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Abstract 
Neurological diseases affect millions globally, leading to diminished quality of life due 

to progressive cognitive, motor, and sensory impairments. Research into these 

conditions is crucial, but often impeded by a lack of accurate disease models. The 

advent of induced pluripotent stem cells (iPSCs) in 2006 has partially addressed this 

limitation by enabling researchers to create patient-specific neural cells capable of 

modelling genetic and phenotypic characteristics of many previously inaccessible 

neurological diseases. 

The work in hand leverages iPSCs to model two diseases with significant neurological 

involvement: Cockayne Syndrome (CS) and Cerebral Malaria (CM). For Cockayne 

Syndrome, iPSC-derived 3D neural models were established from patients with distinct 

severity grades of CS to identify pathways driving the neurological symptoms. For 

Cerebral Malaria, an iPSC-derived 2D neural model was developed to assess the 

impact of Hemozoin (HMZ) and provide a tool for researchers to explore the 

pathomechanisms underlying this severe potential complication of malaria. 

In our CS research, transcriptome analysis of neurospheres and cerebral organoids 

derived from two CS patients revealed common pathways potentially driving CS 

neurological symptoms. These include dysregulation of RNA Polymerase I (RNAPI) 

transcription, protein processing in endoplasmic reticulum, and ribosome function in 

neural progenitor cells, indicating disrupted protein biosynthesis and overall proteome 

instability at early developmental stages. Dysregulation of intracellular protein transport 

and vesicle-mediated transport pathways was also identified, potentially due to 

microtubule network disruption. Development of neuronal projections was found to be 

severely dysregulated in cerebral organoids, as well as several other pathways 

essential for neuronal development, function and maintenance. Additionally, 

dysregulated cholesterol biosynthesis was observed at both investigated timepoints, 

implicating changes in lipid metabolism in the pathogenesis of CS neurological 

symptoms.  

For Cerebral Malaria, iPSC-based 2D neuronal networks were established. Exposure 

to HMZ activated inflammation-associated pathways and altered the secretome of the 

investigated neuronal networks. Known CM-associated pro-inflammatory cytokines, 

such as IL-1β, IL-8, and IFN-γ, were elevated, while the anti-inflammatory cytokines 

IL-4 and IL-13 were reduced. DNA damage-associated gene expression was 

significantly elevated, seemingly independent of p53 activation. The p38 MAPK 
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pathway, a secondary pathway for cellular stress response to DNA damage and 

inflammation, was upregulated in HMZ-exposed neurons, suggesting a role in CM 

pathology and potential as a therapeutic target. The established iPSC-derived model 

thus mirrors CM inflammatory profiles and might offer insights into CM disease 

mechanisms and potential treatment strategies. 

Overall, the work in hand strengthens the understanding of the underlying 

pathomechanisms of both CS and CM and highlights potential therapeutic targets, 

emphasizing the value of iPSC-based models in neurological disease research. 
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Zusammenfassung 
Neurologische Erkrankungen betreffen weltweit Millionen Menschen und führen 

aufgrund fortschreitender kognitiver, motorischer und sensorischer Einschränkungen 

zu verminderter Lebensqualität. Die Erforschung dieser Krankheiten ist essenziell, wird 

jedoch durch einen Mangel an geeigneten Krankheitsmodellen behindert. Die 

Einführung induzierter pluripotenter Stammzellen (iPS) im Jahr 2006 hat geholfen 

diese Einschränkung teilweise zu überwinden, indem sie Forschern ermöglichte 

patientenspezifische neurale Zellen herzustellen, welche genetische und 

phänotypische Merkmale vieler zuvor unzugänglicher neurologischer Erkrankungen 

abbilden können. 

Die vorliegende Arbeit nutzt iPS, um zwei Erkrankungen mit erheblicher 

neurologischer Beteiligung zu modellieren: Cockayne-Syndrom (CS) und zerebrale 

Malaria (ZM). Für das CS wurden iPS-basierte neurale 3D-Modelle von Patienten mit 

unterschiedlichen CS-Schweregraden erstellt, um die für die neurologischen 

Symptome verantwortlichen Signalwege zu identifizieren. Für die ZM wurde ein iPS-

basiertes 2D-Neuralmodell entwickelt, um die Auswirkungen von Hämozoin (HMZ) zu 

untersuchen und Wissenschaftlern ein Instrument zur Erforschung der 

Pathomechanismen, die dieser schwerwiegenden potenziellen Malaria-Komplikation 

zugrunde liegen, zu verschaffen. 

In unserer CS-Forschung hat die Transkriptomanalyse von Neurosphären und 

zerebralen Organoiden, die aus zwei CS-Patienten generiert wurden, sich 

überschneidende Signalwege aufgezeigt, die möglicherweise für die neurologischen 

Symptome des CS verantwortlich sind. Dazu gehören die Dysregulation der RNAPI-

Transkription, der Proteinverarbeitung im endoplasmatischen Retikulum und der 

Ribosomenfunktion in neuralen Vorläuferzellen, was auf eine gestörte 

Proteinbiosynthese und eine allgemeine Proteominstabilität in den frühen 

Entwicklungsphasen hinweist. Es wurde auch eine Dysregulation des intrazellulären 

Proteintransports und des Vesikel-mediierten Transports festgestellt, die 

möglicherweise auf eine Störung des Mikrotubuli-Netzwerks zurückzuführen ist. Es 

wurde festgestellt, dass die Entwicklung der Neuronenprojektionen stark gestört ist, 

ebenso wie mehrere andere Signalwege, die für die Entwicklung, Funktion und 

Erhaltung von Neuronen essenziell sind. Darüber hinaus wurde an beiden 

untersuchten Zeitpunkten eine gestörte Cholesterinbiosynthese beobachtet, was auf 
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Veränderungen im Lipidstoffwechsel in der Pathogenese der CS-assoziierten 

neurologischen Symptome hindeutet. 

Für die zerebrale Malaria wurden iPS-basierte neuronale 2D-Netzwerke etabliert. HMZ 

Exposition aktivierte entzündungsassoziierte Signalwege und veränderte das 

Sekretom der untersuchten neuronalen Netzwerke. Bekannte ZM-assoziierte pro-

inflammatorische Zytokine, wie IL-1β, IL-8 und IFN-γ, waren erhöht, während die 

entzündungshemmenden Zytokine IL-4 und IL-13 reduziert waren. Die Expression von 

Genen, die mit DNA-Schäden assoziiert werden, war signifikant erhöht, anscheinend 

unabhängig von der Aktivierung von p53. Der p38-MAPK-Signalweg, ein sekundärer 

Signalweg für die zelluläre Reaktion auf Stress wie DNA-Schäden und Entzündungen, 

war in HMZ-ausgesetzten Neuronen hochreguliert, was auf eine Rolle in der 

Pathologie von ZM und ein potenzielles therapeutisches Ziel hinweist. 

Das etablierte iPS-Modell spiegelt somit die Entzündungsprofile der ZM wider und 

könnte Einblicke in die Krankheitsmechanismen und potenzielle 

Behandlungsstrategien bieten. 

Insgesamt stärkt die vorliegende Arbeit das Verständnis der zugrundeliegenden 

Pathomechanismen sowohl von CS als auch von ZM und weist auf potenzielle 

therapeutische Ziele hin, was den Wert von iPS-basierten Modellen in der Erforschung 

neurologischer Erkrankungen unterstreicht.  
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I. Structure of this thesis 
 

This thesis compiles two publications that explore the potential of induced pluripotent 

stem cells (iPSCs) to model distinct degenerative and developmental diseases of the 

central nervous system (CNS). The publications are presented in chronological order: 

 

1. Szepanowski, L. P., Wruck, W., Kapr, J., Rossi, A., Fritsche, E., Krutmann, J., 

& Adjaye, J. (2024). Cockayne Syndrome Patient iPSC-Derived Brain 
Organoids and Neurospheres Show Early Transcriptional Dysregulation 
of Biological Processes Associated with Brain Development and 
Metabolism. Cells, 13(7), 591. 

2. Pranty, A. I., Szepanowski, L. P., Wruck, W., Karikari, A. A., & Adjaye, J. (2024). 

Hemozoin induces malaria via activation of DNA damage, p38 MAPK and 
neurodegenerative pathways in a human iPSC-derived neuronal model of 
cerebral malaria. Scientific Reports, 14(1), 24959. 

 

As the presented publications provide necessary background and methodological 

information by themselves, a brief general introduction into iPSCs, developmental 

mechanisms of the central nervous system and pathophysiological features of the 

modelled diseases is given first to enable a broader understanding of the topic. 

Following the presentation of the publications, the manuscripts will be summarized and 

set into scientific context.
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II. Introduction 
II.I. Stem cells  

II.I.I. Introduction to stem cells 
Mammalian development requires the specification and continuation of over 200 

unique cell types from a single totipotent cell1. Stem cells, first described in 1961 by 

Till and McCulloch2, are the undifferentiated cells from which these cell types derive at 

all stages of life – be it embryonic, fetal or adult. While these traits differ between 

distinct stem cell types, their major characteristics are the ability to extensively 

proliferate (self-renewal), origination from a single cell (clonality) and the ability to 

differentiate into diverse cell types (potency). Generally, developmentally younger 

stem cells have greater self-renewal and potency than developmentally older stem 

cells3.  

Stem cells are classified by their potency from most potent to least potent – totipotent, 

pluripotent, multipotent, oligopotent and unipotent. Totipotency as a concept was first 

described by Tarkowski in 19594, whose work showed that a single blastomere isolated 

from a 2-cell stage mouse embryo was able to generate a whole adult mouse. 

Totipotent cells can only be found at the very beginning of development and have the 

potential to form all tissues of an organism as well as extraembryonic tissues5. 

Pluripotent stem cells (PSCs) can most prominently be found in the inner cell mass 

(ICM) of a developing blastocyst and have the potential to develop into cells of all three 

germ layers – ectoderm, mesoderm and endoderm6. Multipotent stem cells are found 

in most organs and tissues. They have the ability to differentiate into cells from a single 

germ layer. The best characterized multipotent stem cells are mesenchymal stem cells 

(MSCs), which were first isolated from guinea-pig bone marrow and spleen by 

Friedenstein and colleagues in 19707. MSCs can be found in all vascularized tissues 

and organs and are able to differentiate into adipose tissue, bone, cartilage and muscle 

cells. Due to their simplicity of isolation and cultivation, MSCs have been one of the 

major focal points of stem cell research in the last two decades and are currently being 

tested in clinical trials for various diseases8,9. Oligopotent stem cells are even more 

restricted and can differentiate into two or more distinct cell types. They can be found 

e.g. in the cornea of the eye, were they give rise to corneal and conjunctival cells3,10. 

Unipotent stem cells, as the name implies, can only differentiate into one type of cell. 

Unipotent stem cells can be found e.g. in skeletal muscle, where a subset of myogenic 

stem cells only develops into muscle cells (Figure 1)3,11.  
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Figure 1: Schematic illustration introducing the distinct stem cell types. Stem cells are 
classified according to their potency. Totipotent cells (e.g.  zygotes) can form all tissues of an 
organism as well as extraembryonic tissues. Pluripotent cells can differentiate into cells of all 
three germ layers. Multipotent stem cells (e.g. mesenchymal stem cells) can differentiate into 
cell types belonging to a single germ layer. Oligopotent stem cells (e.g. lymphoid progenitors) 
can differentiate into two or more distinct cell types. Lastly, unipotent stem cells (e.g. certain 
myogenic progenitors) can differentiate into a single cell type. Figure created with 
BioRender.com. 
 

As true, stable culture of totipotent cells has not been achieved in-vitro and would 

introduce a host of severe ethical concerns if serially used for research, PSCs are the 

stem cells with the highest developmental potential frequently used in research12. 

 

II.I.II. Genesis of human induced pluripotent stem cells 
Embryonic stem cells (ESCs), derived from the ICM of a developing blastocyst, are 

generally believed to have the potential to differentiate into all cells of an organism. 

Their pluripotent differentiation capabilities give them enormous potential in a wide 
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array of applications, such as developmental research, disease modelling, drug 

discovery screening, as well as regenerative and transplantation medicine13. However, 

even before the first establishment of mouse ESC cultures in 198114,15 and the 

subsequent derivation of human ESC cultures in 1998 by James Thomson16, work with 

human zygotes and embryos raised severe ethical questions.  

To avoid these ethical concerns and overwhelming bureaucracy, researchers needed 

a reliable way to fabricate human stem cell lines without introducing major damage to 

their source. The potential of achieving this was first indicated in 1962 by the work of 

Sir John Gurdon, who transferred the nuclei of differentiated Xenopus small intestinal 

epithelial cells into enucleated unfertilized eggs and obtained tadpoles17. This 

demonstrated that the differentiated nuclei still contain all the necessary information 

for the development of whole organisms. The established technique - somatic nuclear 

transfer – has since been used to clone several other animals, e.g. the famous Dolly 

the sheep as first mammal in 199718 and macaques as first primates in 201819. Among 

other vital information, these experiments implied the existence of factors in the oocyte 

which reset – or reprogram – the differentiated nuclei into a totipotent state.  

Further indicators for the possibility of producing human stem cell lines were provided 

by studies in which human embryonal carcinoma cells, ESCs and embryonic germ 

cells were fused with somatic cells. All fusions resulted in the reprogramming of the 

hybrid cell into a pluripotent state20-22. Thorough investigation of these cell types 

yielded a comprehensive list of pluripotency-associated genes23-25. Researchers 

speculated that utilizing this list and overexpressing select pluripotency-associated 

factors in somatic cells would reprogram these cells to a developmentally younger age.  

The first to succeed in this endeavour were Yamanaka and colleagues in 200626. They 

selected 24 candidate genes that had been shown to be highly expressed in ESCs, as 

well as estimated to be important for the maintenance of ESC identity and retrovirally 

transduced them into Fbx15βgeo/βgeo mouse embryonic fibroblasts27. Fbx15, while 

specifically expressed in mouse ESCs, early embryos and testis tissue, has been 

shown to be dispensable for the maintenance of pluripotency, mouse embryonal 

development and fertility28. The inserted βgeo cassette, a fusion of the β-galactosidase 

and neomycin resistance genes, induced a strong resistance to Geneticin (G418) in 

mouse ESCs, which was lost upon differentiation. Reprogramming these cells to an 

ESC-like state was expected to reinstate this resistance26. 
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The 24 candidate genes – Ecat1, Dppa5, Fbxo15, Nanog, ERas, Dnmt31, Ecat8, Gdf3, 

Sox15, Dppa4, Dppa2, Fthl17, Sall4, Oct3/4, Sox2, Zfp42, Utf1, Tcl1, Dppa3, Klf4, β-

catenin, c-Myc, Stat3 and Grb2 – were inserted into mouse embryonic fibroblasts 

individually and as cocktail. Expectedly, transduction of singular genes failed to 

produce G418-resistant colonies. However, transduction of all 24 genes together 

produced G418-resistant clones, some of which exhibited ESC-like morphology, 

proliferation properties and gene expression. Subsequently, they reduced the gene 

cocktail from 24 to 10 genes via withdrawal of singular genes. Withdrawal of one of 

these 10 genes from the 24 gene cocktail resulted in no colony formation. Following 

this, they repeated the withdrawal experiments with the 10 gene cocktail. Again, they 

individually omitted each of the 10 genes, which lead them to the establishment of the 

final 4 gene cocktail – Oct3/4, Sox2, Klf4 and c-Myc (OSKM), later called the 

Yamanaka cocktail. In the 10 gene transduction experiments, omission of Oct3/4 or 

Klf4 resulted in no colony formation, omission of Sox2 severely reduced colony 

formation and altered colony morphology and removal of c-Myc resulted in flatter, non-

ESC-like morphology of the colonies. In terms of efficiency, OSKM was found to be on 

par with the 10 gene cocktail. Cells produced by transduction of OSKM were termed 

induced pluripotent stem cells (iPSCs), as they were subsequently shown to be 

transcriptionally similar to ESCs and able to differentiate into cells of all three germ 

layers. In the same work, Yamanaka and colleagues introduced OSKM to adult male 

and female mouse tail-tip fibroblasts and were able to generate multiple iPSC lines. 

Rigorous testing revealed these cells to be similar to ESCs in morphology, proliferation, 

gene expression and teratoma formation, as well as able to contribute to the 

development of embryos via microinjection into mouse blastocysts. This demonstrated 

that OSKM could not only reprogram developmentally young cells into iPSCs, but also 

adult cells, an important feature for a prospective use in regenerative medicine26.  

Only one year later, in 2007, Yamanaka and colleagues demonstrated that OSKM can 

also be utilized to reprogram human cells. They derived iPSCs lines from human 

neonate fibroblast, adult human dermal fibroblasts from a 36-year-old Caucasian 

female and fibroblast-like synoviocytes donated by a 69-year-old Caucasian male, 

showcasing the utility of OSKM for the derivation of iPSCs from donors at all stages of 

life29. Since then, other reprogramming methods, delivery systems, as well as 

reprogramming protocols for various human cell types have been established and 
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further refined13. However, OSKM remains the gold standard of human cell 

reprogramming to date.  

On a side note, in addition to mouse and human cells, iPSCs have successfully been 

established from pig, rabbit, monkey, goat, horse, cattle, chicken and fish cells30.  

 

II.I.III. Application of human embryonic and induced pluripotent stem 
cells 

The advent of iPSCs enabled massive progress in regenerative medicine, disease 

modelling, drug screening, toxicity testing and human developmental biology. All these 

field are hampered either by extremely high ethical hurdles, scarce access to essential 

human samples, or both. The rapidly developing field of stem cell research alleviated 

both ethical concerns and scarcity of certain cell types and tissues, as iPSCs have 

been differentiated into a plethora of cells representing most human tissues30. 

Human developmental biology using iPSCs is essentially a feed-forward-loop. Due to 

their potential to generate every human cell type, basic research into lineage 

commitment and tissue patterning utilizing this rapid and cost-effective in-vitro platform 

can help answer key questions in human developmental biology, which in return can 

be used to establish or enhance in-vitro differentiation protocols31. 

Genetic screens and loss- and gain-of-function studies conducted in mice and other 

model organisms have revealed numerous genes and signalling pathways that 

regulate diverse developmental processes. These findings have been used to 

establish defined conditions to direct PSCs to specific fates, which supports the 

general conclusion that most developmental mechanisms are conserved. However, 

human-specific developmental regulation has also been uncovered, demonstrating the 

need for human developmental models to reveal which mechanisms are conserved or 

non-conserved. To give an example, neuroectoderm formation is one of the most 

studied developmental processes and the function of Paired Box 6 (PAX6) in this 

process is well investigated. However, only through the use of PSCs it became evident, 

that PAX6 is a sufficient cell fate determinant for differentiating human PSCs into 

neuroectoderm, but not mouse PSCs31,32. 

Under the right conditions, PSCs also form spherical aggregates known as embryoid 

bodies (EBs). These densely packed cells can be directed towards specific cell 

lineages, utilizing the right differentiation cues. Despite being far from replicating the 

exact patterning found in embryos and organs, the three-dimensional (3D) structure of 
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EBs offers the benefit of partially recapitulating complex cell and tissue interactions, 

such as cell polarization33,34. So, while not perfect, EBs present a second valuable 

PSC-derived model system for studying both conserved and non-conserved 

mechanisms of early embryo- and organogenesis. 

Apart from studying normal developmental processes, human PSCs enable 

researchers to replicate abnormal development and investigate the pathogenesis of 

human diseases. Certain disease-relevant tissues and cell types, e.g. neurons, are 

often challenging to obtain directly from patients, especially in early stages of the 

disease. As a result, researchers have relied on model systems, particularly mice, to 

dissect the pathomechanisms underlying human diseases. Albeit, mouse models 

frequently fail to fully mimic the disease phenotypes observed in humans. These 

limitations can potentially be avoided by utilizing PSCs carrying disease-associated 

genetic variants, as they offer a potentially infinite source of all disease-relevant human 

cell types31,35. 

Various methods can be employed to create disease-relevant PSCs. The first 

described method was the derivation of ESC cultures from human embryos with 

genetic defects identified by preimplantation genetic diagnostics (PGD)35. However, 

the number of diseases covered by PGD-derived ESCs is restricted by the limited 

availability of PGD embryos for select, typically monogenic, human diseases e.g. 

Huntington´s disease and Marfan syndrome36,37. Additionally, due to their origin, PGD-

ESCs lack any associated clinical history. This complicates result interpretation, as 

many genetic diseases exhibit incomplete penetrance35. 

While they introduce other challenges, the emergence of iPSC reprogramming 

attenuated these complications. Reprogramming allowed for the use of easily 

accessible and storable human samples, e.g. skin-derived fibroblasts, for the 

establishment of iPSC cultures from patients with known disease severity and clinical 

history. Therefore, iPSCs from donors with specified disease characteristics also allow 

for the more precise modelling of complex diseases like Parkinson´s disease38,39. The 

discovery of reprogramming thus led to the creation of in-vitro models for many 

diseases for which previously there were none. 

As mentioned before, iPSCs introduce other limitations to disease modelling than 

ESCs. The most prominent challenges are the variations among human iPSC cell lines 

and the fact that iPSCs are only ESC-like, not identical. Variations can even be found 

between iPSC lines derived from the same donor and cell type. These variations may 
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derive from interclonal genetic variation, the source of the cell line, the presence of 

residual transgenes, epigenetic modifications which can be partially retained during 

the reprogramming process, thus e.g. priming the iPSC line for preferential 

differentiation into a specific germ layer, and in female lines, the status of X 

chromosome inactivation40-43. However, direct comparison with disease-variant 

carrying ESCs validated the effectiveness of patient-derived iPSCs for disease 

modelling, as similar phenotypes have been reported in most cases44,45. 

A solution to the variation problem is incidentally also the third way to derive disease-

relevant PSCs. To reduce variation between disease and control line, genetically 

matched, isogenic cell lines that differ only in the disease-causing genetic 

modifications, can be generated employing genome editing technologies. This has 

been done as early as 2003, when Urbach and colleagues induced a HPRT1 mutation 

in ESCs using homologous recombination to model Lesch-Nyhan disease46. However, 

the advent of another Nobel prize winning technology, Clustered regularly interspaced 

short palindromic repeats/CRISPR-associated nuclease 9 (CRISPR/Cas9) in 2013 

streamlined this process enormously47-49. CRISPR/Cas9, which is part of an adaptive 

immune system in a range of prokaryotes, can be used to efficiently induce the 

formation of DNA double-strand breaks in a specified area of the genome and thus be 

used to either repair or induce specific mutations in target cells. The established 

isogenic controls will be particularly crucial for modelling sporadic or polygenic 

diseases, where only minor phenotypic variations are anticipated50. 

Thus, these disease-phenotypic PSC models can be used to recapitulate and decipher 

cellular, molecular and physiological mechanisms, which is interconnected with the 

ultimate goal of stem cell technology: the use of stem cells in regenerative and 

precision medicine, as well as the establishment of new pharmaceutical treatment 

options. In the last decades, drug screening approaches largely focused on targets 

believed to be relevant to disease mechanisms. However, the low success rates in the 

search for compounds via target-based screening have diverted attention towards 

phenotypic screening methodologies51. iPSCs are exceedingly suitable for phenotypic 

screening, due to their production scalability, which facilitates assay development, and 

their pluripotency, which enables them to differentiate into all disease-relevant cell 

types. The first iPSC-based large-scale drug screen was performed for familial 

dysautonomia, a monogenic early-onset disease characterized by degeneration of 

neurons in the sensory and autonomic nervous systems. Neural crest precursors for 
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autonomic neurons were sorted, purified, and ultimately screened utilizing using 6,912 

compounds, identifying new potential drugs52. Since then, iPSC-based drug screening 

has been used to evaluate compounds for various diseases, identifying several clinical 

candidates45.  

Another application advanced by disease-specific iPSCs is drug-repositioning, which 

means screening of drugs already approved for specific diseases to find new 

applications for other diseases. Utilizing such a screen, e.g. the anti-epileptic drug 

ezogabine was found to be effective in an iPSC model of the motor neuron disease 

amyotrophic lateral sclerosis and underwent a phase 2 clinical trial53,54. 

Another focus of stem cell-based medical research are cellular therapies. 

Theoretically, PSCs can be used to promote endogenous regenerative processes or 

to replace damaged tissues through cellular transplantation. However, before PSC-

based therapy can be routinely applied, several obstacles need to be eliminated. 

Firstly, due to their prolonged expansion in culture, pluripotent cells have the potential 

to accumulate karyotypic abnormalities and need to be carefully screened for 

potentially risky genetic alterations before use55. Secondly, while the differentiated 

products derived from iPSCs have not demonstrated teratoma formation before, it is 

imperative to verify that the final product does not contain undifferentiated cells, as 

they possess the potential to give rise to teratomas. Thirdly, an effective method of 

inducing immune tolerance is needed at least for allogenic PSC-derived 

transplantation products. The last part can potentially be avoided by precision medicine 

utilizing autologous patient iPSCs or iPSCs of matched donors. However, due to the 

high cost and long timeframe needed for full validation of each cell line, autologous 

iPSC therapy is not feasible especially for acute diseases45. Another workaround might 

be the establishment auf a universal donor PSC utilizing the already mentioned 

advances in genome editing56. 

Astonishingly, several clinical studies using ESC and iPSC-derived cellular products 

are already underway. The first clinical trial utilizing iPSCs already started in 2014 in 

Japan, which is the leading nation in PSC-based therapeutic clinical studies57. In this 

first study, autologous iPSC-derived retinal pigment epithelial cell sheets were 

transplanted into a patient with macular degeneration, which causes the progressive 

deterioration of light-sensing photoreceptors in the eye. The transplantation effectively 

stopped the progression of the patients macular degeneration and improved the vision 

of the patient58,59. Currently, the most advanced clinical trial is a phase 3 trial by Cynata 
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Therapeutics, which utilizes Cynata's iPSC-derived iMSC therapeutic, CYP-004, in 440 

patients with osteoarthritis60. 

On a different note, stem cell technology can not only benefit human populations, but 

can also be used for animal preservation efforts. iPSCs have been derived from 

critically endangered animals with few reproductively capable representatives, like the 

drill or the northern white rhinoceros61. These iPSC can be used for enhancing genetic 

variability in the remaining populations and may be used for reintroducing extinct 

species in the future. The potential applications of PSC are summarized again in Figure 

2. 

 

 
Figure 2: Applications of induced pluripotent stem cells. iPSCs can be reprogrammed 
from both healthy and diseased donors. Utilizing gene editing technologies (e.g. 
CRISPR/Cas9), patient iPSCs can be converted into healthy iPSCs. Both autologous gene 
edited iPSCs and allogenic iPSCs derived from certified healthy donors can be differentiated 
into terminally differentiated cells and used for cellular therapies in patients. Both healthy and 
patient iPSCs can also be used for research, especially in the areas of toxicity screening, 
developmental biology and disease modelling. Both the iPSCs and new insights from disease 
modelling research are utilized for high throughput drug screens in the search for new 
compounds or for secondary indications of already established drugs, which can then be used 
in conventional therapy of the investigated disease. iPSCs can also aid in the conservation 
efforts of endangered animals and in the establishment of new animal models (e.g. primate 
models). Figure created with BioRender.com. 
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Overall, advancement of iPSC technology has introduced a potent and innovative 

approach for both understanding and addressing diseases, as well as understanding 

not only human, but overall mammalian development. 

 

II.II. Human Brain Development 
II.II.I. General information about the human brain 

The human brain is one of the most complex organs known to man and the largest 

mammalian brain in relation to the size of its bearer. The average adult human brain 

has a volume of 1350 cm3, a total surface area of 1820 cm2, contains approximately 

100 billion neurons and an estimated 10 times this amount in glial cells – mainly 

astrocytes, oligodendrocytes and microglia62-64. 

Neurons, of which there are various types, are the information processing cells of the 

brain. A stereotypical neuron consists of soma, dendrites and axon, enabling the 

formation of synaptic connections with other neurons over long distances. Aside from 

some exceptions, inputs are generally collected by the dendrites and cell body, and 

output is distributed via the axon65. Signal transmission at the synapse is achieved via 

release of neurotransmitters at the presynaptic end and subsequent binding of said 

neurotransmitters at the postsynaptic end66. 

Astrocytes are the most abundant glial cell type of the central nervous system (CNS). 

While traditionally recognized as supportive cells for neurons, astrocytes play 

multifaceted roles in brain function and homeostasis. They i.a. influence neuronal 

survival, regulate cerebral blood flow, are essential components of the blood-brain 

barrier, clear neurotransmitters from the extracellular environment, contribute to the 

formation of neuronal circuits and influence synaptic formation, strength and turnover67-

70. 

Oligodendrocytes are the myelinating cells of the CNS, capable of providing metabolic 

support to several axons at once and enwrapping them in myelin sheaths. Myelin is a 

modified and compacted plasma membrane that ensheaths the axons, insulating the 

axon and thereby enabling fast saltatory nerve conduction while ensuring axon 

integrity71. 

Microglia, which make up an estimated 10% of all brain cells, are the resident immune 

cells of the brain, protecting the CNS against invading pathogens and tissue damage, 

as well as removing dying neurons and ensuring homeostasis. Microglia originate from 

erythro-myeloid precursors within the embryonic yolk sac and migrate to the 
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developing brain early in its development. Unlike the developmentally similar 

macrophages, these cells are sustained through self-renewal processes and do not 

rely on bone marrow-derived progenitors for population maintenance. Their origination 

from the hematopoietic lineage also makes them the only major brain cell type derived 

from mesoderm, not ectoderm70,72. The structure of the nervous system and the main 

cellular compartments of the CNS are illustrated in Figure 3. 

 

 
Figure 3: Schematic illustration of the nervous system and its main cellular 
components. The human nervous system is divided into two parts, the peripheral nervous 
system and the central nervous system (CNS). The CNS is divisible in two major parts – the 
brain and the spinal cord – which however are composed of the same cell types. The main cell 
types of the brain are neurons, astrocytes, oligodendrocytes and microglia. 

 

II.II.II. Embryonic human brain development 
Human brain development is a protracted process influenced by intrinsic and extrinsic 

factors, which starts at the third gestational week (GW) and ends in the earliest 

estimation in late adolescence, but potentially persists until end-of-life73. To achieve 

brain functionality, billions of cells have to be generated and orchestrated, which 

requires a complex series of dynamic and adaptive processes to occur within a tightly 

regulated genetic framework. The first step is the establishment of the three germinal 

layers – ecto-, meso- and endoderm - that will eventually give rise to all structures of 

the developing embryo in a process termed gastrulation, in GW2. During this 

establishment of the germ layers, ectodermal cells along the anterior-posterior midline 
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of the embryo are transformed into neuroepithelial cells (NECs)73. Next, in a process 

termed neurulation, the neural tube is formed. First, NECs form an area termed the 

neural plate at the end of GW3. Subsequently, the neural plate develops bilateral 

ridges, termed neural folds, at the junction to non-neural ectoderm, which start folding 

dorsally and inward, forming the hollow neural tube (Figure 4)74. The most anterior 

region of the neural tube will ultimately develop into the brain, while more posterior 

positioned cells will develop into the spinal column. Just before neural tube closure at 

the end of GW4, the anterior end expands to form three primary brain vesicles: 

prosencephalon (forebrain precursor), mesencephalon (midbrain precursor), and 

rhombencephalon (hindbrain precursor).  

 

 
Figure 4: Schematic illustration of neurulation and establishment of brain vesicles. 
Neurulation starts in GW3 with the establishment of the neural plate along the midline of the 
embryo, dorsally of the chorda dorsalis. At the junction between neural and non-neural 
ectoderm, the neural ridges form and start elevating, folding dorsally and inward. The neural 
ridges converge and fuse, forming the hollow neural tube. The neural tube delineates from the 
rest of the ectoderm and wanders further ventrally. Cells originating from the fused tips of the 
neural folds form the neural crest and the body cavity is closed by non-neural ectoderm. After 
neurulation, the anterior region of the neural tube expands and forms the three primary brain 
vesicles – pros-, mes- and rhombencephalon – in GW4. The three primary brain vesicles then 
develop into the five secondary brain vesicles – tel-, di-, mes-, met- and myelencephalon – 
over the next four weeks. Figure created with BioRender.com. 
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This anterior-posterior regional patterning of the developing brain is regulated by WNT 

signalling, whereas dorsoventral patterning is regulated by gradients of bone 

morphogenic proteins (BMP) and WNT family members (WNT) signalling from the 

dorsal direction, and sonic hedgehog (SHH) signalling from the ventral direction. The 

established segments then subdivide into five secondary brain vesicles by the end of 

the embryonic period at GW8: the telencephalon and diencephalon from the 

prosencephalon, and the metencephalon and myelencephalon from the 

rhombencephalon. The mesencephalon remains undivided (Figure 4)73,75. 

 

II.II.III. Human neocortical development 
Modern human brains have developed exceptional computational capabilities, 

enabling advanced cognitive functions which are closely tied to the massive expansion 

and enhanced connectivity of the human cerebral cortex76. The cerebral cortex, 

constituting more than half of the human brain's total volume, is a complex structure 

containing six layers of functionally diverse neurons and possesses a highly 

specialized regional organization. During embryonic and foetal development, cortical 

layering emerges in an inside-out manner as forebrain progenitors undergo 

proliferation and produce successive waves of neurons77. 

As described, the telencephalon starts off as a simple pseudostratified neuroepithelium 

at the anterior end of the neural plate. NECs exhibit polarity along their apicobasal axis, 

spanning the entire width of the neuroepithelium. Their basal membrane rests on the 

basal lamina, while the apical membrane faces the neural tube lumen78. From the end 

of gastrulation until around gestational day 42 in humans, the population of NECs 

undergoes symmetrical cell division, which produces two identical neural progenitor 

cells79.  After this timepoint, neurogenesis begins, and NECs gradually transform into 

apical radial glia cells (aRGCs) by downregulating Golgi-derived apical trafficking and 

tight junctions and upregulating the expression of the master regulator of neurogenesis 

Paired Box 6 (PAX6) and glial markers such as Solute Carrier Family 1 Member 3 

(GLAST) and Fatty Acid Binding Protein 7 (BLBP) while retaining their apicobasal 

polarity80. 

As neurogenesis begins, NECs transition from symmetric to asymmetric division, 

generating both an aRGC and a differentiating cell. In the neocortex, this differentiating 

cell constitutes either a neuron or a more fate-restricted progenitor known as an apical 

intermediate progenitor (aIP) and basal progenitor (BP)78,81. The nuclei of aRGCs and 
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aIPs remain in the proliferative zone adjacent to the ventricle, termed ventricular zone 

(VZ), and continue to divide, while BPs migrate basally. aIPs can undergo only one 

exhaustive division to produce two postmitotic neurons. BPs delaminate from the VZ 

and establish another proliferative zone adjacent to the VZ, the subventricular zone 

(SVZ), which is itself divided into an inner and outer SVZ (iSVZ/oSVZ) in gyrencephalic 

species like humans. Postmitotic neurons originating in the VZ and SVZ undergo radial 

and lateral-pial migration along the apicobasal process of aRGCs towards the 

developing neocortex73,78. 

BPs can be further classified into basal intermediate progenitors (bIPs) and basal radial 

glial cells (bRGCs), which can be generated either from NECs, aRGCs or BPs 

themselves. As bIPs migrate towards the SVZ, they downregulate astroglial markers 

and begin expressing the transcription factor TBR282. Like aIPs, bIPs can divide once 

into two postmitotic neurons or undergo symmetric divisions to amplifying the number 

of progenitor cells and ultimately neurons83,84. 

Classical bRGCs possess a basal process inherited from the parent aRGC that 

contacts the basal lamina but lack an apical process. However, bRGCs exhibit a 

remarkable diversity. Some extend an apically directed process that does not reach 

the ventricle, while others lose basal contact and regrow a basal process that does not 

reach the basal lamina. Overall, bRGCs exist in various stages of extending processes 

in the apical, basal, or both directions78. Like aRGCs, bRGCs can be characterized by 

their expression of PAX6 and diverse astroglial markers, with about 50% also co-

expressing TBR285. 

Each of the BP types exhibits extensive self-renewal and proliferative capacities as 

well as the ability to directly generate neurons. All BP types have also been reported 

to have the ability to bidirectionally transition between BP types during proliferative 

divisions, however always enhancing the progenitor pool78.  

The last subtype of progenitor cell found during cortical development is the subapical 

progenitor (SAP). Unlike bRGCs, SAPs extend a process to the apical side and 

maintain contact with the ventricle. SAPs proliferate in an abventricular location, which 

means either in the basal VZ or in the SVZ. Little is known about the function of this 

cell type, but a role of SAPs in gyrification is assumed86.  

As already mentioned, the higher cognitive functions observed in humans are largely 

attributed to the massive expansion of the neocortex in comparison to other species. 

This expansion is the result of a vast increase in the numbers of neurons produced 
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during neocortical development, which in turn is the result of an increase in BPs. This 

increase of BPs can be observed in a variety of gyrencephalic species. While 

lissencephalic species like mice have a single SVZ, gyrencephalic species showcase 

the already mentioned partition of the SVZ in distinct iSVZ and oSVZ regions. The iSVZ 

corresponds to the SVZ in lissencephalic species and remains constant in thickness 

during neurogenesis, while the oSVZ consistently expands, harbouring up to four times 

as many progenitors as the VZ and iSVZ during the peak of neurogenesis87. It is 

important to note, that while in humans this hypertrophied oSVZ contributes to massive 

neuronal output, in other gyrencephalic species it might have other functions, as e.g in 

ferrets oSVZ bRGCs contribute more astrocytes to the cortex than neurons78,88. 

The structure of the developing neocortex and the differences between lissencephalic 

and gyrencephalic neocortex development are illustrated in Figure 5. 

 

 
Figure 5: Schematic illustration of the structure and cellular makeup of the developing 
neocortex in lissencephalic and gyrencephalic species. Illustration representing the 
developing neocortex of a lissencephalic species, e.g. mouse (left), and a gyrencephalic 
species, e.g.  human (right), and depicting the NPC types frequently observed in each of the 
germinal zones. Figure recreated from Florio and Huttner 78 using BioRender.com. 

 

Another source of cortical neurons is located in the ventral telencephalon, in the 

regions termed medial, lateral and caudal ganglionic eminence, which will later 

become the basal ganglia. These areas are the source of inhibitory cortical 

interneurons, which migrate long distances while traversing the contour of the 

developing cortical mantle tangentially89,90. 
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The migration of neurons into the developing neocortex results in the formation of a 6-

layered structure. In this process, the first neurons to leave the proliferative zone form 

a structure called the preplate. When the preplate is formed, following migrating 

neurons split the preplate into two transient regions, the marginal zone (MZ) and the 

subplate (SP) and begin to form the cortical plate (CP) in an inside-out fashion. Inside-

out means the deepest layer of the cortex, layer 6, is formed first and layer 5-1 are 

constructed afterward. The developmental cue for this orderly formation of the layers 

is produced by Cajal-Retzius cells in the MZ. These cells secrete Reelin, a protein 

involved in the signalling pathway which instructs neurons to halt migration and 

assume their positions in the cortex. Each successive wave of migrating neurons 

positions itself at the outermost layer of the developing cortex by bypassing the 

previous wave and halting their migration upon entering the Reelin signalling zone. 

Both MZ and SP mostly disappear by the end of the fetal developmental period73,91.  

After migration, neurons in their target region undergo differentiation processes 

enabling integration into local microcircuits between cortical layers, as well as long-

range intra- and extra-cortical connections. These include axonal and dendritic 

outgrowth, synapse formation and stabilization, as well as long-range neural circuitry 

pathfinding in a remarkably accurate and efficient fashion92,93. 

After most of the neurogenesis occurred, neural progenitors switch to gliogenesis at 

mid-gestation, in which aRGCs detach from the apical surface, migrate basally and 

differentiate into glial precursors, first producing astrocytes and later on, roughly from 

the beginning of the postnatal period, oligodendrocytes94. 

 

II.III. Modelling brain development and disease using iPSCs 
II.III.I. 2D Neural Modelling 

As discussed earlier, the ability of iPSCs to differentiate into every cell type under the 

right conditions holds great potential to dissect the underlying pathophysiological 

mechanisms of diseases. So, to model neurological diseases, iPSC-based neural 

models have to start with neural induction, which means the commitment of iPSCs to 

the neuroectodermal lineage.  

A widely used method to achieve this commitment is the “dual-SMAD inhibition”, or 

more precise the inhibition of TGFβ superfamily signalling, in particular BMP and 

Activin/NODAL signalling95. Utilizing two inhibitors, e.g dorsomorphin, an indirect 

inhibitor of SMAD1, SMAD5 and SMAD8 and SB-431542, an indirect inhibitor of 
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SMAD2 and SMAD3, iPSCs are directed towards the anterior neuroectodermal fate96. 

The anterior neuroectodermal fate, the forebrain fate, is the default direction of 

neuroectoderm in the absence of other developmental cues. However, utilizing the 

correct concentrations of morphogens, e.g. BMPs/WNTs/SHH for the dorsoventral axis 

and WNTs/Retinoic acid for the anterior-posterior axis, the derived NECs can be 

patterned into regional specific neural progenitor cells (NPCs), which in turn can give 

rise to every kind of neuron or glia.  

In 2D cell culture, iPSC-derived forebrain NPCs arrange themselves in a characteristic 

rosette structure, termed neural rosette (NR), which mimics the apicobasal polarization 

of the neural tube. Furthermore, mitoses in the NR follow a sequence specific to NECs 

and aRGCs, termed interkinetic nuclear migration. NR cells also show other features 

of cortical NECs and aRGCs, like centrosomes localized to the apical end to extend 

cilia into the central lumen of each rosette and expression of cortical adherens junction 

proteins, e.g. ZO1 and N-cadherin, which are localized to the luminal surface97.  

During human cortical development, next to the NECs and aRGCs, there are abundant 

secondary populations of BPs found in the iSVZ and oSVZ. NRs also model this 

diversity of progenitor cells, as both bIPs and bRGCs can be identified basally of the 

aRGC-like cells. The NR thus is composed of polarized aRGC-like cells at the centre 

and BP-like cells located in an adjacent SVZ-like area97-99. Interestingly, when NRs are 

further differentiated without disturbance, these iPSC-derived cortical-like NPCs 

sequentially generate neurons with identities corresponding to all six layers of the 

neocortex95,97. 

The NPCs making up the NR can also be further expanded either in 2D or the NR can 

be detached and kept in suspension culture, forming spherical structures termed 

neurospheres (NS). Both expansion systems have advantages and disadvantages. 

Neurospheres are more work-intensive in propagation and grow slower, but also show 

higher and more homogenous expression of NPC specific gene expression and can 

be kept in culture for extended periods of time when compared to 2D expanded NPCs 
100,101. 

NPCs derived from both methods can be used for neurogenesis and the establishment 

of neuronal networks in 2D. To differentiate the NPCs, one can either omit the growth 

factors needed for retaining stemness in the NPCs – e.g. FGF2 and EGF102 – or add 

neurotrophic factors to the culture. Neurotrophic factors, e.g. brain-derived growth 

factor (BDNF), neurotrophin 3 (NT-3), glia-derived growth factor (GDNF) and insulin-
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like growth factor-1 (IGF1) have the added effect of promoting survival and 

differentiation of neurons, as well as being able to promote other cell fates, such as 

astrocyte or oligodendrocyte differentiation103,104.  

These simple 2D in-vitro models are already useful for modelling brain development 

and its diseases. However, while 2D differentiation techniques are straightforward and 

efficient for single-cell type differentiation, they often fall short in capturing the 

complexity of the human brain. This emphasizes the necessity for more physiologically 

relevant models that incorporate human-specific features of brain development105.  

 

II.III.II. 3D Neural Modelling 
Modelling development and diseases of the brain is challenging due to its complex 

physiology. Achieving a deeper understanding of the human brain necessitates models 

capable of recreating at least parts of its complex architecture and functions. Recently, 

advancements in PSC-derived 3D brain organoid culture have enabled researchers to 

mimic diverse aspects of human brain physiology in-vitro and replicate fundamental 

disease processes. 

Organoids are constructs commonly comprised of different types of cells in a dense 

3D environment with direct cell–cell and cell–matrix contacts, reminiscent of a native 

tissue environment. This tissue-like environment in 3D cultures preserves cell 

phenotype and function more effectively than the rigid 2D culture environment106. 

In 2011, the first entirely 3D neural culture was realized by generating self-organizing 

optic cups from human PSCs. The generated organoids faithfully recapitulated the 

developing retina, demonstrating the capability of PSC-derived neural tissue to self-

organize and develop organotypic tissue architecture in 3D culture107. Next, in 2013, 

was the establishment of unguided “cerebral” or “whole-brain” organoids with various 

regional identities by combining classical EB culture without patterning factors with 

Matrigel embedding, a technique which had recently been established to generate 3D 

intestinal tissues from adult intestinal stem cells, and agitation of the organoid 

culture108,109. Matrigel embedding provided a 3D environment for the cells to self-

organize in and agitation of the organoids enhanced diffusion of nutrients and oxygen, 

which enabled formation of larger organoids110.  In these large cerebral organoids, 

dorsal forebrain regions were shown to exhibit highly expanded progenitor zones, 

which displayed organisation reminiscent of a VZ and SVZ, as well as typical cellular 

behaviour as described before. Furthermore, neurons showed proper migration to the 
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basal surface where they organised into a preplate. Further along in their development, 

the generated neurons mimic cortical layering, differentiate and establish functional 

synapses (Figure 6)109. 

This same organization was also observed in organoids guided to a forebrain specific 

fate by Kadoshima et al. in the same year, again demonstrating the fidelity of organoid 

cultures to their developmental program111. Remarkably, the cytoarchitecture of 

cerebral organoids not only mirrors aspects of the human brain but also exhibits 

epigenomic and transcriptional programs resembling the fetal brain112. 

 

 
Figure 6: Schematic illustration of the progression of brain organoid maturation. iPSCs 
are aggregated to form a spheroid and patterned to induce neuroectodermal fate. In the 
immature organoid, neuroectodermal cells organize in rosettes and subsequently develop into 
mature brain organoids, which recapitulate the cellular diversity and cytoarchitectural 
organization of the developing human brain. The immature organoids (left) contain apical 
neuroepithelial stem cell-like and apical radial glia-like progenitors which form a ventricular 
(VZ)-like zone. Basal intermediate progenitor-like cells and deep-layer-like neurons surround 
this VZ-like zone. Mature organoids (right) display multiple progenitor zones, including a VZ-
like zone and a subventricular (SVZ)-like zone, as well as an oSVZ-like zone containing basal 
radial glia-like progenitors. Mature brain organoids also mimic cortical layering, as neurons 
with distinct identity can be found basally of the progenitor zones, organizing into a cortical 
plate-like zone. Figure created with BioRender.com utilizing information from Di Lullo and 
Kriegstein 113 and Yang, et al. 114. 
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These initial protocols have been expanded on, some simplifying the protocol by e.g. 

omitting the Matrigel embedding step115, but most concentrating on establishing guided 

methods to generate brain region specific organoids. These efforts have led to the 

development of protocols to specifically generate various brain regions, as well as 

protocols accelerating the emergence of astro- and oligodendrocytes, which arise late 

in development under normal conditions104,116-118. 

As mentioned before, PSC-derived neural models can be utilized for more than 

extending the findings previously obtained in animal models to the human setting. PSC 

models have revealed the extent to which cell diversity, as well as spatial and temporal 

patterning can be robustly recapitulated in-vitro, emphasizing the importance of 

intrinsic self-organization during development. The versatility and accessibility of PSC 

models makes them ideal to study developmental and disease mechanisms in an 

academic setting, providing a platform for questions not easily addressed by other 

model systems.  

 

II.IV. Modelling neurological diseases using iPSCs 
Disorders of the nervous system are the leading cause of healthy life-years lost due to 

ill-health, disability, or early death and the second leading cause of death globally, 

accounting for 9 million deaths per year. In 2016, there were 52.9 million children 

worldwide under the age of 5 with developmental disabilities. In Europe alone, brain 

disorders were estimated to cost 798 billion euro in 2010. Moreover, in 2019, the 

overall global societal cost of dementia was estimated at 1.3 trillion US-Dollar, which 

is equivalent to 1.5% of the global GDP119. 

Unravelling human brain development and dysfunction is a primary objective in neuro- 

and stem cell biology. Our previous knowledge largely stemmed from the analysis of 

pathological and post-mortem samples, supplemented by investigations into non-

human primate development and mouse models of several neurological diseases. 

While these animal models, as well as primary and immortalized cell lines have been 

invaluable in beginning the process of dissecting the underlying developmental and 

pathophysiological mechanisms, they do not accurately reproduce the human brain 

physiology, genetics and developmental patterns. 

As discussed in II.I.III., disease-specific iPSC models can and are being utilized to 

alleviate some of these hurdles, whether the disease is a defined genetic disorder or 

caused by pathogenic or environmental influences. iPSCs have been extensively used 
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to model neurodegenerative diseases such as Alzheimer‘s disease, frontotemporal 

dementia, amyotrophic lateral sclerosis, Parkinson‘s disease and Huntington‘s 

disease, but also for the modelling of neuropsychiatric and neurodevelopmental 

diseases like autism spectrum disorder, Rett´s disease and Nijmegen Breakage 

disease, as well as pathogen-caused neurological diseases like Congenital Zika120-122. 

Overall, utilization of patient-derived iPSCs, coupled with ongoing advancements in 

creating physiologically relevant 2D and 3D neural models, offers an unprecedented 

opportunity to investigate many human neurological diseases comprehensively for the 

first time. 

 

II.IV.I. Cockayne Syndrome 
Cockayne syndrome (CS), also called Neill-Dingwall-Syndrome, was first described by 

Edward Alfred Cockayne in 1936123. CS is a rare hereditary autosomal recessive 

disorder characterized by severe photosensitivity, failure to thrive, cachectic dwarfism, 

segmental progeria, vasculopathy, cataracts, dental caries and progressive 

multisystem degeneration. CS has a prevalence of 2.5 in 1 million births with no 

apparent overrepresentation in any specific population and a median life expectancy 

of 12 years. Particularly burdensome for CS patients are the various possible 

neurological afflictions such as intellectual disability, sensorineural hearing loss, 

progressive microcephaly, cerebellar hypoplasia, dys- and hypomyelination, 

dystrophic mineralization of neurons and vessels and segmental demyelinating 

peripheral neuropathy124-127. 

CS can be divided into five overlapping subtypes. In order of severity from light to 

severe, CS can be diagnosed as UV-sensitive syndrome (UVSS), late-onset type III, 

classical moderate type I, early-onset type II CS or very early-onset (fetal) cerebro-

oculo-fascio-skeletal (COFS) syndrome126. 

CS can be caused by mutations in several genes, but the main cause are mutations in 

excision repair cross-complementing protein group 6 ERCC6 (Cockayne Syndrome B 

Protein, CSB) and ERCC8 (Cockayne Syndrome A Protein, CSA). Mutations in 

ERCC6 account for two out of three cases of CS and generally cause more severe 

subtypes of CS. ERCC6 encodes a 168 kDa protein of the SWI/SNF family of ATP-

dependent chromatin remodelers, which functions as a facultative homodimer126,128. 

The first and most explored function of CSB is it role in transcription-coupled nucleotide 

excision repair (TC-NER). Mammalian cells have two DNA damage repair systems for 
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the removal of bulky DNA lesions, termed the global genome nucleotide excision repair 

(GG-NER) and TC-NER. The GG-NER directly scans genome-wide for e.g. UV-

induced lesions, typically pyrimidine dimers, or bulky chemical adducts, while the TC-

NER scans for an RNA-Polymerase II (RNAPII) stalled by such a lesion129. 

The loss of this specialized repair mechanism explains the photosensitivity found in 

CS patients. Loss of TC-NER may also account for part of the segmental progeria, as 

impaired TC-NER induces premature cell death in a p53-independent manner, but not 

all symptoms can be explained by the loss of this function130-132. 

Both CSA and CSB have also been implicated in the repair of oxidative damage-

induced small non-helix-distorting DNA lesions. While oxidative lesions have been 

thought to mainly be repaired by base excision repair (BER) and mitochondrial (mt) 

BER, CS mutation carriers have also been shown to be more susceptible to cellular 

and mitochondrial oxidative damage. This susceptibility may be caused by a 

decreased activity of BER and mtBER repair factors, as CSB has been shown to 

colocalize with several BER-associated proteins, e.g. apurinic/apyrimidinic 

endonuclease 1 (APE1), poly-(ADP-ribose) polymerase (PARP1) and endonuclease 

VIII-like (NEIL1), and enhance their activity133-135.  

CSB also plays a crucial role not only in repairing single-strand lesions but also in 

addressing double-strand breaks (DSBs). DSBs can be repaired through two distinct 

pathways: non-homologous end joining (NHEJ) or homologous recombination (HR). 

NHEJ repairs DSBs without the use of a homologous sequence, rendering the 

mechanism more error-prone than HR. In the S/G2 phase of the cell cycle, HR is 

favoured, however the decision is dependent on CSB. CSB associates with DSBs, 

where it promotes the recruitment of BRCA1 DNA Repair Associated (BRCA1), an 

important factor for the initiation of HR. CSB simultaneously represses the recruitment 

of Tumor Protein P53 Binding Protein 1 (TP53BP1) and Replication Timing Regulatory 

Factor 1 (RIF1), factors favouring the initiation of NHEJ. CSB is also partially required 

for the phosphorylation of ATM Serine/Threonine Kinase (ATM), a factor necessary for 

the G2/M checkpoint activation. CSB depletion therefore leads to premature entry into 

mitosis136,137.  

Lastly, CSB has also been implicated in interstrand crosslinks repair (ICR). Interstrand 

crosslinks (ICL) are DNA lesions connecting the two strands of a DNA helix. It has 

been shown that CSB-deficient cells repair ICLs less efficiently than wild type cells. 

CSB interacts with DNA crosslink repair 1A (DCLRE1A), which stimulates its 
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recruitment to ICLs and enhances ICR. ICR seems to be especially impaired in 

differentiated cells, as has been shown in postmitotic neural cells136,138,139.  

The progressive symptoms of CS may potentially be attributed to the damage 

accumulated due to the failure or reduction of TC-NER, BER, ICR and HR activity. This 

damage accumulates more rapidly in non-proliferative tissues with high metabolic 

activity, such as the brain, which accrue damage throughout life and rely on functional 

repair mechanisms for maintenance129.  

Other than its function in repair mechanisms, CSB has also been found to be in 

involved in several other pathways and essential functions. For example, the severe 

growth retardation may result from alterations in hormonal axes supporting growth and 

metabolism. Dysfunction of TC-NER has been demonstrated to decrease the Growth 

Hormone/Insulin-like Growth Factor-1 (GH/IGF-1) hormonal axis. The accompanying 

reduction in proliferation and growth, and shift to protective maintenance, is a widely 

conserved mechanism observable in response to diverse genotoxic stresses129,140. 

This dysregulation of the GH/IGF-1 axis has also been identified in iPSC-derived CSB-

deficient neurons141. Children with growth hormone deficiency, a disease resulting from 

impaired GH/IGF-1 axis, also show alterations of brain structure and cognitive 

impairment142. 

Furthermore, CSB deficiency has been found to selectively reduce autophagy, a 

crucial mechanism for cellular maintenance. Functioning autophagy is necessary for 

the disposal of defective or unnecessary cellular components. Scheibye-Knudsen and 

colleagues demonstrated that CSB-deficient cells accumulate defective mitochondria, 

potentially due to reduced recruitment of Sequestosome 1 (p62) and decreased 

ubiquitination. These mitochondria accumulate defects at an increased rate, likely due 

to the partially impaired mtBER. Consequently, there's an overall increase in both the 

number and the proportion of defective mitochondria, leading to enhanced glycolysis 

and oxygen consumption, thus directly elevating reactive oxygen species (ROS) 

production143. Mitochondrial dysfunction has been implicated in several 

neurodegenerative diseases and likely plays a role in the neurological phenotype found 

in CS patients144.  

The decrease in autophagy might be attributable to reduced cytoplasmic α-tubulin 

acetylation. This reduction may result from the missing interaction between CSB and 

histone deacetylase 6 (HDAC6), as well as the α-tubulin acetyltransferase (ATAT1). 

Reduced α-tubulin acetylation directly leads to destabilization of the tubulin network 
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and decreased efficiency of the cellular cargo system, as α-tubulin acetylation 

promotes motor protein binding and motility145.  

α-tubulin acetylation is also a prerequisite for the timely assembly and disassembly of 

primary cilia, and a decrease in acetylation may impact intraciliary transport. Primary 

cilia are essential cellular organelles for cell signalling and development, as well as 

overall homeostasis. Cilia dysfunction has various known detrimental effects and may 

contribute to several symptoms of CS, e.g. facial and dental deformities, ocular 

disorders, and microcephaly146-150. 

CSB-deficient cells also exhibit dysregulation of RNA Polymerase I transcription, as 

well as disturbed processing of pre-rRNA. This leads to an accumulation of ribosomal 

18S-E intermediates and misfolded ribosomal proteins, which are susceptible to 

unfolding under stress. Together this might cause a malfunction of the global protein 

synthesis and a loss of proteostasis151,152. 

Another important function of CSB is its involvement in transcription regulation. CSB 

deficient cells show up to 50% reduced transcription and dysregulation of thousands 

of genes136,153,154. CSB can transiently interact with RNAPII, which enhances 

transcription elongation in-vitro by a factor of 3155. Additionally, CSB can be found at 

certain promoter and enhancer regions, suggesting a role in transcription initiation. 

Specifically, CSB is enriched in sites containing the 12-O-tetradecanoylphorbol-13-

acetate (TPA) response elements, potentially guided there by bZIP transcription 

factors. In proximity to these elements, CSB influences gene expression and local 

chromatin structure136,156. 

As suggested by the last sentence and its protein family name, CSB also functions as 

a chromatin remodeler. While its activity is weak on its own, CSB can interact with 

various proteins that enhance its activity. For example, CSB can interact with certain 

proteins, e.g. nucleosome assembly protein 1 (NAP1)-like histone chaperones, 

resulting in a tenfold increase in its ATP-dependent chromatin remodelling activity157. 

This non-exhaustive enumeration of CSBs pleiotropic effects alone, taken together 

with the overall rarity and variability of this disease, showcases the difficulty in 

establishing universally valid assertions about CS. However, the identification of 

similarities and dissimilarities between the different types of CS is a prerequisite for the 

identification of targets for pharmaceutical intervention.  
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All the named functions likely contribute in varying degrees to the multi-organ 

symptoms found in CS patients. The contributors deemed most important for the CNS 

symptoms are summarized again in Figure 7.  

 

 
Figure 7: Main drivers of CS neurological symptoms. Figure created with BioRender.com. 

 

II.IV.II. Cerebral malaria 
Malaria is a disease caused by parasitic protozoans of the genus Plasmodium, in 

humans mainly by the four species Plasmodium (P.) falciparum, Plasmodium vivax 

Plasmodium ovale and Plasmodium malariae. Of the Malaria causing species, P. 

falciparum is considered the most dangerous and responsible for the high mortality 

rates associated with malaria158. 

A total of 247 million malaria cases were reported by 84 countries in 2021. In the same 

year, 619 000 deaths were associated with malaria. Globally, the reported cases of 

malaria have continuously decreased since 2000, however the decrease has 

stagnated and even reversed in some regions after 2014. Other regions, e.g. 

Argentina, El Salvador and Paraguay, are certified malaria-free for several years. 96 

percent of malaria cases are concentrated in just 29 countries, 95 percent of which are 

located in the African region. Mortality rates follow a similar geographical pattern159.  

Infection usually occurs via a Plasmodium-carrying female mosquito of the Anopheles 

family. After infection, malaria can present either as simple malaria, characterized 

typically by fever or several episodes of fever, or one of several forms of severe 
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malaria. The most common forms of severe malaria are cerebral malaria (CM), severe 

malarial anaemia and malaria-associated acute respiratory distress syndrome158,160.  

CM is defined as a potentially reversible, diffuse encephalopathy causing a Glasgow 

coma score of 11/15 or less with no other causes of encephalopathy being identifiable. 

Other potential concomitant symptoms are retinopathy, headache, agitation, psychosis 

and seizures, as well as brainstem signs or focal neurological signs such as hemiplegia 

and cranial nerve palsies in rare and severe cases161-163. 

CM typically presents in the form of these serious neurological complications after 

infection with P. falciparum and is responsible for close to 20% of malaria-associated 

deaths in adults and 15% of deaths in children. The higher lethality of CM in adults is 

attributable to the development of multiple organ failure additionally to the neurological 

symptoms, which is rarely found in paediatric CM. While children exhibit higher survival 

rates, they are also more prone to the development of CM. An estimated 1% of patients 

infected with P. falciparum develop neurological symptoms, 90% of which are children. 

10-20% of surviving patients display neurological sequelae upon discharge, indicating 

long-term damage of the CNS. The primary sequelae include cognitive and 

behavioural changes, motor abnormalities, and seizure disorders158,164. 

The exact etiology of CM is still elusive despite decades of research. Interestingly, the 

neuropathology is not directly caused by the pathogenic Plasmodium, as the parasite 

resides inside erythrocytes and does not enter the CNS but remains inside the vascular 

lumen165. 

There are two main hypotheses regarding the neuropathology of CM – the mechanical 

and cytokine storm hypothesis. The mechanical hypothesis is based on the 

intravascular sequestration (adhesion) of infected erythrocytes which results in e.g. 

vascular congestion, hypoperfusion and localized hypoxia166. Additionally, differences 

in local blood flow may contribute to increased intracranial pressure in CM. 

Sequestration of erythrocytes is facilitated by the parasite-encoded P. falciparum 

erythrocyte membrane protein-1 (PfEMP-1). PfEMP-1 is expressed on the surface of 

infected erythrocytes to prevent erythrocyte clearance via the spleen, but depending 

on the parasite strain, can also interact with various host adhesion receptors, such as 

Intercellular Adhesion Molecule 1 (ICAM-1), Vascular Cell Adhesion Molecule 1 

(VCAM-1), Protein C Receptor (EPCR) and CD36 Molecule (CD36)167-169. The 

interaction between infected erythrocytes expressing distinct PfEMP-1 variants and 

their corresponding receptors triggers host signalling cascades including the activation 
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of inflammatory and coagulatory pathways, ultimately resulting in endothelial 

activation, disruption of BBB integrity and the onset of encephalopathy. Together, 

these factors ultimately lead to a breakdown of the BBB, brain haemorrhages, cerebral 

oedema and a localized pro-thrombotic state165,170. 

Several studies link the amount of infected erythrocyte sequestration in the brain 

vasculature to increased CM severity, however the extent to which this correlates with 

clinical symptoms and mortality remains a matter of debate.  

Proponents of the "cytokine storm hypothesis" suggest that peripheral inflammation 

and elevated levels of various serum cytokines, including tumor necrosis factor-α 

(TNFα), interferon-γ (IFNγ), lymphotoxin-α (LTα), interleukin (IL) 1β, IL-2, IL-6, IL-8, 

and IL-10, are the main drivers of the CM pathology171. These cytokines released from 

immune cells then activate endothelial cells, prompting them to release chemokines 

such as C-C Motif Chemokine Ligand 2 (CCL2), CCL4, C-X-C Motif Chemokine 4 

(CXCL4), CXCL8, and CXCL10172. These chemokines in turn lead to accumulation of 

immune cells, specifically monocytes, CD8+/CD4+ T-cells and natural killer cells. 

Accumulation of immune cells is followed by BBB disruption and perforin and 

granzyme-B-mediated endothelial cell apoptosis, which ultimately leads to immune cell 

invasion of the surrounding brain tissue, as well as extravasation of neurotoxic 

compounds163,165,173. 

Taken together, the pathogenesis of CM likely is a multifactorial process with parasite 

sequestration, peripheral and localized inflammation, endothelial dysfunction of 

cerebral microvasculature, invasion of immune cells and extravasation of neurotoxic 

molecules. 

One of these compounds is the plasmodial metabolite Hemozoin (HMZ). HMZ, also 

called malarial pigment is an undegradable crystalline byproduct of the parasites 

haemoglobin degradation pathway and has immunomodulatory properties. During the 

initial cleavage in the haemoglobin degradation, heme is released, resulting in the 

oxidation of its ferrous iron (Fe2+) into the reactive and harmful ferric iron (Fe3+). To 

protect itself, the parasite crystallizes heme into HMZ through oxidation and 

dimerization174. 

HMZ has both pro- and anti-inflammatory properties, and its accumulation in tissues 

correlates with disease severity175. The accumulation of hemozoin has also been 

associated with severe malaria, indicating that its impact on the host immune response 

may negatively contribute to the development of malarial complications. 
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In CM, free extracellular HMZ deposits have been found alongside sequestered HMZ-

containing infected erythrocytes. These free HMZ deposits frequently colocalize with 

platelets and fibrin and are more numerous in post-mortem brain tissue of CM patients 

than patients with other forms of severe malaria, potentially contributing to the vascular 

congestion, hypoperfusion and localized hypoxia associated with CM176. Additionally, 

HMZ was found in both intravascular and extravascular macrophages, potentially 

contributing to the local inflammatory response associated with the breakdown of the 

BBB174. Also potentially contributing to this breakdown, massive accumulation of HMZ 

can be found in the spleen of patients with CM and may influence the activation of 

pathogenic CD8+ T-cells mentioned earlier. In a mouse model of CM, HMZ has also 

been shown to accumulate in brain tissue177. A dose- and time-dependent uptake and 

standalone toxicity of HMZ in the absence of other effectors was observed in 

astrocytes, neurons and microglia in-vitro indicating that HMZ can directly contribute 

to the pathogenesis of CM after disruption of the BBB178,179. All this information 

indicates, that understanding the role of HMZ in the pathogenesis of CM, as well as its 

exact neurotoxicity, could have significant implications for developing alternative 

therapeutic interventions aimed at minimizing its toxic effects within the CNS. The 

hallmarks of CM are summarized in Figure 8. 

 

 
Figure 8: Series of events leading to P. falciparum-induced cerebral malaria. 
Sequestration of PfEMP-1-expressing infected erythrocytes onto the brain endothelium via 
parasite strain-specific adhesion molecules (e.g. VCAM-1 and ICAM-1) results in the 
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obstruction of blood flow, inducing inflammation and localized activation of endothelial cells 
(which might already be primed by peripheral proinflammatory cytokines). Activated 
endothelial cells secrete chemokines leading to accumulation of activated immune cells (e.g. 
Monocytes and T-cells) and subsequent localized release of proinflammatory cytokines. 
Localized inflammation activates platelets, which adhere to the sequestered infected 
erythrocytes, potentially leading to the formation of a clot, further obstructing blood flow. 
Obstructed blood flow causes downstream hypoxia and lack of nourishment. Heightened 
intracerebral inflammation, endothelial activation and physical obstruction of microvasculature 
might lead to breakdown of blood-brain barrier (BBB). Breakdown of BBB leads to invasion of 
immune cells into the brain parenchyma, as well as the extravasation of proinflammatory 
cytokines and toxic compounds such as Hemozoin. Hemozoin also accumulates on and 
exacerbates intravascular clot formation. Figure taken from Panda and Mahapatra 180 and 
modified. Figure was recreated using BioRender.com. 

 

II.V. Objective 
As mentioned in II.IV., diseases of the nervous system are the leading cause of healthy 

life-years lost and the second leading cause of death globally, thus carrying a massive 

physical, emotional, and economic impact on individuals, families, and society at large. 

Neurological diseases encompass a broad spectrum of disorders, from 

neurodevelopmental conditions like autism to neurodegenerative diseases such as 

Alzheimer’s and Parkinson’s. Improving the understanding of underlying 

pathomechanisms can potentially lead to early diagnosis, refined treatments, and 

possibly even to preventative strategies. 

In this context, iPSCs offer an unprecedented opportunity to study and understand 

brain disorders, as their ability to self-renew and differentiate into every cell type 

provides a theoretically infinite source of disease-specific neural cells.  

In this thesis, we concentrated on two diseases with strong neurological involvement, 

Cockayne Syndrome and Cerebral Malaria. The main goals for the investigation of CS 

were (1) the establishment of a patient-specific expandable 3D neurosphere protocol, 

(2) the establishment of a patient-specific 3D organoid protocol and (3) the execution 

of a transcriptomics analysis to identify early neurodevelopmental transcriptional 

dysregulation common to different severity grades of CS, potentially identifying new 

pathomechanisms underlying this devastating disease.  

For CM, the main goals were (1) the establishment of an easy-to-use protocol for the 

generation of 2D neuronal networks, (2) the establishment of a HMZ treatment regimen 

for the modelling of CM in-vitro and (3) an initial assessment of the molecular changes 

in human neurons upon exposure to HMZ. The key findings of both publications are 

summarized in Figure 9. 
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Figure 9: Graphical abstract summarizing the key findings from both publications 
presented in this thesis. Figure created with BioRender.com. 

 

The thesis concludes with a discussion of our established iPSC models and the 

findings for both diseases in the context of recent literature, as well as an outlook into 

the necessary next steps in their research. 
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III.I. Cockayne Syndrome Patient iPSC-Derived Brain Organoids 

and Neurospheres Show Early Transcriptional Dysregulation 
of Biological Processes Associated with Brain Development 
and Metabolism 

 

Leon-Phillip Szepanowski, Wasco Wruck, Julia Kapr, Andrea Rossi, Ellen Fritsche, 

Jean Krutmann and James Adjaye 

 

Cells 2024, 13(7), 591  

 

Abstract 
Cockayne syndrome (CS) is a rare hereditary autosomal recessive disorder primarily 

caused by mutations in Cockayne syndrome protein A (CSA) or B (CSB). While many 

of the functions of CSB have been at least partially elucidated, little is known about the 

actual developmental dysregulation in this devasting disorder. Of particular interest is 

the regulation of cerebral development as the most debilitating symptoms are of 

neurological nature. We generated neurospheres and cerebral organoids utilizing 

Cockayne syndrome B protein (CSB)-deficient induced pluripotent stem cells derived 

from two patients with distinct severity levels of CS and healthy controls. The 

transcriptome of both developmental timepoints was explored using RNA-Seq and 

bioinformatic analysis to identify dysregulated biological processes common to both 

patients with CS in comparison to the control. CSB-deficient neurospheres displayed 

upregulation of the VEGFA-VEGFR2 signalling pathway, vesicle-mediated transport 

and head development. CSB-deficient cerebral organoids exhibited downregulation of 

brain development, neuron projection development and synaptic signalling. We further 

identified the upregulation of steroid biosynthesis as common to both timepoints, in 

particular the upregulation of the cholesterol biosynthesis branch. Our results provide 

insights into the neurodevelopmental dysregulation in patients with CS and strengthen 

the theory that CS is not only a neurodegenerative but also a neurodevelopmental 

disorder. 
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Supplementary Table 1 Primers and Antibodies 

Gene Sequenz FWD Sequenz REV 
MDM2 AAACTGGGGAGTCTTGAGGG TGCACATTTGCCTGCTCCTC 
SESN2 ACAAGTGTTGTGGCCTTCCTGAAC ATGGGTGAATGGCAAGTAGGAGGT 
WRN GCATGTGTTCGGAAGAGTGTTT TGACATGGAAGAAACGTGGAA 

HMGCR CATCTGAAGGGTTCGCAGTG TGACCTGGACTGGAAACGG 
SQLE GCCTGCCTTTCATTGGCTTC TTCCTTTTCTGCGCCTCCTG 
DHCR7 GCGCCAGAGACTGCAAATTC ACTTCCCGATCCGAGGGTTA 
MSMO1 TCATCATGAGTTTCAGGCTCCA AATGGTCACCCATGCCCAAA 
MAGEA4 CCAAGGAGAAGATCTGCCTGT CAGGGACCAGAGGAGAGGAG 
TMEM132C CCCTTTACCCCAACGCAGAA GTGCTGAATACAGCCTCCTGTT 
ZNF558 CGGGATAAAGGAGGAGCGTC GAAGGTTACCAAGCCCCGTA 
TRIM4 AAAGCGATTCCAAGTGGCTGTA CCAAGAACTGGCTGATGCTGT 

 
Host Antibody Company Ordering Number 

Mouse Map2 Synaptic Systems 188011 
Guinea Pig NeuN Synaptic Systems 266004 

Mouse Tau Invitrogen MN1000 
Rabbit S100beta  Abcam ab52642 

Mouse beta-3-Tubulin 
Cell Signaling 
Technologies 4466S 

Goat SOX1 R&D Systems AF3369 

Rabbit SOX2 
Cell Signaling 
Technologies 3579S 

Rabbit CSB GeneTex GTX104508 
Rabbit SQLE Proteintech 12544-1-AP 

Mouse Ki67 
Cell Signaling 
Technologies 9449S 

Mouse p53 Merck OP43 
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III.II. Hemozoin induces Malaria via activation of DNA damage, p38 
MAPK and Neurodegenerative Pathways in Human iPSC-
derived Neuronal Model of Cerebral Malaria 

 
Abida lslam Pranty#, Leon-Phillip Szepanowski#, Wasco Wruck, Akua Afriyie Karikari 

and James Adjaye 

 
# Equal Contribution 

 

Scientific Reports 2024 

 

Abstract 
Malaria caused by Plasmodium falciparum infection results in severe complications 

including cerebral malaria (CM), in which approximately 30% of patients end up with 

neurological sequelae. Sparse in vitro cell culture-based experimental models which 

recapitulate the molecular basis of CM in humans has impeded progress in our 

understanding of its etiology. This study employed healthy human induced pluripotent 

stem cells (iPSCs)-derived neuronal cultures stimulated with hemozoin (HMZ) - the 

malarial toxin as a model for CM. Secretome, qRT-PCR, Metascape, and KEGG 

pathway analyses were conducted to assess elevated proteins, genes, and pathways. 

Neuronal cultures treated with HMZ showed enhanced secretion of interferon-gamma 

(IFN-γ), interleukin (IL)1-beta (IL-1β), IL-8 and IL-16. Enrichment analysis revealed 

malaria, positive regulation of cytokine production and positive regulation of mitogen-

activated protein kinase (MAPK) cascade which confirm inflammatory response to 

HMZ exposure. KEGG assessment revealed up-regulation of malaria, MAPK and 

neurodegenerative diseases-associated pathways which corroborates findings from 

previous studies. Additionally, HMZ induced DNA damage in neurons. This study has 

unveiled that exposure of neuronal cultures to HMZ, activates molecules and pathways 

similar to those observed in CM and neurodegenerative diseases. Furthermore, our 

model is an alternative to rodent experimental models of CM. 
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Supplementary Table 1 Information of the used iPS-cell lines. 

 Healthy Line (UM51) Healthy Line (B4) 
Sex Male Male 
Age 51 Neonate 

Ethnicity African N/A 
Alternative name  ISRM-UM51 N/A 

Cell source Renal cells isolated from urine Skin, fibroblast, foreskin 
Method of reprogramming Episomal-based plasmid  Retroviral transduction 

Gene/locus N/A N/A 
Associated Disease None None 

Ethical Approval 

Ethical committee of the medical 
faculty of Heinrich Heine 

University, Düsseldorf, Germany 
Approval number: 5704 

Ethical committee of the medical 
faculty of Heinrich Heine 

University, Düsseldorf, Germany 
Approval number: 5013 

Reference     
PMID 29035842 21120637 

 
Supplementary Table 2 List of utilized antibodies. 

Primary antibody Application Dilution Company Order No. 
Anti-mouse ß3 tubulin (TUJ1) IF 1:250 Cell Signaling 4466S 
Anti-mouse TAU IF 1:500 Invitrogen MN1000 
Anti-rabbit MAP2 IF 1:250 SySy 188002 
Anti-mouse γH2A.X IF, WB 1:200, 1:50 CST 9718S 
Anti-mouse P53 WB 1:1000 CST 9283S 
Anti-rabbit MDM2 WB 1:1000 CST 86934S 
Anti-rabbit total P38MAPK WB 1:1000 CST 9212S 
Anti-rabbit Phospho-P38MAPK WB 1:1000 CST 4511S 
Anti-rabbit FAS (C18C12) WB 1:1000 CST 4233T 
Anti-mouse ß-Actin WB 1:5000 CST 3700S 
Anti-mouse GAPDH WB 1:1000 Invitrogen AM4300 
Anti-rabbit SOX-2 IF 1:100 Sigma Aldrich 3579S 
Anti-rabbit Nestin IF 1:1000 Cell Signaling N5413 
Anti-mouse KI67 IF 1:200 CST 9449S 
Anti-rabbit cleaved caspase 3 IF, WB 1:800, 1:1000 CST 9664S 
Anti-rabbit total Caspase 3 WB 1:1000 CST 9662S 
Anti-goat IBA1 IF 1:200 Biorbyt orb19517 
Anti-rabbit TREM2 IF 1:500 AvivaSysBio OAAB02883 
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Secondary antibody Application Dilution Company Order No. 
Alexa 488 goat anti rabbit IgG (H+L) IF 1:600 ThermoFisher A11008 
Alexa 555 goat anti mouse IgG (H+L) IF 1:600 ThermoFisher A21424 
Alexa 488 donkey anti goat IgG (H+L) IF 1:600 ThermoFisher A11055 
Anti-rabbit IgG, HRP-linked Antibody WB 1:1000 CST 7074S 
ECL peroxidase labelled anti mouse 
antibody WB 1:5000 GE NA931V 

 
Supplementary Table 3 List of used qRT-PCR primers. 

Primer Forward 5‘→3‘ Reverse 5‘→3‘ 
IL-6 GGTACATCCTCGACGGCATCT GTGCCTCTT TGCTGCTTTCAC 
IL-8 GTGCAGTTTTGCCAAGGAGT ACTTCTCCACAACCCTCTGC 

TNF- α  AGAACTCACTGGGGCCTACA AGGAAGGCCTAAGGTCCACT 
PECAM1 GAACCATGGAGGAGAGTGGC AGAAACCCGCCCTGCATC 
VEGFA AAGGAGGAGGGCAGAATCATC TGATGTTGGACTCCTCAGTG 
BDNF AACATGTCCATGAGGGTCCG CAGTCTTTTTGTCTGCCGCC 
CCL2 TCCCAAAGAAGCTGTGATCTTCAA AGGGTGTCTGGGGAAAGCTA 

PDGFB AAGGCCATCAACATCACCGT GGGTGCGGTTGTCTTTGAAC 
P53 CAGGGCAGCTACGGTTTCC CAGTTGGCAAAACATCTTGTTGAG 

MDM2 AAACTGGGGAGTCTTGAGGG TGCACATTTGCCTGCTCCTC 
ATM ACACTGCGCGTATAAGCCAATC TTTTCAACCAGTTTTCCGTTACTTC 
ATR TGTTGGGCCCACTTTATGCAGC TAGAGACGACCTGAGACGACGC 

CHEK1 GGATCAGCTTTTCCCAGCCCAC TTCTGTGAGGATCCTGGGGTGC 
CHEK2 ACGGAGTTCACAACACAGCAGC TCTACTAGTCGAAAGCGGCCCC 
TREM2 CCCACCCACTTCCATCCTTC CTCAGCCCTGGCAGAGTTTG 

TREM19 CAAGGAACTGGTCCTGGGG CAGGAGCAGCAACAGAAGGA 
IBA1 GCTATGAGCCAAACCAGGGA CTTCCAGTTTGGAGGGCAGA 
CD45 ACAGCCAGCACCTTTCCTAC GTGCAGGTAAGGCAGCAGA 
PU1 CTGCAATGTCAAGGGAGGGG GTCTTCTGATGGCTGAGGGG 

RPLP0 TCGACAATGGCAGCATCTAC ATCCGTCTCCACAGACAAGG 
 
Supplementary Table 4 Downregulated KEGG Pathways 
Please see the original publication. 
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Supplementary Table 5 Cytokine Array - Significantly Regulated Cytokines 

 
 
 
 

Name meanbgt meanbgc ratio logratio limmap limmapa SYMBOL

RAGE 1,0205E-05 2,0808E-10 0,90832043 -0,13872677 0,40600805 0,56652286 AGER

Angiopoietin-2 6,3251E-60 6,9841E-37 1,22818364 0,29652629 0,01410339 0,05547085 ANGPT2

Apolipoprotein_A-I 1,2801E-06 6,5933E-28 0,8516972 -0,23158749 0,21709592 0,38882851 APOA1

BDNF 8,532E-117 1,8294E-79 1,63425783 0,70863561 0,00074771 0,01121568 BDNF

Emmprin 3,682E-162 3,143E-154 1,16688866 0,22266691 0,23591884 0,40382395 BSG

Complement_Component_C5_C5a 1,4939E-34 1 2,49075933 1,31658563 0,00014734 0,00577837 C5

VCAM-1 4,354E-104 1,457E-99 0,95726915 -0,06300348 0,46177897 0,61841771 CD106

CD14 2,4457E-08 1 1,99996926 0,99997782 0,0002643 0,0063433 CD14

CD30 3,01E-26 0,99999499 2,15335213 1,10658426 0,0011233 0,01347962 CD30

CD40_ligand 0,99809423 7,4567E-16 0,55943792 -0,83795006 0,00229525 0,01967354 CD40LG

Chitinase_3-like_1 0,51091924 4,0969E-43 0,47854702 -1,06326742 0,00194049 0,01791223 CHI3L1

M-CSF 0,93875314 1,1367E-10 0,67432377 -0,56848665 0,00110097 0,01347962 CSF1

GM-CSF 1,3719E-17 4,4359E-08 1,20681936 0,27120974 0,02383913 0,07731609 CSF2

G-CSF 9,3097E-46 1,6504E-24 1,24412785 0,31513474 0,02828376 0,08702695 CSF3

Cystatin_C 0,00442633 1,2735E-50 0,62530157 -0,67737595 0,0141763 0,05547085 CST3

SDF-1A 0,03693045 2,3438E-24 0,68937105 -0,53664737 0,00624685 0,03569629 CXCL12

Dkk-1 1,527E-132 7,772E-133 0,89554027 -0,15916979 0,18750553 0,35860786 DKK1

DPPIV 4,3053E-71 2,3468E-47 1,29516977 0,37314122 0,00352702 0,02645265 DPP4

EGF 0,00015345 0,99995132 1,43052817 0,5165479 0,01006923 0,04663108 EGF

Endoglin 0,9466287 8,1831E-43 0,4611186 -1,11679024 0,00019261 0,00577837 ENG

FGF-19 3,9446E-24 3,8213E-59 0,71750508 -0,47893904 0,00747626 0,03926479 FGF19

Flt-3_Ligand 1,8569E-16 0,00078364 1,28218349 0,35860274 0,01433125 0,05547085 FLT3LG

Vitamin_D_BP 7,7364E-32 0,00271652 1,48505143 0,5705129 0,00070366 0,01121568 GC

GDF-15 7,726E-182 3,04E-178 1,05441657 0,07644495 0,39762984 0,56652286 GDF15

IFN-G 0,50153579 1,2529E-27 0,59239829 -0,75536063 0,0109441 0,04864047 IFNG

IGFBP-2 3,148E-166 4,593E-175 0,74898574 -0,41698983 0,01946193 0,06868917 IGFBP2

IGFBP-3 7,373E-132 3,578E-138 0,79652167 -0,32821448 0,02256285 0,07731609 IGFBP3

IL-11 6,3434E-12 9,2472E-42 0,75909848 -0,39764103 0,06136567 0,15667832 IL11

IL-1A 2,1416E-14 1,7107E-12 0,95829 -0,06146578 0,69726283 0,77664418 IL1A

IL-22 0,04807562 0,98769197 1,22535649 0,29320153 0,04653571 0,13108578 IL22

IL-27 1 0,00528959 0,60377546 -0,72791597 0,00338606 0,02645265 IL27

IL-31 0,8318258 0,02773356 0,8036947 -0,31528052 0,01728292 0,06284697 IL31

IL-32 0,03690461 1,0199E-25 0,82710196 -0,27386292 0,17815742 0,35631484 IL32

IL-5 4,0048E-46 2,1841E-12 1,41946555 0,50534784 0,00159879 0,01598791 IL5

Lipocalin-2 1,0443E-06 0,24212777 1,30595462 0,38510477 0,05918236 0,15438876 LCN2

LIF 1,1835E-39 0,99999978 2,17549493 1,12134366 2,9699E-05 0,00356388 LIF

MIF 1,494E-122 1,663E-142 0,6082475 -0,71726961 0,00408432 0,02689473 MIF

MMP-9 0,00401651 3,162E-27 0,82714242 -0,27379233 0,16837838 0,34836907 MMP9

Myeloperoxidase 1,4261E-66 1,3121E-32 1,44968574 0,53574019 0,00067252 0,01121568 MPO

uPAR 1,39E-131 3,083E-143 0,70418637 -0,50597078 0,00155406 0,01598791 PLAUR

Pentraxin_3 4,085E-139 2,187E-133 0,9972219 -0,00401353 0,93907482 0,95679351 PTX3

Resistin 7,9537E-07 0,00123985 1,07034999 0,09808262 0,17284465 0,35154844 RETN

Relaxin-2 0,49999786 0,01714714 1,25943832 0,33278047 0,75268057 0,82110608 RLN2

Serpin_E1 4,036E-187 5,256E-181 1,0952113 0,13120923 0,09462651 0,22710363 SERPINE1

SHBG 2,1707E-36 1,5474E-30 1,09320001 0,12855738 0,22737812 0,39694106 SHBG

Osteopontin 1,611E-158 1,153E-146 1,2138278 0,27956377 0,01479223 0,05547085 SPP1

Cripto-1 0,00512433 0,99999818 1,37162598 0,45588713 0,0101034 0,04663108 TDGF1

TFF3 0,00037934 5,4896E-30 0,72057394 -0,47278161 0,00425833 0,02689473 TFF3

TfR 0,04262428 5,0762E-12 0,78731635 -0,34498465 0,00523491 0,03140947 TFRC

Thrombospondin-1 4,6404E-93 1,1302E-92 0,91611293 -0,12640265 0,10724626 0,25234415 THBS1

BAFF 2,5531E-19 1,7639E-13 1,154845 0,20769923 0,13204393 0,30471677 TNFSF13B

VEGF 8,756E-192 4,62E-190 0,97923097 -0,0302789 0,68004853 0,77664418 VEGFA
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Supplementary Material 1 Original Western Blots 
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IV. Concluding remarks 
Neurological diseases have an extensive impact on individuals and society, affecting 

millions of people worldwide. For individuals, these conditions – whether 

neurodevelopmental or neurodegenerative - often lead to progressive cognitive, motor, 

and sensory impairments with significant reduction in the quality of life. For society, the 

cost of care, lost productivity, and the need for long-term support of patients place an 

immense strain on healthcare systems and economies. Therefore, addressing 

neurological diseases through research into the underlying pathomechanisms should 

not only be a medical priority but also presents a critical socioeconomic issue. 

However, neurological research has always been hampered by the inaccessibility of 

disease models accurately recapitulating the given disease phenotype. This 

shortcoming has been partially remedied since the advent of iPSCs in 2006, as they 

enable researchers to create patient-specific neural cells which accurately model the 

genetic and phenotypic characteristics of many neurological diseases. 

The work in hand sought to utilize this advantage of iPSCs to model two diseases with 

pronounced neurological involvement: the rare disease Cockayne Syndrome (CS) and 

Cerebral Malaria (CM), a severe potential complication of the tropical disease Malaria. 

The focus for Cockayne Syndrome was on the establishment of 3D neural models from 

iPSCs derived from patients with distinct severity grades of CS, aiming to identify 

similarities common to all forms of this devastating disease. For Cerebral Malaria, we 

concentrated on the establishment of a fast and easy-to-use 2D model to assess the 

impact of Hemozoin in CM and provide a tool for other researchers to unravel the 

pathomechanisms underlying this deadly complication of Malaria. 

 

IV.I. Modelling Cockayne Syndrome using patient-derived iPSCs 
Cockayne Syndrome is a rare disease, which previously mostly has been investigated 

due to the involvement of the two main proteins involved in its etiology – CSA and CSB 

– in the transcription-coupled nucleotide repair mechanism. However, due to the 

involvement of both proteins in other crucial cellular mechanisms, their potential 

involvement in cellular aging - evidenced by the segmental progeria in affected patients 

– and the newfound accessibility of patient-specific cells due to reprogramming 

technology, research into this debilitating disease has seen a renaissance. 
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In III.I. we performed transcriptome analysis of neurospheres (NS) and the first 

generated brain organoids derived from two patients with varying severity levels of CS 

and compared them to a healthy control.  

Our analysis provides evidence for many pathways thought to be drivers of the CS 

neurological symptoms (summarized in Figure 7). In neurospheres, which means 

spheres consisting of neural progenitor cells (NPCs), we found prominent 

dysregulation of the RNAPI transcription associated pathways protein processing in 

endoplasmatic reticulum and ribosome, indicating protein biosynthesis as 

dysregulated at this early developmental stage prone to disturbance. RNAPI 

transcriptional dysregulation has been shown to negatively influence the stability of the 

proteome in CS patients and in conjunction with the elevated reactive oxygen species 

present in CS patients, leads to endoplasmatic reticulum (ER) stress. Chemical 

chaperones, e.g. 4-phenyl butyric acid or tauroursodeoxycholic acid (TUDCA), have 

been shown to be able to alleviate ER stress and while not administrable this early in 

development, might be a feasible addition to other treatment options in the 

management of CS symptoms. TUDCA has the additional benefit of reducing ROS, 

preserving mitochondrial function and inciting an anti-neuroinflammatory 

response151,152,181. Further research should be conducted to ascertain these effects in 

human CS-patient derived NPCs and other neural cells employing the cell culture 

models established in this work. 

We further found modulation of VEGFA/VEGFR2 signalling pathway in NS. Vascular 

Endothelial Growth Factor A (VEGFA) and its receptor Vascular Endothelial Growth 

Factor Receptor 2 (VEGFR2) play critical roles in angiogenesis and the maintenance 

of vascular homeostasis182. Little is known about the exact dysregulation pertaining to 

this pathway in CS patients. VEGF normally is expressed upon hypoxic stress, which 

occurs upon deprivation of oxygen, and activates the transcriptional program to induce 

vascularization through stabilization of hypoxia inducible factor 1α (HIF1α). However, 

CSB-deficient cells fail to induce VEGF transcription, even though HIF1α is stabilized. 

This is hypothesized to occur because CSB-deficient terminally differentiated cells 

exhibit markedly increased levels of p53 expression. Both p53 and HIF1α require the 

co-activator E1A Binding Protein P300 (p300) to activate their translational program, 

but the abnormally high levels of p53 sequester most of the p300, inhibiting hypoxic 

response. CSB also is required to separate p53 and p300, so CSB deficiency may 

impede hypoxic response in two ways183. As we found p53 protein levels to be reduced 
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in both of our patient-derived NS, p300 might be available in our developmentally 

young samples to activate angiogenesis-related pathways like VEGFA/VEGFR2 

signalling pathway. However, as already discussed in III.I, VEGFA has diverse 

functions in NPCs. VEGFA is suggested to e.g. increase proliferation and survival of 

NPCs and is directly upregulated in response to cholesterol deprivation, a pathway we 

found to be dysregulated in both the NS and organoids184-187. As CS patients frequently 

show pathological changes of the brain vasculature, which could potentially be one 

cause of e.g. the brain calcifications found in these patients, further research into the 

VEGFA-VEGFR2 signalling pathway in brain and endothelial cells might provide 

important insights into the etiology of the neurological symptoms and how to attenuate 

them188,189. The further development of our protocol to produce vascularized brain 

organoids would constitute an adequate first step to decipher this scarcely investigated 

symptom. Similarly, investigation into CS-deficient kidney cells, especially 

vascularized kidney organoids, would potentially provide interesting insights into this 

pathway, as CS patients frequently display renal hypertension, a disease caused by 

the narrowing of kidney arteries, as well as other renal complications190. 

We further found dysregulation of intracellular protein transport and vesicle-mediated 

transport pathways in NS, as well as the subpathway COPII-mediated vesicle transport 

in both NS and organoids. Both pathways might be dysregulated due to the disruption 

of the microtubule network mentioned in II.IV.I. The instability of the microtubule 

network due to reduced α-tubulin acetylation impairs the binding and motility of motor 

proteins, potentially hampering protein and vesicular transport. Consequently, proteins 

and lipids may not reach the target area in a timely manner, disrupting cell signalling, 

membrane integrity, and overall metabolic balance of the cell145,191. Moreover, impaired 

vesicular transport affects the endocytic and exocytic pathways, two pathway we found 

to be dysregulated in the brain organoids, which are essential for the uptake of 

nutrients and secretion of waste products, as well as the secretion and recycling of 

signalling molecules192,193. The accumulation of vesicles and misdirected transport can 

lead to cellular stress, potentially further exacerbating the neurodegeneration observed 

in CS patients194.  

The defect α-tubulin acetylation has been partially rescued in CSB-deficient human 

fibroblasts, C. elegans and mouse skin employing the pan-histone deacetylase 

(HDAC) inhibitor suberoylanilide hydroxamic acid, also known as Vorinostat, which has 

already been approved for clinical use. This points to HDAC inhibition as an additional 
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potential therapeutic option for CS patients145. With regards to translational aspects, 

four HDAC inhibitors, Vorinostat, Romidepsin, Panobinostat, and Belinostat, have 

been approved for human use and could be investigated for repurposed use in CS 

patients195. Nevertheless, the potential benefits of HDAC inhibition for CS first need to 

be validated through preclinical studies using patient-derived neural cells. 

In the brain organoids, we observed severe dysregulation of the pathway neuron 

projection development. As discussed in III.I, CSB-deficient cells have been shown to 

exhibit a decrease in neuritogenesis, partially due to a decrease in MAP2 expression, 

which is accompanied by reduced cell polarization196,197. This defect has been partially 

remedied in-vitro via overexpression of Synaptotagmin 9 (SYT9), a key component of 

the exocytic machinery controlling neurotrophin release, implicating the involvement of 

disturbed intracellular transport in this complication. Neuritogenesis has also been 

partially restored via administration of BDNF, as well as administration of the BDNF 

pharmacological analogues amitriptyline and 7,8-dihydroxyflavone (Tropoflavin), 

revealing another crucial growth factor as potentially dysregulated in CS patients196. 

Amitriptyline is a tricyclic antidepressant approved for human use and as such could 

potentially be used as a repurposed drug for CS. However, due to its extensive side 

effect profile, especially potential exacerbation of the glaucoma found in CS patients, 

further research using advanced iPSC-based cell culture models and CS mouse 

models should first be performed198.  

Tropoflavin is a naturally occurring flavone found to act as a potent and selective 

agonist of the main BDNF receptor tropomyosin receptor kinase B (TRKB)199,200. It has 

been shown to be both orally bioavailable, able to penetrate the blood-brain barrier and 

demonstrated therapeutic efficacy in animal models of several CNS disorders, i.a. 

depression, amyotrophic lateral sclerosis, Rett syndrome and Alzheimer’s disease200-

204. Additionally, tropoflavin has been shown to modulate mitochondrial gene 

expression, possesses potent TRKB-independent antioxidant activity and has been 

shown to be protective against both glutamate-induced excitotoxicity and oxidative 

stress, potentially providing secondary benefits for CS patients205-207. A prodrug of 

tropoflavin with improved potency and pharmacokinetics, R13, has been designed and 

displayed therapeutic efficacy in a mouse model of Alzheimer's disease208. Due to this 

variety of potentially beneficial effects of tropoflavin for CS patients, investigations 

should be performed in CS patient-derived iPSC models to ascertain its effectiveness 

in restoring neuritogenesis, as well as eventual other benefits.  
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We further found dysregulation of the pathway steroid biosynthesis, with particular 

involvement of the subpathway cholesterol biosynthesis in both NS and organoids. 

CS-patient derived cells have previously been shown to exhibit abnormal lipid 

metabolism209,210. Lipid metabolism dysfunctions have been proposed to be involved 

in other neurodegenerative diseases, e.g. amyotrophic lateral sclerosis, where 

aberrant lipid metabolism is proposed to underlie disruption of essential functions also 

found in CS, like mitochondrial dysfunction, impaired neuronal transport, cytoskeletal 

defects and reduced neurotransmitter release. Coherently, cholesterol, the main sterol 

lipid im mammals, is known to play a crucial role in various cellular processes, including 

membrane structure, signal transduction, and neural development211.  

Cholesterol is the only integral lipid for the formation and maintenance of myelin 

sheaths around neuronal axons. Brain cholesterol is produced locally and can only 

sparsely be substituted from peripheral tissues. Accordingly, disorders which interfere 

with sterol synthesis or intracellular trafficking of cholesterol cause hypomyelination 

and neurodegeneration, both of which are prominent features in CS patients212,213. As 

discussed in III.I., cholesterol is also a critical component of cell membranes and 

involved in the formation of lipid rafts, which are necessary for cell signalling and 

neuronal function. Impaired cholesterol biosynthesis can disrupt these lipid rafts, 

leading to altered cellular signalling and impaired neuronal development214-216. 

Furthermore, cholesterol is a precursor for steroid hormones, which are vital for brain 

development and function217. Thus, alterations of cholesterol biosynthesis might 

exacerbate the dysregulation of various hormonal axes found in CS patients.  

Taken together, the disruption in cholesterol biosynthesis in CS may therefore 

contribute to the severe neurodevelopmental and neurodegenerative symptoms 

observed in CS patients. Confirming and subsequently understanding the link between 

cholesterol metabolism and CS may open new avenues for therapeutic interventions 

aimed at restoring normal lipid metabolism and improving neurological outcomes in CS 

patients.  

Overall, this thesis only concentrates on the neurodevelopmental effects of CS, without 

challenging the usual focus of CS research – TC-NER. However, our findings are in 

line with the mechanisms thought to be the main drivers of CS neurological symptoms, 

with the dysregulation of RNAPI transcription-associated and vasculature-associated 

pathways in NPCs, the disruption of several pathways crucial for neuronal function and 
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survival in cerebral organoids and metabolic changes in both NPCs and cerebral 

organoids. 

Due to the very low prevalence of CS and, thus, availability of samples, as well as 

experimental, temporal and financial limitations, only a few individuals were 

investigated, which increases the chance of a false-positive identification of 

differences. Therefore, future investigations should include more CS and especially 

control individuals, as well as optimally a CRISPR/Cas-mediated rescue, as is 

recommended for such studies218. Furthermore, to find target genes utilizable in all 

forms of CS, as well as potential therapeutic options universal for all types of CS, a 

comparison between CSA- and CSB-deficient iPSC-derived organoids is essential. As 

the symptoms of mutations in both proteins are largely convergent, but not identical, it 

would be valuable to explore the shared and distinct mechanisms underlying the subtle 

differences observed between the two patient cohorts. 

Nonetheless, the work in hand strengthens already established theories about the 

etiology of CS and might provide leads for further research. Especially the potential 

dysregulation of lipid metabolism has not been a focus of CS research until now, which 

might be due to the rarity of CS brain samples and the isolation of the brain from the 

rest of the body´s cholesterol distributing system. With numerous approved 

medications targeting cholesterol metabolism and transport, this might present a 

promising avenue to improve the management of CS-associated neurological 

symptoms.  

 

IV.II.  Modelling Cerebral Malaria using iPSCs 
Cerebral malaria (CM) is a potentially life-threatening neurological complication caused 

by Plasmodium falciparum infection, which is transmitted to humans by infected 

Anopheles mosquitoes. It predominantly affects children under the age of five in sub-

Saharan Africa. As a disease, CM is characterized by the sequestration of infected 

erythrocytes in the microvasculature of the brain, leading to an intense inflammatory 

response, the disruption of the blood-brain barrier (BBB) and cerebral oedema158,164. 

Modelling CM has posed a challenge to researchers, as P. falciparum is unable to 

infect rodents and access to non-post-mortem human brain tissue is limited219. This 

limitation can be circumvented via the use of iPSCs, which can provide a theoretically 

unlimited source of human neural cells. 
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For the work in hand, we established an iPSC-based 2D neural model termed neuronal 

networks. This was a deliberate choice to (i) establish an easy-to-use model which can 

be used by other researchers and (ii) due to the properties of hemozoin (HMZ), the 

agent employed to model CM-associated brain injury. HMZ is an undegradable 

crystalline byproduct of the parasites metabolism and is usually present as crystals of 

varying sizes174. Due to their size, these HMZ crystals were expected to have low 

penetrance into 3D cell culture models, a known limitation with some chemicals. To 

circumvent this issue and enable the HMZ to affect not just the outermost neurons of 

a 3D culture, we opted to establish a 2D culture model.  

Subsequently, the neuronal networks were exposed to 20 µM HMZ for 48h to model 

brain injury in CM after BBB breakdown and decipher the reaction of human neurons 

to this chemical. As expected, inflammation-associated pathways were found to be 

activated and the secretome of HMZ-exposed neurons was significantly altered. 

Secretion of the known CM-associated pro-inflammatory cytokines IL-1β, IL-8 and IFN-

γ was increased, while the anti-inflammatory cytokines IL-4 and IL-13 were found to 

be reduced.  

Elevated levels of IL-1β, IL-8 and IFN-γ have previously been detected in patients 

suffering from CM, indicating its involvement in the inflammatory response associated 

with the disease. All three cytokines are essential for the recruitment and activation of 

immune cells to sites of infection and inflammation220,221. Especially IFN-γ is a potent 

cytokine which can exacerbate the inflammatory milieu by promoting the production of 

other pro-inflammatory cytokines and chemokines, thereby potentiating the immune 

response222. This neuron-driven heightened inflammation and immune activation may 

contribute to the neuronal damage and the neurological symptoms associated with 

CM, especially to the seizures, as findings suggest that cytokines can increase seizure 

susceptibility223. Elevation of IL-1β and IFN-γ secretion aligns with a known 

consequence of HMZ exposure, the activation of the NLR Family Pyrin Domain 

Containing 3 (NLRP3) inflammasome. The assembly of the NLRP3 inflammasome 

leads to proximity-induced autocatalytic activation of Caspase-1. Once activated, 

Caspase-1 cleaves pro-IL-1β and pro-IL-18 into their biologically active forms. IL-18, a 

co-stimulatory cytokine, mediates adaptive immunity and can induce the production of 

IFN-γ222,224. Unfortunately, the levels of IL-18 were not investigated as it was not 

included in the Proteome Profiler Human XL Cytokine Array Kit used in the work at 

hand225,226. 
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IL-4 is a cytokine known for its role in regulating immune responses, in particular for 

inhibiting inflammatory responses, such as proinflammatory responses governed by 

IFN-γ227. In the context of CM, IL-4 is thought to exert a protective effect by reducing 

excessive inflammation. In a mouse model of experimental CM, IL-4 treatment 

significantly reduced parasitaemia, CM pathology, and mortality228. A meta-analysis 

found IL-4 blood levels to be reduced in patients with overall severe malaria, not just 

CM, indicating a role in overall malaria disease progression229. 

Similarly, IL-13 is generally considered an anti-inflammatory cytokine, but under certain 

conditions, such as allergic diseases and asthma, IL-13 can also contribute to 

inflammation by promoting eosinophil recruitment or enhancing the expression of 

adhesion molecules on endothelial cells230,231. However, in neurons, IL-13 has been 

revealed to be neuroprotective232. In patients with severe malarial anaemia, IL-13 has 

been demonstrated to be significantly elevated and might contribute to disease 

severity, but its exact role in severe malaria and especially CM is severely 

underinvestigated233. Like the closely related IL-4, IL-13 might exert a protective effect 

by reducing excessive inflammation, but may still potentially be detrimental to CM 

patients, as its precise mode of action depends on the balance of other cytokines and 

immune factors present. 

Interestingly, we observed a decrease in secreted IL-6 and TNF-α in our neuronal 

networks. Elevated levels of these proinflammatory cytokines have been shown in the 

plasma and cerebrospinal fluid of CM patients234-237. Additionally, post-mortem 

examinations of CM patients have revealed higher expression levels of TNF-α in brain 

tissue238. However, another study demonstrated that levels of serum IL-6 and TNF-α 

were only raised significantly in CM patients with multiple vital organ dysfunction, not 

in patients with CM alone, indicating both cytokines as not necessarily involved in the 

neurological symptoms239. This discrepancy might occur because cytokines are often 

produced locally and, therefore, may not be detectable in the bloodstream except 

during severe disease exacerbations, such as in cases of multiple organ 

dysfunction240. Overall, CNS glial cells play a more prominent role in the inflammatory 

response to pathogen-associated molecules like HMZ. These glial cells are more likely 

to produce TNF-α and IL-6 upon HMZ exposure, with neurons responding indirectly to 

the inflammatory environment rather than producing these potent proinflammatory 

cytokines themselves241. 
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Intriguingly, we also observed an increase in secerned IL-16, a cytokine not previously 

indicated in the etiology of CM. IL-16 is mainly known as a potent chemoattractant of 

CD4 expressing cells, so its main target are CD4+T-cells, which in turn are necessary 

for a robust CD8+T-cell immune response242,243. As mentioned in II.IV.II., T-cells play 

a crucial role in the pathogenesis and excessive immune response found in CM. 

CD8+T-cell contribution might even be a main driver of CM, as mice with impaired 

CD8+T-cell immune response were found to be protected from experimental CM244,245. 

However, increased influx of CD4+T-cell subpopulations might also play a beneficial 

role in CM by modulating the immune response to prevent excessive 

inflammation246,247. 

Similarly, we detected modulation of the IL-26 signalling pathway. IL-26 belongs to the 

IL-10 family and is produced by various immune cells, including T-cells, and can induce 

the production of both pro- and anti-inflammatory cytokines and chemokines, e.g. IL-8 

and IL-10248. As such, excessive IL-26 signalling might exacerbate recruitment and 

activation of immune cells but can potentially also attenuate inflammation in CM. 

Understanding the precise role of IL-26 signalling in CM could provide new insights 

into the balance between protective immunity and harmful inflammation in CM. 

We further found increased expression of Platelet Endothelial Cell Adhesion Molecule 

(PECAM1), BDNF and C-C Motif Chemokine Ligand 2 (CCL2) in the HMZ exposed 

neuronal networks. PECAM-1 is a cell adhesion molecule that is primarily expressed 

on endothelial cells, platelets, and various immune cells and known best for its role in 

leukocyte transmigration, angiogenesis, and maintaining vascular integrity. By 

facilitating the transmigration of leukocytes across the endothelium, PECAM-1 might 

play a role in CM associated neuroinflammation. For example, in a model of 

NeuroAIDS, it is hypothesized that soluble PECAM-1 accumulates within the CNS 

vasculature, altering PECAM-1 facilitated interactions between endothelial and 

immune cells. These changes may enhance the transmigration of HIV-infected 

leukocytes into the CNS and alter BBB permeability, thereby contributing to the 

pathogenesis of NeuroAIDS249. However, soluble adhesion molecules secerned by 

neurons might also have completely different functionality, as e.g. a soluble isoform of 

Cell Adhesion Molecule 1 (CADM1) is involved in the directional neurite extension of 

superior cervical ganglion neurons250. 

CCL2, also known as Monocyte Chemoattractant Protein-1 (MCP-1), is a potent 

chemokine capable of recruiting and activating immune cells and has been associated 
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with disease severity in CM patients251. Endothelial cells derived from CM patients 

have been shown to produce significantly higher levels of MCP-1 in response to TNF-

α stimulation compared to endothelial cells from patients with uncomplicated 

malaria252. Our research indicated both increased secretion and significantly 

upregulated expression of CCL2 in HMZ-exposed neuronal networks.  Interestingly, 

there may be a direct link between the increase in CCL2 and the increase in PECAM-

1. Leukocytes from HIV-infected patients treated in-vitro with CCL2 were found to 

cleave PECAM-1 into its soluble form, suggesting a similar mechanism could be at 

play in CM249. 

BDNF, as mentioned before, is a growth factor involved in the survival, growth, and 

maintenance of neurons. Brain insults have previously been shown to transiently 

increase local BDNF expression and secretion253-256. In a study investigating BDNF 

plasma levels in Ugandan children with severe malaria, higher plasma BDNF 

concentrations at presentation were associated with shorter time in coma, reduced 

chance of disability, as well as reduced probability of death257. In a mouse model of 

CM, a decrease in BDNF mRNA in several brain regions directly correlates to symptom 

progression258. In summary, the increase in BDNF expression and secretion we 

observed in the neuronal networks is in line with both early chemical insult to CNS 

neurons and the changes associated with CM, supporting its implicated role as a 

potential compensatory or survival mechanism. 

As outlined, the observed changes in both secretome and gene expression of the HMZ-

exposed neuronal networks align in large parts with characteristic changes found in 

CM. This indicates that the established model is capable of recapitulating parts of CM 

pathology, even while employing only HMZ instead of actual parasite-infected 

erythrocytes. As such, the model might present a valuable and easy-to-use tool for 

understanding CM pathology and testing potential therapeutic interventions. 

We further investigated how the inflammatory environment produced by HMZ exposure 

influenced the neuronal networks. As DNA damage can be a consequence of 

enhanced inflammation, we investigated the amount of γ-H2A.X Variant Histone 

(γH2AX)-positive foci, a reliable marker for DNA double-strand breaks, in the nuclei of 

HMZ exposed neurons, as well as expression of the DNA damage response-

associated genes ATM Serine/Threonine Kinase (ATM), ATR Serine/Threonine 

Kinase (ATR), Checkpoint Kinase 1 (CHEK1) and Checkpoint Kinase 2 (CHEK2)259. 

While γH2AX-positive foci were only increased in one of two examined cell lines, 
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expression of the DNA damage associated transcripts were significantly increased in 

both, nonetheless indicating DNA damage as increased in both cell lines. As the 

investigated DNA damage response-associated genes are direct effectors of Tumor 

Protein P53 (p53), we further investigated changes in p53 expression and translation, 

as well as changes in its direct negative effector MDM2 Proto-Oncogene (MDM2)260. 

Expression and protein levels of both genes were found to not be affected by the HMZ-

induced inflammation, indicating activation of a p53-independent DNA damage 

response.  

The p38 mitogen-activated protein kinase (MAPK) pathway is another pathway 

involved in the cellular response to various stress signals, e.g. ultraviolet (UV) 

radiation, oxidative stress, pro-inflammatory cytokines and DNA damage. The p38 

pathway is integrated with other key DNA damage response pathways, including the 

ATM and ATR pathways, and can induce cell cycle arrest and cell death261-263. In both 

investigated neuronal networks, p38-MAPK protein levels were found to be increased, 

indicating p38-MAPK signalling as involved in the neuronal response to HMZ injury. 

Involvement of the p38-MAPK pathway has been shown in HMZ-exposed immune 

cells before, but not in neurons264,265. Interestingly, p38-MAPK is directly involved in 

the modulation of NLRP3-inflammasome activity, which is known to be upregulated in 

response to HMZ exposure. p38-MAPK signalling can both increase or decrease 

NLRP3-mediated inflammation266,267. In primary cortical neurons and brain tissue 

under ischemic conditions, MAPK signalling was shown to increase expression and 

activation of NLRP1 and NLRP3 inflammasomes268. As such, deciphering the role of 

p38-MAPK in the HMZ-induced chemical insult of neurons and other brain cells might 

provide further insight into the etiology of CM and might constitute a promising target 

for therapeutic intervention. p38 inhibition is already being investigated as a potential 

strategy in diseases such as Alzheimer´s Disease, rheumatoid arthritis and diverse 

cardiovascular diseases269. 

Interestingly, the neuronal networks produced for this study exhibited significant 

differences in their responses to HMZ exposure. The UM51 cell line, derived from a 

male of African descent, exhibited a strong reaction to the insult, whereas the B4 cell 

line, derived from a Caucasian male, demonstrated a comparatively muted response. 

For future experiments, it would be interesting to include a broader range of cell lines 

from individuals of both African and Caucasian descent. This would allow for a more 
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comprehensive investigation into whether ethnicity directly influences the strength of 

the immune response to malaria-derived molecules. 

In conclusion, the established iPSC-derived 2D neuronal network model offers a 

practical approach to investigating part of the complex CM pathology. The observed 

inflammatory responses and cytokine profiles in response to HMZ exposure closely 

mirror those seen in patients with CM, indicating the models potential for further 

research. The differential responses observed between cell lines of different ethnic 

backgrounds highlight the importance of including diverse genetic backgrounds in 

future studies to better understand the role of ethnicity in immune responses to malaria-

derived molecules. Additionally, the detected involvement of the p38 MAPK pathway 

in the neuronal response to HMZ-induced injury might open new avenues for exploring 

therapeutic interventions. Overall, the established model might not only provide 

insights into the molecular mechanisms underlying CM but also serve as a tool for 

testing potential treatments, ultimately contributing to the development of more 

effective therapies for this life-threatening condition. 
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Abstract 
The generation of iPSC-derived hepatocyte-like cells (HLCs) is a powerful tool for 

studying liver diseases, their therapy as well as drug development. iPSC-derived 

disease models benefit from their diverse origin of patients, enabling the study of 

disease-associated mutations and, when considering more than one iPSC line to 

reflect a more diverse genetic background compared to immortalized cell lines. 

Unfortunately, the use of iPSC-derived HLCs is limited due to their lack of maturity and 

a rather fetal phenotype. Commercial kits and complicated 3D-protocols are cost- and 

time-intensive and hardly useable for smaller working groups. In this study, we 

optimized our previously published protocol by fine-tuning the initial cell number, 

exchanging antibiotics and basal medium composition and introducing the small 

molecule forskolin during the HLC maturation step. We thereby contribute to the liver 

research field by providing a simple, cost- and time-effective 2D differentiation protocol. 

We generate functional HLCs with significantly increased HLC hallmark gene (ALB, 

HNF4α, and CYP3A4) and protein (ALB) expression, as well as significantly elevated 

inducible CYP3A4 activity. 
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