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Chapter 1



General introduction



This thesis aims to investigate the potential of human induced pluripotent 
stem cells-derived central nervous system (CNS) models to better understand 
the pathomechanisms of adrenoleukodystrophy (ALD), with a particular focus 
on lipid metabolism. Given the complexity of ALD, this introduction first 
outlines the fundamental aspects of CNS development and the central role 
of lipids in its homeostasis. This biological background is followed by the 
pathological processes that drive ALD and the technological breakthroughs 
that we employed for the study of this complex disorder.

Central nervous system development

The central nervous system (CNS) is a complex and highly specialized 
structure that emerges from the orchestrated interplay of genetic, molecular, 
and environmental factors during development. CNS development 
originates from the formation of the neural tube, an embryonic structure 
that differentiates along its anterior-posterior axis. The anterior region 
of the neural tube gives rise to the brain, which undergoes extensive 
regionalization to form distinct structures, including the cerebral cortex, 
basal ganglia, and brainstem. Within the cerebral cortex, neural progenitor 
cells proliferate and differentiate into neurons and glial cells, organizing into 
a six-layered architecture1. This process involves an inside-out migration of 
excitatory neurons and a tangential migration of inhibitory interneurons. On 
the other hand, the posterior region of the neural tube develops into the 
spinal cord, which establishes distinct motor and sensory regions through 
intricate patterning mechanisms2. 

Neurons are the primary signalling unit of the CNS and are critical to 
its ability to process, integrate, and respond to sensory information. This 
functionality arises from their specialized morphology and the formation 
of intricate networks through synaptic connections. Excitatory pyramidal 
neurons, which dominate the cerebral cortex, integrate signals across layers 
and cortical areas, while inhibitory interneurons modulate activity to ensure 
precise temporal and spatial control of neuronal circuits3. 

While neurons have long been recognized as central to CNS function, 
the role of glia cells has become increasingly appreciated. Glia cells are 
categorized into four major types: astrocytes, oligodendrocytes, microglia, 
and oligodendrocyte precursor cells (OPCs). Across the CNS, the grey matter 
is mostly composed of neuronal somas and astrocytes, while the white matter 
consists primarily of myelinated axons, maintained by oligodendrocytes. 
Glia cells not only support neurons but actively influence development, 
maintenance, and adaptation in response to changing demands.
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Astrocytes are highly heterogeneous cells characterized by region-
specific transcriptomic profiles and diverse functions, including neuronal 
synaptic regulation, metabolic support, and maintenance of the blood-brain 
barrier4. Astrocytic endfeet, tightly associated with blood vessels, facilitate 
nutrient and oxygen delivery to the CNS while promoting waste clearance 
through the glymphatic system. In the grey matter, protoplasmic astrocytes 
dynamically shape synaptic networks by regulating neurotransmitter 
recycling, synapse formation, and plasticity. In contrast, fibrous astrocytes 
in the white matter provide structural and metabolic support to myelinated 
axons5. This functional and regional specialization allows astrocytes to adapt 
to local circuit demands and maintain the overall homeostasis of the CNS.

Oligodendrocytes are specialized for myelinating axons, a process essential 
for rapid signal conduction and axonal metabolic support6. This dynamic 
process, termed adaptive myelination, is regulated by OPCs, a distinct glial 
population that is evenly distributed throughout the CNS during adulthood. 
Beyond their canonical roles in developmental, adaptive, and regenerative 
myelination, OPCs are uniquely integrated into neural networks7. OPCs 
are the only glia cell type that establishes synaptic connections with both 
glutamatergic and GABAergic neurons, acting as presynaptic partners, 
highlighting their potential to monitor and influence neuronal activity.

Microglia, derived from embryonic yolk sac progenitors, exhibit 
substantial transcriptional and functional heterogeneity, particularly during 
development and in disease states8. Microglia shape neuronal connectivity 
by pruning synapses and phagocytosing dying neurons and OPCs. Region-
specific microglia populations adapt to the needs of their local environment, 
such as promoting myelination in the white matter or synaptic refinement in 
the grey matter5.

Taken together, the development of the CNS is a highly orchestrated 
process involving neuronal and glia cell interactions, including neuronal 
differentiation and migration, synaptic network formation, and the dynamic 
roles of glia cells in myelination, metabolic support, and synaptic refinement. 

CNS lipids

The intricate development of the CNS relies not only on cellular 
mechanisms but also on the dynamic role of biomolecules like lipids. 
Lipids are fundamental biomolecules that play diverse roles in the CNS, 
ranging from structural components of cellular membranes to modulators of 
synaptic plasticity and signalling9,10. They constitute approximately 50% of 
the dry weight of the brain, highlighting their importance in its structure and 
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function. The CNS lipidome is dominated by cholesterol, phospholipids, and 
sphingolipids, each of which contributes uniquely to neuronal homeostasis 
and activity.

Cholesterol is a major lipid in the CNS, with brain cholesterol accounting 
for 25% of the body’s total cholesterol content. Unlike peripheral tissues, the 
brain synthesizes most sterols in situ due to the impermeability of the blood-
brain barrier (BBB) to circulating sterols11. Astrocytes are the primary sites of 
cholesterol synthesis in the CNS, and they transfer cholesterol to neurons via 
apolipoprotein E (APOE)-containing lipoproteins12–14. In neurons, cholesterol 
supports synaptic connectivity and neurite integrity15,16. The myelin sheath, 
essential for rapid signal transmission, is particularly rich in cholesterol, which 
constitutes a significant proportion of its lipid content17.

Glycerophospholipids, such as phosphatidylcholine (PC) and 
phosphatidylethanolamine (PE), are the main phospholipid components 
of cell membranes18. They influence membrane fluidity, vesicle formation, 
ion channel activity, and receptor clustering. Metabolic pathways 
involving glycerophospholipids produce bioactive molecules that mediate 
neuroprotection and anti-inflammatory responses. For example, long-chain 
polyunsaturated fatty acids (LCPUFAs) derived from phospholipid precursors 
modulate synaptic transmission and plasticity, highlighting their significance 
in cognitive and behavioural processes19.

Sphingolipids, another key lipid class in the CNS, are abundant in myelin 
and synaptic membranes. Sphingolipids participate in neurogenesis, 
synaptogenesis, and cell signalling20. Sphingolipids play a central role in the 
structural and functional integrity of myelin. Myelin sheaths exhibit a distinctive 
lipid composition, with cholesterol, phospholipids, and sphingolipids 
(cerebrosides and sulfatides) in a 2:2:1 ratio21. This high lipid content 
facilitates the compact structure of myelin and its insulating properties. 
Lipid rafts, microdomains rich in sphingolipids and cholesterol, play critical 
roles in myelin assembly, maintenance, and function. The organization of 
these domains influences processes such as axon-glia recognition and 
neurotransmitter receptor activity. Myelination, predominantly completed in 
early postnatal development, continues until the third decade of life22. Once 
mature, myelin becomes a metabolically stable structure characterized by 
a slow rate of lipid turnover, which supports its structural integrity while 
allowing gradual adaptations over time, a concept referred to as myelin 
plasticity23. 

In summary, lipids are indispensable to the structural and functional 
integrity of the CNS, playing diverse roles in membrane dynamics, synaptic 
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signaling, and myelin stability. The unique composition of the CNS lipidome 
reflects its dual role in maintaining both the structural integrity and functional 
adaptability of neural networks.

Lipids in CNS disease - Adrenoleukodystrophy 

The CNS lipidome is maintained through a dynamic balance of lipid 
synthesis, turnover, and degradation, ensuring that cellular membranes, 
myelin, and signalling pathways remain functional and adaptive to 
physiological demands. Disturbances in this homeostatic balance can 
impact CNS integrity. A notable example is X-linked adrenoleukodystrophy 
(ALD), in which the degradation of very long-chain fatty acids (VLCFA) is 
impaired24,25. ALD is the most prevalent peroxisomal neurometabolic 
disorder, with an estimated incidence of 1 in 15.000 births (OMIM: 
300100)26. ALD is caused by pathogenic variants in the ABCD1 gene, which 
encodes for an ATP-binding cassette half-transporter protein responsible 
for the import of VLCFA into peroxisomes for ß-oxidation. ABCD1 imports 
coenzyme A-activated saturated and VLCFA-CoA esters (≥C22:0)27–29. 
Peroxisomes are essential subcellular organelles that play a crucial role in 
several metabolic pathways and are specialized for breaking down VLCFA 
and other complex lipids. The initial steps of VLCFA degradation take place 
exclusively in peroxisomes, in which VLCFA undergo sequential cycles of 
ß-oxidation, each resulting in the generation of shorter-chain fatty acids 
that are subsequently enzymatically activated into acyl-CoA derivatives that 
can be further metabolized in mitochondria or utilized in other biosynthetic 
pathways, such as the biosynthesis of plasmalogens and other ether lipids30. 
Deficiencies in ABCD1 function result in impaired peroxisomal ß-oxidation 
and consequent accumulation of VLCFA (Fig. 1).

The clinical presentation of ALD is highly heterogeneous and 
unpredictable31–33. The predominant manifestation of ALD is a slowly 
progressive axonal degeneration in the spinal cord, specifically in the 
dorsal columns and corticospinal tracts, which typically manifests in 
adulthood affecting virtually all male and majority of female patients. There 
is currently no disease-modifying treatment available for the spinal cord 
disease. Moreover, male patients are at risk of developing adrenocortical 
insufficiency and leukodystrophy (cerebral ALD), which is marked by a 
progressive degeneration of the cerebral white matter. Corticosteroid 
replacement therapy can effectively manage the adrenal insufficiency, and 
MRI abnormalities often appear before the onset of neurocognitive decline 
and motor deficits, providing a potential therapeutic window for allogeneic 
hematopoietic stem cell transplantation (HSCT), which can halt further 
progression of the leukodystrophy. 
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Figure 1. Very long-chain fatty acids (VLCFA) are synthesized in the endoplasmic reticulum via 
chain-elongation of long-chain fatty acids (LCFA). Deficiencies in ABCD1 impairs VLCFA import into 
the peroxisomes and their degradation. VLCFA accumulate in the cytosol and incorporate into complex 
lipids, such as membrane lipids.

Early detection is crucial, particularly in boys, who are most affected due to 
the X-linked inheritance nature of the disease. Newborn screening initiatives 
have begun in several countries to identify ABCD1 mutation carriers and 
enable early interventions that can slow down disease progression34. 
Current therapeutic approaches, including HSCT and gene therapy, such 
as AAV9-mediated CNS gene transfer or ex vivo correction of autologous 
hematopoietic stem cells, aim to address deficiencies associated with ABCD1 
dysfunction. These interventions, along with other emerging therapies, hold 
promise for slowing or halting disease progression and improving patient 
quality of life. However, the absence of a simple genotype-phenotype 
correlation and the poorly understood mechanisms linking VLCFA 
degradation deficits to demyelination and/or axonal degeneration continue 
to hinder the development of more effective treatments. 

The accumulation of VLCFA due to defective peroxisomal ß-oxidation 
provides a biochemical foundation for understanding ALD. While these 
biochemical abnormalities are well-established, their precise contribution to 
the distinct neuropathological features of ALD remains poorly understood. 

LCFA

VLCFA (>C22)

ABCD1

Accumulation and incorporation
into complex lipids
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In the following section, we turn to disease modelling as a critical tool for 
investigating these complex processes in human-relevant systems.

ALD disease modelling 

The study of the human CNS and its related disorders poses significant 
challenges due to the limited access to human material for research 
purposes. Moreover, the available tissue can only be studied post-mortem, 
offering only a snapshot of the end stage of the disease, hindering the study 
of its development or progression. To overcome these limitations, model 
systems have been extensively used to study ALD. 

Studies in fibroblast from ALD patients and in yeast were instrumental 
in revealing that the hallmark accumulation of VLCFA is due to impaired 
peroxisomal ß-oxidation, expanding our understanding of ALD biochemistry 
and ABCD1 function29,35–38. However, these models come with limitations 
when trying to understand a neurological dysfunction.

Animal knockout models of the human ABCD1 ortholog have also played 
a critical role in advancing our understanding of ALD. Mouse models with 
targeted mutations in Abcd1 exhibit VLCFA accumulation in tissues and 
reduced VLCFA ß-oxidation39–41. ALD mice develop a late onset axonopathy 
and locomotor impairment at 20 months of age, resembling the spinal cord 
disease42. However, ALD mice do not develop adrenal insufficiency, nor the 
cerebral demyelination observed in patients. Alternative model organisms, 
such as zebrafish (D. rerio) and fruit flies (D. melanogaster), have also 
been employed to study the developmental and cellular aspects of ALD. 
Zebrafish abcd1 mutants, for instance, revealed an incorrect patterning of 
OPCs and decreased myelination in the spinal cord, highlighting a potential 
neurodevelopmental role of OPC in ALD43. Despite these advantages, animal 
models fail to fully recapitulate the aetiology of ALD, and the differences in 
physiology and neuroanatomy between these organisms and humans limit 
the extent to which findings can be translated.

Undeniably, animal models remain essential for understanding the systemic 
and multi-organ aspects of disease pathogenesis, as well as behavioural 
phenotypes. Nevertheless, animal models are inherently limited in their 
capacity to replicate the intricacy of human neurobiology and disease. 
This limitation highlights the need for alternative models that enable the 
study of disease mechanisms in human cells. The establishment of human 
pluripotent stem cells (hiPSC) has revolutionized the field by providing a 
virtually unlimited supply of progenitor cells that potentially could be 
differentiated towards any cell type. hiPSC technology facilitates the study 
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of human brain development and ALD pathogenesis in disease-relevant cell 
types of the nervous system.

hiPSC Technology 

In 2006, Yamanaka and colleagues first described the induction of 
pluripotent stem cells (iPSCs) from mouse adult somatic cells through the 
overexpression of key transcription factors Oct4, Klf4, Sox2, and c-Myc, 
collectively known as the Yamanaka factors44. This ground-breaking discovery 
was soon extended to human cells, demonstrating the potential for the same 
transcription factor combination to successfully reprogram human somatic 
cells into hiPSCs45. Since then, various adult somatic cells, such as fibroblasts 
and peripheral blood cells, have been successfully reprogrammed into 
hiPSCs using combinations of factors tailored for efficient induction.

hiPSCs share key properties with human embryonic stem cells (hESC), 
which are derived from the inner cell mass of pre-implantation embryos, as 
both stem cell populations can self-renew and differentiate into all three germ 
layers. However, in contrast to hESC, hiPSCs circumvent the ethical concerns 
associated with embryo usage, positioning them as a favoured alternative 
for disease modelling and regenerative medicine. Traditional integrative 
reprogramming methods, such as retroviruses and lentiviruses, present 
significant challenges, including uncontrolled transgene silencing, which can 
impair the acquisition of stable pluripotency or disrupt differentiation due to 
incomplete or reactivated transgene expression45,46. Moreover, the random 
insertion of viral transgenes into multiple genomic sites increases the risk 
of tumorigenesis. The development of non-integrative reprogramming 
methods, such as Sendai viruses and synthetic RNA delivery, has provided a 
safer and more clinically applicable alternative47.

A major advantage of hiPSCs in disease modelling is their patient-specific 
origin, which facilitates the study of genetic variants within their native 
genomic context. This approach not only enhances our understanding of 
genotype-phenotype correlations but also lays the groundwork for the 
development of tailored therapeutic interventions, ultimately advancing 
personalized medicine. Since the first disease-specific iPSCs were derived 
in 2008, iPSC technology has been instrumental in modelling a wide range 
of genetic diseases, including Parkinson’s disease, Huntington’s disease, 
Duchenne muscular dystrophy, and amyotrophic lateral sclerosis (ALS)48,49. 
For instance, hiPSCs from ALS patients have been differentiated into motor 
neurons, providing insights into the disease mechanisms and potential for 
modelling ALS49. Recently, the ALD field has begun leveraging hiPSC-based 
modelling approaches, with initial studies providing evidence of biochemical 
alterations in ALD disease-relevant cell types50,51. 
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The development of hiPSCs has revolutionized neuroscience by enabling 
the generation of human-specific brain cell types, including neurons, 
astrocytes, oligodendrocytes, microglia, and OPCs52–54. Differentiation of 
hiPSCs can be achieved through two main strategies, namely 2D cultures 
and 3D organoids (Fig. 2).

Figure 2. Human pluripotent stem cells (hiPSC) can be differentiated under monolayer (2D) conditions 
to generate the main cell lineages of the nervous system. These can be used in monocultures or in co-
cultures. hiPSC can also be differentiated into self-organizing 3D cultures to generate either unguided 
neural organoids or region-specific neural organoids resembling distinct regions of the nervous system.
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In 2D systems, monocultures of an individual cell type provide a simplified 
yet powerful framework for investigating cell-autonomous mechanisms, 
offering insights into the intrinsic properties of neurons and glia. 2D co-
cultures, in contrast, facilitate the study of intercellular communication, 
offering a platform to explore the essential roles of astrocytes in modulating 
synaptic connectivity or the contributions of oligodendrocytes to axonal 
myelination. Co-cultures allow researchers to explore the dynamic 
interactions between neurons and glia, or between different glia cell types55. 

The advent of 3D neuronal organoid systems has redefined our ability 
to model human brain development and disease56. These self-organizing 
structures are able to recapitulate key aspects of the complex cellular 
organization and spatial complexity of the CNS, offering a dynamic 
platform for the study of tissue-level interactions and region-specific 
developmental trajectories. Organoids provide a physiologically relevant 
microenvironment model that reflects the intricate processes underlying 
human neurodevelopment, paving the way for novel insights into both 
normal physiology and disease mechanisms.

Together, these approaches offer critical tools to unravel the complex 
cellular processes underpinning brain function and dysfunction.
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THESIS OUTLINE

ALD is caused by pathogenic variants in the ABCD1 gene and is 
biochemically defined by an accumulation of VLCFA. Despite significant 
advances in our understanding of the disease, key mechanisms remain unclear, 
particularly how VLCFA accumulation leads to the diverse neuropathological 
features of ALD.  With the advancements in differentiation technologies, we 
are now well positioned to apply hiPSC-derived CNS models to address the 
remaining questions in ALD. The overarching aim of this thesis is to better 
understand the cellular and molecular mechanisms underlying ALD using 
hiPSC-derived CNS models. This work seeks to uncover how disruptions in 
lipid metabolism caused by pathogenic ABCD1 variants contribute to the 
neurodevelopmental and neurodegenerative aspects of ALD. Furthermore, 
this thesis explores the potential of hiPSC-derived systems as preclinical 
platforms for testing therapeutic interventions. The following key questions 
are addressed:

1. How do pathogenic variants in ABCD1 impact the lipidome and 
neuronal support in brain-relevant cell types?

2. What are the lipidome changes that occur during neurodevelopment in 
healthy and ALD conditions?

3. Which molecular pathways are disrupted in ALD, and how can multi-
omics approaches inform disease mechanisms?

4. Can hiPSC-derived models serve as reliable preclinical platforms for 
developing therapeutic strategies, such as AAV-mediated gene delivery?

By addressing these questions, this work aims to advance our understanding 
of ALD pathogenesis and highlight the potential of hiPSC-derived systems 
for translational research.

In Chapter 2 we provide an overview of the evolution of ALD models, 
from traditional animal models to the current state-of-the-art hiPSC-based 
systems. This chapter reviews their respective strengths and limitations in 
recapitulating human pathology.

Chapter 3  explores disease-specific alterations in lipid metabolism 
and astrocyte functionality in ALD hiPSC-derived astrocytes. By leveraging 
hiPSC-derived astrocytes, lipidomics, and neuron-astrocyte co-cultures, 
we aim to explore how disruption in glia lipid metabolism contributes to 
astrocyte-mediated neuronal support deficiencies in ALD.

17

General introduction



In Chapter 4, we characterize the lipidomic profile during neuro-
development using hiPSC-derived cortical and spinal organoids, mapping 
lipid changes in healthy and ALD CNS organoids. By combining organoids 
and lipidomics, this approach provides a comprehensive understanding 
of how lipid alterations in disease-relevant tissues may impact CNS 
development and contribute to ALD pathogenesis.

The focus of Chapter 5 is to map disrupted pathways in ALD hiPSC-
derived organoids with an RNA-protein multiomics approach. By analyzing 
transcriptomic and proteomic data, we aim to capture the systems-level 
disruptions in cellular processes that drive ALD pathology. The use of 
organoids facilitates the study of complex cellular interactions and disease 
mechanisms in a human-relevant model, offering a broad perspective of ALD 
pathophysiology and identifying potential underlying molecular cascades.

The aim of Chapter 6 is to establish the groundwork for translational 
applications by testing AAV-based capsids optimized for CSF delivery in non-
human primates in hiPSC-derived spinal cord organoids. This work highlights 
the potential for hiPSC-derived models as a preclinical tool to evaluate gene 
therapy approaches in controlled, patient-specific ALD model.
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