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Abstract

Itis widely acknowledged that animal models do not often recapitulate human diseases
with satisfactory results. Especially human brain development is difficult to model in
animals due to a variety of structural and functional species-specificities. This causes
significant discrepancies between predicted and apparent drug efficacies in clinical
trials, and their subsequent failure. Emerging alternatives based on 3D in vitro
approaches stride forward to close the current gaps, and ultimately reduce, replace and
refine animal experiments. Therefore, this study aimed at the characterization and
optimization of 3D culture conditions for the development of in vitro models mimicking
neurodevelopmental disorders.

The first two manuscripts in this study review the existing and developing stem cell-
based in vitro approaches, including their advantages and limitations (manuscript 2.1,
manuscript 2.2). Specific focus on 2D and 3D human induced pluripotent stem cell
(hiPSC)-based neural models and their comparison is set in manuscript 2.2. Since 2D
models do not recapitulate the in vivo physiology, great efforts are made to augment
these cultures into 3D. The establishment and characterization of oxidized alginate-
gelatin-laminin and alginate-gellan gum-laminin hydrogel blends for 3D neural in vitro
models is described in manuscript 2.3 and manuscript 2.4. These studies underline the
necessity of adapted and fine-tuned hydrogel properties for neural network formation
and electrical activity. A methods description on the measurement of electrical activity
of hiPSC-based neural cultures using microelectrode arrays (MEAs) is given in
manuscript 2.5. Owing to their properties, hiPSCs have proven to be a very promising
tool to study human neurodevelopment. However, different cultivation protocols,
storage conditions and contaminations can lead to reproducibility and reliability issues.
This leads to a substantial need for quality controlled hiPSC cultures. Manuscript 2.6
provides a guideline for the implementation of quality control standards into academic
settings.

The main manuscript 2.7 of this thesis describes the utilization of hiPSC-based neural
models to gain valuable insights into neurological pathomechanisms of the Cockayne
Syndrome B (CSB). CSB is a rare hereditary disease and is accompanied by severe
neurologic defects, such as microcephaly, intellectual disability and demyelination. No
treatment is currently available for affected children. Phenotypic analyses of two quality
controlled hiPSC-based in vitro models of CSB link cellular mechanisms to the disease’s
cardinal neurological symptoms using a multi-omics approach. The thesis provides
evidence, that HDAC-dependent and independent mechanisms lead to inhibited neural
progenitor cell migration, altered electrical activity and disrupted oligodendrocyte
maturation. These data add to the in-depth understanding of the CSB neuropathology.

The thesis shows that there are multiple ways of generating neural in vitro models from
hiPSCs in 3D, which can be used in a fit-for-purpose manner. Applications of such models
for studying human diseases, personalized and generic, opens new possibilities for the
identification of human-relevant drug-targets in a physiologically relevant manner.



Zusammenfassung

Es ist weithin anerkannt, dass Tiermodelle menschliche Krankheiten nur selten
zufriedenstellend widerspiegeln. Insbesondere die Entwicklung des Gehirns ist
aufgrund einer Vielzahl von artspezifischen strukturellen und funktionellen
Besonderheiten schwer zu modellieren. Dies fiihrt zu erheblichen Diskrepanzen
zwischen vorhergesagter und tatsachlicher Wirksamkeit von Medikamenten.
Alternativen, basierend auf 3D in vitro Methoden, erweisen sich als vielversprechend fir
die Beantwortung von offenen Fragen und zur Reduktion von Tierversuchen. Daher zielt
diese Studie auf die Charakterisierung und Optimierung von 3D-Kulturbedingungen fur
die Untersuchung von Hirnkrankheiten ab.

Die ersten beiden Manuskripte in dieser Studie geben einen Uberblick Uber
stammzellbasierte in vitro Methoden (Manuskript 2.1, Manuskript 2.2). Ein spezieller
Schwerpunkt liegt auf 2D- und 3D-Modellen des menschlichen Gehirns, welche auf
induzierten pluripotenten Stammzellen (hiPSC) basieren (Manuskript 2.2). Da 2D-
Modelle die in vivo Physiologie des Menschen nicht widerspiegeln, werden komplexere
3D-Kulturmodelle benotigt. Die Entwicklung und Charakterisierung von Hydrogelen aus
oxidiertem Alginate-Gelatin-Laminin und Alginate-Gellan Gumm-Laminin fir 3D neurale
in vitro Modelle werden in Manuskript 2.3 und Manuskript 2.4 beschrieben. Diese
Arbeiten unterstreichen die Notwendigkeit von speziell fir Hirnmodelle angepasste
Hydrogelen, um die Bildung elektrisch aktiver neuraler Netzwerke zu ermoglichen. Eine
Methodenbeschreibung zur Messung der elektrischen Aktivitat von hiPSC-basierten
neuralen Kulturen mittels Mikroelektrodenarrays (MEAs) erfolgt in Manuskript 2.5.
Aufgrund ihrer Eigenschaften haben sich hiPSCs als vielversprechendes Werkzeug zur
Untersuchung der Hirnentwicklung erwiesen. Unterschiedliche Kultivierungsprotokolle,
Lagerbedingungen und Kontaminationen konnen jedoch zu Reproduzierbarkeits- und
Zuverlassigkeitsproblemen fuhren. Manuskript 2.6 bietet eine Richtlinie fur die
Implementierung von Qualitatskontrollstandards in akademischen Einrichtungen, um
solche Probleme zu minimieren. Das Hauptmanuskript 2.7 dieser Arbeit beschreibt die
Verwendung von hiPSC-basierten neuronalen Modellen, um wertvolle Einblicke in die
Pathomechanismen des Cockayne Syndroms B (CSB) zu gewinnen. CSB ist eine seltene
erbliche Krankheit, die von schweren neurologischen Defekten begleitet wird, z.B.
Mikrozephalie, geistige Behinderung und Demyelinisierung. Derzeit steht keine
Behandlung fir betroffene Kinder zur Verfiigung. Unter Zuhilfenahme von Multiomics-
Analysen werden die Endophanotypen von zwei hiPSC-basierten CSB in vitro Modellen
den hirnspezifischen kardinalen Krankheitssymptomes zugeordnet. Das Manuskript
liefert Hinweise darauf, dass HDAC-abhdngige und -unabhangige Mechanismen zu
gehemmter Migration von neuronalen Vorlauferzellen, veranderter elektrischer Aktivitat
und gestorter Reifung von Oligodendrozyten fihren. Diese Daten tragen zu einem
umfassenden Verstandnis der CSB-Neuropathologie bei.

Die Studie zeigt, dass verschiedene hiPSC-basierte 3D in vitro Modelle zweckdienlich
verwendet werden konnen. Ihre Anwendung fur die Untersuchung menschlicher
Krankheiten kann zur Identifizierung von pharmazeutisch relevanten Wirkstoffzielen
beitragen.



1 Introduction

1.1 Brain development

The brain is one of the most complex organs of the human body and its development
and function are an exceptional riddle, which is yet to be solved. A highly regulated
spatiotemporal organization of different cell types and their interconnection is crucial
for healthy brain development. Deviation from this delicate regulation leads to various
adverse neurological effects. A brief introduction into brain development in health and

disease is given below.

1.1.1 In health

The human brain development is a highly orchestrated process that starts in the early
prenatal phase and continues throughout life. Prenatal development is subdivided into
two major periods: the embryonic period, from gestational week (GW) 4 to GW 8 when
organ primordia are formed, and the subsequent fetal period, which is marked by organ
maturation and stretches until birth (O’Rahilly and Mduller 2005). Early postnatal
development, until approx. 3 years after birth, also constitutes a crucial phase in
children’s brain development (Figure 1.1). A human brain is fully matured at the age of

approximately 25 years of age (Insel 2010; Paus, Keshavan, and Giedd 2008).

The embryonic period starts in GW 4 with the closure of the neural folds of the neural
plate over the midline to form the neural tube (neural tube closure), during the process
of neurulation. The neural tube subsequently forms the three vesicles, which give rise
to the fore-, mid- and hindbrain (Jessell and Sanes 2000; Rash and Grove 2006; Rhinn,
Picker, and Brand 2006; Stern 2001). A high rate of cell proliferation can be observed in
the ventricular zone during GW 5-6, which marks a major key event (KE) in prenatal brain
development (Jessell and Sanes 2000; Monk, Webb, and Nelson 2001; Pencea et al. 2001,
Rash and Grove 2006). The ventricular zone hosts the majority of radial glia cells (RG),
which give rise to glial progenitor cells, the source for astrocytes and oligodendrocytes,
and early neurons. In parallel, neurogenesis initiates the start of laminar organization

and patterning, where RG serve es guidance structure for neuronal migration. This
3



process continues until birth (Rakic 1982; Chao, Ma, and Shen 2009; Gressens 2000;
Hatten 1999).

The embryonic period transitions into the fetal period during GW 8. Fetal development
is generally characterized by immense growth, cell differentiation and accelerated
synaptogenesis (O’Rahilly and Muller 2005). The brain’s weight increases 40-fold during
that period, which is characterized not only by massive radial glia proliferation, but also
neuronal migration, peaking during GW 12-20 (de Graaf-Peters and Hadders-Algra 2006;
Tau and Peterson 2010). During this phase, radial glial activity shifts from neuron to
astrocyte and oligodendrocyte generation, with internal and external factors, such as
region-specific growth-factors, cellular microenvironment and transcription factors,
determining the cell fate (Malatesta et al. 2003; Howard et al. 2008). In general,
astrocytes are the major glia cell population in the human brain. As such, they have
diverse functions, including neuroprotection and metabolic support. More precisely,
astrocytes have antioxidative effects and facilitate synaptic cleft clearance,
neurotransmitter recycling and nutrient supply in the brain. They also account for a
significant part of the blood-brain-barriers (BBB) protective power (Peuchen et al. 1997;
Santello, Toni, and Volterra 2019). The BBB develops between GW 8 and 35 and regulates
the in- and efflux of molecules from the central nervous system (CNS; Saili et al. 2017).
[ts tight regulation protects the CNS from external factors like pathogens and neurotoxic

blood components (Sweeney et al. 2019).

Oligodendrocytes account for a majority of the brains white matter. They generate the
myelin sheath, which enwrap axons and thus enables rapid signal transmission. In this
context, oligodendrocytes provide metabolites to maintain axonal health. They start to
produce the first myelin, with myelinated gyri being detectable from GW 35. Although
myelination peaks during early postnatal development (approx. 1-5% total brain
myelination between GW 36 and 40), myelin production continues throughout life and
increases to 50-60% in the white matter in adult brains (Kuhn et al. 2019; Snaidero and

Simons 2014; Tau and Peterson 2010).



During GW 26-29, neurons reach their designated place and start to develop axons and
dendrites to form synaptic connections (de Graaf-Peters and Hadders-Algra 2006;
Huttenlocher et al. 1982; Petanjek et al. 2008; 2011). This process is accompanied by the
formation of gyri and sulci during the third trimester (Garel et al. 2001). Specialized
neuronal subtypes enable the transmission of information through spatiotemporal
inhibitory and excitatory neurotransmitter signaling. Neurotransmitters are thereby
released from the presynaptic neuron and taken up by the postsynaptic neuron from the
synaptic cleft. Excitatory neurotransmitters, such as glutamate, acetylcholine and
histamine, initiate the influx of positively charged ions through ion channels, which
causes the depolarization of the cell, and subsequently generates the action potential.
Postnatal inhibitory signaling through GABA prevents action potentials through the
influx of negatively charged ions into the respective cell (Lovinger 2008). This fine-
tuned communication between neuronal subtypes is crucial for healthy brain circuit
formation. First electrophysiological measurements detect activity as early as GW 20.
The electrical pattern changes throughout development, as transient connections are
formed and remodeled. GW 34 marks the peak of synaptogenesis. However, this process
reaches well into the early postnatal phase and follows a strict spatiotemporal

regulation (Tau and Peterson 2010).

The postnatal phase features massive outgrowth, largely facilitated by further
generation and expansion of glial cells and the progressing myelination. At 3 years of
age, the child’s brain reaches approx. 81-88% of its final weight (Dekaban and Sadowsky
1978; Barnea-Goraly et al. 2005). As neural circuits progress from transient to stable
connections in the postnatal phase, the excitatory-to-inhibitory GABA switch marks a
crucial neurodevelopmental KE (Peerboom and Wierenga 2021). The GABA switch is
initiated by downregulation of the chloride importer Na-K-2Cl cotransporter isoform 1
(NKCC1) and upregulation of the exporter K-Cl cotransporter isoform 2 (KCC2). As active
chloride transporters, they are responsible for the high pre-GABA switch and low post-
GABA switch intracellular chlorine concentrations (Ben-Ari 2002), contributing to stable
brain circuit formation. Subsequently, higher-order cognition and behavioral learning

evolves.
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Figure 1.1. Timeline of key processes in human brain development. The figure
summarizes selected crucial events in neurodevelopment and their rough chronology
from conception to postnatal year 20. The bars represent the peak period of each
process, with dotted lines indicating further timepoints during which the process occurs.
Arrows indicate that the process is continued during later developmental stages.
Schematics of brain images illustrate the rough features of development over time. This
figure was adapted from Silbereis et al. 2016 and Tau and Peterson 2010. Figure made
using biorender.com.

1.1.2 In disease

The human brain passes through many checkpoints during its development.
Proliferation, migration, differentiation and neural network formation belong to these
identified checkpoints, defined as neurodevelopmental KEs. The disruption of one or
more KE by genetic or environmental factors can cause detrimental defects (Figurel.2;
Tau and Peterson 2010; Silbereis et al. 2016; Bal-Price et al. 2018). Notably, a high number
of adverse neurodevelopmental effects arises already during embryonic development
(Silbereis et al. 2016). Defects of the neural tube closure (NTC) are amongst the most

common birth defects and can be caused by various genetic or environmental risk



factors, such as poor nutrition (e.g. low folate level) or certain maternal medications
(e.g. agents to treat epilepsy of seizures). Exemplary resulting diseases include
anencephaly (missing brain and skull vault, often stillbirth) and spina bifida
(malformation of the spinal cord; Nikolopoulou et al. 2017). Proliferation is crucial for
substantiating the brains’ mass early on. The disruption of proliferation during brain
development has been linked to distinct clinical phenotypes, such as microcephaly and
megalocephaly. Decreased proliferation can lead to congenital microcephaly and the
Seckel syndrome, while increased neuronal proliferation can cause the Megalencephaly-
polymicrogyria-polydactyly-hydrocephalus (MPPH) syndrome (Pirozzi, Nelson, and
Mirzaa 2018). The brains’ spatial organization relies on precisely timed cellular
migration. When neuronal migration is altered, malformations in cortical development
occur,amongst others leading to intellectual disabilities (Buchsbaum and Cappello 2019;
Poirier et al. 2013; Becerra-Solano, Mateos-Sanchez, and Lopez-Munoz 2021).
Periventricular heterotopia is an X-linked disease caused by complete migratory failure
of a subset of neurons, leading to aggregates in the ventricular zone. Clinically, the
disease manifests in epilepsy (mild to severe) and brain anatomical abnormalities (Fox
and Walsh 1999). Other migration-driven disorders belong to the lissencephaly
spectrum. These diseases can be caused by viral infections during pregnancy or a lack
of oxygenated blood in the fetus, subsequently leading to disrupted gyri and sulci
formation and a “smooth brain” (Di Donato et al. 2017; Joseph, Pushpalatha, and
Kuruvilla 2008; Tau and Peterson 2010). Depending on the severity of the adverse brain
development, lissencephaly can lead to mild retardation but also early postnatal death
(Tau and Peterson 2010). Disruption of cell migration during the fetal phase can also
cause agenesis of the corpus callosum (ACC), a condition where the left and right
hemispheres are not or insufficiently connected (Rotmensch and Monteagudo 2020).
Moreover, the untimely or suppressed differentiation of neuronal and glia cells precedes
a variety of severe disorders. For instance, the 1g21.1 microduplication syndrome causes
a delay in neuronal differentiation, leading to adverse effects comprising developmental
delay and cognitive impairment, in some cases including traits of autism spectrum
disorder (Joy Yoon and Mao 2021). Similarly, premature neuronal differentiation can

result in microcephaly and further developmental delays (Pirozzi, Nelson, and Mirzaa
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2018). Oligodendrocyte differentiation is especially sensitive to oxidative stress,
inflammation and toxicity, which can cause severe myelination pathologies when
disrupted (Back et al. 2001; Ness et al. 2001; Tauheed, Ayo, and Kawu 2016; Stadelmann
et al. 2019). Perivascular leukomalacia (PVL) can be caused by insufficient oxygenation
in preterm infants, resulting in white matter damage, thereby negatively effecting
oligodendrocyte maturation and myelination (Kinney and Back 1998; Motavaf and Piao
2021). Given that these lesions emerge during incomplete oligodendrogenesis, the
consequences can encompass motor nerve damage and learning deficits. Furthermore,
oligodendrocyte precursor (OPC) and oligodendrocyte abnormalities have been
implicated with Parkinson’s disease and Schizophrenia (Spaas et al. 2021). Another
crucial aspect of neurodevelopment is the formation of neural networks. The intricacy of
the brain’s circuitry resultsin a diverse array of possible adverse effects. Disrupted brain
function, such as altered synaptogenesis, is often intertwined with psychiatric
conditions, such as Angelman syndrome, autism spectrum disorder and attention deficit
hyperactivity disorder (ADHD; Lee et al. 2014; Stiles and Jernigan 2010; Tau and Peterson
2010; Margolis et al. 2015). As elucidated earlier, the postnatal GABA switch stands as a
significant milestone in brain circuit formation, with a profound impact in postnatal
brain development. A delay or failure of the GABA switch, triggered by factors like
inflammatory stress during pregnancy, leads to increased excitatory GABA transmission
in the brain. This increase in excitation is believed to be a contributing factor to the
development of epilepsy (Treiman 2001). Imbalanced GABA signaling in early brain
circuit formation was proposed to be involved in the development of a subset of autism
spectrum disorder (Pizzarelli and Cherubini 2011), while altered migration and
synaptogenesis in the GABAergic system was suggested to contribute to Schizophrenia

(Schmidt and Mirnics 2015).

Only a diminutive subset of potential adverse effects on brain development has been
listed above. The clinical heterogeneity, coupled with a lack of appropriate disease
models, continues to limit our understanding of the underlying pathophysiology for a
majority of disorders. Consequently, the understanding of underlying mechanisms and

subsequent identification of drug targets remains a substantial challenge.
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Figure 1.2. Neurodevelopmental key events. Genetic and environmental factors can
negatively impact neurodevelopmental key events (KE). Depicted are the selected KEs
proliferation, migration, differentiation and neural network formation, including
respective cell types. Human stem cells form proliferating neural progenitor cells (NPC),
which develop into radial glia (RG) and further into neuronal and glial progenitor cells.
These cell types are able to migrate. The glial progenitor cells can further differentiate
into astrocytes and oligodendrocytes. Neuronal progenitor cells differentiate into
distinct neuronal subtypes. Together, neuronal outgrowth, synaptogenesis and
myelination precede the subsequent formation of functional neural networks. Adverse
effectsin brain development can cause structural alterations, functional impairment and
metabolic changes. Exemplary adverse outcomes are listed at the bottom. Figure made
using biorender.com.



1.2 Modeling human brain development and its disruption

Throughout the past century, animal models have yielded valuable insights into
mammalian brain development, basic function and disorders. Nevertheless, significant
limitations arise from inter-species variations, ethical issues, as well as cost and time
consumption. This dilemma is reflected in alarmingly high attrition rates of drugs aimed
at treating neurological disorders (Arrowsmith and Miller 2013). As an example, drug
development targeting Alzheimer’s disease has encountered failure rates exceeding
99% (Cummings, Morstorf, and Zhong 2014). This situation undeniably calls for more
physiologically relevant models with enhanced predictive power for humans. Current EU
regulations already state that animals should only be used for scientific purposes, if no
alternative is available (European Directive 2010/63/EU). Under the umbrella of the 3Rs
initiative (Russell and Burch 1959), substantial efforts are made to reduce, replace and

refine animal experiments by developing human-based alternative in vitro models.

1.2.1 In vitro models

The establishment of the cultivation of human primary neural cell cultures during the
mid to late 20th century gave rise to new neural in vitro models and a closer insight into
cellular and molecular processes on human brain development and associated disorders.
Moreover, primary fetal human neural progenitor cells (hNPC) cultured as neurospheres
are successfully employed in developmental neurotoxicity (DNT) testing for adverse
outcome analyses (Koch et al. 2022), also as part of a DNT in vitro testing battery (Blum
et al. 2023). In 2007, Takahashi et al. developed a method to genetically reprogram adult
human fibroblasts into human induced pluripotent stem cells (hiPSC). Their origin is
ethically uncritical and they are available in a nearly limitless abundance. This discovery
has aided the development of a plethora of new opportunities throughout the fields of
biology and medicine, also catalyzing the rise of hiPSC-based neurophysiological in vitro
models. The widespread accessibility of hiPSCs enables their use in high-throughput
applications, such as drug screenings and toxicological studies (manuscript 2.1,

manuscript 2.2; Nimtz et al. 2020; Fritsche et al. 2018; Tukker et al. 2018; Pamies et al.
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2021; Pei et al. 2016). Moreover, their physiological relevance, including patient-specific
and customizable genetic attributes, positions hiPSC models as ideal tools for disease
modelling und drug target identification (Lebedeva and Lagarkova 2018; Penney,

Ralvenius, and Tsai 2020; A. Sharma et al. 2020).

Both primary hNPCs and hiPSCs can be utilized to generate a variety of two-dimensional
(2D) and three-dimensional (3D) in vitro models (Figure 1.3). The CNS consists of a
complex cellular network in which the microenvironment, meaning spatiotemporal
exposure to signaling molecules and cell-cell and cell-matrix interactions, play a crucial
role for its function (Farrukh, Zhao, and del Campo 2018). Given that such interactions
are largely absent in 2D cell cultures, the frequent failure in translating 2D in vitro
findings into in vivo applications is inevitable. Due to the increasing need for more
physiologically relevant models, great efforts went into adding the third dimension to
standard 2D cell cultures. Starting from the beginning of this century, several
approaches for the generation of 3D neural models such as neurospheres, BrainSpheres,
organoids and hydrogel scaffolds have been developed (Zhuang, Sun, et al. 2018). As
such models have been improving over the decades, they initiated a paradigm shift in
disease modeling, as well as in pharmacological and toxicological testing (Lancaster and

Knoblich 2014; Lancaster et al. 2017; S. P. Pasca 2018).

Human iPSC-derived 3D neurospheres consist of proliferating human induced neural
progenitor cells (hiNPCs). They are relatively quick and easy to generate during a time
course of approximately three weeks and allow the investigation of neurodevelopmental
KEs like proliferation, as well as migration and differentiation into neurons and
astrocytes after plating in secondary 3D (Nimtz et al. 2020; Hofrichter et al. 2017; Alépée
et al. 2014). BrainSpheres are based on hiNPCs, yet differentiate in 3D into neurons and
glia cells after approx. 8 weeks of differentiation. They consist of relevant co-cultured
cell types, such as neurons of different subtypes, astrocytes and - facultatively -
oligodendrocytes. Subsequently, both differentiated neurospheres and BrainSpheres
develop functional neural networks, measurable on multielectrode arrays (MEAs;
manuscript 2.5; Nimtz et al. 2020; Hartmann et al. 2023). Human iPSC-based

neurospheres were employed to analyze neurotoxicity during neural network formation
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on MEAs (Hartmann et al. 2023; Bartmann et al. 2023). BrainSpheres have previously
been employed to study myelin disruption and chemical-induced dopaminergic neuronal
toxicity (Chesnut et al. 2021; Pamies et al. 2021). Both their extensive applicability,
including the ability to model multiple neurodevelopmental KE, emphasizes the value of
this model for the reproducible investigation of the neurodevelopment and
pathophysiological changes (manuscript 2.7; Pamies et al. 2021; Hartmann et al. 2023).
Organoids, in contrast to BrainSpheres, are larger cell aggregates that contain a certain
degree of anatomical structure due to self-organization (Lancaster et al. 2017; Matsui et
al. 2018; Qian et al. 2016; Pasca et al. 2022). Different protocols have been developed to
obtain brain region-specific organoids and assembloids (Qian et al. 2016; Hu et al. 2016;
Lopez-Tobdn et al. 2019; Bagley et al. 2017), with characteristics of maturation, such as
spontaneous electrical activity, dendritic spines and myelinating oligodendrocytes
(Quadrato et al. 2017; Matsui et al. 2018; Shaker et al. 2021). As an example, hiPSC-
derived brain organoids have previously been implemented to study drug efficacy
against ZIKA virus infections (Zhou et al. 2017). However, the time-consuming
generation and high organoid-to-organoid variability limit their current application for
high throughput and screening applications (Di Lullo and Kriegstein 2017). Engineering-
based 3D models such as hydrogel scaffolds complement the existing 3D cell models, by
providing an adaptable, controlled and consistent extracellular environment (Bahram,
Mohseni, and Moghtader 2016; Haring, Sontheimer, and Johnson 2017). The interest in
hydrogels as extracellular matrixes (ECM) in cell cultures increased largely since their
discovery in 1960 (Wichterle and Lim). The gels can be classified through different
attributes, such as natural (e.g. gellan gum, alginate, gelatin) vs. synthetic polymers
(e.g. PEG, POE) or the mode of crosslinking (Bahram et al. 2016). Natural polymers,
including gellan gum (GG) and alginate (ALG), are inherently suitable surrogates for
ECM, due to their structural similarity, as well as their chemical versatility and
biocompatibility (Sun and Tan 2013). Various “bioinks” have previously been employed
to generate bioprinted and non-bioprinted 3D neural models (manuscript 2.3,
manuscript 2.4; Fantini et al. 2019; Gu et al. 2018; Chai, Jiao, and Yu 2017; D’Antoni et al.

2023). Nevertheless, combining suitable gel properties for adequate cell culture
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development and functionality, with printability and long-term integrity of the

hydrogels remains challenging.

Although there are many options to choose from, the most beneficial model choice
largely depends on the individual research aim and needs. Sometimes, a combined use

of different fit-for-purpose models can be valuable.

In Vitro Neural Models

human induced
pluripotent stem cells

!

2D 3D Bioengineered 3D
: * ‘3 ’
T 1 ,. A . .‘ .
e \,-_J @
Monolayer Neurospheres BrainSpheres Organoids Hydrogel cultures

Figure 1.3. In vitro neural models. Human induced pluripotent stem cell (hiPSC)-based
neural in vitro models can be generated in different dimensions. 2D monolayer cultures
were originally used to model brain development in vitro. For more physiological
relevance, in vitro models were augmented into 3D, including models like neurospheres,
BrainSpheres and organoids. Bioengineered 3D hydrogel cultures additionally enable
the tuning of specifically designed extracellular matrixes (ECMs). Figure made using
biorender.com.

1.2.2 Human iPSCs in brain disease modeling

Human iPSCs are generated form somatic cells, primarily fibroblasts, of the respective
donorin an ethically uncritical manner. They have an unlimited capacity of self-renewal
and possess the capacity to differentiate into all three germ layers: endoderm, ectoderm
and mesoderm. The generation of hiPSCs can be achieved through different
reprogramming techniques. In the original protocol, four transcription factors (Oct3/4,
Sox2, KlIf4, and c-Myc), collectively known as the “Yamanaka factors”, were integrated

into the donor fibroblasts by retroviral transduction (Takahashi et al. 2007). These
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original transcription factors identified for cell reprogramming remain widely utilized (1.
H. Park, Lerou, et al. 2008; I. H. Park, Zhao, et al. 2008; Martins et al. 2021; Mittal et al.
2022). As time progressed, alternative reprogramming methods emerged, involving the
exchange (J. Yu et al. 2007; Si-Tayeb et al. 2010), removal (Nakagawa et al. 2008) or
addition (Zhao et al. 2008; Tsubooka et al. 2009) of different factors. Integration-free
methods have also been developed (Zhou and Zeng 2013), such as employing episomal
plasmids (Okita et al. 2011) or synthetical modified mRNA (Warren et al. 2010). The
generated hiPSC can be neurally induced to obtain neural progenitor cells using a variety
of 2D or 3D neural induction techniques (Galiakberova and Dashinimaev 2020). Amongst
these methods, the dual-SMAD inhibition is the most widely used protocol, attributed to
its simplicity and high efficiency. The protocol is based on the inhibition of both the bone
morphogenic protein (BMP)- and transforming growth factor B (TGFB)/Activin/Nodal-
based pathways, which in turn suppress SMAD protein signaling (Chambers et al. 2009;
Morizane et al. 2011). Modified approaches, such as using N2 and B27 supplemented
media, have also proven efficient for the neural induction of hiPSCs (Hofrichter et al.
2017). The different protocols are adaptable to various adherent and spherical cultures,
such as neural rosettes (Fedorova et al. 2019), embryoid bodies (EB; Kim et al. 2011;

Rosati et al. 2018) and neurospheres (Hofrichter et al. 2017).

Neural models based on hiPSC provide an approximation of the embryonic phase, while
concurrently developing functional neural networks. This combination positions them
as optimal platforms for the investigation of neurodevelopmental diseases.
Furthermore, the generation of patient-specific models enables the recapitulation of the
disease-specific phenomic characteristics. These assets collectively offer us ideal tools
to explore the fundamental cellular and molecular mechanisms at play, as well as to
unravel the disease progression and subsequently identify potential drug targets
(manuscript 2.2). Many hiPSC lines have by now been obtained from patients afflicted
with various common and rare disorders, such as Parkinson’s disease (Hartfield et al.
2014), Alzheimer’s disease (Arber, Lovejoy, and Wray 2017; Barak et al. 2022), Down
Syndrome (R. Xu et al. 2019), Cockayne Syndrome (Alexandre T. Vessoni et al. 2016) and

Koolen-de-Vries-Syndrome (Linda et al. 2022). However, different reprogramming

14



techniques, cultivation protocols, storage conditions and contaminations can lead to
reproducibility and reliability issues (Pamies et al. 2022). This leads to a substantial need
for quality controlled hiPSC cultures. Manuscript 2.6 provides a guideline for the
application of good cell culture practice for hiPSC cultures in academic settings. In a two
tiered approach, an assay setup for the generation of quality-controlled master and
working cell banks is described. Amongst others, morphological assessment,
mycoplasma contamination checks, STR genotyping, karyotyping and pluripotency
analyses are performed. In addition, the average cost per master cell bank is calculated.
In another guidance, Pamies et al. (2022) list main principles that need to be considered
in good cell and tissue culture practice, including culture characterization,
documentation, safety, education and ethics. Following such guidelines will enable the
generation of reliable data and support the transfer of knowledge from bench to

bedside.

Taken together, hiPSCs emerge as promising tools for the patient-oriented investigation
of neurodevelopmental pathomechanisms. Nevertheless, we do not yet harness their
full potential in disease modeling. Especially, rare diseases and those lacking
corresponding animal models stand to benefit from the ongoing development within the

in vitro field.

1.3 The Cockayne Syndrome B (CSB)

The Cockayne Syndrome B (CSB) is a rare hereditary autosomal recessive disease
characterized by severe dermatological and neurological symptoms. CSB manifests in
different severities, with the most severe being fatal during early childhood (Laugel et
al. 2010; Karikkineth et al. 2017). While considerable research has been conducted on the
skin phenotype of CSB patients (Majora et al. 2018; Nakazawa et al. 2012; Rebel et al.
2005; Van der Horst et al. 1997), our understanding of the profound neurological defects
remains very limited. This knowledge gap is largely attributed to the intricate nature of
the disease and notable constrains in available model systems. Currently, there is no

effective treatment strategy for children suffering from CSB.
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1.3.1 Clinical phenotypes and the CSB protein

E. A. Cockayne originally described the Cockayne Syndrome (CS) with the following
symptoms: short stature, small head, retinal atrophy and deafness. Later it was
discovered that patients are also sensitive to UV radiation (Schmickel and Chu 1977) and
afflicted with severe neurological defects, such as microcephaly, demyelination and
mental disabilities (Paddison, Moossy, and Derbres 1963; Moossy 1967, Sugarman,
Landing, and Reed 1977). Hoar and Waghorne (1978) first suggested a defect of the
excision repair pathway in CS patients, in connection to their UV-sensitivity. This
suggestion was later confirmed in various studies (Lindenbaum et al. 2001; Rapin et al.
2000). Specifically, CSB was shown to be a main player in the transcription-coupled
nucleotide excision repair (TC-NER) pathway. TC-NER is a mechanism to remove DNA
lesions in actively transcribed regions, e.g. those induced by UV radiation or redox
processes. The TC-NER pathway is triggered by damage-stalled RNA polymerase II in
actively transcribed regions. This blockage stabilizes the binding of the CSB protein to
the polymerase, which in turn induces the recruitment of CSA and other factors of the
NER pathway. After the lesion is removed, the CSB is targeted for degradation and the
transcription can be continued (Hanawalt and Spivak 2008; De Boer and Hoeijmakers
2000). Cell fusion experiments conducted by Tanaka et al. (1981) additionally revealed
the involvement of two complementation groups in CS: CSA and CSB. Complementation
groups generally refer to homozygous recessive mutations on different genes that cause
the same phenotype and don’t supplement each other. This thesis focuses on CSB, since
approx. 80% of patients are affected by this type of CS (Mallery et al. 1998). However, it
was not until 1992, that the CS was linked to the excision repair cross complementation
(ERCC) gene family. Specifically, Troelstra et al. (1992) connected the CS
complementation group B (CSB) to the ERCC6 gene on human chromosome 10q11-21.
Various mutations in the ERCC6 gene, including short insertions and deletions, nonsense
mutations, splice mutations, missense mutations, promoter mutations and
polymorphisms have been described in relation to CSB (Figure 1.4 top; Laugel et al.
2010), together with variations in the patients’ clinical severities. Nevertheless, no

correlation of the type of mutation with the severity of the disease could be identified.
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Over time, other rare diseases were identified to be caused by mutations in CSA or CSB
and were thus associated to the CS spectrum. This led to the development of a clinical
classifications system comprising three classes. CSI is the classical form of CSB, with
first symptoms occurring during early childhood and a life expectancy of less than 16
years. CSII defines an early-onset phenotype with defects occurring in prenatal
development. A very severe form of CSII is the Cerebro-oculofacio-skeletal syndrome
(COFS), with a life expectancy of less than 5 years. The late-onset class CSIII comprises
mild symptoms, such as in the UV-sensitivity syndrome (UVSS), where patients have a
life expectancy of above 30 years (Vessoni et al. 2020). Laugel et al. (2008) provide a
detailed description of the clinical manifestations of patients classified with COFS. As an
example, patient 1 was, amongst others, afflicted with dysmorphic features, cataracts,
severe seizures, cerebral and cerebellar atrophy, photosensitivity and microcephaly
(Figure 1.4 bottom). This patient passed away at age 10 month from respiratory failure.
The patient’s fibroblasts were obtained for disease research by Prof. Egly (Strasbourg)
and reprogrammed to hiPSCs using episomal plasmids (pCXLE-hUL, pCXLE-hSK, pCXLE-
hOCT3/4-shp53-F; Okita et al 2011). The patient’s hiPSCs were kindly provided for the

usage in this dissertation.

The CSB proteinitself, encoded by the ERCC6 gene, is known to be involved in DNA repair,
by tagging arrested RNA polymerase II in actively transcribed regions, subsequently
recruiting the TC-NER machinery for DNA repair (Duan et al. 2021). DNA lesions caused
by UV radiation account for a large number of transcription disruptions, which renders
this mechanism especially important in the skin. However, the severe neuropathology
of the patients cannot solely be explained with this mechanism. This becomes clear,
when looking at phenotypes arising from mutations in genes encoding for Xeroderma
pigmentosum (XP) proteins. XP proteins play a major role in the TC-NER, similar to CSB.
Patients diagnosed with the Xeroderma pigmentosum share the characteristic increased
photosensitivity with CSB patients, but not their severe neurological defects (Lehmann,
McGibbon, and Stefanini 2011; Leung et al. 2022). Multiple studies have therefore
suggested a role of CSB in the brain, which is independent of its involvement in the TC-

NER pathway. Starting from the turn of the millennium, an increasing number of studies
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suggested roles of CSB in different cellular mechanisms, such as p53 response (A. Yu et
al. 2000; Sugita et al. 2001; Miyahara et al. 2015), chromatin remodeling (Citterio et al.
2000; Newman, Bailey, and Weiner 2006; I. Cho et al. 2013), mitochondrial maintenance
(Tuo et al. 2002; Stevnsner et al. 2002; Scheibye-Knudsen et al. 2012) and autophagy
(Majora et al. 2018). Yet, no underlying mechanisms for the clinical neurological

phenotypes of CBS have been identified.

1.3.2 Modeling CSB brain development

Due to the inherent complexity of human brain development, the deficit of data on the
CSB neuropathology can be primarily attributed to the lack of suitable disease models.
As human brain development is especially difficult to study, the data gap in CSB
neuropathology largely results from a lack of adequate disease models. CSB rodent
models show classic dermatological deficiencies, however, only very mild neurological
defects (Scheibye-Knudsen et al. 2012; Murai et al. 2001; Revet et al. 2012; Y. Xu et al.
2019). C. elegans and zebrafish have also been employed to study CSB deficiency, mostly
to investigate the effects of disrupted TC-NER and UV sensitivity (Boutin et al. 2022; Z.
Wu et al. 2019). Prior efforts to uncover the underlying neuropathological mechanisms
failed, as the phenotypes exhibited by the animals neither resembled the defects
observed in human patients, nor their severity (Vessoni et al. 2020; Xu et al. 2019).
Encouragingly, emerging in vitro alternatives stride forward to close the tremendous
gap in human disease modeling and drug target identification (manuscript 2.1; Azar et
al. 2021; David Pamies, Wiersma, et al. 2022). The use of hiPSCs in such models provides
excellent tools to investigate diseases and their mechanisms (Martins et al. 2021; Pasca
et al. 2015; Park et al. 2018). However, only few in vitro studies on CSB have employed
patient-derived cells or even hiPSCs (Alexandre T. Vessoni et al. 2016; S. Wang et al. 2020;
Liang et al. 2023).

Although previous in vivo and in vitro studies imply the impact of CSB on brain
development, we still lack the necessary mechanistic understanding of why the diverse

clinical phenotypes arise and how we can treat them.
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Patient [D CS789VI

Origin UK

Mutation Point mutation (2047C>T; p.Arg683x)
Donor Cell Type Dermal fibroblasts, male

Clinical Classification | Cerebro-oculofacio-skeletal syndrome (COFS)
Growth failure g5

Low birth weight +

Cachexia -

Intellectual Disability | Severe

Microcephaly Congenital

Seizures +

Cataracts Congenital

Microphthalmia +

Retinal degradation -

Deafness +

Clinical +

photosensitivity

Dental anomalies -

Arthrogryposis i

Age at Death 10 months

Figure 1.4. Mutation spectrum of the Cockayne Syndrome B (CSB). CSB can be caused by
various mutations in the ERCC6 gene (top). The highlighted mutation (red box) was
described for a patient classified with the Cerebro-oculofacio-skeletal syndrome (COFS),
which is one of the most severe forms of CSB. The clinical phenotype of this patient is
described in the bottom part of the figure. The upper photograph shows the newborn
patient with dysmorphic features. The bottom image shows a magnetic resonance image
of the patient brain after 1 month. The scan reveals global cerebral and cerebellar
atrophy. The table on the right lists molecular and clinical characteristics of the COFS
patient. Adapted from Laugel et al. (2008) and Laugel et al. (2010).
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1.4 Aim of the thesis

The brain is one of the most complex tissues in the human body, making the task of
modeling its development, and associated diseases, a difficult endeavor. Although
animal models provided fundamental insights into brain function, species-differences
between humans and rodents hinder the accurate recapitulation of human physiology.
It is therefore not surprising, that drugs targeting CNS diseases exhibit alarmingly high
attrition rates (Arrowsmith and Miller 2013). The pressing need for disease models that
mirror human physiology has driven the quest for alternatives, and emerging human in
vitro models based on hiPSCs offer promising tools to close the gaps in brain disease
modeling and drug target identification (manuscript 2.1; David Pamies, Wiersma, et al.
2022; Shaker et al. 2021; A. M. Pasca et al. 2015; J. Park et al. 2018). However, we do not
exploit their full potential yet. The Cockayne Syndrome B (CSB) is a rare hereditary
disease with severe neuropathological defects (Newman, Bailey, and Weiner 2006;
Laugel et al. 2008; Laugel at al. 2010; Kraemer et al. 2008; Melis, Van Steeg, and Luijten
2013). Although the skin phenotype of CSB has been well studied (Majora et al. 2018;
Nakazawa et al. 2012; Rebel et al. 2005; Van der Horst et al. 1997), the origins of the
neurological impairment remains enigmatic. Presently, a viable treatment strategy for

children suffering from CSB remains elusive.

In order to utilize hiPSCs as tools to gain valuable insights into neurological

pathomechanisms, the aims of this thesis are defined as follows:

1. Characterization and optimization of 3D culture conditions for the development

of in vitro models phenocopying neurodevelopmental disorders.

2. Phenotypic analyses of two quality controlled hiPSC-based in vitro models of the
Cockayne Syndrome B, focusing on the ubiquitous neurological clinical

manifestations.

3. Identification of mechanisms underlying the CSB neuropathology based on a

multi-omics approach.
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2 Manuscripts

This thesis consists of 7 manuscripts.

In the first manuscript 2.1, ‘Stem Cells for Next Level Toxicity Testing in the 21st Century’
(Fritsche et al. 2020), a broad overview over existing and developing stem cell-based,
including hiPSC-derived, in vitro models and assays for the main human organ systems

is given, and innovative technologies are highlighted.

The second manuscript 2.2, ‘Neural In Vitro Models for Studying Substances Acting on
the Central Nervous System’ (Fritsche et al. 2020) reviews the necessity, availability and

limitations of 2D and 3D hiPSC-based neural models for safety and efficacy testing.

In the third manuscript 2.3, ‘Neuronal Differentiation from Induced Pluripotent Stem
Cell-Derived Neurospheres by the Application of Oxidized Alginate-Gelatin-Laminin
Hydrogels’ (Distler et al. 2021), the importance of laminin as ECM anchor for embedded

hiNPCs is shown. Laminin supports cell survival and outgrowth within the hydrogels.

The fourth manuscript 2.4, ‘Human Induced Pluripotent Stem Cell-Derived Neural
Progenitor Cells Produce Distinct Neural 3D In Vitro Models Depending on
Alginate/Gellan Gum/Laminin Hydrogel Blend Properties’ (Kapr et al. 2021) presents the
establishment and comparison of 3D hydrogel compositions, which allow for the
differentiation and outgrowth of healthy and disease hiNPCs within the gel. Additionally,
the bioprintability and subsequent survival of hydrogel-embedded single hiNPCs is

shown.

In the fifth manuscript 2.5, ‘Measurement of Electrical Activity of Differentiated Human
iPSC-Derived Neurospheres Recorded by Microelectrode Arrays (MEA)' (Bartmann et al.
2021), the application of MEAs in toxicology assessment, including cell preparation,
cultivation and measurement parameters, is described for the usage of hiPSC-based

neurospheres.
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The sixth manuscript 2.6, ‘Academic Application of Good Cell Culture Practice for Induced
Pluripotent Stem Cells’ (Tigges et al. 2021) emphasizes the importance of quality-
controlled hiPSC culture in academic settings, to ensure experiment reproducibility and

high-value data.

In the last and main manuscript 2.7, ‘HiPSC-derived 3D neural models reveal
neurodevelopmental pathomechanisms of the Cockayne Syndrome B’ (Kapr et al.
submitted), we link cellular pathomechanisms caused by CSB-deficiency in hiPSC-based

in vitro models, to the cardinal neuropathological symptoms of the CSB.
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2.1 Stem Cells for Next Level Toxicity Testing in the 21st Century

Ellen Fritsche, Thomas Haarmann-Stemmann, Julia Kapr, Saskia Galanjuk, Julia
Hartmann, Peter R. Mertens, Angela A. M. Kampfer, Roel P. F. Schins, Julia Tigges,

Katharina Koch

The call for a paradigm change in toxicology from the United States National Research
Council in 2007 initiates awareness for the invention and use of human-relevant
alternative methods for toxicological hazard assessment. Simple 2D in vitro systems
may serve as first screening tools, however, recent developments infer the need for
more complex, multicellular organotypic models, which are superior in mimicking the
complexity of human organs. In this review article most critical organs for toxicity
assessment, i.e., skin, brain, thyroid system, lung, heart, liver, kidney, and intestine are
discussed with regards to their functions in health and disease. Embracing the manifold
modes-of-action how xenobiotic compounds can interfere with physiological organ
functions and cause toxicity, the need for translation of such multifaceted organ
features into the dish seems obvious. Currently used in vitro methods for toxicological
applications and ongoing developments not yet arrived in toxicity testing are discussed,
especially highlighting the potential of models based on embryonic stem cells and
induced pluripotent stem cells of human origin. Finally, the application of innovative
technologies like organs-on-a-chip and genome editing point toward a toxicological

paradigm change moves into action.
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Stem Cells for Next Level Toxicity Testing in the 21st Century

Ellen Fritsche,* Thomas Haarmann-Stemmann, Julia Kapr, Saskia Galanjuk, Julia Hartmann,
Peter R. Mertens, Angela A. M. Kimpfer, Roel P. F. Schins, Julia Tigges, and Katharina Koch

The call for a paradigm change in toxicology from the United States National
Research Council in 2007 initiates awareness for the invention and use of
human-relevant alternative methods for toxicological hazard assessment.
Simple 2D in vitro systems may serve as first screening tools, however, recent
developments infer the need for more complex, multicellular organotypic
models, which are superior in mimicking the complexity of human organs.

In this review article most critical organs for toxicity assessment, i.e., skin,
brain, thyroid system, lung, heart, liver, kidney, and intestine are discussed
with regards to their functions in health and disease. Embracing the manifold

For the last decades, human health risk
assessment has been mainly based on
results from animal experiments. These
are stipulated, e.g., for chemicals in
Organization for Economic Co-operation
and Development (OECD) guidelines
including acute toxicity (oral, inhalation,
dermal), irritation (skin and eye), sensi-
tization (skin and respiratory), repeated
dose toxicity (28-day, 90-day, and chronic),
mutagenicity and genotoxicity, reproduc-

modes-of-action how xenobiotic compounds can interfere with physiological
organ functions and cause toxicity, the need for translation of such multi-
faceted organ features into the dish seems obvious. Currently used in vitro
methods for toxicological applications and ongoing developments not yet
arrived in toxicity testing are discussed, especially highlighting the poten-
tial of models based on embryonic stem cells and induced pluripotent stem
cells of human origin. Finally, the application of innovative technologies like
organs-on-a-chip and genome editing point toward a toxicological paradigm

change moves into action.

1. Introduction

Toxicology integrates biology, chemistry, pharmacology, and
medicine to study adverse effects of exogenous noxae (e.g.,
chemicals, drugs, particles, radiation) on living organisms with
the final goal of human and environmental health protection.
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tive and developmental toxicity, as well as
carcinogenicity. Such animal experiments
have been useful for hazard identification
in the past and still guide the current risk
assessment process. However, there are
several drawbacks in this procedure that
provoked a call for a paradigm change
in toxicity testing by the United States
National Research Council in the begin-
ning of the century.? These drawbacks
include the issues that animal experi-
ments i) are extremely time- and cost-
intensive, hence not suited for testing the
wealth (in the ten-thousands) of chemicals that need hazard
characterization,> ii) might produce results that are ques-
tionable in their translation to humans due to interspecies
differences in pharmaco-/toxico-kinetics and -dynamics,!®1%
best studied for the drug development process,'4 iii) are not
designed for generating mechanistic understanding,>'° iv) do
not cover the complexity of human diseases like immunotox-
icity, developmental neurotoxicity, chronic neurological disor-
ders, neuropsychological diseases, or endocrine disorders,™! v)
do not consider coexposures,! and vi) are ethically not in con-
cordance with the 3R (replacement, reduction, and refinement
of animal studies) principle.>" Therefore, the new approach
envisions a transformation from apical endpoint assessments
in animals to mechanistically relevant studies that primarily
rely on in vitro assays and computational (in silico) methods
based on human biology, thereby circumventing species dif-
ferences and increasing hazard prediction.>!31% In particular,
this strategy aims at i) covering a broad range of chemicals,
chemical mixtures, endpoints, and life stages, ii) reducing the
cost and increasing the throughput of testing, iii) using fewer
animals and causing minimal suffering of the animals used,
and iv) developing a robust scientific basis for assessing health
effects of environmental agents.?

A promising tool for bridging between species or from health
to disease are in vitro cell cultures and accordingly the field of in
vitro toxicology has been emerging over the last decades. Mainly
primary animal cells, tissue specimens, and immortalized

© 2020 The Authors. Small published by Wiley-VCH GmbH
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as well as tumor cell lines have been used. However, similar
to Garbage In, Garbage Out in informatics,?% data produced
with in vitro test systems that do not contain high extrapola-
tive power for physiology, might lead to unsatisfactory toxicity
predictions.?!) For example, this might be the study of physi-
ologic, tissue-specific cell proliferation in a tumor cell line.l?223
Therefore, the emergence of stem cell systems in the early 21st
century—as exemplified for the field of neurotoxicity?*2¢l—was
a big gain for in vitro science. Especially the development of
the human-induced pluripotent stem cell (hiPSC) technology!?’!
was a significant milestone for many research areas including
toxicology. Due to their pluripotent nature these reprogrammed
cells provide an ethically innocuous, standardized and repro-
ducible?®l human cell source with high similarity to blastocyste-
derived human embryonic stem cells (hESCs).2*-31 Further-
more, hiPSCs and their differentiated progeny closely resemble
their human in vivo counterparts in health and disease which
is a prerequisite for successful translational research, with
brain and liver providing examples.?2l However, since the
ground-breaking publication of brain organoids by Lancaster
et al. in 2013,53%! a variety of hiPSC-derived in vitro models have
been taken to the next, 3D level by assembling organ-specific cell
clusters containing secondary anatomical structures.’’-3% These
are promising for application in basic research, disease mod-
eling, drug development, personalized treatment, and regenera-
tive medicine. However, they are also understood as promising
tools for species-specific in vitro toxicological studies.*!

This review will provide a state-of-the-art summary on
advanced in vitro methods using stem cells for drug and
chemical evaluation. Here, primary target organs, i.e., skin,
lung, and intestine that come in direct contact with potentially
hazardous substances, as well as secondary exposure organs,
i.e., cardiovascular system, liver, kidney, thyroid gland, and
brain are highlighted. Structural and/or functional units of
each organ that are necessary for its function and thus need
modeling for comprehensive toxicity assessment are depicted
in respective figures. Benefits of overarching technologies like
genome editing and “organ-on-a-chip (OOAC)” methods for
toxicological applications are discussed and achievements and
challenges in the field are pointed out.

2. Human Organ Structure and Functions
and Their Modeling In Vitro

2.1. Skin

With =2 m? and around 15% of total body mass, the skin is one
of the largest organs of the human body.™! Its multilayered
architecture consists of epidermis, dermis, and hypodermis
(subcutaneous fat) and combines crucial functions such as
thermoregulation, energy storage, water homeostasis, removal
of waste metabolites through sweat, and production of pig-
ments protecting against sunlight.*24l In addition, the skin is
capable of xenobiotic metabolism (reviewed by Oesch et al.l*4)
and is one of the major endocrine sites of peripheral vitamin
D synthesis.[*] The skin is also a sensory organ equipped with
specialized sensory nerve endings for perception of touch, pain,
heat, cold, acid, and pressure.*?l From a toxicological point of
view, it is a primary target organ for toxicant exposurel“’! since it
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constitutes an important barrier to the outside environment,*!
protecting the body from penetrating pathogens and chemical
exposure. The skin barrier is a complex interaction of different
barrier compartments: i) the physical barrier consisting of the
stratum corneum (SC) corneocytes, the cornified envelope, and
the tight junctions of keratinocytes within the stratum granu-
losum (SG), ii) the chemical barrier formed by antimicrobial
peptides, which are produced by keratinocytes, and to a lesser
extent by immune cells, and protect against bacterial infec-
tions together with reactive oxygen species (ROS)-scavenging
molecules secreted by keratinocytes, iii) the immunological bar-
rier consisting of T-cells and Langerhans cells in the lower epi-
dermal layers as well as pattern recognition receptors expressed
and immunomodulatory factors secreted by keratinocytes in
the SG, and iv) the microbial barrier formed by the commensal
skin microbiome preventing infections by pathogenic microbes
(Figure 1).81 All these factors contributing to the barrier func-
tion of human skin together with the multitude of cell types
involved (keratinocytes, melanocytes, fibroblasts, adipocytes,
immune, and endothelial cells, not to mention the different
sensory cells and skin appendages) make the reconstruction of
human skin in vitro challenging, yet important for future toxi-
cological testing of cosmetics and topical drugs as well as for
hazard assessment of chemicals.

The development of human-based in vitro skin models for
toxicological hazard assessment is probably more advanced
compared to the other organs described in this review,*>%
due to the ban of animal tests for cosmetic products by the
European Union (EU) in 2004, followed by an in vivo test ban
for cosmetic ingredients in 2013.°Y An exception is the current
in vitro test battery for mutagenicity/genotoxicity consisting of
i) a bacterial reverse mutation assay (Ames; TG 471),5?/ ii) an in
vitro mammalian cell gene mutation test (TG 476),5%) and iii)
an in vitro micronucleus or in vitro mammalian chromosome
aberration test (TG 473).5Y Due to its low specificityl>>>6:7-63]
this battery needs validated in vitro follow up tests which
are currently not available.®® Therefore, efforts are made to
improve the specificity of the existing in vitro test batteryl>>¢-72l
and to develop new in vitro assays.”737°]

Those in vitro models accepted by the OECD include ex vivo
human skin (TG 428),7% an immortalized keratinocyte reporter
cell line (TG 442D),”) and a human monocytic leukemia cell
line (TG 442E),”8 as well as reconstructed human epidermis
(RhE) models (TG 431, 439).°8% So far four RhE models are
accepted by the regulatory authorities for studies on skin irrita-
tion”®! and skin corrosion:®% EpiSkin, EpiDerm, SkinEthic, and
epiCS.BY They consist of human primary epidermal keratino-
cytes which are cultured in cell culture inserts and then lifted
to the air-liquid-interphase (ALI) to induce differentiation, epi-
thelial stratification, and cornification. These RhEs then closely
resemble a normal human epidermis with a basement mem-
brane, proliferating keratinocytes, and an SC with an intact
physical barrier function and xenobiotic metabolizing capacity
similar to human skin,“®#2 thereby overcoming the limita-
tions of classical cell monolayers®3l and making them suit-
able for topical applications of test compounds.l®! As a draw-
back, these models consisting of a single cell type (epidermal
keratinocytes) resemble only the physical skin barrier and dis-
regard other barrier components and cell types. A variety of
full thickness skin models (FTM) exist, which are composed of
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Figure created with BioRender.com.

an epidermal layer comparable to RhEs and a dermal layer of
human dermal fibroblasts embedded in a collagen matrix.[>*34
Basic research studies investigated the inclusion of other cell
types like melanocytes,®! Langerhans cells,®® or dendritic
cells, 871 resulting in improved modeling of skin sensitization,
while others included endothelial cells, % sweat glands,/! or
hair follicles.’2

A key challenge in the development of more sophisticated
skin in vitro models is to use a combination of cells that best
mimic the in vivo responses.*! Although human skin derived
from plastic surgeries undisputedly is the best starting mate-
rial for 3D skin models, the supply of material is limited and
subjected to donor variation.*?3l Human iPSCs provide a
solution for overcoming the obstacle of restricted supply,®!
since hiPSC-derived RhE exhibits differentiation and barrier
properties similar to in vivo epidermis. Recently, the combi-
nation of hiPSC and 3D bioprinting technologies led to more
physiological in vitro skin models, containing vasculature,
appendages, pigment, innervation, and adipose tissue, which
could be used for pharmaceutical screening (reviewed by Abaci
et al.1l). The group of Christiano®*% and others!'"”! reported
on FTM build from hiPSC-derived fibroblasts, keratinocytes,
and/or melanocytes containing a functional hiPSC-derived
epidermal-melanin unit and hiPSC-derived keratinocytes par-
ticipating in melanin uptake and transfer.””! The same group
incorporated functional hiPSC-derived endothelial cells into
FTMs using a sacrificial layer of alginate microchannels in
3D-printed molds as basis for the dermal and epidermal com-
partment, which was dissolved by sodium citrate treatment fol-
lowed by endothelial cell seeding. This system allows in vitro
perfusion of skin vasculature and evaluation of endothelial
barrier function, and therefore the study of systemic delivery
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of therapeutics or toxicants, making it a promising model
for future toxicological testing.'%!l Interestingly, while hiPSC-
derived dendritic cells are used for clinical applications and
have the potential of large-scale production,1921%% to date none
of the developed hiPSC-based RhEs or FTMs have incorporated
immune cells.%41] Recently, the generation of hESC-derived
skin organoids was achieved by coinducing cranial epithelial
cells and neural crest cells within a spherical cell aggregate.
After long-time cultivation (4-5 month) this resulted in a cyst-
like skin organoid composed of stratified epidermis, dermis,
and pigmented hair follicles with sebaceous glands. Together
with a network of sensory neurons and Schwann cells from
nerve-like bundles that target Merkel cells in organoid hair
follicles, the authors report that their model resembles facial
skin of human fetuses in the second trimester of development,
making it suitable to investigate cellular dynamics of devel-
oping human skin and its appendages,!'°! but not relevant for
toxicological testing in the near future due to its complexity
and maturation status.

A known limitation of in vitro models for human skin is the
altered barrier formation and resulting impaired functionality
compared to native human skin (NHS).*17-19] One issue
contributing to this is that these models, independent of their
cell origin, are traditionally maintained at atmospheric oxygen
levels of 160 mmHg (21%)."% However, with =26.6 mmHg or
3.5% O, oxygen concentration in vivo (physioxia of the skin)
is significantly lower, with oxygen levels increasing from apical
to basal throughout different skin layers: =8.5 mmHg (=1%)
in the superficial region at 5-10 um depth, =25 mmHg (=3%)
in dermal papillae at 45-64 um, and =37 mmHg (=5%) in the
subpapillary plexus at 100-120 pum skin depth.'>13] Com-
parative studies of organotypic skin cultures under normoxia
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(21% oxygen) and hypoxia/physioxia (1-3% oxygen) revealed
that epidermal structure, SC barrier formation, and epidermal
proliferation index better mimics NHS when models are cul-
tured under hypoxic/physioxic conditions.1%114

With regard to skin models, the squamous oral epithe-
lium and the superficial mucus layer of the oral mucosa play
a special role. They are the first line of protection against
toxicants derived from food, oral care products, and tobacco
smoke.l"! Since mucositis and ulceration are frequent causes
of toxicants,"% chemicals are evaluated for acute (TG 420, 423,
425),7-19] sybacute (TG 407),1%% and subchronic (TG 408)121
oral toxicity according to OECD guidelines in rodent animal
studies.??l Multiple in vitro 3D models of the human oral
epithelium were designed as partial thickness oral mucosa or
full-thickness oral mucosa (FTOM) models either from pri-
mary,'2>261 immortalized,'”) or malignant oral epithelial
cells.128] The majority of these models are grown in ALI-cul-
tures to ensure partial stratification of the epithelial layer.?+1%7]
Incorporation of artificial lamina propria composed of collagen-
embedded fibroblasts in the FTOM models promotes the dif-
ferentiation of the epithelial layer, thus increasing the in vivo
resemblance.'?”] Although several models have been applied in
toxicological studies evaluating oral consumers products,2%124
dental composite resins,?8l or tobacco heating systems,'%]
none of these approaches uses stem cell-derived cell sources,
instead relying on primary cells and immortalized or malig-
nant cell lines, the first representing a very restricted cell source
and the latter two cells which do not resemble the physiology

www.small-journal.com

of primary cells, respectively. Moreover, no medium- or high-
throughput approaches were developed. Therefore, the in vitro
oral mucosa models are far away from application in toxicolog-
ical screening approaches.

While basic research is making huge progress in the devel-
opment of hiPSC-based 3D skin models, it is yet a long way to
a standardized toxicological application. Future efforts should
focus on the development of standardized models with high
tissue complexity and an adequate representation of the in vivo
situation (e.g., by addition of immune cells). Moreover, testing
throughput can be increased by the use of multiwell plates.
Finally, such complex systems need validation for application in
toxicology and disease modeling.[3%

2.2. Brain

The brain is the most complex organ of the human body, com-
posed of billions of cells and subdivided in multiple regions
each containing a specific cytoarchitecture necessary for its
particular function. It is mainly composed of two superordi-
nate cell types, neurons and glial cells. In the fully developed
brain, neurons transmit information via electrical and chem-
ical stimuli and, depending on the brain region, differ tre-
mendously in size, morphology, neurotransmitters expression
pattern, and overall function (Figure 2).3Y Although there is a
certain amount of neurogenesis in adulthood due to residual
neural progenitor cells (NPCs), e.g., in hippocampus, 132133l
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Figure 2. Schematic overview of important cell types and functional units of the brain. Figure created with BioRender.com.
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neurons are terminally differentiated post-mitotic cells, which
cannot divide to compensate for the neuronal loss after neuro-
toxic exposure.'3 Glia cells constitute about half of the cells
within the developed central nervous system (CNS)!3% and
can be divided into oligodendrocytes, astrocytes, microglia,
and ependymal cells. Oligodendrocytes facilitate rapid salta-
tory conduction by insulating neuronal axons with myelin
sheaths to guarantee adequate motor, sensory, and cognitive
function.®®] Astrocytes exhibit a variety of morphological
and physiological properties reflecting their diverse func-
tions in the CNS: They i) regulate synaptogenesis and
synaptic transmission, ii) provide neurons with nutrients and
neurotransmitters, iii) maintain the blood-brain barrier (BBB),
iv) build scar tissue in case of injury, and v) form structural
scaffolds.'¥”) Microglia are the resident immune cells of the
brain which orchestrate the inflammatory response and guide
neuronal expansion and maturation.3® The brain is pro-
tected from most environmental chemicals by the BBB and
the blood-cerebrospinal fluid barrier. Although both provide
highly selective permeability, several substances can penetrate
or disrupt the barrier structures to eventually reach the brain
(Figure 2).139

Due to the brain’s complexity, neurotoxicity summarizes
various modes-of-action (MoA) including i) neuronal injury or
death (neuronopathies), ii) axon degeneration and secondary
myelin degeneration (axonopathies), iii) separation of myelin
sheets or selective myelin loss (myelinopathies), iv) altered
astrocyte function (astrocyte neurotoxicity), v) disturbance of
intercellular communication (neurotransmission-associated
neurotoxicity) as well as vi) changes in cognitive function, level
of consciousness and vigilance (toxic encephalopathy) including
compromised adult neurogenesis.*% According to the OECD
guidelines, neurotoxicity testing is performed in rodent animal
studies, however species differences between rodent and
human brains including astrocyte morphology,™! neuronal
subtype ratios,*?l and receptor affinities -] questions the
predictivity of rodent models for human health. Therefore, the
development of in vitro assays based on hiPSC or NPCs has led
to promising alternative approaches.

Zhang et al. first described the differentiation of hESCs
into a mixed culture of neurons, astrocytes, and oligoden-
drocytes.l Moreover, targeted differentiation of hESCs and
hiPSCs into neuronal subtypes including dopaminergic neu-
rons, spinal motoneurons, and electrically active glutamatergic
and GABAergic neurons can be either performed directly™-11
or following neural induction into NPCs.l524 Of note, direct
comparison of the neural-differentiation capacity of hiPSCs and
hESCs revealed that both cell types produce neuronal cell types
over the same developmental time course, however, hiPSCs
exhibited a reduced differentiation potency and increased vari-
ability.">] Several 2D in vitro models based on neurally induced
human pluripotent SCs[**¢-16% or primary hNPCsH+161-163] have
been used in neurotoxicity testing, predominantly in a develop-
mental context focusing on i) neural progenitor proliferation,
ii) neuronal differentiation, outgrowth, and network formation,
iii) oligodendrocyte differentiation and maturation, iv) ROS
accumulation, and v) epigenetic and transcriptional reprogram-
ming. However, in a multiparametric high content approach,
36 chemicals were analyzed according to their potential to
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induce acute neurotoxicity in hESC-derived neurons with cell
viability, cytotoxicity, neurite length, and mitochondrial area as
readouts.[1%4]

Since cerebral 2D cultures cannot depict the complex in vivo
cytoarchitecture of the brain, self-assembling 3D multicellular
brain organoids emerged as an alternative especially in develop-
mental research.3¢105160] Several approaches successfully gener-
ated brain-region-specific organoids recapitulating the specific
cytoarchitecture, epigenome, and transcriptome of the fore-
brain, midbrain or hypothalamus.'7-1 Fusions of different
region-specific organoids demonstrated interneuron migra-
tion between fused parts, highlighting their applicability to
model complex interactions between brain regions in vitro.[”"]
To study the inflammatory response and increase the physio-
logical relevance, functional, cytokine-secreting microglia have
been cultured as immortalized cell lines or differentiated from
hPSCs and incorporated into cerebral organoids.l”*73] Since
their early developmental stage limits the applicability of orga-
noids for nondevelopmental testing, efforts have been made
to increase the maturity, thereby generating stem cell-derived
organoids including dendritic spines, active neuronal net-
works, mature oligodendrocytes, and myelinated axons.!+177]
Another limitation for toxicity testing using organoids is their
high variability.'”®l A compromise for staying in 3D yet with
reduced variability are brain spheres, multicellular 3D brain
aggregates that can be derived from ESCs or hiPSC, but lack
higher anatomical structures.V21761779-1811 Such brain spheres
have already been used for toxicity evaluation and proved useful
to identify neurotoxicants causing mitochondrial dysfunction,
ROS accumulation, and metabolic disruption.¥-182] Moreover,
Sandstrom et al. tested the effect of non-neurotoxic and neu-
rotoxic compounds in hESC-derived brain spheres exhibiting
myelinated axons and functional neuronal networks and con-
firmed their usefulness for in vitro neurotoxicity testing.[®3l
Schwartz et al. showed that self-assembled hESC-derived neural
constructs composed of multiple neuronal and glial cell types,
microglia, and interconnected vascular networks respond to
toxic compounds as measured by RNA sequencing and con-
firmed in a cross-validation experiment that machine learning
techniques can be used to correctly predict chemical effects.
However, chemical effects on viability or cytotoxicity were not
assessed.!84

Since the BBB is crucial for neuroprotection, lack of blood
vessels is one of the major shortcomings of most in vitro
models. Implementing such an interorgan crosstalk was real-
ized by incorporating vasculature to cerebral organoids. This
was achieved by either adding ETS variant 2 (ETV2)-expressing
hESCs during organoid formation or by re-embedding orga-
noids in Matrigel droplets containing hiPSC-derived endothe-
lial cells.'®5186] Of note, vasculature-like structures enhanced
organoid maturity and induced BBB-like characteristics.['®]
Moreover, several functional BBB models have been developed
as spheroids!"®”®8 or in microfluidics devices.®*1°! Since they
show comparable permeabilities to in vivo measurements,
promising candidates for drug-permeability screenings and
neurotoxicity testing have been identified. However, these BBB
models not only consist of stem cell-derived cells, but also con-
tain human and rodent primary cells as well as immortalized
cell lines.
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Vascularization would not only increase the resemblance to
the native in vivo situation, but further eliminate the gradient
of nutrients and oxygen from the outer spherical shell to the
spheroid core. This gradient results in zonation of the spheroid,
the formation of a hypoxic core, and an uneven distribution of
the test substance.[19219%]

Cultures of different hiPSC-derived neuronal subtypes, astro-
cytes and microglia (iCell, Cellular Dynamics; CNS.4U, Ncardia;
SynFire, ReproCELL) as well as multicellular brain organoids
(microBrain 3D, StemoniX) are commercially available and
already applied in neurotoxicity testing in high-throughput,
high-content approaches in 384 multiwell plates.l”>1° More-
over, comparative electrophysiological analysis and neurotoxic
exposure of neuronal models revealed differences in sensitivity
and the degree of chemical-induced effects, but the models per-
formed reproducibly and even outperformed primary rat cor-
tical neurons in terms of sensitivity to detect seizurogenicity.l!

2.3. Thyroid System

The thyroid system is a neuroendocrine axis which regulates
the production of the thyroid hormones (THs) thyroxine (T,),
and triiodothyronine (T3). THs control a variety of physiological
processes including energy metabolism,*®l nervous system
development,”’l and thermoregulation,'”®l and are particularly
important during perinatal development. Thyroid function is
regulated by a fine-tuned interplay between the hypothalamus,
the pituitary gland, and the thyroid (HPT axis) and is initi-
ated by the secretion of thyrotropin-releasing hormone (TRH)
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from hypophysiotropic neurons within the hypothalamus
(Figure 3). THR enters the pituitary portal circulation and binds
to receptors on the plasma membrane of thyrotropes within
the anterior pituitary.'” Binding causes the acute release of
thyroid-stimulating hormone (TSH) from secretory granules,
an essential regulator of thyroid function, differentiation, and
growth.2% The thyroid’s task is the production of THs, which
involves uptake of iodide and its utilization during TH syn-
thesis. Iodide absorption from the plasma is mediated by the
sodium-iodide symporter (NIS) located within the basal mem-
brane of polarized follicular thyrocytes.?%!l Thyrocyte follicles
are vascularized spherical secretory units filled with a protein-
rich substance called the colloid. Within the colloid, iodide is
oxidized and bound to tyrosine residues of the colloid-protein
thyroglobulin (Tg) in an organification reaction catalyzed by the
enzyme thyroperoxidase (TPO) generating both monoiodoty-
rosines (MIT) and diidotyrosines (DIT) within the Tg protein.
Subsequent coupling of two neighboring DIT molecules gener-
ates T, whereas the coupling of one MIT and one DIT molecule
yields T3.[202203] Endocytosis of Tg and lysosomal proteolysis
releases T, and T3 from Tg and the transporter MCT8 within
the basolateral membrane releases the THs into the circula-
tion.2 The amount of TSH secreted by the anterior pituitary
substantially determines the TH production rate since TSH
receptor (TSHR) activation positively regulates iodide uptake
by NIS, Tg expression, and TH synthesis. Moreover, THs exert
a negative feedback on the secretion of TSH and TRH by the
pituitary and hypothalamus, respectively (Figure 3).200)
Environmental chemicals deregulate the thyroid system by
various routes of interference (e.g., TH synthesis, metabolism,
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transport, elimination, or TH receptor activation).?®’! However,
the ability to influence circulating levels of TH or TSH in
vivo is the only readout used to identify thyroid disruptors in
toxicity testing. TH levels are mandatorily assessed in OECD
in vivo toxicity guideline studies (i.e., TG 408, 414, 421, 422,
and 443),1121206-209 however, they do not provide informa-
tion about the mechanism of TH disruption complicating the
extrapolation of study results across species. Moreover, high
costs, ethical concerns, and the low-throughput of animal-
based assays in contrast to the numerous chemicals which
need to be tested have driven efforts to develop and validate in
vitro assays based on key molecular initiating events (MIEs) in
thyroid disruption.[1%210-212] To facilitate their regulatory appli-
cation, a thyroid-related adverse outcome pathway (AOP) net-
work has been established linking the MIEs to toxicity-mediated
thyroid dysgenesis and downstream adverse outcomes.??!!
Several high-throughput screening (HTS) assays have been
developed, % however, the uncertainty of these assays to predict
functional effects on the tissue-level questions their physi-
ological relevance and elucidates the need for organotypic
cell culture models. The use of a tiered screening approach
in which positive hits from HTS assays (Tier 1) are further
verified in organotypic medium-throughput models (Tier 2) as a
preselection for final Tier 3 in vivo testing significantly reduces
costs, the testing throughput and guarantees the predictivity
of the risk assessment.'%2M Since the HPT axis comprises
several organs, the establishment of a single organotypic Tier
2 model is insufficient. By contrast, models depicting interim
steps within the thyroid system including TRH and TSH secre-
tion, iodide uptake, and TH production are needed.

Already in the 1980s, thyroid tissue was reconstructed in
collagen gels from primary human thyrocytes.?™>% The cells
formed follicles secreting Tg into the colloid in response to
TSH stimulation. Moreover, they proved functional in vitro
concentration-dependently responding to TSH exposure with
iodide uptake and T; secretion. Exposure to the TPO inhibitor
methimazole further confirmed response to chemical inter-
ference.”!) Studies on thyroid models derived from primary
mouse thyrocytes further confirmed in vivo functionality and
yielded follicles capable of TSH-dependent iodide uptake and
TH secretion after transplantation into hypothyroid mice.?17218]
In order to increase the applicability for toxicological screen-
ings, Deisenroth et al. developed a medium-throughput organo-
typic screening assay in a 96-well plate format.’"”) Functional
follicular structures expressing genes of mature thyrocytes
(NIS, TPO, TSHR, Tg), capable of iodide uptake and TH
production, were derived from human thyrocyte tissue. Of
note, screening of reference compounds identified in estab-
lished HTS assays for thyroid disruption (i.e., NIS and TPO
enzyme activity) revealed both similar effects and potencies
in the microtissue model, highly indicating its applicability
for a tiered screening approach. However, the use of primary
thyrocytes for toxicological testing is challenging. Their low
turnover rate (five renewals per lifetime) and general impuri-
ties in primary cultures limit their application in a regulatory
context.??% Therefore, the development of 3D models based on
ESCs or iPSCs is more promising. Two different approaches
successfully generated functional thyroid follicles from ESCs
and iPSCs in 3D Matrigel cultures: i) the enrichment of cells
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expressing the transcription factors Pax6 and Nkx2.1 by genetic
modification or FACS sorting and ii) the induction of anterior
foregut endoderm (AFE) by treatment with Activin A, Noggin,
SB431542 followed by cultivation in thyroid differentiation
medium supplemented with insulin, IGF-1, FGF2, FGF10,
and bone-morphogenic 4 (BMP4). Both protocols generated
follicular thyroid tissue expressing NIS, TSHR, and TPO from
human and mouse ESCs??224l and iPSCs.[?23225220] The fol-
licles increased iodide uptake upon TSH stimulation and
secreted Tg into the colloid. Furthermore, TH production was
observed both in vitrol??3-%%l and in vivol??>2%3 after transplan-
tation into hypothyroid mice. Direct comparison of 2D and 3D
cultivation approaches revealed increased expression of TSHR,
TPO, and Tg in 3D cultures. Moreover, NIS expression and
TH secretion was completely limited to Matrigel-embedded
follicular 3D cultures, highlighting the increased functionality
of organoid compared to monolayer models.?*! The stem cell-
based thyroid models seem promising in identifying chem-
ical interference with iodide uptake, Tg production, and TH
synthesis and thus represent interesting candidates for applica-
tion in tiered approaches in toxicity testing. Bioprinting of pri-
mary thyroid and allantoic spheroids as sources of thyroid and
endothelial cells, respectively, resulted in follicles containing
microvascular networks which proved functional in vivo after
grafting into mice. Since folliculogenesis is guided by angio-
genesis and iodide is taken up from the bloodstream, vasculari-
zation could increase the functionality of the thyroid 3D model
and the technique could be adapted to stem cell-derived thyroid
and endothelial cells.*"” Additional optimization of the culture
parameters could further promote the differentiation into thy-
roid tissues, since hypoxia (2% O,) was reported to increase the
expression of thyroid transcription factors (Pax8 and Nkx2.1),
the expression of NIS and TSHR, and the uptake of iodide.l??")
Fewer efforts have been directed at developing 3D models
for the initiating steps of the HPT axis within the hypothal-
amus and the pituitary. However, coinduction of hypotha-
lamic and oral ectoderm from ESCs[222229 and hiPSCs/3¥
facilitated the formation of 3D organoids with different hor-
mone-producing pituitary cells adjacent to functional hypo-
thalamic tissue. The protocol is based on the formation of
large cell aggregates in suspension culture and the concurrent
activation of BMP4 and sonic hedgehog signaling pathways.
Of note, interactions between the two juxtaposed tissues were crit-
ical for the development of hormone-producing pituitary cells,
elucidating the importance of the hypothalamus for pituitary
maturation.??8] Although the model gave rise to high amounts
of adrenocorticotropic hormone (ACTH)- and growth hormone
(GH)-producing pituitary cells both in vitro and after transplan-
tation into hypopituitary mice in vivo, only few TSH-producing
thyrotropes were observed. Therefore, additional optimization
of the protocol is needed to make it suitable for the screening of
chemicals interfering with TSH synthesis and secretion.

2.4. Lung
The respiratory tract is one of the principle barrier organs of

the human body. Its main function is to facilitate the exchange
of oxygen and carbon dioxide between the air and the blood. An
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adult human inhales =15 to 20 m? of air per day and as such
the lung epithelium, with an estimated surface area of
30-130 m?,231232] can be directly exposed to gaseous and par-
ticulate contaminants of chemical and biological origin. Apart
from being a target for occupational and environmental air-
borne toxicants, the respiratory tract represents a dominant
uptake route for noxious agents affecting other organs. In turn,
the lung can be affected by toxicants that reach this organ via
other uptake pathways. Considering the multitude of resident
cell types (over 40),233 architectural and physiological particu-
larities in terms of airflow dynamics, and stretch as well as
shear stress effects (Figure 4), the development of robust and
realistic in vitro models to replace in vivo inhalation studies is
a major challenge. Risk assessment of inhalable toxicants tradi-
tionally relies on the in-depth (histo-)pathological and clinical/
biochemical investigation of experimental animals, predomi-
nantly rodents, following acute or long-term repeated inhalation
exposures.?>4 Such studies often include analysis of further
endpoints, such as inflammation (by bronchoalveolar lavage),
genotoxicity, or even lung function.?*! Inhalation studies are
laborious, expensive, and complex, not only regarding the eval-
uation of effects, but also in view of the requirements for the
controlled, reproducible, and save generation and monitoring
of the exposure cloud.[?¢!

In vitro methods have been used since long in inhalation
toxicology research and major developments in the last decades
yielded innovative approaches that aim for high throughput
analysis and models that better mimic specific aspects of the
complex anatomy and physiology of the human respiratory
tract. Model developments have mostly focused on the selection
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of epithelial cells as they represent the first target for inhaled
toxicants.*/l Anatomically and functionally, the respiratory tract
can be subdivided into two principle regions. i) The conducting
airways are represented by mucus producing goblet cells, cili-
ated cells, club cells, and neuroendocrine cells as well as basal
cells, the progenitor cells for the airway epithelium.[238-240 ii)
The epithelium of the alveolar region, were the gas exchange
takes place, is composed of alveolar type I epithelial (AT1) cells
and type II (AT2) cells. The surfactant producing AT2 cells
serve as progenitors to replace damaged alveolar epithelial
cells.[23824] When designing or selecting the type(s) of epithelial
cells for an in vitro model the target site specificity of a toxicant
must be taken into account. Its airborne concentration and its
physicochemical properties (e.g., water-solubility and reactivity
of gases, aerodynamic size and shape of particles) as well as
host factors (e.g., breathing pattern, activity) determine the pre-
dominant region of interaction.[242-244

For decades, in vitro studies addressing effects on epithelial
cells have used primary cells, explant cultures or immortalized
cell lines from (fetal) lungs of rodents or human origin.2*-2
The adenocarcinoma cell line A549 represents by far the most
investigated human AT2-like epithelial cell model.?*) Effects on
AT1 cells can be modeled by the immortalized human alveolar
type-I-like epithelial cell line TT1.12>") Novel methods have been
developed in recent years to improve the collection of human
primary bronchial epithelial cells, e.g., to investigate disease
susceptibility.[2>1:252]

Besides epithelial cells, various other cell types of the lung
have been used, or included in coculture with epithelial cells,
for in vitro inhalation toxicology research purposes. This
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includes mesenchymal cells to study fibrosis hazards and mech-
anisms,12>324 primary alveolar macrophages obtained from
experimental animals or humans by lung lavage to study host
defense and particle clearance,?>>2*!l monocytes/macrophages,
neutrophils, dendritic cells, and mast cells to simulate lung
inflammation processes,?>2°! and pleural cells to study mech-
anisms and hazards of pleural disease and malignant pleural
mesothelioma.[?2-2%] Vascular and capillary endothelial cells
have been introduced in coculture models together with lung
epithelial cells to explore epithelial-endothelial crosstalk mech-
anisms, airway or alveolar barrier impairments and systemic
uptake of inhaled chemicals and particles.266-268]

Specific model developments for lung research have focused
on the recreation of physiological aspects of this organ. Herein,
major milestones have been achieved through the ongoing
development of ALI systems, using monocultures,26%27% mul-
tiple cell types,?°%?l or commercially available human lung
tissue.”’?l ALI approaches allow for the controlled testing of
gases, particles or their mixtures in immediate contact with
epithelial cells, unlike models in which cells are submerged
in (testing) medium. Combined with advanced exposure sys-
tems ALI cultures enable in vitro testing scenarios that better
mimic inhalation exposure. This is particularly the case for
inhalable particles in terms of their complex kinetics of particle
deposition and initial interaction with the epithelial lining fluid.
Mechanical stretch models mimicking breathing movements
have been introduced to study its role in lung development,?’3!
repair of damaged lung epithelium,”¥ and possible modula-
tion of toxicant effects.”’”’l Sophisticated human lung-on-a-
chip models have been developed using microfluidic devices
that mimic both architectural and physiological aspects of the
alveolar-capillary region, by combining breathing-mimicking
mechanical strain with respective air and blood-flow character-
istics in epithelial and endothelial compartments.?’¢]

Stem-cell based technologies brought major innovations
into lung research. The developments and methodological
advancements of stem cell-based tissue engineering focused on
elaboration of mechanisms of lung development, damage repair,
regeneration, and the pathogenesis of lung diseases.*””2#’8] Prin-
cipal approaches to generate mature adult lung cells from ESCs
or iPSCs include coculture approaches with mesenchymal cells
or successive treatment and selection protocols that mimic
lung development. Early developments include the genera-
tion of AT2 and club cells from murine ESCs. When cultivated
under ALI conditions, these ESCs can grow into a differentiated
airway epithelium comprising basal, ciliated, intermediate, and
club cells.”’) Lung progenitor cells can also be derived from
the circulation® and used to generate AT2-like cells from
CD34( cells.281 Major progress in the field was achieved with
the generation of human epithelial cells from AFE-derived from
hESC and hiPSC, whereby caudal region of the AFE gives rise
to the tracheal and lung.?®?l Along these lines, bronchial and
alveolar progenitors can be derived for the generation of both
airway and alveolar epithelial cells from iPSCs.[283284 Of note,
hypoxia of 1% O, enhanced both the spontaneous and activin
A-dependent formation of definitive endoderm from mouse
ESCs and the subsequent differentiation into AT2 and club
cells in a hypoxia-inducible factor 1 alpha (HIF1¢)-dependent
manner. This indicates, that a careful timing of hypoxia may
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increase the efficiency of in vitro differentiation processes into
the lung lineage.?®! Scaffold-based methods have been used to
generate alveolar-like structures, characterized by AT1 and AT2-
like epithelial cells from murine lung stem/progenitor cells
using 3D-gelatin microbubbles.[?®9 Also human alveolar orga-
noids, composed of a pool of self-renewable AT2-like cells and
AT1-like cells have been successfully created from hiPSCs.?¥]
These and various further protocols to develop lung organoids
and AT2 cells from hiPSCs are nowadays at hand, offering great
potential for in vitro inhalation toxicology testing.l?%3-2%"1 How-
ever, also concern has been expressed especially regarding the
generation of mature, differentiated AT2 cells.?*!) Chen et al.
described the construction of lung bud organoids from hPSCs
containing pulmonary endoderm and mesoderm which, fol-
lowing xenotransplantation or in Matrigel 3D cultures, develop
into branching airway and alveolar like structures.?? They also
showed the potential of their model to study molecular and
morphological hallmarks of diseases, like fibrosis. In combi-
nation with gene editing approaches innovative lung organoid
developments are envisaged to benefit research on suscepti-
bility toward idiopathic or toxicant-induced lung diseases.[?9%294

In the future, stem cell-based technologies in combina-
tion with the latest developments in tools that reliably mimic
the specific physiology of the respiratory tract are anticipated
to bring major advancements to the field. However, the com-
plexity of the respiratory tract needs to be critically considered
here. Promising advancements can be achieved by combining
stem-cell and lung-on-a-chip approaches (reviewed by Nawroth
et al.?)). However, the authors also promote the inclusion of
lung physiology aspects in such models, especially concerning
toxicological or drug safety testing. Moreover, while elegant
systems are available for controlled exposure of epithelial cells
or tissues at the ALI interface, >l they do not yet allow for a
straightforward incorporation of complex (scaffold-based) lung
organoid models. Toxicological hazard assessment analysis calls
for reliable, robust, and reproducible models to generate valid
concentration-response data. And it is precisely this dosim-
etry aspect that fuels the complexity of inhalation toxicology
research, on gases, vapors, and especially particles.

2.5. Cardiovascular System

Together with the circulatory system the heart orchestrates
an unidirectional continuous blood flow to provide all organs
with oxygen, nutrients, and hormones.?”’) It is composed of
four chambers that are divided into two blood receiving atria
and two pumping ventricles. The ability to beat requires a thick
wall robust enough to withstand the continuous movement
and the associated shear forces. The inner wall of the heart is
lined with the endocardium, followed by the thick myocardium
containing cardiomyocytes (CMs) embedded in extracellular
matrix and the electrical conduction system composed of spe-
cialized muscle fibers capable of signal conduction. The outer
epicardium consists of elastic fibers, which protect the heart
and reduce friction (Figure 5; reviewed by Bauer?®l). The
complex structure of the heart with its multiple cell types, the
permanent blood flow, the shear forces caused by the contrac-
tion, and the electrical stimulation are all factors complicating
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the development of predictive in vitro systems for cardiotoxicity
testing. Nevertheless, cardiotoxicity is the most crucial adverse
event in drug development, making cardiovascular safety issues
the number one reason why drug candidates fail in preclinical
trials or have to be withdrawn from the market.?%% Therefore,
arrhythmia, altered QT intervals, channelopathies in general,
decreased cell viability, and structural cell damage are possible
heart-related effects of substances which have to be ruled out
prior to drug release.

Typically, first line drug testing includes the hERG in vitro
assay detecting inhibitors of potassium channels essential for
the repolarization phase of action potentials.?* The human
ether-a-go-go related gene (hERG) encodes for a channel sub-
unit whose blockage results in QT interval prolongation poten-
tially followed by Torsade de Pointe (IdP), a drug-induced lethal
arrhythmia.?® The QT interval represents the time from the Q
wave (first depolarization of the ventricles) to the T wave (total
repolarization) and abnormalities in interval lengths are associ-
ated with tremendous adverse effects making QT prolongation
one of the most common reasons for drug withdrawal.2923%
The classic hERG assay utilizes patch clamp recording in immor-
talized human embryonic kidney (HEK) 293 cells heterologously
expressing hERG channels.?® This setup in noncardiac cells
exhibits limited predictive power and thus is inferior to novel
approaches with hiPSC-derived CM cultures.?%! In addition to
the hERG assay, the proarrhythmic potential of chemicals is
further tested in nonclinical in vivo animal studies according
to ICH S7B and E14 guidelines.3*3%] However, species
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differences, especially in terms of ion channel expression and
phenotypic causes of channel inhibition, question the predic-
tivity of rodent experiments for human health.[27:3%]

Stem cell research revolutionized the development of alter-
native in vitro methods for cardiotoxicity testing, generating
spontaneously contracting CMs from pluripotent stem cells
which express most of the ion channels and sarcomeric pro-
teins found in vivo. For the induction of functional CMs from
hESCs or hiPSCs, numerous 2D and 3D culture protocols exist
which slightly differ in factors like cell source, culture media,
days of preculture, and days of toxicant exposure.?”-3% The in
vitro cardiotoxicity assessment can be divided according to the
functional readout into models evaluating electrophysiology,
cardiac cellular contractility, and cytotoxicity. Electrophysi-
ological cardiotoxicity is either measured by i) microelectrode
arrays (MEAs),B103U i) by patch clamp techniques which are
extremely sensitive but exhibit reduced throughputP®? or iii)
by optical imaging of voltage sensitive dyes.’**l In order to
implement a next-generation, mechanism-based standard for
preclinical risk assessment of proarrhythmic chemicals, the
comprehensive in vitro proarrhythmia assay initiative combines
in vitro assays with in silico reconstructions of cardiac electro-
physiological activity, thereby encouraging a paradigm change
in cardiotoxicity testing beyond the hERG assay to better under-
stand and predict TdP risk.?"315] As part of that ongoing move-
ment, drugs linked to low, intermediate, and high TdP risk are
tested with respect to their proarrhythmic potential in hiPSC-
CMs using MEAs or voltage-sensing optical approaches.
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Besides proarrhythmic effects, the impact on cardiac cellular
contractility is a key element of cardiotoxicity risk assessment,
therefore, altered contractility of CMs is addressed in several
in vitro assays. Since the direct measurement of the force
component of contractility in cell culture is technically chal-
lenging, indirect readouts like sarcomere shortening, Ca* flux
or mitochondrial membrane potential changes are used.¢3V]
Moreover, hiPSC-derived CMs are responsive to ionotropic
drugs like norepinephrine and their beating frequency can be
modulated via electrical stimulation.?"® Sharma et al. recently
established the cardiac safety index (CSI) as a measure
to evaluate cardiotoxic chemicals in a HTS format in 384
multiwells.” The CSI is based on several in vitro readouts for
measuring chemical effects on contractility and cytotoxicity in
hiPSC-derived CMs.

Although CM-based models are functional and widely
applied in cardiotoxicity testing, the impact of multiple car-
diac cell types like fibroblasts, epithelial cells (epicardium), and
endothelial cells (endocardium) on cardiotoxicity is neglected.
Kurokawa et al. showed that the cardiotoxic effects of the ErbB2
(HER2) inhibitor Trastuzumab can only be recapitulated in
vitro within a coculture model of hiPSC-CMs and endothe-
lial cells, highlighting the relevance of organotypic, preferably
3D models containing multiple cardiac cell types.??% Chal-
lenges in recapitulating the cellular complexity of the heart
in vitro with its continuous movement and perfusion by the
cardiovasculature impedes the development of functional car-
diac organoids.??!l However, multicellular spheroids have been
constructed from hiPSC-CMs, coronary artery endothelial cells,
and cardiac fibroblasts using the hanging drop method.l3%2
Doxorubicin exposure evoked responses comparable to primary
cardiac cultures, however, this system is not yet ready for high
throughput cardiotoxicity testing. Within a high throughput
approach, human 3D cardiac microtissues were assembled
from the same cell types in 384 multiwell plates, exposed to
known cardiotoxins and the mitochondrial membrane poten-
tial, endoplasmic reticulum integrity, and cell viability were
used as readouts to evaluate the risk for cardiotoxicity.??’!
Although the model could detect cardiotoxicity at clinically
relevant concentrations, it is still lacking toxicological relevant
cell types like smooth muscle fibers and the influence of shear
stress caused by the continuous blood flow is neglected.

TdP can be modeled in human 3D cardiac tissue sheets
(CTSs) which are constructed from hiPSC-CMs and non-
myocytes.3?¥ The arrhythmias are detected by simultaneous
measurement of the extracellular field potential on MEAs and
evaluation of the contractile movement by a high-precision live
cell imaging system capturing the beating motion. Of note, TdP
could predominantly be detected in multilayered 3D CTSs com-
posed of cell mixtures, highlighting the superiority of multicel-
lular 3D models for in vitro cardiotoxicity testing compared to
pure CM 2D cultures.

Although stem cell-based in vitro assays have been success-
fully applied in cardiotoxicity testing, the available systems do
not live up to the cellular and structural complexity of the heart
and do not model the blood flow. A limitation of the widely used
hiPSC-CMs is their insufficient maturity rather representing
fetal CMs.32 The choice of in vitro culture parameters like
media supplementation or oxygen content significantly affect
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CM maturation. Glucose rich media promote anaerobic gly-
colysis in CM cultures, a metabolic phenotype observed in fetal
hearts in vivo or under hypoxic condition. By contrast, glucose
deprivation or HIF1le inhibition increase oxidative phosphoryla-
tion in CM cultures which is an indicator of metabolic matura-
tion observed in adult hearts in vivo.??] Efforts have been made
to accelerate hiPSC-CMs maturation but so far, no mature CMs
have been established in vitro. However, the use of a testing bat-
tery of in vitro assays detecting specific cardiotoxic events like
ion channel blockage, altered electrophysiology or contractility
and cardio cytotoxicity could be a promising approach to cir-
cumvent the limitations of the individual assays.

2.6. Liver

Connecting the gastrointestinal tract with the systemic circula-
tion, the liver is of tremendous importance for the metabolism
and elimination of first pass doses of drugs, food contaminants,
microbial metabolites, and other xenobiotics. The structural
unit of the liver is the hepatic lobule, which consists of hexago-
nally arranged hepatocytes infused by a network of liver sinu-
soids. Nutrient- and oxygen-rich blood coming from the portal
vein and the hepatic artery, respectively, enters the lobule via
the interlobular portal triad (i.e., hepatic arteriole, portal venule,
and bile duct), passes the sinusoid network and drains into
the central vein of the lobule. The resulting oxygen gradient,
ranging from normoxic to hypoxic conditions, and the associ-
ated activation of signal transduction pathways, i.e., f-catenin
and hedgehog signaling, contribute to the zonation of the liver,
which critically determines spatial enzyme expression and cor-
responding metabolic activity.’?°! In addition, hepatic blood
flow through the liver sinusoids causes shear stress not only in
the endothelial cells but also in the lining hepatocytes, which
shapes various hepatic functions, including xenobiotic metab-
olism and hepatocyte maturation.’””l Liver zonation, shear
stress, and other parameters, such as the crosstalk between
hepatocytes and nonparenchymal cells, in particular sinusoidal
endothelial cells, Kupffer cells, stellate cells, and lymphocytes,
have a critical impact on hepatic functions and thus challenge
the development and implementation of appropriate in vitro
test systems for predictive hepatotoxicity testing (Figure 6).

In fact, hepatotoxicity is a major safety concern for the phar-
maceutical industry. Adverse drug reactions are responsible for
a remarkable high attrition rate of new chemical entities of up
to 90%,1328 with hepatotoxic effects being causative second to
cardiovascular safety issues.’?”) Moreover, drug-induced liver
injury, which in severe cases may cause life-threatening acute
liver failure, is the most frequent cause of postmarketing warn-
ings and withdrawals.>3%331 Thus, existing (preclinical) testing
strategies, combining in vivo and in vitro studies as well as in
silico predictions, are of obvious limited success.

Besides ethical considerations, animal studies face the chal-
lenge of considerable interspecies differences in the toxico-/
pharmaco-kinetics and -dynamics of a chemical or drug and
thus often fail to predict human hepatotoxicity.l**>333 The cur-
rent gold standard for in vitro hepatotoxicity testing during
drug development are human primary hepatocytes grown in
monolayer culture. Obvious limitations of these cells are their
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Figure 6. Structural and functional aspects and cell-types of the liver.
Abbreviations: BD, bile duct; CV, central vein; HA, hepatic arteriole; PV,
portal venule. Figure created with BioRender.com.

scarce availability, short life span, and tendency to rapidly dedi-
fferentiate in culture, which is associated with a substantial
downregulation of phase I and phase 11 enzymes.3* Other cell
models that are widely employed to assess potential hepatotox-
icity are human hepatoma cell-lines, such as HepG2, Hep3B,
and HepaRG. However, these cell-lines have a tumor back-
ground, rendering them less sensitive toward chemical threats,
and lack the expression of major xenobiotic-metabolizing
enzymes.>34

The use of 3D in vitro models for hepatotoxicity testing is
superior to monolayer cultures of hepatocytes or hepatoma cells,
as these models, at least to some extent, resemble liver archi-
tecture and cellular diversity and thus are closer to liver phys-
iology. In fact, 3D culture maintains the viability and hepatic
functionality of incorporated primary human hepatocytes or
hepatoma cells for up to several weeks.1**! As thoroughly sum-
marized in various recent overview articles,333:33>330] there is an
ever-growing list of novel 3D liver models with each having its
individual advantages and drawbacks. Today, several 3D liver
models are on the market, an up-to-date list of commercially
available models can be found here.?*” Liver spheroids, e.g.,
derived by the hanging drop technique, consisting of primary
human hepatocytes or hepatoma cells are relatively easy to
handle and are already more sensitive and specific in predicting
hepatotoxicity and drug-induced liver injury than the corre-
sponding plain monolayer cultures.}33337338 Spheroid and
higher organized organoid models allow the incorporation of
nonparenchymal cell-types, which is of particular importance
for the screening of complex adverse effects, such as inflam-
mation and fibrosis. The complex liver architecture and cellular
complexity, including endothelial cells, can also be reconsti-
tuted by means of 3D bioprinting®*?! and usage of organ-on-
a-chip-platforms, such as microfluidic biochips or microfluidic
multiorgan chips, enabling a more physiologically relevant
supply with nutrients, oxygen, and test compounds.?*33% For
instance, different approaches, including the generation of 3D
hepatic zonal channels and biochips, enabling the mounting
of an oxygen gradient (from normoxia to hypoxia) across
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hepatocytes, exists that mimic hepatic zonation and spatially
distributed metabolic activities.[340-342]

However, most of these models depend on primary
human hepatocytes with all their limitations. Hepatocyte-
like cells have been successfully differentiated from pluripo-
tent stem cells including iPSCs, and used for hepatotoxicity
testing.>**3* However, when cultured in 2D monolayers these
cells lose morphology, proper cell-cell contact (tight junc-
tions), and metabolic capacity.?*! Self-organizing 3D hepatic
organoid systems derived from PSCs or iPSCs may overcome
these limitations by closely mimicking the hepatic microenvi-
ronment and physiology.?3% Stem cell-derived 3D liver models
can be cultured for month or years without losing their meta-
bolic capacity or other hepatic functions. Several methodo-
logical approaches exist, including scaffold-free (decellularized
liver matrices, spheroids, and organoids) and scaffold-based
(nanofiber- and hydrogel-based, nanoscaffolds) setups.*33]
Moreover, PSC/iPSC-derived 3D liver organoids can be gen-
erated by starting either with a coculture of cell-types, for
instance, iPSC-derived endodermal, endothelial, and mesen-
chymal cells,*! or with a homogeneous cell population that
during the culture protocol differentiates into the different
hepatic cell-lineages.3¥381 The use of PSCs/iPSCs allows to
generate multicellular 3D models with all hepatic cell lineages
incorporated being genetically identical.?**3*] Human iPSCs
derived from fibroblasts, blood cells or any other cell-type of a
donor, can be differentiated in all hepatic cell-types and thus
present an unlimited pool of cellular material for diagnostic
purposes or toxicity testing. The simultaneous generation of
3D liver organoids from hiPSCs of different donors in com-
bination with high-throughput hepatotoxicity testing enables
comparative compound testing, and thus tackles the issue of
population diversity/interindividual susceptibility. In fact, a
high-throughput approach with hiPSC-derived hepatocytes
grown in 2D and 3D cultures assessing the impact of 48 sub-
stances on cell number, viability, nuclear integrity, mitochon-
drial membrane potential, apoptosis, and other parameters,
demonstrated that hiPSC-derived 3D liver models are suitable
for high-throughput testing.**] Powerful gene engineering
techniques, such as transcription activator-like effector
nucleases (TALENs) and the CRISPR/Cas system, allow the
introduction of point mutations, smaller deletions, etc. and
thus the creation of hiPSC cultures, which in a 3D context may
phenocopy functionally relevant single nucleotide polymor-
phisms (SNP) and rare mutations that frequently occur in
genes coding for xenobiotic-metabolizing enzymes.>*"! Stem
cell-derived 3D liver organoids can also be used to model
complex hepatic diseases. Ouchi et al., for instance, success-
fully simulated the sequential pathogenesis of steatohepatitis,
consisting of steatosis, inflammation, and fibrosis, by treating
PSC-derived 3D models made of hepatocyte-, macrophage-,
cholangiocyte-, and stellate-like cells with free fatty acids.?¥!
By incorporating human fetal liver mesenchymal cells into
human ESC-derived expandable hepatic organoids, Wang and
co-workers generated another intriguing test model, which is
suitable to investigate the pathophysiology of alcoholic liver
injury. Specifically, under ethanol treatment, the model allows
to assess the generation of oxidative stress, steatosis, the
secretion of inflammatory mediators, and fibrosis .[*>!
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Even though there is an urgent need for the development,
characterization, and validation of new in vitro models suit-
able for a solid prediction of the hepatotoxic properties of
chemicals and drugs, the use of stem cell-derived 3D models
still remains a challenging task. Besides improving the model
systems toward hepatic functionality, for instance, by opti-
mizing hepatocyte polarization, oxygen and nutrient gradients
and cell—cell interactions, it is also important to consider how
simple or complex, for instance, in terms of the number of
incorporated cell-types, a model should be to adequately pre-
dict a certain toxicological/pharmacological readout or address
a specific scientific question. In order to get PSC-derived 3D
liver models employed, i.e., accepted by industry and regula-
tory authorities, in the current test battery for hepatotoxicity, a
proper standardization of the protocols and a comparison of the
different protocols and models assessing the same adverse out-
come across laboratories is urgently needed.

2.7. Kidney

Kidney functions are closely linked with homeostasis of the
inner body milieu, electrolyte and fluid balance, acid base
handling, and retention of amino acids. Furthermore, kidneys
are major players in the excretion of water-soluble waste prod-
ucts and xenobiotics, toxins, and “end-products” such as uric
acid. At the same time kidneys achieve retainment of serum
proteins and glucose within the body, a process that requires
numerous active transport processes.>>”! This plethora of func-
tions is achieved through the interplay of different kidney cell
types, i.e., podocytes, parietal epithelial, mesangial, glomer-
ular endothelial, juxtaglomerular, specialized epithelial cells
(proximal and distal tubules, loops of Henle, collecting ducts),
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interstitial, endothelial, stromal, dendritic and stem cells, that
are organized in structural units, denoted nephrons (Figure 7).
At the one end of the nephron a filtration barrier, the glomer-
ulus, produces a primary urine volume of 180 1 per day into
the Bowman’s capsule. This urine is further concentrated and
processed within the renal tubular structures. The anatomy
and transporter/ion channel distribution allows to distinguish
five different nephron sections with individual functions, i.e.,
the proximal tubule, the thick part of Henle’s loop, the distal
convolute, and the collecting ducts.*® The tubules are lined
by at least 20 different epithelial cell types that are highly dif-
ferentiated, linked through tight junctions and have a high
oxygen consumption rate due to their metabolic activities,
which demands constant high nutrition, oxygen, and energy
supply. Which kidney structures transport renal malfunctions
can be specified by shedding light on acute or chronic kidney
injury, which are due to multiple causes with hypocirculatory,
immune, and direct toxic effects being most frequent.?> Tran-
sient interruptions of adequate blood supply in the course of
blood volume contractions or vasoconstriction are common rea-
sons for acute kidney injury. These can originate from severe
bleeding episodes or nonsteroidal anti-inflammatory drug
applications, the latter inhibiting prostaglandin synthesis and
abrogating the vasodilatory effects of endogenous prostaglan-
dins thereby reducing glomerular blood flow.?**! Some drugs
are notorious for increasing the vascular tone with similar
effects on blood flow especially on the afferent capillaries that
enter the glomerular structures, e.g. calcineurin inhibitors often
prescribed as immunosuppressive drugs in organ transplanted
patients.l** These “hypocirculatory” events result in regional or
complete kidney ischemia with cellular damage incited in those
cells that are most dependent on energy and oxygen supply,
the tubular cells, which respond with necrosis and apoptosis.
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At the cellular level the kidneys have the potential to recover
from such acute kidney injuries by tubular cell proliferation
and endocycle-related tubular cell hypertrophy.’>” Direct toxic
effects of pharmaceutical compounds and environmental toxins
are common phenomena and drug-induced kidney toxicity
accounts for about 25% of the reported severe adverse drug
reactions.>*] Drug- or toxin-induced kidney damage might
occur in different nephron sections. For example, the heavy
metal mercury induces proximal tubule dysfunction due to
its uptake by the organic anion transporters OAT1 and OAT3,
which are preferably expressed in the proximal tubule.*” Flu-
oride yet acts on the ascending limb of the loop of Henle by
interfering with chloride transport.**®! On the contrary, kidney
toxicity induced by amphotericin B mainly targets the distal
tubule. This seems to be due to the impaired cellular repair
mechanism at low urine pH values that counteracts toxicity in
the proximal tubule due to a higher urine pH at this part of
the nephron.’® Another phenomena in the kidney following
tubular cell injury is an immunological response, such as tub-
ulointerstitial cell infiltration. The infiltrating immune cells
release inflammatory cytokines that propagate fibrosis on the
one side, and are thought to coordinate tissue reparative pro-
cesses on the other side.?%?

Keeping the aforementioned mechanisms of acute kidney
injury in mind with a large cellular repertoire at risk, toxico-
logical studies have to address the aspects of cell-specific drug
levels and adverse effects including phenotypic and func-
tional alterations. The number of different cell types within
the glomerulus, the tubular structures and tubulointerstitial
compartment are even growing with the advent of single cell
sequencing.?3-3%] Homogenous cell cultures of the respec-
tive cells have been established earlier. One success story in
the early 2000s was the establishment of immortalized podo-
cyte cells that grow or differentiate in dependence of environ-
mental temperature.?*®! However, economics should balance
testing efforts and therefore compound testing across the at
least 26 individual renal cell types identified so far®*’l does
not seem feasible — or physiological, as they are devoid of cell-
cell interactions and higher complex organization. Modeling
different functional nephron sections with their complex
architectures including cell—cell interactions, presence of cap-
illaries, differences in oxygen tensions and shear fluid stress
in vitro remains challenging. To cover especially these com-
plex context-dependent changes in cellular compartments,
fibrogenic niches, capillaries, pericapillary cells, mesangium
or due to differing oxygen tensions, most studies dealing with
kidney toxicity combine in vitro with in vivo approaches. In vivo
studies concerning kidney using rodents bear the drawback
of interspecies differencesi**® when extrapolating to humans,
and most former in vitro models do not picture the architec-
tural complexity of the kidney. Here, stem cell technology has
been offering a sky-rocketing development toward organo-
typic cultures including hiPSC-derived kidney organoids and
adult stem cell-derived tubuloids bridging the gap between
traditional 2D cultures and animal models.3%% Although orga-
noids contain a large variety of renal cells, they are still largely
devoid of mesangial cells, immune cells, glomerular endothe-
lium, principal and intercalated cells and their functionality
has hardly been studied.’*” One example of a valuable

Small 2020, 2006252

2006252 (14 of 31)

www.small-journal.com

development in the kidney organoid field is the establishment
of reporter human pluripotent stem cell lines that encompass all
kidney cell types of the glomerulus, proximal and distal tubule
as well as an extensive endothelial network, and renal inter-
stittum. These “whole kidney organoids” enable live assess-
ment of kidney cell differentiation and organoid development
in a toolbox format.*”% For phenotypic screening including tox-
icity testing, renal organoid production was also brought to the
next level by setting up a robotic platform for miniaturizing and
speeding up kidney organoid formation in microwell formats
for high-throughput screening.l?”!l Some kidney organoids even
produce renin,’’?l an endopeptidase synthesized by juxtaglo-
merular cells, which is crucial for blood pressure regulation.
Such functional aspects are valuable additions to the descrip-
tive nature of organoid cellular composition and structure.
Protocols for kidney organoids derived from human inducible
progenitor stem cells have proven successful to mimic late
capillary loop stage nephrons on day 14 of cultures. Later on,
some cells are not sufficiently supplied by oxygen and nutrients
resulting in cell damage with ensuing fibrosis.’’?l Despite these
achievements in cellular differentiation and organizational
features at the nephron level, significant challenges remain. i)
Kidney organoids represent a very immature, i.e., fetal kidney
system.3¢31 i) Current protocols do not embrace the whole array
of renal cells, especially heterogeneous stromal cell populations
and the minimal requirement for kidney toxicity assessment is
uncertain. iii) Functional vasculature and a common urinary
collecting system are currently not depicted even in complex
in vitro systems.” iv) More “physiological” culture conditions,
e.g., with varying fluid shear stress or oscillating pressurel>”!
will be of paramount relevance to mimic the milieu of the
kidney. Given the low oxygen tension in most parts of kidney
tissue cell culture protocols with organoids also need to address
the issue of reduced oxygen supply. Drug nephrotoxicity testing
by kidney-on-a-chip testing has been adopted by some groups
with experimental setups that also include fluid shear stress.
Such test systems will likely revolutionize toxicity testing when
they succeed to be standardized.l376-37°]

2.8. Intestine

The intestine is comprised of subsections with substantial ana-
tomical and physiological heterogeneity in luminal pH, pres-
ence or abundance of cell types, and presence and composition
of the microbiome. The intestine is an organ of superlatives:
its epithelium is one of the fastest renewing tissues within the
human body with a maximum cellular life span of 5 days.*8
It harbors the largest pool of microbial communities, which is
contained by a semipermeable epithelial barrier forming one of
the largest interfaces between the endogenous and exogenous
environment. To safeguard the uptake of exogenous com-
pounds and to govern the host-microbiome interactions, vast
numbers of immune cells reside along the gut, resulting in a
major compartment of the immune system.®1 Apart from its
most commonly known tasks, the regulation of water balance,
digestion of food and nutrient absorption, the intestine is rec-
ognized for its impact on overall physical and mental health
with endocrine activity, immune regulatory functions, and
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extensive neuronal network (reviewed in refs. [382,383)). Its basic
structure folds into villi and crypts and is lined with a single
layer of intestinal epithelial cells (IECs) of which enterocytes
and goblet cells make up the majority, while Paneth cells, endo-
crine cells and Microfold cells account for the rest (Figure 8).
All TECs develop from intestinal stem cell (ISC)-derived progeni-
tors and differentiate while traveling along the crypt-villus axis.
This complexity of the intestine is challenging to mimic
experimentally, as summarized by Costa and Ahluwalia.%¥
However, the availability of relevant intestinal models is indis-
pensable. Intestinal disorders, e.g., intestinal cancer, inflam-
matory bowel disease and infections, affect millions of people
worldwide and present a substantial economic and societal
burden.%>38% Furthermore, oral toxicity testing is a require-
ment for pharmaceutical and chemical development.l3¥7388]
The oral route is preferred for the application of pharmaceuti-
cals, but gastrointestinal adverse events (GI AE), e.g., diarrhea,
abdominal pain, and nausea, are common side effects. Though
hardly ever the reason for market removal or clinical attrition,
AE can significantly affect treatment compliance.3%-3%U To
facilitate and standardize noxae investigations, the OECD has
specified test guidelines for rodent (e.g., TG 408)!"2!l and non-
rodent species (e.g., TG 409).2°2 Models of larger vertebrate
species (e.g., dog and pig) as well as invertebrate organisms
(e.g., zebrafish and C. elegans) are available, but the majority of
studies is conducted in rodents. The most suitable way of expo-
sure is based on the intended application and physicochemical
properties of the test substance. To address questions in non-
regulatory context, e.g., on intestinal inflammation, digestion,
and the microbiome, specialized in vivo models are available
(reviewed in refs. [393-395]). However, the predictive quality
of animal models for intestinal effects in humans is increas-
ingly disputed as substantial anatomical, biochemical, and
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microbiological differences prevail.3*¢-3%8] Especially the role of
the microbiome has been neglected with regard to preclinical
reproducibility and clinical translation efficacy, which might be
a factor in the low congruence in drug toxicity testing between
humans and other animals.[399-401

In context of the 3Rs, a variety of intestinal in vitro models
has been developed in the last three decades, of which cancer-
derived cell lines are the most commonly applied system.[402-404
Although these cell lines are inherently diseased and do not
fully match healthy tissue biochemically and genetically,*0+40°]
good correlations to human tissue were found.*®47] Since
then, highly sophisticated models have been developed by
combining multiple cell types, mimicking the intestinal archi-
tecture, luminal flow or peristalsis, and even incorporating
the microbiota."%#% n this context, hypoxia has emerged as
potentially important factor for intestinal systems. Unlike other
organs, the intestine is characterized by a substantial hetero-
geneity in oxygen levels to a nearly anaerobic environment in
the lumen (reviewed by Zeitouni et al.!")). Chen et al."? have
developed a scaffold-based 3D coculture model, where the
oxygen tension can be adapted to create micro- to anaerobic
conditions within the lumen. As the group demonstrated, the
consideration of oxygen levels in intestinal models may affect
their applicability especially for studies on host-microbial
interactions.'>4 But also the toxicity of nanomaterials may
change depending on the availability of oxygen.[*"®) However,
many of these elaborate models stagnate at a proof of concept
stage with little or no routine application in toxicity testing.
Whereas strong agreement exists on the suitability of transwell
cultures over undifferentiated monocultures, studies failed to
demonstrate a clear advantage of more complex models.[#16417]

As GI AE still commonly occur at clinical stages and are
frequent side effects of marketed drugs, the suitability and
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adequacy of existing models needs to be considered. The use
of stem cells is investigated to improve the predictive quality
of in vitro models for toxicity testing. Different approaches
are available: i) the use of ISCs of isolated intestinal crypts,
and ii) ESCs or iPSCs, which result in the formation of self-
organized 3D spheroids. The studies by Sato et al.[*&4]
are regarded as game changer in the field, as they enabled
the long-term culture of primary intestinal cells in absence
of mesenchymal tissue—until then the bottleneck for
primary intestinal cultures.*?%) Methods for the targeted differ-
entiation of human iPSC*2! or murine ESCs*2% into intestinal
tissue further expanded the stem cell toolbox. It is noteworthy
that the differentiation protocols for ESC and iPSC cultures
are generally more complex and time intensive—requiring
at least 28-34 days.*?1*23l They span three differentiation
stages: i) to definitive endoderm, ii) to hindgut-like tissue, and
iii) toward organoids resembling intestine-like tissue.[*21423:424]
In stem cell-derived organoids, all major IEC types are detect-
able, including enterocytes, goblet cells, Paneth cells, and endo-
crine cells. In iPSC-based models, ISC markers are only pre-
sent after an extensive differentiation time.*?!/ The resulting
organoids were found to resemble fetal rather than mature
adult tissue,* which might be a critical limitation.*?%l To
improve maturation, different approaches were reported,
e.g., using interleukin 2,41 cell sorting,**3*% or in vivo
engraftment.[#24425]

Notwithstanding these limitations, stem cell-derived intes-
tinal cultures have been applied for a range of research ques-
tions, including biological processes of intestinal tissue,?]
organ development, 30431 intestinal pathologies,*?*l and to
lesser extent the toxicity of xenobiotics.[**2433] They appear to
be a promising tool for the study of host-microbiome or host—
pathogen interactions, using passive colonization*4 or active
microinjection into the lumen.**®! Although these models were
found to be suitable to investigate drug transport and metabo-
lism, only few reports are available to date.*¢~° Their limited
application in exposure studies may be due to the organoids’
physiology and morphology—a polarized status with the apical
side facing inward. This restricts their suitability as the absorp-
tion of nutrients and drugs as well as the interaction with noxae
and the microbiota are initiated from the apical side. Studies
aimed to push these boundaries by luminal injection of orga-
noids,**! establishment of flow through the lument*% or
development of “apical-out” organoids.*l Others have turned
to approaches that break up the organoid structure to seed 2D
barriers on transwells or microchips using the whole orga-
noid*24 or selected cell types.[“>44¢]

Altogether, stem cells have the potential to greatly advance
the field of intestinal research, including toxicity testing. Apart
from the use of physiologically healthy tissue, patient-specific
organoids may be developed to investigate intestinal disease
development and treatment strategies./l However, questions
remain on the regional identity as well the maturity status of
the stem cell-derived organoids.[*?>*8 Undoubtedly, the intes-
tine is important in itself, but its full impact only emerges in
the interplay with other organs, e.g., the liver, the CNS, and the
microbiome, which remains a shortcoming in these models.[*]
Although the protocols are described as “highly efficient” and
“robust,”*21#] they greatly exceed the intricacy of most in vitro
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systems. Their superiority over these established, less complex
models for toxicity and safety evaluations remains to be demon-
strated, and will likely determine their implementation rate and
application range.

3. Genome Editing

Genome manipulation using zinc finger nucleases and
TALENs*®0%1 realized insertion of genetic elements into
specific sites of the genome. The CRISPR revolution*%%3l
substantially improved this procedure by making genome
editing fairly easy to achieve. A comprehensive overview about
the rapidly evolving field of applications and protocols of
CRISPR/Cas and related genome editing tools is provided by
the following review articles.**# Toxicology benefits from
such genome editing approaches in several ways. Reporter lines
with fluorescent or luminescent reporters under endogenous
promoter control can be used for following stem cell differentia-
tion and target cell toxicity, e.g., for neurons,*] kidney cells*”"!
or CMs.8l Also, genetically encoded indicators, e.g., for cal-
cium signaling, are useful tools for assessing calcium tran-
sients. These can be combined with other functional indicators
as, e.g., for voltage. Such lines offer the possibility for func-
tional studies in target cells without the use of dyes like Fura-2
and thus offer a great possibility for functional toxicity testing
in high throughput formats using high content imaging.!5%4!

Besides value in generation of stem cell reporter lines,
genome editing techniques can also be used for disease mod-
eling, in toxicology particularly relevant for studying gene-
environmental interactions. Human PSC knockout lines or
the targeted integration of specific mutations for the estab-
lishment of isogenic disease models is definitely of great sig-
nificance for such applications with the combined effort of
CRISPR in hiPSC-derived organoids representing cutting-edge
toolsets.[461-464]

Also, in mechanistic toxicology the CRISPR/Cas system has
already proven its great value. CRISPR/Cas-based approaches
identified genes critically involved in determining the toxicity
of various chemicals, including arsenic trioxide, formalde-
hyde, and paraquat.“>#’l For example, a CRISPR-based
positive-selection screen identified the genes coding for CYP
oxidoreductase, copper transporter ATP7A, and sucrose trans-
porter SLC45A4, as critical mediators of paraquat-induced
cell-death.1*®l Moreover, the study revealed CYP oxidoreduc-
tase as a major source for paraquat-induced oxidative stress.
In another study, CRISPR/Cas technology was used to identify
targets of anticancer small molecules by a mutagenesis scan-
ning of essential genes.l*® Hence, CRISPR/Cas-based func-
tional genomic screening approaches are suitable to provide
unprecedented mechanistic insight in modern toxicology and
pharmacology.]

Finally, combining genome editing with iPSC technology
enables the integration of genetic variation, which may deter-
mine the interindividual susceptibility toward a given drug
or xenobiotic, into modern toxicity testing. In fact, genome-
wide association studies have contributed to the identifica-
tion of a large number of SNPs and rare genetic variants in
genes, amongst others encoding xenobiotic-metabolizing,
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antioxidative, and DNA repair enzymes, which critically shape
the adverse and/or beneficial outcome of a certain chemical or
drug #7041 A well-known example is the human cytochrome
P450 (CYP) 2D6 monooxygenase, which accounts for the
metabolism of =15% of clinically used drugs, including opioids,
beta-blockers, antiarrhythmics, and antidepressants.¥’?l More
than 110 SNPs, some of them displaying allele frequencies of
up to 32%, have been identified in the CYP2D6 gene to either
enhance, attenuate or completely abolish its catalytic activity.[¥%!
By generating iPSC-derived hepatocyte-like cells from hepato-
cytes of CYP2D6 polymorphic donors and subsequent analyses
of the metabolism of CYP2D6 substrates, i.e., desipramine and
tamoxifen, Takayama et al. demonstrated that the application
of iPSC-derived cells with different SNPs is suitable to predict
the interindividual differences in the metabolism of drugs and
associated biological effects.’3] In general, the use of donor
cells with well-defined polymorphic genes for iPSC generation
or the integration of mutations that resemble a certain SNP
directly in the iPSC genome, would for sure improve the pre-
diction of drug-induced cardiotoxicity, liver injury, neurotox-
icity, and other frequent adverse drug reactions.*+#>! Besides
CYP2DG6, potential candidates for such a screening approach
are genetic variants of glutathione S-transferases T1 and M1,
N-acetyltransferase 2, and mitochondrial DNA polymerase-y.
In fact, the mentioned gene variants are not only associated
with a reduced catalytic activity of the respective enzyme, but
also increase the individual's susceptibility to idiosyncratic
drug-induced liver injury.’~#8 Along the same line, missense
variants of genes encoding retinoic acid receptor-y CYP2C19,
and multidrug resistance protein-2 have been identified to
enhance the risk for anthracycline-induced cardiotoxicity.[*°-81
Recent studies reporting the generation of genome-edited
hiPSC-derived hepatocyte-like cells resembling CYP2C19 poor
metabolizers,* and CMs carrying the retinoic acid receptor-y
missense variant S427L and exhibiting the associated enhanced
sensitivity toward doxorubicin treatment,*! illustrated the
outstanding potential of genome-edited iPSC cells and organo-
typic models derived thereof for future compound testing in
toxicology and pharmacology.

4, Biofabrication

4.1. Organ-on-a-Chip/Microphysiological Systems

Advances in material engineering and biofabrication enabled
the development of highly adaptable microphysiological sys-
tems. Such systems integrate the biological complexity of 2D
and 3D cell cultures with a defined spatial organization and a
controlled microenvironment to closely mimic the in vivo situ-
ation, including naturalistic stimuli.*®3] Microphysiological
systems, such as OOAC systems, aim at reconstructing the
complex mechanical and biochemical cellular environment of
the human body. By complementing and enhancing standard
cell culture models, these systems have the potential to improve
toxicity testing, accelerate drug discovery, improve diseases
modeling, and reduce the use of animal models. The high
adaptability of OOACs allows their application in many dif-
ferent cell, tissue, and organ models.[*83-4%7]
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OOACs are extremely divers and customizable, thriving
toward the reproducible generation of single cell cultures,
cocultures or even complex 3D scaffolds. The option for the
compartmentalized cultivation of different cell types and their
supplementation with distinct media, massively extends the
possible applications for such systems including organ cross-
talk. At the same time, OOACs require a very little amount of
cell material, media, and test substances, thereby reducing cul-
tivation costs.

OOACs have already been adapted to fit a diversity of
applications, such as modeling the BBB,1*1*88] assessing and
driving cellular maturation, #9499 (patient-specific) modeling of
diseases,*'*2 mimicking the capillary formation,*?! and the
capillary flow,*4 assessing the effect of stretch and strain on
tissues*>#% and showing the applicability of OOACs for drug
and substance exposures and development.?78490:495:47 OOACs
have even been applied to study nanoparticles, which are
currently of great public concern®® thus allowing to study
indirect adverse effects. No large-scale toxicity testing has been
done with OOACs, yet. However, smaller scale applications
that aim at the establishment of testing platforms have been
developed, mainly with human, but nonstem cell-based cell sys-
tems.[376498-5001 Some toxicity biomarkers that have already been
utilized with OOACs are summarized by Cong et al.’”®!

Even though the development of the OOACs for the field of
toxicology is still heavily under construction, strong beneficial
aspects can already be anticipated. The system will add com-
plexity to the conventional cell culture models by recapitulating
the physiological forces, increasing the reproducibility due to
the controllable environment and improving long-term viability
by enhancing the nutrient and waste flux within the samples.
By implementing human-based stem cell systems, the OOACs
could help reduce animal experiments by providing relevant
indication of substance MoA and their impact on toxicity in
humans, prior to animal experiments or clinical testing. Mech-
anistic questions concerning MoAs can be investigated with
OOACs by including molecular and cellular readout methods.
Coexposures and cocultures are also easily implementable due
to the modularity of most OOAC systems. This increases the
predictivity for example in drug design and substance testing.
Maoz et al. developed a multichip system to model the BBB,
which could be used to test the efficiency of drug flux across
the BBB.[8]

The evaluation of organ crosstalk in vitro was long thought
to be beyond the bounds of possibility, but these fast-devel-
oping OOAC systems and the option to combine them to form
integrated body-on-a-chip (BOC) systems have opened up the
unique opportunity to make the impossible possible. In BOC
systems, organ chips can be connected to transfer flow-through
from one chip to another, thereby not only transferring nutri-
ents, but also metabolites as well as waste- and by-products.
BOCs could therefore give valuable insights into substance
metabolization and toxicological effects across tissues.l377:50U
Tsamandouras et al. developed a fluidic platform that allows for
the study of pharmacokinetics in a multiorgan setting.”*? They
successfully tested their platform using gut and liver inter-
connected chips. Another impressive study was performed by
Oleaga et al.,P%! who generated a functional model to evaluate
human multiorgan toxicity under continuous flow conditions.
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The group tested their four integrated modules, namely car-
diac, muscle, neuronal and liver modules, for their pharmaco-
logical relevance, by evaluating their response to five drugs with
known side effects. Their culture model exhibited a multiorgan
toxicity response and the results were in general agreement
with published toxicity data.

Besides the relatively high manufacturing costs and the usu-
ally medium to low scalability, one of the greater challenges
with OOAC systems is the design of biocompatible materials
that support cell survival and growth, and at the same time
allow for the appropriate readouts. Although ready-to-use chips
can be purchased from commercial manufacturers such as Tis-
sUse GmbH, Mimetas, and EmulateBio, the majority of the
research community working in this field produce their own
chips. Many OOACs so far rely on imaging methods to assess
the culture, which requires a clear and thin imaging surface.
Silicon-based and polydimethylsiloxane are currently used in
the field " however, the development is still striving forward.
Additional points of consideration for substance testing in
OOACs are the resistance of the material toward the uptake of
the tested substances to avoid unintended postexposures, and
the integration of endpoint-specific readouts needed for each
specific model type. The material of the chip has to be biocom-
patible, meaning that it has to be resistant to leaching and must
not interfere with the test compound thereby altering exposure
concentrations. Moreover, most OOAC models are unsuitable
for screening applications that require parallelization (96- and
384-well plates). However, high-throughput modules that hold
up to 96 microfluidic structures have been established and are
commercially available (OrganoPlate, Mimetas). These modules
are compatible with automation and HTS instruments and have
already been tested using SCs as cell source.F%>%! In sum-
mary, OOAC and BOC models still need to be validated against
established toxicity assays using a library of compounds with
known toxicological effects. The biological functionalities of the
chips must be highly reproducible and reliable to gain accept-
ance in toxicity studies. Moreover, they have to be user-friendly,
cost-effective, and should be compatible with the standard cell
culture equipment and HTS devices. Keeping this in mind,
there are promising developments in the field of OOAC and
BOC, that will very likely lead to a leap forward in toxicological
testing, disease modeling and fundamental research.

4.2. Bioprinting

Bioprinting is a biofabrication technique to generate organo-
typic tissue or organ models. Goal of this strategy is to aug-
ment the complexity of the models to recapitulate the in vivo
3D physiology in more detail than manually generated 3D
models. There are a variety of printing technologies available,
the most popular of which are inkjet-based, extrusion-based,
and laser-assisted.’””l Each technology has its own advantages
and disadvantages, e.g., concerning the bioink property require-
ments, printing resolution, possible cell densities, and shear
stress effecting cell viability."””] The printing process itself is
influenced by three main variables: i) the material (bioink),
i) the cell source, and iii) biomechanical factors, such as vis-
cosity, elasticity, and stress relaxation.l®**->1% The right choice of
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bioink is crucial to adequately mimic the cellular microenviron-
ment.” Widely used materials are natural hydrogels (gellan
gum, alginate, chitosan) and synthetic hydrogels poly(ethylene
oxide), poly(vinyl alcohol), poly(pro-pylene fumarate)). Their
high water content and tunable properties render them ideal
for 3D models.’'>1] The choice of material heavily depends
on the cell type and the intended 3D differentiation or growth
process. Studies looking at bioprinted models often focus on
basic cellular processes within the printed gels (i.e., cell sur-
vival, cell growth, and differentiation), or aim at the highest
possible accuracy in recapitulating the physiological in vivo
situation.l’'®! Additionally, bioprinting rises great hopes to fab-
ricate vascularized tissues, thereby diminishing the dead core
effect. Bioprinting of ES- and hiPSC-based models has been
intensively reviewed in Romanazzo et al.’”! and Ong et al.,’*®l
discussing advantages, limitations, and future perspectives.
In brief, ESCs and iPSCs are ideal cell sources for bioprinting
applications. They are available in virtually unlimited quan-
tity and can proliferate and differentiate into various cell types
within the bioink. Among others, SCs have been used for bio-
printing of cardiac,’™” neural,?! and hepaticl®?! tissues. An
advanced printing strategy using a triculture of hiPSC-derived
hepatic progenitors, human umbilical vein endothelial cells,
and adipose-derived stem cells, developed an organotypic 3D
liver model which recapitulates the native in vivo structure and
is able to secrete products of liver metabolism.3% Challenges
of SC bioprinting include the search for suitable bioinks sup-
porting cell growth and differentiation, the need for printing
parameters that the cells can withstand, and the optimiza-
tion of long-term cultivation parameters allowing adequate
in- and efflux of nutrients and oxygen. However, these chal-
lenges also apply for other cell sources like primary cells and
immortalized cell lines. Regarding a toxicological application,
bioprinted organotypic models are very rarely intended to work
in a high-throughput context, which is mandatory for screening
approaches. Moreover, the influx and efflux of the test sub-
stance within the hydrogel as well as interactions with hydrogel
components are difficult to predict. Nevertheless, the auto-
mated printing process provides a higher degree of consistency
and decreased batch-to-batch variations compared to manual
3D fabrication techniques, thereby increasing the reproduc-
ibility and reliability.

5. Challenges and Opportunities

With toxicology moving from apical endpoint testing in vivo
to human cell-based in vitro assays, comprehensive cellular
models are needed that cover the organ- and cell type-specific
MoA for a large variety of toxicants. In this review article we
discussed which structural and functional units of the skin,
brain, thyroid system, lung, heart, liver, kidney, and intestine
are targets of or mediate toxicity and disease and thus have
to be modeled in vitro for human health prediction without
using animals. Moreover, we summarized which preferably
stem cell-based in vitro models have been developed for mod-
eling the respective organs and evaluate their coverage of all
necessary functional and structural criteria discussed above.
Additionally, we highlighted organotypic models can be taken

© 2020 The Authors. Small published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

sl

www.advancedsciencenews.com

.J‘? .
1
i

== m ©
Bioprinting

www.small-journal.com

High-throughput/
high content

Organ-on-a-chip

Figure 9. Opportunities of stem-cell based models for future toxicological testing. Figure created with BioRender.com.

to the next level using cutting edge technologies like genome
editing and bioprinting in combination with sophisticated cul-
turing methods (e.g., microfluidic systems and OOAC) with the
final goal to facilitate high throughput/high content screening
in the near future (Figure 9). Through targeted differentiation
into multiple cell types, stem cell-based in vitro models can be
accurate representations of human cell physiology and widely
applied to study adversity on the cellular level in toxicity and
disease without the necessity to rely on primary cells, tumor cell
models or immortalized cell lines. They can even model func-
tional properties of the organ like hormone production!??3224
or generate complex 3D structures including multiple tissues
and several functional units in one model.”372 The use of
human instead of rodent cell cultures substantially decreased
the uncertainties arising from species differences concerning
cellular functions, cytoarchitecture, hormonal regulation, and
sensitivity to internal/external stimuli or toxicants.[®10142:297.368]
Moreover, hiPSCs-based techniques in combination with tar-
geted genome editing enable the development of patient-spe-
cific disease models and the generation of cell type-specific
transgenes in a human genetic background.[2264347458] How.-
ever, human iPSC technology still struggles from issues such
as variability among iPSC lines,’??l genomic instability,>?*! low
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reprogramming efficiency,”* which might be improved by
keeping the cells under hypoxic conditions for a limited time
span after reprogramming,?! preservation of an epigenetic
memory of the parental cell,’2°l and difficulties in achieving
a mature phenotype of iPSC-derived cells.*®l Cultivation tech-
niques have evolved quickly in the last decade with 2D mon-
olayer models representing the classical approach which is well
established and documented by broad literature. 2D cultiva-
tion is rather inexpensive, highly reproducible, and advanta-
geous to study specific effects of factors on the individual cell.
Coculturing of different cell types increases the complexity and
predictivity of the model and enables the elucidation of cell-
cell interactions. However, the still limited complexity, lack of
cell-ECM interactions and the insufficient representation of
the complex in vivo cytoarchitecture of the respective organ,
suggests limitations of the predictivity of 2D models for tox-
icity testing. The development of 3D organoid techniques led
to models exhibiting highly complex organotypic cytoarchitec-
tures including cell-cell and cell-ECM interactions. Organoids
enable the analysis of not only molecular but also functional
readouts which strengthen the methods’ clinical and toxico-
logical relevance. However, increasing complexity comes with
increased batch-to-batch variability, reduced reproducibility and

© 2020 The Authors. Small published by Wiley-VCH GmbH
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decreased testing throughput. Moreover, organoid culture is
technically challenging and more expensive than 2D monolayer
culture. Although organoids comprise a complex organotypic
cytoarchitecture, they still represent immature developmental
stages of the respective organ (reviewed by Logan et al.b?).
Lack of complexity common to all organs reviewed comprises
missing immune cells and blood vessels. First steps for the
incorporation of microvascular structures!'*18518 and immune
cells[71172188,268408] have been made. However, the complex
crosstalk between organs, the involvement of the nervous,
endocrine, and immunological system, as well as the impact
of the blood flow and serum components are barely covered.
Recent approaches are moving to the multiorgan level by tissue-

on-a-chip methods enabling the evaluation of organ crosstalk in
Vitro [410,444,494,498,500]

6. Conclusion

From a toxicological point of view, making systemic predictions
based on cellular effects is challenging. Therefore, the AOP con-
cept was developed that helps placing cellular hazards into a
systemic context.’?852%1 Advanced pharmaco- and toxicokinetics
including computational modeling are also needed to predict
internal exposure as well as in vitro kinetics combining both by
IVIVE (in vitro-in vivo extrapolation).’3") Another obstacle is
the necessary willingness to consider innovative methods in the
field. Although it is known that the predictivity of animal studies
is limited, the year-long experience conveys a feeling of security
in contrast to the use of alternative approaches, which are per-
ceived as bearing higher uncertainties due to their novelty.
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2.2 Neural In Vitro Models for Studying Substances Acting on the

Central Nervous System
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Viviani

Animal models have been greatly contributing to our understanding of physiology,
mechanisms of diseases, and toxicity. Yet, their limitations due to, e.g., interspecies
variation are reflected in the high number of drug attrition rates, especially in central
nervous system (CNS) diseases. Therefore, human-based neural in vitro models for
studying safety and efficacy of substances acting on the CNS are needed. Human iPSC-
derived cells offer such a platform with the unique advantage of reproducing the “human
context” in vitro by preserving the genetic and molecular phenotype of their donors.
Guiding the differentiation of hiPSCinto cells of the nervous system and combining them
in a 2D or 3D format allows to obtain complex models suitable for investigating
neurotoxicity or brain-related diseases with patient-derived cells. This chapter will give
an overview over stem cell-based human 2D neuronal and mixed neuronal/astrocyte
models, in vitro cultures of microglia, as well as CNS disease models and considers new
developmentsin the field, more specifically the use of brain organoids and 3D bioprinted

in vitro models for safety and efficacy evaluation.
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Abstract

Animal models have been greatly contributing to our understanding of physiol-
ogy, mechanisms of diseases, and toxicity. Yet, their limitations due to, e.g.,
interspecies variation are reflected in the high number of drug attrition rates,
especially in central nervous system (CNS) diseases. Therefore, human-based
neural in vitro models for studying safety and efficacy of substances acting on the
CNS are needed. Human iPSC-derived cells offer such a platform with the unique
advantage of reproducing the “human context” in vitro by preserving the genetic
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and molecular phenotype of their donors. Guiding the differentiation of hiPSC
into cells of the nervous system and combining them in a 2D or 3D format allows
to obtain complex models suitable for investigating neurotoxicity or brain-related
diseases with patient-derived cells. This chapter will give an overview over stem
cell-based human 2D neuronal and mixed neuronal/astrocyte models, in vitro
cultures of microglia, as well as CNS disease models and considers new
developments in the field, more specifically the use of brain organoids and 3D
bioprinted in vitro models for safety and efficacy evaluation.

Keywords

Bioprinted neuronal models - Brain organoids - CNS disease models -
Developmental neurotoxicity (DNT) - Human induced pluripotent stem cells
(hiPSCs) - Microglia culture - Neurotoxicity (NT)

1 Introduction into In Vitro Neurotoxicity Evaluation

Adult neurotoxicity occurs when exposure to natural or human-made toxic
substances (neurotoxicants) alters the normal activity of the nervous system. It can
eventually disrupt or even kill neurons or the surrounding glial cells, influencing the
transmission and processing of signals in the brain and other parts of the nervous
system. Neurotoxicity can result from exposure to substances used in radiation
treatment, chemotherapy, other drug therapies, and organ transplants, as well as
exposure to heavy metals such as lead and mercury; certain foods and food additives;
pesticides; industrial and/or cleaning solvents; cosmetics, i.e., mercury for skin
bleaching or new actives with unknown systemic effects; and some naturally
occurring substances (Massaro 2002). Symptoms may appear immediately after
exposure or be delayed. They may include limb weakness or numbness; loss of
memory or vision; headache; intellect, cognitive, and behavioral problems; and
visceral, including sexual dysfunction. Individuals with certain disorders may be
especially vulnerable to neurotoxicants (National Institute of Health Neurotoxicity
Information 2019).

The recognized test method for evaluating the neurotoxic potential of chemicals
is the OECD Guideline 424 (Neurotoxicity studies in rodents). This method uses
complex in vivo tests which are often labor-intensive and expensive (Crofton et al.
2012) and might also not well reflect the human situation because of interspecies
variation (Leist and Hartung 2013). Such interspecies variation is also thought to be
one of the reasons for the high attrition rates in drug development. Before a drug
candidate can be taken into human clinical trials, it must be tested for safety and
efficacy in animals that display relevant disease characteristics. This poses unique
challenges in central nervous system (CNS) research, because of the difficulties to
induce or quantify, e.g., depression, anxiety, or impairment of social interaction. In
addition, pharmacokinetics and pharmacodynamics might differ between species
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and thus cause poor prediction for beneficial or adverse effects in humans (Toutain
et al. 2010). It stands to reason that diseases with the most complex and least
understood etiologies are typically the ones that are the hardest to develop treatments
for, which is reflected in the translation failure of CNS drug discovery (Danon et al.
2019; Gribkoff and Kaczmarek 2017).

Understanding compounds’ modes of action (MoA) and pathophysiology of
disease in the human context is of high importance for correct safety and efficacy
predictions. This is exemplified by the activation of peroxisome proliferator-
activated receptor alpha (PPARa) via PPARa agonists inducing liver tumors in
rodents, yet not in humans, probably due to lower PPAR« and/or co-activators/co-
repressors expression in the latter (Klaunig et al. 2003). Here, animal models
overestimate PPARa agonists’ hazard for human health. In the case of searching
for drugs curing Alzheimer’s disease, animal models, which are genetically
predisposed to generate AP plaques or neurofibrillary tangles of Tau protein, have
been used. Yet no results have translated from these animal disease models into
effective human medication, probably because they do not represent human AD
pathophysiology sufficiently (Danon et al. 2019).

These two examples nicely pin down the issue of model predictivity in compound
safety and efficacy evaluation and their translation to human health. One strategy to
overcome such translational shortcomings lies in the use of test systems of human
origin. Therefore, the biomedical achievement of producing human induced plurip-
otent stem cells (hiPSC) from somatic cells (Takahashi et al. 2007) opened up a
whole new arena in the ethically sound production of an unlimited number of human
cells, including neurons and glia. In addition, the recent surge in tissue modeling, by
culturing such cells in three dimensions (3D), is producing a paradigm shift in
disease modeling and in pharmacological as well as toxicological testing strategies
(Lancaster and Knoblich 2014; Lancaster et al. 2017; Pasca 2018). In vitro cultures
are currently also taken to the next level by their growth in bioreactors, which, when
connected, can be assembled as organs-on-the-chip and designed to mimic in vivo
environments (Park et al. 2019).

Such new approach methods (NAMs) cannot be used in an isolated manner, as a
cell culture does not represent a whole organism, even if cells grow in 3D. Therefore,
frameworks are needed that allow the interpretation of data generated with human
2D or 3D in vitro methods (Fig. 1). One general deficiency of in vitro methods is the
lack of picturing pharmacokinetics that is crucial for toxicity and efficacy evaluation.
Here, physiology-based pharmacokinetics modeling can be of great help (Paini et al.
2019; Zhuang and Lu 2016) as it provides wet-lab researchers with target tissue
concentrations as rationales for their in vitro studies. Finding that human exposure-
relevant concentrations is fundamental, yet how to choose and proceed with the
readouts of in vitro studies? Here, the “Adverse Outcome Pathway” (AOP) concept
is of tremendous help. The AOP is an organizational model that identifies a sequence
of biochemical and cellular events (molecular initiating event, MIE; key events, KE)
required to produce a toxic effect (adverse outcome, AO) when an organism is
exposed to a substance (Fig. 1). Construction of an AOP can (1) organize informa-
tion about biological interactions and toxicity mechanisms into models that describe
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Fig. 1 Framing of data from in vitro models with pharmacokinetics information from PBPK
modeling and endpoint judgment according to the AOP concept

how exposure to a substance might cause illness or injury, (2) suggest cell- or
biochemical-based tests for pathway elements that could be used to develop testing
strategies for targeted toxicity, and (3) identify data gaps in a pathway of toxicity that
need more information with the final goal of using fewer resources and experimental
animals (Ankley et al. 2010). This concept was soon also applied to neurotoxicity
(Bal-Price et al. 2015). Recently it was suggested that the AOP framework is also
applicable to understanding disease pathways for prevention, diagnosis, and treat-
ment and in biomedical and clinical research for drug discovery, efficacy, and safety
testing (Carusi et al. 2018). Studying cellular effects with in vitro methods in a
conceptual framework for toxicity or disease provides drug developers and basic or
regulatory scientists with greater confidence in the meaningfulness and thus appli-
cability of generated in vitro data (Fig. 1). In the end, higher human relevance of
scientific outcomes will protect society and the individuum and also reduce health-
care costs.

Neurotoxicity can be triggered by a multitude of MoA (Masjosthusmann et al.
2018). In vitro, this MoA can either be measured as specific changes in endpoints,
like effects on ion currents, specific receptor activation, or loss in myelin. In
addition, MoA can cause neuronal cell death, an endpoint relevant for in vitro and
in vivo neurotoxicology. For example, excitatory cell death can occur through
stimulation of glutamatergic neurotransmission, or dopaminergic cell death can be
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induced via mitochondrial dysfunction. Although neural cell death is indeed a
relevant endpoint, it does not inform on the underlying MIE. Moreover, a compound
not inducing neural cell death cannot be excluded as a neurotoxicant. When studying
neurotoxicity in vitro, knowledge about molecular equipment of cells is crucial for
defining the application domain of the respective model.

This chapter now intends to fill the red box in Fig. 1 by summarizing the current
state of the art on hiPSC/ESC-based 2D or secondary 3D neuronal and mixed
neuronal/glial as well as microglial models, neural organoids, bioprinted neural
models, and 2D or 3D neurological disease models. Such find their application in
pharma- and toxicological studies by investigating endpoints in vitro that lead to
AOs or possibly represent relevant therapeutic targets. A summary of the main
toxicological targets is given in Table 1. Although historically most brain-related
in vitro data has been derived from rodents (Masjosthusmann et al. 2018), this
chapter will focus on published human test systems due to the species specificities
discussed above.

1.1 Stem Cell-Based Human 2D Neuronal and Mixed Neuronal/
Astrocyte Models

Stem cells (SC) are divided into adult stem cells and embryonic stem cells (ESC),
depending on their origin and potency (Singh et al. 2015). ESCs are derived from the
inner cell mass of the blastocyst and have the ability to self-renew and to generate all
cell types of the body except extraembryonic cells (placenta) and are therefore
termed pluripotent (Guenther 2011). In 1998 the first human ESC line was isolated
from human embryos initially produced for in vitro fertilization (Thomson et al.
1998).

Yamanaka and co-workers created the basis for a new generation of neural
in vitro models by developing the Nobel Prize-winning cell system of human
induced pluripotent stem cells (hiPSC). These cells can be derived from human
mature somatic cells by different reprogramming methods (Janabi et al. 1995; Lowry
and Plath 2008; Warren et al. 2010; Zhang et al. 2013; Victor et al. 2014) and thus
avoid the ethical issues of human ESC (Takahashi et al. 2007; Yu et al. 2007).
Human iPSC can be differentiated into cells from all three germ layers (Takahashi
et al. 2007; Shi et al. 2017).

Using hiPSC, it is possible to induce a variety of neural cell types. Neural stem
cells (NSCs) and neuronal progenitor cells (NPCs) can be differentiated from hiPSC
in large quantities with high reproducibility (Farkhondeh et al. 2019). Cheng and
co-workers describe a method to generate NPC from hiPSC using a multistep
protocol including embryoid body formation and formation of neural rosettes,
followed by multidimensional fluorescence-activated cell sorting (FACS) to purify
NPCs by using a set of cell surface markers (Cheng et al. 2017). The authors claim
that these cells are suitable for probing human neuroplasticity and mechanisms
underlying CNS disorders using high-content, single-cell level automated micros-
copy assays. Still, a proof-of-concept study remains to be published.
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Table 1 Mode of action (MoA) relevant for human neurotoxicity identified within a systematic
review investigating 248 individual chemical compounds, 23 compound classes, and 212 natural

neurotoxins (Masjosthusmann et al. 2018; modified from Appendix D)

# Mode of action MOoA related to
1 Stimulation of cholinergic neurotransmission Neurotransmission
2 Inhibition of cholinergic neurotransmission
3 Stimulation of GABAergic neurotransmission
5 Inhibition of glycinergic neurotransmission
6 Stimulation of glutamatergic neurotransmission
7 Inhibition of glutamatergic neurotransmission
8 Stimulation of adrenergic neurotransmission
9 Inhibition of adrenergic neurotransmission

10 Stimulation of serotoninergic neurotransmission

11 Inhibition of serotoninergic neurotransmission

12 Inhibition of dopaminergic neurotransmission

13 Neurotransmission in general

14 Activation of sodium channels Ion channels/receptors

15 Inhibition of sodium channels

16 Inhibition of potassium channels

17 Inhibition of calcium channels

18 Activation of chloride channels

19 Inhibition of chloride channels

20 Effects on other neuronal receptors

21 Mitochondrial dysfunction/oxidative stress/apoptosis Cell biology

22 Redox cycling

23 Altered calcium signaling

24 Cytoskeletal alterations

25 Neuroinflammation

26 Axonopathies

27 Myelin toxicity

28 Delayed neuropathy

29 Enzyme inhibition

30 Other Other

Human iPSC-derived neurons can be generated directly from hiPSC or with

NSCs/NPCs as an intermediate step (Yu et al. 2014; Ghaffari et al. 2018). The latter
protocol takes about 2 weeks and can be used for the evaluation of drug efficacy,
although purity and maturity of the cells are in question and need further characteri-
zation (Farkhondeh et al. 2019; Dai et al. 2016).

Numerous protocols have been published describing the generation of specific

neuronal subtypes as well as glial cells from hiPSC such as cortical neurons (Shi
et al. 2014; Eiraku et al. 2008; Boissart et al. 2013), glutamatergic neurons (Boissart
etal. 2013; Cheng et al. 2017; Wang et al. 2017; D’ Aiuto et al. 2014; Sanchez-Danes
et al. 2012; Yu et al. 2009; Nehme et al. 2018), GABAergic neurons (Yang et al.
2017; Liu et al. 2013; Flames et al. 2007; Manabe et al. 2005), serotonergic and
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dopaminergic neurons (Chambers et al. 2009; Cooper et al. 2012; Kriks et al. 2011;
Sanchez-Danes et al. 2012; Li et al. 2017), motor neurons (Corti et al. 2012; Sareen
etal. 2012, 2013; Kiskinis et al. 2014; Maury et al. 2015), sensory neurons (Boisvert
et al. 2015; Stacey et al. 2018), astrocytes (Lundin et al. 2018; Suga et al. 2019),
oligodendrocytes (Osaki et al. 2018; Ehrlich et al. 2017; Garcia-Le6n et al. 2018b),
and microglia (McQuade et al. 2018), just to name a few. In this chapter, we will
focus on published in vitro systems that have already been used for screening
approaches or are at a state of assay development that will allow substance screening
in the near future.

Malik and co-workers established a high-throughput screening platform using
hiPSC-derived NSCs and rat cortical cells to screen a compound library of 2,000
chemicals including known drugs (50%), natural products (30%), and bioactive
compounds (20%) for their cytotoxic potential (Malik et al. 2014; Efthymiou et al.
2014). In a follow-up study, a subset of 100 compounds was screened in hiPSC,
NSC-derived neurons (Efthymiou et al. 2014), and fetal astrocytes. This approach
enabled the authors to identify species- and cell type-specific differences in
responses to compounds. Specifically, they found that human NSCs were more
sensitive to the screened compounds than rodent cultures. In addition, they identified
compounds with cell type-specific toxicities. A limitation of the study is the assess-
ment of cytotoxicity as the sole endpoint, which might not be the most sensitive one.
Another restriction of this approach is the lack of co-culture of neuronal and glial
cells. Moreover, in the species comparison, cells from different maturation stages
and single (human) versus co-cultures (rat) were related, making data interpretation
difficult.

Another study used small molecule-based NPCs differentiated from three differ-
ent hiPSC lines, which were then differentiated into neurons and astrocytes within
15 days, using a highly standardized protocol (Seidel et al. 2017). The authors used
multi-microelectrode arrays (MMEA) for monitoring neuronal network activities
via field potential measurements. Such recordings assess multiple endpoints
stipulating that different neuronal receptors are expressed by the cells (Table 1).
Here, they show reactivity towards dopamine, GABA, serotonin, acetylcholine, and
glutamic acid, but not norepinephrine. To date, there are no general guidelines for
the analysis and quantification of MMEA measurements. Seidel et al. use single
electrodes as the statistical unit, but using different chips or experiments as an
individual “n” number would be preferable to assess the reproducibility and
standardization between experiments (Masjosthusmann et al. 2018).

In recent years, more and more companies have been offering commercially
available hiPSC-based neuronal cells. One study compared different commercially
available hiPSC-derived mature neurons (excitatory and inhibitory) from different
suppliers, with and without astrocyte co-culture, again utilizing MMEA activity as a
functional readout, this time in combination with measurements of calcium signaling
(Tukker et al. 2016). Treatment with glutamate and GABA strongly reduced the
mean spike rate of the analyzed cultures. Calcium transients of individual neurons
were generated upon treatment with glutamate, GABA, and acetylcholine. Here,
astrocytes seem to be crucial for neuronal network generation because pure neuronal
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cultures in the absence of astrocytes lack bursting, a sign for neuronal network
maturity. In this study, the statistical unit was chosen as one well of a 48-well plate,
not allowing assessment of reproducibility and standardization between experiments
(Masjosthusmann et al. 2018). A follow-up study in 2018 also used commercially
available hiPSC-derived neurons and astrocytes, this time exploring the effect of the
ratio of mixed neurons and astrocytes (Tukker et al. 2018). This study strongly
supports the previous observation that the addition of astrocytes to the model in near-
physiological proportions of 50% (glia/neuron ratio 1:1; von Bartheld et al. 2017)
and a ratio of 1:5 for GABAergic inhibitory neurons and excitatory neurons (Hendry
et al. 1987; Sahara et al. 2012) indeed promotes neuronal network formation and
maturation best. This study primarily indicates that hiPSC-derived neuronal models
must be carefully designed and characterized before their large-scale use in neuro-
toxicity screenings, as each model exerts different responses to compounds,
depending on the composition of the networks. The importance of the presence of
astrocytes was also assessed by another study using commercially available cortical
neurons on MMEAs (Kayama et al. 2018).

For controlled plating of neuron/astrocyte ratios, cells must be differentiated
separately. A recent protocol instructs how to differentiate hiPSC into astroglia
(NES-Astro) within 28 days (Lundin et al. 2018). These cells were extensively
characterized using transcriptomics, proteomics, glutamate uptake, inflammatory
competence, calcium signaling response, and APOE secretion and were compared
to primary astrocytes, commercially available hiPSC-derived astrocytes, and an
astrocytoma cell line. The data show large diversity among the different analyzed
astrocytic models and strongly suggest to take the cellular context into account when
studying astrocyte biology. Taking this to the next level, it indicates the importance
of choosing the right astrocytic model to combine with hiPSC-derived neurons for
the testing of substances acting on the CNS.

One major challenge in the field is the availability of a sufficient number of cells
for large-scale screening approaches. Stacey et al. (2018) describe the concept of
cryopreserved ‘“near-assay-ready” cells, which decouples complex cell production
from assay development and screening. Using this approach, the authors developed a
384-well veratridine-evoked calcium flux assay which assesses neuronal excitability
and screened 2,700 compounds to profile the range of target-based mechanisms able
to inhibit veratridine-evoked excitability using hiPSC-derived sensory neurons. In
order to be able to use this approach for the identification of active compounds with
unknown MoA, further secondary assays (e.g., using MMEA-technology) need to be
developed to characterize the hits on a mechanistic level (Stacey et al. 2018). In
addition, experiments were performed using pure neuronal cultures without the
addition of astrocytes, probably leading to different neuronal responses than with
astrocytes present.

Along those lines another high-throughput screening using 11 different com-
pound libraries with a total of 4,421 unique substances, all bioactive small
molecules, which include approved drugs, well-characterized tool compounds, nat-
ural products, and human metabolites, has been described lately (Sherman and Bang
2018). The authors use high-content image analysis, focusing on neurite outgrowth
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of commercially available hiPSC-derived neurons, consisting primarily of
GABAergic and glutamatergic neurons, but no astrocytes. They identified 108 hit
compounds containing 38 approved drugs (outgrowth: erlotinib, clomiphene,
tamoxifen, 17p-estradiol, dehydroepiandrosterone-3-acetate (DHEA), alfacalcidol,
lynestrenol, benztropine, dibucaine, fluphenazine, perphenazine, prochlorperazine,
trifluoperazine, sertindole, quetiapine, ifenprodil, meclizine, alverine, econazole,
oxiconazole, letrozole, SAHA (Vorinostat); inhibition: methyltestosterone, thiorida-
zine, methotrimeprazine, colchicine, docetaxel, vincristine, mebendazole, emetine,
daunorubicin, doxorubicin, mitoxantrone, topotecan, hexachlorophene, ouabain,
digoxin, suramin) which fall into the following categories: kinase inhibitors, steroid
hormone receptor modulators, and channel and neurotransmitter system modulators
(Sherman and Bang 2018). Inhibition of neurite outgrowth is one key characteristic
in developmental neurotoxicity (Fritsche et al. 2018a, b), yet its implication in adult
neurotoxicity is not clear.

Using a similar readout, hiPSC-derived peripheral-like neurons were applied to
study the effect of chemotherapeutic agents on neuronal cytotoxicity and neurite
length, again using high-content image analysis (Rana et al. 2017). This approach
identified compounds that cause interference in microtubule dynamics but failed to
depict the adverse effects of platinum and anti-angiogenic chemotherapeutics, which
are compounds that do not act directly on neuronal processes. Here the addition of
astrocytes to the model might lead to a higher predictivity, as the administration of
fluorocitrate, an astrocyte-specific metabolic inhibitor, increased the pain tolerance
of the animals in a rat model of oxaliplatin-induced neuropathic pain (Di Cesare et al.
2014; Kanat et al. 2017), indicating the role of astrocytes in sustaining platinum-
mediated neurotoxicity.

One important cell type for neurotoxicological assessment of substances is
myelin-producing oligodendrocytes. Yet publications on hiPSC-derived oligoden-
drocyte are scarce, and the protocols that are available are very time-consuming and
of limited efficiency (Wang et al. 2013; Douvaras et al. 2014; Djelloul et al. 2015).
Therefore, they are not suitable for medium- to high-throughput screening
approaches. In contrast, the three transcription factors SOX10, OLIG2, and
NKX6.2 produced 80% 04 oligodendrocytes from hiPSC within 28 days and
might thus be a promising approach for future neurotoxicological applications
(Ehrlich et al. 2017). Another recent study even reports that the overexpression of
the transcription factor SOX10 alone is sufficient to generate 60% O4" and 10%
MBP" cells in only 22 days (Garcia-Ledn et al. 2018b).

Although this part of the chapter primarily covers the use of hiPSC for the
generation of neural in vitro models for studying substances acting on the CNS,
the method of direct reprogramming of neuronal cells from somatic cells should not
be disregarded. Lee et al. (2015) directly reprogrammed human blood to NPC
without the intermediate step of hiPSC generation. These induced neurons (iNs)
can be generated by overexpression of a set of transcription factors (Ichida and
Kiskinis 2015; Vierbuchen et al. 2010; Ambasudhan et al. 2011; Hu et al. 2015;
Wapinski et al. 2017) or miRNAs (Victor et al. 2014; Yoo et al. 2011; Abernathy
et al. 2017) that promote chromatin remodeling and drive direct neural lineage
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differentiation (Silva and Haggarty 2019). Especially for research regarding
age-associated neurodegenerative diseases, like Alzheimer’s disease (AD) or
Parkinson’s disease (PD), this method is of high interest, as bypassing the hiPSC
reprogramming process reduces the disruption of epigenetic markers associated with
the age of the somatic cell, therefore allowing to create neuronal models at “patho-
genic ages” (Mertens et al. 2018). This method preserves multiple age-associated
markers, including DNA methylation patterns, transcriptomic and microRNA
profiles, oxidative stress, DNA damage (loss of heterochromatin and nuclear orga-
nization), and telomere length (Mertens et al. 2018; Silva and Haggarty 2019), and is
therefore a promising approach to study substances acting on the aged CNS or
screening for pharmaceuticals as a treatment for these conditions.

When working with either of these models, it is of utmost importance to have a
well-characterized cell system, which suits the research question in case of basic
research or contains a defined application domain for neurotoxic MoA (Table 1)
when used for screening applications. Lack of characterization or definition of the
application domain might result in false-negative data due to a lack of cellular
targets. In addition, as with other in vitro approaches, the multicellular context of
cultures seems to be crucial, possibly resulting in false predictions of chemicals
when pure neuronal cultures lacking glia are used.

1.2 In Vitro Cultures of Microglia

Microglia constitute 5—10% of total brain cells and represent the resident innate
immune cells of the CNS (Arcuri et al. 2017). Microglia discovery dates back to the
end of the nineteenth century, but the name was coined in the 1920s by del Rio
Hortega who phenotypically characterized the only immune cells resident in the
brain parenchyma (Pérez-Cerda et al. 2015). The function of microglia was for a
long time underestimated because of the misconception that the brain is an immune-
privileged site; moreover it was initially wrongly thought that this cell type
originates from the neuroectoderm. To date, it is known that microglia arise from
embryonic yolk sac (YS) precursors (Ginhoux et al. 2010) which give rise to YS
macrophages that colonize the embryo, including the brain, to generate all types of
tissue-resident macrophages (Li and Barres 2018). In the CNS, microglia maintain
their population by self-renewal (Ajami et al. 2007) and by recruiting monocytes
from the bloodstream (Hashimoto et al. 2013). The presence of microglia in the brain
parenchyma is fundamental because of the variety of functions they perform from
early brain development throughout the entire life of the organism, both in brain
homeostasis and disease (for an extensive review, see Li and Barres 2018).
Considering the pivotal contribution of microglia to brain functions, it is impor-
tant to have in vitro models containing microglia when studying the influence of
drugs and toxicants on the brain. The majority of published in vitro studies mainly
used primary microglia cultures from embryonic/neonatal rodent brain (mouse or
rat). Still, fetal microglia seem to be quite different from adult ones. Due to ethical
reasons, it is challenging to obtain brain-derived microglia from humans. The few
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human microglia cell lines generated, such as HMOG6 (Nagai et al. 2005) and HMC3
(Janabi et al. 1995), are not considered as an optimal model because long-term
culture and genetic manipulation altered their functions and morphology. Finally,
the low number of cells collected from humans does not allow large-scale neurotox-
icity in vitro studies.

Starting from these premises, Leone and colleagues set up a monocyte-derived
microglia-like cell model by culturing human monocytes with astrocyte-conditioned
medium (Leone et al. 2006). This protocol was successively standardized using
human peripheral blood mononuclear cells (PBMCs) stimulated with four recombi-
nant human cytokines. The microglia cells obtained display a ramified morphology
after 2 weeks in culture and express surface markers typical for the known pattern of
microglia (Etemad et al. 2012).

More recently, human microglia-like cells were obtained from hESC and hiPSC.
As previously stated, microglia derive from non-monocytic primitive myeloid cells,
unlike adult bone marrow-derived macrophages. Thus microglia-like cells derived
from PBMCs do not mirror this ontogeny. Muffat and co-workers established a
robust protocol that allows the derivation of microglia-like cells from hiPSC,
obtained from reprogrammed fibroblasts, using a serum-free medium that mimics
the environment of the CNS interstitial milieu and adding interleukin 34 (IL-34), an
alternative ligand for colony-stimulating factor 1 receptor. The microglia-like cells
obtained with this protocol are highly phagocytic, and their gene expression profile
resembles human primary microglia. They progressively adopt a ramified morphol-
ogy when cultured in isolation, while when co-cultured in the presence of hiPSC-
derived neurons, microglia-like cells refine their molecular signature. In terms of
activity and response to stressors, unstimulated microglia-like cells secrete detect-
able levels of various cytokines and chemokines, which were enhanced after stimu-
lation with lipopolysaccharide (Muffat et al. 2016) (Fig. 2).

Similar protocols were published a few months later reprogramming fibroblasts
or PBMCs. In the paper of Pandya et al. (2017), hiPSCs were sequentially
differentiated into myeloid progenitor-like intermediate cells and then into cells
with the phenotypic, transcriptional, and in vitro functional signatures of brain-
derived microglia. Abud and co-workers demonstrated that microglia-like cells
obtained from hiPSC secrete cytokines in response to inflammatory stimuli, migrate,
undergo calcium transients, and phagocytose (Abud et al. 2017). All those protocols
require from 30 to about 70 days of time to obtain mature glia (McComish and
Caldwell 2018). Taken together, those data suggest that microglia obtained from
reprogrammed hiPSC better mirror the developmental stages of microglia matura-
tion and ontogeny, in comparison to microglia-like cells derived from PBMCs
stimulated with a cocktail of factors.

The potential applications of hiPSC-derived microglia include drug discovery
studies, neurotoxicity screening assays, and use in disease modeling. Microglia-
mediated inflammation can negatively impact the brain, and much evidence shows
that microglial activation plays a role in neurodegeneration, contributing to the
etiology of neurodegenerative disorders (Ransohoff and El Khoury 2016). The
availability of robust protocols to generate and maintain microglia from patients
with different brain dysfunctions in culture would facilitate the study of the
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Fig. 2 Human iPSC-derived microglia protocols. (a) Haenseler et al. (2017), (b) Abud et al.
(2017), (¢) Douvaras et al. (2017), (d) Pandya et al. (2017), (e) Muffat et al. (2016). PFs patterning
factors, DF's differentiation factors, BMP4 brain morphogenetic protein 4, VEGF vascular endothe-
lial growth factor, SCF stem cell factor, IL-3 interleukin 3, M-CSF macrophage colony-stimulating
factor, FGF2 or bFGF fibroblast growth factor 2, TPO thrombopoietin, IL-6 interleukin 6, /L-34
interleukin 34, TGFbeta-1 transforming growth factor beta 1, CD200 cluster of differentiation
200, CX3CLI fractalkine, VEGF-A vascular endothelial growth factor A, FLT-3 fm-like tyrosine
kinase 3, GM-CSF granulocyte-macrophage colony-stimulating factor, G-CSF granulocyte colony-
stimulating factor, CSF'/ colony-stimulating factor 1, /bal ionized calcium-binding adapter mole-
cule 1, MERTK tyrosine kinase phagocytic receptor, GPR34 G protein-coupled receptor 34, PROS1
protein S1, C/IQA complement Clq subcomponent subunit A, GAS6 growth arrest-specific
6, P2RYI2 purinergic receptor P2Y, TREM?2 triggering receptor expressed on myeloid cells
2, CD11b cluster of differentiation 11b, CX3CRI CX3C chemokine receptor 1, TMEM119 trans-
membrane protein 119, CDIIc cluster of differentiation 11c, CD45 cluster of differentiation
45, CD43 cluster of differentiation 43, CD39 cluster of differentiation 39, HLA-DR human
leukocyte antigen — DR isotype, CD34 cluster of differentiation 34

pathology and the discovery of new pharmacological approaches. The first evidence
of in vitro culturing disease-related microglia cells from patients was in 2012, when
Almeida and colleagues generated multiple induced hiPSC lines from subjects with
frontotemporal dementia (Almeida et al. 2012). More recently, Ryan and co-workers
performed, on human monocyte-derived microglia-like cells, a quantitative expres-
sion trait locus study to examine the effects of common genetic variation on the
expression of genes found in susceptibility loci for Alzheimer’s disease, Parkinson’s
disease, and multiple sclerosis (Ryan et al. 2017). Microglia-like cells obtained by
reprogramming PBMCs were also combined with neural progenitor cells and
synaptosomes from hiPSC-derived neurons to create patient-specific cellular models
useful to model CNS diseases facilitating high-throughput drug screening and
neurotoxicity assays based on microglia function in the future (Sellgren et al. 2017).
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In conclusion, different protocols for the derivation of human microglia are
available that enable experiments in authentic human in vitro systems. Unlike
methods for the derivation of neurons and astrocytes, protocols for microglia lack
regionality and do not reflect microglia subtypes found within the brain (Grabert
et al. 2016), which is a true challenge for the future.

1.3 Moving In Vitro Cultures into the Third Dimension with Brain
Organoids

For investigating possible CNS disease mechanisms or screening drugs or toxins for
safety and efficacy, it is thought to be advantageous to use complex 3D systems such
as brain organoids. The benefits of organoids compared to “conventional” cultures
lie in their composition of multiple cell types, which are functional in an in vivo-like
manner and display morphological features of the organ to be modeled (Lancaster
and Knoblich 2014). Yet, one has to be aware that there are major differences
between in vivo embryogenesis or organogenesis and in vitro organoid formation,
since even extremely well-controlled in vitro conditions strongly differ from real,
regionally defined, physiological in vivo conditions (Bayir et al. 2019).

Different protocols for generating brain organoids have been established.
Lancaster et al. (2017) used a floating scaffold out of poly(lactide-co-glycolide)
copolymer (PLGA) fiber microfilaments to generate elongated embryoid bodies,
called microfilament-engineered cerebral organoids (enCORs). Other groups used
shaking platforms (Matsui et al. 2018), self-made spinning bioreactors (Qian et al.
2016), or soft matrices for embedding the cells (Lindborg et al. 2016; Bian et al.
2018) to let them form self-organized brain organoids. While neural organoids
mostly mimic the early phases of embryonic development of the human brain,
Matsui et al. (2018) cultivated their organoids up to 6 months and showed cell
differentiation into functional neurons and myelin basic protein (MBP)-positive
oligodendrocytes. The cerebral organoids fabricated by Quadrato et al. (2017)
contained mature neurons including dendritic spine-like structures that gener-
ated spontaneously active neuronal networks as well as photosensitive cells after
8—9 months. These CNS models that display a later developmental status can now
be used for safety and efficacy evaluations in medium to high throughput. One has
to note that integration of microglia into organoids will be necessary in the future
to better model toxicity and disease. This advanced technology is currently
evolving (Ormel et al. 2018). In addition, although seemingly much more complex
than 2D models, organoids also need definition of their applicability domains, with
regard to the presence of cellular targets mediating neurotoxicity or drug efficacy
(Table 1). Because reproducibility of organoid formation is still an issue with high
variation making well-to-well comparison difficult, this neurotoxicity/efficacy
target characterization has to be performed with great caution focusing on repro-
ducibility of results.

As an example, hiPSC-derived brain organoids were recently employed for drug
efficacy screening against ZIKA virus infection (Zhou et al. 2017) indicating that it is
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possible to use such complex in vitro systems for medium- to high-throughput
applications. The authors’ high-content imaging approach identified a compound
prohibiting organoid ZIKA virus infection and eliminating virus from infected
organoids (Zhou et al. 2017). Other ZIKA virus-infected organoids were also
published recently (Cugola et al. 2016; Garcez et al. 2016; Dang et al. 2016; Qian
etal. 2016). Two groups (Watanabe et al. 2017; Xu et al. 2016) used these organoids
similar to Zhou et al. (2017), for drug screening against ZIKA virus. Since the
declaration of a public health emergency of international concern by the Word
Health Organization in 2016, a lot of drug candidates against ZIKA virus were
tested in in vitro as well as in in vivo systems, but only few of them with anti-ZIKA
virus activity in animal models made it to clinical trials (Bernatchez et al. 2019).

Due to the higher throughput of such models, they are logistically superior over
the low-throughput mouse models and can thus screen a large number of
compounds. Moreover, their translational success to the human in vivo situation
might be higher due to the human nature of cells. However, as already pointed out in
Fig. 1, kinetic modeling is crucial for correct predictions that has to go hand in hand
with the in vitro work.

While brain organoids are good models to examine the effects of disease and
genetic aberrances on brain development, they lack to model the blood-brain barrier
(BBB) of the adult human cortex. Many drugs for neurologic diseases and disorders
fail to pass the BBB; therefore, there is a need for a BBB model that enables the
examination of the permeability of these drugs. BBB organoid models can be
derived from three (Cho et al. 2017; Bergmann et al. 2018) or from six (Nzou
et al. 2018) different cell types that include astrocytes, pericytes, and endothelial
cells. Both models are able to reproduce the properties and functions of the BBB
through the exhibition of tight/adherent junctions, efflux pumps, and transporters.
Nzou et al. (2018) showed in their organoids also the impenetrability of the BBB for
specific molecules: by adding MPTP, MPP+, and mercury chloride to the medium
they proofed that their models indeed have a charge-selective barrier. Data from such
models might also be useful for feeding PBPK models.

In conclusion, there are currently several different organoid models in develop-
ment, both normal and disease models. However, these are still in the process of
establishment and characterization and are not yet in use for substance screenings.

1.4 3D Bioprinted In Vitro Neural Models

The next generation of in vitro models already arising is fabricated by 3D
bioprinting. The state of the art of 3D bioprinting of brain cells was recently
comprehensively reviewed by Antill-O’Brien et al. (2019). 3D bioprinting of brain
cells is faced with a variety of challenges needing sophisticated solutions. The first is
the choice of biomaterial biomimicking brain tissue from extracellular matrix
components as well as the mechanical, structural, biochemical, and diffusive
properties of the brain with high cellular biocompatibility. Here, especially, the
tremendous softness of brain tissue poses a great challenge for bioengineers.
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Biomaterials currently used for neural cell culture are hydrogels. These hydrophilic
polymers can be reversibly or irreversibly cross-linked via chemical or physical
triggers to maintain their structure over a long period of time. Hydrogels are an
attractive material for culturing cells in 3D due to their biocompatibility, high water
content, and tuneable physical and chemical properties. For neuronal cultures, the
pore structure of the hydrogel must be able to support neural cell bodies, which are
10-50 pm in diameter, and allow neurite extension (Antill-O’Brien et al. 2019).
Once a suitable biomaterial is identified, the biofabrication strategy has to be defined.
Prior to printing, 3D neural tissue can be manufactured via layering. Cell embedding
in gels and manual layering thereby allow studying cytocompatibility of hydrogels.
Printing of soft materials is often challenging. A major hurdle to 3D biofabrication of
such soft structures is their shaping into 3D structures with high spatial resolution to
achieve an anisotropically accurate mimic of the brain microstructure. Sacrificial
scaffolds, e.g., from gelatine, have previously been used to support soft gels like
0.5% alginate, which otherwise fall below the printable viscosity range. Usage of
this sacrificial scaffold improved cell survival in the hydrogel (Naghieh et al. 2019).
For scaffold-free 3D bioprinting, extrusion-based printing has mainly been
employed due to its economy, ease of use, and capability to print with high cell
density with a wide range of materials. Despite a small number of studies using rat or
hiPSC-derived neurons for extrusion-based bioprinting, one study should be
highlighted. Joung et al. (2018) developed a bioengineered spinal cord combining
bioprinting with 3D printed scaffolds in the only example of functional neurons with
extensive axon propagation from bioprinted neural precursor cells. Pre-differentiated
spinal NPC and oligodendrocyte progenitor cells from hiPSC were bioprinted in
precise alternating points in silicon channels. After 4 days, p-III tubulin-positive
axons spread throughout the channel, and after 14 days the cells were found to have
differentiated into mature glutamate-responsive neurons with synchronous
responses to K* and glutamate (Joung et al. 2018). This method of a spinal cord
model could be applied to CNS neural tissue engineering.

This paragraph is not supposed to give a comprehensive overview of 3D
bioprinting of neural structures, yet should touch on the challenges of this rising
technique. 3D bioprinting of neural models is still in the early stages of development
and offers great potential for exquisite spatial bioink patterning to recapitulate the
microarchitecture of brain tissue. Although 3D bioprinted neural disease models
have not yet been developed, the potential advantages over animal models include
species- and patient-specific disease modeling. For more detailed information on
cells, materials, techniques, and readouts, the reader is referred to Antill-O’Brien
et al. (Antill-O’Brien et al. 2019).

1.5 CNS Disease Models

Improvement of the hiPSC technology allows to obtain and culture neurological
patient-specific hiPSC lines, which recapitulate molecular and cellular phenotypic
aspects of the respective disease. These offer a unique opportunity to generate
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physiologically relevant in vitro models to understand disease etiology and progres-
sion, as well as to support preclinical drug discovery. Genomically unaltered human
1PSC-derived neurons and astrocytes have been derived from Alzheimer’s disease
(AD), Parkinson’s disease (PD), Huntington’s disease (HD), amyotrophic lateral
sclerosis (ALS), and idiopathic autistic spectrum disorder (ASD) patients (Table 2),
to provide 2D and, most recently, 3D cultures reproducing features of these neuro-
logical diseases. In addition to patient-derived iPSCs, inserting genetic changes
manually into iPSCs can also generate disease models. Manipulating gene expres-
sion of LIS, the most common gene mutated in patients with lissencephaly, and
using an on-chip organoid approach as an exciting example, allowed studying the
emergence of folding during in vitro development and the physical mechanisms of
folding reproducing pathogenesis of lissencephaly using organoids (Karzbrun et al.
2018).

In 2D cultures, patient-derived iPSCs are generally committed to differentiate
into neuronal monoculture representative of the affected cell type: in PD research
1PSCs are differentiated into dopaminergic neurons (TH-positive) functionally
characterized by dopamine decarboxylase and the dopamine transporter (Hartfield
etal. 2014), while cortical glutamatergic neuron or motor neurons are derived to best
represent AD or ALS features, respectively.

More recently, greater attention has been dedicated to both microglia (Haenseler
et al. 2017) and patient-derived astrocytes (Kondo et al. 2013; Qian et al. 2017;
Hsiao et al. 2015), due to the recognition of the relevance of glial cells in
contributing to disease initiation and progression. Similar to toxicity evaluation
described above, the aim here is to develop co-cultures, which take the complexity
of neuron-glia interactions into account, hence also considering inflammatory
responses, which have a high impact on the course of pathology (Haenseler et al.
2017). In addition, the presence of multiple cell type allows to address neuron-glia
cross-talk in drug discovery. The diversity of cell types in a single culture is also
retained in organoid models, which add a further step of complexity by respecting
brain cytoarchitecture.

A clarifying example on the potentiality of patient-derived stem cell models
comes from AD patients (for extensive review, see Arber et al. 2017). Extracellular
amyloid plaques composed of amyloid beta peptide (Af) and Tau protein intracellu-
lar neurofibrillary tangles are considered hallmarks of AD. A is the product of p-
and y-secretase processing of amyloid precursor protein (APP). Autosomal domi-
nant mutations in APP and alternative subunits of y-secretase presenilin 1 and
2 (PSENI and PSEN2) have been detected in AD patients, implicating an altered
APP processing and AP imbalance in AD pathogenesis. Reprogramming cells
derived from patients with genetic predisposition to AD into cortical glutamatergic
neurons, cortical interneurons, and cholinergic neurons (Table 2) allowed to repro-
duce AD features like increased APB42:40 ratio and enhanced Tau phosphorylation
(Table 2). These models were then used to gain insight into biochemical
pathomechanisms of AD (Kondo et al. 2013), contribution of neurons and astrocytes
to pathophysiology (Kondo et al. 2013; Oksanen et al. 2017) and identify drug
targets potentially relevant in the progression of the disease. In these studies, also
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novel mechanisms like endoplasmic reticulum and oxidative stress were identified
(Kondo et al. 2013; Muratore et al. 2014). In addition, iPSCs derived from patients
carrying multiple genetic variants allow investigations of AD risk factors, i.e.,
linking mutations to increased risk of late onset AD (Duan et al. 2014; Young
etal. 2015; Huang et al. 2017; Schréter et al. 2016). The organization of genomically
unaltered iPSC-derived neurons in a 3D structure, thereby reproducing brain
cytoarchitecture, favors the retention of proteins secreted by cells that are lost in a
2D culture, like AP peptides. In 3D their local concentration is increased and
pathology better recapitulated (Raja et al. 2016). 2D and 3D models obtained from
iPSCs derived from AD patients have been used to investigate drug efficacy and
toxicity, so far targeting - and y-secretase with specific inhibitors (Yagi et al. 2011;
Shi et al. 2012; Kondo et al. 2013; Duan et al. 2014; Raja et al. 2016; Woodruff et al.
2013) and inflammation with nonsteroidal anti-inflammatory drugs (Yahata et al.
2011).

Although the models obtained from patients’ hiPSCs exhibit clear advantages,
their use to model aging and neurodegenerative diseases poses a relevant challenge
due to the fact that differentiation protocols mimic neurodevelopmental processes.
Indeed, derived cells retain molecular characteristics closer to the fetal than the adult
stage (Patani et al. 2012; Camp et al. 2015), which might limit the full development
of an AD model. For example, Tau isoform expression is tightly regulated during
development (Bunker et al. 2004), and the lack of formation of aggregated Tau in
non-manipulated patients’ hiPSCs might reflect the absence of the adult isoforms. In
general, this implicates that any disease phenotype has to be discriminated from
phenotypes of earlier developmental stages. So far this issue that represents a
possible limit in drug discovery has been solved by generating footprint-free triple
MAPT-mutant human iPSCs (Garcia-Leén et al. 2018a), overexpressing mutant
PSENTI1 (DE9) and APP (K670N/M671L plus V7171; Choi et al. 2014), or could
be overcome by direct reprogramming, thus skipping the intermediate step of hiPSC
(for details on this, see second to last paragraph of Sect. 1.1 of this chapter).

In the context of CNS pathologies recapitulated by an hiPSC approach,
neurodevelopmental and psychiatric diseases are worth a note. CNS cells derived
from patients by reprogramming allow to capture a complex genetic architecture of
diseases that are highly polygenic in nature, overcoming the difficulty to generate
genetically accurate animal models of psychiatric disorders. Patient hiPSC-derived
neural cells allow to dissect the gene network associated with features of altered
neurodevelopment that controls the phenotypic trait and the signaling pathways
involved (Mariani et al. 2015; Haggarty et al. 2016).

As listed in Table 2, patients’ hiPSCs replicate disease phenotypes to an extent to
represent clinically relevant features of the illness, thus providing human cellular
assays that may improve drug preclinical evaluation and translation of the results to
clinical trial in the process of drug discovery (Silva and Haggarty 2019). Clinically
relevant targets and phenotypes displayed in hiPSC-derived disease models may
drive the testing of candidate drugs selected on a hypothesis-driven screening or the
screening of large compound libraries for identification of novel molecules for their
ability to rescue disease phenotypes. In addition, the generation of large numbers of
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patients’ cell models representative of the heterogeneity of each disorder may
represent a strategy to identify patient subpopulations with specific responsiveness
to therapeutic agents. Finally, by interlinking a patient’s genetic background with
specific disease characteristics, hiPSCs apply to the concept of personalized medi-
cine, possibly allowing the development of personalized drug evaluation in the
future (Engle and Puppala 2013).

2 Summary and Conclusion

Animal models have been greatly contributing to our understanding of physiology,
mechanisms of diseases, and toxicity. Yet, they have limitations due to interspecies
variation, which determines the lack of information of the “human context,” and
deficiency in pathophysiologically relevant disease models. This deficiency has a
tremendous negative impact on the understanding of basic physiology, human
disease, mechanisms of toxicity, and the process of successful drug discovery.
Human iPSC-derived cells offer a platform with the unique advantage of
reproducing the “human context” missing in animal models, by preserving the
genetic and the molecular phenotype of donors. Forcing the differentiation of
hiPSC into cells of the nervous system and combining them in a 2D or 3D format
allows obtaining complex models suitable to investigate neurodevelopmental pro-
cesses and to reproduce neurodegenerative diseases with patient-derived cells. This
has the potentiality to drive the identification of molecular targets that may be
predictive for the evolution of specific human diseases as well as for beneficial
and/or adverse drug responses. Thus, with such cell platforms, screening assays can
be set up that are based on human-relevant targets and thus are useful for drug testing
and discovery with the hope of overcoming the low success rate of CNS drug
development due to poor clinical efficacy or elevated toxicity. Cell culture
standardization is mandatory in this process. Well-characterized and overall repro-
ducible cell systems that contain neural and immune cells of the CNS, are based on
standardized protocols and procedures to generate differentiated and mature cells
representative of different brain areas, and are able to address the fundamental
unanswered questions of drug discovery and toxicity are urgently needed.
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Biodegradable hydrogels that promote stem cell differentiation into neurons in three
dimensions (3D) are highly desired in biomedical research to study drug neurotoxicity
or to yield cell-containing biomaterials for neuronal tissue repair. Here, we demonstrate
that oxidized alginate-gelatin-laminin (ADA-GEL-LAM) hydrogels facilitate neuronal
differentiation and growth of embedded human induced pluripotent stem cell (hiPSC)
derived neurospheres. ADA-GEL and ADA-GELLAM hydrogels exhibiting a stiffness close
to ~5 kPa at initial cell culture conditions of 37°C were prepared. Laminin supplemented
ADA-GEL promoted an increase in neuronal differentiation in comparison to pristine
ADA-GEL, with enhanced neuron migration from the neurospheres to the bulk 3D
hydrogel matrix. The presence of laminin in ADA-GEL led to a more than two-fold
increase in the number of neurospheres with migrated neurons. Our findings suggest
that laminin addition to oxidized alginate—gelatin hydrogel matrices plays a crucial role
to tailor oxidized alginate-gelatin hydrogels suitable for 3D neuronal cell culture

applications.

Journal: Biomedicines
Impact factor: 4.757 (2023)
Contribution to the publication: 10%
Figure Assembly, Method Description, Figure 5
Type of authorship: Co-author
Status of publication: Published (05 March 2021)

88



. biomedicines

Article

Neuronal Differentiation from Induced Pluripotent Stem
Cell-Derived Neurospheres by the Application of Oxidized
Alginate-Gelatin-Laminin Hydrogels

Thomas Distler 1'*1

check for

updates
Citation: Distler, T.; Lauria, I.;
Detsch, R.; Sauter, C.M.; Bendt, F.;
Kapr, J.; Riitten, S.; Boccaccini, AR.;
Fritsche, E. Neuronal Differentiation
from Induced Pluripotent Stem
Cell-Derived Neurospheres by the
Application of Oxidized Alginate-
Gelatin-Laminin Hydrogels.
Biomedicines 2021, 9, 261. https://
doi.org/10.3390/biomedicines
9030261

Academic Editors: Elvira De Giglio

and Maria A. Bonifacio

Received: 9 February 2021
Accepted: 2 March 2021
Published: 5 March 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

S 0

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Ines Lauria
Stephan Riitten 3, Aldo R. Boccaccini 1+*

210, Rainer Detsch I'*, Clemens M. Sauter 2, Farina Bendt 2, Julia Kapr 2,

and Ellen Fritsche 24*

Department of Materials Science and Engineering, Institute Biomaterials, University of Erlangen-Nuremberg,

Cauerstr. 6, 91058 Erlangen, Germany; rainer.detsch@fau.de

IUF-Leibniz Research Institute for Environmental Medicine, Auf’'m Hennekamp 50,

40225 Duesseldorf, Germany; ines.lauria@rwth-aachen.de (LL.); clemens.sauter@uni-tuebingen.de (C.M.S.);

farina.bendt@iuf-duesseldorf.de (F.B.); julia.kapr@iuf-duesseldorf.de (J.K.)

3 Electron Microscopy Facility, Institute of Pathology, RWTH Aachen University Hospital, Pauwelsstrasse 30,

52074 Aachen, Germany; sruetten@ukaachen.de

Medical Faculty, Heinrich-Heine-University, 40225 Diisseldorf, Germany

*  Correspondence: thomas.distler@fau.de (T.D.); aldo.boccaccini@fau.de (A.R.B.);
ellen.fritsche@iuf-duesseldorf.de (E.F.)

t These authors contributed equally to this work.

Abstract: Biodegradable hydrogels that promote stem cell differentiation into neurons in three di-
mensions (3D) are highly desired in biomedical research to study drug neurotoxicity or to yield
cell-containing biomaterials for neuronal tissue repair. Here, we demonstrate that oxidized alginate-
gelatin-laminin (ADA-GEL-LAM) hydrogels facilitate neuronal differentiation and growth of embed-
ded human induced pluripotent stem cell (hiPSC) derived neurospheres. ADA-GEL and ADA-GEL-
LAM hydrogels exhibiting a stiffness close to ~5 kPa at initial cell culture conditions of 37 °C were
prepared. Laminin supplemented ADA-GEL promoted an increase in neuronal differentiation in
comparison to pristine ADA-GEL, with enhanced neuron migration from the neurospheres to the
bulk 3D hydrogel matrix. The presence of laminin in ADA-GEL led to a more than two-fold increase
in the number of neurospheres with migrated neurons. Our findings suggest that laminin addition to
oxidized alginate—gelatin hydrogel matrices plays a crucial role to tailor oxidized alginate-gelatin
hydrogels suitable for 3D neuronal cell culture applications.

Keywords: oxidized alginate; laminin; hydrogels; human induced pluripotent stem cells (hiPSC);
neurospheres; tissue engineering; bioprinting

1. Introduction

The fate and organization of stem cells within the human body is dependent on a
spatiotemporal exposure to growth factors, cell-cell contacts and physiological cues from
the surrounding extracellular matrix (ECM) [1]. Together, these factors constitute the
microenvironment or niche of a cell. Traditional in vitro cell cultures are grown in two
dimensions and adherent to a flat surface, reflecting the in vivo microenvironment in a
simplified manner. Unnatural cell morphology and a general lack of cell—cell interactions,
as well as cell-ECM adhesions, represent the limitations of such two-dimensional (2D)
models [2]. Depending on the scientific question, 2D cell models can be suftficient to provide
a convenient and quick solution for high-throughput applications. However, given the
low success rate of drugs targeting brain-related diseases, a need for more complex and
physiological neural culture models exists [3-5]. Different strategies have emerged to create
3D neural cell models that display higher degrees of structural complexity. Conventional
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cell biology-based models include spheroids, neurospheres, and organoids, each having
their own merits and limitations [6-9].

While conventional 3D in vitro models might capture the structural and cytoarchi-
tectural aspects of the human brain, they are also prone to variability [10,11]. A key issue
regarding the development of consistent cell models is the precise control over their cell
and matrix composition as well as spatial organization [12]. Taken together, reproducibility
and controllability are critical factors for the implementation of 3D cell models in high-
throughput test systems for compound assessment. The mechanical properties of the cells’
environment play a significant role in regulating their behavior [13,14]. The brain is one
of the softest tissues in the human body with a Young’s modulus (E) ranging from 0.5 to
50 kPa [15]. In vitro studies have demonstrated that rodent neural stem cells embedded
in methacrylated hyaluronic acid (HA) based hydrogels show neuronal differentiation
and survival is favored in soft hydrogels (approximately <1 kPa), while astrocytes prefer
slightly stiffer gels (<10 kPa) [16,17], which was shown also on 2D peptide-functionalized
polyacrylamide (pAAm) hydrogel substrates [16]. In the same context, primary neuronal
cells grown on soft (G’ < 300 Pa) substrates exhibited increased neurite branching compared
to those grown on stiffer (G’ > 400 Pa) gels [18]. Oxidized alginate, or alginate di-aldehyde
(ADA) based ADA-gelatin (ADA-GEL) hydrogel is a promising biomaterial for tissue engi-
neering (TE) as it offers a wide range of tunable properties such as controlled degradation
and hydrogel stiffness [19,20]. It is further possible to tune the stiffness and mechanical
properties of alginate-gelatin based hydrogels to mimic the stiffness and characteristics
of neuronal tissues like brain (~1 kPa) [21,22]. The key advantage of ADA over pristine
alginate is its capability to be functionalized with ligands, preferably proteins, to enhance
cytocompatibility and cell attachment [23]. Free aldehyde groups of ADA can form Schiff’s
bases with available amino groups of proteins. As a result, gelatin can be retained in the
hydrogel matrix, which is otherwise prone to fast release and degradation [20]. In addition,
a more homogeneous cell growth has been observed in ADA-GEL hydrogels in comparison
to alginate-GEL hydrogels, emphasizing the potential of this matrix as a 3D cell culture
microenvironment [24]. The protein binding properties of ADA can be utilized to modify
the hydrogel with matrix proteins such as laminin [25]. However, such a modification has
only been used in combination with oxidized hyaluronic acid and pre-adipocyte/adipocyte
delivery application [25,26], not investigating its potential as a 3D matrix for neural applica-
tions. While ADA-GEL has shown promising properties for e.g., vascular and bone tissue
TE [27-29], the application of ADA-GEL modified with laminin might ideally facilitate the
development of neuronal networks due to its softness, degradability and incorporation of
native cell adhesion motifs via crosslinking of gelatin and laminin.

The aim of this study was to investigate laminin modified oxidized alginate-gelatin
hydrogels (ADA-GEL-LAM) (Figure 1) as a 3D culture system to assess the influence of
laminin addition on the differentiation and neuronal outgrowth of embedded hiPSC-
derived neurospheres consisting of neural progenitor cells (hiNPC). The mechanical
stiffness and microstructure of ADA-GEL-LAM hydrogels are characterized via nanoin-
dentation and scanning electron microscopy techniques, respectively. Inmunocytochem-
istry is used to analyze hiNPC differentiation into neurons in ADA-GEL and ADA-GEL-
LAM hydrogels.
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Figure 1. Schematic of ADA-GEL-LAM hydrogel. By oxidation of alginate, alginate di-aldehyde (ADA) is formed. The
presence of aldehyde groups allows crosslinking with amine groups of proteins (gelatin, laminin) via nucleophilic attack of

the amine on the aldehyde.

2. Materials and Methods

Sodium alginate (VIVAPHARM PH176 alginate, Ph. Eur.) was purchased from JRS
PHARMA GmbH & Co. KG (Rosenberg, Germany). Ethylene glycol (>99% purity) was
bought from VWR Chemicals International (Radnor, PA, USA). PBS (#L1825/L1835) for
cell culture was purchased from Biochrom (Berlin, Germany). Murine sarcoma basement
membrane laminin (LAM) was purchased from Sigma (#L.2020). All other chemicals were
purchased from Sigma Aldrich if not otherwise noted.

2.1. Materials Synthesis

Oxidized alginate was synthesized by controlled oxidation of sodium using sodium
metaperiodate (NalO4, ACS reagent, >99.8%) as described earlier [20]. In brief, sodium
alginate (10 g) was transferred to equal amounts (100 mL in total) of H,O:Ethanol (EtOH,
absolute, EMSURE® ACS regent, >99.9%) containing 9.375 mmol NalO,4. Oxidation of
alginate was carried out for 6 h in the absence of light at room temperature (RT, 22 °C). The
reaction was quenched using 10 mL ethylene glycol and stirred for additional 30 min. The
dispersion was allowed to sediment for 5 min, the ethanol was decanted, and the ADA was
transferred into dialysis tubes (MWCO: 6-8 kDa) and dialyzed for 7 days against ultrapure
water (Type I, Merck MilliPore, Darmstadt, Germany). The final product was frozen for a
minimum of 24 h and lyophilized using a freeze dryer (Alpha 1-2LD plus, Martin Christ,
Osterode am Harz, Germany). The level of oxidation of the final ADA product amounted
to ~19%.

2.2. Preparation of Hydrogels

For the preparation of the ADA stock solution, ADA was weighted inside a beaker
with a stirring bar. PBS (w/o0 Ca**/Mg?*) was added to create a 5% or 10% (w/v) ADA
stock solution. The solutions were stirred at 200 rpm (SU1200 magnetic stirring plate,
Sunlab® Instruments, Mannheim, Germany) using a magnetic stirring bar at RT (5%) or
40 °C (10%) for ~3—4 h and the pH of the solutions (pH ~6.51) was adjusted to pH 7.4 using
0.1 M NaOH. The ADA solutions were subsequently filtered with pre-warmed 0.45 pm
PVDF filters (37 °C) to allow in vitro cell culture. The ADA was stored at 4 °C until
further use.

Gelatin was weighed inside a beaker with a stirring bar already inserted and supple-
mented with an appropriate volume of PBS (w/o Ca%*/Mg?*) to create a 5% or 20% (w/v)
gelatin stock solution. The gelatin was dissolved by stirring at 200 rpm (SU1200 magnetic
stirring plate, Sunlab® Instruments, Mannheim, Germany) using a magnetic stirring bar at
40 °C for ~3—4 h and the pH of the solutions (pH ~6.51) was adjusted to pH 7.4 using 0.1 M
NaOH. The gelatin solutions were heated to 50 °C prior to the filtration with pre-warmed
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0.45 um PVDF filters (37 °C) to allow for suitability for in vitro cell culture. The gelatin
was stored at 4 °C until further use.

ADA-GEL was prepared by mixing ADA and GEL solutions for 10 min at 37 °Cin a
volume ratio of ADA:GEL 50:50 to gain ADA-GEL hydrogel precursor solution with a final
concentration of 2.5% (w/v)/2.5% (w/v) ADA-GEL.

ADA-GEL-LAM was prepared by adding 100 pL LAM stock (cgtock = 0.1%) to 250 pL
GEL (10% w/v) and 150 uL PBS, followed by mixing with 500 uL ADA (5% (w/v)) for
10 min at 37 °C. The final hydrogel concentrations were 2.5% (w/v)/2.5% (w/v)/0.01%
ADA-GEL-LAM.

ADA-LAM was prepared similarly by adding 100 uL. LAM stock to 400 uL PBS and
500 uL. ADA (5% w/v), with final concentrations of 2.5% (w/v) ADA/0.01% LAM.

Hydrogel specimen were fabricated by casting hydrogel precursor solutions (200 uL)
into custom-made cylindrical PDMS molds (diameter d = 10 mm), allowing the solutions
to set at RT for 10 min. Following this, the hydrogels were crosslinked using 0.1 M CaCl,
solution for 10 min. Hydrogels were removed from the molds and crosslinked for another
15 min in 0.1 M CaCl; to ensure homogenous crosslinking throughout the hydrogels prior
to the material’s characterization.

2.3. Hydrogel Characterization

To investigate the influence of laminin on hydrogel stiffness, nanoindentation of ADA-
GEL and ADA-GEL-LAM hydrogels was performed. The gels (n > 3) were immersed in
Hanks buffered salt solution (HBSS) to avoid dehydration during the measurement and
indented directly after immersion as technical triplicates (three indentations each sample)
with a cantilever (tip radius: 24.5 um; 4.6 N/m; Optics II, HV Amsterdam

Amsterdam, NL using a nanoindentation setup (PIUMA Nanoindenter, Optics I, HV
Amsterdam, The Netherlands). Indentation loading curves were recorded and the effective
Young’s Modulus was calculated using the Oliver & Pharr method [30] implemented in the
PIUMA software. The effective Young’s Modulus is reported as it accounts for the elastic
displacements which occur in the specimen (Young’s modulus E, Poisson’s ratio v) and the
indenter tip (Eindenters Vindenter) [31], while the Poisson’s ratio of the hydrogel is unknown.
All hydrogel samples were assessed at 22 °C (RT) and 37 °C.

The chemical composition of ADA, ADA-GEL, ADA-GEL-LAM, and ADA-LAM
was assessed using attenuated total reflectance-Fourier transformed infrared spectroscopy
(ATR-FTIR). Hydrogel samples were frozen and freeze-dried using a liophilizer (LD12
plus, Martin Christ, Osterode am Harz, Germany). Dry samples were then assessed and
attenuated total reflectance spectra were recorded using an infrared spectrometer (Nicolet
6700, Thermo Scientific, Waltham, MA, USA).

The hydrogel’s microstructure was assessed using scanning electron microscopy
(SEM). Samples were washed with PBS and fixed using 3% glutaraldehyde (#G5882) in PBS,
1 h at RT, and later stored at 4 °C until drying. Dehydration was employed by an ascending
ethanol series followed by critical point drying in liquid CO,. Prior to SEM imaging using
the FEI-Philips XL30 ESEM FEG, a 12.5 nm palladium/gold (Science Services, Munich,
Germany) film was deposited on the insulating surfaces using a Leica EM SCD500 high
vacuum sputter coater to avoid sample charging.

2.4. Cell Culture and Maintenance

Human induced pluripotent stem cell (hiPSC) culture and neural induction were
adapted from a previously published study [32]. In brief, hiPSCs were purchased
(iPS(IMR90)-4; WiCell, Madison, WI, USA) and cultivated on Matrigel coated dishes
(hESC-qualified matrix, LDEV-free, #354277, Corning, Corning, NY, USA) in mTeSR1
medium (#05850, StemCell Technologies, Cologne, Germany). After pre-incubation with
1 uM ROCK-inhibitor (Y-27632, #1254, Tocris Biosciences, Bristol, UK) in mTeSR1 for 1 h,
fragmented colonies were transferred onto a poly(2-hydroxyethly methacrylate) (#P3932,
Merck, Darmstadt, Germany)-coated dish and to neural induction medium (see Supple-



Biomedicines 2021, 9, 261

50f17

mentary Table S1) supplemented with 1 uM ROCK-inhibitor. The medium was changed
three times per week. Upon first medium change, ROCK inhibitor was excluded from
the medium. Seven days after the start of the induction, 10 ng/mL recombinant human
FGF (#233-FB, R&D Systems, Minneapolis, MN, USA) was added to the culture medium.
Upon day 21, formed neurospheres (hiNPC, hiPSC-derived neural progenitor cells) were
cultivated in proliferation medium (Supplementary Table S1). HiNPCs were controlled
by FACS as already described [32,33]. Spheres were chopped approximately every week
to 0.2 um using a Mcllwain Tissue Chopper (Ted Pella, Redding, CA, USA). Cell viability
was measured by the ability of cells to reduce resazurin to fluorescent resorufin using the
CellTiter-Blue (#G8080, Promega, Madison, W1, USA). The cytotoxicity was verified by mea-
suring the extracellular lactate dehydrogenase (LDH), which is based on the LDH release
from dead and apoptotic cells and is indicative for cytotoxicity, using the CytoTox-ONE
Homogeneous Membrane Integrity assay (#G7890, both Promega, Madison, WI, USA). All
assays were performed in accordance with the manufacturer’s instructions. The amount of
cells in 2D, indicated in the instructions, was seeded onto laminin-coated surfaces, as well
as permeabilized 2D samples, which were prepared using Triton-X to serve as positive and
negative controls. A LIVE/DEAD Viability / Cytotoxicity Kit for mammalian cells was used
to visualize living and dead cells (#L.3224, Invitrogen, ThermoFisher Scientific, Waltham,
MA, USA) simultaneously using 0.6 uM Calcein-AM and 0.1 uM EthD-1. Samples were
incubated in the dark for approximately 45 min at 37 °C and 5% CO, and subsequently
analyzed using the Cellomics Array Scan (ThermoFisher, Waltham, MA, USA).

2.5. Preparation of Sphere-Laden Hydrogels Subsection

Pre-filtered ADA and GEL solutions were heated to 37 °C prior to hydrogel prepa-
ration. GEL (20% (v/w)) and laminin (0.1% (w/v)) stock solutions were mixed in equal
parts to create a GEL-LAM precursor gel (10% gelatin, 0.04% laminin). The pre-warmed
ADA (10% (w/v)) was added in a 1:1 (v/v) ratio to create an ADA-GEL-LAM precursor
gel solution (5% ADA, 5% gelatin and 0.02% laminin). The hydrogel solution was stirred
for 10 min at 200 rpm (SU1200 magnetic stirring plate, Sunlab® Instruments, Mannheim,
Germany) and 37 °C using a magnetic stirring bar. The previously prepared cell suspen-
sion of 2 x 10* spheres/mL (one 0.1 mm sphere equaled approximately 1 x 10° cells) was
carefully mixed in equal parts with the ADA-GEL-LAM precursor gel, creating a cell-laden
hydrogel solution with final concentrations of 2.5% ADA, 2.5% GEL, 0.01% laminin, and
1 x 107 cells/mL. The ADA-GEL and ADA-LAM hydrogels were prepared in a similar
manner by generating ADA-GEL (5% ADA, 5% GEL) and ADA-LAM (5% ADA, 0.02%
laminin) precursor gels from the 5% (w/v) ADA and 5% (w/v) GEL stock solutions. The
hydrogels were allowed to mix for 10 min at 37 °C (200 rpm, SU1200 magnetic stirring
plate, Sunlab® Instruments, Mannheim, Germany) prior to mixing equal volumes of cell
suspension (2 x 107 cells/mL) and hydrogel (1:1 v/v) with the hydrogels. The final hy-
drogels consisted of ADA-GEL (2.5% ADA, 2.5% GEL) and ADA-LAM (2.5% ADA, 0.01%
laminin) with a cell density of 1 x 107 cells/mL, respectively. Cell-laden hydrogels were
crosslinked for 10 min at 37 °C in CaCl, solution (90 mM).

2.6. Cytocompatibility Study

To investigate the cytocompatibility of ADA-GEL, ADA-GEL-LAM, and ADA-LAM
hydrogels for the culture of hiNSC derived neurospheres, the embedded cells were cultured
for 7 days inside the hydrogels in differentiation medium (Supplementary Table S1). Cell
viability was assessed using a resazurin conversion CellTiter-Blue (#G8080) assay. Cytotox-
icity was investigated by LDH release using a CytoTox-ONE Homogeneous Membrane
Integrity assay (#G7890, both Promega, Madison, WI, USA) according to the manufacturer’s
instructions. LIVE/DEAD Viability stainings were performed using 0.6 uM Calcein-AM
and 0.1 uM EthD-1 (#L3224, Invitrogen). Samples were incubated for 45 min at 37 °C and
5% CO; and analyzed using the Cellomics Array Scan (ThermoFisher). Cells cultured in
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2D on LAM-coated substrates as well as ADA-GEL served as positive 2D and 3D controls
to LAM-supplemented ADA-GELs.

2.7. Immunocytochemistry

Samples were washed with pre-warmed DPBS and fixed with 4% paraformaldehyde
(#P6148, Sigma-Aldrich, St. Louis, MO, USA) in DPBS (#14040, ThermoFisher Scientific,
Waltham, MA, USA) for 1 h at RT. After fixation, samples were washed three times with
DPBS for 10 min. Hydrogel samples were incubated in 10% (v/v) goat serum (#G9023)/0.1%
(v/v) Triton X-100 (#18787)/PBS, and TUBB3 antibody (1:200, rabbit polyclonal, #12200,
all Sigma-Aldrich, St. Louis, MO, USA), at 4 °C overnight. Specimens were washed three
times for 2 h each with DPBS and subsequently incubated with anti-rabbit-Alexa546 (1:500,
#A11010, Invitrogen), Phalloidin-Alexa488 (1:70, #A12379, ThermoFisher), and Hoechst
(1%, bis-benzimide H33258, #B1155, Sigma) in 2% goat serum/PBS over night at 4 °C.
Subsequently, samples were washed three times for 2 h each in PBS at RT and directly
imaged by a confocal laser scanning microscope (CLSM, TCS SP8, Leica Microsystemes,
Wetzlar, Germany) using the objectives HC PL FLUOTAR 5x/0.15 DRY, HC PL APO CS2
10x/0.40 DRY, and HC PL APO CS2 20x/0.75 DRY. Maximum intensity projections of
recorded z-stacks were constructed using Fiji Image ] 1.52p [34]. ADA-GEL hydrogel
served as control to LAM-supplemented ADA-GEL hydrogels.

2.8. Statistical Analysis

Data were analyzed using Graphpad Prism™ (GraphPad Software Inc., San Diego,
CA, USA) and Origin®Lab (OriginLab Corporation, Northampton, MA, USA) software.
Means + standard deviations (SD) of individual experiments are displayed (7 > 3 (nanoin-
dentation), n = 3 (cell culture studies)). Statistical analysis was performed by one-way
ANOVA (Origin 2019, OriginLab Software, v9.6.0.172), using a post-hoc Bonferroni’s pair-
wise mean comparison between multiple groups. Image analysis was performed using
Image] (Image] Software, https:/ /imagej.nih.gov/ij/, accessed on 20 October 2019).

3. Results
3.1. Material Characterization

By the addition of gelatin and laminin to ADA, FTIR analysis showed the presence
of amine I (1620 cm~!) and amine II (1546 cm~!) peaks in ADA-GEL, ADA-GEL-LAM,
and ADA-LAM spectra, characteristic for the presence of primary and secondary amine
groups of gelatin and laminin protein [20,35] inside the hydrogels (Figure 2A). The peak
shift of primary amines I and II (GEL spectrum) from 1629 cm~! and 1525 cm~! towards
lower (1620 cm™!) and higher (1546 cm 1) wave numbers in ADA-GEL and ADA-GEL-
LAM indicate Schiff’s base formation of gelatin and laminin with ADA [20]. Peaks at
~1546 cm~! in ADA-LAM are indicative of the presence of laminin in comparison to
the pristine ADA spectrum [35]. Both, ADA-GEL and ADA-GEL-LAM formed hydrogels
featuring a microporous microstructure, which was confirmed via SEM analysis (Figure 2B).
ADA-GEL and ADA-GEL-LAM present a similar microstructure and porosity (Figure 2B).

Indentation analysis showed that by the addition of laminin to ADA-GEL, the hydro-
gel stiffness decreased from approximately 17 £ 2 kPa to 12 + 2 kPa (Figure 2C). Heating of
the samples to 37 °C to mimic cell culture conditions revealed a stiffness reduction of both
ADA-GEL and ADA-GEL-LAM hydrogels, by almost 60% (ADA-GEL) and 35% (ADA-
GEL-LAM) (Figure 2C), resulting in stiffnesses in the range of ~5-7 kPa. The qualitative
nanoindentation force-penetration behavior was similar for all hydrogels and independent
of laminin addition (Figure 2D), with ADA-GEL-LAM at 37 °C leading to slightly less
stiff hydrogels in comparison to ADA-GEL. Statistical analysis indicated no significant
differences in mean stiffness of ADA-GEL and ADA-GEL-LAM.
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Figure 2. Material characterization. (A) Fourier transformed infrared spectroscopy (FTIR) analysis, absorbance spectra of
ADA, GEL, ADA-GEL, ADA-GEL-LAM, and ADA-GEL hydrogels. (B) Scanning electron microscopy images of ADA-GEL
and ADA-GEL-LAM hydrogels. Both hydrogels feature micro porosity (bottom row). (C) Nanoindentation of ADA-GEL
and ADA-GEL-LAM showing the effective Young’s modulus (E.¢) of the hydrogels at 22 °C and 37 °C. Data are displayed
as mean =+ SD. (D) Qualitative load-indentation behavior of the hydrogels. Statistically significant differences of means
analyzed using one-way ANOVA with * p < 0.05, ** p < 0.01, not significant (ns, p > 0.05). Scale bar 1-10 pm.

3.2. Cytocompatibility of ADA-GEL-LAM Hydrogels

Neurospheres were generated from hiPSC by neural induction as described earlier [32]
and subsequently embedded into ADA-GEL, ADA-GEL-LAM, and ADA-LAM hydrogels
after chopping neurospheres to 0.1 mm and mixing with the hydrogel precursor (Figure 3A).
Cross-linked cell-laden hydrogels were further incubated in cell-differentiation medium to
start neuronal differentiation. In order to assess the compatibility of the hydrogels with the
neurospheres, cell viability was measured by resazurin reduction to fluorescent resorufin
on days 1, 3, and 7 (Figure 3B).
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Fluorescence intensities in all tested ADA-hydrogels was approximately 30% of the
2D control at day one. From the day 1 samples, LDH release as a readout for cytotoxicity
was measured (Figure 3C). Cytotoxicity was above 40% of 2D lysis controls in 2D samples,
indicating that the cell preparation induces high cell death. In hydrogel samples LDH
release was approximately 30% of the 2D lysis controls. Cell viability slightly decreased over
the time period of seven days for all tested hydrogels. However, the detected fluorescence
was lower for ADA-LAM compared to the other materials (Figure 3B) despite the similar
LDH release measured for all conditions (Figure 3C). To visualize the neurospheres in the
hydrogels and to investigate the cell viability in situ, LIVE/DEAD fluorescence microscopy
analysis was used (Figure 4). One day after hydrogel preparation, few dead (red stained)
cells were visible outside of the embedded neurospheres, irrespective of the hydrogel
composition. In ADA-GEL-LAM, protrusions from spheres appeared, which were visible
in brightfield phase contrast images. At day seven, the observed protrusions or outgrowths
of cells had increased. In addition, LIVE staining indicated viable cells in the observed
protrusions, indicating cells actively migrating out of the spheres after seven days.
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Figure 3. Cell viability and toxicity of iPSC-derived NPCs. (A) Cell embedding scheme. Neurospheres were freshly
chopped to 0.1 mm, mixed with ADA-GEL-X precursor at a density of 10,000 spheres/mL (corresponds to 1 x 107 cells/mL),
crosslinked, and maintained in differentiation medium. (B) Viability of neurospheres in the hydrogels measured via

resazurin reduction to resorufin. Data shown as relative fluorescence units (RFU). 2D as positive and negative (2D lysis,

TritonX-100 treated) controls. (C) Cytotoxicity assessment via LDH release after one day of incubation in differentiation
medium, normalized to 2D TritonX-100 treated lysis control (1 = 3 with 4 technical replicates; *** p < 0.001 compared to

2D control).
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ADA-GEL ADA-GEL-LAM ADA-LAM

Figure 4. LIVE/DEAD staining of neurospheres in ADA-X hydrogels. Neurospheres were embedded
in the indicated hydrogels and cultivated in differentiation medium. Samples were stained with
Calcein-AM (LIVE, green) and Ethidium-homodimer (DEAD, red) and analyzed by light-microscopy
in fluorescence and brightfield mode. Cell outgrowth was indicated in ADA-GEL-LAM (white
arrows). Scale bar 100 pm.

In contrast, for ADA-LAM without the presence of gelatin, the core of the neurospheres
exhibited a high degree of necrosis, with spheres seeming to disintegrate as indicated by
the red EthD-1-stained cells. In phase contrast images, the defined interface between
the neurospheres and the bulk hydrogel vanished compared to ADA-GEL or ADA-GEL-
LAM hydrogels.

3.3. Neurospheres Differentiate into Neurons

Cell differentiation was further monitored after a time period of 14 days using confo-
cal laser scanning fluorescence microscopy. Filamentous (F-)actin as well as the neuronal
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marker tubulin-3-III (TUBB3) were labeled by phalloidin and specific antibodies, respec-
tively (Figure 5). ADA-LAM showed dispersed spheres with cells appearing necrotic as
indicated by cell viability LIVE/DEAD stainings, similar to earlier time points (data not
shown). However, neurospheres in ADA-GEL were interconnected via neuronal paths,
indicated by TUBB3-positive neurites (Figure 5A, red). Moreover, in laminin-crosslinked
ADA-GEL-LAM, the cellular outgrowth of spheres was stronger and omnidirectional (Sup-
plementary Videos S1 and S2), suggesting laminin-supported cell migration (Figure 5A).
This observation was quantified by determination of the number of spheres with migrated
cells and measurement of the migration distance.

Although migration distance showed no significant difference, laminin presence
stimulated cell migration out of the spheres by 2.7-fold (Figure 5B). The results thus suggest
that laminin supports cell differentiation and migration.
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Figure 5. Laminin supports neuronal migration out of neurospheres. (A) Confocal fluorescence microscopy of immunos-
tainings for tubulin-p-III (red, Alexa546), filamentous actin (green, Phalloidin-Alexa488) and nuclei (blue, Hoechst) after
14 days of gel differentiation. The upper panel displays the tubulin-p-III positive neuronal outgrowth only. Representative
maximum intensity projections are shown in the lower panel. (B) Quantification of the migration distance (black), measured
from the edge of the sphere core to the distal end, normalized to the length of ADA-GEL. Number of spheres showing
migration, normalized to ADA-GEL (red). Scale bar 200 um.

4. Discussion

Our work demonstrates for the first time that ADA-GEL hydrogel is cytocompatible
with hiPSC-derived neurospheres, opening the possibility of the application of this gel
base for 3D tissue modeling. Both neuronal outgrowth and migration in 3D are supported
by ADA-GEL hydrogels and are further enhanced in the presence of laminin, resulting in
dense neuronal differentiation in 3D. Although different alginate-based hydrogels were
previously used for neural applications—including rodent spinal cord, neurite outgrowth
activity and cell-matrix-adhesion [36-39]—the application of oxidized alginate-gelatin-
laminin hydrogels for central nervous system neuronal differentiation from hiPSC-derived
NPC represents a novel approach in the field.

We suggest the following functions of each material inside ADA-GEL-LAM: ADA
provides the main 3D hydrogel environment by ionic crosslinking using Ca?* ions. GEL
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may offer initial cell adhesion motifs for neurosphere attachment, as shown for other
cell types in ADA-GEL [20,32,40,41]. The availability of amine groups by GEL facilitates
Schiff’s base formation with aldehyde groups of ADA, saturating the aldehyde groups in
ADA, which is indicated by the higher cell viability inside ADA-GEL-LAM in comparison
to ADA-LAM (Figures 3 and 4). ADA and GEL degrade over time [20], providing space
for neuron outgrowth. LAM provides integrin binding motifs for hiNPC similar to human
neural stem cell (hNSC)-derived neurons [42,43] and PC-12 cell neuron outgrowth [38],
thus providing adhesion and guidance for neuron outgrowth in comparison to pristine
ADA-GEL (Figure 5). In addition, amine groups of LAM crosslink to aldehyde groups of
ADA via Schiff’s base formation [25]. The network formation of LAM at 37 °C contributes
to the ADA-GEL-LAM hydrogel network supplying an environment for cell adhesion and
migration. LAM seems to be the key contributor to the enhanced 3D differentiation of
hiNPC’s inside the ADA-GEL-LAM hydrogels.

The ECM is capable of influencing cellular differentiation by activating different
downstream signaling pathways through interaction with cellular adhesion receptors [44].
Laminin influences cellular attachment and differentiation in multiple native tissue envi-
ronments [45,46]. It is expressed during the development of the ventricular zone in rodents,
which represents the neural stem/precursor cell niche in the developing cortex [43,47,48].
In the early human developing brain, laminin is expressed in the cortex after approximately
17 weeks of gestation [43,49] and was found to be involved in the neuronal differentiation
of cultured neural tube neurons [50]. As a result, laminin may represent a key ECM com-
ponent influencing neural differentiation among other cytokines and stimuli. Laminin also
impacts the differentiation of hNSC in vitro [42,51,52] involving the interplay of laminin
with different growth factors [52]. An increased number of neurons differentiated from
hNSC on laminin-coated substrates, which has been associated to laminin-binding in-
tegrins o3, «6, a7, 31, 34 found on the surface of hNSCs [43]. Our results on laminin
addition to ADA-GEL hydrogels, which increased 3D neuron outgrowth of hiNPC-derived
neurospheres, are in accordance with those findings. Laminin peptides, and here especially
the IKVAV sequence, also impact neural cell differentiation in vitro [44,51,53], providing a
more cost-efficient solution than using the whole laminin protein. IKVAV-functionalized
nanofibers were shown to amplify the presence of bioactive IKVAV epitopes in comparison
to 2D control substrates [51], while IKVAV increased migration, attachment, and differen-
tiation of hNSC into neurons in polyethyleneglycol (PEG) hydrogels [44] and enhanced
neural migration of primary hNPC in functionalized hydrogels in 3D [53]. In sum, evidence
from the literature highlights the interplay of neuronal stem cells by laminin interaction,
capable of influencing neuronal differentiation efficiency, neuronal cell adhesion, and mi-
gration. We add to this knowledge base by demonstrating the positive impact of laminin
for neuronal differentiation and outgrowth in 3D ADA-GEL-LAM hydrogels.

Peak shifts of amine I and amine II peaks in FTIR analysis from 1525 cm™! to
~1546 cm ! and 1629 cm ! to 1620 cm ! indicate the formation of a Schiff’s base (imine
bond) [20] in ADA-GEL-LAM and ADA-LAM hydrogels, inducing the crosslinking of
laminin and GEL protein components to the ADA polysaccharide. Mechanical assess-
ments showed that the stiffness of ADA-GEL decreased with laminin addition, with a
relatively higher decrease in stiffness of ADA-GEL in comparison to ADA-GEL-LAM once
incubated at 37 °C (Figure 2). This behavior might be associated to laminin crosslinking
at 37 °C, which counteracts the stiffness loss due from the release of excess gelatin and
ADA-GEL degradation after incubation [20,27,54]. Previous studies have shown a decrease
in hydrogel stiffness with increasing laminin concentration for laminin-conjugated PEG
hydrogels [55]. The addition of laminin may lower the initial stiffness of ADA-GEL by
sterically hindering the formation of a dense ADA-GEL network. However, the reduction
of stiffness can be in favor for neuron growth, due to its higher similarity to brain tissue
stiffness (<5 kPa) [21]. An increased neuronal stem cell proliferation and enhancement of
neuronal BIII-tubulin markers has been shown in soft hydrogels (~100 Pa-1 kPa) compared
to stiffer hydrogels (10-20 kPa) [56]. Due to ADA-GEL degradation [20], a further decrease
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in hydrogel stiffness after day 14 can be expected for the ADA-GEL-LAM hydrogels investi-
gated here, which may result in a lower stiffness than measured initially at 37 °C (Figure 2).
A decrease in stiffness during incubation may explain the observed differentiation despite
initial ADA-GEL-LAM hydrogel stiffness values of >1 kPa. ADA-GEL hydrogels degrade
over time by a controlled release of GEL [20]. Therefore, we assume that this process
also takes place in ADA-GEL-LAM hydrogels reducing their stiffness during incubation.
In addition, hydrogel degradation was shown to be a crucial factor for the maintenance
of neuronal progenitor stemness in 3D [57]. As a result, the ADA-GEL-LAM hydrogel
stiffness is likely to adapt closer to brain tissue stiffness over incubation time, possibly
enabling the observed neuronal migration by hydrogel degradation. The stiffness of 2.5%
ADA—2.5% GEL hydrogels at 37 °C were reported to be in the range of 5 kPa [54], which is
in accordance with the 2.5% ADA—2.5% GEL—0.01% LAM hydrogels here. Enzymatically
crosslinked GEL-LAM hydrogels with a bulk stiffness of ~8.4 kPa (surface elastic modulus:
~24.1 4+ 12.9 kPa, via AFM) facilitated the growth of hiPSC derived spinal spheroids [58].
While the cells detached on enzymatically crosslinked GEL substrates after two days [58],
the combination of GEL and LAM lead to sustained cell attachment and growth [58]. We
confirm the increased growth of hiNPC-derived neurospheres in GEL-LAM supplemented
ADA in comparison to pure ADA-LAM, which is in accordance with that study. In sum,
the ADA-GEL-LAM hydrogels presented here are in an initial stiffness range shown suit-
able for neuronal cell culture earlier. As the uncertainty of the mechanical properties and
degradation of the ADA-GEL-LAM hydrogels over incubation time are one limitation of
this study, we will assess the degradation of ADA-GEL-LAM and corresponding effects on
the mechanical properties and hiNPC response to the hydrogels in future investigations.

ADA-LAM showed higher cytotoxicity in LIVE/DEAD staining analysis as well as
disintegration of neurospheres in phase contrast images compared to ADA-GEL-LAM
(Figures 3 and 4). The low laminin concentration (0.01%) might not have yielded com-
plete saturation of aldehyde groups of ADA by Schift’s base crosslinking. Consequently,
un-crosslinked aldehyde groups could act as a cytotoxic fixative similar to e.g., formalde-
hyde [59]. In addition, LAM-peptide AG73 interacts with cell syndecan transmembrane-
proteins by ionic interaction of the LAM-peptide with the syndecan’s heparansulfate
domain [38,60]. The anionic properties of ADA in the ADA-LAM system may counteract
the LAM-heparansulfate interaction [38]. In contrast, the cationic properties of Typ A
GEL at pH 7.4 (isoelectric point pH ~8-9) in ADA-GEL-LAM may lead to an enhanced
LAM-heparansulfate interaction. This may further explain the increased cell survival
in ADA-GEL-LAM besides the integrin binding sites offered by GEL [40]. Hence, the
ADA-LAM system would require additional engineering to yield hydrogels of LAM con-
centration and oxidation degree tuned to ensure complete crosslinking of aldehyde groups
with LAM. However, the overall lower resorufin adsorption measured in gels compared
to 2D cultures without gels is likely not due to lower cell viability, but the result of assay
compounds not diffusing into the gels easily. This notion is also supported by the lack
of differences between ADA-GEL-LAM and ADA-LAM in this assay (Figure 3). Hence,
the CellTiter-Blue assay is not well suited for the viability assessment of neurospheres
embedded in hydrogels. Here, LIVE/DEAD stainings are preferred.

The use of hydrogels for neural cell applications, i.e., neuronal tissue regeneration, has been
reviewed previously [61], identifying various LAM-modified hydrogels [55,62—-64] among
other modifications to be promising matrices for the promotion of neurite outgrowth, a
process which is necessary for neuronal network formation. Exemplary, hyaluronic acid-
laminin hydrogels facilitate in vivo migration of neural progenitor/stem cells (NPSC) [65].
Collagen-based hydrogels were modified using LAM or LAM-derived polypeptides,
demonstrating that LAM promotes superior neural cell growth and neural differentia-
tion in 3D in vitro [66—-68]. Laminin- and poly-L-ornithine (PLO)-modified alginate im-
proved axonal growth, neurite outgrowth, and cell adhesion of rat dorsal root ganglia
cells (DRG), and increased regenerative capacity and cell-ingrowth in PLO/LAM hydrogel
microchannels was observed [36]. Similarly, improved nerve outgrowth of DRG by the use
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of laminin-alginate hydrogel capillaries has been reported [37]. Alginate functionalized
with three different laminin peptides (A99, AG73, EF1zz) supported neurite outgrowth of
rat pheochromocytoma (PC12) cells dependent on alginate and laminin peptide concentra-
tions [38], while not triggering cell adhesion of fibroblasts [39]. Due to the different cells,
gels, applications, and types of laminin, it is challenging to derive an overall conclusion
from these studies. Yet, the data indicate that laminin in general supports neural cell perfor-
mance in 3D cultures. In contrast to the present study, previous studies utilized oxidized
alginate conjugated specific mouse LAM-based cys-peptides, like A99a, EF1XmRk, and
A99T [69], or chitosan [70], instead of GEL and LAM which were used here. The advan-
tages of the ADA-GEL-LAM system presented here are based on its cost-efficiency and
ease of production, as it is based on mainly ADA and GEL (2.5%/2.5%) with only a small
amount of supplemented LAM (0.01%), which already supported hiPSC-derived dense
neuronal differentiation and migration in 3D. This ADA-GEL composition was previously
used for 3D bioprinting [19], yet without the addition of laminin. The applicability of
ADA-GEL-LAM for the 3D culture of hiPSC-derived neurospheres and the suitability of a
3D printable ADA-GEL based hydrogel composition [19] for the culture of neurospheres
provides an exciting ground for future neurosphere-based 3D TE. The results confirm that
ADA-GEL-LAM represents a cost-efficient and promising in vitro hydrogel model system
to study neuronal cells in 3D, with the potential to create 3D printed in vitro models in
future research.

LAM-modified hydrogels seem to be promising for a variety of different biomedical
applications besides neural cultures. Exemplary, functionalized alginate wound dressings
using laminin-derived peptides promote wound healing [71], oxidized alginate-laminin
hydrogels have a potential as autologous fat grafting models [25,26], and ADA-LAM has
shown to be a suitable carrier matrix for pre-adipocytes [72]. A selection of laminin peptides
was identified to enhance pancreatic islet function in alginate-based microcapsules [73]
and LM-111-containing fibrin hydrogels enhanced VEGF production and reduction of
IL-6 of C2C12 myoblasts relevant for skeletal muscle engineering [74]. In contrast to
these studies [25,26,75] and other ADA-based ADA-LAM systems [36,38,69], we here
use a distinct cell type, i.e., hiNPC-derived neurospheres, different laminin, and GEL as
an additional hydrogel component. Hence, the ADA-GEL-LAM hydrogels developed
in this study might provide a benefit for the development and optimization of various
TE applications.

5. Conclusions

We demonstrate that adding laminin as an important matrix component to oxidized
alginate-gelatin hydrogels can be an effective tool to enhance cell adhesion, migration, and
differentiation of embedded iPSC derived neurospheres. ADA-GEL-LAM showed lower
cytotoxicity than ADA-LAM, associated to the complete crosslinking of aldehyde groups of
ADA with excess amine groups of GEL and to the higher concentration of RGD-sequence
containing GEL proteins in the matrix. All hydrogels showed initial stiffness values of
approximately 5 kPa close to the relevant range of native brain tissue. Initial neuron
out-growth was observed after 7 days in vitro, with higher spatial distribution and neuron
migration observed after 14 days for ADA-GEL-LAM in comparison to ADA-GEL. Our
study suggests that ADA-GEL-LAM can be a promising and cost-effective 3D hydrogel
system for neural cell culture, with the future option for 3D-bioprinting. Finding matrices
for building neural cell models in 3D in vitro is crucial in light of TE. Such 3D-models with
tissue-like properties are increasingly gaining attention in regenerative medicine, basic
research, drug development, and toxicity testing [76]. They should be of human relevance,
allow physiological processes, permit application-oriented processing like 3D bioprinting,
and be cost-effective. The successful application of ADA-GEL-LAM hydrogels for 3D
hiPSC-derived neural culture contributes to this fast developing field of TE by meeting the
mentioned criteria to some extent. In future, the application of ADA-GEL-LAM hydrogels
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may thus aid in replacing and reducing animal experiments in accordance with the 3R
principle [75].

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2227-905
9/9/3/261/s1, Table S1: Cell culture media compositions utilized for neural induction and differentia-
tion. Video S1: ADA-GEL-LAM (0.01% lam)—day 14. Video S2: 3D_System_Neurospheres_in_ADA-
GEL-LAM.
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Stable and predictive neural cell culture models are a necessary premise for
many research fields. However, conventional 2D models lack 3D
cell-material /-cell interactions and hence do not reflect the complexity of the
in vivo situation properly. Here two alginate/gellan gum/laminin
(ALG/GG/LAM) hydrogel blends are presented for the fabrication of human
induced pluripotent stem cell (hiPSC)-based 3D neural models. For hydrogel
embedding, hiPSC-derived neural progenitor cells (hiNPCs) are used either
directly or after 3D neural pre-differentiation. It is shown that stiffness and
stress relaxation of the gel blends, as well as the cell differentiation strategy
influence 3D model development. The embedded hiNPCs differentiate into
neurons and astrocytes within the gel blends and display spontaneous
intracellular calcium signals. Two fit-for-purpose models valuable for i)
applications requiring a high degree of complexity, but less throughput, such
as disease modeling and long-term exposure studies and ii) higher
throughput applications, such as acute exposures or substance screenings
are proposed. Due to their wide range of applications, adjustability, and
printing capabilities, the ALG/GG/LAM based 3D neural models are of great
potential for 3D neural modeling in the future.

cell-matrix interactions, plays a crucial role
for its proper development and function.[!!
Given that such interactions are largely
absent in 2D cell cultures, the frequent
failure in translating in vitro findings
into in vivo applications is inevitable.[>™]
The generation of stable and predictive
neural cell culture models is central for
many fields dealing with, for example,
toxicological evaluation, disease model-
ing, drug development, and regenerative
medicine. Therefore, there is a need for
more sophisticated models that better
mimic the physiology of the human brain.

Substantial efforts have been made to
add the third dimension to standard 2D
cell cultures. Starting from the begin-
ning of this century, several approaches
for the generation of 3D neural mod-
els such as neurospheres and hydrogel
scaffolds were developed.l®! Essentially, 3D
structure can be achieved by harnessing
the self-organization properties of cells,
for example, to drive the formation of

1. Introduction

The human central nervous system (CNS) consists of a com-
plex cellular network in which the microenvironment, like spa-
tiotemporal exposure to signaling molecules and cell-cell and

neurospheres, or by providing support and structure for cells
with hydrogel scaffolds in an engineering-based manner. Neu-
rospheres are cell aggregates that consist of neural progeni-
tor cells (NPCs) and are cultivated in the presence of growth
factors. In the absence of growth factors and when seeded
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on 2D poly-D-lysin/laminin (PDL/LAM)-coated surfaces, NPC
neurospheres migrate and differentiate into neurons, astrocytes,
and oligodendrocytes, thereby generating complex networks.l-13]
The dimension of such neurospheres when plated for migration
and differentiation is called “secondary 3D.”(}*] NPCs generated
from induced pluripotent stem cells (iPSCs), iNPCs, have been
previously employed in neurotoxicity testing and modeling of
Alzheimer’s and Parkinson’s disease.!'315-2%] These secondary 3D
models were developed to improve the classical 2D-monolayer
neuronal cultures.??2] However, plated neurospheres do not
form a 3D network on 2D substrates. Engineered 3D biomaterial
models such as hydrogel scaffolds complement the existing cell
models by providing an adaptable, controlled, and consistent ex-
tracellular environment.[?*) 3D models augment the complexity
of conventional cell cultures, thus rendering them more predic-
tive and physiologically relevant.>'*] However, variability and re-
producibility in these systems are still challenging, often due to
the nature of the materials. Batch-to-batch variations in, for ex-
ample, matrigel or limited cell-material interaction in synthetic
gels play important roles.!24%]

The interest in hydrogels has increased largely since their dis-
covery in 1960.2°1 These 3D matrices consist of hydrophilic poly-
mers that hold large quantities of water. Due to this high water-
content (>90%), these gels can exhibit tissue-like properties.[?”]
Hydrogels maintain their structure by chemical, physical, or bio-
chemical crosslinking of the polymer chains.?®! Ideally, extra-
cellular matrix (ECM)-mimicking hydrogels should support cell
survival, growth, differentiation, cell-cell, and cell-matrix adhe-
sion, as well as facilitate proper nutrient flux.[?>3% In order to al-
low cellular outgrowth, a certain degree of hydrogel-degradation
is desirable. The material stiffness also plays an important role
for the generation of neural models. With a Young’s elastic modu-
lus of 0.5 to 50 kPa, the brain is one of the softest tissues in the hu-
man body.?"*?] As an example, natural polymers such as alginate
(ALG) and gellan gum (GG) are inherently suitable surrogates
for ECM, due to their high water content and tunable stiffness,
as well as their chemical versatility and biocompatibility.3*-7]

ALG is a seaweed-derived marine polysaccharide and one of
the most commonly used biomaterials for hydrogel formation.
It can be easily gelatinized with divalent cations and is highly
biocompatible.*®! It is composed of D mannuronic acid (M) and
L guluronic acid (G) monosaccharide units and forms hydrogels
through crosslinking of the G residues with divalent cations.?*3!
GG is a natural extracellular polysaccharide produced by the
bacterium Sphingomonas paucimobilis, which forms a gel after
crosslinking of its double helices with divalent cations such as
Ca’* or Mg?*.133] Although many modifications and blends have
been produced from ALG and GG,*** no ALG/GG blend has
yet been used for the development of 3D neural models. Since
ALG and GG gels are biologically inert,3*!l they are often func-
tionalized with native ECM molecules, such as LAM, collagen,
or fibronectin.['#?>~*] LAM has previously been used to support
cell survival, network formation, and functional development of
neural cultures in vitro.['*’] Moreover, it was reported that ALG-
based hydrogels can mimic the complex mechanical properties
of brain tissue.[*]

The engineering of physiologically relevant structures and
the recapitulation of spatiotemporal availability of signaling
molecules in neural models is highly challenging. 3D bio-
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printing offers a promising tool for the generation of such
model systems.[®] Cell-supplemented biocompatible materials
are printed with micrometric precision and may even com-
bine several cell types, thus generating complex cellular net-
works. The printing process depends on three main variables:
1) the material (biomaterial ink), 2) the cells and 3) biomechan-
ical factors.[>>#”*] Due to their highly tunable rheological prop-
erties, hydrogels are suitable for bioprinting applications.!*>"]
However, neural cells require soft materials and are sensitive
to shear stress, which only permits hydrogels with very specific
properties.l>!]

Bioinks based on ALG or GG, yet not in combination, have
previously been employed to generate bioprinted and non-
bioprinted 3D neural models.?”52°%] Combining suitable gel
properties for adequate cell-culture development and function-
ality, with printability and long-term integrity of the hydrogels
remains a challenge. Although both ALG and GG are promising
candidates for the generation of 3D neural cultures, they each
lack desirable properties. While GG is not surface adherent, ALG
deforms severely upon crosslinking. However, ALG appears sur-
face adherent and is stable over long periods of time, which is im-
portant for long-term cultivation. The GG is printable in low con-
centrations and its softness appears favorable for neural cultures.
To date, there is no gold standard for the generation of hydrogel-
based 3D neural cultures and the full potential of such systems
has yet to be exploited.

In this study, we chose ALG and GG for their completive fa-
vorable properties and present two ALG/GG/LAM blends for the
generation of functional 3D neural models. We chose the gel
blends according to their gel integrity, surface adherence, cell
survival, and neural outgrowth. We characterized the hydrogels
via Fourier transformed infrared spectroscopy (FTIR), scanning
electron microscopy (SEM), mechanical testing, and degradation
studies. We additionally show the printability of the gel blends us-
ing an extrusion-based 3D bioprinter. Pre-differentiated and non-
pre-differentiated hiNPC neurospheres were embedded into both
1.5% ALG/0.5% GG/0.01% LAM and 0.3% ALG/0.8% GG/0.01%
LAM hydrogels. The growth and differentiation of these multi-
cellular models into neurons and astrocytes within the gels were
assessed via immunocytochemistry (ICC) and the network func-
tionality was verified by intracellular calcium imaging.

2. Results

2.1. Material Characterization

Reproducibility and close characterization of the cellular mi-
croenvironment are important factors in cell culture mainte-
nance and application. Physico-chemical tests are generally used
to characterize material properties and to anticipate their behav-
ior and performance under cell culture conditions. Therefore,
we characterized the developed hydrogels and used pure ALG
and GG as comparative materials. ALG and GG both formed
clear and stable hydrogels and blends upon crosslinking with
CaCl,. Pure ALG deformed upon crosslinking (Supporting In-
formation), whereas GG and the 0.3% ALG/0.8% GG blend re-
tained their structural integrity. The 1.5% ALG/0.5% GG blend
appeared slightly deformed after crosslinking (data not shown).
All gels maintained their structure over at least 4 weeks, when
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Figure 1. Physico-chemico characterization of ALG and GG based hydrogels. A) SEM images of i) 0.9% GG/0.01% LAM, ii) 1.5% ALG/0.5% GG/0.01%
LAM, iii) 0.3% ALG/0.8% GG/0.01% LAM, and iv) 1.0% ALG/0.01% LAM hydrogels. B) FTIR analysis of ALG/GG/LAM composite hydrogels. 1.0% ALG
serves as reference. C) Hydrogel swelling and degradation of i) 0.9% GG, ii) 1.5% ALG/0.5% GG, iii) 0.3% ALG/0.8% GG, and iv) 1.0% ALG hydrogels
assessed for 21 days of incubation in PBS (37 °C; N = 7). D) Qualitative stress relaxation behavior of the different hydrogels. E) Initial elastic modulus and
F) stress relaxation time as the time after which 50% of the initial stress (at 15% strain) has been dissipated (N > 3) of the hydrogels. The legend for (B),
(D), (E), and (F) is shown on the bottom. Data are shown as mean =+ SD. Statistically significant differences among means between the different groups
are indicated as *p < 0.05, analyzed using one-way ANOVA and Bonferroni post-hoc tests. Abbreviations: GG, gellan gum; FTIR, Fourier transformed
infrared spectroscopy; SEM, Scanning electron microscopy; Ref., reference.

immersed in CINDA medium. ALG and both hydrogel blends
reliably adhered to PDL/LAM-coated plastic and polymer sur-
faces, as well as to non-coated plastic surfaces, whereas GG is
not surface adherent (Supporting Information).

All hydrogels formed microporous microstructures after
crosslinking, as shown by SEM (Figure 1A). Peak shifts from
1406 to 1427 cm™! and 1595 to 1627 cm™ were indicative for the
presence of LAM in all LAM containing samples, corresponding
to amine and amide bonds (amide I #1621 cm™; Figure 1B).[657]
Peaks of GG at 1031 and 1627 cm™! corresponding to C—O
stretching and COO~ asymmetric stretching®®! confirmed the
presence of GG in all GG-containing hydrogel blends, while the
peak at 1627 cm™! cannot be well discerned from the amide I peak
expected from LAM. In sum, the FTIR results indicated the suc-
cessful presence of ALG, GG, and LAM in all respective hydrogel
blends.

Adv. Healthcare Mater. 2021, 2100131 2100131 (3 of 14)

All GG-containing hydrogels show an initial swelling phase of
3-5 days, followed by water release and degradation (Figure 1C).
1.0% ALG/0.01% LAM lacks the initial swelling phase, but also
degrades over time. All hydrogels are stable for at least 21 days
under cell culture conditions (Figure 1C). Figure 1D,F displays
the qualitative stress relaxation experiments, as well as the quan-
tification of the stress relaxation time (t;,), as the time point af-
ter which 50% of the initial stress (at 15% strain) has been dissi-
pated from the hydrogels. All gels showed a fast stress relaxation
(tp < 20 s) with 0.3% ALG/0.8% GG/0.01% LAM having the
shortest (=7 s) and 1.5% ALG/0.5% GG/0.01% LAM having the
longest (~16 s) stress relaxation time (Figure 1D,F). The addition
0f0.3% ALG t0 0.8% GG and 0.01% LAM accelerated stress relax-
ation in comparison to pure 0.9% GG hydrogels, while the reduc-
tion of ALG content from 1.5% to 0.3% significantly (*p < 0.05)
reduced stress relaxation time of the hydrogels (Figure 1D,F).
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Figure 2. hiNPC differentiation in 1.5% ALG/0.5% GG/0.01% LAM and 0.3% ALG/0.8% GG/0.01% LAM gels. A) Proliferating hiNPC spheres were
chopped (0.1 mm) and embedded into the respective gel (4.9 x 10° spheres mL™" gel). The gels were then cultivated in differentiation medium for
21 days and subsequently stained. Confocal images of differentiated spheres in B) 1.5% ALG/0.5% GG/0.01% LAM or C) 0.3% ALG/0.8% GG/0.01%
LAM gels are shown. The samples were stained for nuclei (Hoechst, blue), &Il tubulin (Alexa 546, green), F-actin (phalloidin, Alexa 488, yellow or grey),
dopaminergic neurons (TH, Alexa 546, magenta) and astrocytes (GFAP, Alexa 647, red). Images of the neural network formation are depicted in the
upper row far right of (B) and (C). Differentiation into multiple cell types within the gels is shown in the lower two rows of (B) and (C). D) Proliferating
0.3 mm iNPC spheres generated from a disease cell line derived from a patient with Cockayne syndrome B (CSB), were embedded and differentiated as
described above. The gels were subsequently stained for nuclei (Hoechst, blue), RI11 tubulin (Alexa 546), F-actin (phalloidin, Alexa 488, yellow or grey),
and astrocytes (GFAP, Alexa 647, red). Left to right: F-actin, Il tubulin, F-actin incl. network formation, #III tubulin, GFAP, RI11-GFAP merge. The red
circles show the approximate size and location of the originally embedded spheres. Images represent sections through spheres in varying depths or
maximum intensity projections of Z-stacks. Abbreviations: GG, gellan gum; hiNPCs, human induced pluripotent stem cell-derived neural progenitor
cells.

Figure 1E indicates the gel stiffness between the different condi-
tions, derived from uniaxial compression test.5%! The initial elas-
tic modulus of the hydrogels revealed 1.5% ALG/0.5% GG/0.01%
LAM as the stiffest (~35 kPa) and 1.0% ALG/0.01% LAM as the
softest (=5 kPa) hydrogel, while 0.3% ALG/08% GG/0.01% LAM
hydrogels showed a lower stiffness in comparison to the 1.5%
ALG/0.5% GG/0.01% LAM composition (x~20 kPa; Figure 1E).
We showed that the developed hydrogel blends are struc-
turally stable and surface adherent, which is beneficial for
long-term cultivations. Furthermore, all three components are
contained within the crosslinked hydrogels, thereby excluding
initial washout of ALG, GG, or LAM. The gel blends degrade
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slowly over time, which is generally thought of as beneficial for
cellular outgrowth and migration. The fast stress relaxation times
may additionally support this effect. The elastic moduli of the hy-
drogel blends lay within the range of brain stiffness.

2.2. Long-Term Neural Differentiation

We tested the hydrogel blends for their applicability in long-
term cultivation and differentiation of hiNPCs. HiNPC spheres
were chopped to 0.1 mm and embedded into 1.5% ALG/0.5%
GG/0.01% LAM and 0.3% ALG/0.8% GG/0.01% LAM blends
(Figure 2A). Both ALG/GG blends exhibited satisfying cell
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compatibility, as indicated by medium to high cell viability
in calcein-AM (live) and ethidium-homodimer-1 (dead) double-
stainings (LIVE/DEAD; Supporting Information). Spontaneous
neural differentiation and the migration pattern of differentiating
cells within the gel blends after 21 days were assessed using ICC
staining. Migration of differentiating cells out of the sphere core
into the surrounding gel matrix was observed in both gel blends
(Figure 2B,C). Outgrowth within the gels occurred in thick bun-
dles over the course of 3 weeks and was subsequently assessed by
staining for the neuronal epitope (I1I)-tubulin and the cytoskele-
tal marker F-actin. A more detailed characterization of the dif-
ferentiation pattern revealed differentiation into neurons (RIII-
tubulin*), dopaminergic neurons (TH™), and astrocytes (GFAP*)
in both hydrogel blends, as shown in Figure 2B,C.

Additionally, a disease cell line of a Cockayne Syndrome B
(CSB) patient was cultivated and stained in the same manner
as the IMRY0 cells, in order to show the suitability of the 0.3%
ALG/0.8% GG/0.01% LAM gel blend for disease modeling. We
show outgrowth and differentiation of the disease cell line within
the respective hydrogel blend.

In a second approach, 0.3 mm hiNPC spheres were allowed to
pre-differentiate as floating spheres for 1 week in differentiation
medium, before subsequent embedding into 1.5% ALG/0.5%
GG/0.01% LAM and 0.3% Alg/0.8% GG/0.01% LAM hydrogels,
where they were allowed to differentiate for another 7 days (Fig-
ure 3A). ICC stainings reveal a dense F-actin and RIII-tubulin
network, as well as TH-positive dopaminergic neurons and
GFAP-positive astrocytes within the spheres (Figure 3B,C). How-
ever, no significant outgrowth or migration of pre-differentiated
hiNPC spheres into the surrounding gel matrix was observed.

As a comparison to the second approach, we differentiated
0.3 mm NPC spheres as free-floating culture for 14 days and sub-
sequently stained the spheres (Figure 3D). ICC images show an
actin and tubulin network.

With the first approach, non-pre-differentiated NPCs devel-
oped into complex multicellular 3D microtissues within the
course of 3 weeks. In contrast, pre-differentiated spheres did not
extend into the hydrogel, but instead formed multicellular inter-
spherical networks in 3D within 1 week. Here, two fit-for-purpose
applications seem to emerge. Long-term cultivations of complex
cellular models could be valuable for applications that require
a higher degree of physiology, such as disease modeling, while
the quick generation of complex models in an easy to handle 3D
model could be beneficial for, for example, substance screening.

2.3. Calcium Signaling

In order to test the functionality of the neural networks devel-
oped in 3D, cellular activity was monitored using calcium imag-
ing. The hiNPCs were embedded in either hydrogel blend and
the resulting crosslinked sphere-laden hydrogels were differen-
tiated for 21 days, before they were employed for calcium imag-
ing (Figure 4A). The 1.5% ALG/0.5% GG/0.01% LAM and 0.3%
ALG/0.8% GG/0.01% LAM gels exhibited an average frequency
of ~1.5 signals per 10 min (mean + SEM: 1.6 + 0.2, N=3,n =
51, n, = 21; mean + SEM: 1.5 + 0.1, N=4, n = 89, n, = 28; Fig-
ure 4E), the peak amplitude was 0.9 to 1.5% (mean + SEM: 0.9 +
0.1, N=3,n=51,n, =34, mean + SEM: 1.5+ 0.3, N=4,n =
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89, n, = 41; Figure 4F) and the average length of the signals was
~100 s (mean + SEM: 102.3 + 14.6, N=3, n =51, n; = 32; mean
+ SEM: 92.1 + 10.3, N =4, n = 89, n; = 35; Figure 4G).

The 1-week pre-differentiated spheres were also embedded in
both hydrogel blends and further differentiated for 7 days. Pre-
differentiated spheres in 0.3% ALG/0.8% GG/0.01% LAM gels
could not be sliced due to the softness of the gels, precluding cal-
cium imaging. The pre-differentiated spheres in 1.5% ALG/0.5%
GG/0.01% LAM gels were sliced and analyzed as described above.
Spontaneous calcium signals were measured, with 74% of the
cells being active (Figure 4D). The average frequency was ~3.2
signals per 10 min (mean + SEM: 3.2 + 0.3, N = 3, n = 76,
ng = 56; Figure 4E), the peak amplitude was ~4.5% (mean + SEM:
4.6 +£ 0.4, N = 3, n = 76, na = 179; Figure 4F) and the average
length of the signal was ~#40 s (mean + SEM:40.1+3.0,N=3,n
=76, n; = 177; Figure 4G). In summary, these results show that
in all conditions tested (3/4 models), cells generate spontaneous
calcium signals, indicative of physiological activity.

2.4. Bioprinting

To evaluate whether the 3D bioprinting technology can be used
to print the developed gel blends, we utilized an extrusion-based
bioprinter. We intended to directly deposit the hydrogels onto the
electrodes of a 24-well multielectroda array (MEA), which could
later be used for the electrophysiological measurements of neural
3D networks. A general challenge of the MEA technology is the
direct positioning of the cells onto the electrodes, so that electri-
cal activity can be measured. This is especially challenging in 3D,
where the cells are potentially far away from the electrodes. Our
print pattern was therefore designed as 4 lines, surrounded by a
stabilizing square, which lays directly on top of the electrodes.
In a preliminary test trial using silicon, this grid was printed
with the necessary precision onto 24-well MEAs. However, the
mwMEA plates are manufactured with small deviations in the
electrode position from plate to plate, resulting in variable posi-
tion outcomes of the printed structures in relation to the elec-
trodes (Figure 5A). Therefore, printability of the hydrogels was
further examined in standard tissue culture 24-well plates. Suit-
able printing parameters were identified for 0.9% GG and both
ALG/GG blends and the grid was successfully printed (Figure 5B,
supplementary material). Both printed gel blend structures, but
not pure GG structures were surface adherent. Pure ALG was
not printable. As a proof of principle, we then embedded iPSC-
derived single cell NPCs into the 1.5% ALG/0.5% GG/0.01%
LAM gel blend, bioprinted them in the same manner as the cell-
free gels and crosslinked the gels after printing. The cell-laden
gels were then cultivated under differentiation conditions for 3
days and subsequently stained for live and dead cells (Figure 5C).
The stainings show ~62% live cells within the gels. We conclude,
that the developed hydrogel blends are suitable for bioprinting
applications, even for small scale structures.

3. Discussion and Conclusion

The establishment of complex and robust neural in vitro mod-
els and reliable cultivation systems that reflect human physiol-
ogy becomes increasingly important. Gaining a deeper under-
standing of cell and tissue function in health and disease will
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Figure 3. Pre-differentiated hiNPCs differentiated in 1.5% ALG/0.5% GG/0.01% LAM and 0.3% ALG/0.8% GG/0.01% LAM. A) Proliferating 0.3 mm
hiNPC spheres were pre differentiated for 1 week and subsequently embedded into the respective gel. The gels were then cultivated in differentiation
medium for 7 days and subsequently stained. Confocal images of differentiated spheres in B) 1.5% ALG/0.5% GG/0.01% LAM or C) 0.3% ALG/0.8%
GG/0.01% LAM hydrogels. The samples were stained for nuclei (Hoechst, blue), RI1I tubulin (Alexa 546, green), F-actin (phalloidin, Alexa 488, yellow or
grey), dopaminergic neurons (TH, Alexa 546, in magenta) and astrocytes (GFAP, Alexa 647, red). Images of the neural network formation are depicted in
the upper row of (B) and (C). The red circles show the approximate. size and location of the originally embedded spheres. Differentiation into multiple
cell types within the gels is shown in the lower two rows of (B) and (C). D) As a comparison for the gel differentiation, proliferating 0.3 mm NPC spheres
were differentiated as free-floating spheres without gel-embedding for 2 weeks and subsequently stained for nuclei (Hoechst, blue), Il tubulin (Alexa
546, green), F-actin (phalloidin, Alexa 488, yellow or grey) and astrocytes (GFAP, Alexa 647, red). Left to right: &Il tubulin, F-actin, €111 tubulin, GFAP,
RI11-GFAP merge. Images represent sections through spheres in varying depths or maximum intensity projections of Z-stacks. Abbreviations: GG, gellan
gum; hiNPCs, human induced pluripotent stem cell-derived neural progenitor cells.

help us to understand pathomechanisms. Moreover, utilization
of such in vitro models for assessing the neural responses to toxi-
cants and drugs will improve hazard assessment. 3D models aug-
ment the complexity of conventional cell cultures, thus render-
ing them more predictive and physiologically relevant.[28:5435.60.61]
However, there is currently no gold standard for hydrogel-based
3D neural cultures, as limitations such as the high variability and
the general low throughput of 3D models still need to be over-
come. Here we suggest two cytocompatible ALG/GG/LAM hy-
drogel blends for the generation of human iPSC-based 3D neural
models with spontaneous intracellular calcium signals.

Adv. Healthcare Mater. 2021, 2100131 2100131 (6 of 14)

Animal models and rodent primary cell cultures have given us
great insights into the brain’s development, basic function, dis-
orders, and its reaction to substance exposure. However, inter-
species differences suggest a limited predictive power of such
models for humans,[1213:22:62-66] egpecially when it comes to dis-
ease models.l®”%8] This leads, amongst others, to high attrition
rates for drugs.>*] Therefore, we developed our 3D models with
widely available and ethically justifiable hiNPCs, that reflect the
correct species. These pluripotent cells can be differentiated into
multicellular networks containing cells of the neuronal and as-
troglia lineage. It is, however, not yet possible to obtain fully ma-
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Figure 4. Calcium signaling in pre-differentiated and non-pre-differentiated hiNPC-derived neural networks in 1.5% ALG/0.5% GG/0.01% LAM and
0.3% ALG/0.8% GG/0.01% LAM gels. A) The hiNPCs were chopped to 0.1 mm size and subsequently embedded into the respective hydrogel blend.
The hiNPCs were differentiated within the gel for 21 days before slicing and calcium imaging. 0.3 mm pre-differentiated spheres were not chopped, but
sorted and pre-differentiated for 1 week in the absence of growth factors. Thereafter, the pre-differentiated spheres were embedded into the respective
hydrogel blend and cultivated under differentiating conditions for 1 week. The sphere-laden gels were then sliced into 250 pm thick slices before calcium
imaging. B) Transmission and widefield images showing Fura-2 fluorescence (after excitation at 380 nm) of a pre-differentiated neural network in 1.5%
ALG/0.5% GG hydrogel. Dashed lines illustrate regions of interest (ROls) 1-4, representing cell bodies, as analyzed in (C). C) Corresponding ROls
showing spontaneous calcium signals during a 10 min recording period. Black dotted lines indicate the baseline and grey dotted lines indicate 5 x
SD of the baseline. Black lines represent the smoothened traces (Savitzky Golay Filter: 15). Black triangles mark calcium signals; red dots mark the
peak amplitudes AR/R, red lines mark the Full Width at Half Maximum (FWHM) of two signals in one example trace. D) The pie charts display the
percentages of active vs. inactive ROls in all imaged samples of pre-differentiated spheres differentiated in 1.5% ALG/0.5% GG/0.01% LAM (black, left),
non-differentiated hiNPCs differentiated in 1.5% ALG/0.5% GG/0.01% LAM (dark blue, middle) and non-differentiated hiNPCs differentiated in 0.3%
ALG/0.8% GG/0.01% LAM (light blue, right). The graphs show E) the average frequency (mean + SEM) of calcium signals per 10 min, F) the peak
amplitude AR/R (in %) and G) the FWHM (in s) of each individual calcium signal, respectively. Each color in (F) and (G) represents individual Ns.
For illustration purposes, seven data points of pre-differentiated hiNPCs in 1.5% ALG/0.5% GG, exhibiting amplitudes exceeding 20%, are not shown.
Abbreviations: N, number of gels; n, number of cells. ALG, alginate; GG, gellan gum; LAM, laminin; ROI, region of interest; iPSCs, induced pluripotent
stem cells; hiNPCs, human iPSC-derived neural progenitor cells; FWHM, full width at half maximum; pre-diff, pre-differentiated.
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Figure 5. Bioprinting strategy. A) Detailed view of a well from a 24-well MEA plate (top). The silicon was printed in a square with four horizontal lines

onto the electrodes with the currently highest possible accuracy (bottom).

B) Representative microscopy images of 0.9% GG, 1.5% ALG/0.5% GG and

0.3% ALG/0.8% GG gels printed into a 24 well plate. Depicted are two representative images of the printing layer of the intended structure. All images
were taken immediately after printing. C) Exemplary images of bioprinted single cells in 1.5% ALG/0.5% GG/0.01% LAM. Cells were differentiated for 3
days after printing and crosslinking, and subsequently stained with calcein-AM for live cells (green) and ethidium homodimer-1 for dead cells (red). The
graph shows the living cells within the gels after 3 days (n = 4 gels). Abbreviations: MEA, microelectrode array; GG, gellan gum; ALG, alginate; LAM,

laminin.

ture networks in vitro, which needs to be considered, when uti-
lizing hiPSC-based models.

3.1. 3D Outgrowth and Migration of hiPSC-Derived Neural Cells
in Hydrogels

The brain is one of the softest tissues in the human body, with
a Young’s elastic modulus of 0.5-50 kPa.’}32] Thus, mimick-
ing the brains ECM in vitro is highly challenging.l®! Hydrogels
feature advantageous properties for the 3D cultivation of neu-
ral models, such as the high water content (>90%), potential for
functionalization, as well as chemical and physical tunability.[?8]
Studies demonstrated that soft hydrogels (<1.5 kPa) support neu-
rite outgrowth®! whereas stiffer hydrogels promote astrocyte
differentiation.”*7!] Koivisto et al. embedded hiPSC-derived neu-
rons into bioamine-crosslinked GG gels with compressive mod-
uli ranging from 3.9 to 23 kPa and compared them to the rab-
bit brain (7-10 kPa).*] They showed good cytocompatibility and
migration of embedded hiPSC-derived neurons, as well as mat-
uration of neuronal cultures underneath a gel cover. Electrical
activity of the neurons was not assessed in their study. Matyash
etal. plated primary rat and human neurons on 1% ALG gels with
elastic moduli ranging from 20.8 to 0.64 kPa depending on the
crosslinker concentration.[”?! This group showed supported neu-
rite outgrowth and increased resistance to oxidative stress of neu-
rons cultured on soft ALGs. Moxon et al. generated even lower
percentage GG gels with elastic moduli of ~10 kPa and applied
sonication at various amplitudes to alter the gels properties.!”*!
However, very soft hydrogels are difficult to handle and tend to
be incompatible with advanced biofabrication techniques, such
as bioprinting or fluidic devices. Therefore, we approached the
issue by generating hydrogel blends that are within an appropri-
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ate range of stiffness and exhibit quick stress relaxation times.
0.3% ALG/0.8% GG/0.01% LAM gels are less stiff than 1.5%
ALG/0.5% GG 0.01% LAM gels and exhibit significantly quicker
stress relaxation times, which was attributed to the reduced ALG
content in those hydrogels. Outgrowth of non-pre-differentiated
spheres in 0.3% ALG/0.8% GG/0.01% LAM gels seems to oc-
cur slightly quicker and in thinner bundles. A significant dif-
ference between the gels was observed during calcium imag-
ing of pre-differentiated spheres. Here, the higher stiffness of
1.5% ALG/0.5% GG/0.01% LAM gels allowed easy slicing, while
0.3% ALG/0.8% GG/0.01% LAM gels were more difficult to han-
dle. The results suggest that, in ALG/GG blends, ALG and GG
may sterically hinder each other in ionic crosslinking, suggest-
ing that ALG or GG may act similarly to spacer molecules. Spacer
molecules have already been introduced to PET and ALG-based
hydrogels and were shown to control and accelerate stress relax-
ation of these materials.l* Since natural ECM, specifically the
brain ECM, are viscoelastic, with time-dependent mechanical re-
sponses to stress, the property of quick stress relaxation times
seems not only beneficial, but crucial (reviewed by Madl et al.
and Axpe et al.).l%7#] We suggest that the quick stress relaxation
of our gel blends supports growth and migration of neural cul-
tures, even in stiffer gels.

However, a deeper knowledge on the mechanics of the here
identified optimal ALG/GG/LAM hydrogel composition (1.5%
ALG/0.5% GG/0.01% LAM and 0.3% ALG/0.8% GG/0.01%
LAM) should be scope of future research, as others indicated that
multimodal mechanical testing is required to gain full knowl-
edge on the complex mechanics of, for example, brain tissue and
brain-mimicing materials.31#¢! As a result, further mechanical
testing to complement the compressive modulus and stress re-
laxation data in the present study should be performed in fu-
ture research, like rheological assessments on storage and loss
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moduli (G'/G"’) of the gels, to gain knowledge on frequency de-
pendent hydrogel viscoelasticity, as demonstrated earlier for GG
hydrogels.[?l This would allow to better understand potential me-
chanical cues of the here presented hydrogels for future neural
tissue engineering applications.

We present stiffness and stress relaxation measurements de-
rived from uniaxial compression testing. We also confirm slow
degradation of the hydrogel blends over time, which additionally
benefits cellular outgrowth.[””] In future studies, we will assess
calcium affinity to both ALG and GG, which may elucidate which
component preferentially crosslinks through the available cal-
cium ions, and if mutual weakening of the crosslinking is caused
by using the here developed blends.

In general, there is no one-model-fits-all approach, when it
comes to neural cultures and their various applications. Sub-
stance screenings usually require a medium to high throughput
approach and very high reproducibility, while disease modeling
is content with lower-throughput systems, but often relies on a
higher degree of specificity and complexity. In vitro acute sub-
stance exposures commonly range from minutes to a few days,
while chronic substance exposures are modeled over several
days, however there is no common rule concerning the exposure
length yet.! As a result, we developed two different materials
and cultivation systems, which can be applied for different
purposes.

3.2. Two Protocols for the Differentiation of hiNPC into Neurons
and Astrocytes

The first system consists of hiNPCs embedded in the 0.3%
ALG/0.8% GG/0.01% LAM gel. This softer hydrogel model com-
bines cellular outgrowth and migration with differentiation into
astrocytes and neurons thereby generating complex microtissues
with spontaneous calcium signals, as confirmed by ICC and cal-
cium imaging after 3 weeks in vitro. We suggest this model to be
valuable for applications requiring a high degree of complexity,
but less throughput, such as disease modeling and long-term
exposure studies. We were able to show that also NPCs derived
from a disease hiPSC line, that is, from a patient with Cockayne
Cyndrome B (CSB), can be differentiated in 0.3% ALG/0.8%
GG/0.01% LAM gels to form 3D neural networks. Spheres
showed outgrowth out of the sphere and clear differentiation
into neurons. The astrocyte staining did not offer conclusive
results, which might be due to the disease. This, however, needs
to be further evaluated in future experiments yet offers a valuable
starting point of cellular analyses of the pathomechanisms of
this neurodevelopmental disease. We hereby show, that the gel
blend is also suitable for studying patient-derived cells and that
the here developed gel blend is a valuable tool for 3D disease
modeling. In the future, more hiPSC lines from healthy and
diseased donors need to be tested for their 3D migration and dif-
ferentiation behavior using 0.3% ALG/0.8% GG/0.01% LAM gel
blends.

The second system consists of pre-differentiated hiNPC
spheres embedded in the 1.5% ALG/0.5% GG/0.01% LAM gel.
These samples were easy to handle for calcium imaging due to
their slightly higher stiffness and quickly produced dense intra-
spherical networks, consisting of neurons and astrocytes. This
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model displays spontaneous calcium signals after only 1 week
of differentiation within the hydrogel. However, it does not form
microtissues due to the short cultivation time. In comparison to
the spheres differentiated in suspension only, the neuronal net-
work of 3D cultivated spheres appears more prominent and mor-
phologically advanced. We believe that the 3D cultivated spheres
are easier to handle, especially for staining and calcium imaging,
since they do not need additional embedding. Combined with the
fast and easy production of these 3D cultures, we suggest this
model to be suitable for higher throughput applications, such as
acute exposures to chemicals or substance screenings. The cul-
tivation length for both models including the pre-differentiation
phase could be optimized in future experiments, depending on
the required complexity and maturity of the networks. With the
TH stainings we confirm the presence of dopaminergic neurons
not only in secondary 3D,["* but also in the gel-based 3D models.
This information is useful for applications concerning dopamin-
ergic neurons, for example, for studying attention deficit hyper-
activity disorder of Parkinson’s disease.””78]

3.3. Calcium Signals in Differentiated 3D Models

Spontaneous calcium signaling plays an important role in
the regulation of many cellular processes such as gene
expression,!”?8% neuronal outgrowth, ¥ neuronal differenti-
ation, and other developmental progresses.® Calcium imag-
ing is widely used for investigating calcium signaling in tissue
slices. However, in the past calcium imaging has also been used
to monitor calcium transients in human differentiated neural
aggregates or brain organoids,®2%l as well as in primary hu-
man neurospheres differentiated in secondary 3D.[#”] We are, to
the best of our knowledge, the first to establish calcium imag-
ing in slices of in vitro 3D-cultivated neural samples. We de-
tected calcium signals in both differentiation systems. The pre-
differentiated hiNPC spheresin 1.5% ALG/0.5% GG/0.01% LAM
gels displayed calcium signals with the highest average signal fre-
quencies and peak amplitudes, plus shorter FWHM. Both hydro-
gels with non-pre-differentiated spheres showed lower frequen-
cies and peak amplitudes plus longer FWHM. We therefore want
to enhance the differentiation time in the non-pre-differentiated
hydrogels to get a higher number of active cells and increased
frequency rates. Within one sample we observed calcium signals
with varying frequency, amplitude and length. This is in accor-
dance with findings from Gualda et al., who imaged differen-
tiated human midbrain-derived NPCs.!®] The observed hetero-
geneity in our samples may arise partly from the fact that the
hiPSC-derived networks contain several neuronal subtypes and
also astrocytes.!’*! The calcium signals will be further analyzed
during the future development of the 3D models. Here, appli-
cation of saline containing high K+ concentration could, for ex-
ample, be employed to differentiate neurons from astrocytes. Al-
ternatively, sodium signals could be analyzed to probe for gluta-
mate transporters, which are highly expressed by astrocytes. After
further development of the method, for example by embedding
organoids, one might envision the development of human cor-
relate to rodent brain slices. Additionally, basic exposures during
calcium imaging, such as glutamate or bicuculline (GABAAR an-
tagonist) treatment need to be used to further characterize the
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developing networks. In addition, the proposed application sce-
nario for both models has to be tested in the future.

3.4. Hydrogel Functionalization

ALG and GG are inexpensive materials and their processing for
the generation of the ALG/GG gel blends is easy and fast. Al-
though both gels are cytocompatible, no specific cell binding sites
are present.>**!] Since cell-matrix interactions are crucial for cell
growth, proliferation, and differentiation of neural cultures, a lot
of effort is going into functionalizing biologically inert hydro-
gels with native ECM molecules, such as LAM, collagen, or fi-
bronectin. LAM is one of the major integrin interactor groups in
the brain ECM and promotes cell survival, network formation,
and functional development of hiPSC-derived neural cultures in
vitro.['*¥] Improved progenitor cell and primary cortical neuron
interaction with hydrogels were also achieved by integration of
the RGD motif, which is part of the LAM structure.’>#! In our
study, we implemented LAM to support the cell-matrix interac-
tion. This approach is sufficient for short-term cultures and high-
throughput systems, such as in the 1.5% ALG/0.5% GG 0.01%
LAM with embedded pre-differentiated spheres. As the brain
ECM is very complex, additional steps toward improved func-
tionalization are of grave importance, especially when it comes
to long-term cultivations of complex neural models. Therefore,
we aim at further enhancing specifically the 0.3% ALG/0.8%
GG/0.01% LAM gel blend with additional native ECM molecules
such as collagen and fibronectin in future studies. Both additives
are widely studied for their effect on cell survival, growth, and
adhesion, as well as their ability to provide growth factor binding
sites in hydrogels.®! However, these ECM molecules have not
yet been fully evaluated for their potential in 3D neural model-
ing. Alternative fibrinogen-,[°?! hyaluronic acid-"! and chitosan-
based®!l hydrogels have also been proposed, featuring their indi-
vidual advantages and disadvantages.

3.5. 3D Bioprinting of Hydrogels

Advanced biofabrication and cultivation methods, such as 3D bio-
printing, are up and rising in many in vitro fields like tissue engi-
neering and substance testing, as extensively reviewed by Parrish
etal.¥] They are able to increase the reproducibility and complex-
ity of 3D structures.l’*¥ As a functional readout besides calcium
imaging, the electrophysiological analysis of in vitro neural net-
work is often performed on MEAs.[**%] However, the measure-
ment of 3D models on MEAs is highly challenging, due to the pla-
nar structure of the electrodes and difficulties in positioning the
cell-containing material onto the electrodes Here, 3D bioprinting
of hiPSC-derived neural cells onto MEA electrodes might offer a
valuable solution, especially for higher throughput applications.
Although in this work we did not succeed in producing a ready-
to-use 3D bioprinted neural model, we contribute to its gener-
ation by showing the printabilily and cytocompatibility of the
developed ALG/GG/LAM gel blends. Notably, 1% ALG by itself
cannot be 3D bioprinted, due to its softness in the uncrosslinked
state, and the GG by itself is not adherent to PDL/LAM-coated
surfaces. Hence, the established printability of the gel blends is
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a big step forward in future brain tissue engineering. In addi-
tion, our preliminary and unpublished work demonstrates that
hiNPC spheres embedded and differentiated in ALG gels exert
electrical activity measured with 24-well MEA systems (Figure S5,
Supporting Information). Hence, our data prepares the ground
for future work in CNS tissue engineering using 3D bioprinting
that needs to address two issues: 1) missing bioprinting precision
arising from variable plate manufacturing needs to be overcome,
for example by applying a camera-based printing approach and 2)
more work needs to be performed on systematically optimizing
and characterizing the MEA readouts after 3D bioprining. In the
future, these data will help to create physiologically-relevant and
reproducible 3D in vitro systems for disease modeling or com-
pound screening.

3.6. Summary and Conclusion

In summary, in our study we present data on ALG/GG/LAM
blends, which, amongst others, revealed the proposed favor-
able property of quick stress relaxation. Although many stud-
ies in the field of 3D modeling rely on primary or rodent cell
cultures, iPSC plays an important role in the development of
3D models, not only due to species difference, but also due to
known, and potentially unknown, varying requirements in cul-
ture conditions.!'2132262-65] Therefore we used iPSC-based cell
culture models, which gain more and more importance in the
context of alternative testing methods and the aims of 3R (re-
placement, reduction, and refinement of animal testing).[**! We
characterized our differentiating cultures via ICC and verified
calcium transients within the 3D models. The implementation
of the CSB disease hiPSC line supports the applicability of our
model. We also showed the suitability of our gel blends for biofab-
rication purposes, specifically for extrusion-based 3D bioprint-
ing. With our proof-of principle study we open the opportunity
for the further development of our models in many directions,
such as disease modeling, substance screening, as well as basic
research concerning the adaptation of standard methods such as
calcium imaging, ICC, and MEA measurement.

4. Experimental Section

Hydrogel Preparation: For the preparation of the 3% (w/v)
ALG stock solution, sterile dH,0 (100 mL) was pre-warmed to
37°C, ALG (3 g; #71238, Sigma) was added and the solution was
steered overnight at 60 °C and 750 rpm to fully dilute the ALG.
Finally, the ALG solution was autoclaved and stored at 4 °C until
further use. 1% (w/v) ALG was prepared by diluting the 3% (w/v)
ALG stock solution with sterile dH,O or with sterile dH,0 con-
taining a 0.1% (w/v) LAM stock solution in tris-buffered saline
(TBS; #L2020, Sigma), which resulted in a 1% ALG/0.01% LAM
solution. For the preparation of the GG stock solution, 10% (w/v)
sucrose (#84097, Sigma) was dissolved in dH,O and sterile fil-
tered (0.2 um filter, Stericap Plus). A total of 5 mL sterile sucrose
solution was heated to 80 °C (MKR23, Hettich Lab Technology).
The GG (#G1910, Sigma) was then added to the sucrose solu-
tion and fully dissolved at 80 °C for 45 min at 600 rpm, to cre-
ate 1% or 1.5% (w/v) stock solutions. The GG was subsequently
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sterile filtered through a pre-heated filter. 0.9% (w/v) GG was pre-
pared by diluting the 1% (w/v) stock solution with sterile dH,0
or 0.1% (w/v) LAM stock solution in TBS. The latter resulted in a
0.9% GG/0.01% LAM solution. GG was prepared in a 10% su-
crose solution to reduce the osmotic pressure on the cells, as
suggested by Koivisto et al. 2017.%! For both ALG/GG blends,
the ALG stock solution was pre-warmed to 37 °C before addition.
The 1.5% ALG/0.5% GG blend was prepared by mixing 3% (w/v)
ALG stock solution to 1.5% (w/v) GG stock solution (pre-heated
to 45 °C) and toping up the respective volume with sterile dH,O
to yield the final concentrations. By additionally supplementing
the sterile dH, O with 0.1% (w/v) LAM stock solution in TBS, a fi-
nal blend of 1.5% ALG/0.5% GG/0.01% LAM was obtained. Simi-
larly, 0.3% ALG/0.8% GG blends were prepared by mixing the 3%
(w/v) ALG stock solution to the 1% (w/v) GG stock solution and
toping up the volume with sterile dH,O. The addition of 0.1%
(w/v) LAM stock solution in TBS resulted in a 0.3% ALG/0.8%
GG/0.01% LAM blend. Both blends were cooled down to 37 °C
before the addition of LAM or sphere-laden LAM. The hydrogels
were crosslinked with CaCl2 (0.09 M; #1023780500, Merck) for
5 min.

FTIR: To assess the chemical composition of the hydrogel
blends, 1.5% ALG/0.5% GG/0.01% LAM and 0.3% ALG/0.8%
GG/0.01% LAM hydrogels were analyzed using FTIR. The 0.9%
GG and 1% ALG gels served as controls. The gels were frozen
(—80 °C) and freeze-dried using a lyophilizer (LD-12 plus, Mar-
tin Christ). Attenuated total reflectance (ATR-FTIR) spectra were
recorded with an infrared spectrometer (Nicolet 6700, Thermo
Scientific, USA).

SEM: The hydrogels were washed using phosphate buffered
saline (PBS +/+; 14040133, Gibco) and fixed using 3% (v/v) glu-
taraldehyde and 3% (v/v) paraformaldehyde solution (in 0.2 M
sodiumcacodylate buffer, pH 7.4, all Sigma Aldrich) for 1 h at 22
°C (room temperature), respectively. Next, the samples were de-
hydrated by an ascending ethanol series (30, 50, 70, 75, 80, 85, 90,
95, and 99.8%) for 30 min each and subsequently critical point
dried by liquid CO, exchange using a critical point dryer (EM
CPD300, Leica). SEM images were recorded at 1 kV using sec-
ondary electron (SE) detection with an Auriga CrossBeam unit
(Carl Zeiss Microscopy GmbH).

Mechanical Testing: To assess the mechanical properties of
the hydrogels, cylindrical hydrogel specimens were fabricated us-
ing custom made cylindrical silicone molds (diameter = 10 mm,
height = 5 mm). Unconfined compression tests were performed
using an Instron 5967 mechanical testing setup (Instron GmbH)
using a 100 N load-cell and a compression deformation rate of
1 mm X min~'. The samples were compressed until reaching
15% compressional strain. Initial bulk gel stiffness was derived
as the slope in the linear elastic deformation regime of stress—
strain diagrams derived from stress relaxation experiments and
was evaluated as the slope of the linear elastic region between 5%
and 10% strain. Next, the samples were held at 15% strain and
the stress was recorded over time. Stress relaxation of the hydro-
gel cylinders was monitored, and the stress relaxation time t,;,
was quantified as the time after which 50% of the initial stress at
15% strain was dissipated in the hydrogels (n > 3), as described
earlier.l*”)

Degradation Study: The degradation of 0.9% GG, 1% ALG,
1.5% ALG/0.5% GG, and 0.3% ALG/0.8% GG gels was assessed
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by measuring the hydrogel mass over time. Therefore, six 50 pL
gels per condition were separately deposited in 60 mm petri
dishes (BD-Falcon) and cross-linked with CaCl, (0.09 m) for
5 min. Hydrogels were stored in PBS (+/+) at 37 °C and 5% CO,
between measurements. The weight of the hydrogels was mea-
sured with an analytical scale (A200S, Olympus) every other day,
by carefully removing the surrounding liquid completely, without
drying out the gel itself.

Cell Culture and Maintenance: The cultivation and neural
induction of hiPSCs was adapted from Hofrichter and Nimtz
et al.[’>1%] Briefly, hiPSC-IMRY0 lines were obtained from WiCell
and maintained under feeder-free conditions on Matrigel-coated
6-well plates (LDEV-free, #354277, Corning) in mTeSR1 medium
(#05850, StemCell Technologies), at 37 °C in a humidified atmo-
sphere of 5% CO,. The medium was changed on 6 days per week
by completely removing and replacing the medium with fresh
mTeSR1 (2 mL) culture medium. On the sixth day of feeding,
mTeSR1 (4 mL) was added, to substitute for the feeding-free sev-
enth day.

The neural induction of hiPSC cultures was performed by in-
cubating the cells with ROCK inhibitor (1 pm; Y-27632, #1254,
Tocris Biosciences) in mTeSR1 medium for 1 h at 37 °C and
5% CO,. Subsequently, the cells were washed with PBS includ-
ing Penicillin/Streptomycin (PAN-Biotech) and neural induc-
tion medium (NIM; 1 mL) was added. Colonies were then frag-
mented with a StemPro EZPassage Disposable Stem Cell Pas-
saging Tool (Thermo Fisher Scientific) and transferred into Poly-
HEMA-coated 6 cm dishes (#P3932, Merck) with NIM (5 mL).
ROCK inhibitor (10 pm) was added for at least 24 h. The medium
was changed every second day. On day 7, spheres were collected
and transferred into new Poly-HEMA-coated 6 cm dishes with
NIM and hFGF (10 ng mL~!; #233-FB, R&D Systems) and the
spheres were cultured for another 14 days. On day 21 the gener-
ated hiNPCs were transferred into new Poly-HEMA-coated 10 cm
dishes with NPC proliferation medium and hFGF (20 ng mL™1).
Cells were fed every second day with NPC proliferation medium
and chopped to 0.2 mm when exceeding a size of 0.5 mm, or
when clumping occurs (Mcllwain Tissue Chopper, Ted Pella). All
media compositions are listed in Supporting Information.

Preparation of Sphere-Laden Hydrogels: Proliferating hiNPC
spheres were pooled and chopped to a diameter of 0.1 mm.
The spheres were then resuspended in CINDA differentiation
medium and counted in a Nageotte chamber (Marienfeld). The
desired number of spheres (4.9 X 10° spheres mL™! gel) was
centrifuged at 2500 rpm for 5 min and resuspended in 0.1%
(w/v) LAM in TBS (final concentration 0.01% (w/v)). The cell-
LAM suspension was then added to the respective gel blend
and distributed by careful pipetting. For the generation of pre-
differentiated spheres, 0.3 mm proliferating spheres were sorted
into a small dish with CINDA medium.[3] Subsequently, one
sphere per well was added to a Poly-HEMA coated 96-well U-
bottom plate (Sarstedt). The spheres were pre-differentiated in
CINDA medium for 1 week at 37 °C in a humidified atmosphere
at 5% CO, and subsequently embedded as described above.

ICC: Samples were fixed with 4% paraformaldehyde
(#P6148, Sigma Aldrich) for 30 min at 37 °C, followed by
three PBS (+/+) washing steps, 5 min each. Gels were then
pre-blocked for 2 h with 10% (v/v) goat serum (#G9023, Sigma
Aldrich) in 0.1% (v/v) Triton X 100 (#T8787) in PBS (PBS-T).
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The desired primary antibodies were diluted in 10% goat serum
in PBS-T. Subsequently, the antibody solution was added to
the samples and incubated at 4 °C overnight. Samples were
washed three times for 1 h with PBS (+/+). Then, the relevant
secondary antibodies and Phalloidin-Alexa488 (1:70, A12379,
Life Technologies) were added to 1% Hoechst (33258, Sigma
Aldrich) and 2% goat serum in PBS (+/+). The samples were
again incubated at 4 °C overnight. Finally, the samples were
washed three times for 1 h with PBS (+/+) and stored in PBS
(+/+) until they were imaged with the confocal laser scanning
microscope TCS SP8 (Inverse DMi8CS, Leica Microsystems).
Maximum intensity projections of recorded Z-stacks were con-
structed using Fiji Image ] 1.52p.[”! All antibodies are listed in
Supporting Information.

Calcium Imaging: Non-pre-differentiated hiNPCs were em-
bedded in 50 pL gels and cultured in 96-well plates in differen-
tiation medium for 21 days. 1-week pre-differentiated spheres
were embedded in 100 pL gels and cultured in a 96-well plates
in differentiation medium for 1 week. Gels were subsequently
transferred into small Petri dishes containing standard artificial
cerebrospinal fluid (ACSF, containing in mM: 130 NaCl, 2.5 KCl,
2 CaCl,, 1 MgCl,, 1.25 NaH,PO,, 26 NaHCO,, and 10 glucose,
bubbled with 95% O, and 5% CO,; pH: 7.4 & osmolarity: 305—
310 mOsmy/l). Subsequently, gels were placed in a bath filled with
ACSF and cut into 250 pm thick slices using a vibratome (HM650
V, Thermo Fisher Scientific). For ratiometric calcium imaging,
slices were transferred into standard ACSF which contained 15
pM Fura-2 AM (Molecular Probes, Invitrogen) and loaded for
30 min at 36 °C in a humidified incubator at 5% CO, /95% O,, fol-
lowed by a washing step in ACSF for 30 min. Fura-2 loaded slices
were then placed in a recording chamber, fixed with a grid, and
continuously perfused with ACSF. Experiments were performed
at room temperature (20-24 °C).

Calcium signals were recorded using a widefield epifluores-
cence imaging system based on an Eclipse FN-PT upright mi-
croscope (Nikon), equipped with an Orca FLASH 4.0 camera
(Hamamatsu Photonics) and a 40x/0.80 LUMPlanFI water im-
mersion objective (Olympus). Imaging was controlled by the soft-
ware NIS-Elements AR 4.5 (Nikon). Fura-2 was alternately excited
at 357 nm (insensitive) and 380 nm (sensitive wavelength) at an
imaging frequency of 10 Hz. After background correction, the
ratio of the fluorescence emission (R) obtained from individual
regions of interest representing cell bodies (ROIs) was calculated
using the software NIS-Elements AR 5.0 (Nikon). Measurements
were analyzed using OriginPro 2020 (OriginLab Corporation)
and Microsoft Excel 2016 (Microsoft Corporation). Background-
corrected traces of the Fura-2 ratio of the individual ROIs were
normalized to their initial baseline (as determined during the
first signal-free 30 s of measurement), baseline corrected and a
smoothing filter (Savitzky-Golay: 15 Points) was applied. Cells
were considered “active,” if they exhibited calcium signals with
peaks > the fivefold standard deviation relative to their individ-
ual baseline fluorescence. For each ROI and calcium signal, the
average frequency (number of signals during a 10 min record-
ing), the peak amplitude AR/R (in %), and the Full Width at Half
Maximum (FWHM, in s) were analyzed.

3D Bioprinting: A computer-aided design model for the bio-
printing of hydrogels onto the electrodes of a 24-well multiwell
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microelectrode array (MEA) plate was designed in Autodesk In-
ventor Professional 2020. The printing was carried out with an
EnvisioTEC 3D-Bioplotter (Manufacturers Series), using a nozzle
with 200 pm inner diameter (7018417, Nordson EFD). The print-
ing parameters were optimized and ideal parameters were iden-
tified. The respective parameters for printing of 0.9% GG and the
gel blend 1.5% ALG/0.5% GG and 0.3% ALG/0.8% GG are listed
in Supporting Information.

Statistical Analyses: The material characterization data were
statistically analyzed in GraphPad Prism 9.0, using one-way
ANOVA and Bonferroni post-hoc tests. Significant differences
among means between the different materials were indicated as
*p < 0.05. Data derived from calcium imaging measurements
were tested using a Mann-Whitney—U-test. “N” represents the
number of hydrogels, “n” the number of single cells. P values
were represented as follows: * p < 0.05, ** p < 0.01, *** p < 0.001.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Neurotoxicity is caused by a large variety of compound classes and affects all life stages
from the developing child to the elderly. Studying for neurotoxicity often involves
animal models, which are very resource-intensive and bear the problem of species-
differences. Thus, alternative human-based models are needed to overcome these
issues. Over the last years, far-reaching advancements in the field of neurotoxicity were
made possible by the ability to reprogram human somatic cells into induced pluripotent
stem cells (hiPSC). These hiPSCs can be differentiated into neurons and astrocytes,
which spontaneously form functional neuronal networks (NN) in vitro. Microelectrode
arrays (MEA) are a valuable tool to assess the electrophysiology of such networks. This
chapter explains the neural induction of hiPSCs to human neural progenitor cells (hiNPC)
in the form of free-floating spheres and their subsequent differentiation into functional
neurons on MEAs. The measurement of the electrical network activity, as well as the

evaluation of the received data is described.
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Measurement of Electrical Activity of Differentiated Human
iPSC-Derived Neurospheres Recorded by Microelectrode
Arrays (MEA)

Kristina Bartmann, Julia Hartmann, Julia Kapr, and Ellen Fritsche

Abstract

Neurotoxicity is caused by a large variety of compound classes and affects all life stages from the developing
child to the elderly. Studying for neurotoxicity often involves animal models, which are very resource-
intensive and bear the problem of species-differences. Thus, alternative human-based models are needed to
overcome these issues. Over the last years, far-reaching advancements in the field of neurotoxicity were
made possible by the ability to reprogram human somatic cells into induced pluripotent stem cells (hiPSC).
These hiPSCs can be differentiated into neurons and astrocytes, which spontaneously form functional
neuronal networks (NN) in vitro. Microelectrode arrays (MEA) are a valuable tool to assess the electro-
physiology of such networks. This chapter explains the neural induction of hiPSCs to human neural
progenitor cells (hiNPC) in the form of free-floating spheres and their subsequent differentiation into
functional neurons on MEAs. The measurement of the electrical network activity, as well as the evaluation
of the received data is described.

Key words Neurotoxicology, Neurotoxicity, Human induced pluripotent stem cells (hiPSC), Human
induced neural progenitor cells (hiNPC), Microelectrode array (MEA), Neuronal network, Electrical
activity

1 Introduction

Adverse effects on the peripheral or central nervous system caused
by chemical, biological, or physical agents are referred to as neuro-
toxicity [1]. Substances such as metals (e.g., lead), industrial che-
micals (e.g., acrylamide), pharmaceutical drugs (e.g., doxorubicin),
pesticides (e.g., deltamethrin), and natural toxins (e.g., domoic
acid) have been shown to cause neurotoxicity [1, 2]. They are
often included in industrial, agricultural, and consumer products,
which must then be registered and approved by the European
Chemical Agency (ECHA) and the European Food Safety
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Authority (EFSA), prior to entering the European market.
Depending on the production volume, different toxicity tests
have to be conducted. Current neurotoxicity guideline studies
[3, 4] that precede the approval of such products are performed
in vivo and are thus highly resource-intensive with regard to time,
money, and animals [5]. Additionally, animal and human interspe-
cies variations greatly challenge the translation of the generated
data, especially for the nervous system [6—8]. Therefore, we are in
urgent need of animal-free alternatives that better mimic human
nervous system physiology [9]. The ability to reprogram human
somatic cells into induced pluripotent stem cells (hiPSC) [10] has
extensively advanced the field of neurotoxicity evaluation [ 11-14].

The use of human cellular models gave rise to a very important
component of hazard identification—the neurophysiological
assessment. Cultured in vitro, hiPSCs are able to grow, migrate,
and differentiate into functional neuronal networks (NN) [15-
19]. Important tools to study the electrophysiology of such NN
are microelectrode arrays (MEA). These integrated arrays of elec-
trodes, photoetched into a glass slide or “chip”, allow the simulta-
neous extracellular recording of electrical activity from a large
number of individual sites in one tissue [20]. So far, neurotoxico-
logical testing with MEAs has mainly been performed with rodent
NN [21-30]. However, the use of human in vitro cultures is
preferred, because responses to test compounds might be affected
by species differences in toxicodynamics [31-35]. For this reason,
human cells are increasingly used to measure neurotoxicity on
MEAs [36—40]. In this chapter, we describe the neural induction
of hiPSCs to free-floating neural progenitor cells (hiNPC), their
differentiation on poly-d-lysin (PDL)/laminin-coated MEAs and
the subsequent formation and measurement of functional NN
(Fig. 1) [15, 16].

2 Materials

2.1 Generation

of Human Induced
Neural Progenitor Cells
(hiNPC)

2.1.1 Preparation
of Neural Induction Medium
(NIM)

All cell culture procedures need to be performed in a Class II
Biological Safety Cabinet under sterile conditions. The cells are
cultivated in an incubator at 37 °C and 5% CO».

Mix DMEM (high glucose, GlutaMAX™ Supplement, pyruvate,
Thermofisher Scientific #31966-021) and Ham’s F12 Nutrient
Mix (GlutaMAX™ Supplement, Thermofisher Scientific #31765-
027) 3:1 and add 1% Penicillin-Streptomycin (10.000 U/mL,
Thermofisher Scientific #15140-122), 2% B27™ supplement
(serum-free (50x), Thermofisher Scientific #17504-044), 0.2%
Human recombinant epidermal growth factor (EGF, Thermo-
fisher Scientific #PHGO0313), 1% N2 Supplement (100x, Ther-
mofisher Scientific #17502-048), 20% KnockOut™ Serum
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Fig. 1 Experimental setup (adapted from Nimtz et al. [15]). Human iPSCs were neurally induced to hiNPC and
cultivated as free-floating 3D neurospheres. Neurospheres proliferate in neural proliferation medium (NPM)
supplemented with basic fibroblast growth factor (FGF2) and epidermal growth factor (EGF). By mechanical
passaging with a razorblade (chopping), neurospheres are cut into small pieces (100pm) and directly plated
onto a PDL-Laminin-coated mwMEA plate. In CINDA the NN differentiate and can be cultured for multiple
weeks. The electrical activity can be measured from day 7. D/V: days in vitro

2.1.2 Preparation

of Neural Proliferation

Medium (NPM)

Replacement (KSR, Thermofisher Scientific #10828-028), 10pM
SB-431542 hydrate (Sigma #S4317, dissolved at 10 mM in
DMSO), and 0.5pM LDN-193189 hydrochloride (Sigma

#SML0559, dissolved at 500uM in ultrapure water).

The medium can be stored at 2—-8 °C for at least 3 weeks. Warm

it to 37 °C prior to use.

Mix DMEM (high glucose, GlutaMAX™ Supplement, pyruvate,

Thermofisher Scientific #31966-021) and Ham’s F12 Nutrient

Mix (GlutaMAX™ Supplement, Thermofisher Scientific #31765-
027) 3:1 and add 1% Penicillin-Streptomycin (10.000 U/mL,
Thermofisher Scientific #15140-122), 2% B27™ supplement
(serum-free (50x), Thermofisher Scientific #17504-044), and
0.2% human recombinant epidermal growth factor (EGF, Ther-
mofisher Scientific #PHGO0313). Previously, EGF is dissolved at
10pg/mL in sterile PBS, containing 0.1% bovine serum albumin
(BSA, Serva #11920) and 1 mM DL-Dithiothreitol solution (DTT,

Sigma #646563-10x). EGF is stored at —20 °C.

The NPM, containing supplements, antibiotics, and growth
factors, can be stored up to 2 weeks at 2-8 °C. Prior to use, warm
it to 37 °C and add basic human recombinant fibroblast growth
factor (FGF2, R&D Systems #233-FB) to a final concentration of
20 ng/mL. FGF2 is dissolved at 10pg/mL in sterile PBS, contain-
ing 0.1% bovine serum albumin (BSA, Serva #11920) and 1 mM
DL-Dithiothreitol solution (DTT, Sigma #646563-10x). The
reconstituted FGF2 can be stored for a maximum of 3 months at

—20 °C.
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2.1.3 Preparation
of Poly-HEMA Solution

2.1.4 Neural Induction

2.2 Multiwell
Microelectrode Arrays
(mwMEAs)

2.2.1 Preparation
of Differentiation
Medium—CINDA

2.2.2 Differentiation
on Poly-p-Lysin/
Laminin-Coated
24-Multiwell MEAs

Dissolve 1.2 g of Poly(2-hydroxyethyl methacrylate) (Poly-HEMA,
Sigma-Aldrich #P3932) in 40 mL ethanol (94.8%) using a mag-
netic stirrer for 5-16 h (see Note 1).

— 1PSC (IMR90) clone (#4), WiCell (see Note 2).
— mTeSR1, Stemcell Technologies #05850.

— Corning® Matrigel® Growth Factor Reduced (GFR) Basement
Membrane Matrix, Phenol Red-free, LDEV-free, Corning
#356231.

— Y-27632 (Rock Inhibitor), Tocris #1254, diluted to 10 mM in
ultrapure water.

— StemPro™ EZPassage™ Disposable Stem Cell Passaging Tool,
Thermofisher Scientific #23181010.

— Corning® cell lifter, Merck #CLS3008.

— Mcllwain tissue chopper, Mickle Laboratory Engineering
Co. Ltd.

— NIM (see Subheading 2.1.1).
— NPM (see Subheading 2.1.2).

— Dulbecco’s phosphate-buffered saline with CaCl, and MgCl,
(DPBS, 1x, Gibco).

— Culture dish (10 cm and @6 cm).

Mix DMEM (high glucose, GlutaMAX™ Supplement, pyruvate,
Thermofisher Scientific #31966-021) and Ham’s F12 Nutrient
Mix (GlutaMAX™ Supplement, Thermofisher Scientific #31765-
027) 3:1 and add 1% Penicillin-Streptomycin (10.000 U/mL,
Thermofisher Scientific #15140-122), 2% B27™ supplement
(serum-free (50x ), Thermofisher Scientific #17504-044), 1% N2
Supplement (100 x, Thermofisher Scientific #17502-048), 5 mM
creatine monohydrate (Sigma #C3630), 100 U/mL human
recombinant interferon-y (IFN-y, Peprotech #300-02), 20 ng/
mL human recombinant neurotrophin-3 (Peprotech #450-03)
and 20pM L-Ascorbic acid (Sigma #A5960).

Store the medium at 2-8 °C for up to 2 weeks. Warm the
differentiation medium to 37 °C and add 300pM N°,2°-O-Dibu-
tyryladenosine 3',5'-cyclic monophosphate sodium salt (Dibu-
tyryl cAMP, Sigma #D0260) prior to use (see Note 3).

— 24-Well plate with PEDOT electrodes on glass (mw-MEA),
Multichannelsystems #24W300,/30G-288.

— Poly-p-lysine hydrobromide (PDL), Sigma #P0899.

— Laminin from Engelbreth-Holm-Swarm sarcoma basement
membrane (Laminin, working solution: ¢ = 1 mg/mL), Sigma
#1.2020 (see Note 4).
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2.2.3 Devices
and Software for mwMEA
Recordings and Analysis

2.3 Lactate-
Dehydrogenase Assay

— Autoclaved ultrapure water.

— Mcllwain tissue chopper, Mickle Laboratory Engineering
Co. LTD.

— Dulbecco’s phosphate-buffered saline with CaCl, and MgCl,
(DPBS, 1x, Gibco).

— Counting Chamber Nageotte, Marienfeld #KHY3.1.

— Multiwell-MEA
MCS GmbH.

— Multiwell-Screen, Version 1.11.6.0, Multi Channel Systems
MCS GmbH.

— Multiwell-Analyzer, Version 1.8.6.0, Multi Channel Systems
MCS GmbH.

headstage, Multi  Channel  Systems

e CytoTox-ONE Homogenous Membrane Integrity Assay Kit
(#G7891, Promega; —20 °C).

— Substrate mix.

— Assay butffer.
e Triton X-100 (10% in H,O), Sigma-Aldrich #18787.
e CINDA (see Subheading 2.2.1).
e 96-Well plate compatible with fluorometer.

e Fluorescence plate reader with excitation 530-570 nm and
emission 580-620 nm filter pair.

3 Methods

3.1 Neural Induction
of hiPSCs into Human
Induced Neural
Progenitor Cells
(hiNPG)

All experiments need to be performed under sterile conditions.

During embryogenesis the human central nervous system develops
from the ectoderm, one of the three germ layers that compose the
entire body. These complex procedures can now be taken into a
dish due to the unique technique of stem cell differentiation. In
vitro, pluripotent stem cells, such as hiPSCs, can be directed to the
ectodermal lineage by using neural induction media (NIM). The
NIM used in this protocol is based on dual SMAD inhibition, and
contains the small molecules LDN-193189 and SB431542
[15]. These factors inhibit TGF-p and SMAD signaling pathways
and thereby prevent differentiation into non-neural ectodermal
directions [41]. The neural induction is performed in Poly-
HEMA-coated culture dishes to prevent cell adhesion to the dishes’
surface and to ensure neurosphere formation. From day 7, 10 ng/
mL FGF2 are added to the NIM. On day 21, the NPCs are
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transferred to the NPM for further maintenance. With time, the
neurospheres grow and need to be reduced in size by cutting into
smaller pieces in order to avoid a necrotic sphere core (chopping;
[42]). By using this method, neurospheres can be expanded and
cultivated of over several months. The number of possible passages
depends on the cell line.

1.

10.

11.

12.
13.

Add 1.5 mL Poly-HEMA solution to a 6 cm, or 3 mL to a
10 cm, culture dish and distribute the solution evenly across
the surface. Let the solution evaporate overnight under sterile
conditions or at least for 2 h (see Note 5).

. The iPSC colonies are cultivated on Matrigel in a 6-well plate,

with mTeSR1 medium. Assess the cell morphology under a
microscope. If there are differentiated cells, mark the culture
dish at the respective point and scratch off the cells with a
pipette (see Note 6).

. Add 10pM Y-27632 into the culture medium and swivel the

plate in order to distribute it evenly.

. Incubate the cells for 1 h at 37 °C and 5% CO,.

. After the incubation, discard the medium and wash each well

with 1 mL pre-warmed DPBS.

. Add 1 mL NIM with 10pM Y-27632 to the culture and cut the

iPSC colonies into pieces by rolling them with StemPro™
EZPassage™ Disposable Stem Cell Passaging Tool once from
top to bottom and once from left to right (see Note 7).

. Scrape the resulting cell-clusters oft the plate using a cell lifter.

Use a microscope to make sure that uncut colonies are not
lifted from the edge of the well.

. Transfer the scratched colonies of each two wells to one 6 cm

Poly-HEMA-coated culture dish and add 5 mL NIM including
10puM Y-27632 to each dish to reach a final volume of 7 mL.

. After 2 days, move the culture dish in small circles to collect the

formed neurospheres in the middle of the dish and replace

3.5 mL culture medium with the same volume NIM, without
Y-27632.

Place the dishes into the incubator and carefully move the dish
six times horizontally left and right as well as back and forth to
distribute the spheres evenly and to avoid clumping.

Replace half of the medium every other day by following
instructions 9 and 10.

Starting from day 7, add 10 ng/mL FGF2 to the NIM.

On day 21, collect all neurospheres by gathering them in the
middle of the dish and transfer them into a 10 cm Poly-
HEMA-coated culture dish. Further cultivate them in 20 mL
NPM with 20 ng/mL FGE2.
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3.2 Recording
Electrical Activity
of Neural Networks
with mwMEAs

14. Replace half of the media with fresh NPM every other day, by
following instructions 9 and 10.

15. Neurospheres with a diameter of 0.7 mm or above are mechan-
ically passaged with a razor blade (chopped). This is necessary
approximately every 7 days.

16. For chopping, use the Mcllwan tissue chopper and attach a
sterilized razor blade onto the chopping arm. Make sure the
razor blade is positioned correctly and screwed on tightly
(see Note 8).

17. Adjust the chop distance to 0.25 mm.

18. Transfer neurospheres from the culture dish to the lid of a
sterile 6 cm culture dish, with less medium as possible. Remove
the supernatant medium, to prevent moving of neurospheres
during the process.

19. Place the lid in the holder of the tissue chopper, move it to the
start position, and start the device, by pressing “reset”.

20. Stop the tissue chopper when the razor blade reached the end
of the dish lid, rotate the lid 90°, and repeat step 19.

21. Resuspend the chopped neurospheres in 1 mL NPM by care-
tully pipetting up and down. Equally distribute the cell suspen-
sion into two to three new Poly-HEMA-coated culture dishes
(@ 10 cm), each with 20 mL NPM.

22. Cultivate the cells in an incubator at 37 °C and 5% CO,.

By plating the neurospheres as a monolayer onto an extracellular
matrix, here PDL and laminin, and cultivating them in neural
differentiation medium, they differentiate into an electrically active
NN. Laminin is one of the major integrin interaction factors and,
besides facilitating cell adherence, it supports growth, survival, and
functional development in iPSC-based neural cultures in vitro
[43]. The differentiation medium CINDA contains additional mat-
uration supporting factors (Creatine, Interferon-y, Neurotrophin-
3, Dibutyryl cAMP and Ascorbic acid) that support neuronal mat-
uration, synapse formation, and spontaneous NN activity
[15]. This NN activity can be measured on MEAs, which simulta-
neously derive the membrane potential of numerous neurons via an
electrode recording field. The here used 24-multiwell MEAs have
an electrode field of 12 PEDOT-coated gold-electrodes plus four
reference electrodes per well. Each electrode has a diameter of
30pm and an interelectrode distance of 300pm. The measured
neuronal activity is detected and displayed as spikes and bursts,
whereas each spike is derived from one action potential and several
consecutive spikes are defined as one burst. Another measurable
parameter is network bursts, which occur when the network
matures over time and develops a synchronous bursting pattern.
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Fig. 2 Measurement of electrical NN activity on mwMEA. (a) Representative phase-contrast images of a
human NN, differentiated on mwMEA electrodes for 12 days. (b) SRP of one well of a 24-mwMEA, after
10 days of differentiation. Each vertical black line represents a spike and each horizontal red bar represents a
burst. (¢) Spike train of the blue marked position in the SRP

During the measurement, the signals are shown as spike raster plots
(SRP) and spike trains (Figs. 2 and 3). By setting certain values and
thresholds, which have to be adapted for each network, the sensi-
tivity of the measurement can be adjusted and the background
noise can be filtered. The measurement data give information
about spike count, spike rate [Hz], burst count, mean burst dura-
tion [ps], mean burst spike count, percentage of spikes in a burst,
mean interburst interval [ps], and number of active electrodes, as
well as the same information about network bursts. The combined
data set allows a good characterization of the network activity and
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Fig. 3 Neuronal network activity before and during treatment with domoic acid. Domoic acid binds to
glutamate receptors with a higher affinity than glutamate itself. This results in an overreaction that can
lead to excitotoxicity and finally to cell death. The images show representative software screen shots after
10 DIV of the a) baseline activity and b) the activity during the treatment with 300 nM domoic acid (after wash-
in-phase of 5 min). Each vertical black line represents a spike and each horizontal red line represents a burst.
Software: Multiwell-Analyzer, Version 1.8.6.0, Multi Channel Systems MCS GmbH
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3.2.1 Differentiation
on PDL/Laminin-Coated
24-Multiwell MEAs

its response to neurotoxic substance exposure. In order to define a
valid experiment, the two parameters minimum spike rate/elec-
trode and number of active electrodes/well need to be monitored.
The limit values for these parameters can vary depending on the cell
line used.

1.

10.

11.

12.

13.

14.

Dilute PDL in sterile ultrapure water to reach a final concen-
tration of 100pg,/mL and store working stocks at —20 °C until
use. Prior to coating, thaw the PDL solution at 37 °C.

. Add 100pL PDL solution (100pg/mL) to each well of a

24-mwMEA plate and incubate at least for 1 h at 37 °C or for
48 hat4 °C.

. Thaw laminin in the fridge (4-8 °C) to avoid gel formation and

dilute the laminin with sterile ultrapure water 1:80 to obtain a
final concentration of 12.5 ng/mL.

. Aspirate the PDL solution and wash wells once with sterile

ultrapure water.

. Add 100pL laminin (12.5pg/mL) solution to each well and

incubate at least for 1 h at 37 °C (see Note 9).

. Aspirate the laminin solution, wash the wells once with sterile

ultrapure water, and directly use the coated plate.

. Chop the neurospheres to a size of 0.1 mm (for details see

Subheading 3.1, step 16-21).

. Resuspend the cut spheres in 1 mL prewarmed CINDA.

. Transfer 80pL of the cut spheres suspension into a Nageotte

counting chamber and count the sphere parts. Dilute the cut
spheres solution if necessary to reach a maximum of 4000
sphere parts/mlL.

Collect 200 sphere parts in up to 100pL. CINDA and caretully
pipet them directly onto the electrodes of a mwMEA well. The
solution should form a droplet on top of the electrodes. Allow

the spheres to settle and adhere to the well surface, by incubat-
ing the droplet for 2 h at 37 °C and 5% CO..

Add 1 mL CINDA to each well and incubate the plate at 37 °C
and 5% CO».

Feed the cells once a week, by replacing half of the medium in
each well.

From day 7, measure the electrical activity twice a week as long
as the neurons are electrically active (see Note 10). Preheat the
mwMEA headstage to 37 °C and gas the device with carbogen,
before adding the mwMEA. For parameter settings see Table 1.

Let the mwMEA acclimatize for 15 min, before starting the
15 min baseline recording.
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Table 1

Parameter settings for mwMEA measurement

Parameter Setting
Sampling rate 20,000 Hz
Low-pass filter type Butterworth
Low-pass-filter order 4

Low-pass filter cutoft frequency 3,500 Hz
High-pass filter type Butterworth
High-pass-filter order 2

High-pass filter cutoff frequency 300 Hz

3.2.2 Analysis of mwMEA
Recordings

15.

16.

1.

For acute toxicity measurements, stick to the following time
schedule:
¢ Baseline measurement: 15 min recording.

e Wash-in-phase: add the substance and equilibrate for 5 min.
e Treatment: 15 min recording.

e Cytotoxicity analysis: remove the medium and transfer it
into a new 24-well plate for cytotoxicity analysis (see Sub-
heading 3.3 for further details).

e Wash-out-phase: wash each well twice with CINDA to wash
out the substance.

Further cultivate the cells in fresh CINDA medium at 37 °C
and 5% CO,.

Load the .mwr file, which is automatically generated during
recording, into the Multiwell-Analyzer Software.

. Set the “Spike Detector Configuration” to an automatic

threshold estimation of 500 ms baseline duration and rising/
falling edge of 5x standard deviation (see Note 11).

. For the “Burst Detector Configuration” choose the following

settings (see Note 12):
e Max. Interval to start burst: 100 ms.

e Max. Interval to end burst: 100 ms.
¢ Min. Interval between bursts: 20 ms.
e Min. Duration of burst: 10 ms.

e Min. Spike count in burst: 3.

. To select active wells only, set the “Channel Selection Config-

uration” to a minimum of 5 spikes/minute (=0.083 Hz) for
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3.3 Assessment

of Cytotoxicity via the
Lactate-
Dehydrogenase Assay

each channel and a minimum of 3 active channels for each
well [21].

5. Run the analysis.

6. Check each channel for artifacts and defective electrodes
(see Note 13).

7. Export the analysis of all intact electrodes without artifacts asa .
csv file.

8. Open the .csv file and copy the data into a software for statisti-
cal analysis and data plotting.

To ensure that the adverse effects are due to neurotoxicity and not
cytotoxicity, we perform the Lactate-Dehydrogenase (LDH) Assay.
The substrate mix contains lactate, NAD", and resazurin. If the cell
membrane is damaged, the cytosolic lactate dehydrogenase enzyme
is released into the cell culture medium and can be quantified by
subsequent enzymatic reactions. LDH first catalyzes the conversion
of lactate to pyruvate, with a simultaneous reduction of NAD" to
NADH. By oxidation of NADH to NAD", the enzyme diaphorase
reduces resazurin to resorufin, which can be measured with a
fluorometer (excitation: 540 nm; emission: 590 nm). The amount
of produced resorufin is thus proportional to the amount of
released LDH. Cells with an intact membrane do not release
LDH and therefore no fluorescence is measurable in the culture
medium. Two controls are required to perform this assay: a 100%
cell lysis control (LC) and a background control (BG; culture
medium without cells). By lysing the cells of the LC with Triton
X-100, the maximum amount of LDH present is determined.

1. Prepare the CytoTox-ONE Reagent as indicated in the suppli-
er’s manual and protect it from light (see Note 14).

2. For the LC, add 10% (v/v) Triton X-100 solution 1:5 to the
desired number of wells (final concentration 2%).

3. Preincubate the LC for 30 min at 37 °C and 5% CO,.

4. Transfer the complete medium of each well into a new 24-well
plate.

5. Transfer 50pL. medium of each well of interest of the 24-well
plate into a 96-well plate, including the LC and the BG.

6. Add 50pL CytoTox-ONE Reagent to each of the wells.
7. Incubate at room temperature for 2 h, protected from light.

8. Measure the fluorescence of the samples at an excitation wave-
length of 540 nm and an emission wavelength of 590 nm in a
plate reader (see Note 15).

9. Calculate the mean of all technical replicate measurements and
normalize data by subtracting the mean of the BG from the
mean of the different conditions.
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10.

11.

Calculate the values of each condition as percent of the mean of
the LC.

The results of at least three independent experiments are
pooled, and mean, standard deviation (SD), and standard
error of the mean (SEM) are calculated. Data analyses, statisti-
cal analyses, and data plotting are performed in GraphPad
Prism, using OneWay ANOVA and Bonferroni’s post hoc test.

4 Notes

10.

11.
12.

13.

. The Poly-HEMA solution is stable for up to 2 months at 4 °C.
. When using a different hiPSC line, the protocol may have to be

adapted.

. Dibutyryl cAMP is sensitive to light and moisture. The CINDA

medium should therefore not be exposed to light for more than
1 h.

. The product concentration depends on the batch number and

has to be adjusted to 1 mg/mL with autoclaved ultrapure
water.

. Poly-HEMA-coated dishes can be used for up to 3 months if

stored sealed at room temperature and in the dark.

. 1PSCs are small and round in shape and have a high nucleus-to-

cytoplasm ratio, with prominent nucleoli. Differentiating cells
have a lower nucleus-to-cytoplasm ratio and the morphology
differs visibly from the original round shape.

. We banked our hiPSCs so that we can start each neural induc-

tion with a similar passage number. We use the cells starting
from passage 3 post-thawing at the earliest and up to passage
10 post-thawing at the latest. This must be adapted for other
cell lines.

. Each side of a razor blade can be used three times.

. PDL/Laminin-coated plates can be stored in the refrigerator

(4-8 °C) for a maximum of 2 weeks prior to use.

During cell differentiation, the burst behavior changes and
begins to synchronize as the network matures. For this reason,
exposure to the same substance in different experiments should
always be carried out in the same time frame.

This eliminates the detected background signals.

These settings need to be adapted to the specific cell signals and
vary depending on the cell line.

An artifact can be caused by external influences and is visible as
an exactly simultaneous signals on all electrodes. Furthermore,



486

Kristina Bartmann et al.

artifacts and defective electrodes can be excluded by observing
the spike signal that should resemble a waveform.

14. Aliquot unused CytoTox-ONE reagent and protect the
reagent from light. Aliquots should be labeled with preparation

date and reagent number and can be stored tightly capped at
—20 °C for 6-8 weeks.

15.

If the plate reader measures from above, remove the lid of the

plate before measurement.
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Abstract

Human induced pluripotent stem cells (hiPSC) are a promising tool for replacing animal-based experiments. To warrant
data reproducibility, quality-controlled research material is recommended. While the need for global harmonization of
quality standards for stem cell banking centers, commercial providers, pre-clinical and clinical use of cells is well doc-
umented, there are no recommendations available for quality control of hiPSC in an academic research environment
to date. To fill this gap, we here give an example of a quality-controlled, two-tiered banking process producing a fully
characterized master cell bank (MCB) and partially characterized respective working cell banks (WCB). Characteri-
zation includes the study of morphology, mycoplasma contamination, cell line identity, karyotype stability, cell antigen
expression and viability, gene expression, pluripotency, and post-thaw recovery. Costs of these procedures are cal-
culated. We present the results of the proposed testing panel of two hiPSC MCBs and show that both fulfil the defined
specifications regarding the above-mentioned characterization assays during and upon banking. In conclusion, we
propose a panel of eight assays, which are practical and useful for an academic research laboratory working with
hiPSCs. Meeting these proposed specifications ensures the quality of pluripotent stem cells throughout diverse experi-

ments at moderate costs.

1 Introduction

The development of human induced pluripotent stem cells
(hiPSCs; Takahashi et al., 2007) bears immense opportunities for
basic research, toxicological screening efforts, and next genera-
tion human safety assessment (Pistollato et al., 2012; Fritsche et
al., 2020). Human iPSCs have distinct advantages compared to
human embryonic stem cells (hESC), including similar self-re-
newal and pluripotency capacity, while raising fewer ethical con-
cerns regarding their derivation process (Fritsche et al., 2020).
Especially during the last decade, the use of hiPSCs has become
increasingly popular in basic research (Liu et al., 2020), which
results in a need for standardized technologies for hiPSC applica-
tions to enable the comparison between various experiments and
researchers from different laboratories (Maddah et al., 2014).
According to a Nature survey of over 1,500 researchers in
2016, between 70% and 50% failed to reproduce another sci-

entist’s or even their own experiments, respectively (Baker and
Penny, 2016; Miyakawa, 2020). Among the factors contributing
to this reproducibility crisis are selective reporting, low statisti-
cal power, or poor analysis and experimental design (Baker and
Penny, 2016). In addition, poor starting material — especially for
hiPSC research — can be a severe source of irreproducibility (Sta-
cey et al., 2013; Pamies et al., 2017). Therefore, already in 2013
“an urgent need” to establish routine screening methods for the
characterization of quality-controlled stem cells was

(Stacey et al., 2013; Crook et al., 2017).

While there is guidance available for Good In Vitro Methods
Practices in general (OECD, 2018) or stem cell-based Good Cell
Culture Practice (Pamies et al., 2017, 2018, 2020),
giving detailed insights into the broad subject of quality assur-
ance (QA) and quality control (QC) of in vitro (stem cell-based)
methods, these leave the average academic researcher with a
plethora of QC assays, discussing pros and cons that might or
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might not be of relevance to their [1 [J [] néeds. More specif-
ic guidelines exist that address the need for global harmoniza-
tion of quality standards for stem cell banking centers and com-
mercial providers (ISCBI, 2009; Ntai et al., 2017; Pamies et al.,
2017) or for future pre-clinical and clinical use of cells (McNutt,
2014; Baghbaderani et al., 2015; Kim et al., 2017, 2019; Ab-
bot et al., 2018; Sullivan et al., 2018). But to date no [J [1 [] [J
“hands on” guidelines are available for cell culture, banking and
characterization of hiPSC that have been accessed from exter-
nal sources such as commercial vendors or iPSC biobanks for
use in an academic basic research environment (Li et al., 2015;
Baker, 2016). It is certainly not feasible for hypothesis-driven
academic research to perform the QC requirements of legal au-
thorities, but undoubtedly also academic research [ [ [] [from
applying some of the QC concepts developed for regulatory pur-
poses (Dekant, 2016).

Uncertainties in the choice of QC procedures and their stan-
dardization as well as prima facie fears of high costs and de-
manding labor contribute to the fact that, despite their high im-
portance for hiPSC research, QC assays are rarely standardized
in academic laboratories (Lenz et al., 2015; Suter-Dick et al.,
2015; Scudellari, 2016). However, two arguments clearly sup-
port the implementation of QC procedures into academic re-
search: (i) costs for QC are negligible compared to the [ (] [] []
and reputational burden that might be incurred when years of re-
search are in vain due to non-reproducibility of data (Suter-Dick
et al., 2015) and (ii) the societal responsibility based on the pub-
lic’s [J [ [ [lihvestment into research (Munafo et al., 2017) —
not to mention the individual researcher’s satisfaction gained
from reproducible experiments.

The United States National Institutes of Health (NIH) already
recognized the issue of reproducibility in (academic) cell culture
studies in 2015 (NIH, 2015). Aspects [0 [1 [0 [] laslérucial for
quality assurance were (hiPSC) cell line identity, genomic sta-
bility, pluripotency, and residual reprogramming factors. Imple-
menting routine tests for such QC parameters into the stem cell
community is facing a lack of consensus about standards, poli-
cies and practices, yet is necessary to ensure the highest quality
and uniformity of stem cell lines (Yaffe et al., 2016).

We tackled this challenge by proposing a two-tiered hiPSC
banking approach as recommended by the International Stem
Cell Banking Initiative (ISCBI, 2009) and others (Coecke et
al., 2005; Pistollato et al., 2012). This approach combines easy
to apply characterization assays and QC release criteria for an
hiPSC master cell bank (MCB) and a shortened testing scheme
for second-tiered working cell banks (WCB). This two-tiered
scheme of culturing, banking, and testing will ensure consistent
quality and performance of hiPSCs employed for basic research
(Fig. 1). We show that a selection of assays for hiPSC character-

&

ization (Adler et al., 2007; Pistollato et al., 2012) is [0 [1 [1 [ [
feasible, and affordable to achieve reproducible cellular models
in an academic setting that can subsequently serve as the basis
for further test development.

2 Materials and methods

Cell culture and characterization assays were performed accord-
ing to detailed standard operation procedures (SOPs) developed
and implemented within our laboratory.

2.1 Cell culture

2.1.1 Celllines

One vial of the hiPSC line IMR90-C4 was purchased
(#1PS(IMR)90-4-DL-01, WiCell, Madison, Wisconsin, USA),
and the knock-in IMR90-C4 ACTB-24-LifeAct-eGFP line
(DU22; short Life-Act-eGFP) was generated using CRISPR/
Cas9 (Rossi et al., unpublished). IMR90-C4 were cultivated
on laminin (LN) 521-coated 6-well plates (see 2.1.1.1) in iPS-
Brew medium (see 2.1.1.2) except for assay 5 (cell antigen ex-
pression), for which the cells were transitioned to Matrigel (MG)
and mTeSR (see 2.1.2.4). Life-Act-eGFP were cultivated on
MG-coated 6-well plates (see 2.1.1.1) in mTeSR1 medium (see
2.1.1.2).

2.1.1.1 Coating of plates
LN521: One vial of 5 mL LN521 (#LN521-05; BioLamina AB,
Sweden) was slowly thawed at 4°C for approx. 45 min (solu-
tion should be transparent and clear without ice inside), aliquot-
ed, and stored at -20°C until further use. Coating: LN521 stock
solution was thawed at 4°C as described above and diluted
1:20 in PBS® by pipetting LN521/PBS solution up and down
5 times. 1 mL of this working solution (resulting in 0.5 pg/cm?)
was added per 6-well plate well, and it was ensured that the en-
tire well surface was covered. Cell culture plates were sealed
using [ [ [J [® to prevent evaporation and contamination and
incubated at 4°C overnight. Coated plates can be used for up to
4 weeks. When plates were needed to seed cells, they were [1 [1
equilibrated at RT for at least 15 min. The remaining LN521/
PBS solution was aspirated and directly replaced with 2 mL of
fresh hiPSC medium before cells were plated (see 2.1.2.3).
MG: One vial of MG (#356231; Corning, USA; alter-
natively, #354277 can be used) was thawed overnight on
ice at 4°C, and 1000 pL pipette tips were precooled at 4°C
overnight. Once MG was thawed, it was swirled to en-
sure that the material was evenly dispersed. MG was kept
on ice during the whole procedure described and diluted 1:1

Abbreviations

AB, antibody; aCGH, array comparative genomic hybridization; AFP, a-feto protein; D, day; d.o.p., depending on provider; EB, embryoid body; FISH, fluorescent in situ
hybridization; FMO, fluorescence minus one, Fvs, fixable viability stain; hRESC, human embryonic stem cells; hiPSC, human induced pluripotent stem cells; hPSC, human
pluripotent stem cells; ISCBI, International Stem Cell Banking Initiative; kbs, kilobase pairs; LN, laminin; MCB, master cell bank; MG, Matrigel; N2, liquid nitrogen; n.a.c.,

no additional costs; NIH, National Institutes of Health; NS, novelty score; P, passage; PBS, phosphate-buffered saline; Pen/Strep, penicillin/streptomycin; PS, pluripotency
score; p.t., post thawing; QA, quality assurance; QC, quality control; RT, room temperature; SMA, smooth muscle actin; SNP, single-nucleotide polymorphism; SOP, standard
operation procedure; STR, short tandem repeat; TUBB3, B(lIl) tubulin; WCB, working cell bank
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Fig. 1: Schematic illustration of the
proposed two-tiered banking process
In tier 1, a vial of hiPSC is thawed,
cultivated, and expanded for at least

5 passages (P), and a Master Cell Bank
(MCB) is prepared and stored in the

vapor phase of liquid nitrogen (N2). Full
quality control (QC) of cells including all

8 proposed assays (see Tab. 4) must

be performed at the point of freezing to
ensure the quality of the cells at the time
of freezing. In tier Il, a vial of the MCB

is thawed and cultivated for at least 3
passages under the respective conditions.
Then cells are switched to desired culturing

l then switch to desired |culturing condition

WCB I

e.g. cluster, medium
X, matrix X

e.g. single cells,
medium X, matrix X

partial QC

WCB llI

e

e.g. cluster, medium
X, matrix Y

Cell Banks (WCBs) are frozen in vapor
phase of N2. One WCB is generated for
each culturing condition needed for the
respective project for which the cells are
designated (e.g., single cells vs. clusters,
different media, different matrices). Here
only partial QC is performed.

l conditions, expanded, and Working

with cold KnockOut™ DMEM (#10829018; Thermo Fish-
er [ [][][]USA). A precooled pipette tip was used to gen-
tly pipette the MG and ensure homogeneity. 0.5 mL aliquots
of diluted MG were prepared using precooled pipette tips
(tips need to be changed every time MG starts to clog at the
end of the tip). MG aliquots were stored at -20°C until fur-
ther use. Coating: For coating of 6-well plates, one MG ali-
quot was placed into a class II biological safety cabinet, and
1 mL cold KnockOut™ DMEM medium was added on top of
the still frozen MG and mixed by shaking and inverting of the
tube. 13.5 mL KnockOut™ DMEM were added using a 10 mL
serological pipette, and the solution was mixed by pipetting up
and down (trying to avoid air bubbles and ensuring that no pel-
lets were left inside the tube). Then 1 mL of this working solu-
tion was added per 6-well plate well, and it was ensured that
the entire well surface was covered (one aliquot should yield
14 wells). Cell culture plates were sealed using 7 [ [ [® to
prevent evaporation and contamination and were incubated at
RT for 1 h. After this, the coated plates were stored at 4°C and
could be used for up to 2 weeks. When plates were needed to
seed cells, they were [0 [Jequilibrated at RT for at least 15 min.
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Then the MG solution was removed, and 1 mL KnockOut™
DMEM was added to each coated well for washing. Knock-
Out™ DMEM was aspirated and directly replaced by 2 mL of
fresh medium before cells were plated.

2.1.1.2 Cell culture media
StemMACS™ iPS-Brew XF medium (iPSC-Brew; #130-104-
368; Miltenyi Biotech, Bergisch Gladbach, Germany): For iPS-
Brew medium preparation, the 10 mL vial of iPS-Brew 50x sup-
plement and 5 mL of penicillin/streptomycin (Pen/Strep; #P06-
07100; PAN Biotech, Aidenbach, Germany) were thawed at 4°C
for approx. 2 h before combining them with one 500 mL bottle of
iPS-Brew basal medium. Medium was mixed by shaking, aliquot-
ed into labelled (name of medium, volume, expiration date and
date of aliquoting) sterile 50 mL tubes and stored at -20°C until
further use. Aliquots were thawed at 4°C overnight when needed.
mTeSR™1 (mTeSR; 85850; STEMCELL Technologies Inc.,
Canada): For mTeSR medium preparation, 5x supplement was
thawed either overnight at 4°C or at RT and mixed thoroughly
before adding it to mTeSR basal medium. 5 mL Pen/Strep was al-
so added, and full medium was mixed well by shaking, aliquoted
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Fig. 2: Representative images of
IMR90-C4 scored for daily assessment
Score A: Perfect culture (large, dense
colonies; low to no differentiation visible)
and > 70% confluent; Score B: Good
culture (medium to large colonies; low

to medium differentiation visible) and

> 50% confluent; Score C: Fair culture
(small to medium colonies; medium to
low differentiation visible) and/or > 25%
confluent; Score D: Poor culture (poor
adherence, high amount of differentiation,
and almost no iPSC visible). Arrowheads
indicate areas of differentiation.

into labelled (name of medium, volume, expiration date and date
of aliquoting) sterile 50 mL tubes, and stored at -20°C until use.
Aliquots were thawed at 4°C overnight when needed.

2.1.1.3 Culture and splitting

Human iPSCs were supplied with 2 mL/well fresh medium 6 out
of 7 days a week. On the 6th day, the cells received double the
volume of medium (“double feed”) to survive the prolonged pe-
riod without medium replacement. For routine feeding, the spent
medium was aspirated and replaced immediately with fresh ful-
ly-supplemented medium equilibrated to RT. Human iPSCs were
incubated at 37°C and 5% CO,. Colonies were split when one
of the following criteria was reached: (i) colonies reached ap-
prox. > 70% [ [] [J [] L] (ii) colonies were too dense, (iii) cul-
tures showed increasing signs of differentiation, and/or (iv) indi-
vidual colonies in the well were too large. Stock solution of 0.5 M
EDTA (#15575020; Thermo Fisher [1 [] [] [1 [USA) was diluted
1:1000 in PBS) and then sterile (] [] [] [aliquoted, and stored at
RT (This 0.5 mM EDTA working solution is stable for 6 months
at RT.). For the work presented here, only cluster-based passaging
was used, and the standard splitting ratio was 1:8-1:12. Spent me-
dium was aspirated, and cultures were washed twice with 1 mL/
well 0.5 mM EDTA by swirling the wells gently and aspirating
the EDTA immediately. Then another 1 mL of EDTA was add-
ed and wells were incubated for 4 (cultures on LN521) to 5 (cul-
tures on MG) min at 37°C and 5% CO,. Afterwards, EDTA was
aspirated again, and 1 mL of respective hiPSC medium was add-
ed to the well with force, using a 1000 pL pipette tip. The medium
was triturated exactly twice (again with force: [ ['top of the well,
then bottom of the well) to loosen colonies from well surface. The
exact volume of the calculated split ratio of the cell suspension
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was transferred to an already prepared (see 2.1.1.1) new plate and
cultured at 37°C and 5% CO;. As a back-up, 1 mL fresh medium
was added to the freshly split well. This back-up well was dis-
carded the next day when split cells passed microscopic assess-
ment. Once a month, the spent medium was transferred to a new
well and incubated for an additional week (without cells) in order
to detect possible contaminations with bacteria and/or fungi.

2.1.1.4 Transition of matrix and medium

For assay 5 (cell antigen expression + cell count and viability),
IMR90-C4 cells were transferred from LN521 and iPS-Brew to
MG and mTeSR. [ [] [],[when cells scored A (for (1 [] [] [] seé
2.1.1.5) at daily assessment, they were split 1:8 onto MG, but
the medium remained 100% iPS-Brew. The medium was then
changed gradually: 75% iPS-Brew + 25% mTeSR on day 1 after
splitting, 50% iPS-Brew + 50% mTeSR on day 2, 25% iPS-Brew
+ 75% mTeSR on day 3 until cells were fully transferred to 100%
mTeSR medium on day 4 after splitting.

2.1.1.5 Daily assessment and scoring

hiPSC colonies were microscopically assessed and scored 6
times a week before feeding of the cultures according to the fol-
lowing scoring system (Fig. 2): (A) perfect culture with large,
dense colonies, low to no visible differentiation and > 70% con-
[ 1 11,(B) good culture with medium to large colonies, low to
medium visible differentiation and > 50% [ [1 [] (1 [J(C) fair
culture with small to medium colonies, medium to low visible
differentiation and/or > 25% [ [1 [] [1 (D) poor culture with
poor adherence, high differentiation and no visible hiPSC. On-
ly cells that scored A were used for further analysis. Bright (] []
images were taken using an inverted light microscope (CKX41,
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Olympus) equipped with a Color Mosaik 18.2 camera (Visitron
Systems) and the SPOT Advanced software (version 4.6.3.8).
Every time, overview (40x [ [0 [0 [1 [J [1 Olympus UPlanFLN,
4x/0.3 PhP) and close-up pictures (200x Olympus

LCACchN, 20x/0.40 PhP) were taken and archived.

2.1.2 Banking of hiPSCs

When a cell line is to be used over many experimental cycles
or in various projects, a two-tiered cell banking system consist-
ing of a MCB and a WCB (Fig. 1) is state-of-the-art. The MCB
is characterized extensively on the day of freezing (assays 1-8).
Cells from the MCB are expanded to form the WCBs, which are
characterized again (assays 1, 2, 3, 4, 5, and 8) on the day of
freezing. ,purchased (IMR90-C4) or generated (Life-Act-
eGFP) hiPSC lines were cultured for 5 passages after thawing of
the cells. Then hiPSCs were expanded to at least 6-8 full 6-well
plates (36-48 individual wells), of which a part was used for qual-
ity control assays 1-8 (except for 4, see 2.5 for details) and the
other wells were cryopreserved as described in 2.1.1.1. For dif-
ferent projects and culturing conditions (e.g., single cell culture
instead of clusters), different WCBs must be established. One vi-
al of the respective MCB is thawed, cells are cultured for at least
3 passages, and culturing conditions (e.g., matrix/medium) are
adjusted as needed (see also 2.1.1.4) before cells are again ex-
panded like for generation of a MCB, and wells are used either
for required quality control assays or liquid nitrogen stocks.

2.1.2.1 Cryopreservation of hiPSCs

Cryovials with internal thread (#710522; Biozym [ [1 [] [1 Gm#*
bH, Hessisch Oldendorf, Germany) were labelled with essential
cell line information (MCB/WCB ID, vial number, name of cell
line, passage number, date of freezing, initials of researcher) and
introduced into a Class II biological safety cabinet. Plates with
hiPSCs that were to be cryopreserved were introduced into the
same biological safety cabinet, and spent medium was aspirated.
It is important to not process more than three wells at a time to
avoid prolonged processing time and therefore ensure consistent
quality of frozen vials. Culture plates were tilted at a slight angle,
and medium was removed by aspirating from the bottom edge
of the well, ensuring minimal contact to the surface. Cells were
then washed twice by adding 1 mL 0.5 mM EDTA (#15575020;
Thermo Fisher USA) and gently swirled once be-
fore EDTA was aspirated immediately. Then another 1 mL
of 0.5 mM EDTA was added to the respective well, and cells
were incubated at 37°C and 5% CO; for 4 and 5 min (LN521 and
MG, respectively; this incubation time should be adapted to the
hiPSC line and matrix used). EDTA solution was aspirated and
replaced immediately with 2 mL CryoStem™ freezing medium
(#05-710-1E; Biological Industries, USA) and triturated exactly
twice to loosen colonies from well surface — the upper part of
the well (1), then the lower part of the well (2). 1 mL of cell sus-
pension was aliquoted into each labelled cryovial, and cryovials
were then placed in an isopropanol freezing container at -8§0°C
overnight. Next day, cells were transferred to a liquid nitrogen
tank for long-term storage. Of note, the cryopreservation process
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described here does not, strictly speaking, yield a homogeneous
batch of hiPSCs as not all hiPSCs of all wells were pooled and
then equally redistributed before freezing (e.g., as described in
Wagner and Welch, 2010; Liu and Chen, 2014; Shibamiya et al.,
2020). However, in our opinion such a procedure is not feasible
for all research laboratories, as often the infrastructure for such a
large-scale freezing process is not available.

2.1.2.2 Thawing of hiPSC clusters

Before starting the thawing procedure, appropriate amounts
of matrix-coated wells (2 6-wells per line) were prepared (see
2.1.1.1). Plates were allowed to equilibrate at RT for at least 30
min prior to starting of the thawing process.

A 15 mL conical tube was introduced into a Class II biologi-
cal safety cabinet and labelled according to the hiPSC line to be
thawed. 4 mL of ice-cold and 4 mL of hiPSC medium equilibrat-
ed to RT were also placed into the Class II biological safety cab-
inet. Cells to be thawed were removed from the liquid nitrogen
tank and devolatilized in the Class II biological safety cabinet
before they were thawed quickly at 37°C using a water bath un-
til only a small clump of ice (pea size) was still visible. Using a
1000 pL pipette tip, the cell solution was carefully transferred to
the prepared 15 mL conical tube. 1 mL of fresh, cold hiPSC medi-
um was added dropwise to the cell suspension, followed by 2 mL
cold medium. The vial was shaken gently to allow gradual equil-
ibration of the cells to the changing microenvironment after ev-
ery few drops and each respective additional mL. Another 1 mL
of cold hiPSC medium was added to the cryopreservation vi-
al for washing and then also transferred dropwise to the 15 mL
tube. Cells were centrifuged at 200 x g at RT for 5 min. The su-
pernatant was carefully aspirated, 4 mL of hiPSC medium at RT
were added, and the cell pellet was carefully dislodged using a
5 mL serological pipette by pipetting up and down not more than
twice. The supernatant was removed from prepared matrix-coat-
ed wells, and they were washed if appropriate (see 2.1.1.1).
2 mL per well cell suspension was added to each prepared ma-
trix-coated well, and the 6-well plate was moved in a shape of
8 three times to evenly distribute cells over the whole surface of
the well. Human iPSCs were incubated at 37°C and 5% CO,, and
medium was changed the next day.

2.2 Assay #1: Microscopic assessment of colony/

cell morphology

Microscopic assessment of the cells was performed as described
in 2.1.2.5. Colonies should represent score A (see also 2.1.1.5)
and appear compact, have smooth edges, and
not show signs of premature differentiation (e.g., cracks between
the cells that appear almost white). Cells should be round, small,
and have a high nucleus-to-cytoplasm ratio and prominent nucle-
oli (Wakui, 2017).

2.3 Assay #2: Mycoplasma PCR

Mycoplasma PCR was performed using the PCR Mycoplasma
Test Kit I/C (PK-CA91-1024, PromoCell, Heidelberg, Germany)
according to the manufacturer’s instructions. The kit includes a
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positive (DNA-fragment of the M. orale genome) and a negative
control and detects: 4. laidlawii, M. agalactiae, M. arginini, M.
arthritidis, M. bovis, M. cloacale, M. falconis, M. faucium, M.
fermentans, M. hominis, M. hyorhinis, M. hyosynoviae, M. opal-
escens, M. orale, M. primatum, M. pulmonis, M. salivarium, M.
spermatophilum, and M. timone. It is not suitable for detection of
M. pneumoniae, Ureaplasma urealyticum, or other clinically as-
sociated species that are not typically found as cell culture con-
taminants.

2.4 Assay #3: Short tandem repeat (STR) genotyping
At the time of banking, genomic DNA of one 6-well of hiPSC
was extracted using the peqGOLD Tissue DNA Mini Kit (VWR
International GmbH, Darmstadt) following the manufacturer’s
instructions.

For STR-analysis (carried out at the Institute of Forensic Med-
icine, University Clinic Duesseldorf), a single-source template
DNA (0.5 ng) was [ (] [J [ using the PowerPlex® 21 System
(Promega, USA). (1 [J [J [0 [1 Cproducts were mixed with WEN
Internal Lane Standard 500 and analyzed with an ABI 3130
Genetic Analyzer (Applied Biosystems®, USA). Results were
analyzed using GeneMapper® ID software, version 3.2. The
following genetic loci were analyzed: Amelogenin, D3S1358,
D1S1656, D6S1043, D13S317, Penta E, D16S539, D18S51,
D2S1338, CSF1PO, Penta D, THO1, vWA, D21S11, D7S820,
D5S818, TPOX, D8S1179, D12S391, D19S433, and FGA.

As it is theoretically possible to identify donors on the basis of
published STR (] (Pamies et al., 2017), we decided against
showing the results of all 21 analyzed STR loci (although all an-
alyzed loci matched between IMR90-C4 and Life-Act-eGFP hiP-
SC lines). Instead, we focus on the 14 already published loci:
D3S1358, D13S317, D16S539, D18S51, CSF1PO, THO1, vWA,
D21S11, D5S818, D7S820, TPOX, D8S1179, FGA, AMEL
(Cellosaurus CVCL_0347%).

2.5 Assay #4: Cytogenetic analysis by

classical G-banding

Cytogenetic analyses were performed using GTG-banding of
chromosomes adapted from Howe et al. (2014). In detail, when
cells were expanded for banking, one matrix-coated T25 [ [ []
with respective hiPSCs was prepared in parallel to ensure that
the cytogenetic analysis took place in the same passage the cells
were banked in. Cells were transferred to the Institute of Hu-
man Genetics (University Clinic Duesseldorf) and analyzed af-
ter a resting period of 24 h (Note that cells must be in prolifer-
ative phase, therefore cultures should not exceed a [] (][]

of 50% at time of transport). Culture medium was replaced the
next day (cells should have reached ~80% [ [ To arrest
cells in metaphase, 10 pL/mL colcemid (a spindle poison) was
added to the cultures and incubated for 2-5 h. An inverted micro-
scope was used to check for rounded cells. Cell supernatant was
transferred to a 15 mL conical tube, which was set aside for later
use. Cells were gently washed with 2 mL Hanks’ solution. 1 mL
prewarmed (37°C) trypsin was added to the cells and incubated

&

for 2-5 min. The cells were tapped vigorously to dislodge cells
and again checked under an inverted microscope. This cell sus-
pension was then transferred back to the 15 mL conical tube with
medium and centrifuged at 1000 x g for 10 min. Supernatant
was discarded, and the cell pellet was resuspended using 10 mL
0.075 M prewarmed KCI (37°C) on a vortexer set to medium
speed (the hypotonic KCI solution causes cell swelling). Cells
were incubated in KCI for 20 min at RT, followed by centrifuga-
tion at 1000 x g for 10 min. The supernatant was removed, and
the cell pellet was resuspended in 8 mL of fresh Carnoy’s |
(methanol/glacial acetic acid at a ratio of 3:1) on a vortexer (see
above). Cells were centrifuged at 1000 x g for 10 min and super-
natant was removed. The cell pellet was resuspended in Carnoy’s
O (can be stored at 4°C for up to one year). For preparation
of slides, cells were centrifuged at 1000 x g for 10 min, and most
of the supernatant was discarded, leaving only ~0.5 mL to gen-
tly resuspend the cells. Three drops of the cell suspension were
dropped on a tilted slide (~45°) from a distance of 5-10 c¢cm, and
the suspension was left to run over the slide to ensure that chro-
mosomes were properly separated. One large drop of fresh Car-
noy’s [1 [ [1 was added to the slide before it was left to dry for
at least 10 min (slide should be completely dry). In the meantime,
the following solutions were prepared in separate Coplin jars:
(1) 80 mL buffer solution (di-sodium hydrogen phosphate/po-
tassium dihydrogen phosphate) + 1 mL 10x trypsin (0.5%), and
(i) 100 mL NaCl (0.9%). Each slide was dipped in jar (i) for
3 min and then rinsed shortly in jar (ii). Afterwards slides were
allowed to dry. Fresh Giemsa staining solution (Gurr Buffer and
Giemsa Stain in a ratio of 3:1) was prepared and used to cov-
er the entire slide for 5 min. Then slides were washed with dis-
tilled water and dried at RT. Slides were covered using Entellan®
(#107961, Merck, Darmstadt, Germany; avoiding air bubbles un-
der the cover slip). This treatment allows to discriminate between
the relatively gene-poor heterochromatic regions (AT-rich),
which stain darkly, and more transcriptionally active euchromat-
ic regions (GC-rich). Subsequently, 2-16 slides were scanned
using the slide scanning system Metafer from MetaSystems
(MetaSystems Hard & Software GmbH, Altlussheim, Germa-
ny). The cytogenetic analysis was done with the karyotyping sys-
tem Ikaros from MetaSystems. Up to 24 metaphases were ana-
lyzed and karyotyped. The karyotype was described according
to (ISCN, 2016), where a clonal aberration is [ [] [] [@s at least
two cells with the same aberration if the aberration is a chromo-
some gain or structural rearrangement, or at least three cells if the
abnormality is a loss of a chromosome. The quality of the karyo-
types ranged from 200-350 band levels.

2.6 Assay #5: Cell antigen expression (#5.1) and

cell count and viability (#5.2)

Human iPSC cultures were analyzed at the time of banking (3 to
5 days after the last split at no more than 80% [ [0 [1 ] [ [Wel
used the BD™ Human Pluripotent Stem Cell Transcription Fac-
tor Analysis FACS Kit (RUO #560589; Becton, Dickinson and
Company (BD), USA) including PE mouse anti-human Nanog,

1Cellosaurus CVCL_0347 Web page Cellosaurus cell line IMR-90 (CVCL_0347). https://web.expasy.org/cellosaurus/CVCL_0347 (accessed 18.01.2021)
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Tab. 1: Flow cytometry setup

Fluorochrome FITC PE PerCP Alexa657 Fvs 510
Laser lines 488 nm 488 nm 488 nm 633 nm 405 nm
Emission filter 530/30 585/42 670 LP 660/20 510/50

PerCP-Cy™ 5.5 mouse anti-OCT3/4, Alexa Fluor® 647 mouse
anti-Sox2, as well as the respective isotype controls PE mouse
IgG1, « isotype control, PerCP-Cy5.5 mouse 1gGl, « isotype
control, and Alexa Fluor® 647 mouse IgG2a, « isotype control.
According to the manufacturer’s manual, we combined this kit
with an additional antibody against the membrane-bound gly-
colipid SSEA4 (#560126; BD, USA) and the respective isotype
control (#555578; BD, USA). To be able to assess cell viability at
the same time, we also included a live staining of the cells using
viability stain (Fvs) 510 (#564406; BD, USA).

0] [0 [,[¢ells were microscopically assessed as described un-
der 2.2 and used when scored A. Then 8-12 wells were singular-
ized using TrypLE™ Select Enzyme (#12563-011; Thermo Fish-
er USA). Approx. 1 x 106 cells per staining condition
(unstained, Fvs 510 only, isotypes + Fvs 510, all stained (Nanog-
PE, OCT3/4-PerCP, Sox2-Alexa657, SSEA4-FITC + Fvs 510),
the [ 71 [1 [ [J Iminus one (FMO) control for SSEA-4 (Nanog-

tive Eppendorf tubes. Cells were stained with Fvs 510 for 15 min
at RT. Then cells were washed using staining buffer (PBS") +2%
heat-inactivated KnockOut™ Serum Replacement (#10828010;
Thermo Fisher 1 [1 [ [1 TUSA)). After washing, cells were
stained for SSEA4-FITC and respective isotype control for 25
min at RT. Then cells were again washed and [] [ [in BD Cyto-

buffer (provided) for 20 min at RT. Afterwards they
were washed again and stored in PBS(") at 4°C overnight. The
next day, cells were permeabilized using BD Perm/Wash buf-
fer (provided) for 20 min at RT before staining for Nanog-PE,
OCT3/4-PerCP, Sox2-Alexa647 and respective isotype controls
for 30 min at RT. Cells were washed in PermWash Buffer, re-
suspended in staining buffer, and analyzed using a BD FACS-
Canto™ 1I system (see Tab. 1 for setup) using BD FACS Diva
Software Version 6.1.3. At least 20,000 events per condition were
recorded from the scatter gate, the applied gating strategy is in-
cluded in the respective Figures 3 and S12. Further analysis was
performed using Flow Jo V10.7.1.

2.7 Assay #6: Cell gene expression (PluriTest™)

One 6-well of hiPSC at the time of banking was washed twice
with 1 mL 0.5 mM EDTA. Cells were incubated with | mL EDTA
for S min (37°C, 5% CO,). EDTA was then aspired and discard-
ed. Cells were resuspended in 1 mL medium and collected in a
1.5 mL Eppendorf tube. Samples were centrifuged for 3 min at
500 x g. Supernatant was aspirated, and cell pellets were stored
at -80°C until they were shipped to Thermo Fisher

2 doi:10.14573/altex.2101221s
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(USA) on dry ice where the PluriTest™ assay (#A38154) was
performed.

The PluriTest™ assay compares the transcriptional [J [1 [l of
a sample to a reference set of > 450 cells and tissue types (incl.
223 hESCs, 41 iPSCs, somatic cells, and tissues). The pluripo-
tency score (PS) indicates how strongly a model-based pluripo-
tency signature is expressed in the analyzed samples. A PS over
20 indicates that the sample is more like the pluripotent samples
of the reference set than the other samples. The novelty score
(NS) indicates the general model [ [for a given sample. A NS
below 1.67 indicates that the tested samples can be well recon-
structed based on existing data from other well-characterized
iPSC and ESC lines (Miiller et al., 2011; Miiller, 2014).

2.8 Assay #7: Embryoid body (EB) formation

The EB formation protocol was adapted from Kurosawa (2007).
In detail, for each hiPSC line, two wells of a 6-well plate were
used for EB-formation at time of banking (Day 0). This yields
enough material for both plating onto gelatine for subsequent
immunocytochemical analysis (see 2.8.1) and pellet genera-
tion for Scorecard™ analysis (see 2.8.2). EB medium (50 mL:
39 mL DMEM, high glucose, GlutaMAX™ (#31966-021;
gibco by life technologies™, USA), 10 mL KnockOut™ Se-
rum Replacement (#10828010; Thermo Fisher USA),
0.5 mL non-essential amino acids (#11140-050; gibco by life
technologies™, USA), 0.5 mL penicillin/streptomycin (#P06-
07100; PAN Biotech, Aidenbach, Germany), 91 pL 2-mercap-
toethanol (#31350-010; gibco by life technologies™, USA)) was
equilibrated in a T75 [1 [ With CO, permeable lid at 37°C and
5% CO, for 30 min. 10 cm ultralow adherence plates (Nunc™
HydroCell; #174911; Thermo Fisher [ [1 [1 ] (WSA; 2 per line
— note that these plates are no longer available. Thermo Fish-
er 0000
an alternative) were with 19 mL EB medium plus 10 uM
Rock inhibitor (#HB2297; hellobio, UK). Medium of respective
hiPSCs was aspirated and discarded. Cells were washed once
with PBS®/"_ and 1 mL EB medium + Rock inhibitor per well
was added. StemPro® EZPassage™ passaging tool (#23181-010;
Invitrogen by Thermo Fisher [1 1 [J [1 [USA) was used once
vertically, once horizontally on each well to assure hiPSC pieces
of equal size. A cell scraper (#83.1832; Sarstedt AG & Co. KG,
Niimbrecht, Germany) was used to harvest the hiPSC pieces, and
the clusters of one well of the 6-well plate were transferred to
one ultralow adherence plate containing 19 mL EB medium. Cell
clusters were incubated at 37°C and 5% CO,. On days 2, 4 and
6, spent medium was replaced by fresh EB induction medium
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(20 mL) by transferring the entire volume of each plate into a
separate 50 mL conical falcon tube. EBs were allowed to settle
at the bottom of the tube for 10 min at RT. Then the superna-
tant was cautiously removed using a 25 mL serological pipette,
and 20 mL fresh EB medium was added to each tube. Cells were
transferred back into the old culturing plates by pouring to avoid
unnecessary sheer stress. Proliferating EBs grew in size over the
culture time of 7 days.

2.8.1 Assay #7.1: Immunocytochemistry of markers
of all three germ layers

2.8.1.1 Spontaneous differentiation of EBs

On day 7, three 24-well plates (black plates with imaging bottom
would be preferable, here normal cell culture plates were used)
were coated with 250 pL 0.2% gelatin (diluted from 2% gelatin
(#G1393-20ML; Sigma Aldrich, USA) using PBS("); gelatin
should be prewarmed to 37°C in a heating cabinet before use) for
20 min at RT (open lid). Then gelatin solution was aspirated com-
pletely, and 750 pL EB medium per well were added. One EB of
approx. 300 pm in size per well was gently plated using a 1000
uL pipette and allowed to settle for 5 min. EBs were incubated at
37°C and 5% CO3, and half of the spent medium was replaced ev-
ery other day while carefully avoiding EB wash-off.

On days 11, 14 and 21, differentiated EBs were [ [ by adding
12% PFA (#P6148-1KG; Merck KGaA, Darmstadt, Germany),
resulting in a [ [ PFA concentration of 4%, and incubated for
15 min at RT. Then, EBs were washed twice using 1 mL PBS(-")
per well, sealed with [1 [0 [1 [ and stored at 4°C until staining
(Note that even if EBs are washed off at some point during the
differentiation phase, it is worthwhile to check for differentiated
cells under a microscope before discarding the sample).

2.8.1.2 Immunocytochemical staining of

differentiated EBs

Before staining, all wells were analyzed under a light micro-
scope to judge from the morphological structures of the differ-
entiated cells which antibody staining (which germ layer marker)
would be most promising as each well is stained with one mark-
er. Afterwards 24-well plates were equilibrated at RT for 15 min.
Then PBS was carefully removed, and 200 pL/well permeabili-
zation buffer (0.05% PBS-Tween20) was added and incubated at
RT for 5 min. Wells were washed twice with 0.5 mL PBS(/") for
5 min, followed by addition of 200 pL/well blocking solution (1%
BSA in PBS(/") and incubation at RT for 30 min. Primary anti-
body (AB) solutions were prepared in primary AB dilution buffer
(10 mL: 1 mL 10% BSA, 7.5 uL Tween20, [ upto 10 mL with
PBS(): (i) 1:100 monoclonal anti-B-tubulin III (TUBB3) anti-
body produced in mouse, clone SDL.3D10 (#T8660; Sigma Al-
drich, USA), (ii) 1:200 monoclonal anti-actin, smooth muscle ac-
tin (SMA) produced in mouse, clone 1A4 (#M0851; Agilent Da-
ko, USA), and (iii) 1:200 monoclonal anti-a-feto protein (AFP)
antibody produced in mouse, clone 1G7 (#WHO0000174M1; Sig-
ma Aldrich, USA). Blocking solution was discarded and 200 pL
per well of the respective primary AB solution was added. Plates
were incubated over night at 4°C on a rocking plate. Next day,
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primary AB solution was discarded, and cells were washed twice
with 0.5 mL PBS®" for 5 min. Secondary ABs (For IMR90-C4
SMA and for all Life-Act-eGFP stainings 1:100 polyclonal goat
anti-mouse IgG (H+L) highly cross-adsorbed secondary anti-
body, Alexa Fluor 546 was used (#A11030; Thermo Fisher Sci-
O USA), for Life-Act-eGFP TUBB3 and AFP 1:200 poly-
clonal goat anti-mouse IgG (H+L) cross-adsorbed secondary
antibody, Alex Fluor 488 was used (#A11001; Thermo Fisher
[J [0 [0 [0 [USA).) were prepared in secondary AB dilution buf-
fer (0.05% PBS-Tween20). 200 pL/well of secondary AB solu-
tion were added, and wells were incubated at 37°C in the dark for
30 min. Wells were washed twice with 0.5 mL per well PBSt/%)
at RT for 5 min and covered with 200 uL. PBS(/" for visual-
ization using a ) [J [microscope. Pictures of differentiated
EBs from IMR90-C4 were taken with an Olympus BX60 [ [ [I-[
cent microscope combined with an Olympus ColorView XS dig-
ital camera and Soft Imaging Systems analysis software. Images
of Life-Act-eGFP EBs were taken at RT using a laser scanning
microscope (LSM710, Zeiss) with an EC [0 [ [0 [0 [0 [0 10x/
0.30 M27 objective lens and a photo-multiplier-tube point detec-
tor. Acquisition software was ZEN Black (Zeiss).

2.8.2 Assay #7.2: Scorecard™ assay

At least [] [ [174day-old proliferating EBs that were 300 um in
size were collected in a 50 mL tube and centrifuged at 500 x g for
3 min. The supernatant was discarded, and the pellet was resus-
pended in 1 mL PBS( and transferred to a 1.5 mL tube. EBs
were again centrifuged at 500 x g for 3 min, and the supernatant
was discarded. Dry pellets were stored at -80°C. As a control,
a cell pellet of the respective undifferentiated hiPSC-line was
generated as described under 2.7. The pellets were then shipped
to Thermo Fisher [] [ (USA) on dry ice where the Score-
card™ assay (#A16179) was performed.

The Scorecard™ assay (Bock et al., 2011) uses a proprietary
algorithm to predict trilineage differentiation potential based on a
panel of 94 genes relative to a reference set of nine undifferenti-
ated pluripotent stem cell lines.

2.9 Assay #8: Trypan blue exclusion, microscopic
assessment

Human iPSCs were thawed as described under 2.1.1.2. Cell den-
sity and colony/cell morphology were assessed microscopically
on day 1 after thawing and when the cells reached a [1 [] [J [3
cy of approx. 80% and needed splitting (day 3 for IMR90-C4
and day 2 for Life-Act-eGFP). For the trypan blue exclusion as-
say, medium of one well per line was aspirated, and cells were
washed twice with 1 mL PBSt"). 1 mL/well TrypLE™ Select
Enzyme (#12563-011; Thermo Fisher (] (1 [] [] [USA) was add-
ed, and cells were incubated at 37°C and 5% CO, for 5 min. The
enzymatic reaction was stopped using 3 mL/well KnockOut™
DMEM medium with 10% KnockOut™ Serum Replacement
(#10828010; Thermo Fisher (1 [] [] [1 [USA). Cells were pipet-
ted up and down 5 times to ensure a single cell solution. 50 pL of
this cell suspension was placed in a 1.5 mL tube, and 50 pL 0.4%
trypan blue solution (#T8154; Sigma Aldrich, USA) was added
and mixed by pipetting up and down until an even distribution
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Assay 1: Microscopic Assessment

IMR90 C4

Life-Act-eGFP

Assay 2: Mycoplasma PCR

MCB
IMR90 C4

MCB

Fig. 3: Results of microscopic
assessment of colony/cell
morphology (assay 1; left) and
mycoplasma PCR (assay 2; right)
for MCBs IMR90-C4 (upper panel)
and Life-Act-eGFP (lower panel)
Left: Representative microscopic
images. Right: Results of mycoplasma
PCR. M, marker; neg, negative
(internal DNA) control (479 bp); pos,
positive control (270 bp); bp, base pairs

— 479 bp
—270 bp

of the color was reached. Cells were incubated for 2-3 min at RT,
and 10 pL of the stained cells was transferred to a C-Chip dispos-
able hemocytometer (#DHC-NO1; NanoEnTek, Korea). Pictures
were taken within the [ []5 min after the dye was added, as the
dye itself will lead to cytotoxicity when incubated for too long.
The percentage of viable cells was calculated using the follow-
ing equation:

% viable cells =[1.00 - (number of blue cells/number of total cells)] x 100
Eq. 1

3 Results and discussion

3.1 Assessment of colony/ cell morphology (assay 1)
and exclusion of mycoplasma contamination (assay 2)
It is well known that hiPSC cultures are prone to spontaneous dif-
ferentiation, especially during longer culturing periods (Pamies et
al., 2017). Therefore, we established a daily assessment of colo-
ny and cell morphology using a scoring system from (A) perfect
culture with large, dense colonies, low to no visible differentia-
tion, and > 70% [ [ [1 [0 [ta)(D) poor culture with poor adher-
ence, high amount of differentiation, and no visible hiPSC (for
details see 2.1.2.5). We assessed the colony and cell morpholo-
gy according to criteria [1 [ [ [previously (Pamies et al., 2017;
Wakui, 2017). In recent years, there have been efforts to automate
the quality ranking of hiPSC cultures by using time-lapse mi-
croscopy and automated image analysis assessing (i) hiPSC dou-
bling time, (ii) compactness of colonies, (iii) smoothness of col-
ony borders, (iv) sensitivity of colonies to change of medium, (v)
degree of dead cells, and (vi) prevalence of spontaneously dif-
ferentiated cells (Maddah et al., 2014). This non-invasive system
to assess hiPSC colony and cell morphology might be useful for
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high-throughput hiPSC laboratories, but for a normal academic
lab we conclude that manually conducted daily microscopic as-
sessment as described here is probably more feasible and, com-
bined with the other assays described in this paper, [J [J [l [] {0
ensure quality of the cultures. Our two MCB cultures revealed a
stem cell-like phenotype with compact, | [tolonies consisting of
small, round cells with a high nucleus-to-cytoplasm ratio, prom-
inent nucleoli, and a general lack of spontaneously differentiated
cells (Fig. 3, left panel).

It is estimated that up to 35% of cell cultures currently in use are
contaminated by mycoplasma (Hay et al., 1989; Chi, 2013; Pamies
et al., 2017), which can result in major changes of the cellular phe-
notype, e.g., increased sensitivity to apoptosis (Hay et al., 1989),
changes in cellular morphology, growth and viability (Rottem and
Barile, 1993; Langdon, 2004), occurrence of chromosomal aber-
rations (Drexler and Uphoff, 2002), altered cellular metabolism
(Armstrong et al., 2010), changes in cell membrane antigenicity
(Timenetsky et al., 2006), reduced transfection [1 [ [ [0 [(Chi,
2013), and alterations of cytokine expression (Chi, 2013). There-
fore, it is consensus that cultures should be screened for myco-
plasma contamination at time of cell arrival and additionally ev-
ery three months (Pamies et al., 2017). Our approach is in line with
these standards, using a quarantine incubator in another laborato-
ry and performing mycoplasma PCR analysis before the cells are
transferred to the actual stem cell laboratory. Furthermore, we per-
form additional mycoplasma PCRs once a month, and cultures
are discarded immediately upon a positive test result. Although
no standardized PCR-based method exists to date (Pamies et al.,
2017), we chose a commercial PCR-based kit for the detection of
possible mycoplasma contamination in our cell cultures, as this is
faster and more convenient than other assays including broth/agar
culture, assays for mycoplasma-characteristic enzyme activities,
and DNA staining (Pamies et al., 2017), which take from several
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days to weeks and are therefore not practical in an academic re-
search setting. The kit we chose is able to detect 19 (for details see
2.3) different mycoplasma types, including the ones that account
for the vast majority of contaminations in cell culture, i.e., M. hy-
orhinis, M. arginine, M. fermentans, A. laidlawii, M. hominis,
M. orale, M. bovis and M. pulmonis (Bruchmiiller et al., 2006;
ISCBI, 2009; Nikfarjam and Farzaneh, 2012). This test [ ] [ [] [J
that the analyzed MCB samples of IMR90-C4 and Life-Act-eGFP
were mycoplasma free (Fig. 3, right panel).

3.2 Identity assessment by short tandem

repeat (STR) genotyping (assay 3)

One of the most important principles of Good Cell Culture
Practice is cell line authentication (Coecke et al., 2005; Yaffe
et al., 2016). Up to 40% of all analyzed cell lines have been
falsely [] [] (][] (Nelson-Rees et al., 1981; MacLeod et al.,
1999; Stacey et al., 2000; Buehring et al., 2004; Hughes et al.,
2007; Rojas et al., 2008; Dirks et al., 2010; Yu et al., 2015).
Therefore, leading cell banks (ATCC, CellBank Australia,
DSMZ, ECACC, JCRB, and RIKEN) introduced the technique
of STR [ [ [ [toladdress this issue (Pamies et al., 2017). Ac-
cording to the International Cell Line Authentication Commit-
tee (ICLAC), the analysis of at least eight STR loci is required
for cell line authentication [] [] [] [1ét al., 2018), while ISCBI
recommends the use of the core 13 loci commonly used in fo-
rensic medicine (Xu et al., 2013). Commercially available kits
on the market typically use a common subset of 16 different
STR loci, which ensures comparison between different pro-
viders (Andrews et al., 2015). Another approach is the analy-
sis of single-nucleotide polymorphisms (SNPs), however they
are discussed to be too detailed and expensive to be used for
cell line authentication on a regular basis (Ntai et al., 2017).
Comparing these two methods, individual STRs are more poly-
morphic (Freedman et al., 2015; [ [] [] [etlal., 2018) and are
widely applied in forensic analysis (Almeida et al., 2016), but
spontaneous mutations or epigenetic changes due to long term
culture (Lorsch et al., 2014) and the possible cross-contamina-
tion with cell lines from other species (e.g., mice) will not be
detected (Freedman et al., 2015). 52-plex SNP assays seem to
have the same rate of discrimination as 16-plex STR assays, but
a centralized, online reference database for SNP assays is lack-
ing (Freedman et al., 2015; Pamies et al., 2017).

Therefore, we decided to use STR analysis for cell line au-
thentication in cooperation with the Institute for Forensic Med-
icine at the University Clinic Duesseldorf. STR-analysis of
gDNA isolated from both MCBs at the time of banking [ [] [
that IMR90-C4 are homozygous for two of the analyzed STR lo-
ci shown here (D18S51 and AMEL) and heterozygous for the
other 12 (Tab. 2; middle column), which exactly matches the
results for Life-Act-eGFP (Tab. 2; right column). This was ex-
pected, as IMR90-C4 is the parental line of Life-Act-eGFP. Both
STR (1 [] [ [also match alleles of the initial IMR90-C4 parent
line IMRO0 lung [1 ] [ [J [(Tab. 2; left column) in the 14 STR
loci that are publicly available on Cellosaurus (Bairoch, 2018).
Performing STR-analysis not only for MCBs but also for WCB
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Tab. 2: Results of short tandem repeat (STR) genotyping
(assay 3)

A single-source template DNA (0.5 ng) was amplified using

the PowerPlex® 21 system (Promega). Amplification products were
mixed with WEN Internal Lane Standard 500 and analyzed with

an ABI 3130 Genetic Analyzer (Applied Biosystems®). Results were
analyzed using GeneMapper® ID software, version 3.2. Only the
previously published 14 loci of IMR90 lung fibroblasts are listed, see
Section 2.4 for details.

STR locus IMR90 lung MCB IMR90- | MCB
fibroblasts C4 Life-Act- eGFP
D3S1358 14,15 14,15 14,15
D13S317 11, 13 11,13 11,13
D16S539 10, 13 10, 13 10,13
D18S51 17 17 17
CSF1PO 11,13 11,13 11,13
THO1 8,9.3 8,9.3 8,9.3
VWA 16,19 16, 19 16, 19
D21S11 30.2, 31 30.2, 31 30.2, 31
D5S818 12,13 12,13 12,13
D7S820 9,12 9,12 9,12
TPOX 8,9 8,9 8,9
D8S1179 13, 14 13,14 13,14
FGA 25, 26 25, 26 25, 26
AMEL X X X

Bold: in accordance with the published STR profiles of ATCC
IMR-90 (ATCC® CCL-186™) original lung fibroblasts, which IMR90
iPSCs were generated from (Cellosaurus CVCL_0347, n.d.).x

should be considered. In our case, we decided against this as
Life-Act-eGFP cells were made from an IMR90 C4 WCB, so
their STR analysis result therefore also proved the correct identi-
ty of the IMR90-C4 WCB.

3.3 Cytogenetic analysis by classical

G-banding (assay 4)

Certain types of aneuploidy have been recurrently 1 [1 [J [1 in
hiPSC cultures, including partial or complete gain of chromo-
some 8, 12, 17, or 20, trisomy X, and chromosome 1 [ [ [1L
cation (Mayshar et al., 2010; Amps et al., 2011; Taapken et al.,
2011; Kilpinen et al., 2017; Assou et al., 2018). Therefore, it is
important to analyze the genetic stability of a given hiPSC line.
Ideally, the technique of choice for this should be inexpensive,
yield fast results, and have high resolution and sensitivity, but,
unfortunately, this all-in-one solution does not exist (Assou et
al., 2018). Nevertheless, different techniques are available: [] =]
orescent in situ hybridization (FISH), array comparative ge-
nomic hybridization (aCGH), SNP arrays, next-generation se-
quencing, quantitative PCR, and G-banding karyotype analysis
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IMR90 C4

Assay 4: Cytogenetic analysis by classical G-banding
Life-Act-eGFP

Fig. 4: Results of cytogenetic
analysis by classical G-banding
(assay 4)
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(Assou et al., 2018). While FISH analysis reliably [ [1 [] [T ad4]
ditional attributable chromosomal material (e.g., marker chro-
mosomes), it has a resolution limit of > 1-2 Mb (MacArthur et
al., 2014), only detecting larger abnormalities. CGH, SNP arrays,
and whole genome sequencing on the other hand are extreme-
ly sensitive methods, capable of detecting chromosomal regions
as small as 25 kbs as well as mosaicism (Conrad et al., 2010;
Yaffe et al., 2016), but until recently were not able to detect in-
versions or balanced rearrangements (O’Shea et al., 2020). This
has changed with technological progress, resulting in long reads
(up to 60 kbs), which allow the detection of both inversions and
rearrangements (Bartalucci et al., 2019; Zhang et al., 2019; Lei et
al., 2020). Nevertheless, another drawback of these high-resolu-
tion methods is that while they provide a lot of data, they lack a
01 [0 [0 [ of what differences may impact the reproducibility of
research (Kleensang et al., 2016). Commercially available gPCR
analysis kits, which detect the majority of karyotypic abnormal-
ities reported in human ES and iPS cells, have the great disad-
vantage of bias: You only detect, what you look for. We believe
that this method is to be preferred over not analyzing the cells
at all, but it might create a false security compared to the other
discussed unbiased approaches. ISCBI suggests using standard
G-banding analysis, which can identify trisomy and gross chro-
mosomal duplications/deletions and translocations. It is also the
only major method that can detect structural abnormalities such
as balanced translocations or inversions (Ntai et al., 2017; Ro-
hani et al., 2018). According to ISCBI, a count of 20 metaphases
and the analysis of the banding pattern of at least 8 metaphases
(Bickmore, 2001; Loring et al., 2007; ISCBI, 2009) should be
performed. 95% of the analyzed metaphases should hereby pos-
sess a normal karyotype (Pamies et al., 2017). [0 [1 [J [J ¢hfomo-
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" o8 ou the table.
TR
somal abnormalities of clonal origin should be [I [ [ [I [in an

independent analysis. Abnormalities in single cells could be due
to a technical artefact but could also point towards a beginning
clonal abnormality or low-level mosaicism (Hook, 1977; Sikke-
ma-Raddatz et al., 1997). Here, again, a repeated analysis is sug-
gested to allow interpretation of the results. In cooperation with
the Institute of Human Genetics at the University Clinic Dues-
seldorf, we analyzed the chromosomes of 24 metaphase spreads,
none of them displaying any abnormalities (Fig. 4).

It is important to note that the analysis of genomic stability,
regardless of the chosen method, is only a current snapshot, and
it has been reported that a genetically abnormal clone can com-
pletely overtake a culture (Baker et al., 2007) in less than [ []
passages (Bai et al., 2013). Therefore, others have proposed to
test for genomic integrity on a regular basis, at least every 12
weeks (WHO, 2013; Assou et al., 2018) or every 15 passages
(WHO, 2013; Pamies et al., 2017). To bypass this laborious and
time-intensive G-banding analysis every 12 weeks, we analyze
hiPSC at the time of banking and culture them after thawing for
only 8 passages in total (ca. 6 weeks), i.e., three passages to en-
sure full recovery after cryoconservation plus 5 passages for use
in different assays. Hence, our cells never reach 15 passages or
12 weeks in culture.

3.4 Expression of stem cell markers on protein

(assay 5) and mRNA (assay 6) level

Commonly used characterization methods to assess the self-re-
newal capacity of hiPSCs include immunocytochemical stain-
ing for alkaline phosphatase and intracellular markers (Nanog,
POUF1, GDF3, DNMT3B), [ [ [0 [ofl ¢ell surface stem
cell markers (SSEA3, SSEA4, TRA-1-60, TRA-1-81) via [ [J
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Assay 5: Cell Antigen Expression & Cell Count/Viability Assay 6: Cell Gene Expression
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Fig. 5: Results of cell antigen expression and cell count/viability (assay 5) and cell gene expression (assay 6)

Assay 5: Cell antigen expression assessed by multipanel flow cytometric analysis for the stem cell markers Nanog-PE, OCT3/4-PerCP-
Cy5.5, Sox2-Alexa Fluor 647, and SSEA-4-FITC (assay #5.1) plus Fvs 510 (AmCyan; assay #5.2) as live/dead discriminator. Acquisition
and analysis were performed on a BD FACSCanto™ Il system using BD FACS Diva Software Version 6.1.3. Analysis was performed

using Flow Jo V10.7.1. Assay 6: Cell gene expression assessed by the PluriTest™ assay (assay #6) as pluripotency plot. Transcriptomes
of MCBs IMR90-C4 (upper panel) and Life-Act-eGFP (lower panel) were analyzed and processed in the PluriTest™ algorithm to generate
pluripotency and novelty score. Depicted are pluripotency score (y-axis) and novelty score (x-axis). The red and blue background visualize
the empirical distribution of the pluripotent (red) and non-pluripotent (blue) samples in the reference dataset. A non-iPSC sample was

included in this experiment to serve as a control for non-pluripotency.

cytometry, and assessment of OCT4 and Sox2 expression in a
lineage commitment assay (Pamies et al., 2017). While all of
these methods and markers are widely accepted and common-
ly used, a standardized set of markers has yet to be established
(Pamies et al., 2017). We choose to use a commercially avail-
able FACS antibody kit for stem cell transcription factors to an-
alyze the expression of stem cell markers on the protein level at
the time of banking. This ensures a quantitative outcome, a rel-
atively easy establishment in the laboratory, and includes three
markers of the standard human pluripotent stem cell (hPSC) pan-
el, OCT3/4, Sox2, and Nanog, of which an analysis of at least
two has been stated as mandatory (Sullivan et al., 2018). It also
yields the possibility to expand the assay for an additional canon-
ical cell surface marker, in our case SSEA-4, which has also been
proposed (Pamies et al., 2017; Sullivan et al., 2018). Perform-
ing the analysis for our MCBs revealed that although OCT3/4,
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Sox2, and SSEA-4 were all expressed in well above 95% of the
IMR90-C4 MCB cells cultivated on LN521 (98.2, 96.3, and
99.9%), Nanog expression fell short of the quality criterion of
> 70% marker expression (Pamies et al., 2017; Sullivan et al.,
2018; Fig. S12). When the cultivation conditions were changed
to MG and mTeSR medium (according to 2.1.2.4), expression of
OCT3/4, Sox2, and SSEA-4 remained at the high level observed
on LN521 (98.2, 95.1, and 99.8%, respectively), but Nanog was
now expressed in 70.8% of the cells (Fig. 5; left, upper panel),
indicating the [/ [J [J [] of the chosen culturing conditions on
hiPSC performance. This observation is supported by others,
who already stated that there is no [ [ (1 [] [] [culture meth-
od that provides optimal conditions for all hiPSC lines (Chris-
tensen et al., 2018). With these results in mind, Life-Act-eGFP
cells were directly cultured and banked on MG and expressed
Nanog (91.4%), OCT3/4 (98.8%) and Sox2 (96.5%) (Fig. 5; left,
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Assay 7.1: EB Formation ICC
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Fig. 6: Results of EB formation
assessed by immunocytochemistry
(assay 7.1)

Representative immunofluorescent
images of plated EBs of the MCBs

of IMR90-C4 (left) and Life-Act-

eGFP (right). EBs were generated,
differentiated under proliferating
conditions for 7 days, and then plated
on gelatin-coated 24-well plates

and fixed after 7 and 14 days of
differentiation. Cells were stained for
markers of the three germ layers: B(IlI)
tubulin (TUBBB3) for ectoderm, smooth
muscle actin (SMA) for mesoderm

and a-feto protein (AFP) for endoderm.
All images were taken from cells fixed
on day 14 after plating, except for
IMR90-C4 TUBBS3, which represents
day 7.

lower panel). We wish to point out that using animal-free ma-
trices is highly desirable, yet such matrices need to be shown to
yield comparable results to Matrigel. Note that SSEA-4 expres-
sion was not analyzed, as 98.6% of the Life-Act-eGFP cells ex-
press GFP, which is detected in the same channel as the SSEA4-
FITC antibody. Using a different [ (1 [J [] [] [Ifor this marker
might be an option for future analyses. Cell viability assessed us-
ing Fvs 510 was at 92.6 and 93.9% for IMR90-C4 and Life-Act-
eGFP, respectively (Fig. 5; left).

To assess the expression of stem cell markers on mRNA level,
we chose the commercially available PluriTest™ assay (Miiller
et al., 2011), which is a high-density microarray comparing the
transcriptome of a test cell line to that of a large number of known
pluripotent cell lines (ISCI, 2018). It is not able to account for het-
erogeneous cell populations (D’ Antonio et al., 2017) and is there-
fore restricted to the assessment of self-renewal patterns (Pamies
et al., 2017). Nevertheless, this assay provides valid insights into
the stem cell character of cells based on a large number of ana-
lyzed genes (D’ Antonio et al., 2017). Cell gene expression anal-
yses of our banked hiPSC lines assessed by the PluriTest™ assay
revealed that both cluster with the pluripotent samples in the ref-
erence set and yield a pluripotency score (PS) of 39.83 and 38.31
and a novelty score (NS) of 1.23 and 1.58 for IMR90-C4 and Life-
Act-eGFP, respectively (Fig. 5; right). This is well within the
range of the [] [J [] fthreshold values of > 20 for PS, indicating
that the samples are more similar to the pluripotent samples of the
reference set than to the other samples, and < 1.67 for NS, demon-
strating that the tested samples can be well reconstructed based on
existing data from other well-characterized iPSC and ESC lines
established for this assay (Miiller et al., 2011; Miiller, 2014).
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3.5 Assessment of pluripotency (assay 7)

While the in vivo teratoma assay identifying cell types of ecto-
dermal, mesodermal and endodermal origin using H/E stained
histological sections is still considered to be the gold standard
for pluripotency assessment of a given hPSC line, it holds the
ethical burden of animal testing (Gertow et al., 2007; Gropp
et al., 2012; Pamies et al., 2017), is cost- and time-intensive,
is associated with reproducibility problems, and requires spe-
cial expertise (ISCBI, 2009). Therefore, alternative, low-bur-
den, high-throughput molecular methods are on the rise (Bu-
ta et al., 2013; Pamies et al., 2017). While also other methods,
e.g., directed differentiation (Borowiak et al., 2009; Chambers
et al., 2009; Kattman et al., 2011; Burridge et al., 2012) ex-
ist, positive detection of trilineage [ [1 [] [markers (e.g., SMA
for mesoderm, TUBB3 for ectoderm, and AFP for endoderm)
in spontaneously differentiating EBs is an accepted method to
verify the pluripotency of PSCs (Sathananthan and Trounson,
2005; de Miguel et al., 2010; Pistollato et al., 2012). As sug-
gested by ISCI (2018), we chose to combine in vitro sponta-
neous EB differentiation with bioinformatic Scorecard™ anal-
yses. This commercially available assay is a medium/low den-
sity focused array that compares lineage expression levels to a
reference standard (Pamies et al., 2017), thereby [1 [1 [ [ [|(i)
the self-renewal capacity and (ii) the trilineage differentiation
potential of an hiPSC line (Bock et al., 2011). Alternatively, it
is an option to perform an in-house qPCR assay on the EBs, as
suggested by O’Shea and co-workers (2020), analyzing three
to [ [markers for each germ layer. However, we believe that
the additional information provided by the Scorecard™ assay
1 [0 [ thel additional costs and effort.
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Assay 7.2: EB Formation Scorecard™
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Fig. 7: Results of EB formation assessed by the Scorecard™ assay (assay 7.2) for MCBs of IMR90-C4 (upper panel) and

Life-Act-eGFP (lower panel)

EBs were generated and cultured under proliferating conditions for 7 days before cell pellets were collected for analysis. The respective
undifferentiated hiPSCs serve as undifferentiated controls. Colors correlate with the fold-change in expression of the indicated gene

relative to the undifferentiated reference set.

Following this approach, ICC analyses of differentiated EBs of
both analyzed hiPSC lines revealed that cells of both MCBs were
able to spontaneously differentiate into cells expressing marker
proteins for the three germ layers: TUBB3 for ectoderm, SMA
for mesoderm, and AFP for endoderm (Fig. 6). Additional Score-
card™ gene expression analyses [ (1 [] [these [1 [ [1 ['Whereas
marker genes for self-renewal such as TRIM22 and Nanog were
upregulated in undifferentiated hiPSCs of both MCBs, they were
downregulated in the respective EBs, and at the same time mark-
er genes for ectoderm, mesendoderm, mesoderm and endoderm
were upregulated compared to the undifferentiated reference set
(Fig. 7). Comparing the level of gene induction between the dif-
ferent germ layers, it is noticeable that while still upregulated
compared to the undifferentiated hiPSCs, expression levels of en-
dodermal markers seem to be lower (with the exception of SST
for the IMR90 C4 cells, they are in the range of 10 to 100-fold in-
duction) than expression of markers for ectoderm and mesoderm.
Here, overall, more markers are upregulated, some also to over
100-fold. This might indicate that both analyzed hiPSC lines are
less prone to differentiate into cells of the endodermal lineage.

3.6 Post-thaw recovery assessment (assay 8)

It has been reported that a post-thaw recovery assessment direct-
ly at the time of thawing might be misleading regarding the in-
tegrity of the cells (Pamies et al., 2017), therefore we chose to
analyze the banked cells when they were split the [] [time after
thawing and assessed the [ [ [] [J [Jofl the colonies, cell mor-
phology, and percentage of living cells.

We are aware that hiPSCs are affected by cryopreservation and
thawing, which can lead to changes in cell morphology and al-
tered proliferation behavior in the [ [passage after cryopreser-
vation (Archibald et al., 2016). Nevertheless, we believe it is im-
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portant to assess the morphology of the thawed cells to get an
idea of the quality of the banked cells. Later, cells are monitored
on a daily basis and used for experiments only after a recovery
period of three passages and with a morphology score of A.

To assess post-thaw recovery of the MCB vials, one vial each
for IMR90-C4 and Life-Act-eGFP was thawed and cultivated
until the cells reached approx. 70% [ [0 (1 [] [and needed pas-
saging for the [ [ltime post thawing (p.t.). For IMR90-C4 this
was on day 3 p.t. and for Life-Act-eGFP on day 2 p.t. The cul-
tures were assessed microscopically (Fig. 8, right) and displayed
characteristic stem cell morphology. Furthermore, the percentage
of living cells was assessed using the trypan blue exclusion as-
say (Fig. 8, left), revealing 92% living cells for IMR90-C4 and
77.5% for Life-Act-eGFP.

3.7 Assay costs

All too often, QC assays are not regularly applied in academic
labs, as the costs are believed to be high and, frankly speaking,
it is commonly [ [ [0 [td get such work [ [ [0 [Iby third par-
ty funding. Nevertheless, we argue that the [ [ [1 of perform-
ing QC assays resulting in high quality cell material, which is a
prerequisite for reproducible data, by far outweighs the 1 [] [] [
burden. To promote the integration of QC work into academic re-
search projects, we have calculated the costs for the generation of
quality controlled MCBs and WCBs.

A standard MCB of 50 vials with all eight QC assays de-
scribed here totals approximately 2340€ (Tab. 3). Every addi-
tional WCB of 50 vials with 5 QC-assays will cost about anoth-
er 1000€. Let’s make a simple theoretical calculation: One MCB
of 50 vials (2340€ in total, 46.80€/vial) yields 50 WCBs with 50
individual vials each (~21.20€/vial, considering the MCB vial
that is needed to generate these WCBs), resulting in 2500 vials
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Fig. 8: Results of trypan blue
exclusion assay

and microscopic assessment
for post-thaw recovery

testing (assay 8) of MCBs from
IMR90-C4 (upper panel)

and Life-Act-eGFP (lower panel)
at the 15! split after re-thawing
(D3 for IMR90-C4, D2 for
Life-Act-eGFP)

Left: Results of trypan blue
exclusion assay. Right:
Representative images of

the respective cultures showing
the density of the cultures

(40x magnification) as well as
the stem cell morphology of

the cells (200x magpnification).
p.t., post thaw; D, day

Tab. 3: Estimated costs for a MCB of 50 vials including all suggested assays for quality control

A short summary of included techniques and analyses is included in brackets. Average costs are listed, with lowest and highest costs

in brackets. Please note that this list is probably not complete and should only give a gross estimate of the costs. Not included are personnel
costs, standard plastic ware, EtOH, pipette tips, etc. Procedures/assays that need to be performed for both MCB and WCB are indicated

in blue italic font.

Assay # Assay Average costs/MCB (50 vials) (€)
(lowest and highest costs)
Culturing costs from thawing to MCB (Matrigel, medium, EDTA) 509.45
Cryopreservation (cryovials, EDTA, cryopreservation medium) 220.41
1 Colony morphology n.a.c.
2 Mycoplasma PCR 34.83
3 STR genotyping (gDNA isolation, STR analysis) 72.94 (25.87-120) d.o.p.
4 Karyotype analysis 150.00 (0-300) d.o.p.
5.1 FACS analysis of stem cell markers (FACS kit, additional SSEA-4 antibody, 143.30
and isotype control)
5.2 Cell count and viability (fixable viability stain for FACS analysis) 291
6 PluriTest™ 283.90
7 EB formation (culture dishes, gelatine solution, medium, PBS with and 188.04
w/o Ca®* and Mg?+, EDTA)
7.1 ICC of EBs (PBS with Ca?* and Mg?*, BSA, Tween 20, Hoechst 33258, 132.52
first antibodies against AFP, SMA and TUBB3, secondary antibody)
7.2 Scorecard™ 601.70
8 Post-thaw recovery assessment n.a.c.
Total costs 2340
(2142.93-2537.06)

n.a.c., no additional costs; d.o.p., depending on provider
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Tab. 4: Overview of proposed QC assays and respective specifications for hiPSC
Assays (assay #) are numbered consecutively. Procedures/assays that need to be performed for both MCB and WCB are indicated in blue
italic font. Release criteria represent acceptance criteria for further use of hiPSCs.

Information about | QC assay # | Proposed characterization assay Release criteria
Colony/cell 1 Microscopic assessment at time of banking Characteristic stem cell morphology (see 2.2);
morphology (+ daily assessment) lack of spontaneously differentiated cells
Mycoplasma 2 Mycoplasma PCR No contamination detected
Identity STR genotyping (gDNA isolation, STR analysis) | Shares all alleles of parent line
Karyotype 4 Classical G-banding Normal diploid karyotype (without clonal
aberrations; single aberrations in 5% of the
analyzed metaphase spreads are acceptable)
Expression 5.1 Cell antigen expression: flow cytometric > 70% expression of all analyzed markers
of stem-cell analysis of stem cell markers SSEA-4, OCT3/4,
markers NANOG, SOX2
5.2 Cell count and viability (fixable viability stain, > 80% viable cells at time of banking
flow cytometric analysis)
6 Cell gene expression: PluriTest™ Analyzed cells cluster with hPSC reference
Pluripotency 741 EB formation: ICC At least one marker of each germ layer is
detectable
7.2 EB formation: Scorecard™
Post-thaw 8 Trypan blue exclusion assay, microscopic Assessed at 15 splitting after thawing
recovery assessment (max. 7 days)
> 70% living cells
> 70% confluency
Characteristic stem cell morphology

costing 22.15€ each (21.20€ + (46.80€/50)). To ensure working
with hiPSCs for experiments in passage 4-8, we thaw one vial ev-
ery 4 weeks (12 per year), leading to pure cell costs of approx.
266€ per year (22.15€ x 12). This is by far less than the cost of
your average commercially available hiPSC line. In this scenario,
these 2.500 WCB vials would be [ [0 [1 [ fo0 provide the labora-
tory with quality-controlled cell material for a little over 208 years
(2.500/12).

We strongly believe that these numbers speak for themselves:
Although the initial investment seems high, in the long run us-
ing quality-controlled cell material as a starting point for any re-
search question pays off!

4 Summary and conclusion

Human iPSCs are a promising tool to replace animal experiments
for toxicity testing and other research questions. However, there is
international consensus that only quality controlled cell material
ensures reproducibility of data. Due to a lack of ] [7 [J fhands-
on” guidance on hiPSC QC in an academic research environment,
we have assembled a set of assays that warrants hiPSC identity,
genomic stability, and pluripotency by assessment of cell/colony
morphology (assay 1), mycoplasma contamination (assay 2), cell
line identity (assay 3), karyotype stability (assay 4), cell antigen
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expression and viability (assays 5.1 + 5.2), cell gene expression
(assay 6), pluripotency (assays 7.1 + 7.2), and post-thaw recov-
ery (assay 8; Tab. 4) for the two hiPSC lines IMR90-C4 and Life-
Act-eGFP (Fig. 9). Of note, these assays are intended for hiPSC
lines accessed from external sources such as commercial vendors
or iPSC biobanks. Additional QC, e.g., viral clearance assays, are
necessary if researchers generate their own iPSC lines from pri-
mary human material. Furthermore, additional QC assays might
be appropriate for genetically (] [] [ [ThiPSC lines, e.g., the as-
sessment of viral clearance in case of the use of viral vectors.
Using these or similar QC assays in the context of a two-tiered-
banking approach consisting of one MCB per hiPSC line and re-
spective WCBs provides researchers with reliable cell materi-
al for hiPSC-based applications, thereby safeguarding high hiP-
SC quality at all times. Our calculations demonstrate the [ [ [ [
feasibility of such an approach in an academic research set-up.
We conclude that an international consensus on QC for stem
cell-based academic research, e.g., the strategy followed in this ar-
ticle, is highly warranted. Awareness of funding agencies and jour-
nals of QC as a requirement when sponsoring or publishing stem
cell research is desirable for improving the current reproducibility
crisis in cell-based research. This will not only produce more reli-
able and reproducible results in basic research but will also strong-
ly support the application and decrease the uncertainty of stem
cell-based methods in applied sciences like regulatory toxicology.
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Cockayne Syndrome B (CSB) is a hereditary multiorgan syndrome which - through
largely unknown mechanisms - can affect the brain where it clinically presents with
microcephaly, intellectual disability and demyelination. Using human induced
pluripotent stem cell (hiPSC)-derived neural 3D models generated from CSB patient-
derived and isogenic control lines, we here provide explanations for these three major
neuropathological phenotypes. In our models, CSB deficiency is associated with (i)
impaired cellular migration due to defective autophagy as an explanation for clinical
microcephaly; (ii) altered neuronal network functionality and neurotransmitter GABA
levels, which is suggestive of a disturbed GABA switch that likely impairs brain circuit
formation and ultimately causes intellectual disability; and (iii) impaired
oligodendrocyte maturation as a possible cause of the demyelination observed in
children with CSB. Of note, some, but not all of these phenotypes could be rescued by
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Introduction

The Cockayne Syndrome B (CSB) is a rare hereditary disease with heterogeneous multi-organ defects
including growth failure, retinal atrophy, deafness and a progeric skin phenotype. In addition, children
with CSB develop severe neuropathological defects, with the cardinal phenotypes being microcephaly,
intellectual disability and demyelination'™. The disease is caused by several mutations in the excision
repair 6 chromatin remodeling factor (ERCC) 6 gene and manifests with varying neurological severity,
the most severe being fatal during early childhood®’. CSB rodent models have proven very valuable for
gaining insights into the clinical CSB phenotypes and the effects of CSB on the organism level® 2,
which lead to a good understanding of the mechanistic underpinning of the skin phenotype of CSB'*15,
However, the origin of the children’s neurological defects is still enigmatic, because neurological defects
cannot fully be modeled in rodents. Emerging in vitro approaches based on stem cells, e.g. human
induced pluripotent stem cells (hiPSCs), can add to the current knowledge in human disease modeling
and drug target identification, by providing excellent tools to investigate diseases and their underlying
pathomechanisms'®2,

CSB was originally found to be involved in the transcription-coupled nucleotide excision repair pathway
(TC-NER)*%, However, the neuropathology of the patients cannot be well explained with this
mechanism. Previous in vitro studies have therefore suggested a role of CSB in the brain, which is
independent of its involvement in the TC-NER?°. Main findings include hindered neuronal
differentiation and neuritogenesis, linked to reduced MAP2, as well as SYT9 and BDNF levels in 2D
small hairpin (shRNA)-based CSB models of immortalized human neural progenitor cells (W(NPC) and
SH-SYS5Y neuroblastoma cells?’?%. Vessoni et al.?’ found alterations in synapse density and reduced
electrical activity in relation to a dysregulated Growth Hormone/Insulin-like Growth Factor-1 (GH/IGF-
1) pathway in 2D iPSC-derived neuron/astrocyte mixed cultures and Liang et al.*® identified Necdin as
a CSB target, which promotes neuronal differentiation in 2D models of CS1AN human CSB fibroblasts
and SH-SYSY cells. Although these studies adumbrate the impact of CSB on brain development, we
still lack the necessary understanding of why the clinical phenotypes arise and how we can treat them.
Main limitations in current CSB models include non-physiological spatiotemporal microenvironments
and low model complexity in 2D systems, missing cell types, such as oligodendrocytes, and a lack of
appropriate control cell lines. These limitations outline the need for physiologically more relevant
disease models, that better resemble the complexity of the developing human brain, and include isogenic
controls.

Study designs using multiple isogenic control pairs from different hiPSC donors have been shown to
have an absolute power advantage of up to 60% compared to study designs without isogenic control
pairs®!'. Here, we use such a favorable two isogenic pair design to study different neurodevelopmental
processes disrupted in CSB. We closed the current knowledge gap on CSB neuropathology, by utilizing
two hiPSC-derived fit-for-purpose 3D cell culture models, including human induced neural progenitor
cell (hiNPC) neurospheres and 3D-differentiated BrainSpheres®>*°. The different fit-for-purpose models
were applied to answer different research questions concerning the underlying mechanisms of CSB.
While hiNPC neurospheres enable the investigation of early developmental key events (KE) such as
NPC proliferation, migration and initial terminal differentiation into neurons and astrocytes, modeling
later KEs such as neural network formation and oligodendrogenesis benefit from more complex models
such as 3D differentiated BrainSpheres®. BrainSpheres have a complex 3D cytoarchitecture and consist
of the relevant brain cell types, i.e. neurons of different subtypes, astrocytes and — facultatively —
oligodendrocytes. Together, both in vitro models serve as ideal tools for investigating earlier and later
neurodevelopmental processes and the underlying mechanisms of their disruption®>,



Results

Two hiPSC models for neurodevelopmental key event analyses in the Cockayne Syndrome B

For investigating the CSB neuropathology, we established two distinct hiPSC disease models, each
including a CSB-deficient and a CSB-expressing cell line. The first model consists of the commercially
available hiPSC line IMRI0OY", which expresses the CSB wildtype in a healthy donor genetic
background and an IMR90X® line generated via CRISPR Cas technology, by introducing a 13bp deletion
into exon 5 of the ERCC6 gene (Figurel.A, left; supplemental information (SI) Figure S1). The second
model consists of the patient-derived hiPSC line CS789 and the isogenic control line CS789%. The
patient cell line holds a point mutation (2047C>T) in exon 10 of the ERCC6 gene, which leads to a
premature stop codon. The genetic rescue of the control line (CS789%*) was generated via CRISPR Cas
technology, through a 9 bp in-frame deletion, which removes the stop codon (Figure 1.A, right; SI Figure
S1). The donor of the patient hiPSCs was classified with Cerebro-oculofacio-skeletal syndrome (COFS),
one of the most severe forms of CSB (supplemental information (SI) Table S1). The patient was,
amongst others, afflicted with congenital microcephaly, severe intellectual disability and seizures. He
passed away at 10 months of age. All hiPSC lines were quality controlled and banked as described in
Tigges et al.’, to assure high cell quality throughout the experiments. The hiPSC lines were neurally
induced into neurospheres containing hiNPCs, and subsequently either differentiated on an artificial
extracellular matrix or floating as 3D BrainSpheres into neurons, astrocytes and facultatively
oligodendrocytes (Figure 1.B), thereby generating different fit-for-purpose models.

First, we confirmed by western blot, that the CSB protein is expressed in hiNPC neurospheres of both
healthy cell lines IMR9O™T and CS789%%), but not in either of the disease cell lines IMR90X® and
CS789 (Figure 1.C left). Despite varying levels of expression (Figure 1.C right), the CSB protein was
detected in both IMR90 and CS789%¢ lysates. Due to the non-isogenic nature of the two lines, such
differences in expression levels of the CSB protein can be expected. We next confirmed that hiNPC
neurospheres of all four cell lines are able to differentiate into cells of the neural lineage, containing
both neurons and astrocytes (Figure 1.D).

To obtain an understanding of the consequences of CSB-deficiency for the hiNPCs’ bulk transcriptome,
we performed mRNA Sequencing (RNAseq) analyses. Here we decided for the control IMRIOYT and
the IMR90X? lines, in order to understand the effects of the clean CSB mutation and to exclude impacts
of the patient specific genetic background. Transcriptome analyses were performed by plating hiNPC
neurospheres onto a coated surface, and differentiating these for 3, 14 and 21 days in vitro (DIV). In
total, 893 genes were differentially expressed in IMR90XC compared to IMRIO™T cells across all time
points (Figure 2.E). Only significantly regulated genes with a |[log2| of >= 1 were analyzed. These
differentially expressed genes (DEG) were mapped to kegg pathways and the top regulated pathways
are depicted in Figure 2.F. Most DEGs map to autophagy (ID4140) and mitophagy (ID4137), as well as
associated pathways such as MAPK (ID4010), RAP1 (ID4015), PI3K (ID4151) and Ras (ID4014)
signaling. Another high number of DEGs map to Cell adhesion molecules (CAMs, 1ID4514), the
regulation of the actin cytoskeleton (ID4810) and focal adhesions (ID4510), as well as calcium signaling
(ID4020) and glutamatergic synapses (ID4724).

CSB-deficiency is associated with inhibited neural progenitor cell migration and alterations in
focal adhesion and autophagy

Microcephaly is a major neuropathological finding in CSB patients®¥. Two underlying cellular
deficiencies that might cause microcephaly are inhibited NPC proliferation or*®*. Therefore, we
investigated these neurodevelopmental KEs in the CSB proficient and deficient in vitro models.
Proliferation was assessed in hiNPC neurospheres, by measuring the sphere diameter over time, and by
quantifying the incorporation of Bromodeoxyuridine (BrdU) into newly synthetized DNA. No
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significant differences between healthy and disease neurospheres were observed in either proliferation
assay (SI Figure S2). Next, we assessed the migration capacity of plated hiNPC neurospheres by
measuring total migration distance from the rim of the sphere core to the furthest cell that migrated out
of the sphere core, and by counting the total number of migrated nuclei after 3 DIV within the migration
area. We observed a significant reduction of the migration distance (25-35%), and a significantly
decreased number of migrated nuclei (25-60%) within the migration area using hiNPCs from disease
cell lines, compared to their respective controls (Figure 2.A). In support of the inhibited migration,
transciptome analyses present significant upregulation of the focal adhesion-specfic gene expression
markers Integrin 31 (ITGBI), Integrin 34 (ITGB4), Talin-1 (TLN1) and Vinculin (VCL) in the IMR90X®,
compard to the healthy IMROO™T hiNPC neurospheres after 3, 14 and 21 DIV (Figure 2.B). An important
intracellulart part of focal adhesions during migration are actin stress fibers. In line with the altered
expression of genes involved in regulating the actin cytoskeleton (Figure 1.G), we observed thickened
and elongated actin stress fibers in the migration area of plated disease hiNPC neurospheres after 3DIV
(Figure 2.C). Inhibited focal adhesion turnover and subsequent migration inhibition thus seems to be
one in vitro feature of CSB-deficiency.

In addition to the actin- and focal adhesion-related genes, 141 autophagy-associated mRNAs are
significantly regulated in the disease IMR90X®, compared to IMRIO™" differentiated neurospheres
(Figure 2.D, right). Gene expression of the autophagosome markers microtubule-associated proteins
1A/1B light chain 3A (LC3A) and 3C (LC3C) are highly upregulated in the disease differentiated
neurospheres. Additionally, the lysosome marker lysosomal-associated membrane protein-2 (LAMP2)
and p62, a gene coding for a protein that taggs intracellular material for targeted autophagy, are also
upregulated in the disease differentiated neurospheres (Figure 2.D, left). On the protein level, we
identified LAMP2 accumulation in immunocytochemical stainings (ICC, Figure 2.E) and confirmed
significant LC3A and LAMP2 accumulation in both CSB-deficient IMR90X® and CS789 lines by
Western Blot (WB) analyses of plated hiNPC neurospheres after 3 DIV (Figure 2.F). The accumulation
of these proteins is a general marker for defective autophagy. Futhermore, a decreased level of
mammalian target of rapamycin (mTOR), an autophagy-inhibitor, in IMR90X® hints towards an
increased demand for autophagy in the disease cells (Figure 2.F).

The HDACé6-inhibitor Tubastatin A partially rescues the migration phenotype of disease hiNPC
neurospheres

A previous study on CSB-deficient fibroblasts suggested CSB to interact with a-tubulin
acetyltransferase MEC-17 and histone deacetylase 6 (HDAC6). MEC-17 acetylates a-tubulin, thereby
supporting cargo transport and autophagosome with lysosome fusion, while HDAC6 supports the
opposite'®. We observed significantly decreased acetyl-a-tubulin levels and increased HDACS levels in
differentiated and plated disease hiNPC neurospheres after 3DIV, compared to their respective healthy
controls (Figure 3.A). Low levels of a-tubulin acetylation generally suggest inhibited autophagy in the
cell.

Since targeted autophagy is an important facilitator of focal adhesion turnover, which in turn enables
cell migration, we performed HDAC-inhibition experiments to link HDAC activity to altered migration
of the CSB disease models. Therefore, we treated the migrating hiNPC spheres at the time of plating
with the pan-HDAC inhibitor suberoylanilide hydroxamic acid (SAHA) or the HDAC-6-specific
inhibitor Tubastatin A (TubA) for 3 DIV. SAHA did not significantly rescue the migration of the CSB-
deficient cell lines, yet reduced the cell viability significantly even at low concentrations (SI Figure S3).
Treatment with TubA, however, successfully rescued the reduced migration in both IMR90X and
CS789 disease lines, at non-cytotoxic concentrations (Figure 3.B left, see also SI Figure S3). To further
strengthen the causal link between autophagy and migration, we inhibited the autophagy in migrating
cells with chloroquine (CQ), a suppressor of autophagosome and lysosome fusion. Our results show a
significant migration inhibition at non-cytotoxic CQ concentrations in both healthy cell lines (Figure
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3.B right, SI Figure S3). Since autophagy is already compromised in the disease cell lines, CQ does not
further reduce migration of IMR90¥® or CS789 at non-cytotoxic concentrations.

Microelectrode Array measurements reveal altered neural network activity in CSB-deficient
networks

Next, we investigated the ability of the CSB-deficient cell lines to form functional neural networks as a
possible pathomechanism for the intellectual disability seen in CSB patients'%3740, These studies were
inspired by the transcriptome analyses, which revealed strong alterations in the expression of genes
involved in synapse formation, neurotransmitter synthesis and signaling (Figure 4.A). A number of
genes involved in the biosynthesis (CHAT, DDC, GADI, GAD2) and vesicular transport (SLC32A1,
SLCI8A2, SLCI8A3) of neurotransmitters are significantly downregulated in IMR90X®, compared to
IMROO™™. Genes for postsynaptic glutamate receptors (GRIA2, GRIA3, GRIA4, GRIK4, GRINI,
GRIN2A, GRMS), GABA receptors (GABRB3), acetylcholine receptors (CHRNB2) and serotonin
receptors (HTR6) are significantly downregulated in the CSB-deficient cells, while few genes for
glutamate and GABA receptors are significantly upregulated (GRIAI, GRIK3, GABRG3). Further
differentially expressed genes are involved in postsynaptic density (SHANKI, SHANK?2, DLGAPI),
voltage-gated (KCND2, KCNQ3, PLA2G4A, CACNAID, KCNQ4) and G-protein coupled (ADCY?2,
ADCY7, GNGI2) signaling and neurotransmitter cycling (MAOB, SLCIA2, SLC1A6). Gene markers
MAP2 for neurons, SYN for pre-synapses and PSD95 for post-synapses are not significantly
differentially expressed (SI Figure S4).

To get a functional readout of the neural network formation, we recorded the electrical activity of neural
networks derived from all cell models on microelectrode arrays (MEA). HiNPC neurospheres were
plated onto 96-well MEAs and differentiated for neural network formation over a period of 7 weeks.
This allows us to follow the formation of neural networks over time. Using MEAs, we can analyze
multiple parameters, that are spike- burst- and network-related and represent single neuronal activity,
single neuronal and network maturation, respectively (Figure 4.C)*'. The number of active electrodes
increased in all neural networks and plateaued at approx. 4-5 active electrodes per well (Figure 4.B).
Representative spike raster plots (SRP) are shown in Figure 4.D. The SPR of each cell line depicts the
spikes (black) and bursts (blue) of the first 30s of the 15 min measurement after 6 weeks in vitro (WIV).
We observed differences in some of the measured MEA parameters, between CSB-deficient and -
proficient networks, i.e. number of spikes, number of network bursts, area under normalized cross
correlation (network synchrony) and number of spikes per network burst (Figure 4.E). The IMR90X©
networks show no significant difference in the number of spikes compared to the IMRIOWVT networks.
However, a significant reduction of network bursts and a significant increase in area under normalized
cross correlation and number of spikes per network bursts can be seen, starting from 5 WIV. Similarly,
CS789 shows significantly increased area under normalized cross correlation and number of spikes per
network bursts. However, the parameters ‘number of network bursts’ and ‘number of spikes’ are both
significantly increased in CS789 compared to its control CS789%<, Although the two different models
cannot be directly compared, alterations on neural networks are similar. The significant changes in
electrical activity of both model systems hint towards an altered neural network formation in the disease
system and hence are in line with the transcriptome results. Noteworthy are especially the alterations of
IMR90X® and CS789 in the network activity, compared to their respective controls. Rescue trials with
above mentioned HDAC-inhibitors TubA and SAHA did not change the neural network activities of
either network (data not shown).



Altered GABA levels and KCC2 expression hint towards a delayed GABA switch in disease cell
lines

In order to evaluate, whether the increase of spiking in CSB-deficient neural models is caused by
excitatory neurotransmitter accumulation, we performed Mass Spectrometry (MS) analyses. For that
hiNPC neurospheres were plated and differentiated for 14 DIV. Excitatory glutamate levels and GABA
levels, show no significant difference between disease and control neurospheres (data not shown).
However, their respective GABA/glutamate ratios, calculated from the relative metabolite
concentrations, show an accumulation of GABA in both CSB-deficient systems, with significant
accumulation in CS789 compared to CS789% (Figure 5.A). The neurotransmitter GABA has excitatory
consequences before the postnatal GABA-switch, and holds inhibitory functions thereafter. The
transition of this GABA switch is initiated by crucial changes in gene expression of the chloride importer
Na-K-2Cl cotransporter isoform 1 (NKCCI) and the exporter K-CI cotransporter isoform 2 (KCC2).
During the GABA-switch, NKCC1 expression decreases, while KCC2 expression increases. As active
chloride transporters, they are responsible for the high and low concentrations of intracellular chlorine
before and after GABA switch, respectively*’. The control IMRI0OY -derived neural networks mimic
this development over 21 DIV with increasing NKCC1 and decreasing KCC2 expression. In contrast,
KCC2 is not upregulated in the CSB-deficient networks derived from IMR90X?, indicating a disturbed
GABA switch (analyzed via RNA Sequencing, Figure 5.B left). A similar picture is observed in the
CS789% and CS789 model, yet the GABA switch seems rather delayed, as KCC2 expression is only
significantly lower during the first 14 DIV (analyzed via qPCR, Figure 5.B right). NKCCI expression
does not change over 21 DIV for this system.

CSB-deficiency leads to hindered oligodendrocyte maturation

Demyelination is a common neuropathological phenotype of CSB patients'®!"¥"4° Generating hiPSC-
based BrainSpheres containing oligodendrocytes in addition to neurons and astrocytes in 3D requires a
long-term protocol, that cultures the floating spheres in a shaking incubator (Figure 1.B). Here,
BrainSpheres provide a more mature model compared to hiNPC neurospheres, due to their longer
maturation period in 3D. After 8 weeks, BrainSpheres were analyzed by immunocytochemical staining
for neurons (BIII-tubulin) and oligodendrocytes (O4; Figure 6.A). No obvious morphological or
numerical differences were observed in O4-stained oligodendrocytes differentiated from disease and
respective control hiPSCs. In addition, hiNPC neurospheres were plated for subsequent adherent
oligodendrocyte differentiation. After 4 weeks, cells were stained for the pan-oligodendrocyte marker
O4 and scanned with a high-content imaging platform. Scanned images were than analyzed for the
number of O4 positive cells, using a colocalization tool (Figure 6.B). No significant differences in O4
staining was detected. Myelin formation is dependent on oligodendrocyte differentiation and their
maturation. Therefore, we explored if CSB-deficiency impacts oligodendrocyte maturation, by
analyzing the gene expressions of pan- and maturation stage-specific oligodendrocyte markers (Figure
6.C). No significant difference in the expression of the pan-oligodendrocyte marker SOXI0 between
CSB-proficient and -deficient BrainSpheres was observed. A second pan-oligodendrocyte marker,
Olig2, was expressed significantly less in BrainSpheres from IMR90XC, compared to IMRIO™", yet this
was not seen in CS789 compared to CS789%. The oligodendrocyte progenitor cell (OPC) marker
FABP7 was overexpressed in both, IMR90X® (significantly) and CS789-derived BrainSpheres. The OPC
and pre-oligodendrocyte (pre-OL) markers NG2 and PDGFRa were both underexpressed in IMR90X©,
while CS789 underexpressed PDGFRa, but not NG2. Correspondingly, expression of the immature and
myelinating OL markers CNPase and MBP were underrepresented in both CSB-deficient BrainSpheres,
compared to their respective controls. PLP was not differentially expressed in either cell system. These
results point to a delayed maturation of developing oligodendrocytes in the CSB-deficient models, with
an overexpression of the OPC-specific gene FABP7 and an underexpression of genes specific for more
mature oligodendrocyte stages.



In the next step we assessed, whether this impaired oligodendrocyte maturation is mediated by HDACs,
similar to the CSB consequences on migration. Between 6 to 8 WIV, a time where oligodendrocyte
maturation takes place in BrainSpheres, IMR90¥® and CS789 BrainSpheres were treated with 740 nM
TubA or 50 nM SAHA (Figure 6.D). Both HDAC inhibitors significantly antagonized the CSB
deficiency-dependent underexpression of the pre-OL marker PDGFRa in IMR90XC and CS789. SAHA
additionally induces a significant increase in the expression of the myelinating OL marker MBP in both
CSB-deficient BrainSpheres (Figure 6.E).



Discussion

CSB is a heterogeneous hereditary disease with a spectrum of clinical phenotypes highly depending on
the associated mutant genotype. However, common pathophysiological brain features of CSB patients
include microcephaly, intellectual disability and demyelination'®'!%7, In this work, we provide for the
first time mechanistic explanations for the cardinal brain phenotypes observed in CSB patients. We here
use two 3D hiPSC-derived neural CSB models and their isogenic controls, a CSB patient-derived line
and a genome-edited healthy donor hiPSC line carrying a truncating CSB mutation, both of which result
in CSB protein deficiency. Specifically, our results suggest that CSB deficiency inhibits migration
through defective autophagy, which is consistent with the clinical microcephaly observed in CSB
patients. Further observations of altered electrophysiology and changes in GABA neurotransmitter
levels in CSB-deficient neural networks indicate that a disturbed GABA switch is involved in altered
brain circuit formation, ultimately leading to intellectual disability in patients. In addition, the impaired
oligodendrocyte maturation we observed in CSB-deficient BrainSpheres provides an explanation for the
demyelination observed in children with CSB. Therefore, using human-based 3D in vitro models, we
identified multiple cellular pathomechanisms of CSB deficiency and were able to link them to the three
cardinal brain phenotypes of CSB patients.

Microcephaly can be caused by dysfunctional NPC proliferation, migration, neuronal differentiation or
apoptosis*3°. We are the first to show that deficiency of the CSB protein causes NPC migration defects.
Others previously reported on disrupted neuronal differentiation and neurite outgrowth as a consequence
of CSB-deficiency in 2D immortalized NPC and hiPSC-derived neurons, respectively?’-?%, which might
also contribute to the microcephalic CSB phenotype. We did not observe an impairment of neuronal
differentiation in the differentiating CSB-deficient neurospheres (SI Figure S4), which could be
explained by the large heterogeneity of CSB phenotypes between patients. Yet, these differences might
also arise due to the different cell systems (immortalized NPCs vs. hiNPCs) or dimensionality (2D vs.
3D). Next, we substantiated the findings of impaired migration by mechanistic understanding. The
disrupted migration of CSB-deficient hiNPC neurospheres is accompanied by altered markers of
autophagy, i.e. dysregulated auto- and mitophagy-related gene and protein expressions and a reduced
amount of acetylated a-tubulin. Disrupted autophagy based on malfunctioning HDACs was recently
established as a major mechanism in the skin pathology of CSB patients!®. Here we extend this
mechanism from the skin to the developing brain, by showing that the HDACG6-specific inhibitor
Tubastatin A rescues the inhibited migration in the CSB-deficient neurospheres. This leads us to
hypothesize that HDAC-dependent defective autophagy is the cause for the impaired migration. This
hypothesis is supported by the well-established knowledge that targeted autophagy plays a major role
in focal adhesion turnover, which in turn facilitates cell migration (Figure 3C)**. HDAC-inhibitors
can have highly context-dependent off-target effects, such as decreased proliferation, increased cell
death or histone modifications, which need to be evaluated individually, ideally in an organism-specific
manner. However, selective HDAC-inhibitors are expected to have a high molecular specificity*.

Besides migration, we also studied the functionalities of developing CSB-proficient and -deficient
neural networks over 7 WIV on MEAs, as they provide a promising tool to investigate disease-associated
alterations in neural circuit formation in vitro**®, Brain circuit formation is precisely orchestrated during
brain development and a disruption leads to numerous pathological defects, many of which culminate
in intellectual disabilities**!. Mutations in the CSB spectrum are also frequently accompanied by
limited cognitive function and delayed neurodevelopment!®*’, leading us to speculate that disrupted
circuit formation might be one of the underlying causes. CSB-deficient in vitro neural networks show
increased and/or accelerated electrophysiological parameters compared to the controls over time. In
addition, neurotransmitter analyses coupled with transcriptional profiling identified elevated GABA
levels, and a simultaneous delay in KCC2 expression, as the possible underlying reason for the increased
electrophysiological activities on MEAs. GABA is a fundamentally important neurotransmitter with
prenatal excitatory functions and a postnatal shift towards inhibition. This shift is realized by

9



transcriptional up-regulation of the K*/ClI- co-transporter KCC2, which actively lowers intracellular
chlorine levels and thereby reverses the passive Cl transport by the GABA receptor®®. A disruption of
this pivotal shift has so far not been described for CSB patients, however, it causes developmental delays
and disorders in other neurodevelopmental diseases, such as autism spectrum disorder or attention deficit
hyperactivity disorder (ADHD)>>%. Opposite electrophysiological findings in hiPSC-derived
neuron/glia mixed cultures were published by Vessoni et al.?’. Differences in activity might be explained
by dissimilarity of patient and control cells’ genetic backgrounds, endpoint measures only at one time
point, general low network activity or other aspects of the MEA protocol. Treatment with Tubastatin A
during the 7 WIV did not antagonize the elevated electrical activity suggesting a different, yet unknown,
pathophysiological mode-of-action.

A third neuropathological phenotype found in CSB patients is hypomyelination®!'!74054 Postnatal lack
of myelin in offspring can be evoked by multiple causes ranging from disturbed oligodendrocyte
precursor (OPC) cell proliferation, e.g. through Notch pathway inhibition>>, OPC death e.g. by increased
oxidative stress or excitotoxicity™ to inhibited oligodendrocyte maturation, e.g. by deficiency of thyroid
hormone®’. Studying hypomyelination in human in vitro models has just recently become possible with
appropriate protocols becoming available’®!. We employed hiPSC-based 3D BrainSpheres, which
consist of neurons, astrocytes and oligodendrocytes® to investigate the hypomyelination phenotype of
CSB-deficient BrainSpheres in vitro. While the quantitative ICC analyses showed no difference in the
number of O4* oligodendrocytes in both CSB-proficient and -deficient BrainSpheres, gene expression
analyses revealed that CSB-deficient oligodendrocytes do not mature at the same pace as their respective
isogenic controls. Similar to NPC migration, also the inhibited oligodendrocyte maturation can be
partially rescued through HDAC-inhibition via the HDAC6-specific Tubastatin A and the pan-inhibitor
SAHA. A number of studies have suggested a role of HDAC:s in the regulation of rodent oligodendrocyte
differentiation and maturation, which renders them promising targets in different neurological
pathologies®®®*. Here we show for the first time that altered human oligodendrocyte maturation in an
organotypic CSB disease model can be rescued by pharmacological intervention using HDAC
inhibitors.

To date, clinically approved HDAC-inhibitors, such as SAHA (aka Vorinostat), are mainly employed
as anti-cancer agents®%. Newer developments however, have brought attention to HDAC-inhibitors in
other applications, for instance to treat HIV infections, muscular dystrophies, inflammatory diseases, as
well as neurodegenerative diseases, such as Alzheimer’s Disease, frontotemporal dementia and
Friedreich's ataxia®’. HDACs might therefore also be promising targets for developing treatment
strategies for CSB. However, our data suggests that a combination of drugs might be necessary to target
the different cellular adversities observed in the CSB-deficient neural models.

Limitations of the study

In our study we used fit-for-purpose hiPSC-derived 3D in vitro models to discover and investigate
multiple neurodevelopmental endophenotypes caused by CSB-deficiency. Thereby, we broadly covered
multiple cellular pathomechanisms on the expense of deeply uncovering single molecular mechanisms
in full detail. Nevertheless, we were able to provide a first line of evidence that HDAC-dependent and -
independent mechanisms converge on the pathophysiology of CSB patients. Especially the delayed
GABA switch in CSB-deficient hiPSC-based neural in vitro models should be investigated in more
detail, as was previously published for Rett Syndrome® and schizophrenia®. Another limitation of our
study is the lack of microglia in the neural 3D models. Although not originating from neural stem cells,
microglia colonize the developing brain between gestational weeks 4 and 247, They influence brain
development by refining CNS formation and function, e.g. synapse formation, circuit sculpting,
myelination, plasticity, and cognition. Microglia functional alterations have been associated with
neurodevelopmental diseases’!"’2. Therefore, especially for testing possible therapeutics in 3D neural
models like BrainSpheres, microglia presence will further enhance the predictive value of the models.
10



With the different neural 3D in vitro models, we provide human-relevant multicellular systems that are
already advantageous over tumor cell lines or pure neuronal cultures. However, these structures lack
vascularization and, as elaborated above, immune cells. Therefore, these models have limitations when
it comes to disease modelling involving inter-organ-crosstalk. Nevertheless, our study shows, that 3D
in vitro brain models can provide what animal models often cannot: revealing fundamental disease
mechanisms and therapeutic targets. With our work, we aim to spark further investigation into the
pathophysiological mechanisms of CSB specifically, and increased usage of hiPSC-based 3D cultures
for disease modelling and personalized medicine in general.
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Main figure titles and legends

Figure 1. Human iPSC-derived cell models to study adversities in neurodevelopmental key events
linked to Cockayne Syndrome B (CSB). (A) The two hiPSC-based CSB disease models used in this
study include the commercially available IMROOWT cell line and its CSB-deficient control line IMR90X,
as well as the patient-derived cell line CS789 and its isogenic control CS789%, with partially restored
CSB expression. Both IMR90¥? and CS789%<* were produced via CRISPR Cas (see also Supplemental
Information Figure S1). All hiPSC lines were quality controlled and cell banks were prepared according
to Tigges et al.*. (B) Illustration depicting different fit-for-purpose models. Human iPSCs were neurally
induced to hiNPC neurospheres, which were used to assess NPC proliferation after. HINPCs were plated
onto coated surfaces for subsequent differentiation, to assess NPC migration and differentiated into
neurons and astrocytes after 3 DIV (middle). In order to obtain electrically active neural networks,
hiNPC neurospheres were plated onto coated MEA plates for subsequent differentiation and electrical
activity measurement over 7 WIV (left). The differentiation of oligodendrocytes requires a long-term
differentiation protocol. HINPC neurospheres were differentiated in a shaking incubator for 8 WIV to
obtain BrainSpheres, which consist of neurons, astrocytes and oligodendrocytes (right). (C)
Immunoblotting of CSB levels in neurospheres of the four hiNPC lines, normalized to the housekeeping
protein HSP90 and to the respective control (left) or IMROO™T (right). Representative images are
depicted and graphs visualize differences in protein content due to mutations in the CSB gene or between
CSB expressing lines, respectively. Graphs depict N=3 biological replicates, mean + SEM. Statistical
analyses were performed using unpaired two-tailed t-tests. A p-value below 0.05 was termed significant.
(D) HiNPC spheres were plated, differentiated for 3DIV and subsequently stained for nuclei (Hoechst,
blue), neurons (MAP2, yellow) and astrocytes (AQP4, magenta). (E) Transcriptome analyses were
performed by plating hiNPC neurospheres onto a coated surface, and differentiating these for 3, 14 and
21 DIV. VENN Diagram of the significantly DEGs between IMRIOYT and IMR9O0X? after 3, 14 and 21
DIV, as identified via RNAseq. DEG criteria: |log2| >= 1 and Qvalue of <= 0.05. (F) 892 DEGs
constantly regulated across the differentiation timepoints were mapped to KEGG pathways and the 30
pathways with the highest percentage of regulated genes are depicted. Abbreviations: hiPSC, human
induced pluripotent stem cells; hiNPCs, human induced neural progenitor cells; MEA; microelectrode
array (MEA); WIV, weeks in vitro; DIV, days in vitro; DEG, differentially expressed gene; RNAseq,
RNA Sequencing.

Figure 2. CSB-deficiency is associated with inhibited neural progenitor cell migration and
alterations in focal adhesion and autophagy. (A) 0.3 mm hiNPC neurospheres were plated and
differentiated for 3 DIV. Cell migration was assessed by measuring both migration distance of furthest
migrated cells (bars) and the total number of migrated nuclei (dots). Exemplary brightfield images are
shown on the right. The graph depicts N=3 biological replicates with n=5-10 spheres each, mean + SEM.
(B) The heat map shows selected significantly regulated DEGs of focal adhesion-related pathways,
identified using RNA Sequencing. DEG criteria: |log2| >= 1 and Qvalue of <= 0.05. (C) Representative
stainings of the migration area of plated hiNPC neurospheres after 3 DIV, showing nuclei (blue) and the
cytoskeletal marker F-actin (white). (D) Heatmap of the 140 differentially regulated autophagy-
associated genes of IMR0X® compared to IMRIOYT acoss 3, 14 and 21 DIV as identified using RNA
Sequencing (right), and separately highlighted DEGs of interest (left). DEG criteria: [log2| >= 1 and
Qvalue of <= 0.05. (E) Representative ICC images of differentiating hiNPC neurospheres after 3DIV,
showing nuclei (blue) and lysosomes (LAMP2, magenta). (F) Western Blot of plated and 3DIV
differentiated hiNPC spheres, quantifying the fold change in LC3A, LAMP2 and mTOR protein levels,
normalized to the housekeeper HSP90 and the respective CSB expressing control cell line. Graphs depict
N=3 biological replicates, mean + SEM. For (A) and (F) a p-value below 0.05 was termed significant.
Statistical analyses were performed using unpaired two-tailed t-tests. Abbreviations: NPCs, neural
progenitor cells; DEG, differentially expressed gene; DIV, days in vitro; ICC, Immunocytochemistry.
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Figure 3. HDAC6-inhibitor Tubastatin A partially rescues the adverse migration phenotype of
CSB-deficient cells. (A) Exemplary images and quantifications of Western Blot analyses depicting the
fold change in acetyl-alpha-tubulin and HDACG6 protein levels, normalized to the housekeeper HSP90
and the respective control cell line. Graphs depict N=3 biological replicates, mean = SEM. (B) 0.3 mm
hiNPC neurospheres were plated and differentiated under exposure to TubA (left) or CQ (right), before
the migration distance was measured on DIV 3. The migration distance of both healthy and disease cell
lines was normalized to the solvent control (SC) of the respective healthy cell line within each graph.
Viability and cytotoxicity were assessed in parallel (Supplemental Information Figure S3). Graphs
depict N=3 biological replicates with n=5-10 spheres each. (C) Illustration of the presumed CSB
mechanism: CSB-deficiency leads to defective autophagy, which in turn inhibits migration through
inefficient focal adhesion turnover and altered regulation of the actin cytoskeleton. For (A) and (B), a
p-value below 0.05 was termed significant. Statistical analyses in (A) were performed using unpaired
two-tailed t-tests and in (B) using one-way ANOV A with post-hoc Dunnett tests. Abbreviations: NPCs,
neural progenitor cells; TubA, Tubastatin A; CQ, Chloroquine. Figure created with biorender.com.

Figure 4. Microelectrode Array measurements reveal altered neural network activity in CSB-
deficient networks. (A) Heatmap of the 36 differentially regulated synapse-associated genes of
IMR90X° compared to IMRI0™T accoss 3, 14 and 21 DIV. DEG criteria: [log2| >= 1 and Qvalue of <=
0.05. (B) HiNPC neurospheres were plated onto MEA plates (96-well, 8 electrodes per well) and
differentiated for neural network formation. The neural network development was assessed by
measuring the electrical signals over 7 weeks. The graphs depict the number of active electrodes
normalized to the number of wells over time (N=8-12 wells with n=64-96 electrodes each; mean +
SEM). (C) Illustration of the MEA-derived parameters single spikes, bursts, network bursts and network
synchrony. (D) Representative spike raster plots (SRP) of one well of each cell line after 6 WIV.
Displayed are the spikes (black) and bursts (blue) of the first 30s of the 15 min total measurement. (E)
The electrical activity of neural networks over time is depicted and compared to the respective control.
The graphs show the mean + SEM of three biological replicates for the selected parameters number of
spikes, number of network bursts, area under normalized cross correlation (network synchrony) and
number of spikes per network burst (per replicate 8-12 wells with 64-96 electrodes were evaluated).
Each time point comprises a 15 min measurement. A p-value below 0.05 was termed significant.
Statistical analyses of MEA results were performed using Mixed-effects analysis with the Sidak test for
multiple comparisons. Abbreviations: NPCs, neural progenitor cells; MEA, microelectrode array. Figure
created with biorender.com.

Figure 5. Elevated GABA/Glutamate ratios and delayed KCC2 induction hint towards a delayed
GABA switch in CSB-deficient cells. (A) HiNPC neurospheres were plated and differentiated for 14
DIV, before GC-MS was performed. Graphs depict the ratios of the relative metabolite concentrations
of neurotransmitters glutamate and GABA (N=3 biological replicates, mean + SEM). (B) Left:
Differential expression of NKCCI and KCC2 in IMR90YT and IMR90X® was evaluated from RNA
sequencing data. Graphs depict the FPKM raw values over 21 DIV. Right: NKCCI and KCC2 mRNA
expression in CS789%* and CS789 was analyzed via qPCR. Graphs depict the FGE over 21 DIV,
normalized to B-actin and to dO of CS789%** (not shown; N=3 biological replicates, mean + SEM). (C)
Ilustration of the presumed effects of CSB-deficiency on the brain circuit formation, possibly through
GABA-switch delay. A p value below 0.05 was termed significant. Statistical analyses were performed
using unpaired two-tailed t-tests. Abbreviations: DIV, days in vitro; FPKM, fragments per kilobase
million; FGE, fold gene expression GC-MS, gas chromatography—mass spectrometry. Figure adapted
from Tau et al.” created with biorender.com.
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Figure 6. CSB-deficiency leads to hindered oligodendrocyte maturation. HINPC neurospheres were
pre-differentiated in designated oligodendrocyte differentiation medium for 8 weeks in an orbital
shaking incubator to generate oligodendrocyte-containing BrainSpheres. (A) Representative 3D
BrainSphere ICC stainings after 8 WIV, showing nuclei (Hoechst, blue), neurons (B-III tubulin,
magenta) and oligodendrocytes (O4, cyan). (B) Quantification of O4 positive cells after 4 weeks of
adherent oligodendrocyte differentiation, normalized to the respective healthy control cell line. (C)
Analyses of oligodendrocyte marker mRNA expression via qPCR after 8 WIV. Left: Expression in
IMRO0X® compared to IMR9OYT. Right: Expression in CS789 compared to CS789%, Graphs depict
N=3 biological replicates, mean = SEM. (D) After 6 WIV IMR90X° and CS789 BrainSpheres were
treated with 250 nM TubA or 50 nM SAHA for two weeks, while remaining in the orbital shaking
incubator. The graphs show marker gene expression at 8 WIV as assessed by qPCR. All graphs depict
N=3 and mean + SEM. Marker gene expression is normalized to B-actin and respective expression in
IMROOY™. (E) Illustration of the presumed effect of CSB-deficiency on HDAC-dependent
oligodendrocyte maturation. A p-value below 0.05 was termed significant. Statistical analyses were
performed using unpaired two-tailed t-tests. Abbreviations: NPCs, neural progenitor cells; WIV, weeks
in vitro; ICC, Immunocytochemistry; TubA, Tubastatin A. Figure created with biorender.com.
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STAR Methods

Resource Availability
Lead Contact

Requests for further information should be directed to and will be fulfilled by the lead contact, Prof. Dr.
Ellen Fritsche (Ellen.Fritsche @IUF-Duesseldorf.de).

Materials availability
Requests for resources and reagents should be directed to and will be fulfilled by the lead contact.
Data and code availability

All data reported in this paper will be shared by the lead contact upon request. RNA Sequencing data
have been deposited at GEO and are publicly available as of the date of publication. Accession numbers
are listed in the key resources table.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

Experimental models and subject details
Cell Lines

The commercial wild-type hiPSC-IMR90 line was obtained from WiCell (clone 4, Madison, USA). The
patient-derived hiPSC-CS789 line was kindly provided by Prof. Egly from the IGBMC Strasbourg.
ERCC6 CRISPR/Cas9 mutants CS789% and IMR90X® were generated in house, as previously
described’. In brief, gRNAs (supplemental information (SI) Figure S1) were designed using the
CRISPR design tool CHOPCHOP (https://chopchop.cbu.uib.no/) and cloned into a modified version of
the PX458 plasmid (Addgene #48138, Watertown, USA). The resulting bicistronic vector encoded the
respective gRNA, Cas9 nuclease and GFP selection marker. gRNAs activity and efficiency were
assessed via high resolution melt analysis (HRMA). HiPSCs cells were transfected with nuclease
plasmids in antibiotic-free medium in a 6-well plate using Lipofectamine Stem (Thermo Fisher
Scientific, Waltham, USA) or NEON electroporation system (Thermo Fisher Scientific, Waltham,
USA). After 48 h, cells were sorted (FACS or MACS) and plated as single cells in a 96-well plate and
duplicated after a week. Clones were lysed in proteinase K and genotyped by deep sequencing using a
MiSeq Illumina (San Diego, CA)™. Briefly, libraries were quantified using qBit4 (Thermo Fisher
Scientific, Waltham, USA) and deep sequencing was performed according to the manufacturer’s
protocol (Illumina, San Diego, CA) at around 2000 reads per clone using custom made barcodes. Data
were obtained in FASTQ format and analyzed using CRISPRnano.de™.

To assure high and reliable cell culture quality, all hiPSC lines used in this study were quality controlled
and banked, based on the recommendations of Tigges el al.*®. Briefly, cells were characterized via
karyotyping, STR analysis, FACS analysis for pluripotency markers and viability, mycoplasma test and
colony morphology.
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Method Details
Cell Culture

The neural induction of all hiPSC lines and subsequent cultivation of hiNPCs in 3D was performed
according to the Hofrichter et al. NIM protocol®’. HiPSCs were maintained under feeder-free conditions
on Matrigel-coated 6-well plates (LDEV-free, #354277, Corning, New York, USA) in mTeSR1
medium, containing mTeSR1 (#05850, StemCell Technologies, Vancouver, Canada), 20% (v/v)
mTeSR1 supplement (5850, StemCell Technologies, Vancouver, Canada) and 1% (v/v)
Penicillin/Streptomycin (P06-07100, PAN-Biotech, Aidenbach, Germany) for CS789, CS789%* and
IMR90X°, or on laminin-coated 6-well plates (#L.N521-05, 50 pg/ml, Biolamina, Sundbyberg, Sweden)
in iPSBrew iPSC medium, containing iPS-brew XF (human, 130-104-368, StemMACS, Miltenyi
Biotec, Bergisch Gladbach, Germany), 2% (v/v) iPS Brew XF supplement (130-104-368, StemMACS,
Miltenyi Biotec, Bergisch Gladbach, Germany) and 1% (v/v) Penicillin/Streptomycin for IMRIOY?, at
37 °C in a humidified atmosphere of 5% CO,. The medium was changed on 6 days per week by
completely removing and replacing the medium with fresh mTeSR1 or iPSBrew (2 mL) iPSC medium.
On the sixth day of feeding, 4 mL of the respective medium were added, to substitute for the feeding-
free seventh day. Passaging was performed with 0.5 mM EDTA (#15575020, Thermofisher Scientific,
USA).

The neural induction of hiPSC cultures was initiated by incubating the cells with ROCK inhibitor (10
uM; ROCK INHIBITOR, #HB2297, Hello Bio, Great Britain) in mTeSR1 or iPSBrew medium for 1 h
at 37 °C and 5% CO2. Subsequently, the cells were washed with PBS including 1% (v/v)
Penicillin/Streptomycin (P06-07100, PAN-Biotech, Aidenbach, Germany) and neural induction
medium (NIM; 1 ml), containing DMEM/F12 (31330038, Invitrogen, Waltham, USA), 1:50 B27
supplement (17504-044, Invitrogen, Waltham, USA), 1:100 (v/v) Penicillin/Streptomycin (P06-07100,
PAN-Biotech, Aidenbach, Germany), 20 ng/ml Epidermal growth factor (EGF; PHG0313, Invitrogen,
Waltham, USA), 20% (v/v) Knockout Serum Replacement (10828028, Invitrogen, Waltham, USA),
1:100 N2 supplement (17502-048, Invitrogen, Waltham, USA), 10 uM SB-431542 (S4317, Sigma
Aldrich) and 0.5 uM LDN-193189 (SMLO0559, Sigma Aldrich, Burlington, USA) was added. Colonies
were then fragmented with a StemPro EZPassage Disposable Stem Cell Passaging Tool (Thermo Fisher
Scientific, Waltham, USA) and transferred into Poly-HEMA-coated 6 cm dishes (#P3932, Merck,
Darmstadt, Germany) filled with NIM (5 ml). 10 uM ROCK inhibitor were added for at least 24 h. The
medium was changed every second day. On day 7, spheres were collected and transferred into new Poly-
HEMA-coated 6 cm dishes with 5 ml NIM and hFGF (10 ng/mL; #233-FB, R&D Systems, Minneapolis,
USA) and the spheres were cultured for another 14 days. On day 21 the generated hiNPCs were
transferred into new Poly-HEMA-coated 10 cm dishes filled with 20 ml NPC proliferation medium,
containing DMEM/F12 (31330038, Invitrogen, Waltham, USA), 1:50 B27 supplement (17504-044,
Invitrogen, Waltham, USA), 1:100 (v/v) Penicillin/Streptomycin (P06-07100, PAN-Biotech,
Aidenbach, Germany), 20 ng/ml Epidermal growth factor (EGF; PHG0313, Invitrogen, Waltham, USA)
and hFGF (20 ng/ml, #233-FB, R&D Systems, Minneapolis, USA). Cells were fed every second day
with NPC proliferation medium and mechanically passaged to 0.2 mm diameter when exceeding a size
of =0.5 mm, or when clumping occurs (Mcllwain Tissue Chopper, Ted Pella, Redding, USA). Spheres
were maintained in proliferation medium for subsequent cultivation.

2D neural inductions were performed with cell lines IMR9OYT and IMR90X?, specifically for the
generation of electrically active neural networks, which could not be achieved with the 3D induction
protocol. The 2D inductions were performed according to Hartmann et al.¥. HiPSC-colonies were
dissociated using the Gentle Cell Dissociation Reagent (#100-0485, Stemcell Technologies, Vancouver,
Canada) and subsequently seeded with a cell density of 2*10° cells per well of a 6-well plate coated with
polyethyleneimine (PEI 0.1 %; #181978, Sigma-Aldrich, Burlington, USA) and laminin (15 pg/ml;
#LLN521, Biolamina, Sweden), and cultivated in NIM medium supplemented with 10 uM ROCK
inhibitor (only for the first 24 h after passaging; #HB2297, Hello Bio, Great Britain) under humidified
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conditions at 37 °C and 5 % COa,. Cells were cultivated for 12 days, before medium was changed to
neural progenitor medium (NPM), containing proliferation medium without hFGF, 20% (v/v) Knockout
Serum Replacement (10828028, Invitrogen, Waltham, USA), 1:100 N2 supplement (17502-048,
Invitrogen, Waltham, USA) and 20 ng/ml hFGF (#233-FB, R&D Systems, Minneapolis, USA). Medium
was completely changed every second day. Cells were passaged on days 12 and 17 though enzymatic
dissociation with Accutase (#07920, Stemcell Technologies, Canada) and transferred to a new PEI-
laminin-coated 6-well plate. On day 21, hiNPCs were singularized with Accutase and frozen in neural
progenitor medium containing 10 % dimethyl sulfoxide (DMSO, #A994.1, Carl-Roth, Germany) and
10 uM ROCK inhibitor. Each thawn hiNPCs vial was diluted in 10 ml of the respective neural progenitor
medium with 10 uM ROCK inhibitor (#HB2297, Hello Bio, Great Britain) and centrifuged at 300 g for
5 min. The cell pellet was resuspended in 4 ml NPM medium with 10 uM ROCK inhibitor (#HB2297,
Hello Bio, Great Britain) and transferred to one well of a 6-well plate (#83.3920, Sarstedt, Germany)
coated with anti-adherence rinsing solution (#07010, Stemcell Technologies, Vancouver, Canada). Cells
were cultivated in an orbital shaking incubator (#LT-X, Kuhner Shaker GmbH, Swiss) at 140 rpm, 12.5
mm diameter, 37 °C, 5 % CO2, and 85 % humidity for 7 days without feeding, to allow sphere formation.
Medium was changed to NPC proliferation medium on day 7 for culture maintenance. Cells were fed
every second day with NPC proliferation medium and mechanically passaged to 0.2 mm diameter when
exceeding a size of =0.5 mm (Mcllwain Tissue Chopper, Ted Pella). Spheres were maintained in
proliferation medium for culture maintenance.

BrainSpheres differentiation was conducted according to the needs of the respective readout. Protocols
are described in each section.

Oligodendrocyte Differentiation

Differentiation of hiNPCs from 3D neural inductions to oligodendrocyte-containing BrainSpheres was
conducted based on the protocol published by Pamies et al.*. Proliferating hiNPC spheres were
mechanically passaged to 0.1 mm diameter 1-2 days before the start of the differentiation. Spheres were
transferred into 4 ml oligodendrocyte differentiation medium (ODM), containing Neurobasal Electro
Medium (A1413701, Thermo Fisher, Waltham, USA), 1:50 B-27 Electrophysiology supplement
(A1413701, Thermo Fisher, Waltham, USA), 1:100 Glutamax (A1286001, Thermo Fisher, Waltham,
USA), 20 ng/ml human recombinant GDNF (212-GMP-010, RnD Systems, Minneapolis, USA), 20
ng/ml human recombinant BDNF (450-02, Peprotech, Rock Hill USA), 1% (v/v)
Penicillin/Streptomycin (P06-07100, PAN-Biotech, Aidenbach, Germany), 1:100 db-cAMP (D0260,
Sigma Aldrich, Burlington, USA), 60 ng/ml Triiodothyronine (T3; T2877, Merck, Darmstadt, Germany)
and 20 pg/ml Ascorbic acid (A5960, Sigma Aldrich, Burlington, USA), per well of 6-well plates
(#83.3920, Sarstedt, Germany) coated with anti-adherence rinsing solution (#07010, Stemcell
Technologies, Vancouver, Canada). Spheres were cultivated free-floating, in an orbital shaking
incubator (#LT-X, Kuhner Shaker GmbH, Swiss) at 140 rpm, 12.5 mm diameter, 37 °C, 5 % CO», and
85 % humidity for up to 8 weeks. Half of the medium was changed for new ODM every second to third
day. For rescue treatments between week 6 and week 8, medium was completely changed for ODM
including 250 nM tubastatin A (#SML004, Sigma Aldrich, Missouri, USA) or 50 nM SAHA
(#Cay10009929, Biomol, Hamburg, Germany). Exposed spheres were fed with ODM including the
substance every second to third day until week 8.

Migration

Cell migration was assessed as described previously’. Briefly, one sphere of 0.3 mm diameter was
plated per well of a 96-well plate coated with poly-d-lysine (PDL, 0.1 mg/mL, Merck, #P0899) and
laminin (0.0125 mg/mL, Merck, #1.2020). Spheres were cultivated under differentiation conditions in
100 ul CINDA medium, containing DMEM/F12 (31330038, Invitrogen, Waltham, USA), 1:50 B27
supplement (17504-044, Invitrogen, Waltham, USA), 1:100 N2 supplement (17502-048, Invitrogen,
Waltham, USA), 644 mg/ml creatin monohydrate (C3630, Sigma Aldrich, Burlington, USA), 100 U/ml
Interferon-y (300-02, Peprotech, Rock Hill USA), 20 ng/ml Neurotrophin-3 (450-03, Peprotech, Rock
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Hill USA), 20uM Ascorbic acid (A5960, Sigma Aldrich, Burlington, USA), 1:100 (v/v)
Penicillin/Streptomycin (P06-07100, PAN-Biotech, Aidenbach, Germany) and 300uM d-cAMP
(D0260, Sigma Aldrich, Burlington, USA) for 3 days before the cells were imaged in brightfield mode
(Cellomics ArrayScan, Thermo Fisher Scientific, Waltham, USA). Migration distance was measured
from the sphere core to the furthest migrated cells using Fiji Image J software (v1.53f51,
https://imagej.net/software/fiji/). Additionally, cells were fixed with 4% paraformaldehyde (#P6148,
Sigma Aldrich, Missouri, USA) for 30 min at 37°C, followed by three PBS washing steps. The nuclei
were stained with 1% Hoechst (H21486, Thermo Scientific, Waltham, USA) and the cells were imaged
(Cellomics ArrayScan). The Cellomics Spot Detection Tool was used to automatically count all cells
outside of the sphere core, to assess the number of migrated nuclei. For treatment experiments, cells
were cultivated in CINDA differentiation medium supplemented with SAHA (#Cay10009929, Biomol,
Hamburg, Germany), Tubastatin A (#SML004, Sigma Aldrich, Missouri, USA), Chloroquine (Sigma,
#C6628) or the respective solvent control. Endpoint assessment was performed as described above.
Additionally, cell viability was measured with an Alamar Blue assay (Cell Titer-Blue® (CTB) Viability
Assay; #G8080, Promega, Germany) according to manufacturer’s instructions. Cytotoxicity was
assessed by measuring lactate dehydrogenase (LDH) exclustion (#G7890, CytoTox-One, Promega)
following the manufacturer’s guidelines. Only non-cytotoxic concentrations were evaluated for
statistical analyses, using a cut-off of 20% cytotoxicity. Three biological replicates with three to ten
technical replicates per cell line and condition were performed in each experiment.

Proliferation

Human hiNPC spheres of 0.3 mm diameter were placed into separate wells of a Poly-HEMA-coated
(#P3932, Merck, Darmstadt, Germany) U-bottom 96-well plate (Greiner, Austria) and cultured in
proliferation medium for 3 days. The proliferation was assessed by measuring the increase in sphere
size and by assessing the incorporation of BrdU into newly synthesized DNA. Spheres were imaged in
brightfield mode (Thermo Fisher Scientific, Waltham, USA) from dO- to d3. The sphere size was
automatically measured using the Cellomics ArrayScan Software and the slope of the size increase was
calculated for each sphere. The cell proliferation BrdU assay was performed on day 3 (#11669915001,
Sigma Aldrich, Missouri, USA) according to the manufacturer’s instructions. Three biological replicates
with a minimum of 3-5 technical replicates per cell line were performed.

Immunocytochemistry (ICC)

Samples were fixed with a final concentration of 4% paraformaldehyde (#P6148, Sigma Aldrich,
Missouri, USA) for 30 min at 37°C, followed by three PBS washing steps. The desired primary
antibodies were diluted in 2% goat serum (G9023, Sigma Aldrich, Missouri, USA) and PBS-T (PBS in
0.1% (v/v) Triton X-100 (#T8787, Sigma Aldrich, Missouri, USA)). Subsequently, the antibody solution
was added to the samples and incubated at 4 °C overnight. Samples were washed three times with PBS.
Next, the secondary antibodies, or conjugated antibodies, were added to 1% Hoechst (33258, Sigma
Aldrich, Missouri, USA) and 2% goat serum in PBS. The samples were incubated with the secondary
antibody solution at 37°C for 1 h. Finally, the samples were washed three times with PBS and imaged
with the confocal laser scanning microscope TCS SP8 (Inverse DMi8CS, Leica Microsystems) or the
Cellomics ArrayScan (Thermo Fisher Scientific, Waltham, USA). Floating spheres were positioned onto
microscopy glass slides and covered with Aqua-Poly/Mount (#18606-20, Polysciences Inc., USA) and
a cover glass before imaging. All antibodies are listed in the key resource table.

ICC image detection and quantification by high-content imaging analysis (HCA) was done using the
Cellomics ArrayScan. Respective channels were automatically acquired with a 40x objective
magnification and a resolution of 552 x 552 pixel. 30 randomly assigned fields of each 96-well were
scanned. Automated image analysis was performed with the Thermo Scientific HCS Studio software,
using the Colocalization analysis tool. Specifically, all O4 positive cells were detected and normalized
to the total number of detected nuclei. Four biological replicates with three to five technical replicates
per cell line were analyzed.
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RNA Sequencing

IMRO0OYT and IMR90X® lines were used for transcriptome analyses. Here, 500 hiNPC spheres with a 0.1
mm diameter were plated onto poly-d-lysine (PDL, 0.1 mg/mL, Merck, #P0899) and laminin (0.0125
mg/mL, Merck, #1.2020)-coated 6-well plates and differentiated in CINDA medium for 3, 14 or 21 days.
Total RNA was isolated using the RNeasy Mini Kit (#74104, Qiagen, Hilden, Germany) according to
the manufacturer’s instructions. RNA was sent to BGI Genomics Co., Ltd. (China) for RNA sequencing
using the DNBseq platform and the reads were mapped to human reference genome hg38. Three
biological replicates were performed for each cell line.

Library preparation: Total RNA sample quality control (QC) was done using the Agilent 2100 Bio
analyzer (Agilent RNA 6000 Nano Kit). Subsequently, mRNA was purified using oligo(dT)-attached
magnetic beads, and fragmented. After, synthesis of the first and second cDNA strands, end repair and
“A” base was added to the 3’end. Adaptor ligands were added, and PCR was performed. PCR product
purification was done with XP beads. QC was again done using the Agilent 2100 Bio analyzer. Double
stranded PCR products were denatured and circularized by splint oligo sequencing. Resulting single
strand circle DNA was formatted as the final library. The library was amplified with phi29 to make
DNA nanoball (DNB). The DNBs were loaded into the patterned nanoarray and single end 50 (pair end
100/150) bases reads were generated in the way of combinatorial Probe Anchor Synthesis (cPAS).

Sequence data analysis: First, reads mapping to rRNAs were removed. Next, low quality reads (>40%
of bases qualities <20), reads with adaptors and reads with unknown bases (N bases >0.1%) were
removed, to get the clean reads (20M clean reads per sample, BGI software SOAPnuke v1.5.2). These
clean reads were stored as FASTQ files. Reads were subsequently mapped to the reference genome
(GCF_000001405.39_GRCh38.p13) using the Hierarchical Indexing for Spliced Alignment of
Transcripts software (HISAT2, v2.0.4). Additionally, novel transcript prediction (StringTie v1.0.4;
Cuffcompare v2.2.1; CPC v0.9-r2), SNP & INDEL calling (GATK) and gene-splicing detection were
done (rMATS v4.0.2). Gene expression analysis was performed, by mapping the clean reads to the
reference genome (Bowtie2 v2.2.5) and calculating the expression levels with RSEM (v1.2.12).
Differentially expressed genes (DEGs) between IMRIOWT and IMRI0X® lines were identified with
DEseq2”’.

Quantitative polymerase chain reaction (qPCR)

For KCC2 and NKCCI1 expression, 60 hiNPC spheres of 0.1 mm diameter were plated onto poly-d-
lysine (PDL, 0.1 mg/mL, Merck, #P0899) and laminin (0.0125 mg/mL, Merck, #1.2020)-coated 48-well
plates and differentiated in CINDA for 3, 14 or 21 days. For oligodendrocyte marker expression
analyses, spheres were differentiated as described in the oligodendrocyte differentiation protocol, before
harvesting. Total RNA was isolated using the RNeasy Mini Kit (#74104, Qiagen, Hilden, Germany)
according to manufacturer’s instructions. RNA was then reverse transcribed to cDNA (#205314,
QuantiTec Reverse Transcription Kit, Qiagen, Hilden, Germany) according to the manufacturer’s
instructions and qPCR was performed (#204057, Quanti Fast SYBR Green Kit, Qiagen, Hilden,
Germany) using the PCR-Cycler Rotor-Gene Q (Qiagen, Hilden, Germany). Primer sequences are listed
in the SI Table S2. Three biological replicates were performed for each cell line.

Western Blot (WB)

For CSB protein analyses, proliferating hiNPC spheres were analyzed. For all other markers, 750 hiNPC
spheres with a diameter 0.1 mm diameter were plated into one well of a 6-well plate coated with poly-
d-lysine (PDL, 0.1 mg/mL, Merck, #P0899) and laminin (0.0125 mg/mL, Merck, #1.2020). Spheres
were cultivated under differentiation conditions in CINDA medium for 3 days. Cell pellets of each well
were lysed in RIPA buffer (Cell Signaling Technology, Massachusetts, USA) and 1 mM protease
inhibitor PMSF (Cell Signaling Technology) on ice for 30 min and centrifuged for 15 min at 4°C at
maximum speed. Supernatant of protein samples were separated by 10% SDS-polyacrylamide gel

19



electrophoresis and blotted onto PVDF membrane (BioRAD, Hercules, USA). Blots were blocked in
5% BSA diluted in 0.1% TBS-Tween-20 (TBS-T) for 1h at RT and subsequently incubated with
antibodies of interest overnight at 4°C according to the manufacturer’s instructions. Blots were washed
in TBS-T for 30 min and incubated with a 1:1000 dilution of HPR-conjugated secondary antibody (LI-
COR Biosciences, Nebraska, USA) in 5% BSA in TBS-T at RT for 1 h. After final washing step of 30
min bands were visualized using ECL Prime (GE Healthcare, Freiburg, Germany) chemiluminescence
substrate and the Odyssey imaging system (LI-COR Biosciences). Densitometry was carried out using
Image Studio Lite software (LI-COR Biosciences). Three biological replicates were performed for each
cell line. All antibodies are listed in the key resource table.

Multielectrode Arrays (MEA)

96-well cyto-view MEA plates (#M768-tMEA-96B, Axion Biosystems, Atlanta, USA) were coated with
poly-L ornithine (PLO, 0.1 mg/ml, #P3655, Sigma Aldrich, Missouri, USA) and laminin (#LN521-05,
50 pg/ml, Biolamina, Sundbyberg, Sweden). 3D induced hiNPCs of CS789%¢* and CS789 cell lines were
mechanically passaged to 0.1 mm diameter and transferred into CINDA+ differentiation medium,
containing DMEM/F12 (31330038, Invitrogen, Waltham, USA), 1:50 B27 Plus supplement (A35828-
01, Gibco, Billings, USA), 1:100 N2 supplement (17502-048, Invitrogen, Waltham, USA), 644 mg/ml
creatin monohydrate (C3630, Sigma Aldrich, Burlington, USA), 100 U/ml Interferon-y (300-02,
Peprotech, Rock Hill USA), 20 ng/ml Neurotrophin-3 (450-03, Peprotech, Rock Hill USA), 20uM
Ascorbic acid (A5960, Sigma Aldrich, Burlington, USA), 1:100 (v/v) Penicillin/Streptomycin (P06-
07100, PAN-Biotech, Aidenbach, Germany) and 300uM d-cAMP (D0260, Sigma Aldrich, Burlington,
USA). 20 hiNPC spheres in 200ul CINDA+ were plated per well and 12 wells were prepared per cell
line. For the IMR90™T and IMR90X® lines, 3D induced BrainSpheres did not yield sufficient electrical
activity. Therefore, an adapted 2D induction protocol was used. Here, one proliferating sphere of approx.
0.2-0.3 mm size was plated in 200ul CINDA+ per well and 12 wells were prepared per cell line. All
lines were subsequently cultivated at 37°C in a humidified atmosphere of 5% CO, for up to 7 weeks.
Cells were fed every two to three days, by removing 100ul and adding 100ul CINDA+ medium. The
electrical activity was measured for 15 min every week after an equilibration time of 15 min on the
Maestro Pro MEA system (Axion Biosystems, Atlanta USA). During the time of the measurement,
temperature and CO2 were kept stable and equivalent to the cultivation conditions. Data recording was
operated by the Axion Integrated Studios (AxIS) navigator software (version 3.1.2, Axion Biosystems,
Atlanta, USA) with a sampling frequency of 12.5 kHz and a digital band-pass filter of 200-3000 Hz.
Subsequent spike detection was performed using the method “adaptive threshold crossing” with a
threshold of 6 root mean square (rms) noise on each electrode and a pre- and post-spike duration of 0.84
ms and 2.16 ms, respectively. An electrode was termed ‘“active” with at least 5 spikes per min.
Quantification of general electrical activity and neuronal network activity was performed with the
Neural Metric Tool software (version 3.1.7, Axion Biosystems, Atlanta, USA). For burst detection, the
method “Inter-spike interval (ISI) threshold” was used with a minimum of 5 contributing spikes and a
maximum IST of 100 ms. Network bursts were identified using the algorithm “envelope” with a threshold
factor of 1.5, a minimal inter-burst interval (IBI) of 100 ms, at least 35% participating electrodes, and
75 % burst inclusion. Parameters for neuronal activity (percentage of active electrodes and number of
spikes) as well as for network maturation and synchronicity (number of network bursts, number of spikes
per network bursts and area under normalized cross correlation) were analyzed.

GC-Mass Spectrometry

For GC-MS analyses, 500 hiNPC spheres with a diameter of 0.1 mm were plated into one well of a 6-
well plate coated with poly-d-lysine (PDL, 0.1 mg/ml, Merck, #P0899) and laminin (0.0125 mg/ml,
Merck, #1.2020). Spheres were cultivated under differentiation conditions in CINDA medium for 14
days. As a wash control, 1mM Tricarballylic acid (T53503, Sigma Aldrich, Missouri, USA) was added
to each well of the cell culture medium, immediately before harvesting on day 14. Cells in each well
were washed four times with ice cold 0.9% (w/v) saline in MilliQ water, before being collected in 2 ml
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of 0.9% (w/v) saline (3957.1, Roth, Karlsruhe, Germany) in MilliQ water. 2 ml methanol (N41.1, Roth,
Karlsruhe, Germany) were supplemented with 250ul internal standard (ISTD; 10uM final; ribitol;
A5502-5G, Sigma Aldrich, Missouri, USA). 2 ml methanol-ISTD solution was added to 2 ml of cell
suspension and samples were shock frozen in liquid nitrogen. Upon thawing on ice, 1 ml chloroform
(3313.1 Roth, Karlsruhe, Germany) was added to 4 ml sample solution and the mixture was incubated
on ice and frequently vortexed for 10 min, before resting for 5 min on ice. The samples were centrifuged
for 10 min at 4°C and 4000g. Subsequently, the aqueous phase (top layer) was collected in a separate
tube and the remaining organic phase was washed with 2 ml ice-cold MilliQ water. After another
centrifugation cycle at 4°C and 4000g for 10 min, the aqueous phase was collected and pooled with the
first collection tube. The sample was filled with 11.5 ml MilliQ water, to reduce the amount of the
organic solved <15%. Samples were frozen for at -80°C, before lyophilization was carried out. Dried
samples were resuspended in 500ul MilliQ water, of which 20 ul were mixed with 50 ul methanol and
dried via vacuum centrifugation for derivatization and GC-MS measurement.

The polar metabolites were derivatized for GC-MS analysis according to the method described by Gu
et al.”®. The derivatization process was executed using an MPS-Dual-head autosampler (Gerstel,
Miilheim an der Ruhr, Germany). First, 10 pl of methoxyamine hydrochloride (10440364, Thermo
Fisher Scientific, Fisher Scientific Chemicals, Waltham, Massachusetts, USA; freshly prepared
at 20 mg ml-1 in pure pyridine from) were added, and the samples were shaken at 37 °C for 90 minutes.
Next, 90 pl of N-Methyl-N-(trimethylsilyDtrifluoroacetamide (MSTFA; Macherey-Nagel, Diiren,
Germany) were added and shaken at 37 °C for 30 minutes, followed by a 2-hour incubation at room
temperature. Metabolite analysis was conducted using a 7890B gas chromatography system connected
to a 7200 QTOF mass spectrometer from Agilent Technologies, as previously described by Shim et al.”.
Compound identification was performed using MassHunter Qualitative software (v b08, Agilent
Technologies, Santa Clara, USA) by comparing the mass spectra to an in-house library of authentic
standards and the NIST14 Mass Spectral Library (available at https://www.nist.gov/srd/nist-standard-
reference-database-1a-v14). Peak areas were integrated using MassHunter Quantitative software (v b08,
Agilent Technologies, Santa Clara, USA) and normalized to the internal standard ribitol (Sigma Aldrich,
Missouri, USA).

Quantification and statistical analysis
Migration, Proliferation, Western Blot and Mass Spectrometry analyses

GraphPad Prism was used to create visual graphs and analyses. Statistical significance was determined
by unpaired two-tailed t-tests. Migration rescue experiments were analyzed using ANOVA with the
Dunnett test for multiple comparisons. A p value below 0.05 was termed significant.

qPCR

Fold change values were determined by 2°-ddCt. Statistical significance was determined by unpaired
two-tailed t-tests in GraphPad Prism. A p value below 0.05 was termed significant.

RNA Seq

DEG criteria was set to [log2| > 1 and Qvalue of < 0.05 were used for subsequent analyses and KEGG
pathway mapping. Individually analyzed genes had a minimum FPKM of 1. Analyses and visualization
of gene expression parameters were done using the Dr. Tom software (BGI Genomics Co., Ltd.).

MEAs

Statistical analyses of MEA results were performed in GraphPad using Mixed-effects analysis with the
Sidak test for multiple comparisons (N=8-12 wells with n=64-96 electrodes). A p value below 0.05 was
termed significant.
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Key Resource Table

STAR Methods
Key Resources Table
REAGENT or RESOURCE | SOURCE | IDENTIFIER
Antibodies
Anti-beta III tubulin conjugated to Alexa Fluor 647 Abcam ab190575
Anti-MAP2 Thermo Fisher 13-1500;
RRID:AB_2533001
Anti-AQP4 Merck HPAO014784;
RRID:AB_1844967
Anti-LAMP2 Santa Cruz sc-18822;
RRID:AB_626858
Anti-O4 R&D Systems MAB1326;
RRID:AB_357617
Anti-CSB GeneTex GTX104589
Anti-LC3A Abcam ab52768;
RRID:AB_881226
Anti-mTOR Cell Signaling mAb2983
Anti-acetyl-alpha-tubulin Cell Signaling mAb5335
Anti-HADC6 Cell Signaling mAb7558
Anti-HSP90 Cell Signaling mAb4877
Hoechst 34580 Thermo Fisher H21486
Alexa Fluor 488 Phalloidin Invitrogen A12379
Anti-mouse Alexa Fluor 488 Invitrogen A11001;
RRID:AB_2534069
Anti-mouse Alexa Fluor 546 Invitrogen A11030;
RRID:AB_2534089
Anti-rabbit Alexa Fluor 546 Invitrogen A11010;
RRID:AB_2534077
Anti-mouse Alexa Fluor 488 Invitrogen A-21042;
RRID:AB_2535711
Anti-mouse LI-COR Bioscience 926-80010
Anti-rabbit LI-COR Biosciences 926-80011
Chemicals, peptides, and recombinant proteins
Laminin521 Biolamina LN521-05
Lamininl11 Merck L2020
EDTA Thermo Fisher 15575020
ROCK inhibitor Hello Bio HB2297
Penicillin/Streptomycin PAN-Biotech P06-07100
Human recombinant fibroblast growth factor (hFGF) R&D Systems 233-FB
mTeSR1 StemCell 5850
Technologies
mTeSR1 supplement StemCell 5850
Technologies
Penicillin/Streptomycin PAN-Biotech P06-07100
1PS-brew XF, human StemMACS 130-104-368
iPS Brew XF supplement StemMACS 130-104-368
Penicillin/Streptomycin PAN-Biotech P06-07100
Knockout Serum Replacement Invitrogen 10828028
N2 supplement Invitrogen 17502-048
SB-431542 Sigma Aldrich S4317
LDN-193189 Sigma Aldrich SML0559
DMEM/F12 Invitrogen 31330038




B27 supplement Invitrogen 17504-044
B27 Plus supplement Gibco A35828-01
Creatin monohydrate Sigma Aldrich C3630
Interferon-y Peprotech 300-02
Neurotrophin-3 Peprotech 450-03
Ascorbic acid Sigma Aldrich A5960
db-cAMP Sigma Aldrich D0260
Neurobasal Electro Medium Thermo Fisher A1413701
B-27 Electrophysiology supplement Thermo Fisher A1413701
Glutamax Thermo Fisher A1286001
human recombinant GDNF RnD Systems 212-GMP-010
human recombinant BDNF Peprotech 450-02
Triiodothyronine (T3) Merck T2877
Gentle Cell Dissociation Reagent Stemcell Technologies | 100-0485
Polyethyleneimine (PEI) Sigma-Aldrich 181978
Accutase Stemcell Technologies | 07920
Dimethyl sulfoxide (DMSO) Carl-Roth A994.1
Anti-adherence rinsing solution Stemcell Technologies | 07010
Matrigel Corning 354277
Tubastatin A Sigma Aldrich SML004
Suberoylanilide hydroxamic acid (SAHA) Biomol Cay10009929
Poly-d-lysine (PDL) Merck P0899
Chloroquine Sigma C6628
Poly-HEMA Merck P3932
Paraformaldehyde Sigma Aldrich P6148
Goat serum Sigma Aldrich G9023
Triton X-100 Sigma Aldrich T8787
Poly-L ornithine Sigma Aldrich P3655
Tricarballylic acid Sigma Aldrich T53503
Methanol Roth N41.1
Chloroform Roth 3313.1
Natriumchloride Roth 3957.1
Methoxyamine hydrochloride Thermo Fisher 10440364
Ribitol Sigma Aldrich A5502-5G
Aqua-Poly/Mount Polysciences Inc. 18606-20
Critical commercial assays
Cell Titer-Blue® Viability Assay (CTB) Promega G8080
Lactate dehydrogenase Assay (LDH) Promega G7890
Cell Proliferation BrdU Assay Sigma Aldrich 11669915001
RNeasy Mini Kit Qiagen 74104
QuantiTec Reverse Transcription Kit Qiagen 205314
Quanti Fast SYBR Green Kit Qiagen 204057
Deposited data
RNA Sequencing ' GEO: GSE240972
Experimental models: Cell lines
hiPSC-IMR90 clone 4 (IMR9OYT) WiCell RRID:CVCL_C437
CS789 Prof. Dr. Egly, N/A
IGBMC Strasbourg
CS789Re GEMD, Leibniz IUF N/A
Diisseldorf
IMR90X© GEMD, Leibniz IUF N/A
Diisseldorf

Oligonucleotides




Primers listed in supplemental information table S2. | Eurofins ' N/A

Recombinant DNA

PX458 | Addgene | 48138

Software and algorithms

CRISPR design tool CHOPCHOP https://chopchop.cbu.u | N/A
ib.no/

CRISPRnano Nguyen et al. (2022). | N/A
10.1093/nar/gkac440"

Fiji Image J (v1.53f51) https://imagej.net/soft | N/A
ware/fiji/

Image Studio Lite (v5.2) LI-COR Biosciences N/A

Axion Integrated Studios (AxIS) navigator software Axion Biosystems N/A

(version 3.1.2)

Neural Metric Tool software (version 3.1.7) Axion Biosystems N/A

MassHunter Qualitative software (vb08) Agilent Technologies | N/A

NIST14 Mass Spectral Library https://www.nist.gov/s | N/A
rd/nist-standard-
reference-database-1a-
v14

GraphPad Prism (v9.5.1) https://www.graphpad. | N/A
com
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Figure 3
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Figure 5
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Figure 6
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Supplements

Supplemental Information

Figures
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SI Figure S1. Cell Line Information — related to ‘Two hiPSC models for neurodevelopmental key
event analyses in the Cockayne Syndrome B’. (A) Schematic view of ERCC6 gene structure modified
from Ensembl (ENT00000355832). Top, ERCC6 iPSC mutants (CS789%¢, CS789 and IMR90X®) carry
mutations in exons pointed to by the arrows. IMR90X® ERCC6 mutant was generated using
commercially available iPSCs (IMR90YT). CS789%* mutant was generated using the CS789 patient-
derived iPSC line. Bottom, arrows point to the gRNA sequences used to generate ERCC6 mutants
(CS789 and IMR90X°). (B) Next generation sequencing alignment of IMR90OYT and IMR90X° mutant.
Depicted is a deletion of 13 bp in the IMR90X® mutant. (C) Next generation sequencing alignment of
IMRIO™T, CS789 (the stop codon is depicted in red), and CS789%* mutant that carries 9 bp in-frame
deletion that removes the premature stop codon present in the CS789 patient line.
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SI Figure S2. CSB-deficient cell lines do not show altered proliferation — related to ‘CSB-
deficiency is associated with inhibited neural progenitor cell migration and alterations in focal
adhesion and autophagy’. Proliferation of all cell lines was assessed in hiNPCs using the BrdU assay
and area measurement. Spheres were cultivated in proliferation medium for 3 days. (A) The BrdU
incorporation on day 3. The graph depicts the luminescence of each cell line. (B) The area was measured
every day, and the increase in Area is depicted for each cell line. (C) Exemplary images of sphere growth
from dO to d3. N=3 biological replicates with n=3-5 spheres. All graphs depict the mean + SEM.
Abbreviations: hiNPC, human induced neural progenitor cell; BrdU, bromodeoxyuridine / 5-bromo-2'-
deoxyuridine.
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SI Figure S3. Migration treatment supplemental information — related to ‘The HDACé6-inhibitor
Tubastatin A partially rescues the migration phenotype of disease hiNPC neurospheres’.
Cytotoxicity (LDH) and viability (CTB) were measured for all Tubastatin A (A), Chloroquine (B) and
SAHA (C) treatments. (C) The top two graphs depict an N=1 biological replicate with n=3-5 spheres.
All other Graphs depict N=3 biological replicates with n=3-5 spheres. (D) Migration in differentiation
BrainSpheres treated with different SAHA concentrations. N=3 biological replicates with n=3-5 spheres.
All graphs depict the mean + SEM.
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SI Figure S4. Neuronal and synaptic markers — related to ‘Microelectrode Array measurements
reveal altered neural network activity in CSB-deficient networks’. Left: ICC stainings of plated
hiNPC spheres after 3 DIV. Representative images of each cell line are depicted. Right: PCR analyses
of MAP2 (neuronal marker), SYN (pre-synaptic marker) and PSD95 (post-synaptic marker) after 3 DIV,
normalized to the housekeeper -acting and the respective control cell line. Graps depict mean+SEM.
Abbreviations: ICC, immunocytochemistry; hiNPC, human induced neural progenitor cell; DIV, days
1n vitro.



Tables

SI Table S1. CS789 — Patient information' — related to ‘Two hiPSC models for
neurodevelopmental key event analyses in the Cockayne Syndrome B’.

Patient ID CS789VI

Origin UK

Mutation Point mutation (2047C>T; p.Arg683x)
Donor Cell Type Dermal fibroblasts, male

Clinical Classification Cerebro-oculofacio-skeletal syndrome (COFS)
Growth failure +

Low birth weight +

Cachexia -

Intellectual Disability Severe

Microcephaly Congenital

Seizures +

Cataracts Congenital

Microphthalmia +

Retinal degradation -

Deafness +

Clinical photosensitivity +

Dental anomalies -

Arthrogryposis +

Age at Death 10 months

SI Table S2. qPCR Primers — related to ‘Key Resource Table’. All primers supplied by Eurofins.

B-actin FW CAG GAA GTC CCT TGC CAT CC

RV ACC AAA AGC CTT CAT ACA TCT CA
NKCC1 FwW ACA AAG TTG AGG AAG AGG ATG GC

RV CCT GAT CTG CCG GTA TGT CTT GG
KCC2 FW CTA CAG CGA ACG AGA GAG CG

RV CCA TCT CCT CCT CAA ACA AGG C
FABP7 FwW TCA TCA GGA CTC TCA GCA CA

RV GAA CAG CAA CCA CAT CACCA
NG?2 FW CGG ACA CTT CTT CCG AGT GA

RV TAT TCC CAG CGT AGA CCT CTG
PLP FwW TTG GCG ACT ACA AGA CCA CC

RV GGG AAG GCA ATA GAC TGG CA
PDGFRa FW ATT AAG CCG GTC CCA ACC TG

RV AGC TCC GTG TGC TTT CAT CA
CNPase FW ACT CAG GCA TCA TTC CAC CA

RV TGT CAA GCG TGG TGT TCA AG
Olig?2 FW CCG ATGACCTTT TTC TGC CG

RV CCA CTG CCT CCT AGCTTG TC
MBP Fw CAG AGC GTC CGA CTA TAA ATC G

RV GGT GGG TTT TCA GCG TCT A
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3 Discussion

A distinct shift from animal models to in vitro alternatives is evident across academia,
industry and regulatory bodies. This movement leads to new guidelines and an improved
acceptance of new approach methodologies (NAMs), like those addressing skin
sensitization (OECD guideline no.497 2023), in the context of the 3R principles
(replacement, reduction, and refinement of animal testing). The 3R initiative is a
movement initiated by Russell and Burch already in 1959, that supports and guides the
development of alternatives to animal experiments with the perspective of regulatory
acceptance. In this context, the establishment of complex and robust models and
reliable cultivation systems that reflect human physiology becomes essential (Krewski
et al. 2010). At the forefront of NAM development are stem cell-, especially hiPSC-based
models, due to their pluripotency, human relevance and virtually unlimited availability
(manuscript 2.1). This thesis ties in with the aforementioned goals, by characterizing and
optimizing hiPSC-derived 3D in vitro models to gain valuable insights into
neurodevelopmental pathomechanisms and their application as NAMs. The thesis
further supports the versatility of such models beyond disease modeling, extending the

relevance of hiPSC-derived in vitro systems to other biomedical fields like toxicology.

3.1 Human iPSCs as basis for neural in vitro models

Although many efforts in the field of neural in vitro modeling rely on primary or rodent
cell cultures (Meyer, Lotze, and Riess 2022; Baumann et al. 2016; Koch et al. 2022), hiPSCs
are up and coming (Tukker et al. 2020; Rowe and Daley 2019; Ebert, Liang, and Wu 2012),
aiding the development of physiologically relevant NAMs. Human iPSC-based NAMs
have proven to be valuable tools for the investigation of human brain development in
vitro, as reviewed in manuscript 2.2. However, limitations and drawbacks need to be

considered, in order to correctly implement and analyze these models.

Beyond the regularly argued ethical acceptance, a significant advantage of hiPSCs is

their human, often patient-specific origin. This intrinsic quality aids the recapitulation
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of specific genetic phenotypes, granting them substantial relevance and predictive
capacity. Forinstance, Li et al. (2018) used a patient-specific hiPSC-based model with
mutations in the GFAP gene, to identify impaired OPC proliferation and myelination as
underlying mechanisms in the Alexander disease. The genetic heterogeneity inherentin
different hiPSC lines, arising from their donor-specificity, further strengthens their
predictivity by reflecting the broad patient heterogeneity. This enables the investigation
of how patient-derived hiPSCs of donors with heterogenous psychiatric conditions, such
as schizophrenia, react to drug administration (Collo et al. 2020). In addition, larger-
scale applications such as drug screenings and toxicological hazard assessments could
profit from this genetic diversity. Nevertheless, one should err on the side of caution,
when comparing single healthy and disease cell lines from different donors with respect

to their individual behavior and response to substances (Volpato and Webber 2020).

An effective strategy to navigate challenges posed by, and even leverage, donor
variability involves creating isogenic control cell lines for disease-specific and patient-
derived hiPSC models. Isogenic controls enable a direct comparison between a mutated
cell line and its rescued control, possessing otherwise identical genetic backgrounds.
This allows the distinction between effects attributed to the mutation itself and those
arising from the genetic background. Despite a growing number of studies employing
isogenic controls, the potential advantages they offer remain underutilized. In an
extensive study, Brunner et al. (2023) analyzed and compared multiple endpoints
(immunocytochemistry, electrophysiological measurement, proteomic data) for neurons
derived from different hiPSC lines, revealing low statistic power in current neural
disease modeling setups. However, they state a strong increase of statistical power in
studies using multiple isogenic control designs. Two pairs of isogenic control lines were

utilized in manuscript 2.7, as discussed in section 3.4.1 of this thesis.

A high cellular and structural complexity can be achieved using hiPSCs. Neurons and
astrocytes are readily differentiated from hiPSCs (Chambers et al. 2009; Hofrichter et al.
2017; Hartmann et al. 2023), whereas the generation of oligodendrocytes and microglia
was impossible for a long time. Although still challenging, both cell types can now be

obtained from differentiating hiPSCs in vitro (Abreu et al. 2018; David Pamies et al. 2017,
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Douvaras and Fossati 2015; McPhie et al. 2018). The added model complexity in
multicellular and 3D cultures, compared to monocultures, enables the investigation of
inter-cellular interactions, such as during neuronal migration, and cell-type specific

effects, such as oligodendrocyte sensitivity to oxidative stress (Alépée et al. 2014).

Human iPSCs can be massively expanded in culture, thereby generating a virtually
inexhaustible cell source. This is a big advantage for long-term or screening studies.
However, researchers should always be aware of risk factors, such as genomic instability
(Yoshihara, Oguchi, and Murakawa 2019) and mycoplasma contaminations (Drexler and
Uphoff 2002; Nikfarjam and Farzaneh 2012), which can lead to severe reliability and
reproducibility issues. To date, no gold standard is set for quality-controlled cell culture
materialin academia, which leads to high variances in quality control standards (Pamies,
Leist, et al. 2022). In manuscript 2.6, the generation of a quality-controlled banking
process for hiPSCs is suggested, including assays to assess cell morphology,
mycoplasma contamination, short tandem repeats (STR) and karyotype analysis, as well
as pluripotency and viability tests. Such a quality control may seem extensive, but only
comes with an average cost of 2,340 Euros per master cell bank (50 vials) — a reasonable
price for improved data reliability within the academic research community. All hiPSC
lines used in this thesis were quality controlled and banked according to manuscript 2.6,
to ensure high and reliable culture quality. This thesis therefore provides a proof of

principle for the applicability of good cell culture practice for in vitro models.

3.2 Human iPSC-based neural models in 2D and 3D

3.2.1 From 2D to 3D cultures

From 2D mono-cultures (Washer et al. 2022; Quist, Ahlenius, and Canals 2021) over
multicellular spheroid cultures (Y. K. Lee et al. 2020; Raja et al. 2022; Hofrichter et al.
2017; Pamies et al. 2017) to complex bioengineered 3D models (manuscript 2.3 and
manuscript 2.4; Antill-O’Brien, Bourke, and O’Connell 2019), the application of hiPSCs is
manifold. The conventional approach to neural in vitro modeling involved utilizing 2D

models cultivated on coated plastic or glass surfaces. These models are advantageous

208



due to their simplicity and efficiency in generating homogeneous and reproducible
cultures, facilitating well-established readouts (Table 3.1; Centeno, Cimarosti, and
Bithell 2018). HiPSC-derived neural 2D cultures have been employed in the investigation
of diseases such as Alzheimer's disease (Kondo et al. 2013; Hossini et al. 2015),
Huntington's disease (Mattis et al. 2012), and Parkinson's disease (Cooper et al. 2010;
Soldner et al. 2009). However, the human brain is one of the most complex tissues in the
body. Stem cells underlay a defined spatial and temporal exposure to signaling
molecules, cell-cell and cell-matrix interactions (Farrukh, Zhao, and del Campo 2018)
thus determines their fate and organization (Discher, Mooney, and Zandstra 2009).
These interactions are largely absent in 2D models, causing them to fall short in
capturing the complexity of human in vivo physiology (Table 3.1; Hopkins et al. 2015;
Morrison, Cullen, and LaPlaca 2011). Consequently, this can lead to alterations in cell
morphology, proliferation and differentiation (T. Xu et al. 2009; Brannvall et al. 2007;
Zhang et al. 2014).

3D models augment the complexity of conventional cell cultures, rendering them more
predictive and physiologically relevant (Bahram, Mohseni, and Moghtader 2016; Q. Gu et
al. 2018; Pacitti, Privolizzi, and Bax 2019; Fritsche, Gassmann, and Schreiber 2011; Zhuang,
Sun, et al. 2018; Centeno, Cimarosti, and Bithell 2018; D’Aiuto et al. 2018). These models
provide crucial cell-cell and cell-matrix interactions, establishing a certain degree of
spatial organization and the potential for a customized physiological microenvironment.
These qualities make these models adaptable to individual research needs (Table 3.1;
manuscripts 2.3 and 2.4; Madl and Heilshorn 2018; Zhuang, An, et al. 2018; Fabbri et al.
2023). However, this increased complexity may entail elevated cell culture costs,
particularly if additional equipment or materials are necessary. This is accompanied by
greater challenges in method development, including tasks like image analysis and

quantification (Table 3.1).

Two distinct strategies for 3D model development have arisen: scaffold-free and

scaffold-based approaches. Both strategies will be elaborated upon in the next section.
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Table 3.1 Comparison of 2D and 3D neural models. Adapted from Centeno, Cimarosti, and

Bithell (2018).

Two-dimensional (2D)
Mono- or multi-cell type models
cultivated on coated surfaces
(often glass or plastic).

Three-dimensional (3D)
Scaffold-free or scaffold-based
models, adherent or non-
adherent.

Advantages Simple to use Complex cell-cell interactions
Inexpensive Cell-matrix interactions
Homogenous culture Spatial organization
Reproducible Higher degree of complexity
Well-established techniques Design of microenvironment
Easy downstream processing Higher physiological relevance

Limitations  Non-physiological Potentially more expensive

Cell-cell interactions limited
Altered Cell-matrix interaction
Low predictability

Altered cell morphology and
behavior

Can be challenging for methods
and readouts

Potential variability in
reproduction

Downstream processing can be

difficult

3.2.2 Scaffold-free and scaffold-based 3D models

In this study, different scaffold-free and scaffold-based approaches were established

and employed to generate hiPSC-derived fit-for-purpose models (Figure 3.1).

Initially, hiPSCs were neurally induced to hiNPCs neurospheres, a process attainable by
dual-SMAD inhibition in 2D or 3D (Hofrichter et al. 2017; Hartmann et al. 2023). The hiNPC
neurospheres were further differentiated into neurons and astrocytes, oligodendrocyte-
containing BrainSpheres (both scaffold-free) or bioengineered hydrogel cultures
(scaffold-based, Figure 3.1, manuscripts 2.3, 2.4 and 2.7). Neurospheres consist of
proliferative hiNPCs and serve as a platform to investigate proliferation and migration,
as well as terminal differentiation into neurons and astrocytes. Their quick and
reproducible generation makes them ideal for the screening of adverse effects induced
by genetic or external factors (manuscript 2.7; Hofrichter et al. 2017; Boutin et al. 2022).
Test methods based on primary fetal neurospheres have been previously established for

DNT hazard identification (Harrill et al. 2018; Masjosthusmann et al. 2019; Fritsche et al.
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2018b; Koch et al. 2022), which gives reason to expect further application of hiPSC-based
neurospheres in drug screening and toxicological hazard assessment. BrainSpheres are
generally cultured under differentiating conditions for up to 8 weeks and comprise
various cell types, including neurons, astrocytes and oligodendrocytes. This composition
enables the modeling of oligodendrogenesis and its disruption in 3D (manuscript 2.7,
Abreu et al. 2018; David Pamies et al. 2017; D Pamies et al. 2021). Both neurospheres and
BrainSpheres were utilized in manuscript 2.7, as closely discussed in section 3.4 of this

thesis.

Human iPSC-derived and differentiated neurospheres and BrainSpheres develop
electrically active neural networks, despite their early maturation stage. This enables
the analysis of further neurodevelopmental KEs, such es neural network formation and
synaptogenesis (manuscript 2.5, manuscript 2.7; Nimtz et al. 2020; Hartmann et al. 2023).
Neural network formation (NNF) can be measured during the differentiation on MEAs
over time, or in acute measurements at a designated timepoint (Pelkonen et al. 2022).
This is useful for analyzing NNF in neurodevelopmental and neurodegenerative
disorders, such as Kleefstra syndrome (Frega et al. 2019), amyotrophic lateral sclerosis
(ALS; Wainger et al. 2014; Szebényi et al. 2021), Schizophrenia (Kathuria, Lopez-
Lengowski, Jagtap, et al. 2020), Bipolar disorder (Kathuria, Lopez-Lengowski, et al.
2020), Parkinson’s disease (Ronchi et al. 2021), Alzheimer’s disease (Ghatak et al. 2021)
and other encephalomyopathic disorders (Ekert et al. 2020; Simkin et al. 2021; Ichise et
al. 2021). As an example, Linda et al. (2022) investigated the Koolen-de Vries (KdV)
syndrome, a neurological disease with developmental delays, epilepsy and congenital
malformations, by analyzing the neural network function of patient-based hiPSC models
on MEAs. They identified impaired NNF and reduced synaptic density as an in vitro
phenotype of KdV. Human iPSC-derived neural models on MEAs can also be used for
measuring acute or long-term responses to substance exposure (Odawara et al. 2018;
Que et al. 2021; Hartmann et al. 2023). Bartmann et al. (2023) used hiPSC-derived neural
networks to assess neurodevelopmental pesticide toxicity on MEAs. They challenged the

neural networks with 28 compounds to identify and quantify their DNT potential. The
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option to closely monitor potential delays or shifts in network formation of hiPSC-based

models can thus provide valuable insights into various aspects of brain development.

Scaffold-based approaches to 3D in vitro modeling provide their own distinct
advantages and limitations. Since the brain is one of the softest tissues in the human
body, with a Young’s elastic modulus of 0.5-50 kPa (Leipzig and Shoichet 2009; S.
Budday et al. 2017), mimicking the brains ECM in vitro is highly challenging (Axpe et al.
2020). Hydrogels feature advantageous properties for the 3D cultivation of neural
models, such as the high water content (>90%), potential for functionalization, as well
as chemical and physical tunability (David Pamies et al. 2018). However, high variability
and low throughput ask for better hydrogel compositions and characterization. In this
thesis we developed different well-characterized hydrogels with distinct properties for
the cultivation and differentiation of hiPSC-derived neural fit-for-purpose models

(manuscript 2.3, manuscript 2.4).

In manuscript 2.3 we show the cytocompatibility of oxidized alginate-gelatin-laminin
(ADA-GEL-LAM, 2.5%/2.5%/0.01%) hydrogels for neurospheres, as well as their
subsequent differentiation and neuronal outgrowth. ADA provides an ECM surrogate
which can easily be crosslinked by Ca?* ions, while GEL contributes cell adhesion motifs
to the hydrogel (Sarker et al. 2014; Hofrichter et al. 2017; Thomas Distler et al. 2020).
Both components degrade over time, thus enabling neural outgrowth and migration
(Sarker et al. 2014). The ADA-GEL was additionally functionalized with the integrin
binding motif LAM, which plays a major role in cell adhesion, migration and
differentiation in the developing brain (Flanagan et al. 2006; Tzu and Marinkovich 2008;
Paulsson 1992; Georges-Labouesse et al. 1998; Campos et al. 2004). Integrins have
already proven beneficial in vitro, e.g. by improving human neural stem cells
differentiation (P. Wu et al. 2002; G. A. Silva et al. 2004, Caldwell et al. 2001). LAM-
functionalization in the ADA-GEL hydrogels increased neuronal outgrowth over 14 days,
thus showing the necessity of appropriate binding-motifs in 3D hydrogels. The initial
stiffness of approx. 5 kPa in the ADA-GEL-LAM hydrogel roughly reflects the stiffness of
the brain tissue (S. Budday et al. 2017). However, beneficial hydrogel degradation over

time may decrease the stiffness, therefore further aiding progenitor stemness (Madl et
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al. 2017) and subsequent neuronal outgrowth and migration. In addition, this hydrogel
model allows downstream analysis of cell viability through live/dead staining and the
guantification of neuronal outgrowth via ICC images. These options, together with the
cost-efficiency and tissue-like properties of the hydrogels, are beneficial for future
application of this hiPSC-based model in disease modeling or substance testing.
Adaptation of the hydrogel may be necessary to study functional readouts or for

bioprinting applications.

With manuscript 2.4, we characterized additional hydrogel variations with different
characteristics. We present two cytocompatible alginate-gellan gum-laminin (ALG-GG-
LAM) hydrogel blends for the generation of hiPSC-based 3D neural models with
spontaneous intracellular calcium signals and the compatibility with bioprinting. ALG-
based hydrogels were previously shown to support neurite outgrowth and increase the
resistance to oxidative stress in neurons, while GG-based hydrogels support migration
and maturation of neuronal cultures (Koivisto et al. 2017; Matyash et al. 2012). Both gels
are inexpensive and enable easy and fast processing. However, they don’t have specific
cell binding sites (Sun and Tan 2013; Ferris et al. 2013), which is why LAM was used to
functionalize the ALG-GG blend. LAM supports cell-matrix interaction (Lozano et al. 2015;
Sakaguchi et al. 2019), as discussed above for manuscript 2.3. We designed two hydrogel
blends (i) 0.3% ALG / 0.8% GG / 0.01% LAM and (ii) 1.5% ALG / 0.5% GG / 0.01% LAM,
within the appropriate stiffness range (approx. 20-35 kPa). Interestingly, a reduced ALG
content increased the stress relaxation time of the 0.3% ALG / 0.8% GG / 0.01% LAM
hydrogel significantly, suggesting ALG or GG to act similar to spacer molecules. Spacer
molecules were previously shown to control and accelerate stress relaxation of other
materials and hydrogels (Zhu et al. 2010). Since the brains ECM components are
viscoelastic, with time-dependent mechanical responses to stress, quick stress
relaxation times seem to be a crucial property to mimic in vitro (Madl and Heilshorn
2018; Axpe et al. 2020). We also confirm slow degradation of the ALG-GG-LAM gel blends
over time, which benefits cellular outgrowth and migration (Yildirimer and Seifalian

2014). Further investigations and multimodal mechanical testing are necessary to
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properly investigate the brain tissue and brain-mimicking materials (Leipzig and

Shoichet 2009; T. Distler et al. 2020).

Spontaneous calcium signals are important for cellular regulation of e.g. gene
expression, neuronal outgrowth and differentiation (Dolmetsch, Xu, and Lewis 1998;
West et al. 2001; Lankford and Letourneau 1989). Calcium imaging has been previously
applied to study tissue slices, human neural aggregates, primary human neurospheres
and brain organoids (Sutherland, Pujic, and Goodhill 2014; Rosenberg and Spitzer 2011,
Lancaster et al. 2013; Gualda et al. 2014). In this manuscript we are, to the best of our
knowledge, the first to establish calcium imaging in slices of in vitro 3D-cultivated
neural samples. We generated two fit-for-purpose models to suit different modeling
needs. The first model consists of hiNPC neurospheres in 0.3% ALG / 0.8% GG / 0.01%
LAM hydrogels. This softer gel model supports cellular outgrowth, migration and
differentiation to form complex microtissues containing astrocytes and neurons.
Spontaneous calcium signals can be measured after 3 WIV. We suggest this model to be
valuable for applications requiring a high degree of complexity, but less throughput,
such as disease modeling and long-term exposure studies. We also successfully
generated a hydrogel model based on a disease hiPSC line, derived from a donor afflicted
with the Cockayne Syndrome B. This disease is associated with severe neurological
defects. A closer discussion on the disease is given in section 3.4 of this thesis. The
second model features 2 weeks pre-differentiated hiNPC spheres embedded into 1.5%
ALG / 0.5% GG / 0.01% LAM. These models are especially easy to handle for calcium
imaging due to their slightly higher stiffness. They quickly produced dense intra-
spherical networks containing neurons and astrocytes, and showed spontaneous
calcium signals after one week within the hydrogel. This model could be suitable for
higher throughput applications, such as acute exposures to chemicals or substance
screenings, due to their fast and easy production and improved handling during Ca*

imaging, compared to suspension spheres.

Advanced biofabrication techniques like 3D bioprinting are up and rising in fields like
tissue engineering and substance testing (Parrish et al. 2019; Ong et al. 2018; Cui et al.

2017; Z. Gu et al. 2020; Zhuang, An, et al. 2018). Bioprinting can be utilized to design and
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build complex and reproducible scaffolds with cell-laden materials (bioinks) like
hydrogels (Fantini et al. 2019; R. Sharma et al. 2020). In manuscript 2.4 we utilized the
developed hydrogel blends to print single hiNPCs in squared structures for the precise
deposition on 96-well MEA electrodes. This approach aimed at increasing the reliable
deposition of cell material onto the electrodes for higher throughput applications (Yla-
Outinen et al. 2019; Parrish et al. 2019). We successfully printed the cell-laden hydrogels
in millimeter-sized squares, however higher than expected MEA plate variability
concerning the position of the electrodes due to the manufacturer’s quality criteria,
prevented the successful production of ready-to-use 3D bioprinted neural models.
Notably, un-crosslinked 1% ALG was not printable and GG alone was not adherent to
coated cell culture surfaces, making the here discovered hydrogel blends valuable for

3D bioprinting applications.

Further characterization and adaptations are necessary to bring the scaffold-based 3D
models into application for disease modeling or substance screenings. For long-term
cultivations, these models could be improved, by adding other native ECM molecules like
collagen, fibronectin or hyaluronic acid (Gassmann et al. 2012; N. A. Silva et al. 2012;
Antman-Passig et al. 2017; Licht et al. 2019; Seidlits et al. 2010). Downstream readouts
like cellular migration, viability and neural network activity need to be further
established and characterized in healthy hiPSC-based models, to increase their
relevance in disease modeling. Nevertheless, with manuscripts 2.3 and 2.4 we contribute

to the evolution of 3D scaffold-based neural in vitro models.
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Figure 3.1. Human iPSC-derived fit-for-purpose neural models used in this thesis.

Human induced pluripotent stem cells (hiPSCs) from different donors, genetically

modified if necessary, can be neurally induced in 2D or 3D to form 3D neurospheres,

consisting of human induced neural progenitor cells (hiNPCs). In a fit-for-purpose

approach, these hiNPC neurospheres can then be differentiated depending on the

desired readout. Proliferation can be assessed in proliferating hiNPC neurospheres,
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while migration and differentiation into neurons and astrocytes can be analyzed in
differentiating neurospheres plated onto coated surfaces after 3 DIV (standard neural
differentiation). In an adapted protocol, hiNPC neurospheres are plated onto coated
microelectrode array (MEA) plates for subsequent neural network formation and
measurement of electrical activity for up to 7 WIV (differentiation for NNF). The
differentiation protocol for oligodendrocytes requires long-term differentiation of
hiNPC neurospheres in a shaking incubator, to obtain BrainSpheres consisting of
neurons, astrocytes and oligodendrocytes (differentiation for oligodendrocytes). HINPC
neurospheres or single cell hiNPCs can be embedded into specifically designed
hydrogels for subsequent differentiation and analyses in 3D. Hydrogel-embedded cells
can also be bioprinted to obtain desired 3D structures in vitro. Abbreviations: hiPSC,
human induced pluripotent stem cell; hiNPC, human induced pluripotent stem cell; NIM,
neural induction; NPM, neural progenitor medium; NNF, neural network formation; DIV,
days in vitro; WIV, weeks in vitro; MEA, microelectrode array. Figure made using
biorender.com.

3.3 In vitro modeling of human brain pathology

Each neurological disease has its individual features evoked by a specific
neuropathology. Modeling such diseases in vitro hence calls for distinct solutions as
outlined in Figure 3.2. When investigating human disease in vitro, it is crucial to first
pinpoint the existing data gapsin order to formulate the research questions. The chosen
model systems should in principle be suitable to investigate these research questions
through relevant methods and readouts, while also recognizing any inherent limitations.

Considerations for choosing fit-for-purpose models are discussed below.

From the pathophysiological point of view, neurodevelopmental and adult neurological
diseases are to be distinguished. Within the perinatal period, developmental timing
governs distinct windows wherein specific developmental key processes take place.
Hence, the selected model system should recapitulate the age of disease onset and/or
progression. Studying neurodevelopmental disorders requires models that recapitulate
early KEs of human brain development. Such KEs include proliferation, migration,
differentiation, as well as neural network formation and function (Bal-Price et al. 2018).
Their genetically or environmentally-induced disruption leads to severe structural,
functional and metabolic changes in the developing brain (manuscript 2.1, manuscript

2.2). Human iPSC-based 3D models like neurospheres and BrainSpheres emerge as ideal
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systems to investigate brain development in vitro (manuscript 2.7; Abreu et al. 2018;
David Pamies et al. 2017; Nimtz et al. 2020; D Pamies et al. 2021). The effect of patient-
specific genetic mutations on brain development can be addressed using in vitro models
thanks to the development of genome editing technologies. The discovery and
adaptation of the CRISPR (clustered regularly interspaced short palindromic
repeats)/Cas (CRISPR-associated) system now enables highly specific editing of the
human genome in vitro. The CRISPR/Cas system was originally discovered in bacteria
and archaea as an RNA-mediated defense mechanism against viruses and foreign
plasmids (Garneau et al. 2010; Marraffini and Sontheimer 2010; Wiedenheft, Sternberg,
and Doudna 2012). A guide RNA (gRNA) that matches the foreign DNA leads the
endonuclease Cas9 to the virus, where it induces a double-strand break (DSB) to
inactivating the virus. This system has been engineered for improved site specificity and
functionality in human cells such as hiPSCs, compared to the initial machinery. This
makes it possible to introduced Cas9-mediated DSBs at a precisely chosen location, by
designing the gDNA to match the target sequence (Jinek et al. 2012; S. W. Cho et al. 2013;
Cong et al. 2013). Subsequently, gene disruption through deletions or insertions, or gene
corrections through homologous recombination can be achieved (Yang et al. 2014;
Doetschman and Georgieva 2017). Two examples demonstrate the usefulness of the
CRISPR/Cas system for understanding pathomechanisms of rare hereditary diseases.
Tan et al. (2020) generated CSB and RAD52 knockout cell lines of different origins to
investigate reactive oxygen species (ROS)-induced DNA damage and Yoon et al. (2022)
inserted a Ndufs4 deletion in hiPSCs to study the Leigh Syndrome in hiPSC-derived

cardiomyocytes.

Aging-related neurodegenerative disorders such as Alzheimer’s disease and Parkinson’s
disease require highly mature models (N. S. Sharma et al. 2021; Barak et al. 2022; Kwak
et al. 2020), which is to date a considerable challenge. Organoids are generated over
several months and are often used to model neurodegenerative disorders as reviewed
by Wray (2021). Yet, hiPSC-derived organoids show a transcriptome roughly comparable
to the prenatal brain (Camp et al. 2015). This intrinsic immaturity of hiPSC-based in vitro

models still hinders the translation of findings from bench to bedside. However,
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advancing methods enable long-term cultivations and improved maturation of crucial
cell populations like oligodendrocytes and microglia within intricate 3D models (A.
Sharma et al. 2020). For instance, Kwak et al. (2020) were able to advance the maturation
of hiPSC-derived midbrain-like organoids towards an in-vivo-like cellular composition
with neurons, astrocytes and oligodendrocytes, by optimizing culture conditions,
thereby providing an improved platform to study Parkinson’s disease. Nevertheless, a
lack of vascularization and relevant barriers limits even the most complex organoid
models. Organ-on-a-chip (OOAC) approaches currently provide a promising option to
recapitulate complex barriers like the blood-brain-barrier (BBB). Maoz et al. (2018) have
developed microfluidic organ chips to analyze the role of different cell types in the BBB.
They coupled three chips to model (i) the influx across the BBB, (ii) the brain parenchyma
including astrocytes and neurons and (iii) the efflux across the BBB. With this system
they modeled methamphetamine administration and identified specific metabolic

coupling of the compartments.

In summary, it may be necessary to develop multiple fit-for-purpose models to
investigate the disease of interest, similar to the approach taken in manuscript 2.7, or

consider additional animal models to study distinct phenotypes (Figure 3.2).
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Figure 3.2. Identification of relevant in vitro model systems for disease-specific
applications. The developmental stage in which the disease develops or surfaces needs
to be identified, together with the relevant clinical phenotypes that need to be modeled.
It may be necessary to develop more than one model to investigate all identified clinical
phenotypes. Genetic predispositions or mutations need to be identified and
incorporated within the model, if applicable. Upon reviewing the current knowledge,
data gaps need to be identified. The subsequently chosen in vitro model and associated
readouts should be able to recapitulate the aforementioned aspects of the disease. Data
integration of different studies and model systems can be achieved e.g. though the
generation of adverse outcome pathways (AOPs). Figure made using biorender.com.

3.4 The Cockayne Syndrome B (CSB)

The Cockayne Syndrome B (CSB) is a rare hereditary recessive disease with severe
dermatological and neurological symptoms (Laugel 2013; Vessoni et al. 2020). CSB is
caused by mutations in the ERCC6 gene, which encodes for the CSB protein (Troelstra et
al. 1992). The lack of CSB protein results in defective brain development already in the
prenatal phase (Laugel 2013; Alexandre Teixeira Vessoni et al. 2020). CSB is known to be
involved in the TC-NER (Lindenbaum et al. 2001; Rapin et al. 2000), which has been
linked to the dermatological phenotype of CSB, which is caused by ultraviolet (UV) light-

induced DNA damage. However, the mechanism of DNA damage alone cannot be
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responsible for the severe neurodevelopmental symptoms observed in children with the
disease, which is why alternative functions of the CSB protein need to be unraveled. Due
to very limited understanding of the CSB pathomechanisms, resulting from a lack of
human-relevant models, there is no treatment for the children with CSB to date. This
thesis aimed to help close the current knowledge gap by developing 3D hiPSC-based
CSB disease models to investigate the cardinal brain phenotypes of CSB: 1)
microcephaly, 2) intellectual disability and 3) demyelination (Laugel et al. 2010;

Alexandre Teixeira Vessoni et al. 2020; Laugel et al. 2008; Karikkineth et al. 2017).

3.4.1 Fit-for-purpose models to study CSB in vitro

Human iPSC-based models like neurospheres and BrainSpheres recapitulate early
neurodevelopmental processes and are thus the ideal tools to grain a mechanistic
understanding of the CSB neuropathology. A previous study has used iPSC-based
neuron/astrocyte mixed cultures to investigate the neuropathology of CSB (Vessoni et
al. 2016) and another study by Wang et al. (2020) utilized hiPSCs of CSB patients and a
respective isogenic control line to study DNA repair defects in mesenchymal and neural
stem cells. Other previous studies on CSB have employed non-hiPSC systems, such as
immortalized hNPCs (Ciaffardini et al. 2014; Wang et al. 2016) and neuroblastoma cells
(Liang et al. 2023). However, immortalized and tumor cell lines are limited in

recapitulating a patient’s in vivo situation and may therefore cause misleading results.

Hence, this thesis focused on utilizing hiPSCs for in vitro disease modeling. For
increased predictivity (Brunner et al. 2023), we generated two distinct hiPSC-based
models, each including a disease and isogenic control cell line. The first model consists
of the commercially available hiPSC line IMR90YT, and an IMR90X® line generated via
CRISPR/Cas9, by introducing a 13bp deletion into exon 5 of the ERCC6 gene. The second
model consists of the patient-derived hiPSC line CS789 and the isogenic control line
CS789Fes, The patient cell line holds a point mutation (2047C>T) in exon 10 of the ERCC6
gene, which leads to a premature stop codon. The genetic rescue of the CS789 disease

cell line via CRISPR/Cas9 through a 9bp in-frame deletion, which removes the stop
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codon, results in the isogenic control line CS789%¢s. The two CSB models allow for the
distinction between sole CSB-specific effects (IMR90"/IMR90X® model) and additional
influences of the patient’s genetic background (CS789/ CS789%¢). In addition, the
isogenic nature of each model enables the direct comparison of disease and control
condition, thereby adding different levels of analysis to the study design. Although the
type of CSB mutation differs between the two models, both lead to a loss of CSB protein
(manuscript 2.7). The CSB-proficient IMR90"T and CS789%¢ lines express significantly
different protein levels, which can be expected due to the non-isogenic nature of the
two lines. In general, the direct comparison of protein levels of different individual
donors can be challenging due to potential genetic variations, such as single nucleotide
polymorphisms (SNPs), and other genomic variances that can influence gene expression
and protein production (Beekhuis-Hoekstra et al. 2021; Geiger et al. 2012). Therefore, the
usage of isogenic controls is highly advantageous when studying human diseases in

vitro.

Taken to together, CSB manifests in multiple neurological phenotypes each having
different modeling needs, thus benefiting from the here provided fit-for-purpose

models.

3.4.2 Mechanisms underlying the neuropathology of CSB

CSB is a heterogeneous disease with a spectrum of symptoms, yet common
pathophysiological features include microcephaly, intellectual disability and
demyelination (Laugel et al. 2008; 2010; Vessoni et al. 2020; Karikkineth et al. 2017). In
this thesis, in vitro disease modeling was applied to reveal CSB endophenotypes of
altered migration, neural network activity and oligodendrocyte maturation. These

findings link cellular pathomechanisms to the cardinal clinical symptoms seen in CSB.

Altered migration has previously been linked to microcephaly (reviewed by Becerra-
Solano, Mateos-Sanchez, and Lopez-Munoz 2021 and Poirier et al. 2013), such as in the
Meckel syndrome or different tubulinopathies (Pirozzi, Nelson, and Mirzaa 2018). Not

only hampered migration, but also impaired NPC proliferation, neuronal differentiation
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or apoptosis can be the underlying causes for microcephaly (Becerra-Solano, Mateos-
Sanchez, and Lopez-Munoz 2021). For instance, others found disrupted neuronal
differentiation and neurite outgrowth in 2D CSB-deficient immortalized NPC and hiPSC-
derived neurons, respectively (Ciaffardini et al. 2014; Y. Wang et al. 2016). For instance,
Ciaffardini et al. (2014) utilized ReNcell VM cells, an immortalized hNPC line, and a short
hairpin RNAs (shRNA)-silenced CSB knockout line to investigate the role of CSB in
neuritogenesis. The group subsequently differentiated the cell lines in 2D, identifying
inhibited neurite outgrowth and impaired MAP2 expression in CSB-suppressed
neuronal-astrocyte co-cultures. Both cell systems used in this thesis do not display
impaired NPC proliferation or neuronal differentiation, including no alteration of MAP2
expression, and no increase in cell death was observed. The differences to the in vitro
readouts observed by others could be explained with the large heterogeneity between

CSB mutations, the usage of different non-hiPSC models or the lack of isogenic controls.

The disrupted migration of hiNPCs is accompanied by altered autophagy in our CSB-
deficient models. Genes associated with autophagy are highly differentially expressed
between the healthy and the disease cells, as identified via RNA sequencing. HDAC-
dependent dysregulation of autophagy has recently been identified to play a major role
in the dermatological defects of CSB patients (Majora et al. 2018). Here we show that the
HDAC6-specific inhibitor Tubastatin A rescues the inhibited migration in the CSB models
leading us to hypothesize that defective autophagy is the mechanistic link between the
lack of CSB protein and the impaired migration. This hypothesis is supported by the well-
established knowledge that targeted autophagy plays a major role in focal adhesion
turnover, which in turn facilitates cell migration (Hernandez et al. 2021; Kenific,

Wittmann, and Debnath 2016; Kenific et al. 2016).

Brain circuit formation is precisely orchestrated and a disruption leads to numerous
pathological defects, many of which culminate in intellectual disabilities (Silbereis et al.
2016; Silvia Budday, Steinmann, and Kuhl 2015; Vasudevan and Suri 2017). CSB patients
are generally afflicted with impaired cognitive function (Laugel et al. 2008; 2010;
Karikkineth et al. 2017), with the donor of the patient cell line used in this thesis
additionally being afflicted with seizures. The in vitro counterpart of circuit formation is
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the ability of neural cells to form functional and synchronized networks e.g. on
microelectrode arrays (MEAs). Therefore, we studied the ability of the healthy and
corresponding disease hiPSC-derived neural models to form functional and
synchronized neural networks. MEAs provide an excellent tool to investigate disease-
associated alterations in NNF in vitro (Hartlaub et al. 2019; Pelkonen et al. 2022). Our
CSB-deficient neural networks show significantly increased network activity over the
course of 7 WIV. We underline similar, however reverse, findings of a study conducted
by Vessoni et al. (2016). The group utilized two patient-based and three control hiPSC
lines, none of which were isogenic pairs. The first patient line holds heterozygous point
mutations (A>T and C>T; unknown clinical classification), while the second patient line
is homozygous for a single point mutation (C>T; CSI clinical classification). The group
found CSB-related alterations in synapse density and reduced electrical activity in 2D
cultures of the hiPSC-derived neuron-astrocyte co-cultures after 5 WIV. The difference
to our data could be explained by differences in patient and control cells’ genetic
backgrounds, endpoint measures only at one time point, general low network activity
(approx. 30-160 spikes/min vs approx. 600-2000 spikes/min in our models after 5 WIV)
or other aspects of the MEA protocol. The altered neural network activity in our CSB-
deficient cells could not be antagonized via HDAC-inhibition, which suggests another
HDAC-independent role of CSB. The increased neural network activity is, however,
accompanied by elevated GABA levels and decreased KCC2 expression, which could be a
possible underlying reason for the increased electrophysiological activities on MEAs.
GABAis a fundamentally important neurotransmitter, with a crucial shift from excitatory
to inhibitory actions during postnatal brain development. Upregulation of the K/Cl co-
transporter KCC2 initiates the GABA switch. A disruption of this pivotal shift causes
developmental delays and disorders, such as autism, ADHD and various psychiatric
conditions (Peerboom and Wierenga 2021; Pozzi et al. 2020). KCC2 is not a novel
therapeutic target, but has been addressed in epilepsy, neuropathic pain, spinal cord
injury and the Rett syndrome (Tang 2020; Duy et al. 2020). A promising KCC2-upregulator
for testing in CSB models could be the FDA-approved drug prochlorperazine (Liabeuf et
al. 2017), which is usually administered as a conventional antipsychotic, but also gained

interest in e.qg. treating epileptic conditions.
224



A third neuropathological phenotype found in CSB patients is hypomyelination (Laugel
et al. 2010; Vessoni et al. 2020; Karikkineth et al. 2017; Gitiaux et al. 2015). Exemplary
causes of altered myelination are disturbed OPC proliferation (e.g. through Notch
pathway inhibition), OPC death (e.g. by increased oxidative stress or excitotoxicity) or
inhibited oligodendrocyte maturation (e.g. by thyroid hormone deficiency), clinically
leading to e.g. cerebral motor deficits, microcephaly, lower IQ, attention deficits and
hyperactivity (Ying et al. 2018; Volpe et al. 2011; Dach et al. 2017). The study of
demyelination in hiPSC-based vitro models was a great challenge, because most neural
differentiation protocols do not support oligodendrocyte differentiation. However, there
are specialized protocols that allow the generation of oligodendrocytes in hiPSC-based
models (David Pamies et al. 2017; Marton et al. 2019; Chesnut et al. 2021; Douvaras and
Fossati 2015). In this thesis, hiPSC-based 3D BrainSpheres, which consist of neurons,
astrocytes and oligodendrocytes were employed to investigate the hypomyelination
phenotype caused by CSB-deficiency in vitro. We used hiNPC neurospheres that were
neurally induced in 3D for subsequent BrainSphere differentiation as described by
Pamies et al. (2017). CSB-deficient BrainSpheres revealed no difference in the number
of O4+ oligodendrocytes compared to CSB-proficient BrainSpheres. However, gene
expression analyses indicated inhibited oligodendrocyte maturation in CSB-deficient
BrainSpheres due to overexpression of early versus later oligodendrocyte maturation
markers. The early oligodendrocyte progenitor cell (OPC) marker FABP7 was
overexpressed, while later the stage markers PDGFRa, CNPase and MBP were
underexpressed in both CSB-deficient BrainSpheres, compared to their respective
isogenic controls. This inhibited oligodendrocyte maturation can be partially rescued
through HDAC-inhibition via the HDAC6-specific inhibitor Tubastatin A and the pan
HDAC-inhibitor SAHA. A number of studies have suggested a role of HDACs in the
regulation of rodent oligodendrocyte differentiation and maturation, which renders
them promising targets in different neurological pathologies (Noack, Leyk, and Richter-
Landsberg 2014; Liu et al. 2014; Tauheed, Ayo, and Kawu 2016). Here we show for the first
time that altered human oligodendrocyte maturation can be rescued by pharmacological
intervention using HDAC inhibitors in an organotypic CSB disease model. This leads us

to suggest HDACs as possible drug targets for CSB. Clinically approved HDAC-inhibitors
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like SAHA (aka Vorinostat), are currently employed as anti-cancer agents (Yadav, Mishra,
and Yadav 2019; Smalley, Cowley, and Hodgkinson 2020). However, novel applications,
e.g. for treating HIV infections, muscular dystrophies, inflammatory diseases, as well as
neurodegenerative diseases, such as Alzheimer’s Disease, frontotemporal dementia and

Friedreich's ataxia (as reviewed by Bondarev et al. 2021) are being investigated.

Our combined endophenotypic data of disturbed migration, neural network formation,
GABA switch and oligodendrocyte maturation suggest the involvement of HDAC-
dependent and -independent mechanisms in CSB, therefore leading us to believe that a
combination of drugs might be necessary to target the different cellular adversities
observed in the CSB-deficient neural models. However, further investigation is
necessary to fully uncover the pathomechanisms underlying CSB on the molecular level.
Especially the delayed GABA switch in CSB-deficient hiPSC-based neural in vitro models
should be investigated in more detail. Furthermore, the applied CSB models lack
microglia, which influence brain development, e.g. by refining synapse formation, circuit
sculpting, myelination, plasticity, and cognition. Alterations in microglia function have
been linked to neurodevelopmental diseases like autism spectrum disorder, Williams
syndrome, Schizophrenia or Rett Syndrome (Allen and Lyons 2018; Bar and Barak 2019).
It is however not known, how and if microglia are affected in CSB patients. The
integration of microglia into the BrainSpheres would nevertheless increase their

physiological relevance.

3.5 Implications for the future of disease modeling

With the fit-for-purpose models (manuscript 2.7), the thesis provides human-relevant
multicellular systems that are advantageous over tumor or monocellular cultures.
However, the models lack the organism complexity, therefore limiting the disease model
in relation to inter-organ-crosstalk. An interesting perspective is the development of
linked organ-on-chip devices, where interaction between multiple organ models can be
studied (manuscript 2.1; Maoz et al. 2018; Alépée et al. 2014; Watson, Hunziker, and

Wikswo 2017; Wnorowski, Yang, and Wu 2019). Nevertheless, this thesis shows that
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NAMs can provide what animal models often cannot: revealing fundamental disease

mechanisms and therapeutic targets (manuscript 2.7).

The application of NAMs cannot stand alone, but rather needs to be integrated into
overarching frameworks including in vitro, in vivo and in silico approaches
(Shcheglovitov and Peterson 2021; Engdahl et al. 2021; Restuadi et al. 2022). Such
integration supports data interpretation, ultimately leading to better predictivity and
reliability. This thesis is part of a consortium investigating the CSB using different in
vitro and in vivo approaches. Data obtained in this thesis will be further validated within
this consortium. Linking data from different studies and model systems can be
challenging, which is why the development of adverse outcome pathways (AOPs) gained
more and more attention during the past years. This organizational tool helps to
integrate data from different sources to identify the relation between molecular
initiating events (MIE), key events (KE), and adverse outcomes (AO; Villeneuve et al.
2014a; 2014b). AOPs have especially been used in the field of toxicity. However, they
could also help to understand and link data for disease modeling (Carusi et al. 2018).
Future efforts could therefore focus on establishing an AOP network describing CSB,
thereby integrating data of different model systems (Figure 3.3 includes data from this

study only).

The findings from this thesis intend to spark further investigation into the
pathophysiological mechanisms of CSB specifically, and the use of hiPSC-based 3D

cultures for disease modeling and personalized medicine in general.
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Figure 3.3. Suggested adverse outcome pathway (AOP) network for the Cockayne
Syndrome B (CSB) neuropathology. AOP1: CSB-deficiency as MIE causes imbalanced
activity of HDACs. This imbalanced activity leads to reduced alpha-tubulin acetylation,
as well as the accumulation of autophagosome and lysosome markers, thereby impairing
cellular autophagy. Impaired autophagy causes inefficient focal adhesion turnover,
leading to excessive actin stress fibers and increased expression of focal adhesion
genes. The resulting inhibition of cell migration may contribute to the microcephaly
phenotype seenin CSB patients. AOP2: CSB-deficiency as MIE causes imbalanced activity
of HDACs. This imbalance leads, through unknown molecular effects, to inhibited
oligodendrocyte maturation. We presume altered myelin production and myelin
turnover as a result, contributing to the demyelination phenotype seen in patients.
AOP3: CSB-deficiency as MIE has an HDAC-independent, but unknown molecular effect
during neural network formation. Subsequently GABA accumulates and KCC2
upregulation is inhibited. This leads to a delayed GABA switch and increased neural
network activity, which may play a role in the intellectual disability seen in CSB patients.
The AOP network with all KEs is a suggestion of the data obtain during this thesis.
Abbreviations: MIE, molecular initiating event; KE, key event; AO, adverse outcome.
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Abbreviations

2D

3D
3Rs
ACC
ACTB
ADA
ADHD
ALG
AO
AOP
BBB
CNS
COFS
CRISPR
CSB
DIV
DNA
DNT
DSB
EB
ECM
ERCC6
GW
GFAP
GG
gRNA
hESC

Two-dimensional

Three-dimensional

Reduce, replace, refine

Corpus callosum

Beta actin

Oxidized alginate

Attention deficite hyperactivity disorder
Alginate

Adverse outcome

Adverse outcome pathway

Blood Brain Barrier

Central nervous system
Cerebro-Oculo-Facio-Skeletal

Clustered regularly interspaced short palindromic repeats
Cockayne syndrome B

Days in vitro

Deoxyribonucleic acid

Developmental neurotoxicity
Double-strand break

Embryoid Body

Extracellular matrix

Excision-repair cross complementing group 6
Gastational week

Glial fibrillary acidic protein

Gellan Gum

Guide RNA

Human embryonic stem cells

230



hiPSC Human induced pluripotent stem cell

hiNPC Human induced neural progenitor cell
hNPC Human neural progenitor cell

HTS High-throughput screening

KCC2 K-Cl cotransporter isoform 2

KdVv Koolen-de Vries

KE Key event

LAM Laminin

MAP2 Microtubule-associated protein 2
MEA Multielectrode array

MIE Molecular initiating event

MoA Mode-of-action

MPPH Megalencephaly-polymicrogyria-polydactyly-hydrocephalus
MRNA Messenger ribonucleic acid

NAMs New approach methodologies

NDN Necdin

NTC Neural tube closure

NKCC1 Na-K-2Cl cotransporter isoform 1
NNF Neural network formation

NPC Neural progenitor cell

NTC Neural tube closure

04 Oligodendrocyte marker 04

OPC Oligodendrocyte precursors

PVL Perivascular leukomalacia

RG Radial glia

RNA Ribonucleic acid

ROS Reactive oxygen species

shRNA Short hairpin RNAs

SNPs Single nucleotide polymorphisms
TC-NER Transcription-coupled nucleotide excision repair
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UVvss UV-sensitivity syndrome
WIV Weeks in vitro

XP Xeroderma pigmentosum
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