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Abstract

Fetal neurodevelopment is a complex and tightly controlled process where disruptions can
affect postnatal health. Single-cell transcriptomic technologies have enabled the detailed
molecular characterisation of such dynamic developmental processes over the past years. The
curation of single-cell transcriptomics data into harmonised cellular reference atlases has
further unveiled the diversity of cellular states in the human brain. While the quantity of
single-cell transcriptomics datasets has been growing continuously, data curation remains
a laborious and largely manual task. Neural organoids have emerged as powerful three-
dimensional models of human neurodevelopment, recapitulating the intricate interplay of
different cellular states and fate transitions to generate complex neural tissue landscapes
in vitro. Despite the potential and the increasing adoption of organoids as model systems,
a comprehensive neural organoid reference is lacking to evaluate their shortcomings and
strengths. A reference of this kind could additionally serve as the starting point for gaining
deeper insights into human neurodevelopment. An in-depth understanding of human-specific
neurodevelopmental processes forms the foundation for studying the onset and development
of many psychiatric and neurodevelopmental disorders and ultimately developing novel
treatments. While genetic risk factors for these diseases have been widely studied, the

mechanisms underlying the effects of environmental risk factors are still poorly understood.

I address the abovementioned challenges through three interconnected contributions in
this thesis. First, I develop a data curation tool for more efficient construction of cellular
reference atlases. Second, using this tool, I construct a neural organoid reference atlas to
uncover the current limitations of this model system and ease contextualising new organoid
datasets from health and disease. Last, using the organoid atlas as a reference, I analyse the
effects of glucocorticoid (GC) exposure on brain development in organoids to improve our
understanding of the environment’s impact on brain development and disease.

My first contribution introduces a data and model zoo called sfaira. It facilitates the large-scale
curation and reuse of single-cell genomics data and enables their automated analysis with pre-
trained end-to-end models. The sfaira software provides an easily extendable and structured
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collection of single-cell transcriptomic datasets using controlled metadata vocabularies and
an interactive interface for streamlined data curation. These curation functionalities of sfaira
greatly facilitated the collection and streamlining of the datasets for the Human Neural
Organoid Cell Atlas (HNOCA), the second contribution of this thesis. The HNOCA is
a large-scale integrated reference atlas that captures the cellular diversity from 36 neural
organoid datasets based on 26 differentiation protocols. In a comparison with fetal brain
data, the HNOCA provides insight into cellular states under-represented in neural organoids,
highlights systematic transcriptomic differences between organoids and primary tissue and
quantifies the transcriptomic fidelity of different organoid cell types. I showcase the value
of using the HNOCA as a reference dataset for evaluating novel organoid differentiation
protocols and contextualising a new organoid dataset, modelling the effects of environmental
risk for psychiatric diseases on neurodevelopment, the third contribution of this thesis. In
this dataset, I use synthetic glucocorticoids (sGCs), a commonly prescribed type of drug
in pregnancies at risk for preterm birth, as an example of a widely encountered prenatal
environmental risk factor for psychiatric disease. I find that chronic GC exposure in organoids
affects the transcription of critical neurodevelopmental genes and predominantly primes
the development of the inhibitory neuron lineage, resulting in an increased abundance of
inhibitory neurons. I identify PBX3 as a possible mediator of the GC-induced lineage priming
effect.

The work presented in this thesis advances the state of the art in single-cell genomics data
infrastructure, improves our understanding of neural organoids as a model system, and
provides insight into the molecular mechanisms mediating the effects of environmental
disease risk on human brain development. Altogether, this work underscores the power of
integrating large-scale single-cell transcriptomics data and neural organoid technologies to
unravel the complexities of neurodevelopmental processes and their disruption in disease.
It paves the way towards improved disease modelling in organoids, with the potential to
support novel therapeutic strategies in psychiatry and beyond.

1ii



Zusammenfassung

Die pranatale Gehirnentwicklung ist ein komplexer und prazise gesteuerter Prozess, dessen
Storung die spétere Gesundheit beeintrachtigen kann. Einzelzell-Transkriptomik-Technologien
haben in den letzten Jahren eine detaillierte molekulare Charakterisierung solcher dy-
namischer Entwicklungsprozesse zugéanglich gemacht. Harmonisierte Referenzatlanten aus
Einzelzell-Transkriptomdaten ermoglichen es, die zelluldre Vielfalt des menschlichen Gehirns
zu erfassen. Wihrend die Menge der Einzelzell-Transkriptomik-Datensdtze kontinuier-
lich zunimmt, bleibt die Kuratierung der Daten eine miihsame und weitgehend manuelle
Aufgabe. Neurale Organoide haben das Potenzial, wirkungsvolle dreidimensionale Modelle
der menschlichen Gehirnentwicklung zu sein. Sie bilden das vielschichtige Zusammen-
spiel verschiedener Zellzustinde und Entwicklungsstadien ab und generieren komplexe
neurale Gewebelandschaften. Trotz dieses Potenzials und der zunehmenden Verbreitung von
Organoidmodellen fehlt ein umfassender Referenz-Datensatz, welcher deren Defizite und
Starken aufzeigt und weiterhin einen tieferen Einblick in die menschliche Gehirnentwicklung
geben konnte. Ein tiefgehendes Verstindnis der zugrunde liegenden neurobiologischen
Prozesse ist wiederum entscheidend fiir die Entwicklung neuer Therapien psychiatrischer
Erkrankungen und neurologischer Entwicklungsstorungen. Wahrend die genetischen Risiko-
faktoren fiir diese Krankheiten bereits Gegenstand vieler Untersuchungen sind, ist unser
Verstandnis der Wirkmechanismen umweltbedingter Risikofaktoren ungleich geringer.

In dieser Arbeit adressiere ich die oben beschriebenen Forschungsliicken durch drei in-
einandergreifende Beitrdge. Erstens entwickle ich ein Werkzeug zur Datenkuratierung,
das eine effizientere Erstellung von zelluldren Referenzatlanten ermoglicht. Zweitens ver-
wende ich dieses Werkzeug zur Konstruktion eines neuralen Organoid-Referenzatlas. Dieser
hilft einerseits, derzeitige Grenzen des Modellsystems aufzuzeigen und andererseits neue
Organoid-Datensétze in Kontext zu setzen. Drittens nutze ich diesen Atlas als Referenz, um
in einem weiteren Experiment den Effekt von Glukokortikoiden auf die Gehirnentwicklung in
Organoiden zu analysieren. Dadurch trage ich zu einem besseren Verstiandnis der Wirkungs-
mechanismen bei, welche den umweltbedingten Risiken fiir psychiatrische Erkrankungen

zugrunde liegen.
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Zusammenfassung

In meinem ersten Beitrag stelle ich die eigens entwickelte Daten- und Modellbibliothek
sfaira vor. Sie unterstiitzt die automatisierte Datenanalyse mit zuvor trainierten End-to-
End-Modellen. Weiterhin ermoglicht sfaira es, umfangreiche Einzelzell-Genomikdaten zu
kuratieren und somit wiederverwendbar zu machen. Die sfaira Software bietet eine leicht
erweiterbare strukturierte Datenbank mit definierten Metadatenvokabularen fiir Einzelzell-
Transkriptomdaten sowie eine interaktive Schnittstelle fiir eine effiziente Datenkuratierung.
Diese Kuratierungsfunktionen erleichterten es erheblich, die Datensétze fiir den HNOCA,
den zweiten Beitrag dieser Arbeit, zusammenzustellen. Der HNOCA ist ein umfassender
integrierter Referenzatlas, der die zelluldre Vielfalt von 36 neuralen Organoid-Datensitzen
auf der Grundlage von 26 Differenzierungsprotokollen erfasst. Durch den direkten Vergleich
mit fetalen Gehirndaten gibt der HNOCA Einblick in zelluldre Zustiande, die in neuralen
Organoiden aktuell noch nicht ausreichend reprasentiert sind. Weiterhin hebt der Vergleich
systematische transkriptomische Unterschiede zwischen Organoiden und Primérgewebe her-
vor und quantifiziert die transkriptomische Giite der verschiedenen Organoid-Zelltypen. Ich
demonstriere den Nutzen der Verwendung des HNOCA als Referenz-Datensatz, um neuart-
ige Organoiddifferenzierungsprotokolle zu bewerten. Analog verwende ich den HNOCA,
um einen neuen Organoid-Datensatz zu kontextualisieren, welcher die Auswirkungen um-
weltbedingter Risiken fiir psychiatrische Erkrankungen auf die Neuroentwicklung mod-
elliert. In dieser Modellierung, dem dritten Beitrag dieser Arbeit, verwende ich synthet-
ische Glukokortikoide, ein hédufig verschriebenes Medikament in Schwangerschaften mit
Friihgeburtsrisiko, als Beispiel fiir einen weitverbreiteten pranatalen Umweltrisikofaktor fiir
psychiatrische Erkrankungen. Ich zeige, dass eine chronische Glukokortikoid-Exposition
in Organoiden die Transkription wichtiger neurologischer Entwicklungsgene beeinflusst.
Auflerdem fordert diese {iberwiegend die Entwicklung inhibitorischer Nervenzellen, was
wiederum zu einer erhchten Anzahl selbiger Zellen fiihrt. Ich identifiziere das Gen PBX3 als
einen moglichen Vermittler dieses Glukokortikoid-induzierten selektierenden Effekts.

Zusammenfassend entwickelt die hier vorgestellte Arbeit die verfiigbare Infrastruktur fiir
Einzelzell-Genomikdaten weiter, verbessert unser Verstindnis neuraler Organoide als Mod-
ellsystem und gibt Einblick in die molekularen Wirkmechanismen umweltbedingter Risiko-
faktoren auf die menschliche Gehirnentwicklung. Somit unterstreicht diese Arbeit die
Bedeutung der Zusammenfiihrung umfangreicher Einzelzell-Transkriptomdaten und neuraler
Organoid-Technologien, um die Komplexitit neurologischer Entwicklungsprozesse und deren
Storung durch Krankheiten zu entschliisseln. Sie ebnet den Weg fiir eine verbesserte organoid-
basierte Krankheitsmodellierung mit dem Potenzial, neue therapeutische Strategien in der

Psychiatrie und dartiber hinaus zu ermoglichen.
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1. Introduction

Understanding the development of the human brain, with its immense complexity, remains a
prominent challenge in biomedical research. Studying the intricate mechanisms of neurodevel-
opment and how aberrations can lead to disease requires sophisticated models and nely
resolved cellular pro ling approaches. In this thesis, | aim to bridge this gap by using
single-cell genomics technologies to deepen our understanding of neural organoids as models
of the developing brain and to investigate the impact of an environmental risk factor for
psychiatric disease on neurodevelopment.

| structure this introduction into four parts. First, | provide an overview of single-cell
transcriptomics data generation, their computational analysis and curation into large-scale
cellular atlases. Next, | introduce neural organoid models of human neurodevelopment and
explore recent related single-cell ribonucleic acid sequencing (ScRNA-seq) studies. | then
describe how the environment can impact human brain development and touch upon GC
exposure as an example of an early-life environmental challenge. | consequently introduce
in vitro models of the developing brain that could be employed to study the effect of such
environmental challenges. Lastly, | summarise the main research questions addressed by this
thesis and outline my speci ¢ scienti ¢ contributions.

1.1. Single-cell transcriptomics

As the fundamental unit of all living organisms, every cell performs speci c roles that
contribute to an organism's overall functioning. The disruption of cellular processes can
lead to illnesses, highlighting the importance of cellular studies in understanding health and
disease. For example, over 100 genes can affect the risk for autism spectum disorder (ASD)
by impairing critical neurodevelopmental pathways when disrupted [1]. In another example,
lissencephaly, disruptions in one of only a few relevant genes can lead to severely altered
brain structure due to malfunctioning cellular pathways underlying neuronal migration [2].
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Cells are categorised into two types: prokaryotic and eukaryotic. While prokaryotic cells are
the building blocks of bacteria and archaea, eukaryotic cells comprise all animals, plants,
and fungi. Unlike prokaryotic cells, eukaryotic cells contain a nucleus beside their various
organelles, concentrating the cell's genetic material, the DNA. In protein biosynthesis, genetic
information stored in the nucleus is transcribed into messenger RNA (mRNA) and sub-
sequently translated into proteins. Proteins are essential for most cellular functions, and cells
continuously synthesise and degrade them to adapt their function to the speci ¢ requirements
of their current environment and state. Quantifying the amount of mMRNA per gene present
in a cell can, therefore, inform about a cell's current identity and function.

The rst approaches to quantifying mRNA molecules from individual cells and selected
genes used, for example, single-cell quantitative polymerase chain reaction (PCR) [3, 4] or
manual dissection of xed tissues combined with reverse northern blotting [5] and were later
followed by rst micro- uidic devices [6, 7]. In 2009, sequencing technologies enabled the
rst successful whole-transcriptome scRNA-seq study of seven individual murine primordial
germ cells [8].

1.1.1. Single-cell transcriptomics technologies

Since 2009, technological advances have allowed for a dramatic scaling of SCRNA-seq experi-
ments, recently reaching three to four million cells per study [9, 10]. Despite these tremendous
improvements in scale, a sizeable fraction of each mRNA quanti cation protocol is identical
across approaches [11]. In the rst step, as many mRNA molecules in a cell as possible are
converted to complementary DNA (cDNA) via reverse transcription, followed by synthesis of
the second strand. Next, the cDNA is ampli ed by either PCR [12] or in vitro transcription [3,
13]. In the tagmentation step, adapters essential for downstream sequencing are integrated,
thus completing the single-cell library generation process (Fig. 1.1).

A critical differentiation among generated libraries is between full-length and tag-based ap-
proaches. Full-length protocols capture entire mMRNA transcripts, enabling in-depth analyses
such as alternative splicing and allele-speci ¢ expression [14]. In contrast, tag-based methods
selectively target the mRNA's 3%or 5%ends. This is achieved by targeting the mRNA using
oligo-dT primers for the 3%end, which bind to the poly-A tail of the polyadenylated mRNA,
or speci ¢ primers for the 5%end, which bind to the capped start of the transcript. While
tag-based methods do not allow for in-depth analyses such as isoform detection and hinder
unambiguous mapping to the genome [15], they offer higher throughput and cost ef ciency.
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Importantly, tag-based protocols also enable the use of unique molecular identi ers (UMIs).
These short nucleotide sequences are added to the cDNA before the ampli cation step,
serving as a unique label for each transcript [16]. Using UMIs in single-cell protocols mainly
helps to combat ampli cation bias, where speci ¢ sequences are preferentially duplicated in
the ampli cation step [17], but also improves the accuracy of downstream data normalisation
[18]. While the use of UMIs and capturing full-length transcripts were initially mutually
exclusive, several newer approaches have been developed to accommodate both features [19,
20].

Beyond the distinction between full-length and tag-based scRNA-seq protocols, cell separation
is the main differentiating factor between the different approaches to constructing a single-
cell library. The commercial Fluidigm C1 platform, which uses a micro uidic chip for
cell separation, has been employed together with some of the early protocols, including
CEL-seqg2 [21] and Smart-seq version 1 [22]. The most commonly used protocols nowadays
are either based on microwell plates, where each cell is placed into a separate well, or
micro uidic droplet techniques, primarily using water droplets suspended in oil as reaction
chambers. Examples of plate-based protocols include MARS-seq [23], the commercial ICELLS8
solution [24], Smart-seg2 [25], and Smart-seq3 [20]. Droplet-based protocols include, for
example, inDrop [26], Drop-seq [27], and 10x Chromium [28], a prevalent commercial platform
supporting a large number of sScCRNA-seq experiments at the time of writing this thesis. In
addition to these approaches, split-pool barcoding protocols such as sci-RNA-seq3 [29] have
recently allowed for cost-ef cient scaling of sScCRNA-seq experiments to up to four million
cells [9].

Over the past years, single-cell transcriptomics has become a ubiquitous approach in bio-
medical research. It could be considered a successor to bulk RNA sequencing as it offers
cell- instead of sample-level resolution and enables, for example, unbiased detection of cell
identities and previously unavailable insights into cellular heterogeneity [30]. It should be
noted, however, that bulk RNA sequencing is still the preferred method in situations where
cellular heterogeneity is not the focus of the study and reduced noise levels are required as
bulk readouts are generally less prone to noise given that they can be considered an average
over many cells [31].
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Figure 1.1.: Single-cell transcriptomics protocols. Selected protocols and their constituent
steps used for scRNA-seq library preparation. The data presented in this thesis is
mostly generated using the 10x Genomics Chromium platform, which is similar
to the Drop-seq protocol, and the Smart-seq2 protocol for full-length transcript
capture. IVT, in vitro transcription. UMI, unique molecular identi er. Reproduced
from [32] with permission from Elsevier.

1.1.2. Computational analysis of single-cell transcriptomics data

The quantitative analysis of single-cell transcriptomics data is generally based on a cell-
by-gene count matrix. Each entry represents the count of mMRNA detections for a specic
gene in a particular cell. A count matrix is obtained by demultiplexing the raw sequencing
output, aligning sequencing reads to a reference genome or transcriptome, and quantifying
the number of reads mapping to each gene in a cell-speci ¢ manner via the cell barcodes.
Pipeline tools such as the 10x GenomicsCell Ranger software [28], STARsolo [33], or
kallisto | bustools [34] ef ciently automate these steps in a user-friendly manner.

Analysing scRNA-seq data requires specialised tools due to its high dimensionality, scale,
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and complexity. While the most-used analysis tools in Python (scanpy [35]) and R (Seurat
[36]) have been cited many thousand times (see https://www.scrna-tools.org/table ),
there are now over 1000 individual computational tools available, addressing all aspects
of scRNA-seq analysis [37]. This proliferation partly re ects the complexity and diversity
of the data and the studied biological questions but is also a result of multiple competing
tools being developed for individual applications. This has created a need for structured
benchmark studies, evaluating the performance and suitability of competing tools for a given
task. Heumos and Schaar [38] offer an overview of the latest benchmarking results across
tasks and derive a comprehensive list of current best-practise recommendations in single-cell
genomics data analysis.

The abovementioned tools, scanpy and Seurat , are prominent representatives of pipeline-
based analysis tools for sScRNA-seq data. These pipelines typically encompass several steps:
guality control (QC) to remove low-quality samples, normalisation to adjust for cell size
and sequencing depth, feature selection to reduce noise, batch correction to mitigate effects
from different sample origins and technical confounders, and dimensionality reduction to
simplify data complexity while retaining essential information (Fig. 1.2a). [39]. While such a
structured approach offers excellent exibility and is widely adopted in the community, it
requires careful tuning at each step to ensure optimal results and is not readily transferred to
new datasets.

Downstream analysis steps generally focus on identifying cellular structure and attributing
variance in the data to biological mechanisms. Cellular structure is mainly determined by
grouping cells with similar transcriptomic pro les into clusters and using known marker
genes to assign each cluster a cell type label (Fig. 1.2b). Depending on the biological question,
attributing variance to biological mechanisms can take multiple forms. A common question
is on the cell type-speci c differences in gene expression between two groups of cells, such as
treatment and control cells (differential expression (DE) analysis). The identi ed signi cant
differentially expressed genes (DEGS) are often functionally annotated by statistically testing
for enrichment of known functional gene sets (gene set enrichment). Testing for differences
in composition, for example, between donors or treatment groups, evaluating covarying
transcriptional changes between samples (cell-cell communication) or genes (gene regulatory
network (GRN) inference), or predicting transcriptional effects of unseen perturbations
(perturbation modelling) are other commonly applied downstream analyses (Fig. 1.2c) [38].

Autoencoder (AE)-based analysis approaches, such asscVI [40] or DCA [41], replace parts
of the manual preprocessing and feature selection steps in SCRNA-seq data analysis. These
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Figure 1.2.: Example single-cell transcriptomics analysis pipeline. a. Common prepro-
cessing and batch correction steps of a sScRNA-seq analysis pipeline.b. Typical
components of cellular structure identi cation in scRNA-seq downstream analysis.
c. Selected approaches for mechanistic interpretation and functional annotation
of scRNA-seq data. Reproduced from [38] with permission from Springer Nature.
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methods produce a low-dimensional latent representation directly from the raw transcript
counts while implicitly performing preprocessing tasks, including normalisation, feature
selection, and batch correction. While some (variational) AE-based approaches additionally
offer certain downstream analysis functionality (for example, DE analysis in scVI [40]), many
common downstream steps, such as cell type identi cation, DE analysis, or compositional
analyses, are generally carried out in the same manual way as described above for pipeline
approaches (Fig. 1.2c).

Notably, unlike pipeline approaches, parametric AE models can be, by design, distributed
pre-trained on extensive datasets, facilitating the analysis of novel data. This has been
widely adopted through the query-to-reference mapping paradigm. This powerful approach
allows mapping novel datasets onto existing reference datasets for their analysis [42]. As
such, query-to-reference mapping enables the rapid contextualisation of new data against a
backdrop of well-characterised cell types or states, providing a framework for interpretation
and discovery. Recently, foundational models have been suggested [43] [44] as a hew concept
in single-cell genomics data analysis. These large, usually transformer-based models are
pre-trained on transcriptional data from tens of millions of cells and can be applied to many
tasks by ne-tuning on small datasets, similar to how current large language models are
operated [45].

Analysis of developmental single-cell transcriptomics data

Applying single-cell transcriptomics analysis to developmental biology has led to marked
advances in our understanding of development across different human tissues, including,
for example, the brain [46—48], the pancreas [49, 50], the lung [51-53], blood [54, 55], and
across the whole fetus [9]. Analysing developmental scRNA-seq data can be challenging
and requires tailored approaches. A primary challenge is the dynamic nature of developing
tissues, characterised by ongoing continuous changes in gene expression patterns. In such
settings, standard clustering methods may not adequately capture transient states or the
progression of cells along developmental trajectories, complicating the assignment of cells to
discrete types.

Trajectory inference methods have been developed to capture differentiation processes and
their underlying transcriptional driving forces [56]. These techniques enable mapping con-
tinuous developmental pathways by ordering cells along a pseudo-temporal axis through, for
example, computing diffusion processes on the cellular k-nearest neighbour (kNN) graph
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[57, 58], comparing distances of mean transcriptional signatures of clusters [59], or leveraging
additional data modalities such as the quanti cation of unspliced mRNA reads [60, 61].
A selection of trajectory inference approaches have been benchmarked for their accuracy,
usability, and scalability [62]. Downstream trajectory inference tools (such as Cell Rank [63],
Palantir  [58], or Fate ID [64]) enable in-depth analyses of developmental processes, including
the inference of gene dynamics over pseudo time and the detection of genes underlying de-
velopmental processes, so-called driver genes.Cell Rank, for example, computes a transition
matrix from the output of the techniques mentioned above to automatically detect the initial
and terminal states of a differentiation trajectory and uses this information to compute driver
genes and gene expression dynamics.

1.1.3. Large-scale data curation in single-cell transcriptomics

With an ever-increasing number of SCRNA-seq datasets publically available, new opportunities
for machine-learning models trained on millions of cells to provide new biological insight
emerge. Recently, so-called foundation models gained attention in single-cell genomics
following their breakthroughs in language modelling. These models are pre-trained on data
from tens of millions of cells to learn the fundamental relationships of gene expression. They
can consequently be ef ciently ne-tuned for speci ¢ tasks with only minimal extra data
and have the potential to drive a paradigm shift in single-cell genomics data analysis [45].
Similarly, in single-cell genomics query-to-reference mapping, leveraging multiple existing
datasets as a reference to augment or contextualise new experimental data can accelerate
scienti ¢ discovery [42]. Overall, the reusability of data is becoming an increasingly important
factor in enabling progress in the eld.

The Findable, Accessible, Interoperable, and Reusable (FAIR) Data Principles [65] offer a
structured framework to improve the reusability of scienti ¢ data. They ensure that data is
not only stored in an accessible manner but is also comprehensible and easily reusable by
other researchers. The data for most published scRNA-seq studies areFindablevia weblinks or
accessions in the Data Availability section of the associated manuscript. They are also usually
Accessiblghrough public repositories such as Zenodo or the Gene Expression Omnibus.
While the rst two FAIR principles ( Findableand Accessibleare generally ful lled in the
eld, this is much less the case for the Interoperableand Reusableprinciples. The main
interoperability issue of published scRNA-seq datasets is the multitude of le types used
for depositing the data. Some letypes, such as loom (https://loompy.org/ ) or hdf 5
(https://lwww.hdfgroup.org/solutions/hdf5/ ), require the installation of speci c software
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packages, while others, such as theR-specic rds format, require the use of particular
programming languages. Some of the universal le formats, including compressed text les
(for example, using the .tsv.gz extension), can also pose challenges in the case of large datasets:
while lesize on disk can be relatively small through compression, these data formats store
a dense count matrix, which can easily exceed the available system memory once loaded,
even on powerful server instances. Formats storing sparse matrices on disk elegantly avoid
memory limitations but can be slow to process. While these challenges in interoperability
rarely entirely prevent data reuse, they make the process unnecessarily time-consuming for
researchers. Free-text metadata, used in most published studies, further complicates data
reuse. When several such studies are combined into a single reference dataset, two identical
cell types might have slightly differently spelt labels and, without time-consuming manual
intervention, will be treated as separate entities in downstream processing. This applies to
cell type labels and almost all metadata, including tissue labels, experimental protocol, cell
line of origin, and others, preventing ef cient data reuse.

Streamlining available datasets through manual data curation is required to alleviate the
abovementioned challenges, enable ef cient data reuse, and unlock the full potential of the
vast number of published scRNA-seq datasets. Data curation should include converting
free-text metadata to controlled vocabularies as offered by the respective ontologies [66—68],
available for almost all relevant metadata annotations. The generation of new datasets and
the consequent insights into, for example, cell type heterogeneity should, in turn, lead to an
updating of existing ontologies to maintain their utility [69]. Recent emerging streamlined
data repositories, such as theCZ CELLXGENE Discover Censy30], the Human Cell Atlas (HCA)
Data Portal (https://data.humancellatlas.org ), or the EBI Single cell expression atl§g1],
present a leap towards reusable data in single-cell genomics. Such repositories foster data
reuse by providing streamlined data and metadata and offering multiple convenient data
access options. Beyond these immediate advantages, their presence also encourages proper
data curation by the authors at publication time, paving the way to a sustained improvement

in data reusability in the eld.

1.1.4. Single-cell transcriptomic atlases

Single-cell transcriptomic atlases are curated collections of datasets from the same biological
system or tissue, aiming to provide a comprehensive reference map of the constituent cells.
While the term atlashas been used to describe individual large-scale single-cell transcriptomic
studies [72—75], it generally describes an integrated dataset comprised of several individual
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studies by multiple research groups. Launched in 2016, the HCA initiative represents
an ongoing effort to coordinate and harmonise the systematic generation of cell atlases
from human tissues, aiming to characterise all human cell types based on their distinct
transcriptomic signatures [76]. This endeavour has been enabled by the advent of single-
cell transcriptomics, providing unprecedented resolution in studying cellular heterogeneity
and revealing insights into cells' unique identities and states. Several atlases have thus far
emerged from the constituent HCA Biological Networks. For instance, the Human Brain
Cell Atlas [10] is a comprehensive neural atlas generated by an individual research group. It
provides a detailed map of neuronal and glial cell types across brain regions, enhancing our
understanding of the brain's complex architecture. In contrast, the Human Lung Cell Atlas
[77] is an integrated and harmonised collection of 49 datasets that charts the cell landscape
involved in respiratory function and pathology.

Besides data curation, described in the previous chapter of this thesis, data integration is
a central element in constructing these atlases. It involves computationally blending data
from multiple studies to create a cohesive and comprehensive integrated dataset. This is
achieved by removing contributions of technical confounders such as sequencing technology
or experiment site from the data. Many different data integration tools have been suggested
in the literature and comprehensively benchmarked for their performance [78]. Some of the
best-performing algorithms for scRNA-seq data integration included unsupervised [40, 79]
and semi-supervised approaches [80, 81]. The latter can ingest prior information, such as cell
type labels, to guide the integration process. Going one step further, a recently developed
semi-supervised method has been designed to consider multiple levels of hierarchical cell
type labels, potentially aiding the integration of datasets from particularly heterogeneous and
complex tissues [82].

The opportunities presented by integrated cell atlases are vast. They can, for example,
establish a community consensus on cell type labels for a given tissue [77], facilitating a
common language for researchers to communicate their ndings. Additionally, these atlases
can enable the detection of novel, rare cell types that might be overlooked in individual
studies [69] or inform about intra-cell type heterogeneity across different subsections of a
tissue [10]. Perhaps most signi cantly, they provide a ground truth for the rapid annotation,
contextualisation, and analysis of novel datasets [42].
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1.2. Human neural organoids

The brain is the centre of human cognition and behaviour. It is critical to our overall health and
well-being. Despite many advances in neuroscience, key aspects of human neurodevelopment
still need to be fully understood. Gaining a better understanding of these processes is a
prerequisite for comprehending the aetiology of neurological and psychiatric diseases and
developing suitable treatments. These conditions represent a signi cant global health burden,
affecting millions worldwide and posing substantial challenges in diagnosis, treatment,
and long-term management. Understanding the complexity of brain development and the
pathogenesis of neurological and psychiatric disorders is still challenging due to ethical,
technical, and practical dif culties in studying human brain tissue directly. Besides the
profound complexity of the brain, the scarcity of fetal post-mortem tissue and the limitations
of post-mortem samples compared to in vivo tissue samples are the key limiting factors in
modern neuroscience and psychiatry. Rodent models are valuable and accessible proxies to
study human neural development. However, these models lack an abundance of outer radial
glia (RG) characteristic of humans [83, 84] and differ in structural [85] and transcriptomic [86]
aspects.

The emergence of neural organoids offers great potential in research areas where human-
speci ¢ features are crucial, such as psychiatry [87]. Organoids are three-dimensional in
vitro tissue models that allow for exploring previously inaccessible human-speci ¢ aspects
of neurodevelopment and disease and open new avenues for developing targeted therapies
to alleviate the global burden of brain disorders. They have, for example, already provided
insights into the mechanisms underlying gyri cation during neurodevelopment [88, 89],
genetic diseases like microcephaly [90], and environmentally-conferred conditions such as
Fetal Alcohol Spectrum Disorders [91].

1.2.1. Human neurodevelopment

The development of the human brain is a complex and tightly controlled process. Neural
tube formation in the human embryo starts around postconceptional day 23 and leads to a
tube-like structure comprising neuroepithelial cells. The neural tube is initially structured into
three main segments (vesicles): the forebrain (prosencephalon), midbrain (metencephalon)
and hindbrain (rhombencephalon) (Fig. 1.3a). These vesicles later subdivide to give rise to
the different regions of the developed brain (Fig. 1.3b).
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Figure 1.3.: Schematic of the neural tube. a. The three primary brain vesicles of the three-
to four-week-old embryo. b. The ve secondary brain vesicles of the ve-week-
old embryo. Reproduced from [92] Chapter 13.1 (Licensed under the Creative
Commons Attribution 4.0 International license: https://creativecommons.org/
licenses/by/4.0/ ).

In the further development of the human brain, neuroepithelial cells divide to create neural
progenitor cells (NPCs) (such as apical RG found in the ventricular zone of the developing
telencephalon), which further develop into neurons. This generation of neurons in the devel-
oping brain is called neurogenesis. In the developing telencephalon, approximately between
postconceptional days 48 and 191, neurons are generated from apical RG by migration to the
subventricular zone (then referred to as basal or outer RG) and consequent differentiation via
the intermediate progenitor (IP) cell type. Following neurogenesis, newborn neurons, also
known as neuroblasts, throughout the developing brain, migrate to their nal locations in a
process called neuronal migration. In the forebrain, newly born cortical projection neurons
migrate radially to the cortical plate, while inhibitory neurons generated in the ganglionic
eminences migrate laterally to the same location. Gliogenesis, the maturation of RG into
macroglial cells (oligodendrocytes and astrocytes), occurs after neurogenesis and peaks
around birth. Subsequent neurodevelopmental processes like synaptogenesis, myelination,
and synaptic pruning also continue well into or occur exclusively in the postnatal period.
Please refer to [93] for an in-depth introduction to neurodevelopment.

1.2.2. Neural organoids as models of human neurodevelopment

Derived from induced pluripotent stem cells (iPSCs) or embryonic stem cells, human neural
organoids are three-dimensional self-organising systems that model the intricate process of
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human brain development in vitro. Predominantly covering development during the rst
and second trimesters, they capture the critical neurodevelopmental process of neurogenesis.
When cultured for 250 to 300 days, neural organoids have been shown to also resemble
more advanced developmental (including postnatal) stages, with processes such as synapse
formation occurring [94].

Structurally, neural organoids display several features reminiscent of the developing human
brain. This includes the organisation of cells in layers around a central lumen, with RG lining
the apical side (ventricular zone), IPs in the subventricular zone, and neurons positioned
closer to what resembles a cortical plate [90, 95]. Notably, after about 150 days in culture,
organoids can begin to display a form of cortical layering, distinguishing between upper and
deeper layer neurons [96]. Furthermore, organoids can produce NPCs and neurons from
various brain regions, even within a single organoid, highlighting their versatility as a model
system [97]. They can contain a diverse array of neuronal cell types, partially resembling the
cellular composition of the fetal brain while showing high transcriptional similarity in the
cell types present [98, 99]. In older organoids, macroglial cells like oligodendrocyte precursor
cells (OPCs) and astrocytes can also emerge [100-102].

However, neural organoids as a model system are not without limitations. The composition
of cell types can signi cantly vary, not only across different organoids but also from primary
tissue, with, for example, outer RG being underrepresented in organoids [103]. Structurally,
the compact layering of neurons in organoids lacks the spatial delity observed in the primary
brain and surrounding tissues, such as the meninges, are absent. Moreover, transcriptional
analysis using scRNA-seq revealed a unique metabolic stress signature in organoids dis-
tinct from the cellular states encountered in primary fetal brain [103, 104]. Additionally,
the absence of critical non-ectodermal-derived components like microglia [105, 106] and
vasculature [107] highlights the limitations in fully recapitulating brain complexity, although
recent attempts have been made to integrate these elements too [108-111]. Combining these
ongoing endeavours with efforts to reduce cell stress and increase reproducibility in organoid
differentiation protocols would lead the way to more accurately mimic the complexities and
functions of the human brain, thereby enhancing the potential of neural organoids in basic
research and clinical applications.

13



1. Introduction

1.2.3. Neural organoid technologies

Generating neural organoids involves differentiating pluripotent stem cells into neural cell
types within a three-dimensional culture system. Embryonic stem cells or iPSCs are initially
aggregated to form embryoid bodies, facilitating cell-cell interactions essential for creating
organoid structures. As organoids have presented profound self-patterning characteristics
during their development [112], there are currently two main approaches for organoid
differentiation from embryoid bodies, producing either unguided or regionalised organoids.

Unguided organoid differentiation protocols rely entirely on the system's inherent self-
patterning abilities and do not add additional guiding molecules (morphogens) [113, 114].
This unbiased approach can generate organoids containing neural cells from a variety of
brain regions, partially mimicking the complexity of the developing human brain (Fig. 1.4).
It thereby enables studying the intricate self-organisational mechanisms underlying human
brain development. At the same time, the lack of external guidance also leads to signi cant
variability in regional composition across organoids from the same differentiation experiment
[97], limiting the reproducibility of the approach.

The generation of regionalised organoids, in contrast, relies on adding morphogens to the
organoid media to induce the development of speci ed brain regions. While the selection of
morphogens is closely inspired by known signalling factors in early human neurodevelopment,
such protocols provide an arguably less physiological environment for cellular differentiation
and maturation. Besides the added control in organoid generation, such approaches offer
a high degree of reproducibility and can also increase the maturation rate of the organoids.
Morphogens have been used to generate organoid models of various brain regions, most
prominently the dorsal telencephalon [99, 115-117], but also the ventral telencephalon [118,
119], the thalamus [120] and hypothalamus [121], the midbrain [122], the hindbrain [123], and
the ChP [124]. Besides speci ¢ brain regions, neural organoids have been guided to enrich
particular cell types such as oligodendrocytes [125].

Over the past years, signi cant efforts have been made to develop protocols that produce
neural organoids that are more similar to their primary counterparts. Improvements have

been suggested at different points of the protocol. Examples include the embedding in
matrigel towards the beginning of the protocol to enable more complex tissue growth [90],
adding speci ¢ maturation media to support development [126], or slicing of the organoids

at later protocol stages to improve nutrient supply and reduce cell stress [96]. More involved
approaches include the construction of assembloids [127], where organoids of different brain
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Figure 1.4.:Immunohistochemistry stains of unguided neural organoids resembling dif-

ferent brain regions. a. Structural organisation of apical NPCs (SOX2, red) and
basally located neurons (TUJ1, green). b. Forebrain neurons (FOXG1, red). c.
Choroid plexus (ChP) tissue (TTR, green). d. PROX1 (green) and FZD (red) mark
hippocampal regions. e. SOX2 (red) marks RG. Mitotic RG (P-vimentin (P-vim),
green) are present at the apical membrane (arrows) and outside the ventricular
zone (arrowheads). f. Layering of more mature upper-layer neurons (SATB2, red)
and younger deep-layer neurons (CTIP2, green). DAPI (blue) marks nuclei of
cells. Reproduced from [113] with permission from Springer Nature.

regions are cultured in close proximity and functionally integrate to form basic neural circuits
[118, 128]. More recently, the transplantation of neural organoids into living animals has
been shown to boost organoid maturation while displaying an integration of neural circuits
[129].

1.2.4. Neural organoids as disease models

Besides being powerful models of human-speci ¢c neurodevelopment [97], neural organoids
offer unique disease-modelling capabilities due to their accessibility and exibility. Either
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by derivation from patient-speci ¢ cell lines or by exposing organoids to external stimuli
and stressors, they can be used to model the contribution of genetic and environmental
risk factors to the onset and development of disease. In the context of neurodevelopmental
disorders (NDDs), organoids have helped study genetic diseases, for example, shedding light
on altered neuronal migration [130] and the role of apical RG [131] in neuronal heterotopia
and suggesting possible treatment options [132]. Further genetic diseases studied in organoids
include Timothy syndrome [118], Rett syndrome [133, 134], and Miller-Dieker syndrome [135].
Organoids have also served as valuable models of neurodegenerative diseases, including
Alzheimer's disease [136] and Parkinson's disease [137]. In the context of viral infections,
organoids have helped to understand the effects of the Zika virus [138, 139] and human
cytomegalovirus [140] on brain development.

In the context of psychiatry, organoids derived from schizophrenia patients have shown
altered progenitor survival and impaired neurogenesis [141]. In ASD, perturbing three risk
genes resulted in asynchronicity in the development of excitatory and inhibitory neuron
classes [142], substantiated by a large-scale perturbation screen of ASD risk genes indicating
priming of the ventral telencephalic inhibitory neuron lineage in ASD [143]. Concerning
external toxin exposure modelling, neural organoids have provided insight into, for example,
the neurotoxic effects of alcohol [91, 144] and methamphetamine [145], leading to apoptosis,
impaired development, or neuroin ammation.

1.3. Neurodevelopment and psychiatric disease

Neurodevelopment is a highly intricate and tightly regulated process that lays the found-
ational framework for brain architecture, affecting an individual's susceptibility to disease.
Deviations in this process, whether due to genetic, epigenetic, or environmental factors, can
predispose individuals to psychiatric conditions later in life [146]. For instance, schizophrenia
has been associated with disruptions in synaptic pruning, a critical process of neurodevelop-
ment [147, 148]. Similarly, ASD exempli es the profound impact of early neurodevelopmental
anomalies during neurogenesis on cognitive and behavioural outcomes, as noted in Section
1.2.4.

Studying the genetic underpinnings of psychiatric conditions provides further evidence
for the tight link between neurodevelopmental processes and the aetiology of psychiatric
disease. In a recent study, several risk genes for ASD and other NDDs have been shown
to affect interneuron generation and migration, thereby directly interfering with critical
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neurodevelopmental processes [149]. Conversely, many variants linked to genes with known
essential roles in neurodevelopmental pathways confer risk for ASD, schizophrenia or other
psychiatric diseases [150-152]. Overall, these disorders often arise from a complex interplay
of genetic vulnerabilities and early life experiences, emphasising the importance of the
neurodevelopmental period in psychiatric disease manifestation [153].

1.3.1. Environmental impact on brain development and disease

The heritability of psychiatric conditions varies profoundly by disorder. For example, ASD is
considered a largely genetic disease with heritability estimates around 75 % [154]. In contrast,
for major depressive disorder, heritability is estimated to be below 50 % in the general
population [155, 156]. Environmental factors, therefore, play an essential role in the onset
and development of psychiatric disease. Early human brain development during pregnancy
is marked by extensive tissue transformation and rapid brain maturation. Hence, it is a
highly susceptible period for environmental perturbations interfering with the developmental
process.

Birth weight, a coarse proxy for the environmental conditions experienced by the fetus
during pregnancy, has been correlated with multiple neurobehavioural outcomes, including
educational attainment and executive function, as well as disease-related outcomes, including
attention de cit hyperactivity disorder and depressive symptoms [157]. Many forms of
environmental interference with development have been associated with increased risk for
psychiatric diseases, ranging from immune-induced perturbations caused by viral infections
[158] to widespread chemicals with potentially neurotoxic properties [159]. Beyond exposure
to pathogens or harmful substances, any dif culties arising during pregnancy and birth [160,
161] as well as impaired maternal health and well-being, also contribute to disease risk [162].
These factors can lead to measurable structural aberrations in the newborn child's brain [163,
164].

While the exact mechanisms underlying environmental interference with development are
diverse and not fully understood, GCs have been suggested as one potential mediator of
prenatal adversity in the unborn child [165].
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1.3.2. Glucocorticoids in brain development

GCs are vital steroid hormones primarily produced by the adrenal cortex that play several
important roles in the human body. Firstly, they are essential mediators of the human stress
response as a component of the hypothalamic-pituitary-adrenal (HPA) axis. In case of a
stress-inducing stimulus, the hypothalamus releases corticotropin-releasing hormone, which
prompts the pituitary gland to secrete adrenocorticotropic hormone, which in turn stimulates
the adrenal cortex to produce GCs, such as cortisol. GCs exert their function by binding to
glucocorticoid receptors (GRs) and mineralocorticoid receptors present in the cytosol of most
cells throughout the body. Upon binding GCs, the GR translocates to the nucleus, regulating
the transcription of various genes as a transcription factor (TF) by binding to GC-response
elements [166] and interacting with other TFs [167]. Besides their role in the human stress
response, GCs play a crucial role in development.

GCs are critical for the development of several tissues, such as the lung [168] and the
cardiovascular system [169]. Additionally, they regulate essential processes like synapse
formation and elimination, neural migration, and neurogenesis in the developing brain [165].
GC levels are tightly regulated during development across many mammals, and in the unborn
human child, GC levels rise sharply during the third trimester [170]. These hormonal signals
are crucial for the timely execution of developmental milestones and for preparing the fetus
for birth [171]. While the exact underlying molecular mechanisms are not fully understood,
the role of GCs in neurodevelopment is a delicate balance, with aberrant levels having the
potential to alter brain structure and function (Fig. 1.5a) and the fetal HPA-axis (Fig. 1.5b),
affecting postnatal behaviour and increasing the risk of neuropsychiatric disorders [165,
172].

Maternal stress or diseases can lead to elevated maternal GC levels during pregnancy, which
can profoundly affect fetal brain development [173]. While the placenta acts as a batrrier, to

a large extent protecting the fetus from maternal GC levels, its protective function can be
reduced through stress and increased GC levels in the mother [174] (Fig. 1.5c), leading to
altered GC levels in the fetus. Excessive GC exposure in the unborn child can disrupt neural
development, leading to structural changes in the brain and altered postnatal behaviour [175].
Besides structural changes, epigenetic modi cations, mainly on the DNA-methylation level,
have been suggested to mediate the effects of excess GCs on behavioural outcomes [165, 176]
(Fig. 1.5d), and to play a role in the intergenerational transmission of adverse experiences
[173, 177].
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