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Abstract

Parkinson’s disease (PD) is a multifactorial neurodegenerative disorder characterized by
the progressive loss of dopaminergic neurons in the midbrain, the accumulation of
misfolded a-synuclein, and chronic neuroinflammation. Despite its prevalence, the
mechanisms driving PD onset and progression remain incompletely understood, partly due
to limitations of conventional animal and 2D cellular models. In this thesis, we employed
advanced human midbrain organoid and assembloid models derived from patient-specific
induced pluripotent stem cells (iPSCs) to investigate key pathological features of PD.
Midbrain organoids, enriched in dopaminergic neurons and multicellular architectures,
provide a physiologically relevant platform to study disease mechanisms. We demonstrated
that organoids derived from PD patients carrying GBA-N370S mutation consistently
reproduced disease-relevant transcriptomic, metabolic, and proteomic signatures across
independently generated batches and time points. These findings validate midbrain
organoids as robust and reproducible models of genetic forms of PD. To address the
neuroimmune contribution to PD, we established the assembloid model where we
incorporated iPSC-derived microglia into midbrain organoids. Microglia carrying the LRKK2-
G2019S mutation exhibited heightened activation, increased phagocytic capacity, and
elevated pro-inflammatory cytokine secretion. These phenotypes are accompanied by
metabolic reprogramming, including enhanced glycolysis and impaired serine biosynthesis.
Crucially, overactivated microglia induced dopaminergic neuron degeneration within the
organoid environment, a phenotype reversible by restoring metabolic balance. This
highlights the interplay between microglial metabolism and neurotoxicity. Finally, to explore
a-synuclein pathology, we generated patient-specific assembloids carrying the SNCA
triplication (3xSNCA). Remarkably, these assembloids developed early endogenous
formation of phosphorylated a-synuclein (pS129) pathology by day 50 of culture, in the
absence of exogenous fibril seeding. This pathology was absent in healthy control
assembloids, underscoring the critical role of patient-derived microglia in driving early
synucleinopathy. This model thus provides a unique platform for studying initial
neuroimmune interactions underlying a-synuclein aggregation. Together, the studies
presented in this thesis highlight the utility of organoid and assembloid technologies for
modelling distinct aspects of PD pathogenesis. We established robust, human-relevant
systems for investigating the genetic, inflammatory, and metabolic contributors to
neurodegeneration and for identifying strategies that may guide future therapeutic

development.
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Motivation and Aims

Parkinson’s disease (PD) is the fastest-growing neurodegenerative disorder and represents
a major medical and societal challenge due to its prevalence and lack of disease-modifying
therapies. Its clinical course is shaped by both motor and non-motor symptoms, which arise
from hallmark pathological processes including the selective degeneration of dopaminergic
neurons, accumulation of misfolded a-synuclein, and chronic neuroinflammation. The
interplay of genetic mutations (e.g. LRRK2, GBA, SNCA) with environmental risk factors
creates substantial variability in disease onset and progression, complicating efforts to

pinpoint early pathogenic mechanisms and develop effective therapeutic treatments.

To address this complexity, physiologically relevant human-based in vitro models are
essential. While conventional 2D neuronal cultures provide valuable mechanistic insights,
they lack the spatial and cellular complexity of the midbrain. Animal models, on the other
hand, provide whole-organism context but fail to recapitulate human-specific
neurodegenerative processes. Patient-derived midbrain organoids have emerged as
promising tools for PD modelling, as they recapitulate aspects of human midbrain
development and harbour functional dopaminergic neurons. These organoids also include
neural progenitors, astrocytes, and oligodendrocytes, which interact through synaptic
activity and neurotransmitter signalling. Despite their complexity, midbrain organoids lack
certain cell populations, most notably microglia, which are central players in immune

surveillance, neuroinflammation, and a-synuclein pathology.

Incorporating patient-derived microglia into midbrain organoids allows the investigation of
mutation-specific immune responses and their interactions with neurons in a physiologically
relevant context. This approach allows insights into how genetic variants such as LRRK2-
G2019S and SNCA triplication shape microglial behaviour, influence neuronal health, and
contribute to PD heterogeneity. Additionally, this model provides a platform to test
therapeutic strategies targeting microglial states, such as modulation of metabolic pathways

to reduce inflammation and protect neurons from degeneration.

The overall aim of this thesis is to enhance the physiological relevance and predictive power
of in vitro PD models by integrating microglia into midbrain organoids. This approach will
offer a deeper exploration of patient-specific mechanisms of PD pathogenesis and test new

strategies that could restore neuronal health and slow disease progression.



The distinct aims of the thesis are:

¢ Validate the reproducibility of midbrain organoids for PD modelling by analysing
independently generated batches of healthy and GBA-PD organoids using
transcriptomics, metabolomics, and high-content imaging.

¢ Identify technical and biological variables that influence reproducibility in midbrain
organoids.

e Characterize patient-derived microglia carrying the LRRK2-G2019S or SNCA
triplication mutations, focusing on their immune, metabolic, and lysosomal
phenotypes.

e Integrate microglia into midbrain organoids to investigate hallmarks and mutation-
specific microglial mechanisms driving neuroinflammation, dopaminergic neuron
degeneration, and a-synuclein aggregation.

o Evaluate glycolysis inhibition with oxamic acid as a therapeutic strategy to modulate

pro-inflammatory microglial states and protect dopaminergic neurons.
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Chapter 1: Synopsis

1. Introduction

1.1 Parkinson’s disease

Parkinson’s disease (PD) is a progressive neurodegenerative disorder that was first
described in 1817 by James Parkinson in “An Essay on the Shaking Palsy” (Parkinson
2002). Today, PD is considered the second most common neurodegenerative disorder after
Alzheimer’s disease (Dorsey et al., 2007; Kalia & Lang, 2015; Gadhave et al., 2024),
affecting approximately 1-2% of the population over the age of 65 (Dorsey et al., 2018). The
global burden of Parkinson’s disease has risen dramatically in recent decades, more than
doubling between 1990 and 2019 to an estimated 8.5 million worldwide. This upward trend
makes PD one of the fastest-growing neurological conditions in terms of prevalence,
disability, and mortality (Ou et a., 2021). Despite two centuries of research, PD remains
incurable, with available treatments providing only symptomatic relief. Although remarkable
progress has been made in understanding the underlying biology of PD, the exact
mechanisms driving disease initiation and progression remain incompletely defined
(Tenchov et al., 2025).

1.1.1 Clinical manifestation

The clinical presentation of PD is heterogenous and comprises both motor and non-motor
features. The cardinal motor symptoms, including bradykinesia, rigidity, resting tremor, and
postural instability, form the basis for clinical diagnosis (Jankovic 2008; Tolosa et al., 2021).
However, these motor deficits typically manifest only after more than 50-80% of
dopaminergic neurons in the substantia nigra pars compacta (SNpc) of the midbrain have
been lost (DeMaagd & Philip., 2015; Gadhave et al., 2024). Increasing evidence highlights
that PD pathology begins long before motor symptom onset, during a prodromal phase
characterized by non-motor symptoms. These may precede motor dysfunction by decades
and include olfactory deficits, sleep disturbances (such as REM sleep behaviour disorder,
insomnia, and excessive daytime sleepiness), constipation, urinary dysfunction,
depression, anxiety, pain, fatigue, hallucinations, and mild cognitive impairment (Chaudhuri
et al., 2006; Poewe et al., 2017; Pena-Zelayeta et al., 2025). Non-motor features often
persist and worsen alongside motor decline, greatly impairing quality of life (Jankovic & Tan,
2020). The heterogeneity in symptom profile, disease progression, and severity represents

a major challenge for early diagnosis and individual treatment strategies.
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1.1.2 Etiology and risk factors

PD is a multifactorial disorder resulting from the interaction of genetic predisposition, aging,
and environmental exposures. Monogenic causes explain only a small proportion of
Parkinson’s disease, estimated at ~3-5% of sporadic cases and a larger share of familial
cases. Overall detection rates can reach up to ~10-15% depending on ancestry and cohort
(Klein & Westenberger, 2012; Westenberger et al., 2025). These monogenic forms are
primarily due to rare, high-penetrance mutations, such as SNCA duplications, LRRK2
p.G2019S (with incomplete, age-dependent penetrance), and biallelic mutations in PRKN,
PINK1, or DJ-1. In contrast, most PD cases (~ 90%) are idiopathic, driven by polygenic risk
and environmental factors. Genome-wide association studies (GWAS) have identified
numerous common variants with small effect sizes that collectively contribute to PD
susceptibility. The genetic landscape of Parkinson’s disease therefore encompasses both
rare, high-penetrance mutations identified through linkage studies and common low-risk

variants found in large population cohorts (Figure 1) (Chandler et al., 2021).

VPS35 DNAJC13

. hd
T Rag3gs ATP13A2 PINK1

Common risk
alleles identified through
GWAS

Increasing risk ——————> Causal variants

Increasing frequency ————
Population frequency

Figure 1. Genetic architecture of Parkinson’s disease. Genes in red represent rare, high-
penetrance mutations identified through linkage studies and known to cause familial PD. Orange
indicates genes with moderate to high risk, often discovered via exome sequencing or GWAS. Yellow

highlights common low-risk variants identified in large-scale GWAS (Chandler et al., 2021).

Familial forms follow autosomal dominant inheritance patterns (e.g., SNCA, LRRK2,
VPS35) or autosomal recessive inheritance patterns (e.g., PRKN, PINK1, DJ-1, ATP13A2).

Research on these genes has revealed diverse pathogenic mechanisms: SNCA mutations

2



highlight the central role of a-synuclein aggregation (Nuytemans et al., 2010; Spillantini et
al., 1997), PRKN and PINK1 variants emphasize deficits in mitochondrial quality control and
mitophagy (Youle & Narendra, 2011; Pickrell & Youle, 2015), and LRRK2 mutations
implicate kinase signalling pathways and lysosomal homeostasis in neuronal vulnerability
(Bentley-DeSousa et al., 2025; Madureira et al., 2020). GWAS have also identified common
risk variants in LRRK2 and GBA. Several mutation variants in the GBA gene, namely
p.N370S and p.L444P, are strongly associated with PD, while others (e.g., p.T369M,
p.E326K) act more as risk modifiers with lower effect sizes. These variants increase risk but
show incomplete penetrance, underscoring the role of additional genetic and environmental
modifiers (Jankovic & Tan, 2020; Day & Mullin, 2021).

Age is the strongest risk factor in PD, with incidence rising sharply after the age of 50 (Pang
et al., 2019; Bloem et al., 2021). Aging itself promotes vulnerability to neurodegeneration,
since mitochondrial dysfunction, impaired protein clearance, accumulated DNA damage,
and chronic low-grade inflammation progressively weaken neuronal resilience (Lépez-Otin
et al., 2023). These age-related processes overlap with the key pathological features of
Parkinson’s disease and help explain why most cases occur sporadically in old age and are
not attributable to monogenic causes (Kalia & Lang, 2015). Sex differences also exist, with
men being more frequently affected than women (Taylor et al., 2007; Russillo et al., 2022;

Cattaneo & Pagonabarraga, 2025).

Environmental exposures including pesticides (e.g. paraquat, rotenone), heavy metals
(e.g., iron, manganese, copper, mercury, lead), and industrial toxicants are consistently
associated with a higher risk (Hatcher et al., 2008; Baldi et al., 2003; Caudle et al., 2012;
Zhao et al., 2023). Lifestyle factors such as traumatic brain injury, obesity, and physical
inactivity also appear to contribute (Delic et al., 2020; Chen et al., 2005; Chen et al., 2004).
Importantly, several of these risk factors are modifiable, and thus offer potential
opportunities for prevention or delay of disease onset (Li et al., 2025). For example, type 2
diabetes has been identified as a comorbid condition and potentially causative factor, with
evidence of overlapping pathophysiological pathways (Athauda et al., 2022). Interestingly,
inverse associations have been observed between PD risk and lifestyle factors such as
nicotine and caffeine consumption, suggesting potential protective mechanisms that remain

poorly understood (Kalia & Lang, 2015).

Beyond these environmental lifestyle risks, epigenetic mechanisms, including alterations in
DNA methylation and histone modifications, are increasingly recognized as factors
contributing to Parkinson’s disease susceptibility. Importantly, evidence from both in vitro

and in vivo models suggest that environmental exposures can shape the epigenetic



landscape, thereby linking external risk factors with disease-relevant molecular changes
(Jankovic & Tan, 2020; Tsalenchuk et al., 2023).

1.2 Neuropathology

The neuropathological hallmarks of PD include the progressive degeneration of
dopaminergic neurons in the SNpc and the accumulation of abnormal protein inclusions
collectively referred to as Lewy pathology. These inclusions, primarily composed of
misfolded a-synuclein, appear as Lewy bodies within neuronal somata and Lewy neurites
in axonal and dendritic processes (Spillantini et al., 1998; Kouli et al., 2018). Together,
selective neuronal vulnerability and a-synuclein aggregation define the central pathological
framework of Parkinson’s disease. However, multiple interconnected mechanisms,
including mitochondrial dysfunction, impaired protein clearance, and immune activation,
contribute to disease progression and shape the broader neuropathological landscape
(Poewe et al., 2017; Morris et al., 2024).

1.2.1 Selective loss of dopaminergic neurons

The progressive degeneration of neuromelanin-containing dopaminergic neurons in the
SNpc is the most characteristic neuropathological feature of PD and underlies its cardinal
motor symptoms. Although PD involves widespread neurodegeneration, including subtle
atrophy in the hippocampus, thalamus, brainstem, and other subcortical structures
(Zeighami et al., 2015; Tremblay et al., 2021; Oltra et al., 2022), the selective vulnerability
of SNpc neurons, particularly those in the ventrolateral tier, remains a defining feature
(Fearnley & Lees, 1991; Damier et al., 1999).

The neurons from the nigrostriatal pathway project densely to the putamen, where they
modulate motor control through dopaminergic signalling (Menegas et al., 2015). Their
degeneration leads to severe striatal dopamine depletion, disrupting basal ganglia circuits
and causing the characteristic motor symptoms of PD, including bradykinesia, rigidity, and
resting tremor. By the time of clinical diagnosis, it is estimated that more than 50-80% of
SNpc dopaminergic neurons have already been lost, underscoring the need for early

biomarkers and neuroprotective strategies (DeMaagd & Philip, 2015).

A striking feature of SNpc neurons is their extensive axonal arborization. Each dopaminergic
neuron forms up to 1 - 2.5 million synaptic contacts in the striatum, which far exceeds the
connectivity of neighbouring neurons in the ventral tegmental area (VTA) or striatal
interneurons (Bolam & Pissadeki, 2012). This vast synaptic network imposes extraordinary
bioenergetic demands on these neurons and makes them particularly susceptible to

metabolic stress (Pissadeki & Bolam, 2013).



Functionally, SNpc neurons exhibit autonomous pacemaker activity driven by sustained
calcium influx through L-type Cav1.3 channels. This continuous activity, combined with a
reliance on oxidative phosphorylation for ATP production, renders them vulnerable to
mitochondrial dysfunction and oxidative stress (Pissadeki & Bolam, 2013; Ni & Ernst, 2022).
Disruptions in calcium homeostasis, ATP synthesis, or mitochondrial quality control,
whether due to genetic mutations (e.g. in PINK1, PRKN) or environmental toxins, can
disproportionately affect these neurons and contribute to their selective degeneration
(Zhang et al., 2022).

Moreover, the presence of neuromelanin, a pigment that accumulates with age and binds
potentially toxic metals and compounds, can further exacerbate susceptibility. While
neuromelanin may serve a protective role under physiological conditions, its degradation
during neuronal death can trigger microglial activation and neuroinflammation, thereby

amplifying local damage (Kouli et al., 2018; Poewe et al., 2017).

1.2.2 Lewy pathology and a-synuclein aggregation

Lewy pathology, consisting of Lewy bodies and Lewy neurites, is the second fundamental
neuropathological feature of Parkinson’s disease. Lewy bodies are spherical
intracytoplasmic inclusions characterized by a dense core surrounded by radiating fibrils,
while Lewy neurites are dystrophic axonal and dendritic processes that contain filamentous
a-synuclein (Spillantini et al., 1998; Braak et al., 1999, Shahmoradian et al., 2019). These
pathological structures were once considered inert byproducts of neurodegeneration.
However, growing evidence suggests that Lewy pathology reflects a dynamic and toxic
process that directly contributes to neuronal dysfunction and neurodegeneration (Mahul-
Mellier et al., 2020).

The protein a-synuclein, encoded by the SNCA gene, is a small 140 amino acids protein
with a molecular weight of approximately 14 kDa. It is predominantly expressed in neurons,
especially at presynaptic terminals, and is also found in the nucleus and mitochondria under
certain conditions. Structurally, a-synuclein consists of three different domains: an N-
terminal amphipathic region that mediates lipid binding and membrane association, a
central non-amyloid-B component (NAC) domain that is prone to aggregation, and a C-
terminal acidic tail that regulates protein-protein interactions and modulates aggregation
dynamics (Figure 2A) (Bisaglia et al., 2006; Cox et al., 2014).
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Figure 2. a-synuclein structure, gene-dosage effect, and aggregation in PD. (A) a-synuclein is
a 140-amino acid protein with three functional domains: an N-terminal membrane-binding region with
KTKEGYV repeats, a central NAC domain critical for aggregation, and a c-terminal region involved in
protein interactions and phosphorylation. Familial PD mutations cluster in the membrane-binding
domain. (B) SNCA gene multiplications (duplication and triplication) lead to increased a-synuclein
expression with gene dosage influencing disease onset and severity. (C) a-synuclein monomers
aggregate into oligomers and fibrils, which leads to Lewy body formation (Bayati & McPherson,
2024).

Under physiological conditions, a-synuclein plays several important roles. It regulates
synaptic vesicle trafficking, facilitates neurotransmitter release, and contributes to
membrane curvature sensing. When bound to lipid membranes, a-synuclein adopts an a-
helical conformation, which is essential for its function in vesicle clustering and fusion.
Beyond its synaptic role, a-synuclein is involved in mitochondrial homeostasis, where it
influences mitochondrial dynamics and bioenergetics, as well as nuclear processes,
including DNA repair and transcriptional regulation (Rosborough et al., 2017; Wong &
Krainc, 2017; Bayati & McPherson, 2024). Under pathological conditions, a-synuclein
undergoes misfolding and aggregation driven by various post-translational modifications
such as phosphorylation (notably at serine 129), ubiquitination, nitration, and truncation.
These modifications destabilize its native conformation and promote the formation of [3-
sheet-rich oligomers, protofibrils, and fibrils. The central NAC domain is particularly critical
in this process, as it facilitates the self-assembly of a-synuclein into toxic aggregates (Du et
al., 2020). While mature Lewy bodies contain fibrillar a-synuclein, increasing evidence

suggests that soluble oligomeric and protofibrillar intermediates are the most neurotoxic
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species. These intermediates can disrupt cellular membranes, leading to calcium
dysregulation, impaired mitochondrial function, disruption of autophagy and proteasomal
degradation, and triggering neuroinflammatory responses (Figure 2C) (Yi et al., 2022; Dong-
Chen et al., 2023; Wong & Krainc, 2017). Notably, Lewy bodies do not consist exclusively
of a-synuclein fibrils. Proteomic analyses have revealed that they also contain lipids,
fragmented organelles, ubiquitin, and components of the autophagy-lysosomal system. This
complex composition suggests that Lewy bodies are formed through an active cellular
sequestration response aimed at isolating toxic materials, rather than by passive simple
protein accumulation (Gai et al., 2000; Mahul-Mellier et al., 2020). Thus, Lewy bodies may
be both a marker of proteostasis failure and a factor contributing to further neuronal

dysfunction.

The spread of Lewy pathology follows a stereotypical progression described by Braak
staging. This progression begins in the olfactory bulb and dorsal motor nucleus of the vagus
nerve, then spreads across the brainstem and midbrain structures, and ultimately affects
the cortical regions (Braak et al., 2003; Braak et al., 2004). This anatomical spread of Lewy
pathology aligns with the clinical evolution of PD, which typically begins with non-motor
symptoms and progresses to motor dysfunction and cognitive decline (Morris et al., 2024).
Mechanistically, a-synuclein aggregates appear to propagate in a prion-like manner,
involving cell-to-cell transmission of misfolded a-synuclein, which in turn can lead to
misfolding of native a-synuclein in recipient neurons and glial cells. This propagation can
occur via exosomes, tunnelling nanotubes, or direct synaptic connections, and is thought to
underlie the progressive nature of Lewy pathology (Wong & Krainc, 2017; Bayati &
McPherson, 2024). Although Braak staging describes a typical sequence of Lewy pathology,
exceptions exist. Notably, some genetic forms, particularly certain LRRK2 cases, show
limited or absent Lewy pathology despite clinical parkinsonism (Healy et al., 2008; Kalia &
Lang, 2015; Kouli et al., 2018).

Genetic studies have provided compelling evidence for the central role of a-synuclein in PD.
Mutations in the SNCA gene are associated with familial forms of Parkinson’s disease and
affect both the expression levels and aggregation properties of the protein. Point mutations
such as A53T, A30P, and E46K, alter the protein’s structures and increase its tendency to
form toxic aggregates. These mutations are linked to early-onset PD and are often
accompanied by a more aggressive disease progression. Moreover, SNCA gene
multiplications, including duplications and triplications, cause autosomal dominant forms of
PD. These mutations lead to increased a-synuclein expression, which correlates with
disease severity. Patients with SNCA duplications typically exhibit classic PD symptoms

with slower progression, while patients with triplications often develop PD at a younger age
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and experience more rapid motor and cognitive decline (Figure 2B) (Zafar et a., 2018;
Magistrelli et al., 2021). This gene-dosage effect underscores the importance of a-synuclein

levels in disease pathogenesis of the disease and supports its role as a therapeutic target.

In PD-related neurodegenerative disorders, including Parkinson’s disease dementia (PDD)
and Lewy body dementia (LBD), a-synuclein aggregates frequently coexist with other
misfolded proteins, including tau neurdfibrillary tangles and amyloid-B plaques. This
molecular interaction suggests converging mechanisms of proteinopathy and may enhance
neurotoxicity. It also helps explain the overlapping clinical features observed across

synucleinopathies and Alzheimer’s spectrum disorders (Irwin et al., 2023).

1.2.3 Neuroinflammation

In Parkinson’s disease, neuroinflammation has emerged as a key contributor to disease
progression, complementing the effects of dopaminergic neuron loss and a-synuclein
pathology. While acute inflammation can have a neuroprotective effect in response to injury
or infection, chronic inflammation is increasingly associated with the development and

exacerbation of neurodegeneration (Kwon & Koh, 2020).

Multiple factors, including aging, protein aggregation, chronic infections, and genetic
predisposition, can initiate and sustain neuroinflammatory responses. The central players
in this process are microglia and astrocytes, which respond to pathological stimuli by
releasing cytokines, chemokines, and reactive oxygen and nitrogen species. Although these
responses are initially aimed at restoring homeostasis, their persistence leads to oxidative
stress, mitochondrial dysfunction, and synaptic damage, thereby promoting neuronal
degeneration (Isik et al., 2023; Pajares et al., 2020). Microglia, the resident immune cells of
the brain, are consistently found in an activated state in the substantia nigra and other
affected brain regions in PD patients (McGeer et al., 1988; Zhang et al., 2023). Upon
activation, microglia secrete pro-inflammatory cytokines such as tumor necrosis factor-a
(TNF-a), interleukin-13 (IL-1B), and interleukin-6 (IL-6), which contribute to a cytotoxic
microenvironment. Moreover, post-mortem studies have shown increased expression of
major histocompatibility complex Il (MHC-II) molecules in microglia within the substantia
nigra, suggesting their involvement in antigen presentation and potential engagement of the

adaptive immune system (McGeer et al., 1988, Pajares et al., 2020).

Astrocytes, which normally support neuronal function through metabolic regulation,
neurotransmitter recycling, and maintenance of the blood-brain barrier, also undergo
changes in PD. Reactive astrocytes can lose their neuroprotective properties and begin to
secrete pro-inflammatory mediators, further amplifying microglial activation and neuronal

stress (Yi et al., 2022). Notably, several genes implicated in monogenic PD, such as DJ-1
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and LRRK2, are highly expressed in astrocytes, and mutations in these genes have been
shown to alter astrocytic inflammatory responses (Booth et al., 2018; Streubel-Gallasch et
al., 2021). Moreover, the crosstalk between activated microglia and reactive astrocytes
intensifies inflammatory signalling and promotes a hostile microenvironment that

accelerates neuronal loss (Yi et al., 2022).

Recent research has also highlighted the role of glial senescence in PD. Senescent
microglia and astrocytes exhibit a senescence-associated secretory phenotype (SASP),
characterized by the release of pro-inflammatory cytokines and chemokines that can be
toxic to surrounding neurons, including dopaminergic neurons (Russo & Riessland, 2022;
Ma et al., 2025). This loss of immune competence and gain of toxic functions further

contribute to the chronic inflammatory state observed in PD.

A key link between neuroinflammation and PD pathology is a-synuclein aggregation.
Misfolded and aggregated a-synuclein can directly activate microglia through pattern
recognition receptors such as TLR2 and TLR4, thereby triggering inflammatory cascades.
In turn, the inflammatory environment promotes further a-synuclein misfolding and
propagation of a-synuclein, creating a bidirectional relationship between protein
aggregation and immune activation. This cycle involves microglial release of pro-
inflammatory mediators, oxidative stress, and neuronal damage, which in turn facilitates the
spread of a-synuclein pathology across brain regions (Figure 3) (Zhang et al., 2023; Pajares
et al., 2020; Eo et al., 2024; Tansey et al., 2022).
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Figure 3. Bidirectional interaction between a-synuclein and microglia in PD. Microglia
recognize a-synuclein aggregates via surface receptors and internalize them. Impaired clearance
leads to intracellular accumulation and release of a-synuclein, promoting its spread. This process
activates microglia, triggering the release of pro-inflammatory cytokines and contributing to

neuroinflammation and dopaminergic neuron degeneration (Eo et al., 2024).

1.3 Microglia, the resident immune cells of the brain

Microglia are the resident immune cells of the central nervous system (CNS) and play a
vital role in maintaining brain homeostasis. Originating from yolk sac progenitors during
early embryogenesis, microglia populate the brain independently of peripheral immune cells
and are uniquely adapted to the neural environment (Lacaud & Kouskoff, 2017; Ginhoux et
al., 2013; Ormel et al., 2018). In the CNS, they make up to 12% of all cells and their density
varies depending on the brain region (Hickman et al., 2018). In their physiological state,
microglia continuously survey the brain parenchyma and respond to subtle changes in
neuronal activity, synaptic remodelling, and tissue integrity. As resident macrophages of the
brain parenchyma, microglia contribute to synaptic pruning, phagocytosis of apoptotic cells,
clearance of debris, and modulation of neurogenesis, thereby supporting neural circuit
development and plasticity (Nimmerjahn et al., 2005; Paolicelli et al., 2011; 2022; Butler et
al., 2020; Fu et al., 2014).

Microglia also play a role in regulating immune tolerance within the CNS. Under healthy
conditions, they maintain a balance between surveillance and restraint, avoiding
unnecessary inflammatory responses. However, this balance is disrupted in
neurodegenerative disorders such as Parkinson’s disease, where microglia adopt a
chronically activated phenotype that contributes to persistent neuroinflammation and
neuronal damage (Badjanak et al., 2021; Gao et al., 2023). In PD, microglia are implicated
in several key pathological processes. One of their primary roles is the recognition and
clearance of misfolded a-synuclein aggregates which accumulate into Lewy bodies and
neurites. Microglia detect these aggregates via pattern recognition receptors such as toll-
like receptors (TLRs), initiating inflammatory signalling cascades. While this response is
initially protective, chronic exposure to a-synuclein leads to overactivation, resulting in the
release of pro-inflammatory cytokines, reactive oxygen species (ROS), and nitric oxide
(NO), which exacerbate oxidative stress and contribute to dopaminergic neuron loss (Kim
& Joh, 2006; Lv et al., 2023; Eo et al., 2024).

Moreover, microglia influence synaptic function through their interactions with neurons and
astrocytes. In PD, dysregulated microglial activity can impair synaptic plasticity and

neurotransmission, further contributing to motor and cognitive symptoms. Recent studies
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have also highlighted the role of microglial autophagy and phagocytosis in modulating the
inflammatory response. Deficits in these processes can lead to impaired clearance of a-
synuclein and cellular debris, perpetuating inflammation and neurotoxicity (Choi et al., 2020;
Lv et al., 2023). Importantly, microglia are increasingly recognized as context-dependent
regulators of neurodegeneration. Their phenotype and function are shaped by
environmental cues, genetic background, and disease stage. For instance, microglia in the
prodromal and early stages of PD may exhibit a primed state that predisposes them to
exaggerated responses upon encountering pathological stimuli, reflecting a dynamic that
evolves across disease stages (Figure 4) (Zhang et al., 2005; Lind-Holm Mogensen et al.,
2025). Genetic studies have identified variants associated with PD risk that are
preferentially expressed in microglia, suggesting that microglial dysfunction may be a

primary driver of disease in certain individuals (Nalls, et al., 2019; Langston et al., 2022).
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Figure 4. Inmune dysregulation and clinical changes along the PD trajectory. Degree of
disability (y-axis) is plotted against the relative time to diagnosis (x-axis). Prodromal symptoms such
as constipation, hyposmia, and REM sleep behaviour disorder emerge up to two decades before
diagnosis. At diagnosis (black arrow), ~50-80% of dopaminergic neurons are dead, and a-synuclein
pathology is present. Microglial dysregulation (red) and peripheral immune cell involvement (purple)
increase with disease progression. Motor symptoms (green) and dementia (brown) worsen over time,
while dopaminergic neurons (dark green) steadily decline. A threshold Is crossed where microglia
shift from protective to detrimental. TSPO marks microglial activation (Lind-Holm Mogensen et al.,
2025).
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Given their central role in both neuroprotection and neurodegeneration, microglia represent
a promising target for therapeutic intervention. Strategies aimed at modulating microglial
activation, enhancing phagocytic clearance, or restoring homeostatic function may offer
new avenues for slowing or halting disease progression (Lind-Holm Mogensen et al., 2025;
Trainor et al., 2024).

1.4 Models of Parkinson’s disease

Understanding Parkinson’s disease requires experimental systems that allow researchers
to replicate key pathological features, test hypotheses about disease mechanisms, and
evaluate potential therapeutic strategies. A variety of models have been developed, ranging
from animal and cellular systems to advanced 3D brain organoids. Experimental models
are indispensable for studying PD pathogenesis and testing therapeutic strategies. No
single model fully recapitulates the human disease, but together they provide

complementary insights into the molecular and cellular mechanisms underlying PD.

1.4.1 Animal models

Animal models have historically provided the foundation for PD research. Rodents, non-
human primates, and non-mammalian species such as zebrafish and Drosophila have been
used to investigate the effects of PD-related genetic mutations, environmental toxins, or
their combination. Neurotoxin-based models commonly employ 6-hydroxydopamine (6-
OHDA), which selectively destroys dopaminergic neurons in the nigrostriatal pathway, and
MPTP, which induces mitochondrial dysfunction and dopaminergic neuron loss (Langston
et al., 1983; Ungerstedt, 1968; Schober, 2004). Environmental toxins such as rotenone and
paraquat have been used to model mitochondrial impairment and oxidative stress,
mimicking environmental risk factors for PD (Vaccari et al., 2019; McCormack et al., 2002;
Richardson et al., 2005). Genetic models involve transgenic or viral vector-mediated
overexpression of human PD-associated genes, including SNCA, LRRK2, PINK1 and DJ-
1. Additionally, injection of a-synuclein preformed fibrils (PFFs) into animal brains induces
progressive propagation of a-synuclein pathology, recapitulating prion-like spreading

observed in human PD (Konnova & Swanberg, 2018).

While animal models provide insights into dopaminergic neuron loss, motor dysfunction,
and some aspects of PD pathology, they are limited by species-specific differences in brain
structure, transcriptomics, metabolism, and immune responses, which constrain translation
to the human disease context (Potashkin et al., 2010; Pembroke et al., 2021). Notably,
rodents do not produce neuromelanin in their dopaminergic neurons, a hallmark of human
substantia nigra neurons (Marsden, 1961; Vila, 2019). Endogenous a-synuclein pathology

does not develop spontaneously in these rodent models and typically requires external

12



seeding with preformed fibrils to initiate aggregation, limiting the model’s ability to model full
spectrum PD pathology. However, more robust and progressive pathology can be achieved
by combining fibril seeding with a-synuclein overexpression or viral vector-mediated
delivery (Jackson-Lewis et al., 2012; Polinski et al., 2018; Thakur et al., 2017; Negrini et al.,
2022). Microglia also differ between rodents and humans in their transcriptional signatures
and regional distribution, underscoring the need for human-based models (Geirsdottir et al.,
2019). Nonetheless, rodent models remain indispensable in preclinical drug development,
as they allow in vivo testing of novel therapeutics prior to clinical trials (Srivastava et al.,
2024; Cenci & Bjorklund, 2020). Additionally, ethical considerations restrict experimental

design and long-term studies.

1.4.2 Postmortem brain samples

Human postmortem brain tissue is essential for validating PD pathology, confirming
dopaminergic neuron loss, Lewy body deposition, and neuroinflammatory changes
(Signaevsky et al., 2022). Such studies provide definitive evidence of end-stage disease
and enable correlation of molecular alterations with neuropathology. However, postmortem
tissue only represents the terminal stage of disease and cannot resolve whether observed
cellular changes are causes or consequences of neuronal health (Hartmann, 2004). Access
to high-quality tissue is further limited by donor recruitment, collection protocols, and
preservation methods, which vary across institutions and reduce standardization and
reproducibility (Sheperd et al., 2019).

1.4.3 2D cell culture systems

Two-dimensional (2D) cell culture systems offer accessible and controllable models to
investigate PD at the cellular level. Primary neurons derived from rodent brains better reflect
in vivo and can capture aspects of dopaminergic neuron biology, although they are
technically demanding and limited in scalability (Falkenburger et al., 2016). Human primary
fibroblasts are easily obtained from patients, allowing the study of patient-specific cellular
dysfunction, but they lack neuronal characteristic and fail to capture dopaminergic neuron-
specific pathology (Auburger et al. 2012). Immortalized cell lines such as SH-SY5Y
neuroblastoma and PC12 pheochromocytoma can be differentiated into neuron-like
phenotypes and are well suited for genetic manipulation (Biedler et al., 1978). Although
these cell lines do not fully recapitulate mature dopaminergic neurons, they remain useful
for studying general cellular processes relevant to PD, including a-synuclein dysfunction,

oxidative stress and mitochondrial impairment (Xicoy et al., 2017).

The discovery of induced pluripotent stem cells (iPSC) has revolutionised PD modelling by

enabling reprogramming of human somatic cells into stem cells that can be differentiated
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into virtually any cell types (Takahashi & Yamanaka, 2006; Cerneckis et al., 2024). iPSC-
derived dopaminergic neurons are generated based on midbrain developmental principles
during embryogenesis (Arenas et al., 2015; Hegarty et al., 2013). Differentiation first
involves guiding iPSCs to the neuroectoderm fate through inhibition of SMAD signalling,
which includes members of the transforming growth factor B (TGF-8) protein family and the
bone morphogenetic protein (BMP) (Chambers et al., 2009). Midbrain dopaminergic lineage
is subesquently specified by activation of sonic hedgehog (SHH), WNT, and fibroblast
growth factor 8 (FGF8) signalling (Arenas, 2014). Further maturation is achieved using
neurotrophic factors including brain-derived neurotrophic factor (BDNF) and glia cell line-
derived neurotrophic factor (GDNF) (Galet et al., 2020). Neuronal models derived from stem
cells have therefore become a powerful platform to investigate human disease in vitro
(Sterneckert et al., 2014).

Although these 2D models allow the study of specific neuronal populations, they do not fully
capture interactions between different cell types. Therefore, co-culture systems have been
developed to better understand cellular crosstalk in PD. For example, co-cultures of iPSC-
derived neurons and astrocytes enable researchers to investigate how neurons are affected
by healthy or diseased astrocytes (di Domenico et al., 2019). Similarly, co-culturing
dopaminergic neurons with microglia has revealed that microglial cells play a crucial role in
the maturation, synaptic function, and survival of dopaminergic neurons (Schmidt et al.,
2021). Tri-culture systems that include neurons, astrocytes and microglia have been used
to study neuroinflammatory mechanisms and the contribution of glial-neuronal interactions
to neurodegeneration (Ryan et al., 2020). Despite these advancements, 2D culture models
still lack the complexity of cellular interactions and brain architecture in a physiologically

relevant context (Ferrari et al., 2020; Avazzadeh et al., 2021).

1.4.4 3D models and midbrain-specific organoids

Three-dimensional (3D) organoids are self-organizing structures derived from pluripotent
stem cells that recapitulate aspects of human brain development and architecture (Yin et
al., 2016; Setia & Muotri, 2019). Derived from patient-specific iPSCs, they also enable
personalized medicine approaches by linking disease modelling directly to patient care. The
first cerebral organoids were generated using unguided differentiation, producing varying
proportions of cell types across different brain regions, but this variability limited
reproducibility and spatial organization (Lancaster et al., 2013). Guided differentiation
protocols have since enabled the generation of brain region-specific organoids, including
cortical, cerebellar, hippocampal, and midbrain (Qian et al., 2020; Mugurama et al., 2015;
Sakaguchi et al., 2015; Jo et al., 2016; Lee et al., 2017). Organoids offer a unique balance

between physiological relevance and experimental control, bridging the gap between 2D
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cultures and in vivo models in terms of cellular complexity and tissue architecture (Figure
5) (Aguilar et al., 2021).
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Figure 5. Increasing complexity in cell culture and organoid models. Organoids offer enhanced
physiological relevance compared to traditional 2D cell and primary cultures, enabling the study of
3D tissue architecture and cellular diversity. These models bridge the gap between simplified 2D
cultures and whole-organism systems, supporting more accurate investigation of human biology
(Aguilar et al., 2021).

Midbrain organoids are particularly relevant to PD research because they contain
dopaminergic neurons, astrocytes, and oligodendrocytes, exhibit electrophysiological
activity, and form functional synaptic networks, thus mimicking key features of the human
brain (Monzel et al., 2017; Smits et al., 2020; Zagare et al., 2021). Protocols using
neuroepithelial stem cells (NESCs) derived from iPSCs enable efficient and reproducible
midbrain organoid formation through SHH and WNT pathway activation (Reinhardt et al.,
2013; Monzel et al., 2017; Nickels et al., 2020; Smits et al., 2019). Electrophysiological
assays demonstrate that neurons within these organoid form active neuronal networks,
making them suitable for studying synaptic function, dopaminergic vulnerability, and early
pathogenic events. Interestingly, midbrain organoids at day 35 resemble human embryonic
midbrain development at around week 9, while organoids at day 70 correspond to week 10,
highlighting their ability to recapitulate early developmental stages (Zagare et al., 2022).
Importantly, midbrain organoids carrying PD-related mutations, including LRRK2, SNCA,
GBA, and PINK1, recapitulate disease-relevant phenotypes such as dopaminergic neuron

loss, synaptic disturbances, protein aggregation, and altered neuronal development (Jarazo
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et al., 2021; Rosety et al., 2023; Zagare et al., 2022; Muwanigwa et al., 2024). These
organoids provide a platform for studying patient-specific genetic contributions and early

disease mechanisms.

Recent work has introduced the concept of ‘chimeroids’, generated by fusing organoids
derived from genetically distinct individuals. This strategy enables the study of inter-
individual susceptibility to neurotoxic triggers in a controlled environment (Antén-Bolafos et
al., 2024). By combining cells from genetically distinct individuals, chimeroids provide direct
comparison of patient-specific responses and gene-environment interactions, providing a
platform to model the heterogenous vulnerability, disease progression, and treatment

response observed in PD.

However, since midbrain organoids are derived from neuroectodermal lineages, they lack
cell types originating from other lineages, such as mesoderm-derived immune cells and
pericytes (Urrestizala-Arenaza et al., 2024). Consequently, they cannot fully recapitulate the
dynamic intercellular interactions present in the human brain, despite containing a variety

of neuronal and glial cell types.

1.4.5. Advanced 3D brain organoid models - assembloids

Recent advances have extended organoid technology into assembloids, which combine
distinct brain region-specific organoids or integrate non-ectodermal cell types to mimic
cellular interactions, connectivity, and the immune environment (Pasca et al, 2022; Sabate-
Soler, Bernini et al., 2022; Sabate-Soler, Kurniawan et al., 2024; Makrygianni & Chrousos,
2021; Pasca, 2018). A key advancement in PD research is the incorporation of microglia
into midbrain organoids. Human iPSC-derived macrophage precursors are generated
following the protocol described by Haenseler et al (2017), in which iPSCs are differentiated
into MYB-independent macrophage/microglial progenitors through a series of mesodermal
and hematopoietic intermediates. In Sabate-Soler et al (2022), these iPSC-derived
macrophage precursors are co-cultured with developing midbrain organoids, where they
migrate, integrate, and acquire ramified morphologies resembling resident brain microglia.
Their presence enhances neuronal maturation, increases synaptic density, and promotes
functional electrophysiological activity, providing a more physiologically relevant
environment for PD modelling. Integration of microglia allows the study of microglia-neuron
interactions, including their roles in synaptic pruning, neuroinflammation, and
neurodegeneration, which are central to PD pathophysiology. This approach creates a
patient-relevant, three-dimensional platform to investigate genetic risk factors, patient-

specific cellular responses, and therapeutic interventions in a controlled in vitro human
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system (Abud et al., 2017; Song et al., 2019; Xu et al., 2021; Zhang et al., 2023; Hong et
al., 2023; Fiorenzano et al., 2025).

Another important model is the midbrain-striatal assembloid, which allows the study of
connectivity between dopaminergic neurons and their striatal projection targets, a key
interaction underlying motor circuit dysfunction in PD (Barmpa et al., 2024; Miura et al.,
2020). Advanced 3D models can also include vascular-like structures to improve nutrient
delivery and further mimic brain microenvironments (Cakir et al., 2019; Zimmermann et al.,
2025). While these models improve physiological relevance, challenges remain in
standardization, reproducibility, and long-term maintenance. Additionally, they reflect early-
stage PD because organoids are largely embryonic in nature, which highlights the need for
incorporating aging characteristic to study disease progression (Fiorenzano et al., 2025;
Tho et al., 2023; Babu et al., 2024; Setia & Muotri, 2019; Barmpa et al., 2024). Despite
these limitations, assembloids represent a powerful platform for modelling cellular, regional

and immune interactions in PD.
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2. Summary and Discussion of the results

This section presents key findings from three interconnected manuscripts (see Chapter 3)
demonstrating the reproducibility of midbrain organoids for Parkinson’s disease modelling,
and how the integration of patient-specific microglia enhances their physiological relevance.
This assembloid system enables the investigation of neuroinflammation, dopaminergic

neuron degeneration, and Lewy body-associated a-synuclein pathology.

2.1 Areproducible midbrain organoid model for Parkinson’s disease.

A major challenge in disease modelling using human pluripotent stem cell-derived
organoids is ensuring reproducibility across experiments, particularly when complex 3D
differentiation protocols are used (Ludwig et al., 2023; Sandoval et al., 2024). In Manuscript
I, we focused on the generation and characterization of patient-derived midbrain organoids
carrying the GBA-N370S mutation, a known genetic risk factor for Parkinson’s disease, with
particular attention to the assessment of technical reproducibility and biological variability.
Our findings highlight two key aspects. First, the midbrain organoid model is highly
reproducible across independently generated batches and sensitive to technical variables
such as NESC passage number. Second, the patient-derived organoids carrying the GBA-
N370S mutation consistently display disease-associated phenotypes that are in line with

previous studies.

Using multiple independently generated midbrain organoid batches derived from GBA-
N370S patient lines (Manuscript I, Figure 1), we observed that batch-to-batch variability
was relatively low (Manuscript |, Figure 2B-D). Instead, the passage number of the
neuroepithelial stem cells (NESCs) used to initiate organoid formation emerged as a more
influential technical variable that contributed to transcriptomic shifts (Manuscript I, Figure
2B-D). Both early- and late-passage cultures exhibited disease-relevant features, but early-
passage organoids consistently yielded a stronger and more stable transcriptomic
signature, particularly related to dopaminergic loss and cellular senescence (Manuscript |,
Figure 3A-C, Figure S2). These observations emphasize the importance of tracking and
controlling the passage number, a factor that can easily be overlooked in experimental

design but has a significant impact on data reproducibility.

Principal variance component analysis (PVCA) further demonstrated that biological
variables such as donor identity, disease status, and sex were the primary drivers of
transcriptional variance across samples (Manuscript I, Figure 2A-B). Nonetheless,
technical variables, particularly passage, must be accounted for when designing organoid

experiments. This is especially important for longitudinal or multi-omics studies, where small
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transcriptional shifts can affect biological interpretation. In addition, we performed sample
size and power analyses for our bulk RNA sequencing, high-content imaging, and
metabolomics datasets, as also recommended by the International Society for Stem Cell
Research (ISSCR) (Ludwig et al., 2023; Sandoval et al., 2024). These analyses confirmed
that the predefined number of biological replicates and independent batches in our
experimental design was sufficient to detect statistically meaningful differences across all
modalities. While including multiple batches increased the robustness of our findings
(Manuscript |, Figure 6), we emphasize that batches should not be treated as additional
biological replicates for the purpose of inflating statistical power. Instead, they should be

used as technical replicates to evaluate consistency across independent differentiations.

It is important to emphasize that the midbrain organoids in this study were generated using
a guided differentiation protocol which reduces variability by directing cells toward a defined
midbrain identity. The high reproducibility we observed likely reflects the controlled nature
of this approach. In contrast, unguided brain organoid systems rely on spontaneous self-
pattering and often exhibit greater heterogeneity in cell type composition and regional
identity (Lancaster et al., 2017; Qian et al., 2019). As a result, such models generally require
larger sample sizes and more rigorous standardization to detect robust, biologically
meaningful effects. Our results thus provide a strong foundation for the use of guided

midbrain organoids as a reliable and reproducible model system for studying PD.

Having established the technical reproducibility of the model, we next evaluated whether
GBA-N370S patient-derived organoids recapitulate characteristic molecular and cellular
features of GBA-associated Parkinson’s disease. The GBA gene encodes the lysosomal
enzyme glucocerebrosidase (GCase), which is critical for the breakdown of glycolipids
within lysosomes. Heterozygous mutations such as the common missense variant
c.1226A>G (p.N370S) are among the most prevalent genetic risk factors for PD. This
variant leads to reduced GCase enzymatic activity, disrupting lysosomal function and
promoting the accumulation of substrates such as glucosylceramide and a-synuclein, two
key features implicated in PD pathogenesis. Although GBA-N370S does not cause
Parkinson’s disease in all individuals who carry it, it is one of the most common genetic risk
factors and is associated with an increased likelihood of developing the disease, as well as
earlier onset and faster progression in diagnosed individuals. Similar to variants such as
LRRK2-G2019S, the pathogenic impact of GBA-N370S is thought to depend on interactions
with additional molecular and environmental factors to drive neurodegeneration (Sidransky
et al., 2009; Schapira & Gegg, 2013; Smith & Schapira 2022).
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In our study, we aimed to validate and further explore known features of GBA-associated
PD using highly reproducible midbrain organoid datasets. Across multiple independently
generated batches, we consistently observed hallmarks of GBA-PD pathology, including
decrease in TH-positive dopaminergic neurons (Manuscript I, Figure 4A-C, Figure S3),
increased expression of senescence-associated genes (Manuscript |, Figure 3, Figure
4D-F, Figure S2, Figure S4), and distinct metabolic alterations (Manuscript I, Figure 5,
Figure S5). These phenotypes align closely with previously published work (Rosety et al.,
2023; Zagare et al., 2024) and were validated across transcriptomic (Manuscript I, Figure
3, Figures S2-4), proteomic (Manuscript |, Figure 4), and metabolomic levels (Manuscript
I, Figure 5, Figure S5). The consistency of these findings across batches and timepoints
supports the biological robustness of the model and underscores its value in recapitulating

disease-relevant mechanisms.

Altogether, our study demonstrates that midbrain organoids derived from GBA-N370S
patient cells are a reproducible and phenotypically faithful in vitro model for Parkinson’s
disease. By identifying and controlling key sources of variability, particularly passage
number, and validating disease phenotypes across multiple experimental levels, this work
contributes to the standardization and scalability of organoid-based disease modelling.
These findings provide a practical framework for improving reproducibility in future organoid

studies and for advancing the use of patient-derived models in translational PD research.

2.2 Human patient-specific microglia drive Parkinson’s disease pathology in

midbrain organoids.

While conventional midbrain organoids recapitulate dopaminergic neuron vulnerability
(Manuscript 1), they lack a neuroimmune component. To address this, we incorporated
iPSC-derived microglia into midbrain organoids, following an optimized approach described
by Sabate-Soler et al. (2022). This assembloid model allows the investigation of microglia-
driven mechanisms in PD and provides a foundation for studying patient-specific

neuroimmune responses.

Manuscript Il focuses on the LRRK2-G2019S mutation, the most prevalent variant
associated with both familial and sporadic forms of Parkinson’s disease. Although the
mutation substantially increases the risk of developing PD, not all carriers are affected,
indicating that additional genetic, molecular, or environmental factors likely contribute to
disease onset and progression (Day & Mullin, 2021). LRRK2 is highly expressed during
early brain development, particularly in neuronal progenitors, and also plays a central role
in microglial function by regulating vesicle trafficking, cytokine release, and lysosomal
activity (Zechel et al., 2010; Milosevic et al., 2009). The G2019S mutation has been shown
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to enhance microglial inflammatory responses and contribute to a chronic pro-inflammatory
environment in the brain (Russo et al., 2014; Moehle et al., 2012). This neuroinflammatory
state may exacerbate dopaminergic neuron vulnerability, especially in the substantia nigra
where microglia are densely concentrated. These dual roles of LRRK2, in both neurons and
microglia, support a model in which the G2019S mutation contributes to PD pathogenesis
through a combination of intrinsic neuronal dysfunction and microglia-mediated
neuroinflammation, ultimately increasing the susceptibility of dopaminergic neurons to

cellular stress and degeneration.

To further decipher the contribution of LRRK2-G2019S to microglial dysfunction, we
investigated its effects in iPSC-derived human microglia. While the mutant microglia
retained typical identity markers and differentiation capacity (Manuscript Il, Figure 1), they
exhibited a distinctly altered immune profile, characterized by increased phagocytic capacity
(Manuscript Il, Figure 2C-D). This phenotype aligns with previous studies showing that
LRRK2 mutations, particularly p.G2019S, enhance phagocytosis in myeloid cells through
dysregulation of vesicle trafficking and cytoskeletal dynamics (Russo et al., 2014; Bonet-
Ponce & Cookson, 2022). Furthermore, LRRK2-G2019S microglia showed selective
upregulation of TNF-a (Manuscript Il, Figure 2E-F), a pro-inflammatory cytokine implicated
in both apoptotic and necroptotic mechanisms of neuronal death, suggesting a potential
pathway through which mutant microglia contribute to neurotoxicity (Brenner et al., 2015;
Ohtonen et al.,, 2023). At the metabolic level, we observed a shift towards a pro-
inflammatory immunometabolic state characterized by increased mTOR signalling and
elevated glycolytic flux (Manuscript Il, Figure 3E-F, Figure 4A-E, Figure S3C, Figure
S4A-C). Metabolomic profiling and isotope tracing further revealed a disruption in serine
biosynthesis, specifically reduced expression of PHGDH and PSAT1, accompanied by
lower incorporation of glucose-derived carbon into the serine pool (Manuscript Il, Figure
4D-J). Although ROS levels remained unchanged, the transcriptional enrichment of
oxidative stress-related pathways suggests the presence of compensatory antioxidant
responses to the elevated metabolic demands (Manuscript Il, Figure 3C-E, Figure S3C).
Collectively, these findings point to a metabolically driven pro-inflammatory microglial state
induced by the LRRK2-G2019S mutation, which may lower the threshold for
neuroinflammatory damage and contribute to disease-relevant pathology in Parkinson’s

disease.

To better capture the multicellular dynamics underlying Parkinson’s disease pathogenesis,
we integrated LRRK2-G2019S microglia into healthy control (WT) midbrain organoids. This
co-culture system allowed us to investigate neuroimmune crosstalk in a physiologically

relevant human model. In this context, LRRK2-G2019S microglia exerted a neurotoxic
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influence, leading to a selective loss of dopaminergic neurons compared to organoids
containing WT microglia (Manuscript ll, Figure 5B-D). This neuronal vulnerability was
accompanied by elevated CD86 expression, increased phagocytic activity, and higher TNF-
a levels (Manuscript ll, Figure 6C-E). These findings suggest that microglial dysfunction
in PD may act as a primary driver of disease-relevant pathology when predisposing
mutations are present, since mutant microglia alone are sufficient to trigger dopaminergic

neuron degeneration in an otherwise healthy neuronal environment.

Given our previous findings that LRRK2-G2019S iPSC-derived microglia exhibit a
metabolically primed, pro-inflammatory state, characterized by increased glycolysis, mTOR
activation, and TNF-a secretion, we hypothesized that this immune-metabolic dysregulation
contributes directly to neurotoxicity. To explore whether targeting this imbalance could
mitigate microglia-induced neuronal damage, we treated the assembloids with oxamic acid,
a lactate dehydrogenase inhibitor known to suppress glycolysis and mTOR signalling
(Fiume et al., 2011; Zhao et al., 2015). Oxamic acid treatment restored key metabolic
parameters in LRRK2-G2019S microglia (Manuscript Il, Figure 6A-B), reduced CD86
expression, and lowered TNF-a secretion, without impairing phagocytic capacity
(Manuscript Il, Figure 6A-E). Importantly, oxamic acid prevented dopaminergic neuron
loss (Manuscript Il, Figure 6F) supporting a TNF-a-dependent mechanism of microglial

neurotoxicity.

Overall, the data described in Manuscript Il demonstrates that the LRRK2-G2019S
mutation reprograms human microglia into a metabolically primed, pro-inflammatory state
that promotes dopaminergic neuron degeneration. This supports a model in which microglial
dysfunction acts as a primary driver of neurodegeneration in PD, even in the absence of
intrinsic neuronal pathology. Our findings align with previous reports of LRRK2-mediated
immune dysregulation, including enhanced cytokine release and phagocytic activity (Russo
et al., 2014; Ho et al., 2019; Bonet-Ponce & Cookson, 2022), but extend them by showing
that metabolic reprogramming, specifically increased glycolysis and mTOR activation, may
be a critical upstream event in microglia-induced neurotoxicity. This metabolic shift reflects
a broader theme in PD pathogenesis, where immune cell metabolism is increasingly
recognized as a key regulator of inflammatory responses and neuronal vulnerability (Mark
& Tansey, 2025). Targeting altered metabolic states, specifically through glycolysis
inhibition, reduced TNF-a driven neurotoxicity while preserving beneficial phagocytic
function, highlighting microglial metabolism as a promising therapeutic entry point. These
findings are further supported by Blasco-Agell et al., (2025), showing that LRRK2-mutant
microglia are sufficient to induce dopaminergic neuron loss in iPSC-derived models,

confirming the concept that microglial dysfunction alone can drive PD-relevant pathology.
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Our results raise important questions about the temporal dynamics of microglial activation
and metabolic shifts during PD progression. For instance, it remains unclear whether
metabolic priming precedes inflammatory signalling or emerges as a consequence of
chronic activation. Moreover, whether similar immune-metabolic mechanisms are present
in other PD-associated mutations warrants further investigation. Future studies could
explore combinatorial interventions targeting both immune and metabolic pathways, and
leverage patient-derived assembloids to dissect genotype-specific responses and
therapeutic sensitivities. Importantly, our assembloid system provides a scalable and
physiologically relevant platform for testing such interventions, bridging the gap between

mechanistic insights and translational applications.

Using the assembloid model, we next investigated how microglia carrying the SNCA
triplication (3xSNCA) affect PD pathology within midbrain organoids. This mutation is a well-
characterized genetic cause of PD, in which individuals carry three instead of two copies of
the SNCA gene. This dosage increase leads to elevated a-synuclein expression and is
associated with early-onset, rapidly progressing PD with widespread Lewy-pathology
(Singleton et al., 2003; Devine et al., 2011).

In vitro studies using midbrain organoids derived from 3xSNCA patient lines have
consistently demonstrated increased total a-synuclein levels and, with prolonged culture
showing the progressive appearance of a-synuclein accumulation (Cui et al., 2024). For
example, Oliveira et al. (2015) reported that dopaminergic neurons from 3xSNCA iPSCs
display elevated total a-synuclein and mitochondrial abnormalities. Jo et al. (2021) showed
that when 3xSNCA midbrain organoids were exposed to conduritol B epoxide (CBE), a
lysosomal inhibitor, Lewy body-like inclusions formed by day 90, suggesting that disruption
of proteostasis is required to trigger visible pathology. Long term culture studies have
described progressive accumulation of phosphorylated a-synuclein (pS129), particularly
between days 100 and 180 of cultures (Mohamed et al., 2021; Becerra-Calixto et al., 2023;
Muwanigwa et al., 2024). These findings are consistent with a model in which SNCA
overexpression induces slow, cumulative pathological changes that eventually reach a
disease-relevant threshold. Notably, Lashuel et al. (2022) emphasized the need to
distinguish between diffuse phosphorylated a-synuclein and more structured, filamentous
aggregates with biochemical and morphological features of Lewy pathology. Nevertheless,
most in vitro models are unable to produce these mature pathological a-synuclein

structures, likely due to limitations in culture duration and cellular maturity.

In this context, Manuscript lll presents a significant advance by demonstrating that co-

culture of 3xSNCA microglia with midbrain organoids accelerates a-synuclein pathology,
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resulting in robust formation of pS129-positive aggregates at day 50, notably earlier than
previously reported. Phosphorylation at serine 129, located in the C-terminal region of a-
synuclein, is a key post-translational modification that is strongly associated with pathogenic
a-synuclein in PD (Eo et al., 2024; Chapter 1, Figure 2A). Modifications in the C-terminal
region, including pS129, can influence a-synuclein aggregation, with phosphorylation at this
site accelerating fibril formation, enhancing membrane interactions, and increasing
neurotoxic potential (Samuel et al., 2016). Importantly, the observed pS129 aggregation
occurs without exogenous preformed fibrils or pharmacological stressors, underscoring the
sufficiency of microglial dysfunction to initiate pathogenic a-synuclein accumulation. Taking
advantage of the assembloid model described by Sabate-Soler et al (2022) and used in
Manuscript I, the integration of microglia carrying the 3xSNCA mutation into human
midbrain organoids enabled a detailed examination of how genetically predisposed immune

cells shape the early course of disease.

Already, 3xSNCA microglia not only expressed total a-synuclein but also exhibited a loss of
key homeostatic features, including impaired phagocytic capacity, altered pro-inflammatory
signalling, and transcriptional changes in lysosomal and metabolic pathways (Manuscript
lll, Figure 1, Figure S2). Upon integration into the 3xSNCA midbrain organoid environment,
these microglia adopted an activated, ameboid morphology, indicative of reduced
homeostatic surveillance, in contrast to WT microglia in WT midbrain organoids, which
maintained a more ramified, surveillant morphology (Manuscript lll, Figure 2D-E). The
3xSNCA assembloids exhibited also a significant increase in intra- and extracellular a-
synuclein as well as increased levels of its phosphorylated form (pS129) (Manuscript lll,
Figure 3). The interaction of the 3xSNCA microglia with neurons likely intensified
proteostatic stress, either through the release of pro-inflammatory cytokines or insufficient
clearance of extracellular a-synuclein. This initiates a pathological feedback loop in which
neuroinflammation, and aggregation reciprocally exacerbate each other. Notably, this
dysregulated phenotype was associated with the spontaneous accumulation of pS129,
which aggregated by day 50 (Manuscript lll, Figure 4A), substantially earlier than reported
in comparable SNCA overexpression models (Birtele et al., 2025). The morphological
diversity of the pS129-positive structures, as described by Lashuel et al. (2022), closely
resembles Lewy body pathology observed in postmortem brain tissue of PD patients.
Specifically, the filamentous- and dense-like structures resemble brainstem-type Lewy
bodies and Lewy neurites in the substantia nigra of the brain (Koga et al., 2021). To confirm
the pathological nature of these aggregates, we used a comprehensive panel of established
aggregation markers (Manuscript lll, Figure 4B-F, Figure S3). Their co-localization with

pS129-positive structures confirms that the observed pathology involves aggregation
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processes. This rapid onset suggests that microglial dysfunction in the context of the SNCA
triplication accelerated pathological aggregation, likely by overwhelming endogenous

clearance systems rather than responding secondarily to neuronal stress.

Further evidence for a microglia-driven mechanism was established using a chimeric
assembloid system. Here, 3xSNCA microglia were integrated into WT midbrain organoids.
Remarkably, these chimeric assembloids developed pS129-positive aggregates even
without neuronal SNCA overexpression (Manuscript lll, Figure 5C). This indicates that
3xSNCA microglia alone are sufficient to initiate disease-relevant pathology. Co-localization
with aggregation markers in the chimeric model further confirmed the pathological relevance
of the observed aggregates (Manuscript lll, Figure 5D-E, Figure S4). These findings
challenge conventional models that place neurons at the centre of disease onset and
support the notion that non-neuronal cells, particularly microglia, can be primary

contributors to PD-associated genetic alterations.

Together, these results demonstrate that microglial dysfunction driven by the SNCA gene
triplication is not a secondary reaction to neuronal stress but a primary initiator of PD
pathology. The assembloid model described here advances the field by providing a
genetically defined and physiologically relevant model for studying microglia-neuron
interactions in human synucleinopathies. This allows the investigation of early a-synuclein

aggregation and its cellular drivers in the absence of artificial seeding of preformed fibrils.

Mechanistically, several factors may converge to explain the pathology. The overexpression
of SNCA in microglia likely overwhelms intracellular clearance systems, including the
autophagy-lysosome and ubiquitin-proteasome pathways, and impairs their ability to
degrade a-synuclein and other protein aggregates (Plaza-Zabala et al., 2017; Lv et al.,
2023; Eo et al., 2024). This proteostatic stress may be further exacerbated by the relatively
limited degradative capacity of microglia compared to neurons, particularly under
inflammatory conditions (Quick et al., 2023). In parallel, the pro-inflammatory state of
microglia, marked by cytokine secretion or impaired clearance of cellular debris, can
promote neuronal stress and facilitate a-synuclein aggregation in neighbouring cells (Gao
et al., 2023; Eo et al., 2024). Notably, IL-18 and TNF-a have been shown to enhance a-
synuclein expression and aggregation, suggesting a feed-forward loop between
inflammation and proteotoxicity. The interplay between impaired proteostasis and chronic
inflammation likely creates a permissive environment for neurodegeneration, particularly in
vulnerable dopaminergic populations. However, the precise sequence and interdependence

of these events remain unclear. For instance, whether a-synuclein accumulation in microglia
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precedes or follow inflammatory activation is still debated and represents a key direction for
further investigation (Sonninen et al., 2020; Lv et al., 2023; Eo et al., 2024).

Emerging longitudinal biomarker data in patients support a temporal progression of these
dynamics. Baseline cerebrospinal fluid (CSF) a-synuclein levels predict subsequent decline
in sensorimotor connectivity (Campbell et al., 2020), while dynamic changes in a-synuclein
species correlate with worsening motor symptoms and cognitive decline (Majbour et al.,
2016; Brockmann et al., 2021). These findings suggest that proteostatic and inflammatory
imbalances evolve over the disease course and are detectable before overt pathology.
Together, these patient biomarker studies and our assembloid findings point toward a

temporal disease trajectory that can be intercepted therapeutically.

These insights have sparked the development of targeted therapeutic strategies to reduce
a-synuclein burden and restoring proteostasis. Small molecules such as Minzasolmin
(UCB0599) and Emrusolmin (Anle138b) interfere with a-synuclein misfolding and
oligomerization, thus preventing the formation of toxic aggregates (Price et al., 2023; Heras-
Garvin et al., 2019; Wegrzynowicz, et al., 2019). Other molecules, like squalamine and
trodusquemine, displace a-synuclein from lipid membranes, thereby blocking its
aggregation at the source (Perni et al., 2017; Rao et al., 2000; Yang et al., 2024). In parallel,
strategies that enhance lysosomal degradation, such ambroxol, which increases
glucocerebrosidase activity, offer complementary options for reducing intracellular burden

and oxidative stress (Colucci et al., 2023).

Overall, the findings from Manuscript Il and Manuscript 1l establish microglia carrying PD-
associated mutations as central contributors to Parkinson’s disease pathology. LRRK2-
G2019S microglia promote dopaminergic neuron degeneration through metabolic
reprogramming and heightened inflammatory signalling, whereas SNCA triplication drives
early and robust a-synuclein aggregation through lysosomal dysfunction and impaired
phagocytic capacity. Despite acting through distinct molecular pathways, both mutations
result in a disease-promoting microglial phenotype, challenging the neuron-centric view of
PD and positioning microglia as active initiators of neurodegeneration. This conceptual shift
has significant implication for the field. It reframes PD not solely as a neuronal disorder, but
as a multifaceted disease involving immune dysfunction and impaired proteostasis.
Recognizing microglia as central players opens new avenues for understanding early
pathogenic events and highlights the need to explore microglia-specific biomarkers and
therapeutic targets. For example, inflammatory cytokine profiles, metabolic signatures, or
phagocytic behaviour could serve as early indicators of disease onset or progression,

particularly in genetically predisposed individuals. These biomarkers could also contribute
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to patient stratification in clinical trials and enable personalized treatment approaches based
on microglial dysfunction. Therapeutically, interventions aimed at restoring microglial
homeostasis, whether by modulating inflammatory signalling, correcting metabolic
imbalances, or enhancing proteostatic capacity, may complement neuron-focused

strategies and potentially slow disease progression.

These insights underscore the importance of cell-type specific therapeutic strategies, as
targeting microglial dysfunction may require fundamentally different approaches than those
used for neurons. The integration of microglia into human midbrain organoids provides a
physiologically relevant model to dissect neuroimmune interactions and test tailored

interventions, bridging mechanistic understanding with translational potential.
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Chapter 2: Materials and Methods

A detailed description of all materials and methods that were used in this thesis can be
found in the original articles listed in Chapter 3: Results. The following section outlines the

main experimental procedures | performed or contributed to in each study.

iPSC culture

- see Manuscript Il and 11l

e Derivation and culture of NESCs
- see Manuscript I, Il and I
¢ Generation of midbrain organoids
- see Manuscript 1, Il, and IlI
e Macrophage precursor derivation and microglia differentiation
- see Manuscript Il and llI
e Co-culture of midbrain organoids with macrophage precursors
- see Manuscript Il and llI
e Western Blotting and analysis
- see Manuscript Il and IlI
e Dot Blot for a-synuclein
- see Manuscript Ill
¢ Flow Cytometry
- see Manuscript IlI
¢ Immunofluorescence staining
- see Manuscript | and llI
e [(-galactosidase assay
- see Manuscript |
o Confocal microscopy
- see Manuscript | and IlI
¢ High-Content Imaging and image analysis with MATLAB
- see Manuscript | and Il
e 3D reconstruction with IMARIS
- see Manuscript | and llI
o RNA extraction, library preparation and sequencing
- see Manuscript | and llI
¢ Bulk RNA sequencing data analysis

- see Manuscript | and lll
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e Statistical analysis with R and GraphPad

- see Manuscript | and Il
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Chapter 3: Results

Manuscript I: Reproducibility of PD patient-specific midbrain organoid data for in vitro

disease modelling. (Zuccoli & Al Sawaf et al., 2025)

Manuscript ll: The Parkinson’s disease-associated LRRK2-G2019S variant restricts serine
metabolism, leading to microglial inflammation and dopaminergic neuron degeneration.
(Kurniawan et al., 2025)

Manuscript lll: Parkinson’s disease microglia induce endogenous a-synuclein pathology in

patient-specific midbrain organoids. (Zuccoli et al., 2025)
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3.1 Manuscript |

Reproducibility of PD patient-specific midbrain organoid data

for in vitro disease modelling.

Elisa Zuccoli#, Haya Al Sawaf'#, Mona Tuzza', Sarah Nickels', Alise Zagare', Jens C.

Schwamborn®

' Developmental and Cellular Biology, Luxembourg Centre for Systems Biomedicine

(LCSB), University of Luxembourg, 6, Avenue du Swing, L-4367 Belvaux, Luxembourg.

#Co-first authors

*Corresponding author

This article has been published in iScience.
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3.1.1 Contribution statement

In this study, | share first authorship with H. Al Sawaf. We both had an equal contribution to
the development of the R scripts, data analysis, and writing of the manuscript. My specific
contributions included performing cell culture and RNA extraction of midbrain organoids,
extracting the counts from the fastQ files, and developing the R scripts for the bulk RNA
sequencing. | also conducted correlation and principal component analysis of Dataset 1,
with the results presented in Figure 2 (panels A, E-H). Additionally, | performed differential
gene expression analysis of Dataset 1, integrated Dataset 2, and performed its gene
expression analysis, as shown in Figure 3. | also acquired and analysed the
immunofluorescence staining images for Figure 4 and prepared the manuscript figures. A.
Zagare supervised the project and analysed the metabolomic data. The initial concept for

the study was developed by J. C. Schwamborn.

3.1.2 Preface

The main aim of this manuscript was to evaluate the reproducibility of midbrain organoids
derived from GBA-PD patient lines, focusing on multiple timepoints and both early and late
NESC passages. For this study, we used three age- and sex-matched healthy control cell
lines and three GBA-N370S PD cell lines. Midbrain organoids were generated from NESCs,
and two complementary datasets were collected. Bulk RNA sequencing, metabolomic
profiling, and high-content image analysis were then applied to capture molecular,
metabolic, and cellular phenotypes associated with PD. Our objectives included assessing
disease-specific transcriptomic and metabolic signatures, validating phenotypic markers at
the protein level, and establishing the model as a robust and reproducible platform for PD
in vitro research. Moreover, we aimed to quantify batch- and passage-dependent variability,
thereby demonstrating the reproducibility of GBA-PD midbrain organoids across batches

and timepoints.

Dataset 1 consisted of midbrain organoids cultured to day 30 and included four batches
each at early (p10-p15) and late (p16-p20) passages. Bulk RNA sequencing revealed that
disease, cell line, and sex were the most influential variables, with passage number also
contributing strongly. The transcriptomic data highlighted genes associated with
senescence and apoptosis, and these results were confirmed by image analysis, consistent
with previous studies of GBA-PD midbrain organoids (Rosety et al., 2023; Zagare et al.,
2024). Dataset 2 also comprised four batches, but the midbrain organoids were cultured at
two different timepoints, day 30 and day 60. Transcriptomic analysis at both timepoints

revealed consistent disease-specific phenotypes, emphasizing the reproducibility of the
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GBA-PD model. Additionally, metabolic profiling of Dataset 2 demonstrated highly
consistent metabolic expression patterns, underlining the robustness of the observed
metabolic signature. Integration of transcriptomic data from both datasets showed a strong
similarity between late passage batches at day 30 (Dataset 1) and those cultured until day
60 (Dataset 2), suggesting that number of passages contributed to an aging-related
transcriptional shift. Finally, we performed a sample estimation power analysis for each data
modality. Here we showed that 30 samples per group are required to reach optimal
statistical power to detect true differences in the transcriptomic data. Metabolomics required
20 samples per group and imaging data 50 samples per group. These results emphasize
the importance of incorporating multiple batches to ensure statistical power for reproducible
and robust results, particularly critical when the availability of biological replicates (cell lines)
is imitated. Our study highlights the potential of patient-specific organoids for advancing our
understanding of disease mechanisms and accelerating the development of personalized

treatments for Parkinson’s disease.
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SUMMARY

Midbrain organoids are advanced in vitro cellular models for disease modeling. They have been used
successfully over the past decade for Parkinson’s disease (PD) research and drug development. The
three-dimensional structure and multicellular composition allow disease research under more physiological
conditions than is possible with conventional 2D cellular models. However, there are concerns in the field
regarding the organoid batch-to-batch variability and thus the reproducibility of the results. In this manu-
script, we generate multiple independent midbrain organoid batches derived from healthy individuals or
glucocerebrosidase (GBA)-N370S mutation-carrying PD patients to evaluate the reproducibility of the
GBA-N370S mutation-associated PD transcriptomic and metabolic signature as well as selected protein
abundance. Our analysis shows that GBA-PD-associated phenotypes are reproducible across organoid
generation batches and time points. This proves that midbrain organoids are not only suitable for PD

in vitro modeling but also represent robust and highly reproducible cellular models.

INTRODUCTION

Parkinson’s disease (PD) is a common neurodegenerative
disorder characterized by the progressive loss of midbrain
dopaminergic neurons, leading to motor symptoms such as
bradykinesia, rigidity, and tremors, as well as cognitive impair-
ments.! Conventional two-dimensional (2D) cell cultures and
animal models have limitations in replicating the complexity of
the human midbrain, hindering their utility in understanding PD
pathogenesis, and developing effective therapies.” Specifically,
2D cultures lack intricate cell-to-cell interactions, which are
present in three-dimensional structures, and are crucial for
accurately modeling neural environments. Additionally, animal
models, such as mice, do not naturally develop neurodegenera-
tive diseases like Parkinson’s, and their brain anatomy differs
significantly from humans, which limits their effectiveness in
studying complex human brain disease processes.® Recent
breakthroughs in stem cell technologies have resulted in the
development of three-dimensional (3D) midbrain organoids,
which more closely mimic the architecture and cellular diversity
of the human midbrain. Importantly, these organoids are derived
from patient-specific induced pluripotent stem cells (iPSCs) and
are generated via the differentiation of iPSCs into neuroepithelial
stem cells (NESCs), which subsequently self-organize into
midbrain-like structures.*® This approach offers a physiologi-
cally relevant platform to study disease mechanisms and
to test therapeutic interventions on patient-specific genetic
backgrounds. Glucocerebrosidase (GBA)-associated PD, linked

to mutations in the GBA (GBA1) gene, represents one of the
most significant genetic risk factors for PD.° GBA mutations
impair lysosomal function and autophagy, contributing to a-syn-
uclein protein accumulation and dopaminergic neuron loss.®
Additionally, cellular senescence has emerged as a contrib-
uting factor in PD, with evidence suggesting that senescent
cells exacerbate neurodegeneration through pro-inflammatory
pathways.”~® Midbrain organoids derived from GBA-PD patients
have shown hallmarks of disease, including dopaminergic
neuron loss, oxidative stress, impaired lipid metabolism, and a
senescence-associated phenotype.'® These findings underline
the value of midbrain organoids as a robust platform to explore
the interplay between genetic risk factors, cellular senescence,
and neurodegeneration. iPSC-derived organoid models hold
the potential to inform therapeutic strategies targeting the
underlying mechanisms of GBA-associated PD and related
neurodegenerative disorders.

Although midbrain organoid models hold significant promise,
they also present certain limitations that must be carefully
considered when designing experiments. Complex, multistep
culturing protocols can increase sources of variability, thus
increasing the number of replicates needed both within a batch
and between independent batches. Therefore, it is important to
be aware of variation sources in order to account for it. In this
manuscript, we explore these sources of variation and inform
on the relevance of cell passage in reducing batch-to-batch
variability. Overall, our results show that key disease phenotypes
are reproducible despite potential sources of variability.

9 iScience 28, 113541, October 17, 2025 © 2025 The Authors. Published by Elsevier Inc. 1
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Figure 1. Overview of factors affecting midbrain organoid culture and dataset generation

Schematic overview of the factors affecting midbrain organoid culture and dataset generation. iPSCs from healthy control (WT) and GBA-PD patients were
differentiated into NESCs. For dataset 1, midbrain organoids from early (~10-15) or late (~16-20) passages were generated in four independent batches. On day
30 of midbrain organoid culture, RNA-seq and immunofluorescence experiments were performed. For dataset 2, four independent batches of midbrain organoids
were generated. On day 30 or day 60 of midbrain organoid culture, RNA-seq and metabolomic analysis were performed.

RESULTS

Disease and cell passage are key sources of variation in
midbrain organoid culture

The midbrain organoid culture system is influenced by several
factors, including cell line selection, initial passage number,
donor sex, and potential batch effects from different experi-
mental runs, all of which require careful consideration
(Figure 1; Table 1). To investigate each factor’s contribution to
the data variance, we generated midbrain organoids from three
healthy donors and three patients with PD carrying the
GBA-N370S variant (GBA-PD) (Table S1). iPSCs derived from
GBA-PD patients and healthy donors were differentiated into
NESCs and patterned toward a midbrain identity to generate
midbrain organoids.4 In this study, two independent datasets
were produced, where dataset 1 comprised RNA sequencing
(RNA-seq) and immunofluorescence analyses performed on
30-day-old midbrain organoids and dataset 2 included metabo-
lomic analysis and RNA-seq analysis performed on both day 30
and day 60 midbrain organoids cultures. While dataset 1 was
used to define experimental and biological sources of variation,
dataset 2 served to validate the reproducibility of key pheno-
types across independent experiments (Figure 1).

Correlation analysis of transcriptomic signatures of eight inde-
pendent organoid generation batches from early and late NESC
passages revealed that the features such as disease, cell line,
and donor sex are interdependent factors, representing the

2 iScience 28, 113541, October 17, 2025

donor (patient or healthy individual). However, the passage of
NESCs and the organoid generation batch are independent
sources of variance (Figure 2A). Applying principal variance
component analysis (PVCA), a statistical method for quantifying
and prioritizing sources of variance, revealed that the interaction
between disease and sex (31.7%) contributed most to the vari-
ance in the transcriptomic data. The passage (31%) appeared
as the second highest contributor, followed by the residual
variance (18.6%), which represents the variance that cannot be
attributed to specific explanatory variables or known factors in
our dataset. The variance attributed to batch (5%) or its interac-
tion with passage (0.7%), sex (0%), or disease (0%) showed an
insignificant role in the data variance (Figure 2B).

Considering the presumed role of the passage number in
transcriptomic data variation, we divided the dataset in batches
generated from early (pE10-15) or late NESC passages (pL16-
20) to explore the effects of passage on data reproducibility in
detail. The PVCA showed that the disease accounted for the
largest proportion of the variance (32.8%) in organoid batches
generated from early-passage NESCs, followed by the interaction
between disease and sex (26.3%) and the unexplained residuals
(26%). The percentage of the batch was elevated compared to
the complete dataset (4%) (Figure 2C). Similarly, the disease-
sex interaction with 55% was the highest contributor to the vari-
ance in the organoid batches produced from the late passages
(B5-8), followed by the residual variance (21.2%). We observed
that the proportion of variance of the batch doubled in organoids
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Table 1. Nomenclature

Statistical term Culture term

Definition

Biological replicate individual

patient
cell line

passage

clone

batch

sample

Technical replicate section

healthy or GBA-N370S mutation-carrying donor
donor with Parkinson’s disease (PD) diagnosis

an iPSC cell line is a population of pluripotent stem cells derived from a single donor through one
reprogramming event. Multiple independent iPSC lines (clones, see below) from the same donor can
be generated as biological replicates to account for variability

cell line passages refer to the number of times a cell culture is split (propagated) once it becomes
confluent

aclone is a population of genetically identical cells derived from a single parent cell, typically originating
from a specific donor; multiple clones can be derived from a single donor, but a single clone is often
selected for experiments to ensure genetic and phenotypic consistency

each batch represents independent generations of midbrain organoids from different neuroepithelial
stem cell (NESC) passages, accounting for variability in organoid maturation; within a batch, organoids
serve as biological replicates, cultured and processed together under identical conditions to minimize
batch effects and ensure reproducibility

a sample is a unique experimental unit used for analysis. Its origin depends on the experiment and
assay, coming from either an independent organoid culture (batch), a pool of organoids within the same
batch, or multiple batches (batch pooling); a sample is represented as a single data point in the analysis
of an experiment

sections obtained from a single organoid using a vibratome are considered technical replicates, i.e.,
repeated measurements of the same biological sample; they help to assess the reproducibility of the
equipment and protocol, minimizing technical variability and error; unlike biological replicates, which
capture variation between independent organoid cultures, technical replicates ensure differences are

due to biological effects rather than inconsistencies in sample processing or analysis

generated from late-passage NESCs compared to the early-
passage NESCs (8%) (Figures 2D and S1A), indicating that the
increased batch-to-batch variability is due to the use of NESCs
at later passage numbers during organoid generation. Next, we
investigated the effects of passages and batches on each cell
line’s individual transcriptomic profile. Using principal-component
analysis (PCA), we observed that organoid samples from healthy
donors (wild type [WT]) tended to cluster separately, demon-
strating biological variance, which is independent of passage.
Only in the WT2 cell line, we observed an effect of passage,
with WT2 progressively resembling the WT1 cell line with each
passage. This indicates that the WT2 cell line may exhibit greater
variability in the phenotype depending on the NESC passage
(Figure 2E). In contrast, GBA-PD midbrain organoid samples
clustered rather depending on the initial NESC passages, indi-
cating that patient samples are more sensitive to experimental
design and culture conditions (Figures 2F and S1B).

To explore the passage effect on a disease signature, we
correlated the expression of significantly differentially ex-
pressed genes (DEGs) between healthy controls and GBA-PD
midbrain organoids generated in batches from early or late
NESC passages. Early-passage batches (B1-4) showed a sig-
nificant correlation of DEG expression (0.74-0.82) (Figure 2G),
while late-passage batches (B5-8) showed on average a mod-
erate correlation (0.64-0.72) (Figure 2H). Similarly, looking at
the expression of all shared genes across the late- or early-
passage batches, we saw a higher (0.51-0.64) correlation for
the early-passage batches than for the late-passage batches
(0.42-0.50) (Figures S1C and S1D).

Overall, exploratory analysis of potential sources of variation in
the transcriptomic data of midbrain organoids suggests that dis-

ease status and number of passages are major sources of gene
expression variance, while batch effects are minimal. Moreover,
early passages show more consistent transcriptomic profiles,
while late passages lead to increased variability, emphasizing
the need to consider NESC passage in study design.

Reproducible transcriptomic disease signature across
independently generated datasets

The passage number showed a more considerable impact on
data reproducibility than organoid batches. We further wanted
to assess more in detail how the choice of NESC passages
used for organoid generation might influence the reproducibility
of disease phenotypes.

We grouped the early-passage batches (B1-4) and the late-
passage batches (B5-8) and identified the significant DEGs
within these data subsets. We found 27 overlapping DEGs in
the early-passage set, whereas the late-passage batches did
not show shared DEGs (Figures S2A and S2B). This could be
due to the lower gene expression correlation between organoid
batches from late-passage NESCs, representing higher data
variability. Since the DEG expression signature at early passages
appeared more consistent across organoid batches, we pre-
sumed 27 DEGs shared among the early-passage batches
as a potential key GBA-PD disease signature and examined
its reproducibility in both early- and late-passage batches.
Here, we observed that the clustering of WT versus GBA-PD
samples for the 27 DEGs was notably more distinct in the
early-passage heatmap compared to the late-passage heatmap
(Figures S2C and S2D), where we still observed adequate sepa-
ration. Moreover, by combining all eight batches, the expression
of selected 27 DEGs also separated WT and GBA-PD samples,
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indicating the relevance of these genes in disease pathogenesis
(Figure 3A). Enrichment analysis of the 27 significant DEGs
between GBA-PD and WT samples revealed an association
with Reactome pathways related to cellular senescence
and apoptosis, consistent with findings of recent studies
(Figure 3B)."° Additionally, a Gene Ontology enrichment analysis
supported these results and identified “bleb assembly,” which is
linked to apoptosis, as the most enriched pathway, further
confirming the disease signature in GBA-PD (Figure 3C). Next,
we classified the 27 genes into distinct functional categories.
These included the senescence/apoptosis pathway, biological
processes related to synapse and nervous system development,
metabolic and oxidative stress processes, cell adhesion and
extracellular matrix dynamics, and transcription and gene
regulation. Importantly, the fold change (FC) of GBA-PD vs. WT
demonstrated a highly similar dysregulation trend for all genes
across all eight batches (Figure S2E).

The initial dataset included organoid transcriptomic data from
a single time point—day 30 of organoid culture. We produced
new independent organoid batches and performed RNA-seq
and metabolomic analyses for organoids at two time points,
day 30 and day 60 (dataset 2). These analyses were done to
additionally assess how reproducible the phenotypes are at
different time points of organoid culture and across independent
experiments. The transcriptomic analysis allowed us to compare
the two datasets, where the PCA showed, as expected, a tighter
clustering for dataset 1 (day 30 organoids) compared to a
broader pattern in dataset 2 (day 30 and day 60 organoids)
(Figure 3D). Early passage samples (B1-4_Early) from dataset
1 clustered with day 30 samples from dataset 2 (B1-4_D30),
showing a similar expression profile (Figure 3E). In contrast,
late passage samples (B5-8_Late) from dataset 1 formed a
separate cluster, highlighting the significant impact of passage
number on gene expression (Figure 3E). To assess the similarity
of specific data points to predefined clusters, we calculated the
Euclidean distance of individual points from the centroids of
designated groups. The analysis revealed that most late
passage samples (B1-4_Late) aligned more closely with day
60 samples (B5-8_D60), except for “B7_Late,” which clustered
near day 30 (B1-4_D30) (Figure 3F). These findings indicate
that late-passage midbrain organoids display phenotypes
more similar to those observed in longer term midbrain organoid
cultures, which may reflect age-related changes in the organoid
system. Next, we wanted to determine whether the samples in
the newly generated dataset shared the same disease signature
defined by the 27 significant DEGs common to the early-pas-
sage NESC organoid batches. We observed that the WT and
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GBA-PD samples showed an even clearer clustering at day
60 compared to day 30. This finding aligns with expectations
as day 60 midbrain organoids are more aged, leading to the
accumulation of cellular, epigenetic, and transcriptional changes
that enhance the distinction between sample groups (Figures 3G
and 3H).

Altogether, our analysis shows that while NESC passage can
influence phenotype detection, the disease signature identified
in early passages is reproducible in later passages and across in-
dependent sequencing experiments from two distinct organoid
culturing time points. This establishes the midbrain organoid
model as a reliable tool for disease phenotyping and modeling.

Validation of dopaminergic neuron and senescence
phenotypes at the protein level confirms the
transcriptomic disease signature in midbrain organoids
Our transcriptomic analysis identified a distinct disease signa-
ture in GBA-PD, characterized by significant dysregulation of
genes associated with pathways related to cellular senescence
and apoptosis, as well as differences in synaptic and nervous
system development. To validate these transcriptomic results
and confirm phenotype reproducibility at the protein level, we
performed whole-mount staining of midbrain organoids. We
used the dopaminergic neuron marker TH (tyrosine hydroxylase),
the neuronal marker MAP2 (microtubule-associated protein 2),
and the DNA damage/senescence marker 53BP1 (p53-binding
protein 1) to additionally assess dopaminergic neurons and the
senescence phenotypes at the protein level. We observed that
GBA-PD midbrain organoids exhibit a significantly reduced
number of TH-positive dopaminergic neurons compared to
WT midbrain organoids consistent with results previously re-
ported'®"" (Figures 4A and 4B). Similarly, 3D reconstruction of
dopaminergic neurons showed that neurites in patient-specific
organoids are shorter and less ramified compared to WT
(Figure 4C). Assessing the TH transcript counts in the tran-
scriptomic data, we observed a significant decrease in the
GBA-PD cell lines, supporting the immunofluorescence
findings (Figure S3A). The log2 FC of the TH expression in
GBA-PD vs. WT appeared more heterogeneous in late-passage
batches (B5-8) compared to the early-passage batches (B1-4)
(Figure S3B), confirming that early-passage batches are more
reproducible at day 30 of organoid culture. Additionally, we
observed that increasing the sample size through individual
batches plays a critical role in detecting even the most important
phenotypes (Figures S3C and S3D).

Analysis of the DNA damage/senescence marker 53BP1
showed that the senescence phenotype at the protein level

Figure 2. PVCA identifies the di and the

ge to be the major sources of variation in midbrain organoid culture

Midbrain organoids were generated at early or late passage in four independent batches and transcriptomic analysis was performed.
(A) Correlation analysis of variance features including batch, passage, disease, sex, and cell line.
(B) Principal variance component analysis (PVCA) of transcriptomic data including all passages.

(C) PVCA of early passage transcriptomic data.
(D) PVCA of late passage transcriptomic data.

(E) Principal-component analysis (PCA) on healthy control (WT) samples from early and late passage and all eight batches.

(F) PCA on PD-GBA samples from early and late passage and all eight batches.

(G) Pearson correlation of log2 fold change (FC) of significant genes (p < 0.05) between batches derived from early-passage NESCs.
(H) Pearson correlation of log2 FC of significant genes (p < 0.05) between batches derived from late-passage NESCs.
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appears in the late-passage batches (B5-8), while the tran-
scriptomic signature indicated a significant senescence-
associated phenotype already in the early-passage batches
(B1-4) (Figures 4D and 4E; Figures S4A and S4B). To further
confirm the senescence phenotype in GBA-PD samples, we
stained the organoids with f-galactosidase, a well-established
marker for detecting cellular senescence.'” We qualitatively
observed a more intense p-galactosidase signal in GBA-PD
midbrain organoids (Figure 4F), providing additional evidence
of increased senescence in midbrain organoids derived from pa-
tients with PD."°

GBA-PD midbrain organoids demonstrate a

reproducible metabolic profile

After confirming the phenotype reproducibility at the transcrip-
tomic and protein levels, we wanted to assess how reproduc-
ible the GBA-PD metabolic signature was. Metabolism is highly
dynamic, and therefore metabolite levels may exhibit greater
variability between organoid batches compared to changes
in transcript or protein abundance. Nevertheless, our data
showed that the majority of measured metabolite expression
patterns were consistent across four batches at both time
points (Figures 5A and 5B). As an exception, we identified B4
to display the most distinct metabolite abundance profile
compared to the other three batches at day 30 of organoid
culture. Accordingly, correlation analysis showed a significant
correlation of metabolite FCs (GBA-PD vs. WT) for B1, B2,
and B3 (0.61-0.86), while B4 demonstrated a low correlation
with any of these batches (0.12) (Figure 5C). However, at the
later time point (day 60), all four batches showed a significant
correlation (0.59-0.79), suggesting that the differences in B4
at day 30 might be due to an organoid differentiation path
that transiently diverges from the other batches, but these
differences even out in more mature organoid cultures
(Figure 5D). Moreover, PCA analysis demonstrated that the
metabolic profiles of WT and GBA-PD midbrain organoids are
not influenced by batch effects but are instead driven by sam-
ple and disease state, further supporting the reliability and
reproducibility of the data (Figure 5E).

In addition, we performed an integrative analysis between
the metabolomics and transcriptomics datasets to identify
the key molecular interactions across different omics levels
at different organoid culturing stages (day 30 and day 60).
Importantly, this analysis confirmed earlier findings, demon-
strating that the top transcripts and metabolites more effec-
tively distinguish samples by condition rather than by batch
(Figure S5). We observed that pyruvic acid, urea, glycine,
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and glucose were reappearing among the top five metabolites
separating the WT and GBA-PD samples at both time points
(Figures 5A-5l). Moreover, at both time points, the change in
glycine abundance between conditions was negatively corre-
lated with a subset of the top 50 genes, suggesting that
glycine metabolism and its transcriptional regulation play a
substantial role in GBA-PD (Figures 5F and 5H). Aligned with
overall metabolism adaptations usually observed during aging
and the metabolic alterations associated with GBA mutation-
driven dysregulation and senescence, we found improved
sample separation based on top transcriptomic and metabo-
lomic features at day 60 of organoid culture (Figures 5G and
51). This finding suggests that the metabolic phenotype of
GBA-PD intensifies over time (Figures 5G and 5I).

Altogether, these data suggest that even highly dynamic meta-
bolic changes are reproducible in midbrain organoid models and
therefore can reliably capture critical molecular interactions
driving GBA-PD metabolic dysregulation.

Sample estimation using power analysis for iPSC-
derived models

A considerable limitation of studies using iPSC-derived models
is the availability of cell lines, particularly when it comes to
patient-specific lines with a particular mutation. This leads to
underpowered studies, increasing the risk of reporting false-
negative results (type Il error).’> We observed exactly this in
our example study on TH gene expression presented here,
where a single batch with three samples per group failed to
capture the true differences in TH expression levels between
the control and GBA-PD samples. Therefore, using indepen-
dent experimental batches can be used to enhance the
experimental throughput by increasing sample sizes. Thus, in
addition to assessing the reproducibility of the midbrain
organoid model, we wanted to estimate the required sample
size for RNA-seq, metabolomics, and imaging experiments to
reach an optimal statistical power of 80%, considering the
presented data as pilot experiments for future experimental
designs using organoid models. 80% statistical power is, by
convention, the target power of a study to reduce the probabil-
ity of rejecting a false null hypothesis.'* For RNA-seq datasets,
we estimated how many samples per group are required to
reach optimal statistical power based on the observed effect
size as log2 FC between the significant DEGs in this study.
While the absolute values of log2 FC ranged from 0.08 (min)
to 8.21 (max), the median was 0.42, indicating that for most
of the DEGs, the difference between the two groups is relatively
small and 30 samples per group would be required to detect

Figure 3. Disease signature is reproducible across independent datasets at the transcriptomic level

For dataset 1, midbrain organoids were generated at early or late passage in four independent batches, and transcriptomic analysis was performed. For dataset
2, midbrain organoids were generated in four independent batches at two time points, and transcriptomic analysis was performed.

(A) Unsupervised hierarchical clustering of GBA-PD and healthy control (WT) samples based on normalized gene counts of 27 predefined genes of all passages.

B) REACTOME pathway enrichment analysis of the DEGs between GBA-PD and healthy control (WT) samples.

C) Gene Ontology pathway enrichment analysis of the DEGs between GBA-PD and healthy control (WT) samples.

D) Integration of log2 fold change (FC) from dataset 1 and dataset 2 shown in principal-component analysis (PCA) plot. Samples are clustered by dataset.
E) Integration of log2 FC from dataset 1 and dataset 2 shown in PCA plot. Samples are clustered by time point and passage.

F) Euclidean distance table showing the batch, the calculated distance to day 30 or day 60, and the proximity to one of the two time points.

G) Unsupervised hierarchical clustering of GBA-PD and healthy control (WT) samples based on normalized gene counts of 27 predefined genes at day 30.
H) Unsupervised hierarchical clustering of GBA-PD and healthy control (WT) samples based on normalized gene counts of 27 predefined genes at day 30.

iScience 28, 113541, October 17, 2025 7

41



- ¢? CellPress

8

B Dopaminergic neurons
rkkk
20
0
[5]
;é 15
© ° B1
© B2
3 B3
Z 10 o B4
K] e B5
o] B6
§ oB7
Zos - B8
=
0.0
WT  GBA-PD
D 53BP1/HOECHST
=
=
o
o
<
fra)
[©)
F WT1 WT2
X
< ’
4 W o
x hit
e £7 {

iScience 28, 113541, October 17, 2025

WT3

53BP1+ Nuclei+ Voxels

TH/MAP2 / HOECHST

53BP1 positive cells

20

0.5

0.0

42

B1-4

GBA-PD

53BP1+ Nuclei+ Voxels

53BP1 positive cells

0.8

0.4

B5-8

ok

WT

GBA-PD

iScience

e B5
e B6
® B7
* B8

(legend on next page)



iScience

true differences in the gene expression (Figures 6A and 6D).
This means that for the most differentially expressed
transcripts, 10 batches must be generated to detect true
significant differences between the groups if we have 3 cell
lines from each group or condition available. For a larger
effect size between groups (>1.5 log2 FC), the sample size
required for optimal power of 80% decreases to 9 samples
per group. Consequently, three independent rounds of
organoid generation are required to detect significantly
DEGs with an expected expression difference greater than
1.5-fold when three cell lines per group or condition are
used. In the metabolomics dataset, we estimated the effect
size as Cohen’s d of each significantly differentially abundant
metabolite. Median d was large (0.91), which would require
20 samples per sample group to reach optimal statistical
power in the analysis (Figures 6B and 6D). The maximum
d was 1.58, decreasing the required sample number to ten,
while the smallest d was 0.73, increasing the required sample
number to 35 per group (Figures 6B and 6D). In the imaging
dataset, we estimated the required sample size based on the
values of TH normalized by nuclei, as this is the expected imag-
ing feature to be significantly different between the healthy
control and GBA-PD samples. With the calculated effect size
d = 0.56, 50 samples per group would be necessary to reach
80% statistical power (Figures 6C and 6D). In organoid studies,
immunofluorescence staining is performed on organoid sec-
tions. Unlike RNA-seq or metabolomics experiments, where
organoids are pooled into a single sample represented by
one data point in the analysis, in imaging experiments, we
consider each individual organoid as a biological replicate.
This increases the sample size, which allows for optimal statis-
tical power considering the rather low expected effect size
between the sample groups in imaging.

For instance, in this pilot study, the use of three cell lines and
eight batches per group increases the sample size to 24 per
group. Similar approaches can be used to achieve the optimal
sample size, considering the specific study objective and the
standards required.'®

This analysis highlights the importance of incorporating mul-
tiple batches to achieve statistically robust and reproducible
results, when the availability of biological replicates (cell lines)
is limited. However, increasing the number of cell lines is always
preferred over adding more batches, as it results in more gener-
alizable and translatable findings.
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DISCUSSION

Our study establishes midbrain organoids as a reproducible
in vitro model to study PD. By generating multiple independent
organoid batches and examining both early and late passages,
as well as different time points, we address a key challenge in
the field: ensuring reproducibility and consistency in complex
3D culture systems.

Our findings reveal that, despite the inherent complexity of or-
ganoid models, batch effects can be successfully minimized.
PVCA underscores that donor-related factors, disease state,
and sex are prominent drivers of transcriptional variability, while
passage of the NESCs emerges as a technical parameter contrib-
uting to transcriptional shifts. Notably, early-passage cultures
consistently yield a more robust and stable disease-specific
transcriptomic signature compared to late-passage organoids,
which nonetheless still maintain core disease-related features.
This signature, associated with TH-positive dopaminergic neu-
rons loss and cellular senescence, aligns with previously reported
phenotypes in GBA-PD models and reflects key pathogenic
mechanisms implicated in disease progression.'®"

Crucially, we validated these transcriptomic differences at the
protein and metabolic levels. Changes in dopaminergic neuron
numbers, along with increased senescence-associated markers,
were consistent with our gene expression data. Furthermore,
the metabolic profiles were largely stable and reproducible across
independent batches of organoid generation, particularly as the
organoids matured. This evidence supports the notion that
midbrain organoids can recapitulate key aspects of PD pathology
reproducibly along multi-level analysis.

Although this study focused on PD patient midbrain organoid
samples carrying the GBA-N370S genetic variant, we believe
that the number of samples from independent organoid genera-
tion batches was sufficient to assess the overall variation in the
organoid data. Thus, our conclusions on organoid reproducibility
can likely be generalized to other organoid experiments involving
two or more independent sample groups. Furthermore, our
analysis incorporated sample size estimation to achieve optimal
statistical power across bulk RNA-seq, immunofluorescence
high-content imaging, and metabolomics experiments, offering
guidelines for designing future organoid studies to ensure result
accuracy and minimize false-positive results. It is important to
note that midbrain organoids represent a guided brain organoid
model, where variability between individual organoids and

Figure 4. Reproducible dopaminergic neuron and senescence phenotypes at the protein level in midbrain organoids

Midbrain organoids were generated at early or late passage in four independent batches, and whole-mount immunofluorescence and p-galactosidase staining
were performed.

(A) Representative confocal images of TH (green), MAP2 (red), and nuclei (blue) of midbrain organoid section staining at day 30 (scale bars, 100 um, 20x; 50 pm,
63x).

(B) High-content automated image analysis of immunofluorescence staining of TH+ dopaminergic neurons in midbrain organoids normalized by total nuclei. Data
are shown as boxplots and represent a summary of eight independent batches normalized to the mean of the controls per batch +SD. Wilcoxon t test;
****p < 0.0001.

(C) 3D reconstruction with IMARIS software showing the dopaminergic neuron (TH) in the healthy control (WT) and GBA-PD cell line (scale bars, 20 pm, 63x).
(D) Representative confocal images of 53BP1 (red) and nuclei (blue) in whole-mount staining of midbrain organoids at day 30 (scale bars, 20 pm, 63x).

(E) High-content automated image analysis of immunofluorescence staining of 53BP1 (53BP1+) and Nuclei (Nuclei+) double-positive cells in midbrain
organoids. Data are shown as boxplots and represent early-passage (B1-4) or late-passage (B5-8) batches normalized to the mean of the controls per
batch +SD. Wilcoxon t test; **p < 0.01.

(F) Senescence-associated p-galactosidase staining (blue) of midbrain organoids (scale bars, 200 pm, 4x; 100 pm, 10x).
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batches is expected to be lower compared to unguided brain or-
ganoid protocols. In such unguided models, larger sample sizes
may be necessary to reliably detect true differences between
sample groups.

While including batches can enhance the statistical power of
a study, they should not be used to artificially inflate power.
Instead, batches should serve as an additional replicate along-
side multiple distinct cell lines (if available) or used as a strategy
to help overcome the common challenge of limited cell line avail-
ability (e.g., in the case of rare mutations).

In conclusion, this study provides strong evidence that pa-
tient-derived midbrain organoids are not only an accurate model
of GBA-PD pathology but are also a robust and reproducible
experimental system. By highlighting and controlling critical
sources of variability, these models can build a solid foundation
for future work aimed at unraveling disease mechanisms and
accelerating the development of personalized treatments for PD.

Limitations of the study

Despite the strengths of our study, several limitations should be
acknowledged. While we used multiple organoid batches and
time points, our analysis focused exclusively on midbrain orga-
noids derived from patients with PD carrying the GBA-N370S
mutation, which may limit generalizability to other PD genetic
backgrounds. The relatively small number of distinct donor lines,
though sufficient for detecting robust transcriptomic and pheno-
typic changes, may not fully capture the spectrum of patient het-
erogeneity. A key consideration is that NESC passage number
introduced greater variability than organoid batch, which could
affect reproducibility if not carefully controlled. Early-passage or-
ganoids showed more consistent phenotypes, making them
more suitable for disease modeling. In contrast, late-passage or-
ganoids exhibited greater variability but also signs of transcrip-
tional aging. This suggests their potential for modeling late-stage
phenotypes, though early and late passages should be analyzed
separately to preserve reproducibility. Aithough we implemented
power calculations, limited cell line availability, especially for rare
mutations, remains a challenge for study robustness. To further
evaluate the generalizability of our findings, future studies should
include organoids derived from patients carrying other GBA var-
iants or additional PD-linked mutations (e.g., LRRK2, SNCA, and
Miro1) to assess reproducibility across diverse genetic back-
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grounds. A more balanced inclusion of female and male donor
lines, combined with minimized technical variability such as
consistent passage number, would also enable systematic
investigation of sex-specific transcriptomic effects in disease
modeling. Together, these approaches would help validate
midbrain organoids as a consistent and versatile in vitro model
for studying PD.

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to and will be
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Data and code availability

® All original and processed data as well as scripts that support
the findings of this study are public available at https://doi.org/10.
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® Gene expression datasets can be accessed on Gene Expression
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@ All scripts used to obtain, analyze, and plot the data are available at
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biology/reproducibility_2025.

® Any additional information required to reanalyze the data reported in this
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Figure 5. Midbrain organoids from day 30 and day 60 show a reproducible metabolic profile
(A) Metabolite abundance difference in GBA-PD samples presented as log2 fold change (FC) compared to healthy control (WT) samples across four batches at

day 30 of organoid culture.

(B) Metabolite abundance difference in GBA-PD samples presented as log2 FC compared to healthy control (WT) samples across four batches at day 60 of

organoid culture.

(C) Pearson correlation of log2 FC for all metabolites across four batches at day 30 of organoid culture.
(D) Pearson correlation of log2 FC for all metabolites across four batches at day 60 of organoid culture.

(E) PCA of metabolomics data.

(F) Circos plot showing the correlation between metabolomics and transcriptomics features contributing to the variation of the component 1 at day 30 of organoid

culture. Correlation threshold: r = 0.9.

(G) Unsupervised hierarchical clustering of the top discriminant metabolomics and transcriptomics features between the GBA-PD and healthy control (WT)

samples at day 30 of organoid culture.

(H) Circos plot showing the correlation between metabolomics and transcriptomics features contributing to the variation of component 1 at day 60 of organoid

culture. Correlation threshold: r = 0.84.

() Unsupervised hierarchical clustering of the top discriminant metabolomics and transcriptomics features between the GBA-PD and healthy control (WT)

samples at day 30 of organoid culture.
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Figure 6. Sample estimation using power analysis for three data types (RNA-seq, metabolomics, and imaging)
Each panel plots statistical power (1-p) against sample size per group at o = 0.05, highlighting the sample sizes needed to reach the 80% power threshold (dashed
line) for different effect sizes determined from this pilot study in each data type.
(A) RNA-seq shows effect sizes of >1.5-fold (blue), median = 0.42 (orange), and min = 0.08 (green).
(B) Metabolomics compares min (d = 0.73), median (d = 0.91), and max (d = 1.58) effect sizes; vertical lines mark the number of replicates at which each effect

achieves 80% power.

(C) Imaging data illustrate a single effect size (Cohen’s d = 0.56), requiring ~n = 50 per group to reach 80% power.
(D) Table summarizing the power analysis results showing the effect size, the sample size per group, and the estimated power for each experiment performed in
this study (RNA-seq, metabolomics, and imaging data).
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Chicken polyclonal anti-TH Abcam Cat#ab76442; RRID:AB_1524535
Rabbit polyclonal anti-TH Abcam Cat# ab112; RRID:AB_297840
Mouse monoclonal anti-TUJ1 BioLegend Cat#801201; RRID:AB_2313773

Rabbit polyclonal anti-53BP1

Chicken polyclonal anti-MAP2

Alexa Fluor® 488 AffiniPure® Donkey
Anti-Chicken IgY (IgG) (H + L)

Alexa Fluor® 647 AffiniPure® Donkey
Anti-Chicken IgY (IgG) (H + L)

Novus Biologicals
Abcam
Jackson Immunoresearch

Jackson Immunoresearch

Cat# NB100-304; RRID:AB_10003037
Cat# ab92434; RRID:AB_2138147
Cat#703-545-155; RRID:AB_2340375

Cat#703-605-155;
RRID:AB_2340379

Donkey anti-Rabbit IgG (H + L) Highly Invitrogen Cat# A21206;
Cross-Adsorbed Secondary Antibody, RRID:AB_2535792
Alexa Fluor™ 488

Donkey anti-Rabbit IgG (H + L) Highly Invitrogen Cat# A-10042;
Cross-Adsorbed Secondary Antibody, RRID:AB_2534017
Alexa Fluor™ 568

Donkey anti-Mouse IgG (H + L) Highly Invitrogen Cat# A-31571;
Cross-Adsorbed Secondary Antibody, RRID:AB_162542
Alexa Fluor™ 647

Chemicals, peptides, and recombinant proteins

Geltrex Gibco A1413302
DMEM/F-12, no glutamine Gibco 21331046
Neurobasal Medium Gibco 21103049
GlutaMAX Gibco 35050061
Penicillin-Streptomycin, liquid Gibco 15140122
B-27 Supplement Minus Vitamin A (50x), Gibco 12587001
Liquid

N-2 Supplement (100x) Gibco 17502001
L-Ascorbic acid Sigma-Aldrich A4544
CHIR99021 Axon Medchem BV AXON1386
DONKEY SERUM Enzo Life Science ALX-420-045
Purmorphamin

Accutase Sigma-Aldrich A6964
dbcAMP STEMCELL Technologies 100-0244
hBDNF PeproTech EC Ltd. 450-02
hGDNF PeproTech EC Ltd. 450-10
TGF-p3 PeproTech EC Ltd. 100-36E
Paraformaldehyde Sigma-Aldrich P6148
Hoechst33342 Invitrogen H21492

Triton X-100 Carl Roth 3051.3

Bovine Serum Albumin Sigma-Aldrich A4503
Donkey Serum Sigma Aldrich D9663
Sodium Azide Carl Roth K305.1

Fluoromount-G

Southern Biotech

SOUT0100-01

Critical commercial assays

LookOut® Mycoplasma PCR Detection Kit
Senescence Detection Kit

Sigma-Aldrich
Abcam
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REAGENT or RESOURCE SOURCE IDENTIFIER

RNeasy Mini Kit Qiagen 74106

Deposited data

Bulk RNA sequencing dataset 1 This paper GSE287566

Bulk RNA sequencing dataset 2 This paper GSE269316

Figures and Source codes This paper https://doi.org/10.17881/4n7e-vc76

Experimental models: Cell lines

iPSC line WT1 IBBL/Max Planck Institute N/A
iPSC line WT2 IBBL/Max Planck Institute N/A
iPSC line WT3 Coriell Institute GM23338
iPSC line GBA1 European Bank for induced pluripotent UOXFio01-B

Stem Cells
iPSC line GBA2 University College London N/A
iPSC line GBA3 Coriell Institute ND31630
Software and algorithms
IMARIS Bitplane software Version 9.9.1.; RRID:SCR_007370
Fiji https://fiji.sc/ RRID:SCR_002285
MATLAB Matchworks, Inc. R2021a; RRID:SCR_001622
Galaxy Galaxy server Version 23.2.rc1
HISAT2 https://daehwankimlab.github.io/hisat2/ RRID:SCR_015530
featureCounts http://bioinf.wehi.edu.au/featureCounts/ RRID:SCR_001905

R Project for Statistical Computing
DESeq?2 R package

dplyr R package
PVCA R package

mixOmics R package
Circos R package
PROPER R package

pwr R package

effsize R package

EnrichR tool
lllustrator
Photoshop

https://www.r-project.org/

https://bioconductor.org/packages/
release/bioc/html/DESeq2.html

https://dplyr.tidyverse.org/

https://www.bioconductor.org/packages/
release/bioc/html/pvca.html

http://mixomics.org/access/
http://circos.ca/

https://bioconductor.org/packages/
release/bioc/html/PROPER.html

https://cran.r-project.org/web/packages/
pwr/index.html

https://cran.r-project.org/web/packages/
effsize/effsize.pdf

https://maayanlab.cloud/Enrichr/
Adobe Systems, Inc.
Adobe Systems, Inc.

Version 4.4.2.; RRID:SCR_001905
Version 1.42.1.; RRID:SCR_015687

Version 1.1.4.; RRID:SCR_016708
Version 1.42.0.; RRID:SCR_001356

Version 6.22.0.; RRID:SCR_016889
Version 0.69-9.; RRID:SCR_011798
Version 1.30.0.

Version 1.3.0.; RRID:SCR_025480

Version 0.8.1.

RRID:SCR_001575
Version 29.5.1.; RRID:SCR_010279
Version 26.6.1.; RRID:SCR_014199

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethical approval

The work with iPSCs has been approved by the Ethics Review Panel (ERP) of the University of Luxembourg and the national
Luxembourgish Research Ethics Committee (CNER, Comité National d’Ethique de Recherche) under CNER No. 201901/01 (ivPD)

and No. 202406/03 (AdvanceOrg).

Cell lines

The patient GBA1 cell line was obtained from the European Bank for induced pluripotent Stem Cells (EBISC), the patient GBA2
cell line was provided by the University College London and the patient GBAS cell line from the Coriell Institute. The healthy control
1 and 2 were generated at the Max Planck Institute and healthy control 3 was provided by the Coriell Institute (see Table S1).
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Midbrain organoid culture

One iPSC line from each donor was used, which was derived into NESCs as described by Reinhardt et al.'® Midbrain organoids
were generated from NESCs according to a protocol published by Monzel et al.* and Nickels et al.® until day 30 or day 60 of
organoid culture depending on the experiment. NESCs were cultured in N2B27 maintenance media in 6-well Geltrex
(Gibco, cat. no. A1413302) precoated plates. The N2B27 base media consists of DMEM/F-12 (Gibco cat. no. 21331046) and
Neurobasal (Gibco, cat. no. 21103049) in a 50:50 ratio and is supplemented with 1% GlutaMAX (Gibco, cat. no. 35050061),
1% penicillin/streptomycin (Gibco, cat. no. 15140122), 1% B27 supplement w/o Vitamin A (Gibco, cat. no. 12587001) and
2% N2 supplement (Gibco, cat. no. 17502001). For the maintenance of NESCs, the N2B27 base media was supplemented
with 150 pM ascorbic acid (Sigma-Aldrich, cat. no. A4544), 3 uM CHIR-99021 (Axon Medchem BV, cat. no. AXON1386), and
0.75 pM purmorphamine (Enzo Life Science, cat. no. ALX-420-045). The NESC maintenance media was exchanged every
second day. For the generation of midbrain organoids, NESCs were detached at 80% confluence with Accutase (Sigma-
Aldrich, cat. no. A6964). Trypan Blue was used to count the number of viable cells. 9,000 live cells were seeded into each
well of a 96-well ultra-low attachment plate (faCellitate, cat. no. F202003) in 150 uL of NESC maintenance media to initiate
spheroid formation, marking day 0 of organoid culture. On the 2" day of midbrain organoid culture, the maintenance media
was changed to patterning media, where N2B27 base media was supplemented with 200 uM ascorbic acid (Sigma-Aldrich,
cat. no. A4544), 500 pM dbcAMP (STEMCELL Technologies, cat. no. 100-0244), 10 ng/mL hBDNF (PeproTech EC Ltd., cat.
no. 450-02), 10 ng/mL hGDNF (PeproTech EC Ltd., cat. no. 450-10), 1 ng/mL TGF-p3 (PeproTech EC Ltd., cat. no. 100-36E)
and 1 puM purmorphamine (Enzo Life Science, cat. no. ALX-420-045). The next media change with the pattering media
was done on the 5" day of organoid culture. On the 8™ day of organoid culture, the patterning media was replaced by the
differentiation media, which excluded PMA from the patterning media composition. Further media changes were done every
3-4 days until sample collection. NESC and midbrain organoid cultures were regularly (once per month) tested for mycoplasma
contamination using LookOut Mycoplasma PCR Detection Kit (Sigma-Aldrich, cat. no. MP0035-1 KT).

METHOD DETAILS

Whole mount staining

Midbrain organoids were collected at day 30, fixed with 4% paraformaldehyde (PFA) (Sigma-Aldrich, cat. no. P6148) overnightat 4 °C
and washed 3x with PBS for 10 min. The whole organoids were permeabilized and blocked with 1% Triton X-100 (Carl Roth, cat. no.
3051.3) and 10% donkey serum (Sigma-Aldrich, cat. no D9663) in PBS for 24 h at room temperature (RT) and washed with 0.01%
Triton X-100 in PBS for 30 min at RT on an orbital shaker. The organoids were incubated for 4 days at 4 °C on an orbital shaker
with the primary antibodies (Table S2) diluted in 0.5% Triton X-100 and 3% donkey serum in PBS. They were washed 3x with
PBS for 1 h before incubation for 2 days at 4 °C on an orbital shaker with secondary antibodies (Table S2) diluted in 0.5% Triton
X-100 and 3% donkey serum in PBS. The whole organoids were washed 3x with 0.05% Triton X-100 in PBS and once with
Milli-Q water for 5 min at RT before mounting them with Fluoromount-G mounting medium (Southern Biotech, cat. no.
SOUT0100-01).

Immunofluorescence staining of midbrain organoid sections

Midbrain organoids were collected at day 30, fixed with 4% paraformaldehyde (PFA) overnight at 4 °C and washed 3x with PBS for
10 min. Four midbrain organoids per cell line were embedded in 3% low-melting point agarose (Biozym, cat. no. 840100) and the solid
agarose block with the assembloid was sectioned at 60 pm using the vibrating blade microtome (Leica VT1000s, RRID:SCR_016495).
The sections were permeabilized for 30 min in 0.5% Triton X-100 at RT, followed by one quick wash with 0.01% Triton X-100 in PBS.
The sections were then blocked for 2h at RT with blocking buffer containing 2.5% BSA (Sigma-Aldrich, cat. no. A45083), 2.5% donkey
serum, 0.01% Triton X-100 and 0.1% sodium azide (Carl Roth, cat. no. K305.1) in PBS. Primary antibody (Table S2) was diluted in
blocking buffer and the sections were incubated with the primary antibody dilutions for 48h at 4°C on an orbital shaker. Incubation
with secondary antibodies and mounting of the sections were performed as previously described.’

Image 3D reconstruction

The 3D structure of the dopaminergic neuron was reconstructed from whole mount stainings using IMARIS software (version 9.9.1.,
(Bitplane, RRID:SCR_007370). z stack planes were used to visualise the fragmentation of dopaminergic neurons positive to tyrosine
hydroxylase (TH) in GBA-PD compared to hearty control (WT) midbrain organoids.

p-galactosidase staining

60 pm sections from midbrain organoids were used in the p-galactosidase staining, using the Senescence Detection Kit (Abcam, cat.
no. ab65351). Two sections from one midbrain organoid per cell line were used. Images were acquired at 4x and 10x on an Olympus
IX83 Automated Fluorescence Microscope (RRID:SCR_020344) for qualitative images and enhanced using Fiji software (RRID:
SCR_002285) to account solely for differences in the background levels of light.
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Image acquisition and analysis
For high-content imaging, mounted organoids were scanned using the Yokogawa CellVoyager CV8000 microscope (RRID:
SCR_023270). A 4x pre-scan in the 405 channel identified organoid-containing wells, enabling the creation of masks to outline
organoids. These masks guided the selection of the field for imaging at different wavelengths with a 20x objective. For all
stainings, three to four organoids per condition and four batches were analyzed, with details provided in figure legends. Qualitative
images were captured using a Zeiss LSM 710 Confocal Inverted Microscope (RRID:SCR_018063) with 20x, or 60x objectives.
Immunofluorescence images of the whole mount organoids from the Yokogawa microscope were analyzed in MATLAB (20213,
Mathworks, RRID:SCR_001622) using a custom image-analysis algorithm as described by Bolognin et al.'” The algorithm merges
overlapping sections into mosaic images, smoothes and combines color channels and removes small objects. Masks were
created and refined for each marker based on pixel intensity to quantify marker areas in 3D space (voxels). Representative images
were edited with Adobe lllustrator (version 29.5.1., RRID:SCR_010279) and Adobe Photoshop (version 26.6.1, RRID:SCR_014199)
for visualization purposes.

RNA extraction, library preparation and sequencing

Total RNA was extracted from each organoid generation batch, with 15-20 midbrain organoids pooled per batch at either day
30 or day 60. RNA isolation was done using the RNeasy Mini Kit (Qiagen, cat. no. 74106) following the manufacturer’s protocol.
Messenger RNA was purified from total RNA using poly-T oligo-attached magnetic beads. After fragmentation, the first strand
cDNA was synthesized using random hexamer primers, followed by the second strand cDNA synthesis using either dUTP
for directional library or dTTP for non-directional library. Library preparations were sequenced on an lllumina platform by
Novogene’s sequencing service.

Transcriptomic analysis

RNA sequencing data were pre-processed on the Galaxy server (version 23.2.rc1) following Galaxy training tutorial.'®'® Reads
were mapped to the human reference genome hg38 using the HISAT2 tool (RRID:SCR_015530). Mapped reads were counted
using the featureCounts (RRID:SCR_001905) function on the BAM output files of HISAT2. Differential expression analysis was
conducted in the R Project for Statistical Computing (version 4.4.2., RRID:SCR_001905) using the software package “DESeq2”
(version 1.42.1., RRID:SCR_015687) (Love et al.?°). P-value significance scores for differential expression were adjusted for
multiple hypothesis testing according to the Benjamini and Hochberg method.?' Pathway enrichment analysis was performed
with the EnrichR tool (RRID:SCR_001575)?>?° using the gene-level differential expression results table obtained with the
DESeq2. We made use of two Gene-set libraries: the “Reactome Pathways 2024” library®* and the “GO Biological process
2023” library.?>*® Euclidean distance analysis was performed in R using base functions for distance computation and the
“dplyr” package (version 1.1.4., RRID:SCR_016708) for data manipulation, ensuring precise distance measurements through
established statistical functions.?”*?® This approach allowed us to quantify the relative positioning of the data points within
the multidimensional space defined by the clusters, providing insight into its similarity to each group.

Analysis of explained variance

To assess the sources of variability in gene expression data, Principal Variance Component Analysis (PVCA) was performed in
R using the “PVCA” package (version 1.42.0., RRID:SCR_001356).2° PVCA performs the dual analysis Principal Component
Analysis (PCA) and Variance Component Analysis (VCA). This results in a reduction in data dimensionality while retaining
most of its variability. A mixed linear model is then applied, treating all factors of interest as random effects, including
two-way interaction terms, to estimate and partition the total variance attributed to each term. This method accounts for all
defined sources of variability, including both experimental (cell line, passage, batch) and biological (disease status, patient
sex) factors. Both, biological and experimental variates were treated as random factors and the variance attributed to other
technical variables was assigned to a residual variance category.

Transcriptomics and metabolomics integration

RNA sequencing and metabolomics data were integrated using “mixOmics” package (version 6.22.0., RRID:SCR_016889)*° in R
with DIABLO framework.®" The separation between sample groups was assessed using the correlation of the top 50 genes with
the top five metabolites from the first component of Partial Least Squares Discriminant Analysis (PLS-DA). Pearson correlation
(abs(r) = 0.85) between metabolomics and transcriptomics features was further visualized in a Circos plot (version 0.69-9., RRID:
SCR_011798).

Sample size estimation using power analysis

For the RNAseq dataset statistical power based on sample size was estimated using “PROPER” package (version 1.30.0.) in R.
Library size dispersion and baseline expression values were determined based on the complete RNAseq data (Dataset 1) of
midbrain organoid samples from eight independent organoid batches with 48 samples per group (3 cell lines x 2 independent
groups (WT and GBA-PD) x 8 independent organoid batches). 20 simulations were run using “DESeq2” (version 1.42.1, RRID:
SCR_015687) (Love et al.”°) as a differential expression analysis method for possible sample sizes considering that we have three
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independent cell lines per group (WT or GBA-PD), thus sample size can increase by three for each batch (3 cell lines x 2 batches = 6
samples per group). To determine the relevant effect sizes between the two groups, we estimated the median, min and max log2
fold change of significantly differentially expressed genes between GBA and control sample groups. The false discovery rate was
set to 5%.

For metabolomics and imaging experiments, sample size estimation was done using “pwr” package (version 1.3.0., RRID:
SCR_025480) with a defined significance of alpha = 0.05 and power = 0.8. For both datasets Cohen’s effect size was calculated
using the “effsize” package (version 0.8.1.) for significantly different abundant metabolites and TH normalised to nuclei of imaging
features respectively. Based on normal data distribution of metabolomics data, we applied pwr.t.test function, while considering
potential unequal sample sizes in each group and non-normal data distribution of imaging data, function pwr.2p.test of the pwr
package was applied to imaging data.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

Statistical significance was calculated using Wilcoxon T-test in R Project for Statistical Computing (version 4.4.2., RRID:
SCR_001905). Statistically significant results were indicated when p values were * <0.05, ** <0.01, *** <0.001 and **** <0.0001.

When data was found not significant, it is not specifically stated in the figures and is expressed as ns, not significant. Error bars repre-
sent mean +standard deviation (SD). All statistical details of experiments can be found in the Figure legends.
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Figure S1: Correlation analysis of healthy control (WT) and GBA-PD samples. Related to Figure 2.

(A) Unsupervised hierarchical clustering plot showing the correlation of healthy control (WT) samples from
early and late passage and all eight batches.

(B) Unsupervised hierarchical clustering plot showing the correlation of GBA-PD samples from early and
late passage and all eight batches.

(C) Pearson Correlation of log2 fold changes (FC) of all genes between batches derived from early passage
NESCs.

(D) Pearson Correlation of log2 fold changes (FC) of all genes between batches derived from late passage

NESCs.
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Figure S2: Identification of 27 differentially expressed genes (DEGs) in early passage batches
and assignment to distinct functional categories. Related to Figure 3.

(A) Venn diagram of DEGs showing the batches derived from early passage NESCs, with 27 genes in
common.

(B) Venn diagram of DEGs showing the batches derived from early passage NESCs.

(C) Unsupervised hierarchical clustering of GBA-PD and healthy control (WT) samples based on
normalised gene counts of 27 predefined genes for early passage batches.

(D) Unsupervised hierarchical clustering of GBA-PD and healthy control (WT) samples based on
normalised gene counts of 27 predefined genes for late passage batches.

(E) Log2 fold changes (FC) of 27 predefined genes divided into distinct functional categories. The genes
were assigned to the senescence/apoptosis pathway, synapse and nervous system development,
metabolic and oxidative stress processes, cell adhesion and extracellular matrix (ECM) dynamics, and

transcription and gene regulation. Each category shows the FC per batch with eight batches in total.
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Figure S3: Transcriptomic analysis of dopaminergic neuron phenotype supports imaging
analysis. Related to Figure 4.

(A) TH counts from all eight batches pooled. Data is shown as boxplots + SD. Wilcoxon T-test; ****p <
0.0001.

(B) Log2 fold change (FC) of TH expressed in early passage batches (B1-4) and late passage batches
(B5-8).

(C) TH counts from early passage batches (B1-4). Pooled healthy control (WT) or GBA-PD lines are shown
per batch. Data is shown as boxplots + SD. Wilcoxon T-test; ns, not significant.

(D) TH counts from late passage batches (B5-8). Pooled healthy control (WT) or GBA-PD lines are shown

per batch. Data is shown as boxplots + SD. Wilcoxon T-test; ns, not significant.
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Figure S4: Transcriptomic analysis of senescence phenotype supports imaging analysis. Related to
Figure 4.

(A) TP53 counts from early passage batches (B1-4) pooled. Data is shown as boxplots + SD. Wilcoxon
T-test; ****p < 0.0001.

(B) TP53 counts from late passage batches (B5-8) pooled. Data is shown as boxplots £ SD. Wilcoxon
T-test; ***p < 0.001.
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Figure S5: Partial Least Squares Discriminant Analysis (PLS-DA). Related to Figure 5.
(A) Day 30 sample discrimination by batch.

(B) Day 30 sample discrimination by condition.

(C) Day 60 sample discrimination by batch.

(D) Day 60 sample discrimination by condition.
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Supplemental Tables

Table S1. Cell lines used in this study. Related to STAR Methods.

Sample ID | Diagnosis @ Genotype Sex Age of | Age of Source of iPSC
onset sampling
WT1 Healthy wi/wt F / 63 IBBL / Max Planck Institute
WT2 Healthy wit/wt F / 68 IBBL / Max Planck Institute
WT3 Healthy wt/wt M / 55 Coriell Institute
GBA1 PD GBA-N370S/wt | F 77 81 European Bank for
induced pluripotent Stem
Celis
GBA2 PD GBA-N370S/wt | F 55 55 University College London
GBA3 PD GBA-N370S/wt | M 63 66 Coriell Institute

65



Table S2. Primary and secondary antibodies used for immunofluorescence stainings. Related

to STAR Methods.

Antibody Source Cat. no. RRID Species | Dilution
TH Abcam ab76442 AB_1524535 Chicken 1:250
TH Abcam Ab112 AB_ 297840 Rabbit 1:1000
TUJ BioLegend 801201 AB 2313773 Mouse 1:300
53BP1 Novus Blologicals NB100-304 AB_10003037 Rabbit 1:250
. 1:250
MAP2 Abcam ab92434 AB 2138147 Chicken 1-1000
Anti-chicken 488 | Jackson 703-545-155  AB 2340375  Donkey  1:1000
Immunoresearch
Anti-chicken 647 | Jackson 703-605-155 | AB_ 2340379 Donkey | 1:1000
Immunoresearch
Anti-rabbit 488 Invitrogen A21206 AB 2535792 Donkey 1:1000
Anti-rabbit 568 Invitrogen A-10042 AB 2534017 Donkey 1:1000
Anti-mouse 647 Invitrogen A-31571 AB 162542 Donkey 1:1000
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3.2.1 Contribution statement

In this article, | supported the first author by generating and maintaining cultures. | collected
samples, performed protein extraction and Western blots, which were necessary for the
revision of the paper. | also contributed with the manuscript revision. The initial concept for
the study was developed by J. C. Schwamborn, and the project was carried out by H.

Kurniawan.

3.2.2 Preface

The main aim of this study was to investigate how patient-derived microglia carrying the
LRRK2-G2019S mutation contribute to Parkinson’s disease pathogenesis. Using iPSC-
derived microglia from LRRK2-G2019S patients and healthy controls, we first characterized
the impact of the mutation on microglial identity, physiology, and function. Subsequently, we
assessed how LRRK2-G2019S microglia affect the cellular and molecular environment of

healthy midbrain organoids, with a particular focus on dopaminergic neuron integrity.

Our findings show that the LRRK2-G2019S mutation does not impair microglial
differentiation or structural integrity but significantly alters microglial function. Mutant
microglia exhibited increased immune activity, including increased TNF-a production and
enhanced phagocytosis. Bulk RNA sequencing revealed transcriptional signatures
consistent with inflammatory activation and metabolic reprogramming, with notable
enrichment in TNF and IL-1 signalling pathways. Further metabolic profiling revealed a shift
toward glycolysis and reduced glucose-derived biosynthesis, indicating an inflammatory
immunometabolic state. Interestingly, mitochondrial function was largely preserved,
suggesting that the observed metabolic reprogramming reflects a deliberate shift rather than

mitochondrial dysfunction.

To assess the functional impact of this altered microglial state, we co-cultured LRRK2-
G2019S microglia with healthy control midbrain organoids. The presence of the mutant
microglia led to the degeneration of dopaminergic neurons, recapitulating a key aspect of
PD pathology. The neuronal loss was mediated by TNF-a-dependent mechanisms, as
pharmacological inhibition of TNF-a restored neuronal viability. Furthermore, targeting
glycolysis with oxamic acid, a lactate dehydrogenase inhibitor, attenuated microglial
immune activity and prevented loss of dopaminergic neuron. These results suggest that
microglial metabolic rewiring is not only a consequence of immune activation, but also an

active driver of microglia-mediated neurotoxicity in LRRK2-associated PD.

Together, our findings demonstrate a patient-specific iPSC-derived assembloid model

provides a mechanistic platform for studying neuroinflammation in PD. They highlight the
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critical role of immunometabolic reprogramming in LRRK2-G2019S microglia and identify

microglial metabolism as a promising therapeutic target for modifying disease progression.
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Abstract

A growing body of evidence implicates inflammation as a key hallmark in the pathophysiology of Parkinson's
disease (PD), with microglia playing a central role in mediating neuroinflammatory signaling in the brain.
However, the molecular mechanisms linking microglial activation to dopaminergic neuron degeneration remain
poorly understood. In this study, we investigated the contribution of the PD-associated LRRK2-G2019S mutation
to microglial neurotoxicity using patient-derived induced pluripotent stem cell (iPSC) models. We found that
LRRK2-G2019S mutant microglia exhibited elevated activation markers, enhanced phagocytic capacity, and
increased secretion of pro-inflammatory cytokines such as TNF-a. These changes were associated with metabolic
dysregulation, including upregulated glycolysis and impaired serine biosynthesis. In 3D midbrain organoids, these
overactivated microglia resulted in dopaminergic neuron degeneration. Notably, treating LRRK2-G2019S microglia
with oxamic acid, a glycolysis inhibitor, attenuated microglial inflammation and reduced neuronal loss. Our findings
underscore the link between metabolic targeting in microglia and dopaminergic neuronal loss in LRRK2-G2019S
mutation, and highlight a potential strategy that warrants further preclinical evaluation.
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Introduction
Parkinson’s disease (PD) stands as the second most
common neurodegenerative disorder, with its inci-
dence steadily rising over time [1]. While mitochon-
drial dysfunction, oxidative stress, calcium imbalance,
and impaired autophagy and mitophagy have long been
recognized as key contributors to dopaminergic neuron
loss [2], neuroinflammation has emerged in recent years
as a prominent and unifying feature across PD subtypes
[3]. Accordingly, targeting neuroinflammatory pathways
presents a promising therapeutic strategy for PD.
Microglia, the brain’s resident immune cells, play
essential roles in both immune defense and neuronal
homeostasis. In response to pathogen-associated molec-
ular patterns, microglia activate and release cytokines
to recruit peripheral immune cells and contain damage.
Beyond immune surveillance, microglia support neu-
ronal development by regulating neuronal progenitor
cells, guiding dopaminergic axon growth, and releasing
neurotrophic factors [4]. Importantly, they are also key
mediators of aggregated a-synuclein clearance — another
pathological hallmark of PD [5]. However, chronic
engagement in a-synuclein clearance can perpetuate a
cycle of inflammation, ultimately resulting in neurotoxic-
ity and neuronal death [6, 7]. This vicious cycle is increas-
ingly recognized as a critical driver of PD progression.
Immune cells, including microglia, shift from a rest-
ing state to an activated state upon receiving stimulatory
signals, accompanied by adaptations in their metabolic
pathways — a process known as metabolic reprogram-
ming. This metabolic shift is fundamental for providing
the energy required for cell proliferation, differentia-
tion, and activation. Studies have shown that peripheral
immune cells, including microglia, switch from a highly
efficient ATP production via mitochondrial oxidative
phosphorylation to faster ATP production through gly-
colysis [8]. The fine-tuning of cellular metabolism is
crucial for normal immune cell functions in both health
and disease [9, 10]. In addition to glucose metabolism,
glucose is diverted to the pentose phosphate pathway to
produce NADPH and ribose 5-phosphate, a precursor

Table 1 List of human iPSCs used in this study with details of
the gender and age of sampling. The study uses four healthy and
four patient-derived iPSCs

Original ID Diagnosis Sex Age
DB 202 LRRK2-WT M 55-59
DB 262 LRRK2-WT F 57
DB 389 LRRK2-WT M

DB 201 LRRK2-WT F

DB 209 LRRK2-G2019S F 81

DB 228 LRRK2-G2019S F 40
DB 222 LRRK2-G2019S F 66
DB 226 LRRK2-G2019S M 79
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for nucleotide synthesis. Additionally, glucose can also be
channeled into serine synthesis and one-carbon metabo-
lism, supplying proteins, nucleic acids, lipids, and mac-
romolecules to support cell proliferation and growth
[11]. Microglia can also utilize free fatty acids as alterna-
tive energy sources in the absence of glucose, indicating
their metabolic flexibility [12]. These metabolic dynamics
highlight the importance of metabolic rewiring to pro-
vide sufficient precursors and energy to maintain nor-
mal microglial function. It has been hypothesized that
during chronic inflammation in PD, microglial metabo-
lism becomes compromised [8, 13, 14]. However, due to
the complex etiology of PD, the precise link between PD
pathology and microglial metabolic rewiringr remains
unclear.

In this study, we examined how the LRRK2-G2019S
mutation, one of the most common genetic causes of
familial and sporadic PD, affects microglial physiology.
Our results show that LRRK2-G2019S drives a proin-
flammatory phenotype in microglia by reprogramming
their metabolism, notably enhancing glycolysis and
impairing serine biosynthesis. These changes contribute
to dopaminergic neurotoxicity in otherwise healthy mid-
brain organoids. Importantly, pharmacological target-
ing of glucose metabolism with oxamic acid ameliorated
microglial activation and protected neurons. These find-
ings are consistent with a functional connection between
microglial immunometabolism and dopaminergic neu-
ron vulnerability, and suggest avenues to explore for
restoring microglial homeostasis.

Materials and methods

Cell cultures

Human induced pluripotent stem cells (iPSCs) culture

iPSCs (Table 1) were generated as previously described
[15] and maintained on GelTrex™ hESC-qualified coated
6-well plates (ThermoFisher Scientific, A1569601) in
Essential 8 Basal medium (ThermoFisher Scientific,
A157001) supplemented with ROCK inhibitor (Y-27632,
Merck Millipore, SCMO075) for the first 24 h post-passag-
ing. Medium was exchanged daily. At~80% confluence,
iPSCs were split dissociated using Accutase® (Sigma,
A6964) and reseeded at approximately 500,000 cells per
well.

Macrophage precursors were generated from iPSCs
based on previous protocols [16]. Briefly, 4x 10° iPSCs
were seeded into AggreWell™ 800 plate pre-treated with
Anti-Adherence Rinsing Solution (Stemcell Technolo-
gies, 34860). Cells were cultured for 4 days in embry-
oid body (EB) medium, consisting of Essential 8 Basal
medium supplemented with ROCK inhibitor, 50 ng/
ml bone morphogenetic protein 4 (BMP4, Biolegend,
795606), 50 ng/ml vascular endothelial growth factor
165 (VEGEF-165, Biolegend, 583708), and 20 ng/ml stem
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cell factor (SCF, Miltenyi Biotec, 130-096—695). EBs
were harvested and transferred to ultra-low attachment
6-well plates (ThermoFisher Scientific, 07-200-601) and
cultured for an additional 3 days in EB medium. Subse-
quently, EBs were transferred to a T75 flask and cultured
in Factory medium (X-VIVOL15 supplemented with 100
ng/ml macrophage colony-stimulating factor M-CSE,
Biolegend 574808 and 25 ng/ml IL-3, Biolegend 578008)
to generate macrophage precursors.

Microglia differentiation

Macrophage precursors were harvested biweekly and
plated at either 50,000 (96-well) or 1x10° (6-well) cells/
well. Cells were cultured for 14 days in basal microglia
differentiation medium composed of Advanced DMEM/
F12 (ThermoFisher Scientific, 35050061), 1 x N2 (Ther-
moFisher Scientific, 17502001), 1xPen/Strep (Invitro-
gen, 15140122), 1 x GlutaMax (ThermoFisher Scientific,
35050061), 50 uM B-Mercaptoethanol (ThermoFisher
Scientific, 31350-010) supplemented with 100 ng/ml
IL-34 (Biolegend, 577906), and 10 ng/ml GM-CSF (Bio-
legend, 572905) as described previously [17]. Medium
was changed twice weekly. At day 14, microglia were
detached with Accutase® for 15 min, washed twice in
serum free media, or FACS buffer, and processed for
downstream applications.

Midbrain organoid generation and culture

Neural epithelial stem cells (NESCs; 6,000 cells/well)
were seeded into BIOFLOAT™ 96-well plates (faCellitate,
F202003), and cultured in maintenance medium consist-
ing of N2B27 supplemented with 3 pM CHIR (Axon CT
99021), 0.2 mM ascorbic acid (Sigma, A4544-100G), 0.5
UM smoothened agonist (SAG, Stemcell Technologies
73412), 2.5 uM SB-431542 (Abcam, ab120163), and 0.1
uM LDN-193189 (Sigma, SML0559) for 2 days.

From day 2 to 4, cells were cultured in patterning
medium I (N2B27 supplemented with 0.2 mM Ascorbic
Acid, 3 uM CHIR, and 0.5 uM SAG), then in patterning
medium II from day 4 to 8 (N2B27 supplemented with
0.2 mM ascorbic acid, 0.7 uM CHIR, and 0.5 uM SAG).
From day 8 onward, organoids were cultured in matu-
ration medium of N2B27 supplemented with 0.2 mM
ascorbic acid, 10 ng/ml Brain-Derived Neurotrophic Fac-
tor (BDNF, Peprotech, 450-02), 10 ng/ml Glial-Derived
Neurotrophic Factor (GDNF, Peprotech, 450-10), 1 pg/
ml TGEF-B3 (Peprotech, 100-36E), 0.5 mM Dibutyryl
cycliccAMP (Biosynth SRO, ND07996), 10 uM DAPT
(R&D Systems, 2634/10) and 2.5 ng/ml Activin A (Ther-
moFisher Scientific, PHC9564). Organoids were main-
tained under static conditions with biweekly medium
changes until day 15 of differentiation.
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Coculture of midbrain organoids and macrophage precursors
(assembloids)

On day 15 of dopaminergic differentiation, 150,000 mac-
rophage precursors were added to each organoid as pre-
viously described [17]. Co-culture was maintained in
basal microglia differentiation medium supplemented
with 100 ng/ml IL-34 (Biolegend, 577906), 10 ng/ml
GM-CSF (Biolegend, 572905), 10 ng/ml BDNF, 10 ng/
ml GDNE, 10 uM DAPT, and 2.5 ng/ml Activin A. Media
were exchanged twice weekly. The duration of co-culture
depended on the experimental design (D20 or D75).

2D microglia analysis

Flow cytometry

For surface marker analysis, microglia were stained in
FACS buffer (PBS supplemented with 1% FCS and 5 mM
EDTA pH 8.0) with fluorescently conjugated antibod-
ies (Materials, Table S1) for at least 30 min at 4°C, pro-
tected from light. Cells were washed twice, resuspended
in FACS buffer and analyzed on a flow cytometer.

For intracellular phosphoprotein detection, cells were
fixed in 2% formaldehyde for 10 min, and permeabilized
with 0.01% saponin in FACS buffer. Staining and subse-
quent analysis were performed in 0.01% saponin.

For intracellular cytokine measurement, microglia were
stimulated with 100 ng/ml lipopolysaccharide (LPS) for
24 h at D13 of differentiation, with BD GolgiPlug™ (BD
Biosciences, 555029) added during the last 6 h of stimu-
lation. Microglia were fixed and permeabilized using the
BD Pharmingen™ Transcription Buffer Set (BD Biosci-
ences, 562574) according to the manufacturer’s proto-
col. This kit was also used to stain intracellular nuclear
proteins.

For ROS/mitochondrial analysis, microglia were
stained with dichlorofluorescein diacetate (H2-DCF-DA,
ThermoFisher Scientific D399) or Mitotracker™ Deep Red
and Green (ThermoFisher Scientific, M46753; M46750)
for 30 min in non-supplemented DMEM-F12. The cells
were washed twice in PBS and analyzed immediately in
flow cytometer.

Phagocytosis assay

Microglia were incubated with 10 pg/ml Zymosan A
(S.cerevisiae) BioParticles™ (ThermoFisher Scientific,
723373) or pHRodo™-Zymosan BioParticles™ Conjugate
(ThermoFisher Scientific, P35364) in HBSS medium sup-
plemented with 20mM HEPES and 10% FCS. Cells were
incubated for at least 30 min at 37°C, washed 2 x with
PBS, and analyzed by flow cytometry.

Glucose uptake assay
Cells were incubated in glucose free DMEM-F12 (non-
supplemented) with 50 puM 2-NBDG (ThermoFisher
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Scientific, N13195) for 1 h at 37°C. Cells were immedi-
ately analyzed using a flow cytometer.

Metabolic profiling

Microglia (2 x 10° cells/well) were plated in Agilent Sea-
horse XF DMEM medium (Agilent, 103575-100). The
extracellular acidification rate (ECAR) and oxygen con-
sumption rate (OCR) were measured using the XF Gly-
colytic Stress Test and the XF Cell Mitochondrial Stress
Test kits according to the manufacturer’s protocols.

Isotopic labelling

Microglia were cultured for 24 h in DMEM-F12 contain-
ing [U-¥C¢]-glucose (11.1 mmol/L; Cambridge Isotope
Laboratories). Metabolite extraction, mass spectrometry,
mass isotopomer quantification and determination of
fractional carbon contributions were performed as previ-
ously described [18], using MetaboliteDetector software
package.

Cytokine quantification

Proinflammatory cytokines were assessed using Human
Inflammatory Cytokine Multiplex ELISA Kit (Arigo Bio-
laboratories, ARG80929) according to the manufacturer’s
protocol. In addition, TNF-a and IL-1p were quantified
using human uncoated ELISA Kits from ThermoFisher
Scientific (88—7346-77 and 88-7261-77).

2D Immunofluorescence staining

Microglia were differentiated and plated in 96-well glass
bottom plate (Cellvis, P96-0-N). The cells were then fixed
for 10 min with 4% formaldehyde (Sigma, 100496), and
permeabilized using 0.3% Triton X-100 in PBS for 15
min. Microglia were washed three times with PBS and
blocked with blocking buffer (3%BSA +0.3% Triton X-100
in PBS). The cells were stained overnight at 4°C with pri-
mary antibodies diluted in blocking buffer. The cells were
rinsed three times and incubated with secondary anti-
bodies in blocking buffer for 2 h at room temperature.
After two PBS washes, the samples were resuspended in
PBS+0.1% Na-Azide and imaged using Zeiss LSM710
Confocal Laser Scanning Microscope.

RNA extraction and RT-PCR

RNA isolation was done using RNeasy Mini Kit (Qiagen,
74104) according to the manufacturer’s protocol. cDNA
was prepared using High-Capacity RNA-to-cDNA™ Kit
(ThermoFisher Scientific, 4387406). RT-PCR was per-
formed using Green-Taq polymerase with 50ng of cDNA
per reaction. The primers used are listed under ‘Oligo-
nucleotides’ The reactions were run on an ABI 7500 HT
Fast qRT-PCR instrument. Data were normalized to con-
trol gene and analyzed using AACt method as previously
described.
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RNA sequencing

Libraries were prepared using Novogene’s property
library prep protocols (Novogene NGS RNA Library
Prep Set PT042 for 250-300 bp insert cDNA library).
The indices were incorporated to multiplex multiple
samples. mRNA was purified using poly-T oligo-attached
magnetic beads. After fragmentation, the first strand
c¢DNA was synthesized using random hexamer primers,
followed by a second strand cDNA synthesis. Library
preparation was finalized following end repair, A-tailing,
adapter ligation, and size selection. After amplification
and purification, the insert size of the library was vali-
dated on an Agilent 2100 and quantified using RT-PCR.
Libraries were sequenced using [llumina NovaSeq 6000
S4 flow cell with PE150.

Transcriptomic analysis

The data were analyzed and visualized with RStudio (R
version 4.3.3). Raw sequencing reads were processed
using the Rsubread package (version 2.10.4) for align-
ment and quantification. Paired-end reads were aligned
to the human reference genome GRCh38 using the Sub-
read aligner with default parameters. The alignment
quality showed high mapping rates with over 98% of
reads successfully mapped across all samples. Gene-level
counts were generated using the featureCounts function
from Rsubread. Differential gene expression analysis was
done using the DESeq?2 pipeline [19]. GeneGO Metacore
was used for gene set enrichment analysis (https://clari
vate.com; https://portal.genego.com). The GEO accessi
on number for the RNA-seq data from the healthy and
mutant microglia in this study is GSE282494.

Metabolic modelling

Context-specific metabolic models were reconstructed
by integration of RNA sequencing data into the Recon 3
generic human metabolic model [20] using rTFASTCOR-
MICS pipeline [21]. With this workflow, transcripts per
million (TPM) normalized gene expression was used as
a determinant of the presence of metabolic reactions
models. In addition, metabolic networks were con-
strained by the composition of cell culture media, defy-
ing the availability of metabolites which can be taken up
by cells. A separate metabolic model was generated for
each LRRK2-WT and LRRK2-G2019S microglia. Models
were generated and analyzed in MATLAB (MathWorks,
v.2019b) using the COBRA toolbox [22]. Using the setdift
function in MATLAB shared reactions across the WT
and MUT models were identified. Unique reactions for
each condition (only present in the WT or MUT condi-
tion) were determined by the intersect function in MAT-
LAB and assigned to the corresponding subsystem of
Recon 3. Subsystems with five or more unique reactions,
representing at least 10% of the total reaction number
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in the respective subsystem in Recon 3 for WT or MUT
conditions, were selected for further investigation.

3D assembloid analysis

Flow cytometry

The assembloids were incubated for 30 min at 37°C in
100 pl Accutase® under an orbital shaker. The assem-
bloid underwent mechanical dissociation into a single
cell suspension with a 1000 pl pipette followed by a 200
ul pipette. The cell suspensions were washed twice with
assay media or PBS. The assembloids were fixed and per-
meabilized with a BD Pharmingen™ Transcription Buffer
Set. The cells were stained for neuronal markers: dopami-
nergic neurons (TH), neurons (MAP2). The samples were
analyzed using flow cytometer BD LSR Fortessa ™.

Immunofluorescence staining

The assembloids were fixed overnight in 4% paraformal-
dehyde at RT and washed 3 x with PBS for 15 min. The
assembloids were then embedded in 3% low melting
point agarose (Biozym Scientific GmbH, 840100) and cut
into 70 pm sections using Leica VT1000s vibratome. One
assembloid was sliced into approximately 10—15 sections
depending on the size. The sections were permeabilized
in 0.5% Triton X-100 in PBS for 2 h. The samples were
blocked with a mixture of 2.5% BSA and 2.5% donkey
serum in PBS for 2 h at RT. The sections were then incu-
bated for 48 h at 4°C with primary antibodies diluted in
blocking buffer. The sections were washed 3 x for 10 min
with 0.01% Triton X-100 in PBS and incubated with sec-
ondary antibody for 2 h diluted in blocking buffer. The
list of the primary and secondary antibodies is listed in
Materials. The sections were washed 3 x for 10 min with
0.01% Triton X-100 in PBS, followed by one wash with
H,O. Finally, the sections were mounted on DBM Teflon®
slides (De Beer Medicals, BM-9244) using Fluoromount-
G° mounting media (Southern Biotech, 0100-01).

Image analysis

Image acquisition and analysis was done using the
established pipeline in the group [23]. All sections of
the assembloid (x, y and z fields) were acquired with a
20 x objective using Yokogawa CV8000 standalone high
content screening confocal microscope and the Cell Voy-
ager coupled with Wako software. Image quantification
was done using in-housed MATLAB scripts, from two
sections per organoid per cell line and from at least three
independent assembloid derivations.

Data analysis and statistics

The data were analyzed using GraphPad Prism 10.1.2.
A normality test was performed using the Shapiro
test. If not stated otherwise, outlier removal was per-
formed using the ROUT method Q 1% in GraphPad. For
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nonnormally distributed data, two-sided Wilcoxon test
or Kruskal-Wallis with Dunn’s multiple comparison test
and Benjamini-Hochberg correction was implemented.
For normally distributed data, Welch’s t-test or one-way
ANOVA with Tukey’s multiple comparison test were
performed. Significant P values are represented with
asterisks in the order P<0.05 *, P<0.01 **, P<0.001 ***,

P<0.0001 ****. The error bars represent mean + SD.

Results

LRRK2-G2019S mutation does not affect iPSC-derived
microglial differentiation and identity

In this study, we used iPSCs from four healthy individu-
als and four PD patients harboring the LRRK2-G2019S
mutation (Table 1). Initially, embryoid bodies were
formed from the iPSCs and cultured in a flask to pro-
duce macrophage precursors (Fig. 1A). These precursors
were harvested and differentiated for 14 days to gener-
ate mature microglia, according to the previously estab-
lished protocol [17, 24]. Healthy iPSC derived microglia
expressed typical macrophage and microglial markers
such as IBA1 and PU1 (Fig. 1B). After validating our
robust microglial generation protocol, we compared
microglia from healthy individuals and those with the
LRRK-G2019S mutation.

Despite reports of LRRK2-related toxicity resulting in
10-70% cell death, other studies found no effect on cell
viability [25]. In our system, we observed no differences
in cell viability as assessed by flow cytometry (Fig. 1C),
or total ATP levels using CellTiter-GLO® luminescence
assay (Fig. 1D). Additionally, the presence of the LRRK2-
G2019S mutation did not impact embryoid body forma-
tion or the yield of macrophage precursors (Figure S1A).
Furthermore, morphological assessments via flow cytom-
etry (FSC/SSC) revealed no differences in cell size or
complexity between healthy and mutant microglia (Fig-
ure S1B).

Upon stimulation IL-34 and GM-CSE, macrophage pre-
cursors mature into microglial cells [24]. Mature microg-
lia express markers, including general macrophage
markers (CD11b, CD45, IBA1, PU1) as well as specific
microglial markers (P2RY12, CX3CR1, and TMEM119)
[26]. Both wild-type (WT) and LRRK2-G2019S microg-
lia showed comparable expressions of these markers, as
confirmed by immunofluorescence and flow cytometry
(Fig. 1E-G, S1C). Together, these data indicate that the
LRRK2-G2019S mutation does not alter the differen-
tiation efficiency, identity, or basic morphology of iPSC-
derived microglia.

LRRK2-G2019S microglia exhibit heightened immune
activation and inflammatory phenotypes

Despite  normal  differentiation, LRRK2-G2019S
microglia exhibit increased immune activation and
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proinflammatory properties. Previous studies have
implicated LRRK2 polymorphisms in autoinflammatory
diseases including inflammatory bowel disease (IBD),
Crohn’s disease, and tuberculosis, indicating a significant
connection to immune functions [27]. Notably, increased
expression of LRRK2 has been observed in immune cells
in response to proinflammatory signals [28]. We there-
fore sought to determine the impact of LRRK2-G2019S
mutation on microglial inflammatory functions in iPSC-
derived microglia.

Flow cytometry analysis showed that CD68, a lyso-
somal protein indicative of phagocytic activity, was sig-

nificantly upregulated in LRRK2-G2019S microglia
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compared to healthy controls (Fig. 2A). Markers associ-
ated with antigen presentation and costimulation, includ-
ing HLA-DR, CD80 and CD86, were elevated in mutant
microglia relative to that in control microglia (Fig. 2A).
However, other activation markers such as CD69, CCR6,
and the exhaustion marker PD-1 were unchanged (Figure
S2A).

One of the key functions of microglia is the uptake of
antigens for removal or presentation. Microglia possess
several pathogen recognition receptors, namely Toll-like
receptors (TLRs). TLR signaling and phagocytosis are
hallmarks of the microglia-mediated immune response
to infections [29]. The activation of TLR2 has been
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associated with neuronal injury [30]. Our data revealed
that LRRK2-G2019S microglia presented increased levels
of both TLR2 and TLR4, suggesting a potential increase
in phagocytic activity (Fig. 2B). To assess microglial
phagocytosis, we used fluorescence labelled Zymosan, a
TLR2 agonist derived from yeast. Following incubation
and thorough washing to remove unbound particles,
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LRRK2-G2019S microglia showed significantly greater
uptake of zymosan than healthy microglia did (Fig. 2C).
Using a more advanced fluorescence Zymosan particle
coupled with a pH-sensitive pHRodo, which fluoresces
only when the particle is digested in the lysosome, we
confirmed an increased phagocytic rate in LRRK2-
G2019S microglia (Fig. 2D).
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Another critical function of microglia is the production
of cytokines. In response to environmental cues, microg-
lia can produce a range of pro- and anti-inflammatory
cytokines. Proinflammatory cytokines such as IL-1, IL-6,
IFN, and TNF-a have been implicated in the pathogenesis
of PD [31]. Our results indicated that various inflamma-
tory cytokines were similarly expressed between healthy
and LRRK2-G2019S microglia. However, upon LPS
stimulation, LRRK2-G2019S microglia uniquely secreted
higher levels of TNF-a into the culture media than the
control microglia (Fig. 2E). This finding was corroborated
by flow cytometry, which revealed significant upregula-
tion of intracellular TNF-a in LRRK2-G2019S microglia
(Fig. 2F, Figure S2B). Interestingly, other inflammatory
cytokines were expressed at similar levels in both groups
(Fig. 2E, Figure S2B). In summary, our data suggest that
the LRRK2-G2019S mutation enhances the inflamma-
tory activity and function of microglia, which is primarily
mediated by increased TNF-a expression.

Transcriptomic profiling reveals altered inflammatory
profiles and ROS metabolism in LRRK2-G2019S microglia
To gain a deeper understanding of the molecular changes
induced by the LRRK2-G2019S mutation in microglia, we
performed a bulk RNA sequencing analysis. We included
four healthy controls and four iPSC-derived microglia
carrying the LRRK2-G2019S mutation. The transcrip-
tomic data identified over 970 genes whose expression
significantly differed between control and mutant
microglia (Fig. 3A, B). Pathway analysis revealed that sev-
eral inflammatory signaling pathways were differentially
regulated in LRRK2-G2019S microglia compared with
healthy controls. Among these, TNF and IL-1 signaling,
both of which are critical mediators of immune responses
and inflammation, were notably altered (Fig. 3C).

Our transcriptomic analysis also revealed distinct
alterations in genes related to microglial inflamma-
tory processes such as phagocytosis and inflammation
(Fig. 3C). Genes involved in pathogen recognition and
phagocytosis including TLR2, TLR4, TLR8, TLRY, and
TLR10 — exhibited altered expression in LRRK2-G2019S
microglia. Similarly, the expression of ZAP70, a key mol-
ecule involved in immune synapse formation, was altered
(Fig. 3D, Figure S3A). Additionally, genes involved in
antigen presentation, such as HLA-DRB5, HLA-DOB,
and CD209 (DC-SIGN) also displayed increased expres-
sion in mutant microglia (Fig. 3D, Figure S3A). These
findings highlight the broad impact of the LRRK2-
G2019S mutation on microglial profiles.

Given the observed upregulation of inflammatory
markers at both the RNA and protein levels in LRRK2-
G2019S microglia, we further investigated the underly-
ing cellular mechanism contributing to this heightened
immune response. Recent studies have emphasized
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the pivotal role of immune metabolism in regulating
cell development, proliferation, and function. Immune
cells dynamically rewire their metabolic preferences in
response to environmental cues and functional demands.
We hypothesized that the LRRK2-G2019S mutation
might impair microglial metabolism, contributing to
their abnormal immune function.

Enrichment analysis identified several altered pathways
in LRRK2-G2019S microglia, many of which were related
to metabolism (Supplemental information Table 1).
Notably, pathways such as reactive oxygen species (ROS)
metabolism and mammalian target of rapamycin com-
plex 1 (mTORC1) signaling were enriched in mutant
microglia (Fig. 3E). mTORCI, which plays a key role in
regulating cellular metabolism and immune responses,
has been implicated in microglial functions [32, 33]. Sim-
ilarly, our data revealed that genes regulating mTORC1
activity, including TSC1, TSC2, and RPTOR, were differ-
entially expressed in LRRK2-G2019S microglia (Fig. 3F).

To gain a more comprehensive view of the metabolic
changes associated with the LRRK2-G2019S muta-
tion, we constructed context-specific metabolic mod-
els by integrating the RNA sequencing data with the
Recon3 generic human metabolic model, using the
rFASTCORMICS pipeline [20]. This model predicted
significant alterations in several metabolic pathways,
including energy metabolism, sugar metabolism, amino
acid metabolism, and lipid metabolism. Importantly, the
mutant microglia exhibited unique metabolic reactions
that were absent in the healthy controls (Figure S3B). Fur-
ther analysis identified the most dysregulated metabolic
subsystems in LRRK2-G2019S microglia. These included
ROS metabolism (particularly glutathione metabolism),
lipid metabolism and glycolysis, all of which play key
roles in maintaining cellular homeostasis and responding
to stress (Figure S3C). Dysregulation of these metabolic
pathways is likely to contribute to the pathological phe-
notypes observed in LRRK2-G2019S microglia.

LRRK2-G2019S microglia upregulate glycolysis and
downregulate glucose-derived serine synthesis

In our previous analysis, transcriptomic profiling and
metabolic modelling showed changes in microglia har-
boring the LRRK2-G2019S mutation. mTOR plays a
crucial role in integrating extracellular and intracellular
signals to regulate cellular metabolism and growth [34].
Given the observed changes in metabolic homeosta-
sis at the transcriptomic level, we next sought to deter-
mine the functional status of mTOR by measuring its
phosphorylation using flow cytometry. Interestingly, the
phosphorylation of mTOR was comparable in LRRK2-
G2019S microglia (Figure S4A). However, we detected
a significant increase in the expression of phosphory-
lated S6 (pS6), a key downstream target of mTORCI1 in
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LRRK2-G2019S microglia compared with that in healthy

controls (Fig. 4A).
Since mTORCI1 signaling is known to

metabolic pathways, such as mitochondrial respira-
tion and glycolysis, the upregulation of mTORCI in

LRRK2-G2019S microglia could impact these pro-

cesses. To assess mitochondrial function, we performed

regulate major
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a mitochondrial stress test using Seahorse flux analysis.
Although the spare respiratory capacity remained similar,
the maximum respiration rate as well as proton leak was
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significantly lower in LRRK2-G2019S microglia (Fig. 4B, = Green™) was comparable between the mutant and con-
SF4B). trol microglia, suggesting that mitochondrial quan-

Interestingly, the ratio of mitochondria with intact tity and membrane integrity were not compromised
membrane potential (stained with MitoTracker DeepRed  (Fig. 4C). Furthermore, the level of Ki-67 staining, a
™) to total mitochondrial mass (stained with MitoTracker =~ marker for cell proliferation, showed no differences
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between LRRK2-G2019S and healthy microglia (Fig-
ure S4C). Similarly, total ROS levels, as assessed using
H2-DCFDA probe (Figure S4D), as well as mitochondria
ROS (data not shown), were also comparable between
the two groups. Normal ROS levels suggest that LRRK2-
G2019S microglia do not experience excessive oxidative
stress, despite their heightened metabolism and immune
activity. These results indicate that mitochondrial func-
tion is largely preserved in LRRK2-G2019S microglia,
and that the reduced reliance on mitochondrial respira-
tion suggests a shift toward alternative energy pathways
to sustain microglial activity.

To further explore the altered metabolic flux in
LRRK2-G2019S microglia, we performed metabolic trac-
ing using uniformly labelled *C, glucose. This approach
allowed us to track the fate of glucose through various
metabolic pathways. Pyruvate, the primary end product
of glycolysis, can be used in the mitochondria to fuel the
tricarboxylic acid (TCA) cycle. The mass isotopologue
distribution (MID) showed no significant differences in
the levels of TCA cycle intermediates — such as citrate,
a-ketoglutarate, succinate, fumarate, and malate -
between healthy and LRRK2-G2019S microglia (Fig. 4D).
These findings align with the mitochondrial respiration
results, further highlighting that the LRRK2-G2019S
mutation does not significantly affect mitochondrial
metabolism in microglia.

In resting immune cells, including microglia, energy
production is typically reliant on mitochondrial metabo-
lism; however, upon activation, these cells rewire their
metabolism into glycolysis, a faster but less efficient met-
abolic pathway, to meet the increased energy demands
[8]. Given the elevated immune activation in LRRK2-
G2019S microglia, we suspected that glycolysis might
be upregulated in these cells. To test this hypothesis, we
performed a glycolytic stress test using Seahorse flux
analysis. Indeed, basal glycolysis was elevated in LRRK2-
G2019S microglia compared with healthy controls
(Fig. 4E). However, their glycolytic capacity, defined as
the maximum rate of glycolysis under stress conditions,
was significantly reduced (Fig. 4E).

We further confirmed this metabolic shift by assessing
glucose uptake using 2-NBDG, a fluorescent glucose ana-
log. Compared with healthy microglia, LRRK2-G2019S
microglia exhibited significantly greater glucose uptake
(Fig. 4F). Instead of entering the TCA cycle, a signifi-
cant portion of pyruvate generated from glycolysis was
converted into lactate, as indicated by increased levels of
M +3 glucose-derived lactate (Fig. 4G). These data sug-
gest that LRRK2-G2019S microglia undergo metabolic
reprogramming and rely more on glycolysis to support
their hyperactive immune function.

Glycolysis not only generates pyruvate but also pro-
duces intermediate metabolites that serve as precursors
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for other biosynthetic pathways. Specifically, 3-phospho-
glycerate serves as a substrate for serine biosynthesis.
Interestingly, two key genes involved in serine biosynthe-
sis — PHGDH and PSAT1 — were significantly downregu-
lated in LRRK2-G2019S microglia (Fig. 4H). PHGDH
catalyzes the first and rate-limiting steps of serine syn-
thesis. Flow cytometry confirmed a significant reduction
in PHGDH expression in LRRK2-G2019S microglia com-
pared with that in control microglia (Fig. 41I).

To further validate these findings, we traced the incor-
poration of glucose into serine using *C, glucose. The
results revealed significantly lower levels of M +3 glu-
cose-derived serine in LRRK2-G2019S microglia than in
control microglia, indicating an impaired serine biosyn-
thetic pathway (Fig. 4]). The reduction in serine produc-
tion may reflect a compensatory shift to drive enhanced
glycolysis due to the LRRK2-G2019S mutation, which
needs to be further elaborated. In summary, our data
show that LRKR2-G2019S microglia exhibit metabolic
reprogramming, characterized by elevated glycolysis and
impaired serine synthesis, which might be targeted to
restore normal microglial functions in PD.

LRRK2-G2019S microglia induce degeneration of
dopaminergic neurons in midbrain organoids
Neuroinflammation has been implicated in the progres-
sive degeneration of dopaminergic neurons in PD [35,
36]. Here, we demonstrated that LRRK2-G2019S microg-
lia upregulate immune activity, which is characterized by
increased phagocytosis and elevated production of the
proinflammatory cytokine TNF-a. Given the established
role of neuroinflammation in neuronal injury, we sought
to explore how microglial immune activation contributes
to dopaminergic neuron loss, with a specific focus on the
pathological effects of the LRRK2-G2019S mutation.

To do so, we used midbrain organoids derived from
healthy individual iPSCs [23]. To simulate the inflamma-
tory conditions associated with LRRK2-G2019S microg-
lia, we treated these healthy midbrain organoids with
exogenous TNF-a. This cytokine exposure led to a signif-
icant reduction in the number of dopaminergic neurons,
by up to 30% compared with that in untreated controls
(Fig. 5A). Interestingly, in the co-culture of organoids
with LRRK2-G2019S microglia, TNF-a neutralizing anti-
body rescued dopaminergic neuron degeneration to the
WT level (SF4E). This result suggests that inflammatory
signaling alone is sufficient to induce neuronal injury,
mimicking aspects of LRRK2-G2019S microglial inflam-
mation in a TNF-a-dependent manner and that blocking
TNEF-a protect dopaminergic neurons.

To further capture the complexity of the brain’s
microenvironment and the contribution of microg-
lia to dopaminergic neuron loss, we integrated iPSC-
derived microglia into the midbrain organoids [17]. This
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Fig.5 LRRK2-G2019S microglia induced dopaminergic neuron degeneration in midbrain organoids. A The number of dopaminergic neurons, represent-
ed by the total TH + cells over total MAP2 + neurons, in midbrain organoids treated with or without 100 pg/mI TNF-a. Data are shown as mean+SD (n=3),
pooled from three independent trials. B The number of dopaminergic neurons in midbrain organoids co-cultured with LRRK2-WT and LRRK2-G2019S mi-
croglia. Data are shown as mean +SD (N=3, n=4), pooled from three independent trials. C Representative confocal image of a 70 um midbrain organoids
section with LRRK2-WT (top) or LRRK2-G2019S (bottom) microglia, immunostained with Hoechst, TH, MAP2, and IBA1. D High-content automated image
analysis of immunofluorescence staining of dopaminergic neurons in assembloids (shown in C), expressed as the proportion of TH+ cells normalized
by total nuclei. Dotted color showed individual midbrain organoids. Data are shown as mean+SD (N=3, n=4), pooled from three independent trials.

p<0.05,*p<0.01,**p <0.001, ***p < 00001

coculture approach allowed us to assess the direct effects
of both healthy and LRRK2-G2019S mutant microglia on
neuronal health and survival. Flow cytometry analysis
showed that healthy midbrain organoids cocultured with
LRRK2-G2019S microglia had significantly lower lev-
els of tyrosine hydroxylase (TH) positive cells, the rate-
limiting enzyme in dopamine synthesis and a surrogate
marker of dopaminergic neurons. In contrast, organoids
cocultured with healthy control microglia retained higher
levels of TH, suggesting that the mutant microglia had a
neurotoxic effect on dopaminergic neurons (Fig. 5B).

This trend was further confirmed by imaging analysis.
Immunostaining of the organoids revealed that the incor-
poration of both healthy and LRRK2-G2019S microglia
was comparable. The total number of MAP2 neurons in
both organoids were comparable. In contrast, the number
of TH positive dopaminergic neurons was significantly
reduced in LRRK2-G2019S microglia containing mid-
brain organoids (Fig. 5C, D). These data demonstrate that
neuroinflammation driven by LRRK2-G2019S microglia
is associated with reduced dopaminergic neuron mark-
ers in co-cultured midbrain organoids. Elevated levels of
TNEF-a produced by the mutant microglia appear to play
a central role in this neurotoxicity.
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Oxamic acid reduces immune activity and attenuates
dopaminergic neuron loss

The finding that midbrain organoids cocultured with
LRRK2-G2019S microglia experienced significant dopa-
minergic neuronal loss (Fig. 5B, C), indicates that microg-
lia-mediated neuroinflammation plays a central role in
PD pathogenesis. These results underscore the potential
of targeting microglia as a strategy for disease modifica-
tion. Given that impaired serine biosynthesis results in
increased levels of mTOR and glycolysis, we speculated
that targeting the metabolic dysregulation could mitigate
neuroinflammation and prevent dopaminergic neuron
loss.

To address this hypothesis, we aimed to target the
serine-mTOR-glycolysis axis. We used oxamic acid, a
pyruvate analog that inhibits lactate dehydrogenase by
forming an inactive complex with the enzyme [37, 38].
Oxamic acid-mediated inhibition of lactate dehydroge-
nase has been shown to reduce glycolysis and mTOR-
dependent metabolic reprogramming in cancer cells [39,
40]. Here, we aimed to determine whether targeting gly-
colysis in LRRK2-G2019S microglia would alleviate their
inflammatory toxicity and rescue TH neuronal levels.

As predicted, compared with no treatment, oxamic acid
significantly reduced glucose uptake in LRRK2-G2019S
mutant microglia (Fig. 6A). This effect was selective, as
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Fig. 6 Targeting microglia metabolism with oxamic acid rescued LRRK2-G2019S microglia overt activation and preserved dopaminergic neurons in
midbrain organoids. A Flow cytometry analysis glucose uptake rate using fluorescent glucose 2-NBDG in LRRK2-WT and LRRK2-G2019S microglia treated
with or without oxamic acid. Data are shown as mean +SD (n=3-4), pooled from three independent trials. B Flow cytometry analysis of protein S6 phos-
phorylation in LRRK2-WT and LRRK2-G2019S microglia treated with or without oxamic acid. Data are shown as mean +SD (n=3-4), pooled from three
independent trials. C Flow cytometry analysis of CD86 in LRRK2-WT and LRRK2-G2019S microglia treated with or without oxamic acid. Data are shown as
mean £ SD (n=3-4), pooled from three independent trials. D Flow cytometry analysis of microglia phagocytosis using pH-sensitive fluorescently labelled
Zymosan beads in LRRK2-WT and LRRK2-G2019S microglia treated with or without oxamic acid. Data are shown as mean + SD (n=3-4), pooled from three
independent trials. E Flow cytometry analysis of intracellular TNF-atin LRRK2-WT and LRRK2-G2019S microglia treated with or without oxamic acid. Data
are shown as mean+SD (n=3-4), pooled from three independent trials. F Number of dopaminergic neurons in midbrain organoids co-cultured with
LRRK2-WT and LRRK2-G2019S microglia treated with or without oxamic acid. Data are shown as mean+SD (N=3, n=4), pooled from three independent

trials

glucose uptake in healthy microglia remained unaffected
by the treatment, suggesting that oxamic acid specifically
targets hyperactive glycolysis in LRRK2-G2019S microg-
lia. Additionally, the elevated levels of pS6 in LRRK2-
G2019S microglia were normalized to the control level
upon treatment with oxamic acid (Fig. 6B).

Next, we examined whether oxamic acid attenuate
LRRK2-G2019S microglia immune hyperactivity. Flow
cytometry analysis showed a significant reduction in
the expression of the costimulatory molecules CD86 in
LRRK2-G2019S microglia following oxamic acid treat-
ment (Fig. 6C). Interestingly, while the inflammatory
markers were suppressed, oxamic acid treatment did not
affect the phagocytic capacity of LRRK2-G2019S microg-
lia (Fig. 6D). However, the levels of the inflammatory
cytokine TNF-a were significantly reduced in LRRK2-
G2019S microglia than in the untreated microglia (Fig.
6E). These findings confirm that targeting microglial
metabolism can alter the course of immune activation,
possibly mitigating the toxic effect of LRRK2-G2019S
microglia on dopaminergic neurons.

Finally, to determine whether the rescue of meta-
bolic and inflammatory phenotypes in LRRK2-G2019S
microglia has a neuroprotective effect, we assessed
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dopaminergic neuron survival in midbrain organoids
cocultured with microglia and treated with or without
oxamic acid. Compared with organoids cultured with
healthy microglia, midbrain organoids cultured with
LRRK2-G2019S microglia showed significant dopami-
nergic neuron loss (Fig. 6F). However, treatment with
oxamic acid substantially increased the number of dopa-
minergic neurons in midbrain organoids cultured with
LRRK2-G2019S microglia, ameliorating the detrimental
impact of LRRK2-G2019S microglia. These data indicate
that targeting microglia metabolism in LRRK2-G2019S
microglia not only reduces their inflammatory pheno-
type but also prevents neurotoxicity, demonstrating the
potential of immunometabolic approaches that may slow
neurodegeneration, pending further validation.

Discussion

The G2019S mutation in LRRK2 represents one of the
most common causes of familial PD [41]. LRRK2 regu-
lates a variety of cellular functions, including mitochon-
drial function, vesicle trafficking, autophagy, cell growth,
differentiation, and metabolism [27]. Despite extensive
research, the exact mechanism by which LRRK2 con-
tributes to PD pathogenesis remains unclear. Notably,
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neuroinflammation has emerged as an important char-
acteristic of PD. LRRK2 is also highly expressed in vari-
ous immune cells, where its expression correlates with
immune activity, suggesting a potential role in neuroin-
flammation and neurodegeneration associated with PD.

This study investigated the impact of the LRRK2-
G2019S mutation on microglial function in human
iPSCs-derived models. Specifically, we employed in vitro
midbrain organoids to evaluate the effects of LRRK2-
G2019S microglia on dopaminergic neuron integrity and
PD pathogenesis. While previous studies have shown
altered microglial activity in both murine and human
iPSC-derived microglia [42—44], details on the molecu-
lar mechanism driving this altered activity are limited.
In particular, the interaction between LRRK2-G2019S
microglia and dopaminergic neurons in a representative
brain organoid model has been underexplored.

Our results demonstrated for the first time that
LRRK2-G2019S mutant microglia exhibit increased
proinflammatory activities, which are associated with
changes in their cellular metabolism. Proinflammatory
microglia induces neurotoxicity and dopaminergic neu-
ron loss in midbrain organoids. Importantly, restoring
microglial function by targeting metabolic pathways pre-
vents dopaminergic neuronal loss, suggesting a potential
therapeutic avenue.

Our findings reveal that iPSC-derived microglia with
the LRRK2-G2019S mutation exhibit increased expres-
sion of inflammatory markers and altered function, with-
out changes in their differentiation or identity. Previous
studies have indicated that LRRK2 expression increases
upon stimulation with the TLR ligand LPS in bone mar-
row-derived macrophages and primary murine microglia
[44, 45]. LRRK2 mutations in PD have also been shown
to exacerbate inflammatory responses [46], while the loss
of LRRK2 has been associated with decreased proinflam-
matory signaling and neuroprotective effects against LPS
and o-synuclein-induced neurodegeneration [47]. TLR-
driven neuroinflammation is linked to dopaminergic
neuron loss in PD, and TLR modulation has been shown
to reduce inflammation and improve PD symptoms [48].
Murine and human models harboring LRRK2 mutations
resulted in significant increases in the levels of proinflam-
matory cytokines such as IFN-y, TNF-a, IL-1a, IL-1p,
IL-6, IL-8, IL-10, and CXCL-1, among many others [49,
50]. Interestingly, we observed exclusively the upregula-
tion of TNF-a in microglia harboring LRRK2-G2019S
mutation. TNFa is not only a key regulator of inflam-
matory responses, but also in certain circumstances can
cause cell death by apoptosis and necroptosis [51]. In the
CNS, TNFa is linked to neuronal loss, which is mediated
by microglial phagocytosis, as well as neuronal necropto-
sis [52, 53], possibly a key driver of dopaminergic neuron
degeneration in PD.
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Pathway analysis highlighted altered ROS metabolism,
the NRF2 antioxidant pathway, and mTOR signaling in
LRRK2-G2019S microglia. Changes in ROS-associated
pathways could be due to compensatory mechanism,
as elevated metabolism will produce higher ROS levels,
which need to be buffered in LRRK2-G2019S microg-
lia. This is also reflected by unchanged cytoplasmic ROS
nor mitochondrial ROS in LRRK2-G2019S microglia
compared to WT microglia. Context-specific meta-
bolic models predicted metabolic remodeling in these
mutant microglia, linking immune dysfunction to cellu-
lar metabolic changes. Dysregulated metabolic pathways
in immune cells contribute to a wide range of diseases
from autoinflammatory diseases to cancers [10, 54, 55].
Altered metabolism likely drives increased inflammatory
activity in LRRK2-G2019S microglia, a mechanism impli-
cated in various diseases.

Our data showed mTOR upregulation in LRRK2-
G2019S microglia. mTOR senses the intra- and extracel-
lular nutrient status, growth factor, and cell stress-related
changes to coordinate cellular metabolism and balance
immunological functions [56, 57]. Cheng et al. demon-
strated that glycolytic reprogramming controls microglial
inflammatory activation, and that glycolysis inhibition
reduces NF-kB transcriptional activity and neuroinflam-
mation [58]. We observed upregulated mTOR shifted
LRRK2-G2019S microglial metabolism toward glycoly-
sis, driving microglial inflammation. In fact, on adipo-
cytes, LRRK2 substrates RAB10 has been shown as a
downstream target of AS160 and a positive regulator of
GLUT4 trafficking to the cell surface upon insulin stimu-
lation, where RAB10 knockdown led to twofold decrease
in GLUT4 exocytosis rate [59]. Moreover, Panagiotako-
poulou et al., also showed that LRRK2-G2019S muta-
tion led to changes in cytokine production and glycolytic
switch in NFAT-independent manner, further highlight-
ing the close relation between LRRK2, microglia inflam-
mation and metabolic remodeling [60].

We noted impaired serine synthesis in LRRK2-G2019S
microglia with reduced expression of the key genes
PHGDH and PSATI1. In addition, metabolic tracing
of labelled *C, glucose confirmed decreased glucose-
derived serine in LRRK2-G2019S microglia. Serine is a
nonessential amino acid that play diverse physiological
functions, including one carbon metabolism for nucleo-
tide synthesis and epigenetic modification, as well as
redox balance [61, 62]. Previously, serine deprivation
was shown to impair mTOR signaling, IL-1B secretion
and inflammasome activation [63]. In fact, altered serine
metabolism between the conversion of L and D serine by
serine racemase enzyme has also been explored in neuro-
epithelial stem cells harboring LRRK2-G2019S mutation
[64]. Interestingly, LRRK2-G2019S microglia showed
increased mTOR activity, shifting toward glycolysis, and
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heightened immune activation. This metabolic adap-
tation may exacerbate neuroinflammation and impair
dopaminergic neuron health.

In 3D midbrain organoid models, the addition of
LRRK2-G2019S microglia led to dopaminergic neuron
loss compared with that in midbrain organoids with
healthy microglia, highlighting the neurotoxic effect of
LRRK2-G2019S mutant microglia on dopaminergic neu-
rons. Treating these microglia with oxamic acid, a known
mTOR and glycolysis inhibitor [39, 40], normalized their
metabolism, reduced inflammation, and preserved their
phagocytic function. Phagocytosis is known to be ben-
eficial for clearing cellular debris and protein aggregates,
thereby protecting the CNS microenvironment and neu-
rons from stress [65]. The uncoupling of phagocytosis
and inflammation by oxamic acid undoubtedly adds an
extra dimension in ensuring normal cellular clearance
and inflammatory activity by microglia. Oxamic acid
notably lowered TNF-a levels, thus preventing dopami-
nergic neuronal loss in organoid models with LRRK2-
G2019S microglia. These findings suggest inhibiting
glucose metabolism in LRRK2-G2019S microglia could
mitigate their TNF-a dependent neurotoxic effects on
dopaminergic neurons, demonstrating its neuroprotec-
tive potential.

In summary, this study provides new insights into
the role of the LRRK2-G2019S mutation in modulating
microglial function and PD pathogenesis. LRRK2 muta-
tions promote immune hyperactivation and metabolic
alterations, contributing to neuroinflammation and
dopaminergic neuronal degeneration in healthy midbrain
organoids. Targeting microglial metabolism with oxamic
acid reduces TNF-a-dependent neuroinflammation while
maintaining normal phagocytic function, underscor-
ing the ideal therapeutic potential for disease-modifying
strategies in PD.

Limitations

While our study provides novel insight into how LRRK2-
G2019S microglia contribute to dopaminergic neuron
degeneration through metabolic changes and inflamma-
tory activation, several limitations should be considered.
First, although we identified associations between gly-
colytic rewiring, impaired serine metabolism, increased
inflammation, and neuronal vulnerability, our study does
not establish direct causality between these processes.
Whether metabolic reprogramming is the primary driver
of inflammatory activation or a parallel consequence of
LRRK2-G2019S signaling remains to be explored. Sec-
ond, the altered pathways we identified such as ROS
and mTOR signaling, may represent secondary or com-
pensatory responses to the mutation rather than pri-
mary pathogenic mechanisms. Dissecting the temporal
sequence of these changes will require more targeted
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perturbation or gene editing studies. Third, our analy-
ses centered primarily on glycolysis and serine metabo-
lism, but microglia also utilize broad metabolic networks
including glutamine or lipid metabolism, which may also
shape inflammatory phenotypes in LRRK2-G2019S con-
text. A more comprehensive metabolic profiling, includ-
ing isotope tracing and lipidomics, will be essential to
fully capture the extent of metabolic vulnerabilities.

Moreover, while oxamic acid treatment was able to res-
cue aberrant microglial phenotypes and dopaminergic
neuron loss in midbrain organoid, its off-target effects
and translational feasibility remain to be validated in ani-
mal models. Thus, future studies employing alternative
and more selective metabolic modulators will be required
to confirm specificity and translational potential. Despite
these limitations, our findings advance understanding of
how LRRK2-G2019S mutations alter microglial metabo-
lism and inflammatory response, and they underscore the
potential of targeting immunometabolic pathways as a
therapeutic avenue in PD.
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Supplementary Figure Legends

Figure SF1: Similar properties of iPSC-derived microglia harboring the LRRK2-G2019S
mutation. (A) Brightfield images of microglia differentiated from LRRK2-WT and LRRK2-
G2019S iPSCs (left). Quantification of macrophage precursors from LRRK2-WT and LRRK2-
G2019S iPSCs (right). Data are shown as mean + SD (n = 3-4), pooled from three independent
trials. (B) Flow cytometry analysis of morphological features of LRRK2-WT and LRRK2-G2019S
microglia, showing forward scatter area (size, top) and side scatter area (complexity, bottom). Data
are shown as mean + SD (n = 3-4), pooled from three independent trials. (C) Quantification of
mean fluorescence intensity of identity markers (P2RY 12, IBA1, TMEM119, CX3CR1) of mature
LRRK2-WT vs LRRK2-G2019S microglia using flow cytometry. Data are shown as mean + SD

(n = 3-4), pooled from three independent trials.

Figure SF2: Similar expression of microglia associated markers and pro-inflammatory
cytokines in LRRK2-G2019S microglia. (A) Representative analysis (top) and quantification of
mean fluorescence intensity (bottom) of markers (CD69, CCR6, PD1) of LRRK2-WT vs LRRK2-
G2019S microglia using flow cytometry. Data are shown as mean + SD (n = 3-4), pooled from
three independent trials. (B) Flow cytometry analysis of intracellular cytokine IFN-y, IL-1p3, and
IL-6 in LRRK2-WT and LRRK2-G2019S microglia after 24h stimulation with LPS. Data are

shown as mean + SD (n = 3-4), pooled from three independent trials.

Figure SF3: Systemic changes of metabolic pathways based on the metabolic modelling in
LRRK2-G2019S microglia. (A) Heatmap of innate immunity genes (left) and adaptive immunity
genes (right) differentiating LRRK2-WT and LRRK2-G2019S microglia upon hierarchical
clustering with FC>0.5. (B) Comparison of LRRK2-WT and LRRK20G2019S microglia
metabolic model composition. Reactions found exclusively in LRRK2-WT microglia (black) or in
LRRK2-G2019S microglia (red) were assigned to corresponding Recon 3 subsystems. (C) The
most predicted dysregulated metabolic subsystems between LRRK2-WT and LRRK2-G2019S
microglia after pooling the exclusive reactions from both conditions. Dot size and color indicate
the number of reactions per subsystem. The location on y axis indicates how many reactions of the

total subsystems in Recon 3 are affected.
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Figure SF4: Similar upstream mTOR activity and proliferative capacity in LRRK2-G2019S
microglia. (A) Flow cytometry analysis of mTOR phosphorylation in LRRK2-WT and LRRK2-
G2019S microglia. Data are shown as mean = SD (n = 3-4), pooled from three independent trials.
(B) Measurement of oxygen consumption rate (OCR) in LRRK2-WT and LRRK2-G2019S
microglia using the Seahorse Cell Mitochondrial Stress Test. Proton leak was quantified. Data are
shown as mean + SD (n = 3-4), pooled from three independent trials. (C) Flow cytometry analysis
of intracellular protein Ki-67 in LRRK2-WT and LRRK2-G2019S microglia. Data are shown as
mean + SD (n = 3-4), pooled from three independent trials. (D) Flow cytometry analysis of reactive
oxygen species levels using H2-DCFDA in LRRK2-WT and LRRK2-G2019S microglia. Data are
shown as mean = SD (n = 3-4), pooled from three independent trials. (E) The ratio of dopaminergic
neurons, represented by the total TH+ cells over total MAP2+ neurons, in midbrain organoids
treated with or without 1 ng/ml TNF-a neutralizing antibody. Data are shown as mean = SD (n =

3), pooled from three independent trials.
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Supplementary Table 1: List of materials (antibody, small molecules, probes, and commercial

kits) used in this study.

REAGENT or RESOURCE SOURCE Cat# RRIDS
Antibodies

PU.1 Cell signalling 2258S AB_2186909
IBA1 Abcam Ab5076 AB_2224402
CD11b Biolegend 101206 AB_312789
CD45 Biolegend 304007 AB_314395
P2RY12 Biolegend 392106 AB_2783921
TMEM119 Abcam Ab225497 AB_3665680
CX3CR1 Biolegend 341627 AB_2810534
CD68 Biolegend 333822 AB_2571965
HLA-DR Biolegend 307606 AB_314684
CD80 Biolegend 305218 AB_2076148
CD86 Biolegend 374214 AB_2734430
CD282 Biolegend 148604 AB_2564120
CD284 Biolegend 312816 AB_2562487
TNF-a Biolegend 506344 AB_2565953
RPS6 phospho (Ser244) Biolegend 935706 AB_3665682
PHGDH Cell signalling 66350S AB_2737030
TH Abcam Ab112 AB_297840
MAP2 Abcam Ab92434 AB_2138147
IBA1 Abcam Ab5076 AB_2224402
CD69 Biolegend 310904 AB_314839
CD196 Biolegend 353406 AB_10918437
CD279 Biolegend 329916 AB_2283437
IFN-y Biolegend 506528 AB_2566187
IL-6 Biolegend 501120 AB_2572042
IL-1B Biolegend 508208 AB_604135
Phospho-mTOR (Ser2448) Biolegend 48-9718-42 AB_2574127
Ki-67 Biolegend 350504 AB_10660752
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donkey anti-goat Alexa Fluor ®488 Invitrogen A11057 AB_142581
donkey anti-rabbit Alexa Fluor ®568 | Invitrogen A10042 AB_2534017
goat anti-rabbit Alexa Fluor ®488 Invitrogen A11034 AB_2576217
goat anti-mouse Alexa Fluor®568 Invitrogen A11031 AB_144696
goat anti-chicken Alexa Fluor®647 Invitrogen A-21449 AB_2535866
goat anti-mouse Alexa Fluor ®488 Invitrogen A-11001 AB_2534069
goat anti-rabbit Alexa Fluor ®647 Invitrogen A-21244 AB_2535812
Chemicals, Peptides, and Recombinant Proteins
MitoTracker™ Green FM ThermoFisher Scientific | M7514
MitoTracker™ Deep Red FM ThermoFisher Scientific | M22426
H2DCFDA ThermoFisher Scientific | D399
Zombie Green™ Fixable Viability Kit Biolegend 423112
Zombie NIR™ Fixable Viability Kit Biolegend 423106
2-(N-(7-Nitrobenz-2-oxa-1,3-diazol- | ThermoFisher Scientific | N13195
4-yl)Amino)-2-Deoxyglucose
Hoechst33342 Thermo Fisher Scientific | 62249
Zymosan ThermoFisher Scientific | 22841
A S.cerevisiae BioParticles™
pHrodo™ Red Zymosan ThermoFisher Scientific | P35364
BioParticles™
Oligomycin A Sigma-Aldrich 75351-5MG
FCCP Sigma-Aldrich C2920-10MG
Antimycin A Sigma-Aldrich A8674-25MG
Rotenone Sigma-Aldrich R8875-1G
D-Glucose (U-"°C,, 99%) Cambridge Isotope CLM-1396-1

Laboratories, Inc
D-Glucose Sigma-Aldrich G8270-5KG
2-Deoxy-D-glucose Sigma-Aldrich D6134-1G
EDTA Sigma-Aldrich E9884-100G
Saponin Sigma-Aldrich S4521-25G
Formaldehyde Sigma-Aldrich 252549-1L
HEPES Sigma-Aldrich H4034-100G
Methanol Sigma-Aldrich 1060351000

95



Chloroform Sigma-Aldrich 34584-1L-M
GolgiPlug™ BD Biosciences 555029
Corning™ Cell-Tak Cell and Tissue ThermoFisher Scientific | 10317081
Adhesive
Sodium pyruvate GIBCO 12539059
2-mercaptoethanol GIBCO 11508916
Penicillin/Streptomycin ThermoFisher Scientific | 15140122
DMEM/F12 Advanced medium ThermoFisher Scientific | 12634010
Essential 8 ThermoFisher Scientific | A1517001
DMEM/F12 (1:1) W/O L-GLUT ThermoFisher Scientific | 21331046
Neurobasal medium ThermoFisher Scientific | 21103049
B27 —vitamin A ThermoFisher Scientific | 12587001
GlutaMAX ThermoFisher Scientific | 35050061
Human IL-34 Recombinant Protein Biolegend 577906
Human GM-CSF Recombinant Biolegend 572905
Protein
Human IL-3 Recombinant Protein Biolegend 578008
Human M-CSF Recombinant Biolegend 574808
Protein
Human BMP-4 Recombinant Biolegend 795606
Protein
Human VEGF-165 Recombinant Biolegend 583708
Protein
Human SCF Miltenyi Biotec 130-096-695
BIOFLOAT™ 96 well plate U-bottom Facellitate F202003
Aggrewell 800 24 well plate StemCell technologies 34815
L-Ascorbic acid Sigma-Aldrich A4544-100G
SB431542 Sigma-Aldrich ab120163
CHIR99021 Axon CT99021
Smoothened agonist Merck 566660-1MG
LDN193189 Sigma-Aldrich SML0559-
5MG
ROCK inhibitor Y-27632 2HCL CliniSciences A11001-50

[146986-50-7, 129830-38-2]
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pluriStrainer® 40 pm (Cell Strainer) PluriSelect SKU 43-
50040-51

N2 supplement 100x 50ml ThermoFisher Scientific | 17502001

Recombinant Human GDNF Peprotech 450-10-1mg

Recombinant Human BDNF Peprotech 450-02 - 1mg

DAPT R&D Systems 2634/50

Human ActivinA Recombinant ThermoFisher Scientific | PHC9561

Protein

X-VIVO 15 with Gentamicin and Lonza LO BEO2-

PhenolRed, 1L 060Q

Critical Commercial Assays

RNeasy kit Qiagen 74106

Human Inflammatory Cytokine Arigo Laboratories ARG80929

Multiplex ELISA Kit

CellTiter-Glo® Luminescent Cell Promega G7571

Viability Assay

Seahorse XFe96 Fluxpak Agilent Technologies 102416-100

BD Pharmingen™ Transcription Factor | BD Biosciences 554656 AB_2869424

Buffer Set

Software and Algorithms

R

Graphpad Prism

Matlab

Image J

Seahorse Wave

FlowJo

Zen blue/black
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3.3.1 Contribution statement

This study is the result of my main PhD project. | carried out the experimental planning,
execution of experiments, manuscript writing and figure preparation. Bulk RNA sequencing
was performed by Novogene, while | extracted the counts and analysed the data. Flow
cytometry experiments were performed by H. Kurniawan (Figure 1D-E). The MATLAB script
for IBA1 skeleton image analysis was created by A. Zagare (Figure 2E), and 3D
reconstruction using IMARIS was performed by S. Sabate-Soler (Figure 2D). Analysis of
high-content imaging of a-synuclein, p62, and Proteostat staining was done by |. Rosety
(Figure 4D, Figure 5E, Supplementary Figure 3D-E and Supplementary Figure 4A-B). A.
Zimmermann contributed to the generation and collection of assembloids. The initial

concept for the study was developed by J.C. Schwamborn.

3.3.2 Preface

The main objective of this study was to explore how patient-derived microglia harbouring
the SNCA triplication (3xSNCA) contribute to Parkinson’s disease pathogenesis, with a
particular focus on a-synuclein aggregation and neuroinflammation within the midbrain

organoid context.

We first confirmed that 3xSNCA microglia express a-synuclein and exhibit a significant
reduction in phagocytic capacity. These microglia also showed an altered inflammatory
signature, characterized by increased IL-13 production. Transcriptomic profiling revealed
dysregulation of lysosomal pathways and metabolic processes, highlighting impairment in

cellular clearance and homeostasis.

To better mimic physiological conditions, we integrated 3xSNCA microglia into midbrain
organoids. Here, the mutant microglia displayed a pronounced morphological shift from the
ramified, surveillant form characteristic of resting microglia to an ameboid, activated
phenotype. This activation correlated with increased levels of both total and phosphorylated
a-synuclein, particularly at serine 129, a post-translational modification linked to Lewy body
formation. Remarkably, 3xSNCA assembloids spontaneously developed a variety of
pS129-positive a-synuclein aggregate structures, including ring-like, filamentous and dense
formations. These structures were consistently detected using multiple independent anti-
pS129 antibodies, confirming the reproducibility of these pathological features. To further
validate their pathological nature, we showed co-localization of the a-synuclein aggregates
with key markers of protein aggregation, including p62, Proteostat, Ubiquitin and Thioflavin

S, supporting the presence of misfolded a-synuclein.
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Strikingly, the introduction of 3xSNCA microglia into healthy control midbrain organoids was
sufficient to induce endogenous a-synuclein pathology. This included appearance of
aggregated, misfolded, and phosphorylated a-synuclein, despite the absence of the

neuronal SNCA mutation.

These findings demonstrate that 3xSNCA microglia actively contribute to initiation and
propagation of Parkinson’s disease pathology, underscoring their pivotal role in the

neuroinflammatory and proteostatic disturbances characteristic for the disease.
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Abstract

The accumulation of misfolded alpha-synuclein and the loss of dopaminergic neurons are
hallmarks of Parkinsons disease (PD), contributing to the development of synucleinopathies.
Although considerable progress has been made in understanding a-synuclein's role in PD
pathology, the precise mechanisms involved remain unclear. Human midbrain organoids
(hMOs) have emerged as valuable models for studying PD, yet the lack of microglia limits the
ability to investigate neuroimmune interactions. Recent studies show that integrating microglia
into hMOs enhances neuronal maturation and functionality. Here, we generated a human
midbrain assembloid model by incorporating iPSC-derived microglia into midbrain organoids
from healthy control individuals and a PD patient carrying the SNCA triplication (3xSNCA)
mutation. Our results show that 3xSNCA microglia alone are sufficient to induce early,
endogenous formation of phosphorylated alpha-synuclein (pS129) pathology in the absence
of exogenous fibril seeding. This PD-pathology emerged as early as day 50 of culture and was
not observed in models lacking microglia. These findings highlight a critical role for patient-
derived microglia in driving a-synuclein pathology and provide a physiologically relevant
platform for studying early neuroimmune mechanisms in PD and testing potential therapeutic

strategies.
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Introduction

Parkinsons disease (PD) is a progressive neurodegenerative disorder characterized by the
selective loss of dopaminergic neurons in the substantia nigra pars compacta of the midbrain
and the pathological accumulation of the misfolded a-synuclein protein (Kalia and Lang, 2015;
Poewe et al., 2017). A defining hallmark of PD is the formation of intracellular inclusions known
as Lewy bodies and Lewy neurites, which are primarily composed of aggregated and
phosphorylated a-synuclein (Spillantini et al., 1998; Goedert, 2015). These inclusions are
central to the diagnosis and classification of PD and related synucleinopathies (Lashuel et al.,
2013; Fujiwara et al., 2022). While the precise physiological function of a-synuclein remains
under investigation, its pathological forms disrupt synaptic vesicle trafficking (Bernal-Conde et
al., 2020), impair mitochondrial function (Plotegher and Duchen, 2017), and contribute to
neuroinflammation and lysosomal dysfunction (Calabresi, Mechelli, et al., 2023), ultimately
driving neuronal death (Stefanis, 2012; Calabresi, Di Lazzaro, et al., 2023). Furthermore, the
prion-like propagation of misfolded a-synuclein between cells is thought to underlie the
stereotypical progression of pathology observed in PD (Lashuel et al., 2013), with
phosphorylation at Ser129 exacerbating mitochondrial dysfunction and oxidative stress
(Kawahata et al., 2022).

Genetic alterations in the SNCA gene, including point mutations, duplications, and
triplications, cause autosomal dominant forms of PD and are strongly associated with
increased a-synuclein expression and the development of Lewy pathology (Polymeropoulos
et al., 1997; Kruger et al., 1998; Zarranz et al., 2004; |Ibanez et al., 2004; Singleton et al.,
2003). Despite major progress in understanding a-synuclein’s role in disease, the mechanisms
underlying its pathological accumulation and downstream effects remain unclear (Sulzer &
Edwards, 2019; Burré, 2015).

Human midbrain organoids (hMOs), derived from induced pluripotent stem cells (iPSCs)
(Takahashi & Yamanaka, 2006), have emerged as powerful in vitro systems for modelling PD.
These self-organizing, three-dimensional cultures recapitulate essential features of the human
midbrain, including the presence of mature dopaminergic neurons, astrocytes, and
oligodendrocytes, along with dopamine release and electrophysiological activity (Monzel et
al., 2017). hMOs have been successfully used to model several genetic forms of PD, including
mutations in LRRK2, GBA, or PINK1, as well as the triplication in the SNCA gene (Smits et
al., 2019; Kim et al., 2019; Rosety et al., 2023; Jarazo et al., 2022; Muwanigwa et al., 2024).
However, a key limitation of standard hMO systems is the absence of microglia - the brain’s

resident immune cells - due to their mesodermal origin.
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Microglia, which represent 5% to 15% of the brain cells in adults, are tissue-resident
macrophages derived from yolk sac progenitors during early embryogenesis (Thion et al.,
2018; Ginhoux et al., 2010; Li & Barres, 2018; Schulz et al., 2012). Their omission from hMOs
restricts the ability to model critical immune-mediated mechanisms of neurodegeneration,
such as synaptic pruning, phagocytosis of apoptotic neurons, and neuroinflammatory
responses, all of which are central to Parkinson’s disease (Tremblay et al., 2011; Wake et al.,
2009; Ormel et al., 2018). Microglia play a key role in maintaining brain homeostasis and
immune defence, interacting with neurons, astrocytes, and oligodendrocytes, and their
dysfunction in PD is closely associated with chronic neuroinflammation (Shabab et al., 2017).
Sabate-Soler et al. (2022) demonstrated that incorporating microglia into hMO systems leads
to enhanced neuronal maturation and functionality, providing a more comprehensive model of
the human midbrain and its cellular interactions. Given the critical role of microglia in
neurodegenerative diseases, integrating them into midbrain organoids offers a physiologically
relevant platform for studying early neuroimmune contributions to Parkinson’s disease and
testing potential therapeutic strategies (Cakir et al., 2022; Toh et al., 2023; Sabate-Soler et
al., 2024).

In this study, we generated human midbrain assembloid models by integrating iPSC-derived
microglia into midbrain organoids from both healthy individuals and PD patients with the SNCA
triplication (3xSNCA). Upon integration into midbrain organoids, these microglia induced early
and endogenous formation of phosphorylated a-synuclein (pS129) aggregates and PD-like
pathology in the absence of exogenous fibril seeding. Notably, this pathology emerged by day
50 of culture, which is considerably earlier than previously observed in long-term models.
Remarkably, this pathological process was observed not only in 3xSNCA assembloids but
also in chimeric assembloids consisting of healthy midbrain organoids and PD specific
microglia. This finding indicates that 3xSNCA microglia alone were sufficient to induce
endogenous phospho-a-synuclein (pS129) pathology. These findings further highlight the
crucial role of microglia in driving early-stage a-synuclein pathology and demonstrate the utility
of midbrain assembloids as an advanced model for investigating the early neuroimmune

contributions to Parkinson’s disease.
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Results

3xSNCA microglia express a-synuclein, exhibit reduced phagocytosis and show

altered inflammatory activity.

In this study, we used three different iPSC lines from healthy individuals and the 3xSNCA cell
line derived from a PD patient with a SNCA triplication (Supplementary Table 1). A SNCA
knockout cell line (KO) was also included for validation of a-synuclein antibody specificity. To
investigate the mature microglia, we derived macrophage precursors from human iPSCs that
were differentiated into microglia for 14 days as previously described by Haenseler, Sansom,
et al. (2017) (Figure 1a). Immunofluorescence staining confirmed expression of macrophage-
specific markers, such as CD45, PU.1, and IBA1, and microglia markers, including TMEM119
and P2RY12 (Figure 1b, Supplementary Figure 1a-c, Supplementary Figure 2a). After
confirming the microglial cell identity, we stained the mature microglia with an anti-a-synuclein
antibody and showed that the protein is expressed in both WT and 3xSNCA microglia, but not
visible in the KO microglia (Figure 1b, Supplementary Figure 2a). We could also determine a
nuclear localization of the a-synuclein protein in both the WT and 3xSNCA microglia (Figure
1b, Supplementary Figure 2a). Additionally, extracellular a-synuclein release was measured

by dot blot and shows a significant increase in the 3xSNCA microglial medium (Figure 1c).

Next, we assessed the phagocytic capacity of the mature microglia. Incubation with Zymosan
particles showed a significant decrease in Zymosan particle uptake (Figure 1d, left panel)
along with a reduced pHRodo fluorescence rate (Figure 1d, right panel) in the 3xSNCA
microglia, indicating an impairment in both the internalization and phagosomal acidification
process, suggesting a deficiency in effective phagocytosis. Haenseler, Zambon et al. (2017)
similarly reported accumulation of a-synuclein along with impaired phagocytic function in

iPSC-derived 3xSNCA macrophages, supporting our findings.

Chronic activation of microglia leads to excessive release of cytokines such as IL-1, TNF-q,
IL-6, and IFN-y, creating a toxic environment for neurons (Tansey et al., 2022). Previous
studies have shown that elevated a-synuclein levels induce a pro-inflammatory response in
microglia (Zhang et al., 2005; Klegeris et al., 2008; Ferreira & Romero-Ramos, 2018). Notably,
we wanted to determine the impact of the SNCA triplication on microglial cytokine production
in our WT and 3xSNCA microglia. Flow cytometry analysis showed that IL-13, a key mediator
of the inflammatory response, was significantly upregulated in the 3xSNCA microglia
compared to the healthy controls (Figure 1e, upper left panel). Interestingly, both TNF-a and
IL-6 were significantly downregulated, and no change was seen in IFN-y (Figure 1e). Together

these results indicate that 3xSNCA microglia exhibit increased a-synuclein expression,
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impaired phagocytosis, and altered inflammatory activity, highlighting their potential role in

neuroinflammation and Parkinson’s disease pathology.
Transcriptomic data analysis reveals lysosomal dysfunction in 3xSNCA microglia.

To further elucidate the molecular mechanisms underlying these phenotypic alterations, we
employed RNA sequencing to comprehensively analyse transcriptomic differences between
WT and 3xSNCA microglia. By analysing transcriptomic data, we aimed to identify key
dysregulated pathways and genes that may contribute to the observed cellular dysfunctions,
providing further insights into the role of a-synuclein in microglial pathology. We identified 149
differentially expressed genes (DEGs) in 3xSNCA microglia compared to the three WT cell
lines, using a threshold of adjusted p-value (FDR) <0.01 (Supplementary Figure 2b).
Unsupervised hierarchical clustering based on normalised gene counts of top significant
DEGs involved in the inflammasome pathway further highlighted clear separation between the
two groups and confirms our findings on altered inflammatory activity (Supplementary Figure
2c). Gene Ontology pathway enrichment analysis of the p-value <0.01 significant DEGs
between 3xSNCA and WT samples revealed that the lysosomal pathway is dysregulated,
including protein localization to lysosome, lysosomal transport, and protein-targeting to
lysosome, as the top enriched pathways (Figure 1f). Additionally, KEGG (Kyoto Encyclopedia
of Genes and Genomes) enrichment analysis supported these results and identified
“‘Lysosome” as the most enriched pathway, followed by metabolic pathways such as the lipid
metabolism and carbohydrate metabolism (Figure 1g). The enrichment analysis suggests that
lysosomal dysfunction and metabolic dysregulation are key processes affected at the
transcriptomic level. Looking at the expression of individual genes of the phagocytic and
lysosomal pathway, we could confirm that the key genes of these pathways are downregulated
in the 3xSNCA microglia (Figure 1h). Our findings highlight disruptions in cellular clearance
mechanisms and metabolic balance, emphasizing the critical role of lysosomal and phagocytic

pathways in neurodegeneration.

3xSNCA microglia integrated into midbrain organoids display morphological

differences.

After describing the phenotypic and transcriptomic changes in 3xSNCA microglia, we sought
to investigate these cells in a physiologically relevant context. To achieve this, we integrated
the microglia into midbrain organoids following the protocol described by Sabate-Soler et al.
(2022) (Figure 2a). This approach allowed us to study microglial behaviour and interactions
within a three-dimensional cellular environment that closely mimics the complexity of the
human brain. Previous studies have shown that changes in microglial function, such as

increased reactivity, enhanced pro-inflammatory response, impaired phagocytosis, altered
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gene expression, and exacerbation of a-synuclein pathology, contribute to the chronic

neuroinflammation and neurodegeneration observed in PD (Thi et al., 2024; Zhu et al., 2022).

First, we characterized 50-day-old assembloids (ASBs) to ensure that they expressed the
relevant cell types of the midbrain, showing the presence of mature neurons (MAP2 —
microtubule associated protein 2), dopaminergic neurons (TH — Tyrosine Hydroxylase) and
astrocytes (S1008 — S100 calcium binding protein B) (Figure 2b). Staining with the microglial
marker IBA1 (lonized calcium binding adaptor molecule 1) and the astrocyte marker GFAP
(glial fibrillary acidic protein) completed the characterization of the assembloids (Figure 2c).
Interestingly, when examining the morphology of the integrated microglia, we observed
striking differences between WT and 3xSNCA conditions. WT microglia in WT midbrain
organoids displayed a more typical ramified morphology, characteristic of resting or surveillant
microglia in a healthy state (Figure 2d, left panel, and 2e). In contrast, 3xSNCA microglia in
3xSNCA midbrain organoids exhibited an ameboid morphology, indicative of an activated
state (Figure 2d, right panel, and 2e). These morphological distinctions, suggest that the
3xSNCA mutation leads to a more activated microglial phenotype, within the complex 3D

organoid environment.

3xSNCA assembloids exhibit elevated a-synuclein and phospho-a-synuclein (pS129)

levels.

Given that the SNCA triplication leads to increased expression of a-synuclein and is
associated with early-onset Parkinson’s disease (Singleton et al., 2003), we investigated both
total a-synuclein and its phosphorylated form (pS129) to assess disease-relevant phenotypes
in 3xSNCA assembloids. a-synuclein protein levels were evaluated by Western Blot, showing
an expected significant increase in the 3xSNCA assembloids (Figure 3a and 3b, left panel).
The specificity of the a-synuclein antibody has been previously confirmed by the lack of signal
in SNCA KO midbrain organoids (Muwanigwa et al., 2024). Consistent with its role as a
hallmark of pathology, pS129 was also significantly elevated in 3xSNCA assembloids (Figure
3a and 3b, right panel), in agreement with previous findings. a-synuclein and pS129 staining
of assembloids validated these findings by showing significantly increased intensities in the
3xSNCA assembloids (Figure 3c and 3d). Additionally, dot blot analysis revealed enhanced

extracellular a-synuclein release (Figure 3e).

3xSNCA microglia promote endogenous formation of phospho-a-synuclein (pS129)

pathology in assembloids.

To evaluate whether the PD patient-specific model recapitulates key pathological features, we
examined a-synuclein aggregation. We particularly focused on phosphorylation at serine 129

(pS129). This post-translational modification is a well-established marker of Lewy-body
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pathology and neuronal dysfunction (Spillantini et al., 1997; Gallegos et al., 2015; Samuel et
al., 2016; Calabresi, Mechelli, et al., 2023). Notably, pS129 accounts for around 90% of a-
synuclein within Lewy bodies, compared to only around 4% in healthy brains (Xu et al., 2015),
and is associated with fibril formation, toxicity, and disease progression (Henderson et al.,
2019).

Previous studies demonstrated that pS129 antibodies can detect diverse a-synuclein
aggregate structures in vitro, specifically in neurons treated with preformed fibrils (PFFs)
(Lashuel et al., 2022). Building on this, we assessed pS129-positive aggregates in 3xSNCA
assembloids and were able to recapitulate these findings in the in vitro assembloid model
without the addition of exogenous PFFs. Consistent with Lashuel’s observations, we identified
distinct pS129-positive a-synuclein structures in our 3xSNCA assembloids, including Ring-like
(Figure 4a, upper panel), Filamentous-like (middle panel), and Dense-like (lower panel)
formations. To confirm the specificity of the observed pS129 pathology, we tested several anti-
pS129 antibodies, including D1R1R (Figure 4a), MJF-R13 (8-8) (Supplementary Figure 3a),
MJFR-14-6-4-2 (Supplementary Figures 3b and 3c). All consistently labelled pathological a-
synuclein structures, supporting the reliability of our findings. Together, these results
demonstrate that the 3xSNCA assembloid model spontaneously develops diverse a-synuclein

pathological structures, further validating its relevance for studying synucleinopathies.

Moreover, we used a comprehensive panel of markers to further validate the presence of
pathological forms of a-synuclein in 3xSNCA assembloids originally detected with anti-pS129
antibodies (Canerina-Amaro et al., 2019). We observed a significant increase in the co-
localization of a-synuclein with p62 (SQSTM1) and Proteostat in 3xSNCA assembloids (Figure
4b-d), indicating a substantial burden of a-synuclein—specific pathological aggregates. p62 is
an autophagy adaptor protein frequently found in Lewy bodies, while Proteostat binds -
sheet-rich misfolded proteins, serving as a general marker of proteostasis disruption
(Kuusisto et al., 2003; Rocha et al., 2018). Although p62 and Proteostat signals are also
present in WT assembloids (Supplementary Figure 3d and 3e), the extent of their co-
localisation with a-synuclein is substantially higher in the 3xSNCA assembloids (Figure 4d).
To further support this finding, we confirmed additional markers through co-localization of
pS129 with ubiquitin, a key component of the protein degradation machinery that accumulates
at sites of misfolded protein aggregation (Figures 4e and 4f). These results suggest that
elevated a-synuclein expression in the mutant assembloids drives the formation of misfolded

protein aggregates.

Additionally, staining with Thioflavin S, which specifically labels [-sheet-rich amyloid

structures, revealed co-localization with both a-synuclein and pS129 (Supplementary Figure
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3b and 3c), indicating that these aggregates acquire amyloid-like conformations characteristic
of mature pathogenic inclusions (Lee et al., 2002). In addition, co-localization of a-synuclein
with the mitochondrial outer membrane marker TOM20 (Supplementary Figure 3f and 3g)
suggests a potential interaction of aggregates with mitochondria, consistent with previous
findings that link a-synuclein pathology to mitochondrial dysfunction (Di Maio et al., 2016).
This enhanced co-localization provides strong evidence for the formation of a-synuclein
aggregates in the 3xSNCA assembloid model, supporting the presence of pathological a-

synuclein species and potentially indicating impaired protein degradation pathways.
3xSNCA microglia are sufficient to induce pS129 pathology in WT midbrain organoids.

To investigate whether 3xSNCA microglia are sufficient to induce a-synuclein pathology in an
otherwise healthy environment, we generated chimeric assembloids by integrating 3xSNCA
mutant microglia into WT midbrain organoids (WT-3xSNCA ASB) (Figure 5a).
Immunofluorescence analysis revealed a significant increase in both total a-synuclein and
pS129 signal intensity in WT-3xSNCA assembloids compared to WT assembloids (Figure 5b),
indicating that PD microglia alone are sufficient to induce pathology. Nevertheless, while the
induction of pathology is clear, it is lower than what we saw before in organoids carrying the
3xSNCA mutation themselves (Figure 3d). We further visualized disease-relevant a-synuclein
pathology in WT—-3xSNCA assembloids, including compact and filamentous-like formations
(Figure 5c), similar to those described in Lashuel et al (2020). Notably, these structures were
detectable upon integration of 3xSNCA microglia into all three WT midbrain organoid lines.
Aggregation was validated through co-localization of a-synuclein with p62, whose
accumulation indicates impaired autophagic clearance, and Proteostat, a marker of misfolded
protein aggregates (Figure 5d—e, Supplementary Figure 4a and 4b). To strengthen this finding,
we confirmed additional markers by co-localization of pS129 with ubiquitin (Supplementary
Figures 4c and 4d), and a-synuclein with the mitochondrial marker TOM20 (Supplementary
Figures 4e and 4f), supporting the presence of Lewy body—like structures and mitochondrial
involvement. Together, these results demonstrate that 3xSNCA microglia are sufficient to
initiate a-synuclein pathology in an otherwise WT environment and highlight their emerging

role as drivers of Parkinson’s disease pathogenesis.
Discussion

The endogenous formation of phosphorylated a-synuclein (pS129) remains a major challenge
in PD modelling. Most in vitro systems and in vivo mouse models require the addition of
preformed a-synuclein fibrils (PFFs) to induce Lewy body—like pathology (Luk et al., 2009;
Volpicelli-Daley et al., 2011; Osterberg et al., 2015; Mahul-Mellier et al., 2020; Awa et al.,

2022). In this study, we present a robust and reproducible patient-specific human midbrain
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assembloid model that recapitulates hallmark features of a-synuclein pathology, including the
spontaneous formation of pS129-positive aggregates in the absence of exogenous fibrils. Our
system integrates 3xSNCA iPSC-derived microglia into midbrain organoids, providing a

physiologically relevant, tissue-like environment for studying early PD pathology.

Already, the 3xSNCA microglia alone exhibited impaired phagocytic function, altered
inflammatory signalling, and revealed significant alterations in lysosomal pathway and
metabolic processes consistent with previous work on iPSC-derived macrophage precursors
from SNCA triplication patients (Haenseler, Zambon et al., 2017). Upon integration into
midbrain organoids, these microglia showed an ameboid, activated morphology, consistent
with their pro-inflammatory profile and loss of homeostatic surveillance. These phenotypes
were retained in 3D assembloids and are likely contributors to a-synuclein accumulation and
impaired clearance (Choi et al., 2020; Bido et al., 2021; Eo et al., 2024).

Previous studies have consistently reported increased a-synuclein and progressive
accumulation of pS129 in various SNCA ftriplication models. Oliveira et al. (2015) observed
elevated a-synuclein in dopaminergic neurons derived from 3xSNCA iPSCs, while Jo et al.
(2021) identified Lewy body-like inclusions in 3xSNCA midbrain organoids at day 90 following
treatment with the lysosomal inhibitor conduritol B epoxide (CBE). Mohamed et al. (2021)
reported increased aggregation of oligomeric and phosphorylated a-synuclein in 3xSNCA
midbrain organoids by day 100, with pathological progression through day 170. Becerra-
Calixto et al. (2023) showed progressive pS129 accumulation in 3xSNCA midbrain organoids
from days 120 to 180, while Muwanigwa et al. (2024) detected pS129-rich aggregates in
3xSNCA human midbrain organoids by day 70.

While these studies describe accumulation and progressive pathology markers, our 3xSNCA
assembloid model demonstrates robust pS129-positive aggregate formation with pathological
morphology, as defined by Lashuel et al. (2022), by day 50. This significantly accelerated
aggregation highlights the critical role of 3xSNCA microglia in promoting pathological o-
synuclein accumulation. This early pathology is likely driven by an overproduction of a-
synuclein that overwhelms cellular clearance systems such as chaperone-mediated
autophagy, the ubiquitin—proteasome system, and macroautophagy (Cuervo et al., 2004;
Martinez-Vicente et al., 2008; Snyder et al., 2003; Winslow et al., 2010), resulting in

accumulation of misfolded a-synuclein and aggregate formation.

Importantly, 3xSNCA microglia induced pS129 pathology even when integrated into wild-type
midbrain organoids (chimeric assembloids), demonstrating that microglial dysfunction alone
can initiate a-synuclein pathology independent of neuronal SNCA overexpression. These

finding positions microglia as active drivers of disease initiation and progression, rather than
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passive responders (Zhang et al., 2005; Hickman et al., 2018; Ferreira & Romero-Ramos,
2018; Bido et al., 2021).

Given the prominent a-synuclein pathology observed in the here described model, these
findings offer a valuable platform to explore therapeutic strategies that directly target a-
synuclein aggregation or modulate downstream disruptions in proteostasis. Several small
molecules have shown promising results in this context. Squalamine and Trodusquemine
displace a-synuclein from lipid membranes, effectively blocking both the initiation and
propagation of aggregation in preclinical models (Perni et al., 2017; Rao et al., 2000; Yang et
al., 2024). Minzasolmin (UCB0599) prevents a-synuclein misfolding, while Emrusolmin
(Anle138b) binds to oligomeric forms to inhibit the formation of toxic aggregates. Both
compounds have demonstrated efficacy in preclinical studies and are undergoing clinical
evaluation (Price et al., 2023; Heras-Garvin et al., 2019; Wegrzynowicz, et al., 2019; Levin et
al., 2022). In parallel, strategies that enhance lysosomal degradation of a-synuclein may offer
complementary benefits. Ambroxol, for example, boosts glucocerebrosidase activity and
lysosomal function, promoting clearance of misfolded protein and reducing oxidative stress
(Colucci et al, 2023). Understanding how pathological processes are shaped by microglia is
particularly important, as these cells can act as both contributors to and modulators of
neurodegeneration. To unravel their complex role, there is a critical need for physiologically
relevant in vitro models that capture the most essential functional properties of microglia.
These therapeutic candidates, with their distinct mechanisms of action, offer promising

avenues to intervene in disease-relevant pathways.

Taken together, our findings highlight that the 3xSNCA assembloid model recapitulates key
features of Parkinson’s disease, including spontaneous pS129 accumulation and microglia-
driven a-synuclein pathology. By modelling microglia—neuron interactions without exogenous
fibrils, the assembloid and chimeric systems offer physiologically relevant platforms to

investigate early drivers of synucleinopathies and evaluate therapeutic strategies.
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Materials and methods
Ethical approval

All work involving iPSCs was approved by the Ethics Review Panel (ERP) of the University of
Luxembourg and the national Luxembourgish Research Ethics Committee (CNER, Comité
National d'Ethique de Recherche) under CNER No. 201901/01 (ivPD) and No. 202406/03
(AdvanceOrg).

iPSCs and NESCs

In this study, three human wildtype and one human SNCA triplication induced pluripotent stem
cell (iPSC) lines were used, which are described in Supplementary Table 1. hiPSC were
maintained in Essential E8 medium (Thermo Fisher Scientific, cat.no. A1517001)
supplemented with 1% Penicillin-Streptomycin (Invitrogen, cat. no. 15140122) on Geltrex-
coated plates (Corning, cat. no. 354277). They were passaged with Accutase (Sigma-Aldrich,
cat. no. A6964) and cultured in E8 medium supplemented with 10 yM ROCK inhibitor Y-27632
(Merck Millipore, cat. no. 688000) for 24h after seeding (Gomez-Giro et al., 2019). Afterwards,

the cells were cultured in E8 medium, with daily media exchanges.

Neuroepithelial stem cells (NESCs) were derived from iPSCs following to the protocol
established by Reinhardt et al. (2013). Cells were cultured on Geltrex-coated plates in freshly
prepared maintenance medium. The N2B27 base medium consisted of a 1:1 ratio of DMEM-
F12 (Thermo Fisher Scientific, cat. no. 21331046) and Neurobasal (Thermo Fisher Scientific,
cat. no. 10888022), supplemented with 1% GlutaMAX (Thermo Fisher Scientific, cat. no.
35050061), 1% penicillin/streptomycin (Thermo Fisher Scientific, cat. no. 15140122), 1% B27
supplement without Vitamin A (Life Technologies, cat. no. 12587001) and 2% N2 supplement
(Thermo Fisher Scientific, cat. no. 17502001). For maintenance, the base medium was further
supplemented with 150 uM ascorbic acid (Sigma-Aldrich, cat. no. A4544), 3 uM CHIR-99021
(Axon Medchem, cat. no. CT 99021), and 0.75 uM purmorphamine (Enzo Life Science, cat.
no. ALX-420-045). NESC maintenance medium was replaced every other day.

Microglia

Macrophage precursors were generated from iPSCs (van Wilgenburg et al., 2013) and
subsequentially differentiated into microglia as previously described previously (Haenseler,
Sansom, et al., 2017). For immunofluorescence staining, 150000 macrophage precursors
were seeded onto a glass coverslip placed in 24-well plates (Thermo Fisher Scientific, cat. no.
142475). For flow cytometry and phagocytosis assays, 50000 macrophage precursors were
plated in 96-well plates (Thermo Fisher Scientific, cat. no. 167008). Cells were cultured in

microglia base medium composed of Advanced DMEM/F12 (Thermo Fisher Scientific, cat. no.
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12634010), 1% Penicillin/Streptomycin (Invitrogen, cat. no. 15140122), 1% GlutaMAX™
(Thermo Fisher Scientific, cat. no. 35050061), 1% N2 (Thermo Fisher Scientific, cat. no.
17502001) and 50 uM 2-mercaptoethanol (Thermo Fisher Scientific, cat. no. 31350-010). The
medium was further supplemented with 100 ng/ml GM-CSF (PeproTech, cat. no. 300-03) and
10 ng/ml IL-34 (PeproTech, cat. no. 200-34).

Midbrain organoids

Midbrain organoids were generated from NESCs according to the protocol previously
published by Monzel et al. (2017) and Zagare et al (2020) and cultured until day 50. NESCs
were detached at 80% confluence with Accutase (Sigma-Aldrich, cat. no. A6964). Viable cells
were counted with trypan blue, and to initiate sphere formation, 9000 live cells were seeded
per well of a 96-well ultra-low attachment plate (faCellitate, cat. no. F202003) in 150 ul of
NESC maintenance media. On day 2 of culture, the maintenance media was replaced with
patterning media which consists of supplemented N2B27 base medium with 200 uM ascorbic
acid (Sigma-Aldric, cat. no. A4544-100G), 500 uM dibutyryl-cAMP (STEMCELL Technologies,
cat. no. 100-0244), 10 ng/ml hBDNF (PeproTech, cat. no. 450-02-1mg), 10 ng/ml hGDNF
(PeproTech, cat. no. 450-10-1mg), 1 ng/ml TGF-B3 (PeproTech, cat. no. 100-36E) and 1 uM
purmorphamine (Enzo Life Science, cat. no. ALX-420-045). The next pattering media

exchange was done on day 5 of organoid culture.
Assembloids

Assembloids (ASBs) were cultured as described by Sabate-Soler et al (2022) with minor
changes. On day 8 of culture midbrain organoid each midbrain organoid was co-cultured with
50000 freshly harvested macrophage precursor cells. The culture medium was changed to
the co-culture medium containing the microglia base medium supplemented with 100 ng/ml
GM-CSF (PeproTech, cat. no. 300-03), 10 ng/ml IL-34 (PeproTech, cat. no. 200-34), 10 ng/ml
BDNF (PeproTech, cat. no. 450-02) and 10 ng/ml GDNF (PeproTech, cat. no. 450-10). The
medium was changed every 3-4 days, and the assembloids was kept for 50 days in culture.
After the collection, the assembloids were either snap-frozen and stored at -80°C, or fixed with
4% formaldehyde (Millipore, cat. no. 1.00496.5000) for immunofluorescence staining.

iPSC, NESC and assembloids were regularly (once per month) tested for mycoplasma
contamination using LookOut® Mycoplasma PCR Detection Kit (Sigma-Aldrich, cat. no.
MPO0035-1KT).

Phagocytosis assay

For the phagocytosis assay, Zymosan A (S. cerevisiae) BioParticles™ (Thermo Fisher

Scientific, cat. no. Z23373) or pHRodo™-Zymosan BioParticles™ Conjugate (Thermo Fisher
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Scientific, cat. no. P35364) were used. 10 ug/ml of particles were prepared in HBSS medium
supplemented with 20 mM HEPES and 10% FCS. 50 pl of the microglial cell culture media
was removed, and 50 pl of HBSS containing Zymosan A particles was added to the microglia.
The cells were then incubated at 37°C for at least 30 minutes, washed twice with PBS, and
analyzed via flow cytometry with the BD LSRFortessa (BD Biosciences, RRID:SCR_018655).

Cytokine measurement

For intracellular cytokine measurement, microglia were stimulated for 24 hours with 100 ng/mi
lipopolysaccharide (LPS) on day 14 of differentiation. During the final 6 hours of stimulation,
BD GolgiPlug™ (BD Biosciences, cat. no. 555029) was added to the cell culture medium at a
1:1000 dilution. Microglia were then fixed and permeabilized using the BD Pharmingen™
Transcription Buffer Set (BD Biosciences, cat. no. 562574) following the manufacturer’s
instructions. The microglia were washed twice in PBS and immediately analysed in flow

cytometer.
Western Blot

For Western blot, 10 assembloids from three batches were pooled and lysed using RIPA buffer
(Abcam, cat. no. ab156034) supplemented with cOmplete™ Protease Inhibitor Cocktail
(Sigma-Aldrich, cat. no. 116974980010) and Phosphatase Inhibitor Cocktail Set (Merck
Millipore, cat. no. 524629). 100 pl of lysis buffer was added to the samples, disrupted by
pipetting, and incubated on ice for 20 min. Lysates were sonicated for 10 cycles (30 sec on/30
sec off) using the Bioruptor Pico (Diagenode, RRID:SCR_023470). Samples were then
centrifuged at 4°C for 30 min at 15,000 x g. The protein concentration was determined using
the Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, cat. no. 56257423225) and
samples were adjusted to the same concentration and boiled at 95°C for 5 min in denaturating
loading buffer. Protein separation was achieved using SDS polyacrylamide gel electrophoresis
(Bolt™ 4-12% Bis-Tris Plus Gel, Thermo Fisher Scientific, cat. no. 562574NW04120BOX)
and transferred onto PVDF membrane using iBlot™ 2 Gel Transfer Device (Thermo Fisher
Scientific, cat. no. IB21001). Membranes were fixed with 0.4% formaldehyde for 30 min at
room temperature (RT), washed with PBS containing 0.02% Tween (PBST) and blocked for 1
h at RT in 5% BSA in PBS before incubating overnight (ON) at 4°C with the primary antibodies
prepared in 5% BSA in PBS-T (Supplementary Table 2). The next day, membranes were
washed three times for 5 min with PBST and incubated with DyLight™ secondary antibodies
at a dilution of 1:10,000 (anti-rabbit IgG (H+L) (DyLight 800 Conjugate, Cell Signaling, cat. no.
5151; RRID:AB_10697505) or anti-mouse IgG (H+L) (DyLight 680, Cell Signaling, cat. no.
5470, RRID:AB_10696895)) for 1 h at RT. Membranes were revealed in the Odyssey® Fc
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2800 Imaging (LI-COR Biosciences, RRID:SCR_023227). Western blots were analysed using
Image Studio Lite (LI-COR Biosciences, RRID:SCR_013715) software.

Dot Blot for a-synuclein

150 ul assembloid media was collected from three batches, snap frozen and stored at -80°C.
The supernatant was thawed on ice and centrifuged at 300 x g to sediment any cell debris
remaining in the media. A Dot Blot Minifold | (Whatman, cat. no. 10447900) was used
according to manufacturer guidelines. A nitro-cellulose membrane (Sigma-Aldrich, cat. no.
GE10600001) was hydrated twice with 200 pl sterile PBS per well before sample loading. After
sample run with the vacuum on, the membrane was washed with 200 pl sterile PBS per well.
The membrane was retrieved and fixed for 10 min at 37°C, followed by a 1 min wash with PBS
to hydrate the membrane. The membrane was incubated for 5 min with Revert 700 Total
Protein Stain (LI-COR Biosciences, cat. no. 926-11016), followed by two quick washed with
Milli-Q water, before revealing the membrane using the Odyssey® Fc 2800 Imaging System.
The membrane was then destained for 5 min with the Revert destaining Solution (LI-COR
Biosciences, cat. no. 926-11016) and washed once with PBS-T. Blocking and antibody
incubation were done as previously described in the Western blotting section. Images were
acquired with the Odyssey® Fc 2800 Imaging System. Images were analysed with Image

Studio Lite and the relative a-synuclein amount was normalized to the total protein.
Immunofluorescence staining of microglia

Macrophage precursors were plated on glass coverslips (150K/well) and cultured for 14 days.
Then, mature microglia were fixed for 15 min with 4% formaldehyde (Sigma-Aldrich, cat. no.
100496) at RT and washed three times with PBS. The glass coverslips were permeabilized
with 0.3% Triton X-100 in PBS for 15 min at RT. The cells were washed again three times with
PBS, followed by blocking with 3% BSA (Carl Roth, cat. no. 80764) in PBS for 1h at RT. The
microglia were then incubated with the primary antibodies (Supplementary Table 3) in 3%
BSA, 0.3% Triton X-100 in PBS in a wet chamber ON at 4°C. Afterwards, the cells were
washed three times with PBS before incubation with secondary antibody (Supplementary
Table 3) in 3% BSA, 0.3% Triton X-100 in PBS in a wet chamber for 1h at RT. After three more
PBS washed, the coverslips were mounted on a glass slide with Fluorormount-G® (Southern
Biotech, cat. no. 0100-01).

Immunofluorescence staining of assembloid sections

Assembloids were fixed ON at 4°C with 4% formaldehyde and then washed three times with
PBS for 10 min at RT. For each condition, at least three to four assembloids were embedded

in 3% low-melting point agarose (Biozym, cat. no. 840100). The solidified agarose blocks with
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the assembloid were sectioned using the vibrating blade microtome (Leica VT1000s,
RRID:SCR_016495) at 60 um. Sections were permeabilised with 0.5% Triton X-100 for 30
min at RT, followed by a short wash with 0.01% Triton X-100 in PBS. They were then blocked
for 2h at RT with blocking buffer containing 2.5% BSA, 2.5% donkey serum, 0.01% Triton X-
100 and 0.1% sodium azide in PBS. Primary antibodies (Supplementary Table 3) were diluted
in blocking buffer and sections were incubated for 48-72h at 4°C on an orbital shaker. After
incubation, the sections were washed with wash buffer (0.01% Triton X-100 in PBS) and
incubated with secondary antibodies (Supplementary Table 3) in blocking buffer for 2h at RT
and protected from light. The sections were then washed three times for 10 min at RT, rinsed

with Milli-Q water and mounted as described by Nickels et al (2020).
Proteostat® Aggresome Staining of assembloid sections

After fixation and sectioning, assembloid sections were permeabilized with 0.5% Triton X-100
and 3 mM EDTA (pH 8.0) in 1x Assay Buffer for 30 min at RT on an orbital shaker. After a
wash with 0.01% Triton X-100 in PBS for 5 min at RT, they were blocked in blocking buffer as
described in the immunofluorescence staining method. Primary antibodies (Supplementary
Table 3) were diluted in blocking solution and incubated for 48-72h at 4°C on an orbital shaker,
which was followed by one wash with 0.01% Triton-X 100 in PBS for 10 min at RT. The other
two washes were done with PBS for 10 min at RT each. The secondary antibodies and the
Proteostat® Aggresome Detection Reagent (Enzo, cat. no. ENZ-51035) were diluted (1:1000)
in 1x Assay Buffer and incubated for 1h at RT on an orbital shaker. Sections were then washed
three times with PBS for 10 min at RT each. They were once washed with Milli-Q water before

mounting.
Thioflavin S staining of assembloid sections

Thioflavin S staining was performed based on the method described by Stojkovska and
Mazzulli (2021). Assembloid sections were fixed and sectioned as previously described and
permeabilized with 0.3% Triton X-100 in PBS for 30 min at 4°C on an orbital shaker. They
were then blocked for 30 min at RT on an orbital shaker with 2.5% BSA, 2.5% normal goat
serum and 0.3% Triton X-100 in PBS. Assembloid sections were then incubated with the
primary antibodies (Supplementary Table 3) in blocking solution and incubated ON at 4°C on
an orbital shaker. Afterwards three washes with 0.01% Triton X-100 in PBS for 10 min each
at RT were performed followed by incubation of secondary antibody in 0.01% Triton X-100 in
PBS (Supplementary Table 3) for 2h at RT and protected from light. It is important to note that
the Hoechst 33342 dye is not added in this staining protocol. Sections were then washed again
three times for 10 min at RT with the washing buffer before incubation with the fresh Thioflavin
S solution which consists of 0.05% Thio S (Sigma-Aldrich, cat. no. T1892) w/v in 50%
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EtOH/MiIlli-Q water. Afterwards the assembloid sections were washed two times with 50%
EtOH for 20 min at RT, before a consecutive wash with 80% EtOH for 20 min at RT. Finally,
a last wash was performed with the washing buffer before rinsing the sections with Milli-Q

water and mounting.
Image acquisition

For high-content imaging, mounted assembloids were imaged with the Yokogawa
CellVoyager CV8000 microscope (Yokogawa, RRID:SCR_023270). A 4x pre-scan identified
the wells containing assembloid sections, which enabled the creation of masks to outline the
assembloids. These masks guided the selection of the field for imaging at different

wavelengths with a 20x objective.

Qualitative images were acquired with the Zeiss LSM 710 confocal laser scanning microscope
(Zeiss, RRID:SCR_018063) equipped with 20x or 63x objectives. Three-dimensional
reconstructions of confocal Z-stacks were created using Imaris software (Bitplane,
RRID:SCR_007370). Representative images were cropped, rotated, or rescaled for
visualisation using Adobe Photoshop (version 26.6.1, Adobe, RRID:SCR_014199) and
lllustrator (version 29.5.1, Adobe, RRID_SCR_010279). All original, unedited images are
available at https://doi.org/10.17881/syhp-k282.

Image processing, and analysis

For quantitative image analysis, at least two sections from three assembloids, each derived
from three independent batch generations, were analysed in MATLAB (2021a, Mathworks,
RRID:SCR_001622). A custom image-analysis algorithm, as previously described by Bolognin
et al. and Monzel et al. (2018, 2020), was used. This algorithm merges overlapping sections
into mosaic images, performs smoothing, combines colour channels and filters out small
objects. Marker-specific masks were created based on pixel intensity thresholds and refined

to quantify marker intensities in 3D space (voxels).
RNA extraction, library preparation and sequencing

Total RNA of microglia was extracted from microglia using RNeasy Mini Kit (Qiagen, cat. no.
74104) according to the manufacturer’s protocol. For each cell line, RNA was isolated from
three pooled wells of a 6-well plate, with each well containing 1x10® macrophage precursors.
Messenger RNA (mRNA) was purified from total RNA with the poly-T-oligo-attached magnetic
beads. Following RNA fragmentation, first-strand cDNA was synthesized using random
hexamer primers. Second-strand cDNA synthesis was performed using either dUTP (for
directional library) or dTTP (for non-directional library). Libraries were sequenced on an

lllumina platform by Novogene’s sequencing service.
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Transcriptomic analysis

RNA sequencing data from microglia were pre-processed with the Galaxy server (version
23.2.rc1, RRID:SCR_006281), following established Galaxy training tutorials (Hiltemann et al.,
2023, Doyle et al., 2024). Sequencing reads were aligned to the human reference genome
(hg38) using HISAT2 (RRID:SCR_015530), and read counts were generated from the
resulting BAM files using the featureCounts function. Differential gene expression analysis
was conducted in R (version 4.4.2.,, RRID:SCR_001905) using the "DESeq2" software
package (version 1.42.1, RRID:SCR_000154) (Love et al., 2014). P-values were corrected for
multiple hypothesis testing according to the Benjamini-Hochberg method (Benjamini &
Hochberg, 2005). Pathway enrichment analysis was performed using the EnrichR tool
(RRID:SCR_001575) (Kuleshov et al., 2016), based on the expressed genes identified by
DESeq2. Two gene set libraries were used for enrichment analysis: “Gene Ontology (GO)
Biological Process 2023” (Ashburner et al., 2000, Aleksander et al., 2023) and “Kyoto
Encyclopedia of Genes and Genomes (KEGG) Human 2021” (Kaneshisa et al., 2000, 2019,
2025).

Statistical analysis

The data in this manuscript was processed, analysed and visualised in both GraphPad Prism
(GraphPad version 10.2.3, RRID:SCR_002798) or the R software (R version 4.4.2,
RRID:SCR_001905). Statistical significance of non-normally distributed data was tested with
a non-parametric Mann-Whitney U rank sum test for comparison between the two conditions
(WT microglia and 3xSNCA microglia; WT ASB and 3xSNCA ASB; WT ASB and WT-3xSNCA
ASB). Each data point in the graphs corresponds to the data from one cell line for one
individual differentiation experiment. Significance asterisks in the figure legends represent *p
<0.05, **p < 0.01, **p < 0.001, ****p < 0.0001 . When data was found not significant, it is not
specifically stated in the figures and is expressed as ns, not significant. Error bars represent
mean + standard deviation (SD). Detailed information on the number (n) of samples, replicates

and batches is added to the individual Figure legends.
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Data availability

All original and processed data, along with the scripts supporting the findings of this study, are

publicly available at this https://doi.org/10.17881/syhp-k282. Gene expression datasets have

been deposited in the Gene Expression Omnibus (GEO) under the accession number
GSE299260.

Code availability

All  scripts used to obtain, analyse and plot the data are available at

https://gitlab.com/uniluxembourg/Icsb/developmental-and-cellular-biology/zuccoli_2025.
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Figure Legends

Figure 1: 3xSNCA iPSC-derived microglia express a-synuclein and functional deficits.
(a) Schematic representation of iPSC-derived microglia via macrophage precursors
(pMacPre). (b) Representative immunofluorescence staining of mature (day 14) WT, 3xSNCA
and KO microglia for the microglial marker P2RY12 (Purinergic Receptor P2Y12), total a-
synuclein and a DNA marker (Hoechst 33342) (scale bar 20 ym, 63x). (c) Representative dot
blot (right panel) of total protein (Revert700) and anti-a-synuclein antibody showing higher
levels of extracellular a-synuclein released by 3xSNCA microglia compared to WT microglia
(left panel) at day 14. Data is represented as boxplots and shows the mean of two technical
replicates normalized to the total protein (Revert700) of three independent microglia batches
(n=3). Mann-Whitney U test; **p < 0. 01. Dot blots are cropped from original images found in
Supplementary original blots. (d) Flow cytometry analysis of microglial phagocytosis in WT
and 3xSNCA microglia using fluorescently labelled Zymosan beads (left panel) and pH
sensitive fluorescent Zymosan beads (pHRodo) (right panel). Data is represented as bar plots
and shows three independent batches (n=3) normalized to the mean of the controls per batch.
Mann-Whitney U test; ****p < 0.0001. (e) Flow cytometry analysis of intracellular IL-13 (upper
left panel), TNF-a (upper right panel), IL-6 (lower left panel) and IFN-y (lower right panel) in
WT and 3xSNCA microglia after 24h stimulation with LPS. Data is represented as bar plots
and shows three independent batches (n=3) normalized to the mean of the controls per batch.
Mann-Whitney U test; *p<0.05, ***p<0.001, ****p < 0.0001. (f) GO pathway enrichment
analysis of the DEGs (p.adjusted <0.01) between 3xSNCA and WT samples, showing the top
10 significantly enriched pathways based on EnrichR results. (g) KEGG pathway enrichment
analysis of the DEGs (p.adjusted <0.01) between 3xSNCA and WT samples, showing the top
10 significantly enriched pathways based on EnrichR results. (h) Logz fold changes (FC) of
predefined genes associated with phagocytosis (blue), the lysosomal pathway (orange), or

both pathways (phagolysosomal, magenta).

Figure 2: 3xSNCA microglia integrated into midbrain organoids display morphological
differences. (a) Schematic representation of microglia integration into the midbrain organoid.
At day 8 of culture, macrophage precursor cells are added to the midbrain organoid and the
assembloids are culture until 50 days of culture. WT microglia are integrated into the WT
midbrain organoid, and 3xSNCA patient-derived microglia into the 3xSNCA midbrain
organoid. (b) Representative immunofluorescence staining of WT assembloids (WT ASB) and
3xSNCA assembloids (3xSNCA ASB) with the dopaminergic neuron marker TH (tyrosine
hydroxylase), the neuronal marker MAP2 (Microtubule-associated protein 2), the astrocyte
marker S100B (S100 calcium-binding protein B) and Hoechst 33342. (c) Representative
immunofluorescence staining of WT ASBs and 3xSNCA ASBs with the microglial marker IBA1
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(lonized calcium-binding adaptor molecule 1), the astrocyte marker GFAP (Glial fibrillary acidic
protein) and Hoechst 33342 (scale bar 100 uym, 20x; 20 ym, 63x). (d) Representative
immunofluorescence staining of WT and 3xSNCA microglia integrated into midbrain organoids
stained with the microglial marker IBA1 and Hoechst 33342 (scale bar 100 um, 20x; 20 pm,
63x). 3D reconstruction with IMARIS software showing the microglial morphology of the WT
and 3xSNCA microglia in the midbrain organoid. (e) High-content automated image analysis
of immunofluorescence stainings showing the foldchange of IBA1 skeleton in microglia. Data
is represented as boxplots and show three to four independent batches (n=3-4) normalized to

the mean IBA1 skeleton value within each batch. Mann-Whitney U test; **p < 0.01.

Figure 3: 3xSNCA assembloids exhibit elevated total a-synuclein and phospho-a-
synuclein (pS129) levels. (a) Representative immunoblots of a-synuclein, phospho-a-
synuclein (pS129) and B-actin of day 50 WT and 3xSNCA ASBs. Western blots are cropped
from original images found in Supplementary original blots. (b) Quantification of a-synuclein
and phospho-a-synuclein (pS129) protein levels. Data is shown as boxplots and represents a
summary of three to four independent batches (n=3-4) per cell line. Values are normalized to
B-actin levels. Mann-Whitney U test; *p < 0.05, **p < 0.01. (c) Representative
immunofluorescence staining of WT and 3xSNCA ASBs with total a-synuclein, pS129 and
Hoechst 33342 (scale bar 100 ym, 20x; 20 ym, 63x). (d) High-content automated image
analysis of immunofluorescence stainings showing the foldchange of a-synuclein (left panel)
and pS129 (right panel) normalized by total nuclei. Data is shown as boxplots and represents
three to four independent batches (n=3-4) normalized to the mean of the controls per batch.
Mann-Whitney U test; ***p < 0.001. (e) Representative dot blot (left panel) of total protein
(Revert700) and anti-a-synuclein antibody showing higher levels of extracellular a-synuclein
released by 3xSNCA ASBs (right panel) at 50 days. The Boxplots represents three to four
independent batches (n=3-4) normalized to the total protein (Revert700). Mann-Whitney U
test; ****p < 0.0001. Rep = replicate. Dot blots are cropped from original image found in

Supplementary original blots.

Figure 4: 3xSNCA microglia promote endogenous formation of phospho-a-synuclein
(pS129) pathology in assembloids. (a) Representative image of the morphological diversity
of pS129 in 3xSNCA ASBs. The ring-like (upper panel), the filamentous-like (middle panel)
and the dense-like (lower panel) can be distinguished with the pS129 marker (scale bar 20
pMm, 63x). Zoom in of inset shows the pS129 structures (scale bar 5 um). 3D reconstruction
with IMARIS software shows the pS129 structural morphology. (b) Representative
immunofluorescence staining of WT and 3xSNCA ASBs with total a-synuclein, Proteostat, p62
(SQSTM1) and Hoechst 33342 (scale bar 20 um, 63x; 5 um, zoom in of inset). (c) Top panel:

The same representative image of 3xSNCA ASB as shown in (b), displayed here with total a-
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synuclein, Proteostat, and p62 (SQSTM1) markers (Hoechst omitted). Lower panel: 3D
reconstruction of this image using IMARIS software (scale bar, 5 ym; zoom-in of inset). (d)
High-content automated image analysis of immunofluorescence stainings showing the
foldchange of a-synuclein+, p62+, Proteostat+ normalized by total nuclei. Data is shown as
boxplots and represents three independent batches (n=3) normalized to the mean of the
controls per batch. Mann-Whitney U test; ***p < 0.0001. (e) Representative
immunofluorescence staining of WT and 3xSNCA ASBs with pS129, Ubiquitin and Hoechst
33342 (scale bar 20 um, 63x; 5 um, zoom in of inset). (f) Left panel: The same representative
image of 3xSNCA ASB as shown in (e) displayed here with pS129 and Ubiquitin markers
(Hoechst omitted). Right panel: 3D reconstruction of this image using IMARIS software (right

panel) of 3xSNCA with (scale bar 5 ym, zoom in of inset).

Figure 5: 3xSNCA microglia are sufficient to form pS129 pathology in WT midbrain
organoids. (a) Schematic representation of the chimeric assembloid model. WT microglia are
integrated into the WT midbrain organoid (WT ASB), and 3xSNCA microglia into the WT
midbrain organoid (WT-3xSNCA ASB). (b) High-content automated image analysis of
immunofluorescence stainings showing the foldchange of a-synuclein (left panel) and pS129
(right panel) normalized by total nuclei. Data is shown as boxplots and represents three to four
independent batches (n=3-4) normalized to the mean of the controls per batch. Mann-Whitney
U test; *p < 0.05, ***p < 0.001. (c) Representative image of pS129 structures in 3xSNCA-WT
ASBs. Sections were stained with pS129 marker and Hoechst 33342 (scale bar 100 um, 20x;
20 pm, 63x; 5 ym, zoom in of inset). 3D reconstruction with IMARIS software shows the pS129
structural morphology. (d) Representative immunofluorescence staining of WT and WT-
3xSNCA ASBs with total a-synuclein, Proteostat, p62 (SQSTM1) and Hoechst 33342 (scale
bar 20 uym, 63x; 5 ym, zoom in of inset) and 3D reconstruction with IMARIS software (scale
bar 5 pm, zoom in of inset). (e) High-content automated image analysis of
immunofluorescence stainings showing the foldchange of a-synuclein+, p62+, Proteostat+
normalized by total nuclei. Data is shown as boxplots and represents three independent
batches (n=3) normalized to the mean of the controls per batch. Mann-Whitney U test; ****p <
0.0001.
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Supplementary Information

Parkinson’s disease microglia induce endogenous alpha-Synuclein pathology in
patient-specific midbrain organoids.

Elisa Zuccoli, Henry Kurniawan, Isabel Rosety, Alise Zagare, Sonia Sabate-Soler,

Anna-Sophie Zimmermann, Jens C. Schwamborn
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Supplementary Figure 1: iPSC-derived microglia express specific microglial markers.
(a) Representative immunofluorescence staining of mature (day 14) WT cell lines (WT1,
WT2 and WT3), 3xSNCA and KO microglia for macrophage markers TMEM119
(Transmembrane Protein 119) and CDA45, (b) the macrophage marker PU.1, (c) the

microglial marker IBA1 as well as Hoechst 33342 (scale bar 20 ym, 63x).
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Supplementary Figure 2: a-synuclein expression in WT lines and transcriptomic
alterations in 3xSNCA microglia. (a) Representative immunofluorescence staining of
additional WT cell lines showing the microglial marker P2RY12 (Purinergic Receptor
P2Y12), total a-synuclein and nuclei (Hoechst 33342) (scale bar 20 um, 63x). (b) Volcano
plot showing differential gene expression (DEGs) between 3xSNCA and WT microglia.
Genes with log.FC>2 and p.adjust <0.01 are highlighted. (c) Unsupervised hierarchical
clustering of 3xSNCA and WT samples based on normalised gene counts of top significant

DEGs involved in the inflammasome pathway.
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SFigure 3
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Supplementary Figure 3: Co-localization of aggregation markers with a-synuclein
and pS129 in 3xSNCA ASBs. (a) Representative image of 3xSNCA ASBs to show pS129
antibody specificity. Sections were stained with pS129 [MJF-R13 (8-8)] and Hoechst 33342
(scale bar 100 pym, 20x; 20 um, 63x; 5 ym, zoom in of inset). (b) Representative image of
WT and 3xSNCA ASBs stained with total a-synuclein, pS129 [MJFR-14-6-4-2)] and the
aggregation marker Thioflavin S (scale bar 100 uym, 20x; 20 pym, 63x). (c) Zoom in of inset
of representative image and 3D reconstruction of 3xSNCA ASBs stained with pS129
[MJFR-14-6-4-2)] and the aggregation marker Thioflavin S (5 ym, zoom in of inset). (d)
High-content automated image analysis of immunofluorescence stainings showing the
foldchange of p62+ cells and (e) Proteostat+ cells normalized by total nuclei in WT and
3xSNCA ASBs. Data represents three independent batches (n=3) normalized to the mean
of the controls per batch. Mann-Whitney U test; **p < 0.01, ***p < 0.001. (f) Representative
image of WT and 3xSNCA ASBs stained with total a-synuclein, the mitochondrial marker
TOM20 and Hoechst 33342 (scale bar 100 ym, 20x; 20 um, 63x). (g) Left panel: The same
representative image of 3xSNCA ASB as shown in (f), displayed here with total a-synuclein
and TOM20 markers (Hoechst omitted). Right panel: 3D reconstruction of this image using

IMARIS software (scale bar, 5 ym; zoom-in of inset).
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Supplementary Figure 4: WT-3xSNCA ASBs show co-localization of aggregation
markers with a-synuclein and pS129 antibodies. (a) High-content automated image
analysis of immunofluorescence stainings showing the foldchange of p62+ cells and (b)
Proteostat+ cells normalized by total nuclei in WT and WT-3xSNCA ASBs. Data represents
three independent batches (n=3) normalized to the mean of the controls per batch. Mann-
Whitney U test; **p < 0.01. (c) Representative image of WT and WT-3xSNCA ASBs stained
with pS129, Ubiquitin and Hoechst 33342 (scale bar 100 ym, 20x; 20 um, 63x). (d) Left
panel: The same representative image of WT-3xSNCA ASB as shown in (c), displayed here
with pS129 and Ubiquitin markers (Hoechst omitted). Right panel: 3D reconstruction of this
image using IMARIS software (scale bar, 5 ym; zoom-in of inset). (e) Representative image
of WT and WT-3xSNCA ASBs stained with total a-synuclein, the mitochondrial marker
TOM20 and Hoechst 33342 (scale bar 100 um, 20x; 20 ym, 63x). (f) Left panel: The same
representative image of WT-3xSNCA ASB as shown in (e), displayed here with total o-
synuclein and TOM20 markers (Hoechst omitted). Right panel: 3D reconstruction of this

image using IMARIS software (scale bar, 5 ym; zoom-in of inset).
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Supplementary Table 1. Cell lines used in this study

e - Sample ID Diagnosis Patient Sex Age Of. Source of iPSC
Identifier sampling
201 WT1 Healthy A13777 F - Gibco
232 WT2 Healthy T12.9/C1-2 F 53 Reinhardt et al. 2013

2716623-
277 WT3 Healthy MDPD1-CHL F 65 IBBL / Muenster

European Bank for induced

336 3XSNCA PD ND27760 F S5 pluripotent stem cells - EDi0O01-A
374 KO PD ND27760 F 55 Chen et al. 2019
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Supplementary Table 2: Primary and secondary antibodies used in western blot and

dot blot.

Antibody Source Cat. no. RRID Species | Dilution Method

B-Actin Call Signaling 3700S AB 2242334 | mouse | 1:20000 WB
echnology

a-synuclein (2A7) Novus Biologicals | NBP1-05194 | AB 1555287 | mouse 1:1000 | WB

a-synuclein [MJFR1] | Abcam ab138501 AB 2537217 | rabbit 1:1000 | Dot Blot

0S129 (D1R1R) ?e” Signaling 237065 AB 2798868 rabbit  1:1000 = WB
echnology
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Supplementary Table 3: Primary and secondary antibodies used in
immunofluorescence stainings.

Antibody Source Cat. no. RRID Species | Dilution
TMEM119 Sigma-Aldrich HPA051870 | AB 2681645 | rabbit 1:250
CD45 BioLegend 304002 AB_314390 mouse 1:1000
PU.1 (9G7) ?:(':'hsniglr(‘;';”g 2258 AB 2186909  rabbit | 1:250
IBA1 Abcam ab5076 AB 2224402 | goat 1:250
P2RY12 Sigma-Aldrich HPA014518 | AB 2669027 | rabbit 1:250
MAP2 Abcam ab92434 AB 2138147 | chicken 1:1000
TH Abcam ab112 AB 297840 rabbit 1:1000
S1008 Sigma-Aldrich S2532 AB 477499 mouse 1:600
GFAP Millipore MAB3402 AB 94844 mouse 1:1000
a-synuclein (2A7) Novus Biologicals | NBP1-05194 | AB 1555287 | mouse 1:1000
a-synuclein [MJFR1] Abcam ab138501 AB 2537217 | rabbit 1:1000
pS129 (D1R1R) ?:(I:Ihsniggzl;ng 237065 AB 2798868  rabbit  1:1000
pS129 [MJF-R13 (8-8)] | Abcam ab168381 AB_2728613 | rabbit 1:500
pS129 [MJFR-14-6-4-2] | Abcam ab209538 AB 2714215 | rabbit 1:500
SQSTM1 / p62 Abcam ab155686 AB_2847961 | rabbit 1:500
Ubiquitin (P4D1) Santa Cruz o | SC-8017 AB 628423 | mouse | 1:500
Tom20 (D8T4N) ?:(I:Ihsniggzl;ng 42406 AB 2687663  rabbit | 1:300
Anti-mouse 488 Invitrogen A32766 AB 2762823 Donkey 1:1000
Anti-mouse 647 Invitrogen A-31571 AB 162542 Donkey 1:1000
Anti-rabbit 488 Invitrogen A21206 AB 2535792 Donkey 1:1000
Anti-rabbit 568 Invitrogen A-10042 AB 2534017 | Donkey 1:1000
Anti-chicken 488 Jackson  703-545-155 < AB_2340375 | Donkey  1:1000
Anti-goat 647 Invitrogen A32849 AB 2762840 Donkey 1:1000
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Chapter 4: Conclusions and Perspectives

The research presented in this thesis explores the contribution of genetic risk factors and
neuroimmune mechanisms to Parkinson’s disease using advanced human stem-cell
derived models. Across the three manuscripts, we dissect how distinct PD-associated
mutations, GBA-N370S, LRRK2-G2019S, and SNCA triplication, converge on shared

pathophysiological features, particularly those affecting dopaminergic neurons.

We established a robust and reproducible midbrain organoid model using iPSCs from
patients carrying the GBA-N370S mutation in Manuscript I. This study confirms the
consistent emergence of disease-relevant features, such as dopaminergic neuron loss and
senescence-associated phenotype, as previously described in other studies. Importantly,
we demonstrate that these phenotypes occur reliably across independent midbrain
organoid batches, directly addressing the well-recognized challenges of reproducibility and
experimental variability in the stem cell and organoid field (Ludwig et al., 2023; Sandoval et
al., 2024). Our findings position this midbrain organoid platform as a scalable, disease-
relevant system for modelling PD with high biological accuracy. At the same time, the work
offers opportunities to extend its scope and applicability. Our analyses focused solely on
GBA-N370S organoids, and power analysis confirmed that the number of donor lines and
samples used was sufficient to capture robust transcriptomic and phenotypic differences.
However, these lines still represent only a fraction of the genetic diversity and patient
heterogeneity in PD, which may limit the generalizability of our results to other genetic
backgrounds of PD. Expanding this approach to include other PD-associated mutations
such as LRRK2, SNCA, and DJ-1 would help to determine whether the reproducibility
observed in this study also applies to other disease backgrounds. This broader genetic
coverage could also clarify whether the passage-dependent changes we observed, such as
the clustering of late-passage D30 samples closer to D60 samples using Euclidean distance
(Manuscript I, Figure 3), are a general feature across PD background or specific to the GBA
mutation. While aged midbrain organoids and assembloids can now be generated through
progerin induction (Barmpa et al., 2024), our findings suggest that passage number may
serve as an additional, experimentally accessible variable for modelling aging. Since
NESCs are lineage-committed progenitors, they are more vulnerable to replicative stress
and aging-like changes than iPSCs. Prolonged passaging may accelerate the onset of
cellular aging features such as reduced proliferative potential and neurogenic capacity

(Wright et al., 2006; Cantor et al., 2022), mitochondrial dysfunction and oxidative stress
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(Stoll et al.,, 2011; Dong et al., 2014), and epigenetic drift and altered transcriptional
programs (Negredo et al., 2020). These hallmarks of stem cell aging could explain why late-
passage NESC-derived midbrain organoids display a more age-like molecular signature,
resembling later developmental or even early degenerative states. This creates new
possibilities for investigating age-related mechanisms in neurodegenerative diseases using
established culture systems, while positioning passage number as an experimentally
accessible variable to mimic aspects of cellular aging in vitro, complementing genetic or
progerin-based approaches and expanding strategies for modelling neurodegeneration. In
addition, a more comprehensive representation of patient diversity by including rarer
mutations, a larger number of donor lines, and a balanced distribution of female and male
genetic backgrounds, would strengthen the translational relevance of the model and allow
the exploration of sex-specific transcriptomic effects. Considering these aspects will be

crucial for fully exploiting the potential of this reproducible model in PD research.

While this work has provided a robust and reproducible platform for modelling PD-related
phenotypes, midbrain organoids lack mesoderm-derived microglia, key mediators of
neuroinflammation and disease progression (Molnar et al., 2019; Badanjak et al., 2021). To
address this, microglia have been successfully integrated into midbrain organoids, enabling
the study of neuroimmune interactions in a more physiologically relevant context (Sabate-
Soler et al., 2022).

In Manuscript 1l, we show the successful integration of LRRK2-G2019S mutant microglia
into the midbrain organoid. These microglia exhibit a metabolically reprogrammed, pro-
inflammatory state that promotes dopaminergic neuron degeneration. Importantly, we
demonstrate that oxamic acid effectively rescues dopaminergic neuron loss induced by
LRRK2-G2019S microglia, highlighting the role of microglial metabolic reprogramming as a
driver of neurotoxicity. Oxamic acid selectively dampens inflammatory TNF-a signalling
while preserving beneficial microglial functions, underscoring the therapeutic potential of
targeting metabolic pathways in disease-associated microglia. Other glycolysis-targeting
compounds such as 2-deoxy-D-glucose (2-DG) or 3-bromopyruvate (3-BP) could achieve
similar protective effects by normalizing microglial metabolism and reducing pro-
inflammatory signalling (Cheng et al., 2021; Shoshan, 2012), although their efficacy in
human PD-relevant iPSC-derived or assembloid models has not yet been tested. In
addition, metabolic interventions such as metformin have already been shown to rescue
dopaminergic neuron loss in GBA patient-derived midbrain organoids (Zagare et al., 2025),
supporting the concept that modulation of metabolism can confer neuroprotection in PD

models.
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Building on these findings, the next step is the development of fully patient-specific
assembloids, in which both midbrain organoids and microglia carry the LRRK2-G2019S
mutation. This approach would allow us to investigate whether the combined presence of
neuron- and microglia-intrinsic pathology modifies the response to glycolysis-targeting
therapies. Such a model also enables a precise distinction between cell-autonomous and
non-cell-autonomous contributions to neurodegeneration and allows testing the robustness
of metabolic interventions across different genetic backgrounds. Our oxamic acid results
provide proof that correcting microglial metabolic dysfunction can rescue dopaminergic
neuron loss, offering a strong rational for testing other glycolysis-modulating compounds

such as 2-DG, 3-BP, or metformin in both chimeric and fully patient-specific assembloids.

In parallel, improving the physiological relevance of the assembloid model by integrating
vasculature is another promising direction. The recent successful incorporation of vascular
networks into assembloids (Zimmermann et al., 2025), presents new opportunities for the
study of neurovascular interactions, blood-brain barrier integrity, and cytokine diffusion in a
more realistic tissue environment. These advances would support longer-term cultures,
improve drug-delivery strategies, and provide a more comprehensive platform for modelling

PD and evaluating therapeutic interventions.

LRRK2-G2019S and GBA-N370S are uncommon genetic risk variants that exert an
intermediate risk for developing PD. In contrast, SNCA triplication is a rare but fully
penetrant mutation in which increased gene dosage alone is sufficient to cause disease.
This monogenic form of PD is typically identified through linkage analysis in affected families
(Day & Mullin, 2021) and offers a unique opportunity to investigate whether microglial

dysfunction alone can initiate core pathological features of the disease.

Manuscript Il applies the assembloid approach to integrate microglia derived from a patient
with the SNCA genomic triplication (3xSNCA) into midbrain organoids. This individual
carries a genetic predisposition for elevated a-synuclein expression and early-onset PD.
Our findings show that 3xSNCA microglia adopt a pro-inflammatory profile and accelerate
the formation of Lewy body-like a-synuclein aggregates in co-cultured midbrain organoids.
Remarkably, this pathology emerges in the absence of external stressors or seeded o-
synuclein fibrils, suggesting that intrinsic microglial dysfunction is sufficient to initiate
hallmark PD pathology. This provides direct evidence that patient-specific microglia can
actively trigger protein aggregation and neuroinflammation. Our results lay the foundation

for multiple follow-up studies.

Mechanistically, expanding the study to include additional patient-derived cell lines will be

essential for assessing generalizability of our findings. In this study, we used the SNCA
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triplication line derived from the lowa kindred, a unique and valuable cell line for modelling
a-synuclein overexpression, though it only reflects one individual's genetic background
(Zafar et al., 2018). Including other patient-derived variants, such as SNCA duplication or
the pathogenic A53T mutation, would allow us to determine whether the observed pathology
is driven by overexpression alone, specific sequence alterations, or shared downstream
mechanisms (Magistrelli et al., 2021; Bayati & McPherson; 2024; Li et al., 2025). Such
comparative studies would enhance the robustness of our findings and clarify universal and
mutation-specific disease pathways. Notably, integrating 3xSNCA microglia into three
independent WT midbrain organoid lines consistently recapitulated the a-synuclein

aggregation in each line, highlighting the robustness and the reproducibility of the model.

Further investigation into the mechanisms driving pathogenic a-synuclein aggregation in
the assembloid model system is warranted. Our microglia exhibit lysosomal and metabolic
impairment alongside reduced phagocytic capacity. A multi-omics approach, integrating
transcriptomics, proteomics, and metabolomics, could comprehensively map the
inflammatory landscape of the assembloids and reveal how microglia dysfunction intersects
with neuronal a-synuclein dysregulation (Irwin et al., 2013; Booms & Coetzee, 2021). This
would allow a detailed analysis of bidirectional interactions and investigate not only how
dysfunctional microglia exacerbate neuronal pathology, but also how a-synuclein pathology
within the midbrain organoid affects microglial state and function (Yi et al., 2022). An
important next step is to understand the temporal dynamics of these processes in
assembloids. Specifically, it is crucial to identify which cellular or molecular changes occur
first, which act as secondary amplifiers, and how these events interact (Lopes da Fonseca
et al., 2015; Arias-Carrién et al., 2025). This could be approached by combining longitudinal
multi-omics, live-cell imaging, and targeted functional assays to build a mechanistic
timeline, a pathology progression map, that links microglial dysfunction to a-synuclein
pathology in a cause-and-effect framework. This approach would help clarify the sequence

of disease-related events and highlight the most promising stages for therapeutic targeting.

From a translational perspective, our model offers a unique opportunity to test whether
clearing a-synuclein aggregates from assembloids can halt or reverse pathology. This could
involve direct microglia-targeted interventions, such as depletion with PLX5622
(Spangenberg et al., 2019; Guenoun et al., 2025), applied either during early co-culture to
prevent pathology emergence, or at later stages to assess the stability of established
pathology. Complementary experiments could explore whether modulating inflammatory
signalling, for instance with IL-1f, recapitulates or mitigates disease features. Finally, given
that some early microglial responses might initially be protective, determining whether they

shift later toward driving dopaminergic neuron degeneration will be important for
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understanding the dual nature of neuroimmune interactions in PD. As described in Chapter
1.2: Summary and Discussion of the results, this model also provides a clinically relevant
platform to evaluate pharmacological strategies targeting lysosomal function and o-
synuclein clearance, offering a path toward translating mechanistic insights into therapeutic
advances (Dehay et al., 2015; Wong & Krainc, 2017; Dai et al., 2024; Arias-Carrion et al.,
2025; Yang et al., 2024).

Beyond the mechanistic insights gained from Manuscript Il and Ill, these patient-derived
assembloids offer a clinically relevant platform for translational research. They enable
testing of genotype-targeted interventions, evaluation of drug efficacy and safety, and
identification of early molecular or cellular biomarkers predictive of disease progression.
Multi-omics readouts, including transcriptomics, proteomics, and metabolomics, can reveal
signatures of microglial dysfunction, a-synuclein aggregation, or dopaminergic neuron

vulnerability, supporting patient stratification and personalized therapeutic strategies.

Moreover, the assembloid model provides opportunities to explore complex brain processes
and disease propagation in patient-specific context. The incorporation of vascular networks
could improve tissue physiology and drug delivery, while combining midbrain and striatum
organoids would allow investigation of a-synuclein propagation across interconnected
regions. These capabilities make the model a valuable tool for identifying novel therapeutic
targets and testing compounds with potential efficacy not only in Parkinson’s disease but
also in other neurodegenerative disorders, including Alzheimer’s disease and related
proteinopathies. By leveraging functional and regional readouts, this approach supports the
development of interventions that may be broadly applicable across multiple

neurodegenerative diseases.

Despite the advances presented here, some limitations of our models should be
acknowledged. The current models remain constrained by culture maturity, as even
passage-dependent aging or progerin induction only partially recapitulate the temporal
complexity of human brain aging. Generalizability is further limited by the number and
diversity of patient-derived lines, including incomplete representation of sex balance.
Finally, midbrain organoids and assembloids lack vasculature and peripheral immune
trafficking, which restricts the physiological relevance of neuroimmune and neurovascular

interactions.

Collectively, these studies present a multidimensional view of Parkinson’s disease
characterised by developmental vulnerability, cell-type specific dysfunction, and intercellular
interactions. Our results reveal that PD-associated mutations disrupt not only neuronal

processes but also immune pathways, with microglial dysfunction affecting susceptible
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dopaminergic neurons. Although each genetic background (GBA, LRRK2, SNCA)
contributes via distinct molecular mechanisms, the resulting phenotypes, including
neuroinflammation, protein aggregation, and dopaminergic neuron loss, converge to
common pathological outcomes. Using reproducible, human-relevant, disease-specific
models such as iPSC-derived midbrain organoids and assembloids, with structural tissue
organization, developmental trajectories, and neuroimmune complexity, we gain
mechanistic insights into PD progression. These insights deepen our understanding of
gene-environment interactions and provide a foundation for developing targeted therapeutic

strategies for the diverse pathways underlying Parkinson’s disease.
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