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Cover illustration: Human induced pluripotent stem cell-derived astrocytes ex-
pressing the astrocyte-specific S100 calcium binding protein B (green).
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ABSTRACT

Brain development is a highly orchestrated process that entails changes in microen-
vironmental cues and growth factor gradients, which set the tempo for proper de-
velopment of the rudimentary structures of the brain and the generation of neurons,
astrocytes, and oligodendrocytes. Another intricate feature of the brain is the blood-
brain barrier (BBB). The BBB consists of specialized endothelial cells that form a
semipermeable barrier between the blood and the brain; hence, the BBB plays an
important part in protecting the brain from blood-borne pathogens. /n vitro model-
ing is inherently limiting, an artificial microenvironment that is usually not in tune
with in vivo conditions. Thus, understanding these cues and growth factor condi-
tions is pivotal for proper in vitro modeling and achieving cell biomimicry in vitro.
Stem cell differentiation is highly amenable to growth factors and microenviron-
mental cues that can alter the expression of proteins. Advanced in vitro culturing
considers microenvironmental cues and applies a more holistic aspect to in vitro
modeling. This thesis evaluates microenvironmental cues in neural stem cell gener-
ation and astrocyte generation by employing induced pluripotent stem cells (iPSC).
This thesis introduces a new protocol for generating human iPSC-derived astrocytes
in under 28 days. By creating an astrocytogenic milieu, neural stem cells give rise
to star-shaped astrocytes that encompass many traits previously unmet in iPSC-de-
rived astrocytes, namely, ICAM-1 expression under inflammatory stimulation, glu-
tathione synthesis and secretion. A follow-up study in this thesis presents a proteo-
mic analysis between primary fetal astrocytes and iPSC-derived astrocytes. Micro-
physiological systems impart a more appropriate culturing microenvironment and
influence cell fate and functionality. Another study of this thesis focuses on the
differences between conventional and microphysiological culture systems in iPSC
reprogramming and the generation of neural stem cells. Lastly, in vitro modeling of
the blood-brain barrier (BBB) is also investigated. Specifically, 1) a human iPSC-
BBB-like model is used to evaluate the permeability of a drug delivery system based
on nanostructured lipid carriers and 2) a vessel-like structure with a 3D glioma
model.
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SAMMANFATTNING

Hjarnutveckling dr en mycket orkestrerad process som medfor fordndringar i
mikromiljoméssiga signaler och tillvixtfaktorgradienter, som sétter tempot for
korrekt utveckling av hjérnans rudimentira strukturer och generering av neuroner,
astrocyter och oligodendrocyter. Blod-hjérnbarridiren (BBB) bildas av
specialiserade endotelceller som bildar en semipermeabel barridr mellan blodet och
hjarnan. Darfor spelar BBB en viktig roll for att skydda hjdrnan fran blodburna
patogener In vitro-modellering dr i sig begrénsande, en artificiell mikromiljé som
vanligtvis inte &r i samklang med in vivo-forhéllanden. Dérfor dr forstielse av dessa
signaler och tillvaxtfaktorforhallanden avgorande for korrekt in vitro-modellering
och for att uppnad cellbiomimik in vitro. Stamcellsdifferentiering ar mycket
mottaglig for tillvaxtfaktorer och mikromiljomaéssiga signaler som kan foréndra
uttrycket av proteiner. Avancerad in vitro-odling tar hdnsyn till mikromiljomassiga
signaler och tillimpar en holistisk syn pa in vitro-modellering. Denna avhandling
syftar till att utvirdera mikromiljomissiga signaler i generering av neurala
stamceller och generering av astrocyter genom att anvinda inducerade pluripotenta
stamceller (iPSC). Denna avhandling introducerar ett nytt protokoll for att generera
minskliga iPSC-hérledda astrocyter pa under 28 dagar. Genom att skapa en
astrocytogen miljo ger neurala stamceller upphov till stjirnformade astrocyter som
omfattar ménga egenskaper som tidigare inte uppfyllts i iPSC-hédrledda astrocyter,
namligen ICAM-1-uttryck under inflammatorisk stimulering, glutationsyntes och
sekretion. En uppfoljningsstudie i denna avhandling presenterar en proteomisk
analys mellan primdra fetala astrocyter och iPSC-hdrledda astrocyter.
Mikrofysiologiska system ger en mer ldmplig odlingsmikromiljé och paverkar
cellens 6de och funktionalitet. En annan studie av denna avhandling fokuserar pa
skillnaderna mellan konventionella-och mikrofysiologiska odlingssystem i iPSC-
omprogrammering och generering av neurala stamceller. Slutligen undersoks ocksé
in vitro-modellering av blod-hjarnbarriiren (BBB). Specifikt anvinds 1) en
minsklig iPSC-BBB-liknande modell for att utvirdera genomtrangligheten hos ett
lakemedelsleveranssystem baserat pad nanostrukturerade lipidbdrare och 2) en
kérlliknande struktur med en 3D-gliommodell.

Dimitrios Voulgaris, dvou@kth.se

Avdelingen for Nanobioteknologi

Skolan for kemi, bioteknologi och hdlsa

Kunlgiga Tekniska Hogskolan, 100 44, Stockholm, Sverige
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Aims & Structure

This thesis and papers aim to improve in vitro models through a holistic view of in
vitro traditional and advanced culture systems. /n vitro culture systems usually lack
many in vivo components. Such components are, among others, interactions with
other cell types, interaction with the extracellular matrix, a 3D structure and turno-
ver of cellular cues. Specifically, I focused on creating advanced in vifro models of
the Central Nervous System (CNS) by capitalizing on induced pluripotent stem cell
(iPSC) models. Advanced in vitro modeling attempts to bring in vitro models closer
to in vivo conditions. Stem cell differentiations are highly instructed by culturing
conditions such as availability of growth factors, cell-to-cell signaling and cell-to-
extracellular matrix (ECM) signaling.

The aim of this thesis includes 1) development of a novel astrocytic differ-
entiation protocol from neural stem cells (NSC), 2) iPSC reprogramming and NSC
generation and characterization of these processes in two different culturing for-
mats, and 3) in vitro blood-brain barrier (BBB) modeling and characterization; the
BBB was modeled either via iPSC differentiation or through primary cells.

In paper [, I developed an astrocytic protocol based on a primary astrocytic
media, an astrocytic tuned extracellular matrix (denatured collagen, gelatin) and
proper seeding density that regulate cell-to-cell signaling. A proteomic analysis was
employed to further characterize hiAstrocytes in paper II. In paper I11, the effects of
cell-to-cell signaling were explored in the context of iPSC reprogramming and NSC
generation (neural induction). Cell-to-cell signaling was indirectly geared by com-
paring traditional (well plates) cultures with microphysiological system cultures. In
papers IV and V, the focus was on recreating some elements of the BBB. More
specifically, paper IV focuses on evaluating the permeability of nanostructured lipid
carriers through an iPSC barrier that has in vivo-like transendothelial electrical re-
sistance (TEER). Paper V establishes a 3D platform using umbilical cord endothe-
lial cells and 3D glioma culture, creating the first steps towards a vascularized brain
tumor model from a biological perspective.

To put these aims and papers in context, this thesis starts with a brief in-
troduction to brain development, describing the different developmental stages and
cell types. Next, I elaborate on the state-of-the-art CNS in vitro models in Chapter
2, and Chapter 3 focuses on microenvironmental cues and microphysiological sys-
tems (MPS) and how they can increase the in vivo fidelity of in vitro models. Fi-
nally, in Chapter 4, I summarize the conclusions of this thesis and give an outlook
on the future development of this field in Chapter 5.

(8]



Chapter 1
Brain development

1.1 Embryogenesis

Following the formation of a zygote from the oocyte and spermatozoon, the totipo-
tent zygote ultimately gives rise to a hollow ball structure containing the inner cell
mass, the blastocyst cavity (blastocoele), and the outer cell layer (trophoblast), (Fig.
1). The inner cell mass consists of pluripotent stem cells, namely embryonic stem
cells (ESC). ESCs have been extensively used in research and can proliferate virtu-
ally indefinitely in vitro in the presence of growth factors and hormones that retain
their stemness and self-renewal. Such proteins are basic fibroblast growth factors
(FGF), transforming growth factor-beta, insulin, transferrin and sodium selenite [1].

Blastocyst

Inner Cell Mass

Blastocoele
Embryonic Stem Cells

Trophoblast

Figure 1 Graphical representation of the blastocyst, a cellular structure generated around 5 days post-
conception. The blastocyst contains the inner cell mass, blastocoele and trophoblast. The inner cell mas
represent, in vitro, the embryonic stem cells, which can give rise to all 3 germ layers. The trophoblast
gives rise to the extraembryonic tissue. Created with BioRender.com.

The inner cell mass, through the process of gastrulation, gives rise during the
gestational week (GW) 2 to the 3 germ layers: the ectoderm, mesoderm, and endo-
derm. The endoderm gives rise to internal organs such as the liver and pancreas,
while the mesoderm gives rise to structures such as cartilage, bone, blood, and blood
vessels. Lastly, the ectoderm gives rise to the epidermal ectoderm, which generates
skin and nails and the neuroectoderm, which generates the CNS.
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With the advent of iPSC [2], access to these embryonic stem cell-like cells
greatly increased the number of stem cell differentiation protocols. Pluripotency is
the capacity of a cellular entity to self-propagate and the capacity, upon withdrawal
of growth factors, to generate all germ layers, similarly to the process of gastrulation
of the inner cell mass (i.e., ESCs). IPSCs or ESCs can further be restricted (devel-
opmentally) to multipotent stem cells, such as NSC. Multipotent stem cells are non-
terminally differentiated cells that retain their self-replicating machinery. However,
multipotent stem cells are germ layer-restricted and cannot produce cells of other
lineages.

1.2 The neuroectoderm fate

Brain development starts at GW3; during GW3, a mesoderm-derived structure, the
notochord, secretes bone morphogenetic protein (BMP) inhibitors, such as noggin,
chordin and follistatin [3,4]. The ectoderm in the surrounding vicinity of the secre-
tion of BMP inhibitors from the notochord acquires a neuroectoderm cellular fate.
In contrast, BMP pathway activation in the rest of the ectoderm generates the epi-
dermal ectoderm. Through the neurulation process, the neural plate elongates its
folds and closes, making the first well-defined structure of the CNS, the neural tube.
BMP signaling dominates the brain's development temporally. Initially, BMP sig-
naling is inhibited to allow neurulation of the ectoderm; at later stages, BMP sig-
naling [5] and Sonic Hedgehog (SHH) [6] define the dorsoventral polarization of
the neural tube. This highly regulated patterning process results from the synergistic
action of opposing gradients, also known as the French flag model of morphogene-
sis.

The French flag model of morphogenesis was proposed by Lewis Wolpert in
1969 [7] and proposes that during development, cells receive a positional identity
through gradients emanating from cells dictating cellular fate and positional identity
(i.e., organizers). These organizers secrete factors that affect cellular fates based on
the proximity of the cell to the organizers (Fig. 2).

[10]
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Figure 2 The French flag model of morphogenesis. The same morphogen secreted by an organizer dif-

ferentially affects cellular fate (e.g.," blue", "white" or "red") based on the concentration levels of the
morphogen, which are regulated by the distance of the cells from the organizer. Cells near the source of
the morphogen acquire a "blue" cellular fate, while cells spaced further apart acquire "white" and "red"
cellular fates. Reprinted with permission from [8].

Based on knowledge of pathways during brain development, many neural in-
duction protocols (i.c., the generation of NSCs from iPSCs or ESCs) have been used
in literature and applied to iPSCs and ESCs. Therefore, different names are at-
tributed to cellular entities that correspond to the different cellular structures during
brain development, as reviewed in Conti and Cattaneo, 2010 [9]. However, neural
stem cells and neuroepithelial cells are used interchangeably in this thesis and arti-
cles, and there is no association of these terms to different structures such as the
neural plate or, the more regionally patterned brain structure, the neural tube.

1.2.1 Neural stem cells

NSCs are multipotent stem cells that line the neural tube and can generate neurons,
astrocytes, and oligodendrocytes. The neural tube gives rise to the primary vesicles,
the forebrain, midbrain, and hindbrain. These rudimentary structures hold neural
stem cells with a positional identity analogous to the residing structure. Hence,
NSCs are a heterogeneous population of temporally and positionally distinct cells.
This heterogeneity is a crucial understanding of the concept of NSCs and why per-
haps they are so many terms attributed to the stem cells of the neuroectoderm.

[11]



1.2.2 The history, development, and functionality of as-
trocytes

Rudolf Virchow first identified astrocytes in 1858 [10]. They were labeled the "non-
neuronal" part of the brain, the glue (hence, the glia), a non-cellular entity that holds
everything together. Astrocytes gained their current name by Michael von Lenhos-
sék in 1893. Developmentally, neurons precede astrocytes during development
(Fig. 3). The positional identity of neural stem cells across the neural tube imparts
specific functionalities and identity to the generated progeny. Specifically, neurons
derived from the dorsal side of the neural tube give rise to motor neurons. Adhering
to the same paradigm, astrocytes also have a positional identity [12].

Gestational Week ﬁ @»f
4 8 12 16 20 24 28 32 es& ?§° vPo

Neumlalicn

Human Brain Development

Figure 3 Timeline of brain development. Neurulation is followed by neurogenesis around GW4. Shortly
after, microglia invasion occurs. Gliogenesis follows last and persists postnatally. Reprinted with per-
mission from [11].

The switch from neurogenesis to astrogenesis is suggested to occur when as-
trogenesis-inhibiting factors are no longer exerted on neural stem cells. Specifically,
the JAK/STAT pathway is a master regulator of astrogenesis, and it is initially ham-
pered by neurogenic factors [13]. Astrogenesis starts around GW18 and persists
postnatally.

An ever-growing body of research supports that astrocytes are more than just
supporting cells. Astrocytes serve a plethora of functions in the CNS, from brain
homeostasis regulators to key neuroinflammation players; these star-shaped cells
are truly multitaskers of the brain. Their interaction with neurons is crucial for brain
homeostasis. Astrocytes regulate synaptic transmission [14,15], the so-called tripar-
tite synapses. Additionally, astrocytes take up excess extracellular glutamate [16—
18] at the synaptic cleft. Most importantly, neurons cannot synthesize antioxidants
de novo and depend on astrocytes to provide precursor molecules [19]. Hence, neu-
rons are highly dependent on astrocytes for proper function.

[12]



As part of their homeostasis repertoire, astrocytes are directly involved in the
glymphatic system [20], a system for brain waste removal. The waste clearance ca-
pabilities of astrocytes do not stop at glutamate clearance; astrocytes, through the
expression of aquaporin 4 in their end-feet, are the major component of the glym-
phatic system. Maiken Nedergaard in 2013, coined the term "glymphatic system"
as a token of recognition of astrocytes' involvement in the waste removal of the
brain.

Astrocytes are also involved in the brain's innate immune response; they en-
velop with their astrocytic end-feet the majority of brain blood vessels and are the
first cell type to respond to blood-derived insults [21]. Additionally, they secrete
soluble mediators such as interleukin-6 [22], interleukin-8 and monocyte chemoat-
tractant protein-1 [23] upon inflammation.

1.3 Challenging the "neuro-centric" archetype and the
rise of the stars

Neuroscientists have extensively studied neurons in various neurodegenerative and
neurodevelopmental contexts. Alexander disease is perhaps one of the first diseases
identified to be caused exclusively by astrocytes [24]. Alexander disease is a leu-
kodystrophy where clinical symptoms, among others, include macrocephaly and
seizures. Mutations in an astrocytic-exclusive (among the cells of the CNS) protein,
glial fibrillary acidic protein (GFAP), are the cause of Alexander disease. Astro-
cytes directly contribute to disease progression via a positive feedback loop with T
cells in multiple sclerosis. This so-called "two waves' theory" proposes that cyto-
kines secreted by activated T cells activate astrocytes; consequently, activated as-
trocytes secrete chemoattract proteins that further recruit T cells [25-27]. Astro-
cytes are also affected by other organs, such as the liver. Liver failure leads to am-
monia building up in the blood and crossing the BBB. Astrocytes use ammonia to
convert glutamate to glutamine; hence the excess ammonia in the brain causes as-
trocytes to convert even more glutamate to glutamine; astrocytes eventually swell
[28], and there is also a loss of one of the major glutamate clearance transporters'
expression, the excitatory amino acid transporter 2 [29]. Hepatic encephalopathy
can be fatal if left untreated.

A notable neurodegenerative disease is amyotrophic lateral sclerosis (ALS),
affecting motor neurons. During the disease progression of ALS, motor neurons are
gradually dying, causing a loss of muscle control. The scientific community focused
on how mutations affect neuronal function and health [30,31], neglecting the impact
of astrocytes on these neuronal populations. Indeed, Arredondo et al. in March
2022, unveiled astrocytes' direct involvement in ALS [32]. Astrocytes from ALS
patients showed increased secretion levels of inorganic polyphosphate that killed
motor neurons. That study is just one example of how moving away from neurosci-
ence's "neuro-centric" doctrine, and combining iPSC technology, can unveil etiolo-
gies and better understand neurodegenerative diseases.

[13]



Researchers are slowly moving away from the "neuro-centric" idea of study-
ing neuroscience and moving forwards to understand CNS pathologies holistically
and from the side of astrocytes. Ben A. Barres was one of the researchers that laid
the contemporary foundations to understand better astrocyte biology, heterogeneity
and function [33].

1.4 The blood-brain barrier

The BBB is an intrinsic characteristic of the brain, and it serves as a gatekeeper to
the brain parenchyma. The BBB is a collection of cells that form a semipermeable
barrier that allows only passive diffusion of lipophilic molecules (e.g., O2, hor-
mones) and small non-polar molecules. Additionally, macromolecules necessary
for the brain are actively transported through specialized transporters of the BBB
(e.g., glucose). The core cellular components of the BBB are brain endothelial cells,
astrocytes, and pericytes. This fortified barrier prevents blood-borne infections
while at the same time also preventing therapeutics from entering the brain. Brain
regionality also affects BBB functionality; for example, P-glycoprotein expression
is higher in the white matter than in the grey matter [34].

Furthermore, the BBB does not cover the whole brain. Specifically, the BBB
is lacking from circumventricular organs such as the pituitary gland and choroid
plexus. Importantly, CNS diseases lead to the breakdown of the barrier, which has
detrimental effects on disease progression.

Unlike endothelial cells of the rest of the body, brain endothelial cells are non-
fenestrated and have continuous tight junctions (Fig. 4) [35]. In addition, recent
findings point to astrocytes having a pivotal role in BBB development and mainte-
nance [36]; however, their role in development is still contested.

General capillaries Cerebral capillaries

ment membrane

Interstitial tissue

Tight junction

Endothelial cells with fenestrae
(fenestrated or sinusoidal)

Microglia
Figure 4 Differences between (a) general and (b) cerebral capillaries. General capillaries are fenestrated
or sinusoidal, and transport is mainly done via fluid-phase or endocytosis (receptor-mediated). Cerebral
capillaries (brain endothelial cells) are non-fenestrated and continuous. Passive transport is limited to
small lipophilic molecules. Larger molecules are actively transported through specialized transport sys-
tems. Reprinted with permission from [37].
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Nevertheless, researchers have shown that astrocytes induce BBB characteristics in
non-BBB endothelial cells in vivo [38]. Astrocytes not only secrete growth factors
that regulate the tightness of the BBB [38] but additionally, 90% of the brain capil-
laries are covered with astrocytic processes. Astrocytes also regulate blood flow
[39]. The intimate relationship between astrocytes and brain endothelial cells has
been exemplified in numerous studies [35,40—44].

1.5Microglia

Microglia are the specialized immune cells of the brain. Originating from a meso-
derm lineage, microglia are postulated to invade the brain around GW4 as hemato-
poietic precursors. After brain entry, they are terminally differentiated into the
brain-specific immune cells called microglia. Even though the term" glia" is used,
developmentally, they do not share characteristics with the glial cells, such as as-
trocytes and oligodendrocytes. The cross-talk between astrocytes and microglia is
an important regulator of brain homeostasis [45—47].

The interplay between astrocytes and microglia extends to pathological con-
ditions. More specifically, in pathological conditions, microglia and astrocytes are
truly partners in crime; LPS-activated microglia have been shown to release com-
plement component C1q and cytokines such as TNF, which in turn activate astro-
cytes. Consequently, astrocytes no longer support neurons that ultimately die [48].
Another example of cross-talk between those two cell types is the IL-3-mediated
arming of microglia. Microglia are motile cells, continuously scavenging and prob-
ing in the brain; upon the recognition of AP plaques, microglia upregulate IL-3Ra.
Astrocytes continuously secrete 1L-3, which binds to its receptor on microglia be-
stowing microglia with extra motility and an acute immune response [49].

[15]



Chapter 2

CNS 1n vitro models

In vitro studies of the CNS have been historically done through primary cells or cell
lines, and in the last decade, iPSC-derived CNS models have gained momentum.
iPSC models are frequently advantageous over primary models in terms of costs,
availability and, in some cases, cellular functionality. Furthermore, in vivo work has
vested the scientific community with cues and insights into developmental aspects.
This knowledge has been the basis for the majority of differentiation protocols to
emulate the developmental process in vitro through the introduction of ECM or ap-
propriate growth factors. Currently, animal studies are an irreplaceable step in the
drug discovery process. Nevertheless, in this thesis, comparisons between in vivo
and in vitro will be made only in the context of in vivo functionality. Therefore, a
comparison of in vitro models (primary or iPSCs) with animal work will not be
discussed and lies outside the scope of this thesis.

2.1 Primary models and cell lines

Primary human astrocytes are possibly the cell source with the greatest in vivo prox-
imity. Isolation of astrocytes can either be done from adult post-mortem human tis-
sues or aborted fetuses. Isolation from aborted fetuses is carried out between GW
19-21. Human fetal astrocytes (HFA) retain most of the host tissue functionalities.
Additionally, immortalized astrocytic lines have also been used. However, immor-
talized astrocytic lines, even though positive for astrocytic markers, severely under-
perform (compared to HFA) in astrocyte-associated functionalities such as gluta-
mate clearance and glutathione synthesis [50], limiting their usefulness.

Cells for modeling the BBB have been used, among others: primary microvascula-
ture endothelial cells (BMECs), cell lines such as hCMEC/D3, and human umbilical
cord endothelial cells (HUVECS). The ease of access and cost-friendly nature of
HUVECs make this cell source an ideal primitive model of endothelial nature even
though the brain endothelial characteristics are lacking. Another barrier model that
has been used in research is the Caco-2. Caco-2 cells are epithelial; nevertheless,
they exhibit barrier properties that render them useful as in vifro barrier models.

[16]



2.21PSC models

IPSC models have revolutionized our understanding of developmental processes.
iPSCs are more accessible than embryonic stem cells, and therefore, many research
groups have capitalized on the accessibility and generated iPSC models of the CNS.
IPSCs can be reprogrammed from somatic cells, namely fibroblasts, urine (squa-
mous) cells or peripheral blood mononuclear cells. IPSC reprogramming forces
genes' expression, which are master regulators of pluripotency, specifically OCT4,
SOX2 and NANOG. They are numerous techniques for IPSC reprogramming
through integrating (Lentivirus), non-integrating viruses (Sendai virus or adenovi-
rus)[51], or mRNAJ[52].

Reprogramming techniques depend on the downstream process; for example,
Sendai virus reprogramming is most suitable for solely translational applications
since the virus vector does not enter the nucleus and can be diluted out after some
post-transfection at slightly higher standard culture temperatures (39°C) [53,54].
Nevertheless, iPSC for translational and cell therapy applications should be repro-
grammed through non-integrating non-viral methods, such as mRNA. Reprogram-
ming through mRNA has lower efficiency (reprogramming of fibroblasts lower
than 4%) but provides a non-viral foot-print-free reprogramming of iPSC.

2.2.1 Neural Stem Cells

The generation of NSCs is usually influenced by the extensive developmental
knowledge from in vivo developmental studies. The most widely used protocols are
often based on dual-small mothers against decapentaplegic (SMAD) inhibition [55]
or even single SMAD inhibition [9,56]. Noggin or small molecule analogs are often
used to block the BMP pathway during neural induction. Additionally, growth fac-
tors can be added during neural induction to impart specific regionality to the neural
stem cells. The growth factors that have been used to pattern neural stem cells are,
among others, FGF8, WNT, retinoic acid and SHH [57]. Depending on the protocol
used, populations with limited proliferative capacity (neural precursors) or prolifer-
ative populations (NSCs) are generated. Neural precursors cannot be cultured as
multipotent stem cells in vitro and terminally differentiate into neurons and glia,
while proliferative NSC can be cultured as multipotent stem cells in vitro by adding
mitogens.

Neural stem cells can be cultured in vitro in defined media in the presence of
bFGF and are positive for the intermediate filament NESTIN; developmentally,
they represent fetal rather than adult neural stem cells. NSCs generated through
dual-SMAD inhibition with WNT activation can be propagated for over 100 pas-
sages under serum-free conditions. However, although they are stable in terms of
proliferation, neural stem cells experience a transcriptomic shift with passaging that
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could be attributed to the in vitro culture conditions and/or an internal circadian
clock [58].

Of note, the gliogenic potential of NSCs is variable. Spontaneously differen-
tiating NSC cells give rise to mainly neurons (70 - 90 %) [59,60], results in paper I
also corroborate with that claim; growth factor withdrawal for 28 days led to the
enrichment of neurogenic marker DCX and low expression of astrocytic markers
(CD44 and S100B). Alisch et al. in 2021 showed that NSCs generated from ESCs
and iPSCs increase their gliogenic potential with successive cell division [61], re-
capitulating brain development where neurons are generated first, followed by as-
trocytes. This phenomenon was also explored in paper I, where higher passage
NSCs, during astrocyte differentiation, enrich astrocytic genes compared to lower
passage NSCs. The gliogenic potential of NSCs requires more thorough investiga-
tion to ascertain whether intrinsic or extrinsic factors confer gliogenic capacity to
NSCs

2.2.2 Astrocytes

The generation of astrocytes from stem cells is an elaborate process, spanning 20
days to over 200 days (from the NSC stage). The variability of astrocytic differen-
tiations is more complicated than the generation of NSCs, especially when differ-
entiating cells from NSCs. The variability could be partly attributed to 1) the re-
gionality of neural stem cells could potentially lead to discrepancies in protocols,
and 2) the inherent heterogeneity of NSCs as described in Ch. 2.2.1.

That is also reflected in the number of published astrocytic differentiations
[62]. The differentiation strategy of various protocols relies on media composition
that recruits growth factors such as CNTF, bFGF, EGF, LIF or FBS. Notably, all
reported monolayer differentiation protocols elected to use for ECM coating Mat-
rigel or a combination of poly-L-ornithine (PLO) and laminin or fibronectin (Fig.
5). Interestingly, the PLO/laminin combination is used in neural stem cell culture
and corresponds to the highest percentage of published papers on astrocyte differ-
entiations, highlighting the lack of consideration of ECM when designing astrocytic
protocols.
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Figure 5 Summary of chosen ECM coating for various differentiation strategies, out of the 18 astrocytic
monolayer differentiation protocols, 11 used a combination of PLO/Laminin, 5 used Matrigel and 2 used
PLO / Fibronectin, data collected from [63—80].

Another important point of the PLO / Laminin coating is that it is tuned for neuronal
differentiations [81]; hence, it could also be a remnant of the extensive research on
promoting neuronal development in vitro. In paper I, we initially explored the im-
pact of ECM coatings such as PLO / Laminin (data not shown), Matrigel, and a
denatured form of collagen (gelatin) on the astrocytic commitment NSC.

2.2.3 Brain endothelial cells

The emergence of brain endothelial differentiation protocols that can, to some ex-
tent, recapitulate in vitro the in vivo characteristics of the brain endothelium paved
the way for many drug transport studies [82—84]. These protocols are based on spon-
taneous differentiations of iPSCs followed by a retinoic acid treatment that in-
creases the barrier's resistance to in vivo levels (>2000 Qxcm?). In vivo TEER has
been measured in frogs and rats to be ~2000 Qxcm? [85,86]. The barrier-like char-
acteristics of this approach make this differentiation approach of BBB-like models
ideal for transport studies. We explored the barrier properties of this hiPSC-brain
endothelial-like protocol in paper IV, where we evaluated, among others, the per-
meability of this model with a drug delivery system (nanostructured lipid carrier).
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2.3 Limitations of current primary and iPSC-derived CNS
models

Primary BMECs cannot recreate any physiological relevant TEER (<200 Qxcm?),
and drug transport studies are not relevant due to the leakiness. However, brain en-
dothelial cells can be used for non-transport-related experiments, such as pulse-
chase experiments. While posing a great tool for the in vitro assessment of transport
studies, iPSC-BBB protocols fail to capture inflammatory responses [87]. Addition-
ally, this specific differentiation strategy [82—84] generates a mixture of epithelial
and endothelial types [88,89].

Adult astrocytes have limited functionality in vitro post isolation. Fetal astro-
cytes, while functional, are hard to access if biological variability needs to be tested.
More importantly, fetal tissues cannot, by default, recapitulate in vitro any devel-
opmental disease, as opposed to iPSC reprogrammed from patients. Additionally,
industry standards do not allow the use of fetal tissues rendering their usefulness
strictly academic.

Even though cells isolated from primary tissues are the most relevant source of
the tissues in question, a major hurdle that primary sources of cells entail is their
de-differentiation that ensues following the isolation and expansion of these cells in
vitro. For example, isolated brain endothelial cells have a more reactive phenotype
once cultured [90]; consequently, it is undeniable that the isolation and in vitro ex-
pansion of these cell populations results in a transcriptomic shift that could poten-
tially skew experimental data.

Fetal or adult tissue provides us with the exact biological age of the cells; for
instance, fetal astrocytes can be harvested from aborted fetuses between GW19-22.
A caveat with any iPSC product is the challenging task of determining the biological
age of the resulting cells. NSCs are slightly easier to identify by comparing to fetal
tissue. Additionally, the time window of the existence of fetal neural stem cells is
rather small compared to astrocytes or brain endothelial cells. However, astrocytes
and brain endothelial cells are harder to determine accurately; hence, the maturity
of differentiated cells has always been debated. Differentiated cells are unlikely to
resemble adult tissue since the adult tissues have undergone a developmental pro-
cess that is challenging to recapitulate in vitro.

Additionally, there is a lack of astrocytic models after GW22 (excluding adult
astrocytes). Hence, making it challenging to pinpoint the exact developmental age
of astrocytic differentiations. Nevertheless, researchers have identified differen-
tially enriched markers in fetal and mature astrocytes [91].
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2.4 Cellular biofidelity

IPSC technology has undoubtedly enabled access to numerous differentiated cellu-
lar products for the research community. However, the differentiated cellular prod-
ucts occasionally fail to recapitulate the tissue of interest fully. For example, while
capturing the in vivo resistance, brain endothelial-like cells fail to respond to in-
flammatory stimuli. The lack of cellular biofidelity could be attributed either to the
protocol used itself or to microenvironmental cues, or lack thereof, that fail to gen-
erate functionalities akin to the tissue of interest. A good evaluation method of the
cellular biofidelity of cellular products is in vivo grafting.
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Chapter 3

Microenvironmental cues &
microphysiological systems

Advanced in vitro culturing considers environmental cues and mechanical forces
exerted in vitro. Advanced in vitro modeling includes, among others, 3D modeling,
organoids and microphysiological systems (MPS); all these models attempt to re-
capitulate, to some degree, the complexity of the in vivo microenvironment. This
chapter starts with the advantages of MPS in vitro modeling. Following that, ad-
vanced in vitro modeling and microenvironmental cues are discussed in the context
of the BBB and astrocytes.

3.1 Microphysiological systems

MPS (or chips) permit a range of processes that cannot recreate in a conventional
2D well culture setting. MPS are typically the size of a cover slide (approximately
75 mm x 25 mm, Fig. 6) and are most frequently made of polydimethylsiloxane
(PDMS), polymethylmethacrylate (PMMA) or cyclic olefin copolymer. PDMS is
used in most MPS; the advantage of PDMS is that it is cost-efficient and more O2
permeable than the rest [92].
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Figure 6 Graphical presentation of a typical chip design. Chips are often made from PDMS, and the
typical dimensions are similar to a cover slide (75 mm x 25 mm). The channels typically hold media in
the range of ul (~20-90 ul). The ratio of culture media over the growth area is smaller than in the con-
ventional well plate. Created with BioRender.com.

MPS can be geared to accommodate a range of cell culture setups. From static
MPS to the incorporation of flow, MPS are versatile tools for exploring elaborate
biological processes. For example, spatial manipulation can provide a morphogen
gradient model akin to the French flag morphogen model described in Ch. 2 (Fig. 2
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and Fig. 7a). The importance of this feature comes into play during brain develop-
ment; specifically, the neural plate, neural crest, and epidermis cellular fate are dic-
tated by opposing gradients of FGF and WNT [93] (Fig 7b). Furthermore, morpho-
gen gradients present in vivo can be recapitulated in MPS, while conventional cul-
ture systems lack spatial control over morphogens' concentration.
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Figure 7 (a) Graphical presentation of a typical chip design. Chips are often made from PDMS, and the
typical dimensions are like a cover slide (75 mm x 25 mm). Two different solutes are flowing through
the chip (blue and red), creating an opposing gradient of the two different solutes (b) an example of
opposing gradients during brain development, FGF and WNT, the various levels of the gradients give
rise to the neural plate, neural crest, and epidermis. Created with BioRender.com.

MPS and modeling development have been a fertile ground for many studies;
for example, researchers recreated the neural tube patterning on a chip [94,95]. In
addition, the spatial control that MPS provides, combined with iPSC technology
and disease models, can shed light on human-specific neurodevelopmental diseases.

Another commodity of MPS is the more physiological ratio of cell media vol-
ume over the growth area, potentially creating more in vivo-relevant in vitro models
or even increasing biological processes. In MPS, endogenous growth factor secre-
tion from cells is highly concentrated in chips instead of traditional culture systems,
exemplified in paper 3. We showed that the MPS culture boosted neural develop-
ment pathways during the establishment of neural stem cells compared to traditional
well plate culture conditions.

Chips can also be linked together, akin to how organs are connected. Maoz et
al. exemplified that by linking chips together, they could recapitulate the metabolic
coupling between brain endothelial cells and neurons [96]. The complexity of this
system can further be increased by multi-organ linked chips [97] that can provide
insight into pharmacokinetics, drug distribution and potential side effects. The
multi-organ chip system has the potential to provide human-specific readouts.
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As mentioned earlier, flow is one of the key elements of MPS; one example
is how a simulation of interstitial flow (0.1-0.3 uL/min) accelerated the generation
of neurons from neural precursors that were seeded on a chip [98], further ad-
vantages of flow will be discussed in following sub-chapters.

3.2 Advanced in vitro modeling of the BBB

The brain endothelial cells in the capillaries are exposed to shear stress. This force
that is exerted on endothelial cells is key to barrier characteristics. The BBB is an
excellent example of where advanced in vitro culture can be applied to create an
improved in vitro model. In addition, MPS, such as chips, enable the proper shear
stress that these cells experience in vitro.

For example, Siddharthan et al. showed that when shear stress is applied to
BMEGC:s, the tight junction protein ZO-1 is upregulated [99]; additionally, it has
been reported that shear stress increases the barrier's resistance [100]. In a more
comprehensive evaluation of the impact of sheet stress on the BMECS, Cucullo et
al. reported that shear stress is a key component of the BBB phenotype since they
showed that the inclusion of shear stress resulted in enrichment of tight and ad-
herens junctions [101]. Furthermore, they showed that the BBB functionality in-
creased (upregulation of multidrug resistance transporters). Shear stress also affects
the alignment of endothelial cells.

Another intricate element that separates the brain endothelium from non-CNS
endothelium is that brain endothelial cells do not undergo a phenotypic transition
from cobblestone to spindle-like [102,103]. , other reports suggest that BMECs tran-
sition to spindle-like morphology under flow conditions [104]. Regardless, endo-
thelial cell response is more multifaceted than merely summed up to whether brain
endothelial cells align or not to the direction of the flow. Specifically, the identity
of the endothelium [105] (whereas arterial or venous) and the level of shear stress
[106] should be added as important confounding variables when defining the endo-
thelial cell's response to shear flow.

Geometry is another salient feature of the endothelium. Attempts at 3D ren-
derings of the brain endothelium have been made using various techniques, such as
viscous fingering [107], template rod [108—110] or more elaborate PDMS chips
[111,112]. Nevertheless, 3D geometry, in the context of biological functionality of
the BBB, has not been documented to provide an advantage over 2D conventional
culture systems. Regardless, 3D rendering of the BBB provides an attempt for more
physiological readouts, for instance, in paracellular permeability and pharmacoki-
netics.
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3.3 Advanced in vitro modeling of astrocytes

There is a bi-directional influence between astrocytes and the microenvironment of
other CNS cells. For example, the intimate relationship between astrocytes and
brain endothelial cells has been explained previously; however, a noteworthy aspect
is that astrocytes regulate via Ca®" signaling the blood flow in the brain [113]. Ad-
ditionally, astrocytes respond very differently to the type of ECM proteins; as an
example, regrowth of scratch wounds was halted in astrocytes cultured in fibron-
ectin but not on laminin or tenascin C. Interestingly, IL-1b-challenged astrocytes
behave very differently on fibronectin, laminin or tenascin C [114]. More specifi-
cally, challenged astrocytes increased proliferation when cultured in fibronectin
while growth was arrested on laminin.

Geometry is also pivotal for the physiological state of astrocytes. 3D in vitro
models showed that astrocytes are less reactive in 3D vs. conventional 2D [115].
Additionally, 3D ECM composition and collagen concentration were reported to
influence the reactivity of astrocytes (in terms of GFAP expression). Interestingly,
this study also reported that the number of astrocytic processes depends on collagen
concentration [116]. More studies corroborate that astrocytes in 3D are less reactive
than in 2D [115]. Astrocytes are highly permissive to ECM protein composition.
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Chapter 4

Conclusions

Astrocytes are an integral part of the CNS. Historically, they have been misidenti-
fied as non-cellular components of the brain. What was once considered mere neu-
rotransmitter cleaners, now astrocytes are recognized as a truly versatile brain cell
type. Recent studies point out astrocyte's entanglement in a myriad of processes,
both in brain homeostasis and neuroinflammation. This study presents the first in-
flammatory-responsive human iPSC-derived astrocytes. (Paper I and Paper II). The
most rudimentary readouts for iPSC-derived astrocytes are cytokine secretion and
phagocytosis. In this study, we further confirmed that hiAstrocytes secrete astro-
cyte-associated cytokines. More importantly, this study demonstrates that hiAstro-
cytes upregulate ICAM-1 upon inflammatory challenges. The importance of
ICAM-1 is that it can facilitate direct communication with other immune cell types,
such as monocytes and microglia.

Additionally, the importance of glutathione synthesis and secretion further ex-
pands on the astrocytic phenotype of hiAstrocytes. Astrocytes synthesize and se-
crete glutathione taken up by neurons, and paper I reports on the synthesis and se-
cretion of glutathione from hiAstrocytes. The level of secretion and synthesis is on
par with levels of glutathione that HFA synthesize and secrete. The similarity of
glutathione secretion between hiAstrocytes and HFA adds to the in vivo relevance
of hiAstrocytes

Paper I1II focused on how cell signaling can be altered based on culturing
vessels. Paper Il compared conventional culturing systems (e.g., traditional well
plates) with microphysiological systems (e.g., chips) in somatic iPSC reprogram-
ming and neural induction. Paper III suggests that the culturing environment does
not impact iPSC reprogramming efficiency. Importantly, RNA-seq reveals no de-
tectable transcriptomic differences between iPSC reprogrammed in well and chips
conditions. The data of Paper III contradicts what was shown previously [117],
more specifically, that a microfluidic setting increases the reprogramming effi-
ciency (compared to conventional culture wells).

Nevertheless, Paper 111 capitalizes on MPSs and reports for the first time
the effects of a confined culturing environment on neural induction and, conse-
quently, the generation of neural stem cells. Initially, paper III shows that the con-
fined environment boosts the generation of the neuroectoderm. Secondly, MPSs
impart some form of standardization in the inherently variable process of neural
stem cell generation as we see that neural stem cells generated and propagated in
chips cluster closely, while NSCs generated in wells appeared more spread out.

[26]



Paper IV and V showcase how advanced in vitro models can be applied.
Specifically, paper IV focuses on the barrier properties of the iPSC-derived barrier
model and reports on the permeability of a drug delivery system, specifically a
nanostructured lipid carrier. Paper V reports on a 3D vessel-like structure that is
strategically positioned next to a glioma 3D model; this study could pave the way
to study the vascularization of gliomas.
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Chapter 5
Outlook

The work presented in this thesis can serve as a stepping stone for further evalua-
tions. Specifically, ICAM-1 expression is important in disease modeling, specifi-
cally for multiple sclerosis [118—120]. Further studies could be done solely on the
expression of this protein under inflammatory conditions. To exemplify, patient
lines could be generated from MS patients and differentiated to hiAstrocytes; then,
by comparing to the control lines, we could elucidate astrocytes' involvement in this
neurodegenerative disease. Monocytes and microglia can directly link with astro-
cytic ICAM-1 via integrins such as CD11a. Further experiments could focus on
whether hiAstrocytes can secrete the monocyte chemoattractant protein 1 (MCP1
or CCL2) since it is an important component of the cascade of reactions in multiple
sclerosis [121].

Further studies on paper III would potentially involve the downstream differ-
entiation of neural stem cells and investigate how perhaps culturing conditions alter
neural stem cells' neurogenic/gliogenic potential. Even though an on-chip differen-
tiation of these processes is tedious and perhaps unlikely, neural stem cells gener-
ated from chips and wells could show a varying propensity for neuronal or astro-
cytic differentiation. We could tie various pathways differentially activated in these
two conditions with neuronal and astrocytic commitment with that knowledge. That
would be fundamental in understanding neural stem cells' state since it is a hetero-
geneous population.

A follow-up study of paper IV could potentially focus on the inflammatory
aspect of the hiPSC-barrier model. Additionally, another follow-up study could po-
tentially focus on the mechanism that these drug delivery carriers use to pass
through the barrier. Finally, the interesting platform generated in paper V can be
used to evaluate more advanced studies. For example, CNS-relevant endothelium
could be used instead of HUVECs. Additionally, astrocytes could be used instead
of U87, along with amyloid-beta proteins, which are ubiquitous in Alzheimer's dis-
ease, to study the glymphatic system in detail and further characterize astrocytes'
involvement in waste clearance. Furthermore, to further study the glymphatic sys-
tem, sleep-inducing chemicals could be used since it is postulated that waste clear-
ance is at its peak during sleep.
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