amount of gene expression for the obtained
samples compared to the control group. To calculate this, the difference between the
samples and the house-keeping/reference gene (GAPDH) was found (ACt). Then, the
difference between samples’ ACt value and control group’s ACt value was found (AACt)

and finally the analysis were performed by averaging the 22%¢' values. The data
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normalized to the expression levels of GAPDH was carried out using the following

formula: 2"2¢tx 100.

Steps for RT-qPCR

Gene-
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Figure 3.7 Steps of RT-qPCR, summarized (Created by BioRender)

3.2.7 Evaluation of the BBB impermeability/permeability

3.2.7.1 Transendothelial electrical resistance (TEER) measurement

Transendothelial electrical resistance (TEER) measurement was carried out for
determining barrier integrity. For this experiment, the cells (hiPSCs, hCMEC/D3, and
BMECs) were subcultured into 24-well transwell-clear inserts with three biological
replicates at densities described in Table 3.4. To obtain the actual TEER value of the cells,
ECM coatings (CoL1 and CoL1+FN) were used as blanks; therefore, the inserts were
coated only. hiPSCs, as the negative control group, were thawed onto VTN coating and
cultured until big colonies were observed. Then, they were singularized with Accutase
and subcultured into the inserts, which were pre-coated with CoL1 and FN. hCMEC/D3,
as the positive control group, was subcultured into the inserts pre-coated with CoL1 (see
Section 3.2.1.3). BMECs at day 8 were thawed and immediately subcultured into the
inserts pre-coated with CoL1 and FN (see section 3.2.3.5). Each group was subcultured

in a separate 24-well plate. After subculturing, TEER was measured in a sterile hood via
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STX2 electrodes and A volt-ohmmeter (MERS00002, Millicell® ERS-2, Millipore) every
24 H for 4 days, with 3 technical replicates for each insert.

Before starting the measurement, the electrodes were kept in 70% ethanol for 10 minutes,
then immersed in sterile DPBS, and then each insert was quickly measured at RT. When
different groups were measured, the ethanol-DPBS process was repeated, and the inserts
were immediately measured. Meanwhile, others were kept at 37°C to avoid fluctuations
in TEER values resulting from temperature changes. At the end of each measurement day,

the medium of all inserts was replaced with fresh ones.

All measurements were recorded as ohms (Q). To obtain TEER (in Q x cm?), the average
of the triplicate values of insert with cells (in Q) was taken and subtracted from the
average of the values of their blanks. Then, the becoming value was multiplied by the SA
of the 24-well transwell-clear insert (0.3 cm?). This was repeated for other biological

replicates of the groups to obtain TEER values with standard deviations (SD).

A [ Millicell’'ERS-2

Epithesal Volt-Ohm Meter

Figure 3.8 A. Voltohmmeter device, B. Voltohmmeter with STX2 electrodes, C. In vitro
TEER measurement
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Figure 3.9 BBB model in vitro ilustration used for TEER measurements (Created by
BioRender)

3.2.7.2 Permeability assay: Measurement of FITC-dextran

The permeability assay was done by using a commercially available tracer, fluorescein
isothiocyanate (FITC) labeled dextrans (FD), to determine barrier permeabilization and
if the tracer permeability paralleled with TEER measurements. Additionally, it was
conducted to set a standard for the permeability of fluorescent materials through the BBB

and BBTB models.

For this experiment, small molecular weight (4 kDa) FD (FD4) was used. The cells
(hCMEC/D3 and BMECs) were subcultured into 24-well transwell-clear inserts with and
w/o U87 cells, which were seeded on lower side of insert, well of plate, according to
Section 3.2.4. As in the TEER measurement experiment, blank inserts were also included.
Therefore, the groups were monocultures (hCMEC/D3 only and BMECs only),
cocultures (h\CMEC/D3 + U87 and BMECs + U87), and blanks (CoL1 and CoL1+FN).

After seeding and/or waiting for cells to communicate, monocultures were transferred to
clean wells of the well plate. The old media of all groups from both sides of the inserts

were aspirated. The medium of the lower side of all inserts was replaced with fresh
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medium. FD4 was prepared in the fresh medium of the relevant cell by adding 24 uL. FD4
to 276 uL medium in the dark. 300 pL prepared FD4 per insert was dropped from upper
side of inserts of all groups in dark and incubated 2 H, 37°C. After incubation, 100 uL of
the medium was taken from both sides of each insert of all groups and distributed to the
wells of the black polystyrene 96 well-plate (fluorescence plate) in the dark. To find the
actual fluorescent intensity (FI) of FD4, 100 uL of fresh medium from all cells was also

distributed to the wells of the fluorescence plate.

FI by FD4 was measured via a fluorescent plate reader (Mithras2 LB 943, Berthold
Technologies) at an excitation/emission wavelength of 490 nm/520 nm. After
measurement, spontaneous passage of FD4 transported across the barriers (%) and

permeability coefficients (Pe, cm/s) were calculated as:

Spontaneous passage (%) = [initial FI (concentration) of lower side of insert / initial

concentration of lower side of blank insert] x 100,

P. (cm/s) = [(volume of lower side of insert in cm® x the diffusion concentration of
lower side of insert) / (SA of insert in cm? x diffusion time in seconds x the initial

concentration of upper side of insert)].

3.2.8 Studies with fluorescent nanomaterials in BBB and BBTB models

3.2.8.1 Permeability measurement of MQDs

Permeability measurement of MQDs was carried out to quantify transport of this material
across BBB and BBTB models. Groups were the same as in permeability measurement

of FD4.

In experiment, same protocol as in the Section 3.2.7.2 were followed. Different from this
protocol, in the dark, main stock MQDs at 225 pg/mL concentration were vortexed
thoroughly and used amount was sonicated in a sterile amber bottle for 20-25 minutes in

an ultrasonic bath sonicator (Elmasonic S8§0H) at RT by preventing temperature rise
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above 30°C. After sonication, MQDs were vortexed again and 50 pg/mL of MQDs were
prepared by diluting the main stock MQDs with the fresh medium related to cell type.
Dilution ratio was found as; 225 ug/mL / 50 pug/mL = 1:4,5. The brain ECs were
separately treated with this vortexed and pipetted 50 pg/mL of MQDs, which was
determined by LDH Cytotoxicity Assay, as its analysis described in Appendix 4. The FI
of MQDs was measured via the fluorescent plate reader at an excitation/emission

wavelength of Texas Red (586 nm/647 nm).
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Figure 3.10 Treated cells with MQDs in BBB/BBTB models (Created by BioRender)

3.2.8.2 Detection of MQDs by flow cytometry

Flow cytometry was done to investigate if MQDs were transported across brain ECs and
thus were uptaken by U87 by measuring the distribution of cell FI via flow cytometer.
The measurement was obtained on 10.000 events (cells) at medium fluidics and averaged

between three replicates.

In the experiment, 24-well transwell-clear inserts were used, and the cocultures
(hCMEC/D3 + U87 and BMECs + U87) were treated with MQDs, namely treated groups,

as well as the no treatment (naive) groups.
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To conduct the experiment, the brain ECs were cocultured with U87, as previously
described in Section 3.2.4. After that, the old media were aspirated. The medium of both
sides of naive groups and the medium of the lower side of inserts of treatment groups
were replaced with fresh medium. MQDs were made ready for use just as in the
permeability measurement of MQDs. The brain ECs of treatment groups were separately
treated with 50 pg/mL MQDs in the dark and incubated 24 H, 37°C. After treatment,
media were aspirated, and the cells were washed with DPBS. All the cells were then
detached from the surface of inserts and/or wells by an appropriate enzyme (trypsin-
EDTA for hCMEC/D3 and US87, and cold accutase for BMECs). The enzyme was
deactivated with the medium related to cell type. The cells were centrifuged at 1500 rpm
for 3 minutes. Cell pellets were resuspended with cold MeOH for 20 minutes for fixation.
After fixation, cells were centrifuged again 3 minutes, 1500 rpm, and resuspended in 1
mL DPBS and then immediately measured (samples that could not be measured
immediately were stored at +4°C). Before starting measurement and between
mesurements of each different group, flow cytometer was rinsed with detergent (FACS)

and dH2O respectively.
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Figure 3.11 Flow cytometry (Created by BioRender)
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Figure 3.12 llustration of in vitro BBTB model used for permeability measurements and
flow cytometry (Created by BioRender)

3.3 Statistical analysis

Experimental data was analyzed statistically via GraphPad Prism software (version 9).
For the evaluation of statistical difference, ordinary one-way analysis of variance
(ANOVA), and two-way ANOVA followed by Tukey's multiple comparison test were
conducted where appropriate. The results in graphs were demonstrated as mean =+

standard deviation and significance by statistics was considered as p < 0.05.
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4. RESULTS

4.1 Derivation of BMECs from hiPSCs

For developing human BBB model in vitro similar to in vivo, hiPSCs were cultured and
then differentiated into BMECs as described in sections 3.2.2 and 3.2.3. To depict the
differentiation of hiPSCs into BMECs and observe the change in morphology, bright field
images of the differentiation process were taken day-by-day via ILM at a magnification
of 10X, as shown in Figure 4.1. On day (-2), the starting day of seeding singularized
hiPSCs, the morphology is the same as hiPSCs until the day (0). After one day of culture
in UM, the colonies of hiPSCs began to merge, grow, and differentiate but retained their
cellular morphology. As the cells continued to culture in this media, residual
undifferentiated hiPSCs were eliminated. On day 3, morphological changes started to be
observed and they appeared as beads between days 4-6 in UM. On day 8, the cells were
elongated, distinctly different from hiPSCs, and acquired a cobblestone-like appearance
in EC media. The cells were purified on days 10 and 11 and became larger with a

cobblestone pattern and connections similar to neural and endothelial cells.

Day (-2) Day (-1) Day (0) Day (1)

Day (4)

Day (10)

i Day (11)

Figure 4.1 ILM images of differentiation of BMECs from hiPSCs (Magnifications: 10X,
Scale bars: 100 uM)
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4.2 TEER analysis

From the analysis of BBB characterization, TEER is the most crucial one, demonstrating
the structural integrity and functional ability of brain ECs. It is also important to determine
the starting day of other related experiments, like ICC staining and permeability assays.

Therefore, it was done as a part of this thesis, as described in section 3.2.7.1.

As part of this thesis, the TEER values of hiPSCs, hCMEC/D3, and hiPSCs-derived
BMECs were measured. This was crucial to observe the difference in resistance of these
cells. hiPSCs were counted as the negative control group whereas hCMEC/D3 positive
control group. Here, 24 H represented the time after subculturing the cells onto 24-well

transwell-clear inserts.

The TEER experiment was repeated two times, and different results were obtained, as
shown in Figure 4.2. The differences were the brand of CoL1 and the starting time to
measure TEER. The result of the first trial, shown in Figure 4.2A, indicated that the TEER
of hCMEC/D3 cell line monolayers lay between 30-40 Q x cm? with a maximum TEER
of 36 similar to the literature (Babette Weksler et al., 2013). As for the hiPSCs, TEER
values were found to be quite low, around 3 Q x cm? w/o a peak, which came out as
expected and were convenient given the characteristics of this cell (Pong et al., 2020). In
monolayers of hiPSCs-derived BMECs, these values increased with time and were found
close to the values of the positive control group, hCMEC/D3, especially after 96 H, with

a maximum value of 23 Q x cm?.

As for the second trial of the experiment, shown in Figure 4.2B, the measurement was
started 24 H after the subculturing of the cells and repeated every 24 H for 4 days. Here,
line graphs much more resembled the graphs in the literature than the first trial although
the values were different. According to this, the TEER values of hiPSCs-derived BMECs
increased with time, were close to the values of hCMEC/D3 w/o a significant difference,
and with a maximum value of 11 Q x cm?at 72 H (p=0.3). Also, they were significantly

higher than the values of hiPSCs at 72 H (p =0.05). Importantly, at 72 H, hiPSCs-derived
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BMECs could be counted as purified BMECs to start permeability, ICC, and flow

cytometry experiments.

As in the literature, both results demonstrated that the values of TEER could be variable
and were dependent on the cell seeding density, culture medium and supplements, coating
type and concentration, time, electrode type, transwell pore size, growth area, type, and
brand. In addition, the temperature of the experimental environment was highly
associated with obtaining the TEER values (Czupalla et al., 2014; Eigenmann et al., 2013;
Pong et al., 2020).
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Figure 4.2 TEER measurements graphs (A. First trial TEER data, B. Last trial TEER data
and ANOVA analysis, p < 0.05 with standard errors)
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4.3 Immunocytochemistry staining

ICC experiment is another characterization assay that visualizes the expression of protein
or gene markers specific to cells. Here, the brain ECs (hCMEC/D3 cell line and hiPSCs-
derived BMECs) stained on the day maximum TEER observed or on the day purified
BMECs observed. They observed whether expressed CD31 and OCLN genes or not, as
described in section 3.2.5 and according to Appendix 1. CD31 encodes a human protein,
playing arole in EC adhesion and maintaining vascular endothelial barrier function, while

OCLN encodes a human T1J.

ICC staining in Figure 4.3 showed that both genes were observed in both cells. However,
the expression of OCLN marker were significantly better than hiPSCs-derived BMECs
than hCMEC/D3 while CD31 marker was slightly observed. Especially, the formation of

TJs in hiPSCs-derived BMECs was seen homogeneously around each of the nuclei.

OCLN
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|
: CD31
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Figure 4.3 Fluorescence microscope images of hCMEC/D3 cells and hiPSCs-derived
BMECs at max. TEER, day 10 (48 H) and day 11 (72 H), respectively
(Magnifications: 40X, scale bars: 20 uM)
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4.4 RT-qPCR

RT-gPCR is a numerical observation of gene expressions specific to cells in real-time and
thus it is the best way of showing which genes are expressed out of the variety of genes
or proteins of the BBB. In this experiment, based on the literature, several commercially
obtained genes, shown in Appendix 2, were tested in hiPSCs, hCMEC/D3, and hiPSCs-
derived BMEC:s as in section 3.2.6 (T. Qian et al., 2017).

GAPDH was used as a house-keeping gene. The normalizations of each gene, reported as

a percentage of GAPDH expression (% GAPDH) were shown in Appendix 6.

4.4.1 Gene expression profiles of h\(CMEC/D3

As shown in Appendix 5, the positive control cell of hiPSCs-derived BMECs of this
thesis, \CMEC/D3, was normalized to a cell assured to have no endothelial-specific gene
expression, which is hiPSCs. Here, CDH5, CD31, and ABCB1 genes were expressed by
hCMEC/D3. The expressions of endothelial marker genes CDH5 and CD31 were
prominently greater than hiPSCs. There were no expressions of genes specific to hiPSCs,
which are PAX2, SOX2, OCT4, and NANOG genes, the intermediate mesoderm and
pluripotency transcription factor genes, respectively. Furthermore, the expressions of
glucose transporter gene SLC2A1, vascular endothelial gene CDHS, efflux pump gene
ABCBI1, TJ protein gene OCLN, and vascular endothelial growth factor or EC
progenitors gene KDR in hCMEC/D3 monolayers were significantly increased at 48 H
after seeding them on pre-coated transwell-clear inserts. Transporter genes SLC2A1 and
ABCBI1 were highly expressed in hCMEC/D3 monolayers 72 H after seeding on pre-

coated transwell-clear inserts.

4.4.2 Gene expression profiles of hiPSCs-derived BMECs throughout differentiation

As for RT-qPCR results of hiPSCs-derived BMECs, 12 genes including genes specific to
brain ECs (CDHS5, CD31, ZO-1, OCLN, ABCBI1, SLC2A1, TFRC, KDR), hiPSCs
(SOX2, OCT4, NANOG), and intermediate mesoderm gene (PAX2) were examined for
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their expressions by hiPSCs-derived BMECs day-by-day from the start of the induction
(day 0), as shown in Figures starting from Figure 4.4 until 4.10. Here, the legends of
figures were inferred from Figure 3.5B as well as the section 3.2.3 and the changes in
gene expressions were normalized to positive control, h\CMEC/D3 at passage +5. Also,
the effect of RA-included EC medium (day 8) on gene expression of hiPSCs-derived
BMECs was investigated by changing their culture in UM to EC media 1 day before the
protocol described in section 3.2.3.2 (sample D).

In Figure 4.4, there was no expression of the CDH5 gene by hiPSCs-derived BMECs at
induction (samples A and B). RA-included EC media has increased the expression of
CDHS (samples C and D), and on day 10, where the cells were purified on ECM mixture,
this expression was prominently greater than both hiPSCs-derived BMECs and hiPSCs.
Furthermore, hCMEC/D3 had a prominent expression of the CD31 gene. On day 10,
where hiPSCs-derived BMECs were subcultured on pre-coated transwells, they expressed

CD31 more than hiPSCs but less than hCMEC/D3.

In Figure 4.5, OCLN expression in hCMEC/D3 was less than in hiPSCs. It may be
because the iPSCs are transduced from blood cells, PBMCs. Fortunately, hiPSCs-derived
BMECs express more OCLN than both hCMEC/D3 and hiPSCs, although there is no
gradual increase day-by-day. This better expression was parallel with Figure 4.3, and this
gene has been positively affected by both UM and EC medium plus RA. Moreover, the
expression of ZO-1 was higher in hiPSC-derived BMECs than both hiPSCs (sample G)
and hCMEC/D3 (sample F) and substantially increased in hiPSC-derived BMECs. This

increment was gradual and reached a much higher value on day 10 (sample E).

In Figure 4.6, SLC2A1 gene expression was observed by hiPSC-derived BMECs on day
8 (samples C and D). However, at day 10 (sample E), the expression of this gene
decreased even though it was much more expressed than hCMEC/D3 and hiPSCs (2-
fold). Therefore, SLC2A1 was significantly affected by the presence of RA, and
withdrawing RA resulted in a decrease in its expression. However, ABCB1 was highly

expressed by hCMEC/D3 than hiPSCs-derived BMECs. Unfortunately, the expression of
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this gene by hiPSCs-derived BMECs was little, unlike the literature (Delsing et al., 2018;
Lippmann et al., 2014; T. Qian et al., 2017).

In Figure 4.7, hiPSC-derived BMECs expressed the TFRC gene. On day 8, they expressed
this gene nearly the same as hCMEC/D3 and on day 10, they expressed more of this gene
than on day 6 (2.5-fold) as well as hiPSCs (3-fold) and than hCMEC/D3 (2-fold).

Therefore, differentiation and subculturing processes increased its expression.

KDR gene was expressed less by hCMEC/D3 than hiPSCs. On day 0, KDR expression
by hiPSC-derived BMECs was the same as hiPSCs. On day 6, its expression was
decreased and on day 10, hiPSC-derived BMEC:s started to express this gene again. The
decrease in KDR expression might be due to the fact that the growth area of BMECs
decreases day-by-day on 6-well plates and increases when subculturing on 24-well

transwells.

In Figure 4.8, there was no PAX2 gene expression by hCMEC/D3 and hiPSCs. In hiPSC-
derived BMEC:s, its expression highly increased on day 6 and was at a fairly high value
on day 10. These increments were statistically non-significant and might be because the
maximum TEER was observed on day 11, so the purification process of BMECs has not
finished yet. hiPSCs expressed SOX2 gene prominently higher than hCMEC/D3. In
hiPSC-derived BMECs at day 0, the expression was still preserved as much as hiPSCs.
On day 10, the expression was 3-fold less than hiPSCs.

In Figure 4.9, the OCT4 gene was more highly expressed by hiPSCs than hCMEC/D3. In
hiPSC-derived BMECs on days 0 and 6, its expression was slightly more than in hiPSCs,
but it was non-significant. On day 10, there was lower expression of OCT4, just as in the
SOX2 gene. That could be because RA induces differentiation by inhibiting OCT4
(Hanley, Rastegarlari, & Nathwani, 2010; J. Zhang et al., 2015). Finally, there was no
NANOG gene expression by hCMEC/D3, and hiPSCs highly expressed this gene. In
hiPSC-derived BMECs at days 0 and 6, its expression was less than in hiPSCs. On day
10, its expression was none. Additionally, these results for SOX2, OCT4, and NANOG
were consistent with the graph D in Appendix 8.

65



A B
CD31
* ok kK
CDH5 I )
*kokk ikl
1 f
Rk
Kk Ek
— 1 A BMECs Day 0
* %k k% *ok k% B BMECs Day 8
g * * 5 — € BMECs Day 8 (6 Days UM & 2 Days EC Media)
=129 1L 1 - 20 D BMECs Day 8 (5 Days UM & 3 Days EC Media)
s 10 kkk  kkkE @ *% kK E BMECs Day 10
I —r =16 i F hCMEC/D3
x 3 G hiPSCs
woe * kkk kkkk i
g 5 i g2
2 O
34 T
N (1]
= N 0.4
® 2 = 0.
E, mimll K= g
T T T T T T o 0.0 T T T T T

z A B C D E F G 2 A B C D E F G

Figure 4.4 RT-qPCR results of normalized endothelial marker gene expressions of hiPSCs-
derived BMECs throughout the differentiation, and hiPSCs according to
hCMEC/D3 (A. CDHS, B. CD31, *p < 0.05 with standard errors). hCMEC/D3
were cultured on pre-coated T25 flask, hiPSCs were cultured and induced on
pre-coated 6-well plates, hiPSCs-derived BMECs were subcultured on pre-
coated 24-well transwells on day 9
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Figure 4.5 RT-qPCR results of normalized TJs gene expressions of hiPSCs-derived
BMEC:s throughout the differentiation, and hiPSCs according to hCMEC/D3
(A. ZO-1, B. OCLN, *p < 0.05 with standard errors). hCMEC/D3 were
cultured on pre-coated T25 flask, hiPSCs were cultured and induced on pre-
coated 6-well plates, hiPSCs-derived BMECs were subcultured on pre-coated
24-well transwells on Day 9
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Figure 4.6 RT-qPCR results of normalized transporter gene expressions of hiPSCs-
derived BMECs throughout the differentiation, and hiPSCs according to
hCMEC/D3 (A. ABCBI, B. SLC2A1, *p < 0.05 with standard errors).
hCMEC/D3 were cultured on pre-coated T25 flask, hiPSCs were cultured and
induced on pre-coated 6-well plates, hiPSCs-derived BMECs were
subcultured on pre-coated 24-well transwells on Day 9
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Figure 4.7 RT-qPCR results of normalized gene expressions of hiPSCs-derived BMECs
throughout the differentiation, and hiPSCs according to hCMEC/D3 (A.
TFRC, B. KDR, *p < 0.05 with standard errors). hCMEC/D3 were cultured
on pre-coated T25 flask, hiPSCs were cultured and induced on pre-coated 6-
well plates, hiPSCs-derived BMECs were subcultured on pre-coated 24-well
transwells on Day 9
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Figure 4.9 RT-qPCR results of normalized gene expressions of hiPSCs-derived BMECs
throughout the differentiation, and hiPSCs according to hCMEC/D3 (A.
OCT4, B. NANOG, *p < 0.05 with standard errors). hCMEC/D3 were
cultured on pre-coated T25 flask, hiPSCs were cultured and induced on pre-
coated 6 well plates, hiPSCs-derived BMECs were subcultured on pre-coated

24-well transwells on Day 9
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443 Gene expression profiles of hiPSCs-derived BMECs during
subculture/purification process

Figures 4.10, 4.11, and 4.12 demonstrated RT-qPCR results of hiPSCs-derived BMECs
after subculturing them onto 24-well transwells, previously coated with CoL1 + FN.
These results were normalized to 48 H after subculture of hCMEC/D3 on 24-well
transwells previously coated with CoL1. Here, only 5 genes (CDHS, OCLN, ABCBI,
SLC2A1, KDR) out of 12 were examined because hiPSCs-derived BMECs better
expressed these genes than hCMEC/D3. Samples were chosen to observe brain ECs-
specific gene expressions during the purification process of hiPSCs-derived BMECs and
whether this information correlated with the TEER data in Figure 4.2B. Sample A
represented 48 H after subculturing, just as in TEER, because purifying BMECs started
when the cells were subcultured onto pre-coated transwell-clear inserts. Similarly, sample

B represented 72 H, and sample C was 96 H.

According to these results, SLC2A1, CDHS5, ABCBI1, OCLN, and KDR genes’
expressions were different between purification days 10, 11, and 12. SLC2A1 and CDHS5
were highly expressed on day 10, whereas ABCB1, OCLN, and KDR expression were
the most on day 12. In Figure 4.10, the expression of CDH5 by hiPSCs-derived BMECs
was statistically higher on day 10 than on days 11 and 12. In all these days, its expression
by hiPSCs-derived BMECs was generally better than its expression by hCMEC/D3.
Especially, in hiPSCs-derived BMECs at maximum TEER (sample B), OCLN expression
was statistically higher than hCMEC/D3 at maximum TEER (sample D). Also, its
expression by hiPSCs-derived BMECs increased day-by-day and reached its highest
value on day 12. In Figure 4.11, the expression of ABCB1 was similar to the expression
of OCLN but with less expression number. Moreover, hiPSCs-derived BMECs expressed
SLC2A1 with a decrease day-by-day and at maximum TEER; they expressed this gene
as much as hCMEC/D3 at maximum TEER. In Figure 4.12A, hiPSCs-derived BMECs
expressed the KDR gene almost the same they expressed the OCLN gene.

From Figure 4.12B, in purified BMECs (day 11 or 72 H according to TEER data in Figure
4.2B), the best-expressed gene was found to be OCLN, which is nearly 5-fold higher than

69



the OCLN expression of hCMEC/D3. This result was parallel with the results of ICC
staining shown in Figure 4.3. The nearest expression to OCLN was observed to be the

KDR gene.
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Figure 4.10 RT-qPCR results. (normalized gene expression of hiPSCs-derived BMECs
on CoL.1 + FN coated-transwells according to hCMEC/D3 on CoL1-coated
transwells at maximum TEER, A. CDHS, B. OCLN, *p <0.05 with standard
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Figure 4.11 RT-qPCR results. (Normalized gene expression of hiPSCs-derived BMECs
on CoL1 + FN coated-transwells according to hCMEC/D3 on CoL1-coated
transwells at maximum TEER, A. ABCBI1, B. SLC2A1, *p < 0.05 with
standard errors)
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derived BMECs at maximum TEER, day 11, *p <0.05 with standard errors)

4.5 Permeability studies

Permeability, as an important phenomenon, evaluates BBB integrity and more
importantly, molecules crossing the BBB. Before studying the permeability of novel
molecules like MQDs in this thesis, the permeability of already studied molecules in the
BBB, such as FD, might be determined as a part of the characterization of the BBB and
BBTB before the actual study with MQDs. Therefore, the permeability of both 4 kDA FD
and 50 pg/mL MQDs were investigated as described in sections 3.2.7.2 and 3.2.8. The
concentration of MQDs was chosen regarding results of LDH assay in Appendix 4. Just
as in ICC staining, it was conducted on the day at which the peak was observed, and the

TEER value reached its maximum value (Figure 4.2B).

In Figures 4.13B and 4.14B, the groups that transwells previously coated with CoL1 or

CoL1 and FN mixture (blanks) were normalized as 100%.

According to the permeability measurements of FD, as shown in Figure 4.13B, the most
important result was that adding brain ECs (hCMEC/D3 or hiPSCs-derived BMECs) to
the blanks decreased FD passage to the brain side. This result might be possible according
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to previous studies (Mendes et al., 2015; Ragnaill et al., 2011). FD4 passage in the
monoculture BBB model with hiPSCs-derived BMECs was found to be higher than in
the same model with hCMEC/D3. This might be because of the abundancy of TJs, like
Z0-1 and OCLN playing role in paracellular transport, in hiPSCs-derived BMECs than
in hCMEC/D3. Furthermore, in both co-culture models, BBTBs, the crosstalk between
glioblastoma (U87) and brain endothelial cells (hCMEC/D3 or hiPSCs-derived BMECs)
impacts BBB integrity and thus decreased FD4 passage. This decrease could be caused
by lower expressions of TJs in BBTBs than in BBBs.

As for permeability coefficients in Figure 4.12A, P. relied between 22-24 x 10~ and there

was no statistical significance between all related groups.
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Figure 4.13 Permeability measurement of FITC-dextran (FD) after 2 H of incubation (A.
Apparent permeability coefficients, B. Spontaneous passages at
excitation/emission: 490/520, *p < 0.05 with standard errors)

As for the permeability of the MQDs, the situation turned out to be slightly different from
that of the FD4. The results shown in Figure 4.14B demonstrated that the spontaneous
passage of MQDs from hCMEC/D3 monolayers to the brain side was a bit less than the
passage of these MQDs from CoL1-coated transwells w/o cells, which was again might

reasonable regarding the passage of FD4. Also, adding U87 to the brain side and thus
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modeling BBTB caused a statistically significant decrease in the passage of MQDs and
therefore, their transition could become problematic. This finding might be due to the fact
that the BBTB may have an inhibitor protein that blocks the pathway for MQDs, or the

pathway was broken.

Therefore, the blood-to-brain transit behavior of MQDs was similar to that of FD in BBB
and BBTB models with hCMEC/D3 and hCMEC/D3 + U87, respectively.

In the BBB model with hiPSCs-derived BMECs, the MQDs’ passage was slightly higher
than the passage from (CoL1+ FN)-coated transwell alone w/o statistical significance.
This could be because proteins specified for the transcytosis of MQDs were expressed in
hiPSCs-derived BMECs, as opposed to hCMEC/D3. Also, the time (2 H) was insufficient
to observe MQDs’ transport across the BBB and get reliable permeability data. Unlike
the BBTB model with hCMEC/D3 and U87, co-culturing hiPSCs-derived BMECs with
U87 led to a significant increase in MQDs passage. Here, adding U87 could cause a leaky
BBTB presenting fenestrations for MQDs to be quickly passed to the brain side in 2 H.

Additionally, in Figure 4.14A, MQDs’ permeability coefficients while crossing both
BBTBs were statistically higher than when crossing the BBBs. The permeability
coefficient of the hiPSCs-derived BMECs + U87 group was the highest one (324 x 107%).
The permeability coefficient in the blank group, CoLL1 was higher than both the BBB
model with hCMEC/D3 and the BBTB model with hCMEC/D3 + U87. For the second
blank group, CoL1 + FN, the permeability coefficient was lower than the BBTB model
with hiPSCs-derived BMECs + U87. These findings might occur owing to the same

reasons for spontaneous passages.

73



A MQDs (50 pg/mL) B MQDs (50 pg/mL)
*k

F  wesn |

K KoK

Aok ok ok

ok kK

o - Time (2H) Time (2H)

Figure 4.14 Permeability measurement of MQDs after 2 H of incubation (A. Apparent
permeability coefficients, B. Spontaneous passages at excitation/emission:
586/647 nm, Texas Red, *p < 0.05 with standard errors)

4.6 Flow cytometry analysis

For the second experiment with the models and MQDs, due to the fluorescence property
of MQDs, flow cytometry was conducted as described in section 3.2.8.2 instead of
visualization via a fluorescence microscope. This demonstrated quantitative and more
accurate data than the fluorescence microscopy technique. This analysis determined the
passage from the BBTB models and then the nanomaterials’ uptake by the cells in the

brain side.

Firstly, as shown in Figures 4.15A and 4.17A, the regions where the cluster of cells was
positioned were determined by drawing them as red gates, and then axes were determined
over the untreated group, namely naive. On these axes, the percentage of cells in the
positive (right) region of the axis automatically appeared and indicated NM presence in

tumor cells (Figures 4.15B and 4.17B).

According to Figure 4.15B, the positive cells’ percentage in the group treated with 50 pg/
mL MQDs was 10 times higher than naive, meaning that most of the MQDs passed
through the barrier and were taken up by U87 cells after 24 H. Its analysis, shown in
Figure 4.16, showed the slight slip of the treated group as well as the significant uptake
of MQDs.
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Figure 4.15 Flow cytometry data of co-cultured BBB model (BBTB with hCMEC/D3 +

U87) (A. Fixed untreated / Naive U87 cells, B. Fixed U87 cells treated with
MQDs from the upper chamber)

75



B09 coculturenaiveud?withfix3

o Gate:(P4inall) BBTB
g (hCMEC/D3 + U87)
= ::- ok
S =7 I
° 5 10
£ o
5 i 5 4
K / P
= / S
a ?mr)‘:lb{ LIRBLLLLL IR RLLL
wld o2 3 w2 &
APC.A &

Figure 4.16 Fluorescent data by flow cytometry analysis showing MQDs’ uptake by U87
cells in hCMEC/D3 BBTB model (*p < 0.05 with standard errors)

In Figure 4.18, the positive number of cells in the treated group was slightly higher than
the naive group (3-fold), so MQDs passed through the barrier and therefore were taken
up by U87. However, the percentage of MQDs’ uptake in the BBTB model formed by
hiPSCs-derived BMECs was lower than in the hCMEC/D3-formed BBTB model. The
reason was that all MQDs could not pass through the blood and reach the brain; some of
them may be recognized by efflux transporters, like P-gp encoded by highly expressed
ABCBI gene, in these hiPSCs-derived BMECs, and were efficiently shuttled back into
the blood.
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Figure 4.18 Fluorescent data by flow cytometry analysis showing MQDs’ uptake by U87
cells in hiPSCs-derived BBTB model (*p < 0.05 with standard errors)
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5. DISCUSSION

hCMEC/D3 is a previously used cell line in studying the biology of brain endothelium,
the CNS and its drug candidates, and the treatment of neurological diseases (Babette
Weksler et al., 2013; BB Weksler et al., 2005). It could demonstrate most of the unique
characteristics of the BBB by expressing several genes related to the structural and
functional formation of brain endothelium w/o the need to culture it with another BBB-
related cell (Appendix 5). Therefore, it was an excellent choice to use as a positive control

group in this thesis study.

Nevertheless, researchers found achieving a fully developed brain EC phenotype requires
the influence of other NVU components, such as astrocytes and pericytes, which
modulate gene expression. Alternatively, enhancing the hCMEC/D3 cell culture medium
with soluble factors could support further cell maturation toward BBB-like phenotype.
However, those factors increase the cost and time needed to model the BBB in vitro.
Therefore, a more intricate model in vitro might be necessary to replicate the BBB
accurately (Babette Weksler et al., 2013). Using hiPSCs, better BMECs could be formed
to develop patient-specific BBB models.

Besides, animal models ultimately fail in clinics despite the promising outcomes observed
with numerous drug candidates in these models (Perrin, 2014). his failure highlights the
urgency for more refined BBB models in vitro that offer greater translational relevance

to humans in vivo. In this regard, these sophisticated BBBs might be models derived from

hiPSCs.

Like primary cells, co-culturing human BMECs with other hiPSC-derived cells in NVU
can enhance TEER values and barrier function. However, adding cells may be
unnecessary for BMECs to reach TEER levels physiologically. They mainly improve
barrier properties when initial conditions are suboptimal or under stress (Jamieson,
Linville, Ding, Gerecht, & Searson, 2019; Workman & Svendsen, 2020). Thus, hiPSCs-
drived BMEC monolayers alone might be enough to encounter the properties of the BBB,

just as in this thesis study.

79



The TEER values of hCMEC/D3 cell line and hiPSCs-derived BMECs of this thesis study
were close and statistically higher than the TEER values of hiPSCs. Therefore, the BBB
integrity was managed in hiPSCs-derived BMECs.

Maximum TEER was a crucial phenomenon in BBB characterization. When TEER was
at its maximum value, one can conclude that the barrier integrity was relatively high, and
the confluency was almost 100 %. hCMEC/D3 and hiPSCs-derived BMECs reached their
maximum values at different times (respectively 48 H and 72 H after seeding onto pre-
coated 24-well transwells). At 72 H, hiPSCs-derived BMECs were pure. Moreover, this
thesis's maximum TEER times were the starting times of ICC, flow cytometry, and

permeability studies.

The TEER value of hiPSCs-derived BMECs was nearly 11 Q x cm? There was no
accurate TEER value for BBBs, leading to a variety of TEER values of BMECs in the
literature. The varieties in TEER may be due to the position and angle of electrodes while
measuring the TEER and the variables described in the results section, on which TEER
values are dependent. Additionally, hiPSCs used in the thesis were not obtained
commercially as a cell line, such as IMR90-4. They were transduced from human blood.
Therefore, it reveals the originality of this thesis study compared to other studies in the

literature.

hiPSC-derived BMECs were frozen on day 8 if not used immediately. Levels of gene
expressions might be affected by the freezing process of non-purified BMEC-like cells as
well as the changes in differentiation protocol, such as cell seeding density, which could
further change the differences in brain ECs-related gene expression profiles between

BMECs, hCMEC/D3, and hiPSCs (Delsing et al., 2018).

According to the RT-qPCR profiling of this thesis study, SLC2A1, TFRC, OCLN, and
Z0-1 genes’ expressions were higher in hiPSCs-derived BMECs during the
differentiation process than in the hCMEC/D3 cell line (section 4.4). In hiPSCs-derived
BMEC:s subcultured on transwells pre-coated with CoL I + FN, several genes specific to

brain ECs, which are SLC2A1, OCLN, KDR, CDHS5, and ABCB1 were prominently
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expressed more than hCMEC/D3 (Figure 4.12B). Therefore, with the help of stem cell
technology, better brain ECs could be created from hiPSCs, and the human in vitro BBB
model by using hiPSCs-derived BMECs could resemble the in vivo BBB more than the
BBB model with hCMEC/D3 monolayers.

hiPSCs transduced via SeV vectors from PBMCs exhibited pluripotency genes
expressions such as endogenous OCT4, SOX2, and NANOG (Appendix 8) (Fusaki, Ban,
Nishiyama, Saeki, & Hasegawa, 2009; Ye & Wang, 2018).

The numbers in gene expressions differed at the steps of the differentiation process of
hiPSCs to BMECs, including induction, expansion, and purification by subculture. Here,
RA was an essential factor for inducing expressions of brain ECs-specific genes and
inhibiting hiPSCs-specific genes (Hanley, Rastegarlari, & Nathwani, 2010; J. Zhang et
al., 2015). For example, the thesis study found that the expressions of pluripotency
transcription factor genes in hiPSCs-derived BMECs were almost nonexistent when they
expanded in the EC medium with RA and bFGF. Also, the expression of SLC2A1 was
significantly affected by RA and bFGF treatment. Even though non-purified BMEC-like
cells expressed this gene on day 10, withdrawing RA from the EC culture media on the
same day decreased its expression (T. Qian et al., 2017). Furthermore, its expression
profile by hiPSCs was almost the same as that of hCMEC/D3, which could be possible
according to a study by Al-Ahmad et al. It may be because cells isolated from PBMCs
possess glucose transporters (Al-Ahmad, 2017; Neal et al., 2019).

Out of the investigated brain ECs-specific genes in this thesis study, TFRC is an essential
gene for RMT, enabling the transport of antibodies of anti-TfR across the BBB and having
the potential for improving drug delivery to the brain by acting as drug transporters (Di
Marco et al., 2020; Goldeman et al., 2021). In the thesis study, hiPSCs-derived BMECs
expressed this gene, and that expression increased when the cells were purified by

subculturing.

TJs encode the OCLN gene. hiPSCs-derived BMECs expressed the OCLN gene at high

levels. Its expression increased during induction and was protected during expansion,
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although the RA lowered its level. At day 11, its expression by purified BMECs was
almost 5 times higher than the expression of this gene in hCMEC/D3, which was
consistent with the ICC where TJs formed better in hiPSCs-derived BMECs than
hCMEC/D3. Also, ZO-1 expression increased day-by-day, and EC medium plus RA
significantly increased levels of ZO-1 expression, reaching the highest level on day 10,

similarly in the literature (T. Qian et al., 2017).

KDR was highly expressed by hiPSCs-derived BMEC during their purification process
due to the growth of ECs, and this expression was much higher than that of hCMEC/D3.

hiPSCs-derived BMECs expressed CDHS expression profile after treatment with RA-
included EC culture media, as in literature (T. Qian et al., 2017). Although there was no
or little detection of CDHS expression in the induction process with UM on days 0 and 6,
non-purified BMEC-like cells cultured in EC media starting at day 8 suddenly expressed
this gene and acquired it during purification by subculture on pre-coated transwells
showing the maturation of brain ECs. However, it was lower on days 11 and 12 compared
to the second day of purification, day 10 (Lippmann et al., 2012). Therefore, an ECM
mixture with collagens and fibronectin as coating material and EC media could be another

crucial factor affecting brain EC-specific gene expression.

Permeability assays informed whether the fluorescent molecules crossed the BBBs and
BBTBs before reaching the healthy brain or brain side with tumors. As mentioned in
section 4.5, brain ECs in pre-coated transwells decreased the spontaneous crossing of
FD4 molecules in both BBB models (monolayers of hCMEC/D3 or hiPSCs-derived
BMECs). This finding demonstrated the development of the BBBs as a protective
membrane. In BBB and BBTB models, the transport of FD4 molecules was carried by
the paracellular diffusion pathway and directly related to the number of TJs presenting on
brain ECs. Based on this information, the passage of FD4 in the BBB model with hiPSCs-
derived BMECs was more straightforward than in models with hCMEC/D3 thanks to
better TJs' expression, and adding tumor cells to both models decreased the spontaneous
passage of these molecules. Similarly, hCMEC/D3 monolayers lowered the passage of

MQDs, and the presence of U87 decreased this passage even more, which might be due
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to proteins presenting on brain ECs for inhibiting MQDs to cross the BBB or the presence
of impaired pathway specific for MQDs passage. However, BBTB with hiPSCs-derived
BMECs and U87 led to leaks on brain ECs, improving the passage of MQDs to the brain
side. The reason behind the differences in findings of permeability studies with FD4 and
MQDs in different groups of the models may be molecules' passage or NMs through BBB
is related to properties of those molecules or NMs and the transporters or inhibitors
expressed in the BBBs or BBTBs (Fong, 2015). Also, the adhesion of brain ECs on
semipermeable membranes may follow an unpredictable pattern and result in unreliable

permeability measurements (Gomes et al., 2016; Naik & Cucullo, 2012).

In both BBTB models, TizC2Tx MQDs, shown to possess autofluorescence properties,
were tracked by flow cytometry after crossing brain ECs. They were given to the brain
ECs from the upper side of the transwells, crossed the barriers, and entered the tumor cell.
However, these uptakes were different numerically. This difference may be since ABCBI
encoding the transporters of efflux mechanism like P-gp was expressed more in hiPSCs-
derived BMECs than hCMEC/D3 (Delsing et al., 2018). From this result, the penetration
of some molecules, like MQDs as NMs in this thesis, can be inhibited; they can easily
pumped out before reaching brain tumors, and therefore, limited effectiveness can occur
in BBB models with hiPSCs-derived BMECs (Figure 4.18) (Loscher & Potschka, 2005;
Mahringer & Fricker, 2016; Praga et al., 2019).
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6. CONCLUSION

BBB models in vitro have been utilized for several decades and have significantly
contributed to studying cellular and molecular mechanisms involved in BBB formation
and development. BBTB models in vitro have been beneficial for understanding the

environment of neurological diseases and, thus, better treating them.

BBB integrity can be assessed in vitro by measuring TEER and evaluating cell monolayer

permeability with molecules.

Researchers have used primary brain ECs and brain EC lines in the beginning for
modeling human BBBs; however, they cannot create the exact phenotypes and properties
of the BBB. For this reason, improvements in the use of iPSCs to develop iPSCs-derived
BBB models provide information about several CNS transportation and signaling

mechanisms for GBM therapy with nanosystems.

Human cells are essential when investigating human-specific transporters, receptors, or
immunological concerns. Thus, applying highly purified BMECs derived from hiPSCs of
human PBMC:s could represent a significant advancement in BBB research, such as drug
permeability studies, neurological disease modelings, and finding novel systems for
disease therapy. Besides, treating BMECs with RA-included EC media during their
differentiation and purifying them on ECMs are crucial to creating a well-developed

characterization of brain ECs.

Nanotechnology and the use of NMs, even with their various combinations, in tumor
therapy have become popular among researchers owing to the excellent physiochemical
properties of NMs to fight against growing multiple tumor cell types, especially GBM. In
this context, pre-clinical and clinical studies with novel NMs are increasing in a way
researchers cannot ignore. MQDs were comparatively new in CNS-related research and

nanomedicine areas against brain tumors.
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The hiPSCs-derived BBB model developed in the thesis study exhibits promising barrier
properties. It may serve as a personalized and pivotal BBB model in vitro for
pharmaceutics and nanotechnology in exploring BBB permeability to prospective

therapeutic agents.

In the realm of BBB-related studies, MQDs stand out as a preferred choice for
researchers. Their ease of trackability, wettability, immunomodulation effects, surface
chemistry rich in functional groups, and electrical conductivity provide a robust

foundation for confident research decisions.

For future experiments, the BBTB model could be developed by isolating brain tumors
from a patient with GBM and primarily culturing them. Other cells, like glial cells,
astrocytes, and pericytes derived from hiPSCs, might be cultured together in 2D or a
microfluid chip in 3D to fully develop the human BBB model. Also, hiPSCs can be
transduced from the blood of other humans, and differences in BBB anatomy and
physiology between humans could be investigated to enhance the research for patient-

specific modeling in GBM therapy.

Additionally, BBB studies using humanized rodents might be conducted to trace the
molecules better and more accurately analyze the desired therapeutic effect of NMs. As
for NMs, different analyses to understand their use and impact in the BBB, such as
confocal microscopy to image the spatial distribution of NMs as well as their uptake by
the U87 cells, Raman spectroscopy to identify the chemical changes in GBM with and
w/o NM, and permeability with inhibitors of transport mechanisms to investigate which

way the NMs use for crossing BBB might be conducted.
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APPENDIX 1 Primary & secondary antibodies of bbb used for
immunocytochemistry

Mouse

Donkey

PECAML1 (CD31) Mouse Abcam, ab9498
(2 mg/mL) Monoclonal

Occludin (OCLN) Mouse Abcam, ab242202
(1 mg/mL) Monoclonal

Abcam, ab150113

Cold MeOH,
1% BSA + 0.1%
TritonX_100 in

DPBS (1X)

Alexa Fluor 488
(AF488)

1:1000

1:100

1:500
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APPENDIX 2 Primers of BBB & hiPSCs for RT-qgPCR

GAPD AGCCACATCGCTCAGACA GCCCAATACGACCAAATC 66
H 59.0°C 57.0°C
SLC2A AACTCTTCAGCCAGGGTCCAC CACAGTGAAGATGATGAAGAC
1 62.9 °C 53.0°C 140
CDH5 GGCCAGGTATGAGATCGTGG TCTTGCAGAGTGACCAGCAC
62.8 °C 60.2 °C 90
ABCB1 | GCCTGGCAGCTGGAAGACAAAT | ATGGCCAAAATCACAAGGGTTA
AC GC -
64.4°C 61.0°C
OCLN GACTTCAGGCAGCCTCGTTAC GCCAGTTGTGTAGTCTGTCTCA
61.3°C 58.0 °C 132
Z0-1 ACCAGTAAGTCGTCCTGATCC TCGGCCAAATCTTCTCACTCC
58.1°C 63.8 °C 128
GAGTATTACTGCACAGCCTTCA AACCACTGCAATAAGTCCTTTC
CD31 57.2°C 57.4°C 117
GCACAGCTCTCCTATTGAAAC GGTATCCCTCTAGCCATTCAG
TFRC 56.7 °C 57.8°C 147
GTACATAGTTGTCGTTGTAGG TCAATCCCCACATTTAGTTC
KDR 49.9°C 55.0°C 132
TCAAGTCGAGTCTATCTGCATCC CATGTCACGACCAGTCACAAC
PAX2 60.8 °C 60.1°C 92
ACAGCAAATGACAGCTGC TCGGCATCGCGGTTTTT-
SOX2 57.0°C 52.0°C 68
AGCAAAACCCGGAGGAGT CCACATCGGCCTGTGTAT
OCT4 56.0°C 61.0°C 114
ATGCCTCACACGGAGACT AGGGCTGTCCTGAATAAG
NANO 60.0 °C 58.0 °C 66
G
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APPENDIX 3 Mycoplasma detection of h\CMEC/D3

DNA Positive Negative
Ladder Control Control

Sample
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APPENDIX 4 L-lactate dehydrogenase (LDH) analysis
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Cytotoxicity of MQDs on hCMEC/D3 after 24 H by LDH Assay (ns: non significant,
*p < 0.05 with standard errors)

107



APPENDIX 5§ Gene Expression Profiles of hCMEC/D3 by RT-qPCR
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Normalized Gene Expressions of hCMEC/D3 on CoL1-coated flasks at passage +4
according to hiPSCs at passage 25, *p < 0.05 with standard errors
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seeding on 24 transwells pre-coated with CoL1 according to sample A (the sample
which maximum TEER was observed), *p < 0.05 with standard errors
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APPENDIX 6 RT-qPCR analysis of hiPSCs-derived

hCMEC/D3 showing % GAPDH
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A BMECs Induction day 0

B BMECSs induction day 6

C Nen-pruified BMECS (5 days in UM)
D Non-pruified BMECs (4 days in UM)
E BMECs purification day 2

F hCMEC/D3

G hiPSCs

| ——
TFRC * PAX2
14 4.5 1 0.40
* *
12 T T 0.52
=" T 3.0 * d T
g 8 =l I e | i o024
; 8
§ 4 =15 =016
2] _ 0.08 B
0 0.0 — ; 0.00
A B € D E F A B C D E F A B C D E F
ocT4
NANOG
%
J 1 ek ko
sOX2 **
——————
* ok ok ki
e |
*ok e ok o ek
|
A - ok ok ok
— i
e ok ok ok ok ko * %k
1
ok ok * %
i
* *kkk ok ko
— —
* * ok ok kK ok ok Kk ——
T 1 I ) 1 | |
o o ok * % R kk ok k R [—
—i — I 1 r 1
* % ok ok ok > k% ok kk ok 20 l** **I I ***"‘
00 T 1 — . — [
48 T
16 0 =15
3 =1
(=}
Sﬂ 3:;2 §1°
24
* ®

Gene Expressions of hiPSCs-derived BMECs throughout the differentiation, hiPSCs
at passage 25, and hCMEC/D3 at passage +4, with GAPDH as the loading control,

*p < 0.05 with standard errors
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APPENDIX 7 Ethics committee approval for the isolation of iPSCs from human
blood cells, PBMCs

iNSAN ABRASTIRMALARI ETIK KURULU KARAR FORNMU
ANKARA UNIVERSITESI TIP F TESI ARASTIRMALARI ETIE KURULU
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ACTE ADRES Ankara Universitesi Tip Fakilltesi Morfoloji Binasi 06100 Sihhiye/ANKARA
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E-POSTA fipinsenetik@ankam.cdu.ir
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Pruf.Dr Sevim AYDIN Histalogi ve Emboyalaji | A0 TpFakaless | B | HE
Prof Dy Bema SAVAS Tikkd Patadag AT Tip Faladlies) EQ | H@&
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APPENDIX 8 Characterization of hiPSCs (Colony 4)

venpifd g

Normatze Gen Madest

A. SeV PCR Gel Image for the Proof of Viral Transduction, B. SeV PCR Gel Image
for the Prove of Viral Vectors Deletion After Passage, C. Growth of Colony 4, D.
Measurement of Gene Expressions in the Following Passages by RT-qPCR (A. SOX2
Expression, B. Oct4 Expression and C. Nanog Expression), E. Embryoid Body (EB)
Formation, F. EB Spontaneous Differentiation, G. RT-qPCR Results of EB
Formation (A. AFP Expression, B. Brachyury Expression and C. FGFS5 Expression),
H. IF Staining Images of Spontaneous Differentiation (A. DAPI, B. DAPI +AFP, C.
DAPI +FGFS5, D. DAPI + Brachury), I. Alkaline Phosphatase Live Staining of
Colony 4, J. Colony 4 Stained with PSC 4-Marker ICC Kit (A. Blue DAPI, Red Oct4
B. Blue DAPI, Red TRA-1-60, C. Red Oct4, Green SSEA4, D. Blue DAPI, Green
SSEA4 E. Blue DAPI, Green Sox2 F. Red TRA-1-60, Green SOX2)
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