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Chapter 7

In this thesis, we set out to address key questions regarding ALD
pathogenesis and evaluate the potential of hiPSC-derived models to study
disease mechanisms and therapeutic strategies. Through the integration
of several omic analyses in hiPSC-based models, we examined how
disruptions in lipid metabolism contribute to ALD pathogenesis and how
these models can be leveraged to study both the neurodevelopmental and
neurodegenerative aspects of the disease. In this discussion, we revisit the
key questions outlined in the introduction, evaluating our findings in this
context, assessing the strengths and limitations of our approaches, and
exploring future directions for refining disease models and therapeutic
strategies.

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

Pathogenic variants in the ABCD1 gene are known to disrupt peroxisomal
B-oxidation, leading to the accumulation of very long-chain fatty acids
(VLCFA) 2. In the brain, at both the RNA and protein levels, ABCD1 is most
abundant in astrocytes and microglia, and it is present to a lesser extent in a
subset of oligodendrocytes and neurons®*. In chapter three, we conducted
a comprehensive lipidomic analysis of hiPSC-derived astrocytes from ALD
patients to understand the impact of pathogenic variants on the astrocytic
lipidome. Our findings revealed profound alterations in the lipid profile of
ALD hiPSC-derived astrocytes, with a particular enrichment of VLCFA across
multiple lipid classes. Notably, we observed substantial increases in VLCFA-
containing lipid species within triacylglycerols, cholesteryl esters, and
phosphatidylcholine. These lipid classes play crucial roles in cellular energy
storage, membrane structure, and signalling processes. The accumulation of
VLCFA in these lipid classes suggest a disruption in lipid metabolic pathways.
Overall, our lipidomic profiling highlights that ABCD1 pathogenic variants
lead to a widespread disruption in the astrocytic lipidome, characterized by
VLCFA accumulation.

Functional changes in astrocytes that contribute to disease progression
can be broadly categorized as “dyshomeostasis” and “cytotoxicity”, with
these states often coexisting and influencing each other®. Dyshomeostasis
can be defined as the failure of astrocytes to carry out their normal neuronal
support and homeostatic functions. In contrast, cytotoxicity refers to
astrocytes actively driving pathological progression, including the release
toxic factors, such inflammatory cytokines and neurotoxic lipids®. Astrocytes
respond to disease and injury by undergoing morphological, transcriptional,
and functional alterations, shifting into a “reactive” state that can have both
neuroprotective and neurotoxic effects’. We observed that ALD hiPSC-
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derived astrocytes presented an increase in reactive-associated astrocyte
genes. Importantly, analysis of the lipidome of cytokine-induced reactive
astrocytes revealed increased levels of saturated lipids, particularly saturated
LCFA and VLCFA, which resulted in neurotoxicity®. Moreover, others showed
that lipoproteins secreted by mouse Abcdl-deficient astrocytes were
enriched in VLCFA and significantly increased lactate dehydrogenase release
from mouse primary cortical neurons, indicating cellular damage®. Overall,
VLCFA accumulation is likely a key driver of astrocyte dyshomeostasis,
impairing essential functions such as neuronal support. In our experimental
setup, this is supported by the reduced astrocytic support observed in co-
cultures with neurons. In addition, the secretion of VLCFA in lipoproteins by
ALD astrocytes may represent a mechanism contributing to neurotoxicity.

Given that ABCD1 is highly present in microglia within the brain, it is
crucial to further investigate the role of microglia in ALD pathogenesis®*.
Histopathological studies have indicated that in cerebral ALD there is a
gradual reduction in myelin lipids already starting at prelesional areas. In
these prelesional areas, the loss of myelin lipids happens simultaneous to
axonal damage, microglia depletion, and astrocytic stress, suggesting that
glial dysfunction may precede overt demyelination®'". To expand on our
findings, future studies should characterize the lipidome of ALD microglia
to determine whether VLCFA accumulation similarly disrupts their lipid
metabolism and function. Additionally, neuron-astrocyte-microglia tri-
cultures would be crucial to elucidate how ALD glia influence neuronal
integrity. Functional assessments using microelectrode arrays (MEAs) to
evaluate neuronal activity and morphological analyses of neuronal dendritic
complexity could provide critical insights into the neurotoxic effects of ALD
glia. These approaches could help clarify the contribution of different glia
cell types to neuronal pathology in ALD.

Importantly, hematopoietic stem cell transplantation (HSCT) halts the
leukodystrophy progression but does not prevent the later onset of spinal
cord disease in ALD patients'>'3. This clinical dissociation suggests a
prominent role for microglia in the leukodystrophy, while astrocytes, the
other major glia cell type with high ABCD1 expression, may play more
central role in the axonal degeneration observed in the spinal cord disease,
as astrocyte dysfunction remains uncorrected by HSCT. Together, these
observations support the concept that distinct glia cell types differentially
contribute to the clinical manifestations of ALD.
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2. What are the lipidome changes that occur during neurodevel-
opment in healthy and ALD conditions?

The findings presented in Chapter 4 demonstrate that neurodevelopment
in both cortical and spinal organoids is characterised by significant changes
in the composition of lipids, with a progressive enrichment of complex
lipids such as sphingomyelins, ceramides, and gangliosides. These changes
reflect the increasing structural and functional complexity of neuronal
and glial membranes. However, while ALD organoids followed a similar
developmental trajectory, the incorporation of VLCFA into complex lipids
was evident already at day 50. The incorporation of VLCFA into membrane
lipids has the potential to disrupt normal membrane properties, alter
lipid raft dynamics, and could predispose cells to oxidative stress and
neuroinflammatory cascades.

Through the organoid system, we were able to detect lipid alterations
unfold during neurodevelopment, demonstrating that lipid dyshomeostasis
emerges as soon as neurodevelopment starts in this inborn error of
metabolism. Our lipidomics organoid results highlight how early the lipid
profile of the CNS is impacted, suggesting that the therapeutic window
for intervention could be considered very early, potentially even before
clinical symptoms manifest. Unfortunately, the lack of robust molecular
and clinical biomarkers that can reliably predict disease phenotype and
progression remains a significant challenge. Based on our lipidomic findings,
potential biomarkers for cerebral ALD could include increased levels ultra-
long-chain fatty acid (ULCFA)-enriched phospholipid subclasses, such as
phosphatidylcholine (PC), as well as decreased levels in gangliosides and
sulfatides. Future studies should explore the translational potential of these
lipid signatures in cerebrospinal fluid (CSF) of a well-characterized ALD
cohort to advance earlier diagnosis and therapeutic monitoring.

Both 2D hiPSC-derived astrocyte cultures and 3D organoid models
provide valuable insights into ALD-associated lipid alterations, each
capturing distinct aspects of the disease. 3D organoid models provide a
valuable system to study lipidomic changes across neurodevelopmental
stages, capturing dynamic cell-cell interactions between neurons, astrocytes,
and oligodendrocytes. Meanwhile 2D astrocyte cultures allow for higher
throughput analyses and more targeted investigation of cell-specific
contributions. In ALD hiPSC-derived astrocytes, we observed a pronounced
incorporation of VLCFA into cholesterol esters (CE). In cortical organoids,
CE levels progressively increased over time, with VLCFA incorporation
being present at all timepoints in ALD organoids. In the brain, astrocytes
are essential cholesterol producers, synthesizing it in the endoplasmic
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reticulum, trafficking it to the plasma membrane via vesicles, and mediating
its export in apolipoprotein particles''>. In contrast, oligodendrocytes rely
on cholesterol synthesis for myelin formation, with myelination correlating
with increasing cholesterol levels during development'. The rise in CE
observed in organoids may reflect an expanding astrocyte population, an
increase in myelination, or both. Given the central role of astrocytes and
oligodendrocytes in cholesterol homeostasis during neurodevelopment,
single-cell lipidomics has the potential to offer deeper insights into the
evolution of the lipidome of different cell types during these events, as
well as the propagation of lipid disruptions caused by ALD across different
cell types. While monocultures are useful for isolating lipidomic changes
within specific cell populations, tissue-level analyses enable the study of
lipid cascades over time, with single-cell analysis capturing how disruptions
in one cell type affect the broader neural environment. Integrating these
approaches may be key to understanding the metabolic vulnerabilities of
ALD and identifying cell-type-specific therapeutic targets.

While our organoid model successfully captured lipidomic alterations
associated with ALD and revealed that myelin-relevant lipids do not reach
normal levels, we did not observe an impact on the oligodendrocyte lineage,
and therefore failed to capture the demyelination phenotype. The absence
of oligodendrocyte cellular pathology may be consistent with clinical
observations indicating that myelin is largely intact prior to lesion formation,
although subtle microstructural alterations may already be present in
normal-appearing white matter, and that leukodystrophy onset may require
interaction between oligodendrocytes and microglia'. This likely reflects
the fact that organoids recapitulate neurodevelopment in a timely manner,
meaning that the onset of demyelination may occur beyond the current
culture period. To address this limitation, future studies could consider
prolonging the culture duration, although long-term cultures pose a variety
of challenges such as increased costs, decreased experimental efficiency,
and the risk of developing hypoxic inner organoid cores affecting cellular
viability. Alternatively, future studies could explore methods to accelerate
organoid differentiation and maturation such as the use of a combination
of small-molecules that successfully accelerated hiPSC-derived neuron
maturation, or engineering approaches such as bioactive scaffolds that
enhance cell-cell interactions'®. These methods could potentially shorten
the time required to model neurodegenerative features like demyelination,
enabling a more comprehensive recapitulation of ALD pathology within a
feasible experimental timeframe.
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3. Which molecular pathways are disrupted in ALD, and how can
multi-omics approaches inform disease mechanisms?

Multi-omics approaches offer a powerful framework for unraveling
ALD pathogenesis by integrating molecular insights across multiple
levels of cellular function. In Chapter 5, we leveraged pathway analysis of
transcriptomic and proteomic data to identify key cellular pathways disrupted
in ALD organoids. Based on these alterations, we propose hypotheses on
how they could contribute to ALD neuropathology.

One of the emerging hypothesis from our pathway analysis findings is
that VLCFA accumulation might contribute to DNA damage indirectly
via increased oxidative stress, as suggested by the downregulation of
mitochondrial NAD(P)H oxidoreductase pathways, reduced GSTM1 levels,
and the upregulation of DNA repair pathways in ALD organoids. This
aligns with previous reports of elevated oxidative stress markers in ALD'"%°.
The changes observed in ALD organoids indicate a reduced capacity for
neutralizing reactive oxygen species (ROS), potentially leading to increased
DNA oxidation and chromatin instability. A particularly intriguing aspect of
our findings is that DNA repair pathways were upregulated in ALD hCO
at day 100 but downregulated in ALD hSO at the same time point. This
discrepancy suggests a tissue-specific response, possibly due to differences
in cell-type composition or intrinsic repair mechanisms in cortical versus
spinal cord neurons. Notably, day 100 corresponds to a high-transcriptional-
activity period in cortical organoid development, characterized by neuronal
specification, glial generation, cell migration, and circuit formation.
Increased transcriptional activity has been linked to greater vulnerability to
oxidative DNA damage, as highly active genes are more exposed to ROS-
induced lesions?'. Interestingly, spinal cord myelination precedes that of the
cerebral cortex during neurodevelopment in all vertebrates ?. Therefore,
it is possible that the peak period of transcriptional vulnerability in spinal
organoids occurred before our sample collection, and that cortical organoids
initiate a stronger DNA damage response at this stage compared to spinal
cord organoids due to time differences in transcriptional programs.

Recently, lipidomics analysis of ALD plasma samples indicated an
association between higher levels of lipids containing VLCFA and the
presence of leukodystrophy?. Integrating this finding into the DNA damage
hypothesis, high VLCFA levels could exacerbate oxidative stress during
critical neurodevelopmental highly active transcriptional windows, such
as those during gliogenesis, potentially influencing leukodystrophy onset
and phenotype severity. Indeed, at day 100 we observed a decrease in
oligodendrocyte core genes at the protein level, and a reduction in myelin-
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relevant lipids such as sulfatides with lipidomics. Overall, this hypothesis
proposes a pathological model in which high VLCFA levels increase
the predisposition to DNA damage, which subsequently could affect
transcriptional programs, particularly those essential for oligodendrocyte
development, thereby increasing the risk of developing leukodystrophy.

Next to the DNA repair and metabolism pathways, we mainly observed
an impact to neuronal communication pathways. Synaptic integrity is highly
dependent on membrane composition, and our findings suggest that
VLCFA could disrupt synaptic organization. This is particularly important
in lipid rafts, which are specialized membrane microdomains with reduced
fluidity that facilitate the clustering of synaptic proteins®. Recent studies
have demonstrated that VLCFA-containing gangliosides are essential for the
proper organization of lipid rafts in neurons, and the loss of VLCFA synthesis
alters ganglioside composition, disrupting lipid raft integrity?>. In contrast,
ALD is characterized by an accumulation of VLCFA, raising the question of
whether excess VLCFA exerts a distinct yet functionally similar disruption to
lipid rafts as VLCFA deficiency. One possibility is that the precise balance of
VLCFA within membranes is critical for lipid raft stability, and deviations in
either direction, deficiency, or excess, lead to dysfunction.

Overall, this hypothesis proposes a pathological model in which high
VLCFA levels increase the predisposition to DNA damage. In turn, this
damage could affect transcriptional programs, particularly those essential
for oligodendrocyte development, increasing the risk of developing
leukodystrophy.

Tofurtherinterpretthe pathway-level disruptionsidentifiedin Chapter5, we
next consider how these findings relate to the lipidomics results from Chapter
4. Our lipidomics analysis of ALD cortical organoids revealed a reduction in
gangliosides, particularly GM1, alongside a reduction in sulfatides, which are
essential for myelin maintenance?. Given that gangliosides cooperate with
sulfatides to stabilize axo-glial junctions, such as MAG-NF155 interactions,
these changes may contribute to impaired neuron-glia communication?.
Disruptions in these lipids could also have functional consequences at the
synaptic level. In line with this, pathway analysis in Chapter 5 identified
dysregulation of neuronal communication and synaptic-related pathways in
both transcriptomic and proteomic datasets, further supporting the idea that
VLCFA-driven lipid imbalances contribute to synaptic dysfunction in ALD.
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The impact of VLCFA accumulation on synaptic function may extend
beyond lipid raft alterations. Lipidomics analysis from Chapter 4 of ALD spinal
organoids revealed a reduction in ether-linked phosphatidylethanolamines
(PE[O+P]) alongside an increase in lysophospholipid derivatives, suggesting
enhanced phospholipase A2 activity?®. Given that plasmalogens, such as
PE[O+P], are critical forantioxidant defense and membrane homeostasis, their
reduction may further exacerbate oxidative stress and membrane instability?.
This aligns with the transcriptomic and proteomic findings from Chapter 5,
where mitochondrial pathways were consistently downregulated in ALD
spinal organoids. Mitochondrial dysfunction can impair ATP production and
increase ROS generation, further stressing membrane integrity and synaptic
stability. The depletion of plasmalogens, combined with mitochondrial
deficits, suggests a dual mechanism by which VLCFA accumulation disrupts
both oxidative homeostasis and bioenergetics.

Integrating findings across different molecular datasets provides a
more comprehensive view of ALD pathomechanisms, as each approach
captures distinct but complementary aspects of disease pathology.
Our results also emphasize the importance of examining different CNS
regions, as ALD cortical and spinal cord organoids exhibited overlapping
yet distinct molecular alterations, highlighting the need for tissue-specific
investigations. However, despite the strengths of our multi-omics approach,
certain limitations remain. Our analyses were performed at the bulk level,
which hinders the identification of cell-type-specific contributions to
disease pathology. Emerging single-cell approaches, including single-
cell RNA sequencing, spatial transcriptomics, and advancements in mass
spectrometry-based lipidomics and proteomics, offer promising avenues
to resolve cellular heterogeneity®-32. Moreover, the isolation and sorting of
specific cell types for lipidomics and proteomics analysis has the potential to
provide deeper insights into the metabolic and structural changes occurring
within distinct neural and glial populations®. Finally, it should be noted
that our current organoid models lack key components of the CNS, such as
microglia and vasculature. Future studies incorporating microglia-containing
or vascularized organoids may provide a more physiologically relevant
model to further dissect the interplay between VLCFA accumulation, lipid
metabolism, and pathomechanisms in ALD.

Figure 1. Proposed pathological model. At the cellular level (top), ABCD1 deficiency results in
VLCFA accumulation, incorporation into membranes, and mitochondrial impact. Mitochondrial
dysfunction results in elevated reactive oxygen species (ROS), which drive DNA damage. VLCFA levels
might increase the predisposition to DNA damage, increasing the risk of developing leukodystrophy. At
the process level (bottom), neuronal communication is impacted potentially due to a cell-autonomous
neuronal defect, impaired astrocytic support caused by cholesterol ester (yellow circles) accumulation, or
both. Additionally, myelin maintenance is compromised by reduced sulfatide levels in oligodendrocytes
and decreased gangliosides in neurons.
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4. Can hiPSC-derived models serve as reliable preclinical platforms
for developing therapeutic strategies, such as AAV-mediated gene
delivery?

Gene therapy offers significant potential for treating inherited
neurodegenerative disorders, including ALD, for which no curative
treatments exist. Among the most promising approaches for CNS-targeted
gene therapy is the use of adeno-associated virus (AAV) vectors, with recent
clinical trials demonstrating their potential to deliver effective therapies to
the brain and spinal cord®. However, the translation of preclinical models
into effective human therapies remains a significant challenge for gene
therapy development, particularly for CNS-targeted treatments®. Recent
advancements in hiPSC-derived models, specifically hiPSC-derived CNS
organoids, offer a promising solution. These 3D models recapitulate
certain aspects of human CNS development, cellular organization, and
tissue polarity, providing an accurate system for studying AAV-mediated
gene delivery*. Recent studies have demonstrated the efficacy of hiPSC-
derived organoids in modeling human neurodegenerative diseases and
testing AAV-mediated gene therapies. For instance, in GM1 gangliosidosis,
human GLB1 knockout cerebral organoids were used to evaluate AAV9-
mediated GLB1 gene therapy, resulting in a significant reduction of GM1
ganglioside accumulation®. Similarly, hiPSC-derived retinal organoids
have been used to assess gene augmentation therapies for CRB1-related
retinopathies, where AAV-mediated delivery of the CRB1 gene partially
restored retinal structure and transcription profile*. Additionally, in models
of Leber congenital amaurosis associated with dominant CRX mutations,
AAV-based gene therapy corrected disease phenotypes in patient-specific
retinal organoids®. These studies highlight the potential of hiPSC-derived
organoids as preclinical platforms for evaluating AAV-based gene therapies.

In ALD, gene therapy has emerged as a promising therapeutic strategy,
particularly for cerebral ALD. Autologous CD34+ hematopoietic stem cells
transduced with the Lenti-D lentiviral vector containing ABCD1 cDNA have
shown significant clinical benefits*®#!. Clinical trials suggest that Lenti-D gene
therapy is at least as effective as conventional allogeneic transplantation for
treating the leukodystrophy, with the added advantage of avoiding graft-
versus-host disease, potentially making it a safer option. However, while gene
therapy for cerebral ALD is advancing, there remains a significant unmet
need for patients with the spinal disease. AAV-mediated delivery of ABCD1
to the spinal cord has been explored in preclinical models, demonstrating
therapeutic potential in restoring ABCD1T expression in the ALD mouse
model*’. Despite that, a major challenge in spinal gene therapy is achieving
sufficient gene delivery throughout the entire spinal cord while minimizing
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systemic leakage, which could lead to off-target effects and toxicity.

hiPSC-derived spinal cord organoids offer a promising solution by
providing a human-relevant platform to optimize AAV-mediated ABCD1
delivery. These models offer a controlled system to assess novel AAV capsids
with improved biodistribution, enabling the evaluation of transduction
efficiency. In Chapter 6, we describe the use of hiPSC-derived spinal cord
organoids from healthy individuals as a means to evaluate next-generation
AAV capsids, aiming to refine capsid selection based on a prior screening
in non-human primates. By integrating lipidomic analysis, ALD organoids
could be used to determine whether vector-mediated ABCD1 delivery
restores its expression and reduces VLCFA accumulation, key indicators
of therapeutic efficacy in ALD. Moreover, restricting ABCD1 expression to
cell-type-specific promoters in these organoids could help elucidate which
CNS cell populations contribute most to lipid homeostasis restoration,
informing vector design for an improved clinical translation. Delivering
ABCD1 to each glia cell type independently may clarify how distinct glia
populations contribute to different clinical manifestations, supporting the
design of next-generation gene and cell-based therapies. This is particularly
relevant, as the exact mechanism by which hematopoietic stem cell
transplantation stabilizes cerebral ALD remains unclear. Transplantation
studies in the ABCD1-deficient mouse model have shown the engraftment
of bone marrow-derived microglia-like cells in the brain, although this did
not lead to VLCFA reduction, highlighting microglia turnover as a potential
contributor to disease stabilization®®. Future studies could leverage ALD
hiPSC-derived spinal cord organoids to dissect the relative contributions of
microglia replacement versus ABCD1 gene restoration in reestablishing lipid
homeostasis. This approach could not only refine gene therapy strategies
but also provide critical insights into disease mechanisms, ultimately paving
the way for more effective therapeutic interventions in ALD.

Advancing hiPSC-derived CNS disease models

Human iPSC-derived models represent a powerful tool for studying ALD,
yet their ability to fully replicate disease pathology presents both strengths
and limitations. One of the most significant challenges in modeling cerebral
ALD is the recapitulation of demyelination. In Chapter 4, we generated
organoids that presented myelination; however, our analysis did not reveal
a significant decrease in the oligodendrocyte lineage population. This
highlights a key limitation of current ALD hiPSC-derived organoids, which
lack robust white matter pathology. This contrasts with the demyelinating
phenotype observed in cerebral ALD patients. However, despite this
constraint, we did observe a reduction in sulfatides and gangliosides, lipids
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essential for myelin maintenance. These findings suggest that hiPSC-derived
organoids may be particularly useful for investigating early pathogenic
events in ALD, offering insights into disease initiation rather than end-stage
pathology.

Similarly, modeling spinal disease in ALD presents unique challenges.
The late-onset neurodegeneration observed in patients with spinal ALD is
characterized by progressive axonopathy, which is difficult to fully reproduce
in organoid systems. However, spinal organoids do capture key aspects of
motor neuron development and survival, providing an opportunity to study
the cellular vulnerabilities underlying spinal disease in ALD. The lipidomic
and pathway disruptions identified in ALD spinal organoids (Chapters 4 and
5) highlight their potential for uncovering novel disease mechanisms and for
testing targeted interventions.

A comparison with traditional animal models (Chapter 2) further
contextualizes the utility of hiPSC-derived systems. While ALD mouse models
do not develop cerebral demyelination, they exhibit certain biochemical
and neurodegenerative features, making them useful for specific aspects of
disease study. However, species-specific differences limit their translational
relevance. In contrast, hiPSC-derived models offer a human-based system
that more accurately reflects patient-specific disease mechanisms. The
complementary use of hiPSC-derived models and animal studies is likely to
yield the most comprehensive understanding of ALD pathogenesis.

To enhance the fidelity of hiPSC-based models, several refinements
could be implemented. The use of assembloids, self-organizing systems
that result from the integration of multiple organoids, could provide a more
physiologically relevant environment for studying ALD pathology. This is
particularly relevant for modelling the spinal disease, where assembling
cerebral cortex and spinal cord organoids with skeletal muscle organoids
could enable the study of cortico-spinal-motor pathway dysfunction in ALD.
Additionally, incorporating microglia into these assembloids would allow for
the study of microglia activation and lipid homeostasis, addressing a key
aspect of ALD pathogenesis that remains underexplored in vitro.

Beyond assembloids, directed differentiation strategies could improve
the generation of mature oligodendrocytes within organoids, providing
a better model to study demyelination**. Furthermore, optimizing long-
term culture conditions to extend organoid maturation may allow for
the emergence of later-stage disease phenotypes, potentially revealing
progressive neurodegenerative features relevant to ALD.
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Closing remarks

This thesis establishes hiPSC-derived CNS systems as a valuable in vitro
model to study ALD pathomechanisms and therapeutic strategies. By
leveraging lipidomics, proteomics, transcriptomics, and cellular analyses,
these models have provided new insights into how VLCFA accumulation
disrupts cellular homeostasis in ALD, from astrocyte dysfunction to neuronal
and oligodendrocyte vulnerabilities. However, several key questions remain
unanswered. Future studies should focus on dissecting the mechanistic
links between VLCFA accumulation, lipid dysregulation, and specific
neuropathological features of ALD.

Beyond mechanistic insights, hiPSC-derived models also provide a
platform for therapeutic discovery. Small molecule screening using ALD
astrocytes and organoids could identify pharmacological agents capable of
modulating lipid metabolism or reducing VLCFA toxicity.

In a broader context, the methodologies developed in this thesis have
implications beyond ALD, offering a blueprint for studying other peroxisomal
disorders and CNS diseases characterized by lipid dysregulation.
Notably, we provide a lipidomics resource characterizing the lipidome of
neurodevelopment in organoids, which can serve as a valuable reference for
scientists investigating lipid metabolism in the CNS. By continuously refining
hiPSC-derived models and incorporating emerging technologies, the field is
moving closer to establishing human-relevant platforms for understanding
disease mechanisms and testing targeted interventions.

Ultimately, the advances presented in this thesis contribute to a growing
body of work demonstrating the power of hiPSC-derived models in studying
neurodegenerative and metabolic diseases. As these models continue to
evolve, they will play an increasingly important role in bridging the gap
between fundamental disease research and translational medicine, with the
ultimate goal of improving therapeutic outcomes for patients with ALD.
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