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Parkinson’s disease (PD) is the second most common neurodegenerative disease affecting elderly people. Path-
ogenic mutations in Leucine-Rich Repeat Kinase 2 (LRRK2) are the most common cause of autosomal dominant
PD. LRRK2 activity is enhanced in both familial and idiopathic PD, thereby studies on LRRK2-related PD research
are essential for understanding PD pathology. Finding an appropriate model to mimic PD pathology is crucial for
revealing the molecular mechanisms underlying disease progression, and aiding drug discovery. In the last few

years, the use of human-induced pluripotent stem cells (hiPSCs) grew exponentially, especially in studying
neurodegenerative diseases like PD, where working with brain neurons and glial cells was mainly possible using
postmortem samples. In this review, we will discuss the use of hiPSCs as a model for PD pathology and research
on the LRRK2 function in both neuronal and immune cells, together with reviewing the recent advances in 3D
organoid models and microfluidics.

1. Introduction

Parkinson’s disease (PD) is the second most common neurodegen-
erative disease characterized by selective loss of dopaminergic neurons
in the substantia nigra pars compacta (SNPc) (Lees et al., 2009). The
prevalence of the disease increases sharply with age (Hirsch et al.,
2016). Although most PD cases are idiopathic, particular genes are
linked to familial PD among which Leucine-Rich Repeat Kinase 2
(LRRK2) gene is involved in autosomal dominant PD (Zimprich et al.,
2004). LRRK2 is a large multidomain protein with enzymatic, i.e., kinase
and GTPase (ROC-COR domains), and protein-protein interacting do-
mains (LRR, ARM, ANK, and WD40) (Mata et al., 2006). In humans,
LRRK2 is highly expressed in the lungs, peripheral immune cells, kid-
neys, and the central nervous system (CNS). LRRK2 proteins are
involved in several cellular processes, including autophagy, cytoskel-
eton dynamics, inflammation, innate immunity, and mitochondrial

function (Wallings et al., 2015).

LRRK2 carries multiple pathogenic mutations that reside mainly in
the kinase or GTPase domains, with G2019S, 12020T, R1441G and
R1441C being the most characterized, and all were shown to result in
enhanced kinase activity of LRRK2 proteins (Lis et al., 2018; Shu et al.,
2016). Interestingly, the increase in kinase activity of LRRK2 is also a
shared feature in idiopathic PD (Di Maio et al., 2018), making LRRK2 of
crucial importance to understand PD pathology. Recent studies have
shown that human-induced pluripotent stem cells (hiPSCs) from patients
carrying LRRK2 genetic mutations and variant risk alleles can be used as
a model for both familial and sporadic PD (Marrone et al., 2018; Tran
et al., 2020).

Within the last two decades, the majority of LRRK2 research was
performed using immortalized cell lines and/or transgenic PD animal
models. Despite the fact that such models helped to shed more light on
the potential role of LRRK2 in PD pathology, they suffer main limitations
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such as discrepancies in the regulation of gene expression and sensitivity
to and metabolism of toxins compared to humans (Potashkin et al.,
2011). hiPSCs provide a valuable tool in research since i) Human
neuronal and glial cells required for studying neurodegenerative dis-
eases like PD were largely studied from postmortem material. ii) Find-
ings derived from the cell lines have to subsequently be assessed at
physiologically relevant expression levels to validate their applicability
to the human PD condition. iii) hiPSCs provide appropriate controls
using genome-editing technology that allows studying cell populations
from patients vs. isogenic controls (gene correction) or controls vs.
inserted mutation(s). By using the isogenic approach, variation in the
genetic and epigenetic settings between individuals is eliminated.

This review summarizes the main findings of recent studies on
LRRK2 functions using hiPSCs and highlights the importance of using
different models of hiPSCs in PD research (Figs. 1 and 2).

2. LRRK2 in iPSC-derived dopaminergic neurons
2.1. LRRK2 mutations alter neuronal morphology and differentiation

PD is characterized by progressive neuronal loss in specific brain
areas, including the substantia nigra and striatum. The most vulnerable

neurons affected early in PD pathology are the dopaminergic neurons
located in the substantia nigra. Therefore, many studies have focused on

a. Dopaminergic neurons
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the differentiation of dopaminergic neurons from iPSC cells derived
from PD patients reviewed in (Bose et al., 2022). Recently, many studies
included differentiated human dopaminergic neurons as a model to
investigate in vitro how LRRK2 affects human neurons. Neuronal
morphology and differentiation are known to be affected by pathogenic
mutations in LRRK2. In hiPSC models, LRRK2 G2019S mutation
consistently displays shortened neurite length (Borgs et al., 2016; Chang
et al., 2021; Korecka et al., 2019; Lin et al., 2016; Qing et al., 2017;
Reinhardt et al., 2013; Sanchez-Danés et al., 2012; Schwab and Ebert,
2015; Tran et al., 2020). The shortened neurons carrying LRRK2 mu-
tations may resemble the selective neuronal loss in the SNPc. The exact
role of LRRK2 in dopaminergic neurons remains to be determined.
However, one study correlated neurite shorting in PD hiPSC-derived
dopaminergic neurons to alteration in the autophagic system in long-
time cultures (Sanchez-Danés et al., 2012). Another study found that
gene correction of LRRK2 G2019S rescued the length of neurites in
hiPSC derived midbrain dopaminergic neurons (Reinhardt et al., 2013).
The neurotoxic effects observed in LRRK2 G2019S neurons were
attributed to the higher kinase activity of LRRK2, resulting in increased
phosphorylation of extracellular signal-regulated kinase 1/2 (ERK)
compared to the isogenic control neurons. Kinase inhibition of LRRK2
(by LRRK2-IN1) or inhibition of ERK were able to ameliorate the
observed neurotoxic effects in the mutation-carrying neurons (Rein-
hardt et al., 2013).

b. Peripheral immune cells
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Fig. 1. An overview of the different LRRK2 iPSC models.a. Dopaminergic neurons have been assessed intensively, revealing that LRRK2 mutations are associated
with increased o-synuclein fibrils, increased Tau tangles, reduced dopamine release, neurite destruction as well as neuronal death. b. Peripheral immune cells
revealed increased CD16" monocytes besides reduced macrophage phagocytic capacity in LRRK2 mutations. c. Glial cells have shown increased cytokine release in
microglia, increased a-syn accumulation in astrocytes and increased relevance of oligodendrocytes. In terms of 3D models (d.), brain organoids recapitulate the
increased complexity of LRRK2 effects on the brain. In intestinal organoids, LMO3, IRX2, ANXA10, and TFF2 seem to be important genes affected in intestinal
organoid-PD models. e. Microfluidics models are studied to show neuronal networks and neural responses to stress.
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Fig. 2. LRRK2 mutation induced mitochondrial damage.a.LRRK2 mutations increase mitochondrial fragmentation, pointing towards disruption in mitochondrial
fission, mostly through Drpl. b. Due to disturbance in complex formation with Miro in LRRK2 mutations, trafficking is dysfunctional. ¢.LRRK2 mutations shift
respiration from oxidative phosphorylation to aerobic glycolysis and increase mitoROS, resulting in altered mitochondrial respiration. d.LRRK2 mutations increase
mitochondrial DNA damage and decrease Ku80 expression. e. Reduction in LRS phosphorylation and LC3BII expression were observed in LRRK2 mutations, pointing
towards reduced mitophagy. f. Calcium homeostasis is affected by LRRK2 mutations via influencing calcium channels RyR, IP3R, VDAC, and MCU, increasing

mitochondrial calcium levels.

Investigation of neuronal differentiation revealed an increase in
neuritic tree complexity at the early developmental stage in differenti-
ating LRRK2 G2019S neural stem cells (NSCs) to dopaminergic neurons
compared to the control (Borgs et al., 2016). Despite the increase in
neurite arborization at this early stage of differentiation, the total neu-
rite length at day 5 of differentiation was significantly reduced, which
aligns with the reduced neurite length observed for mature LRRK2
G2019S dopaminergic neurons (Reinhardt et al., 2013; Sanchez-Danés
et al., 2012; Schwab and Ebert, 2015). Further analysis is necessary to
better understand the role of LRRK2 G2019S in neurite arborization
since the measurements of the neurite length have been performed at
early stages of differentiation, which do not reflect the typical matura-
tion time for cultured neurons.

Increased neuritic arborization might be a developmental defect
causing the neuron to be more susceptible to oxidative damage due to a
higher demand of ATP and increased ROS production (Borgs et al.,
2016). In addition, LRRK2 R1441G iPSC-derived NSCs showed impaired
differentiation compared to the wildtype NSCs cells. This might be due
to the downregulation of Let-7a and miR-9 in LRRK2 R1441C NSCs, two
genes involved in the process of neuronal differentiation (Bahnassawy
et al.,, 2013). On the other hand, LRRK2 deficient NSCs showed upre-
gulated differentiation with unchanged expression of Let-7a and miR-9
compared to wildtype NSCs. A potential explanation for the increased
differentiation of KO-LRRK2 NSCs is represented by an immature
neuronal phenotype as KO-LRRK2 NSCs are often positive for the pro-
genitor CNS cell marker Nestin, which suggests differentiation may be
more rapid yet incomplete (Bahnassawy et al., 2013). Differentiation

capacity and clonal expansion were reduced in LRRK2 G2019S NSCs
following extensive cell passaging, suggesting that these effects might
emerge as a result of aging or senescence (Liu et al., 2012). These data
refer to the important role of LRRK2 in modulating neuronal differen-
tiation of NSCs.

2.2. LRRK2 association with a-synuclein and Tau

Several studies pointed towards a potential link between LRRK2 and
both a-synuclein (a-syn) (Bieri et al., 2019; Nguyen et al., 2011; Rein-
hardt et al., 2013; Sanchez-Danés et al., 2012; Schapansky et al., 2018;
Skibinski et al., 2014; Zhao et al., 2020) and Tau proteins (Ohta et al.,
2015; Reinhardt et al., 2013). Emerging evidence demonstrated that
LRRK2 and a-syn influence each other in PD pathogenesis. The LRRK2
G2019S mutation was reported to increase a-syn accumulation in hiPSC-
derived neurons (Bieri et al., 2019; Chang et al., 2021; Nguyen et al.,
2011; Reinhardt et al., 2013; Sanchez-Danés et al., 2012; Schapansky
et al., 2018; Skibinski et al., 2014). In line with this finding, G2019S
mutation increases the aggregation level of a-syn compared to isogenic
control and KO LRRK2 hiPSC-derived neurons using an a-syn preformed-
fibril induction assay (Bieri et al., 2019). Additionally, a-syn is affecting
neuronal viability in LRRK2 mutant neurons as the removal of a-syn in
LRRK2 G2019S mutant hiPSC-derived neurons significantly increases
neuronal survival (Skibinski et al., 2014). LRRK2 kinase inhibitors
alleviate the accumulation of a-syn in LRRK2 G2019S hiPSC-derived
neurons, indicating that the accumulation of a-syn in mutant LRRK2 is
kinase-dependent (Schapansky et al., 2018; Zhao et al., 2020).
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Tau, a microtubule-associated protein, becomes hyper-
phosphorylated and its aggregates form neurofibrillary tangles that are
associated with neurodegenerative tauopathies like PD and Alzheimer’s
disease (AD). Under physiological conditions, Tau is found in a soluble,
unfolded form, is mainly expressed in the neurons and contributes to
microtubule stabilization and axonal transport. Following hyper-
phosphorylation, Tau proteins aggregate and form insoluble neurofi-
brillary tangles that disrupt axonal trafficking and neuronal
communication (Pan et al., 2021; Zhang et al., 2018). Tau hyper-
phosphorylation was observed in LRRK2 12020T iPSC-derived neurons
due to a decrease in Akt phosphorylation which in turn increases
glycogen synthase kinase-3p (GSK-3p) phosphorylation compared to
control neurons. Akt modulates Tau phosphorylation via GSK-3f (Ohta
et al.,, 2015). Interestingly, treatment of LRRK2 12020T iPSC-derived
neurons with LRRK2 kinase inhibitors lowered Tau phosphorylation
level indicating that 12020T mutation might affect Tau phosphorylation
in a kinase-dependent manner (Ohta et al., 2015). In addition, Tau
hyperphosphorylation has been observed in LRRK2 G2019S
iPSC-derived neurons (Schapansky et al., 2018), indicating potential
involvement of LRRK2 in Tau hyperphosphorylation process, and of
LRRK2 kinase inhibitors in PD therapy by targeting Tau
hyperphosphorylation.

2.3. LRRK2 and endocytosis

Dysfunctional endocytosis has been shown to be associated with the
pathology of PD, especially in dopaminergic neurons. In LRRK2 R1441C
dopaminergic neurons, less functional and more disrupted synaptic
vesicles were observed (Nguyen and Krainc, 2018). Consequently,
oxidized dopamine levels were significantly increased in LRRK2
R1441C/G and G2019S iPSC-derived dopaminergic neurons (Nguyen
and Krainc, 2018). Furthermore, it was found that the increased
oxidized dopamine was caused by auxilin dysfunction, linking it to
improper synaptic vesicle endocytosis. Auxilin is an enzyme involved in
the regeneration of synaptic vesicle pools via clathrin-dependent syn-
aptic vesicle endocytosis (Nguyen and Krainc, 2018).1t is responsible for
the recruitment of hsc70 to remove the clathrin lattice from the newly
formed vesicle to produce a synaptic vesicle that can be packaged with
neurotransmitters (Nguyen and Krainc, 2018). Thus, LRRK2-mediated
endocytosis impairment via auxilin dysfunction reduces the synaptic
vesicle pool leading to the accumulation of oxidized dopamine as the
latter cannot be packaged into vesicles but remains in the cytosol,
leading to dopamine toxicity. LRRK2-mediated disruption of endocy-
tosis was reproduced in LRRK2 G2019S iPSC-derived dopaminergic
neurons. Transcriptomics and proteomics also revealed the down-
regulation of essential endocytic proteins, including endophilin I-III,
dynamin-1, and Rab proteins (Connor-Robson et al., 2019). Another
study involving LRRK2 12020T iPSC-derived neurons revealed reduced
dopamine release that cannot be associated with low cellular levels of
dopamine or DOPAC production, as these were similar to the control
neurons (Ohta et al., 2015). Instead, the low dopamine release was
related to low oligomerized SNARE complex and SNARE protein levels,
which are both linked to synaptic exocytosis (Ohta et al., 2015). This
concludes that dopamine lifecycle alteration could be associated with
PD pathology, and LRRK2 mutations can affect this pathway.

3. LRRK2 and mitochondrial function in hiPSC- derived neurons

The link between mitochondrial function and PD pathogenesis was
revealed when MPTP and rotenone (mitochondrial complex I inhibitors)
were shown to induce parkinsonian-like symptoms in humans.
Numerous studies have shown that mitochondria indeed contribute to
the development of PD pathogenesis (Chen et al., 2019; Eldeeb et al.,
2022). Furthermore, it has been suggested that LRRK2 can directly
interact with mitochondria, which implies a possible influence on
mitochondria functions (Singh et al., 2019). The observation of
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mitochondrial impairment in PD linked to LRRK2 mutations has been
extensively studied in various cellular models, including iPSC. Here, we
discuss the irregularity of mitochondrial functions in hiPSC-derived
dopaminergic neurons carrying LRRK2 mutations. Mitochondrial alter-
ations studied in LRRK2 iPSC-derived neurons are summarized in
Table 1.

3.1. LRRK2 in mitochondrial fission

Fusion and fission processes are crucial for maintaining healthy and
functional mitochondria. Excessive mitochondrial fission and fragmen-
tation, caused by an imbalance in the mitochondrial fission and fusion
ratio, point towards impaired mitochondrial functioning. Fragmented
mitochondria were observed in iPSC-derived neuroepithelial stem cells
(NESCs) from PD patients carrying LRRK2 G2019S mutation compared
to LRRK2 wildtype cells (Walter et al., 2019). Similarly, LRRK2 G2019S
iPSC-derived dopaminergic neurons have less mitochondria and showed
more mitochondrial fragmentation than the wildtype neurons (Su and
Qi, 2013).

Interestingly, LRRK2 G2019S iPSC-derived dopaminergic neurons
have reduced mitochondrial content and showed an impaired distribu-
tion, while the G2019S mutation does not have an effect on iPSC-derived
glutamatergic and sensory neurons. This selective effect of the G2019S
mutant reflects the higher vulnerability of dopaminergic neurons
(Schwab et al., 2017). Mitochondria in LRRK2-G2019S NESCs displayed
greater sphericity, less elongation and increased mitochondrial frag-
mentation (Walter et al., 2019). However, the mitochondria from LRRK2
G2019S iPSC-derived neurons were similar in size to the neuronal
mitochondria from healthy subjects (Cooper et al., 2012). The difference
in mitochondrial morphology between LRRK2 G2019S NESCs and iPSC-
derived neurons might be related to the influence of LRRK2 G2019S on
the differentiation process and neuronal maturation. Furthermore,
LRRK2 R1441C iPSC-derived neurons contained 20% shorter mito-
chondria in the proximal axons compared to mitochondria from neurons
derived from healthy subjects. The decrease in length of LRRK2 R1441C
neuronal mitochondria is associated with altered dynamics, pointing
towards an increased susceptibility to cellular stress and cell death
(Cooper et al., 2012). Therefore, it is clear that different LRRK2 muta-
tions might affect mitochondrial dynamics in distinct manners; howev-
er, the mechanisms underlying these alterations are yet to be discovered.

3.2. LRRK2 in mitochondrial trafficking

The above described selective disruption of mitochondrial
morphology and fragmentation in iPSC-derived dopaminergic neurons
are also reflected in mitochondrial trafficking. Mitochondrial traf-
ficking/movement is an essential cellular process to distribute mito-
chondria in order to meet the local energy demand throughout the
neuronal cell body, dendrites and axon. Static mitochondria are neces-
sary for supplying local ATP in high-energy demanding long axons of
dopaminergic neurons. Newly generated mitochondria are distributed
along the axon from the neuron cell body (soma) towards the synaptic
terminal in the anterograde direction; meanwhile, the damaged mito-
chondria return to soma in retrograde direction for further degradation
(Zheng et al., 2019). As the majority (70-80%) of static mitochondria
exist in the CNS, higher mitochondrial mobility disrupts the balance of
mitochondrial energy supply and demand in the axon (Sheng, 2017).

Mitochondrial velocity and mobility in iPSC-derived dopaminergic
neurons harboring LRRK2 G2019S and R1441C mutations were signif-
icantly increased compared to control neurons (Cooper et al., 2012). Ina
different study, the increase in mitochondrial velocity in LRRK2 G2019S
iPSC-derived neurons was found to be specific for dopaminergic neu-
rons, and was not observed in glutaminergic or sensory neurons. How-
ever, mitochondrial mobility was shown to be increased only in the
retrograde direction, indicating that mitochondria move towards the
neuron cell body. This correlated well with the reduced mitochondrial
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Table 1
Mitochondrial alteration in hiPSCs derived neuronal cells.
Parameters Models LRRK2 Results References
mutations
Mitochondria morphology iPSC-derived neuroepithelial ~ G2019S Increase in the number of mitochondria (Walter et al., 2019)
stem cells Less elongated and more sphere mitochondria (Walter et al., 2019)
Increase in mitochondrial volume and total surface (Walter et al., 2019)
area
iPSC-derived dopaminergic G2019S Less mitochondria and longer distance between (Su and Qi, 2013)
neuron them
Shorter length mitochondria (Su and Qi, 2013)
Diminished mitochondrial content and (Cooper et al., 2012)
distribution
R1441C Shorter length mitochondria (Cooper et al., 2012)
Mitochondria fragmentation iPSC-derived neuroepithelial G2019S Increased level of mitochondrial fragmentation (Walter et al., 2019)
stem cells
iPSC-derived dopaminergic G2019S Increased mitochondrial fragmentation (Su and Qi, 2013)
neuron
Mitochondrial trafficking iPSC-derived dopaminergic G2019S Increase in mitochondrial mobility (Cooper et al., 2012; Schwab et al.,
neuron 2017)
Decrease in mitochondrial mobility due to delayed (Hsieh et al., 2016)
Miro removal
R1441C Increase in mitochondrial mobility (Cooper et al., 2012)
Mitochondrial respiration iPSC-derived neuroepithelial ~ G2019S Decrease in basal and maximal respiration (Walter et al., 2019)
stem cells
iPSC-derived dopaminergic G2019S Reduced basal, ATP-linked, maximal, and spare (Cooper et al., 2012; Schwab et al.,
neuron respiration 2017)
R1441C Reduced basal respiration (Cooper et al., 2012)
Mitochondrial ROS and iPSC-derived neuroepithelial G2019S Increased mitochondrial ROS (Sim et al., 2020a; Walter et al., 2019)
oxidative stress stem cells Increased expression of genes related to oxidative (Sim et al., 2020a)
stress
iPSC-derived dopaminergic G2019S Increased mitochondrial ROS (Su and Qi, 2013)
neuron Increased mtDNA damage (Sanders et al., 2014; Sim et al., 2020a)
Increased sensitivity to oxidative stress (Nguyen et al., 2011; Reinhardt et al.,
2013; Sim et al., 2020a)
Increased sensitivity to mitochondrial toxin (Reinhardt et al., 2013)
rotenone
Impaired NF-kB signaling (Lopez de Maturana et al., 2016)
R1441C Increased mtDNA damage (Sanders et al., 2014)
Impaired NF-kB signaling (Lépez de Maturana et al., 2016)
Mitochondrial membrane iPSC-derived neuroepithelial ~ G2019S Lower MMP in LRRK2 G2019S — expressing NESCs ~ (Walter et al., 2019)
potential (MMP) stem cells compared to LRRK2 WT
iPSC-derived dopaminergic G2019S Lower MMP (Su and Qi, 2013)
neuron
Mitochondrial clearance iPSC-derived neuroepithelial ~ G2019S Reduced mitophagic clearance via lysosomes (Walter et al., 2019)
stem cells Reduced autophagosomal — lysosomal pathway (Walter et al., 2019)
Reduced autophagosome transport (Boecker et al., 2021)
iPSC-derived dopaminergic G2019S Increase in lysosomal hyperactivity and (Su and Qi, 2013)
neuron autophagic flux
Mitophagy delayed (Hsieh et al., 2016)
Disrupted mitophagy via delayed Miro removal (Hsieh et al., 2016)
Delay in autophagosome formation (Hsieh et al., 2016)
Impaired autophagy (Ho et al., 2018; Sanchez-Danés et al.,
2012)
Reduced basal autophagy and increased number of ~ (Reinhardt et al., 2013)
autophagosomes
Ca®* homeostasis iPSC-derived neurons G2019S Decrease in the basal level of ER Ca%" (Korecka et al., 2019)

Decrease mRNA expression of regulator ER CaZt
Decrease intracellular Ca" buffer capacity
Increase Ca®" influx

Increase of cytosolic intracellular Ca®*

(Korecka et al., 2019)
(Korecka et al., 2019)
(Kim et al., 2020b)
(Kim et al., 2020b)

Ca®": Calcium, ER: Endoplasmic reticulum, iPSC: Human-induced pluripotent stem cells, mtDNA: Mitochondrial DNA, MMP: Mitochondrial membrane potential, ROS:

Reactive oxygen species.

content in the distal neurite as the mitochondria move towards the
neuronal cell body (Schwab et al., 2017).

Further research is needed to understand how LRRK2 mutations
affect mitochondrial movement. However, the observed increase in
mitochondrial dynamics is most likely linked to mitochondrial damage
that is followed by mitophagy. Another critical player in mitochondrial
trafficking is the protein Miro which associates with motor proteins in
the cell to form the mitochondrial motor/adaptor complex. LRRK2 binds
to Miro to form a complex that promotes Miro removal from damaged
mitochondria in iPSC-derived neurons (Hsieh et al., 2016). Furthermore,
antimycin A, a mitochondrial complex III inhibitor, was shown to trigger

mitophagy and reduce mitochondrial trafficking in LRRK2 G2019S
neurons. LRRK2 G2019S delays Miro removal and mitochondrial traf-
ficking due to a loss of association with Miro (Hsieh et al., 2016). Thus,
reduced mitochondrial trafficking observed in LRRK2 G2019S iPSC-
derived neurons upon mitophagy induction could result from the
inability to form a complex with Miro. However, such a causal rela-
tionship is yet to be determined.

3.3. LRRK2 in mitochondrial respiration and DNA damage

LRRK2 kinase activity and mutations can affect mitochondrial
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respiration (Cooper et al., 2012; Rosenbusch et al., 2021; Schwab et al.,
2017). The mitochondrial respiratory chain enables the activity of ATP
synthase via oxidative phosphorylation (OxPHOS). In pathological
conditions, mitochondrial respiration is much lower in iPSC-derived
dopaminergic neurons with LRRK2 G2019S (Cooper et al., 2012;
Schwab et al., 2017) and R1441C mutations (Cooper et al., 2012)
compared to control iPSC-derived dopaminergic neurons. Furthermore,
NF-kB signaling, which is also involved in regulating the balance be-
tween glycolysis and mitochondrial respiration (Mauro et al., 2012),
was impaired in iPSC-derived neurons with the LRRK2 G2019S and
R1441G mutation (Lopez de Maturana et al., 2016). Inhibition of this
important pathway shifts the energy metabolism balance towards aer-
obic glycolysis rather than mitochondrial respiration, thereby inducing
necrosis in neurons following dramatic glucose lack (Mauro et al.,
2012). This shift from oxidative phosphorylation to aerobic glycolytic
respiration was also observed in LRRK2 G2019S iPSC-derived astrocytes
(Ramos-Gonzalez et al., 2021). These emerging pieces of evidence
indicate that the unbalanced mitochondrial energy may disturb the
mitochondrial ATP-linked respiration in cells with LRRK2 G2019S
mutations.

Another key parameter of mitochondrial functionality is the mito-
chondrial membrane potential (AWy,), as it reflects the process of elec-
tron transport chain and OxPHOS. In iPSC-derived NESCs expressing
LRRK2 G2019S, both mitochondrial respiration (OCR) and A¥Y,, were
found to be decreased compared to the control NESCs. In addition, total
and mitochondrial ROS levels were elevated in NESCs expressing LRRK2
G2019S (Walter et al., 2019). Similarly, in another study, an increase in
mitoROS production and overexpression of genes related to oxidative
stress were displayed in LRRK2 G2019S iPSC-derived NSCs (Sim et al.,
2020a). LRRK2 G2019S mutation has similar effects in iPSC-derived
dopaminergic neurons. A reduction of AY, with an increase in
mitoROS level (Su and Qi, 2013) and increased sensitivity to oxidative
stress (Reinhardt et al., 2013) have been reported in iPSC-derived NESCs
and dopaminergic neurons harboring LRRK2 G2019S mutation.

Excessive oxidative stress is harmful to mitochondrial DNA
(mtDNA). Compared to control iPSC-derived neurons, the damage of
mtDNA is increased in iPSC-derived neurons carrying LRRK2 G2019S
and R1441C mutations (Sanders et al., 2014). Furthermore, an isogenic
line in which the G2019S mutation was corrected using Zinc finger
nuclease-mediated precision genome editing did not show mtDNA
damage, indicating that gene correction is protective (Sanders et al.,
2014). Furthermore, downregulation of Ku80 (A DNA damage repair
protein encoded by the XRCC5 gene) was observed in LRRK2 G2019S
PNSCs along with increased autophosphorylation of ATM serine/thre-
onine kinase (ATM) as well as upregulation of H2A histone family
member X (H2AFX) and p53. Together, these findings support previous
results showing iPSC-derived dopaminergic neurons carrying mutant
G2019S being more sensitive to oxidative stress (Nguyen et al., 2011)
and mitochondrial toxin rotenone (Reinhardt et al., 2013) compared to
healthy dopaminergic neurons.

3.4. LRRK2 in mitochondrial clearance

Mitochondrial clearance is initiated by mitophagy. As described
above, Miro proteins are involved in mitochondrial trafficking preceding
the step of mitochondrial clearance. LRRK2 significantly regulates
mitochondrial removal by binding to the Miro complex to start the
clearance process for damaged mitochondria. However, LRRK2 G2019S
mutation causes delayed removal of Miro in the damaged mitochondria
of iPSC-derived dopaminergic neurons, which led to mitophagy
disruption (Hsieh et al., 2016).

Abnormal lysosomal hyperactivity and autophagic flux are also
described in the iPSC-derived dopaminergic neurons with LRRK2 mu-
tations (Su and Qi, 2013). Interestingly, lysosomal activity and auto-
phagy correlate with higher mitochondrial fission or fragmentation (Su
and Qi, 2013). A study using iPSC-derived dopaminergic neurons
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carrying LRRK2 G2019S reported impaired autophagy (Sanchez-Danés
et al., 2012). Impaired autophagy was dependent on LRRK2-mediated
leucyl-tRNA synthetase (LRS) phosphorylation since increased LRS
phosphorylation activity was mediated by LRRK2 G2019S mutation (Ho
et al.,, 2018). LRS senses leucine for mTORC1 signaling and activates
mTORC1 (Han et al., 2012). Differentiated dopaminergic neurons
derived from LRRK2 G2019S iPSCs were shown to have reduced basal
autophagy and increased autophagosomes compared to the control
(Reinhardt et al., 2013). Likewise, iPSC-derived NESCs display a lower
basal level of the autophagic flux in the mutant LRRK2 G2019S cells
compared to wildtype NESCs (Walter et al., 2019). Additionally, the
number and size of lysosomes were low in LRRK2 G2019S cells
compared to the LRRK2 wildtype. Moreover, LRRK2 G2019S cells
showed a reduced colocalization of LAMP2 puncta, a lysosomal mem-
brane protein, with the mitochondrial TOM20 area, indicating reduced
mitophagy by lysosomes. Furthermore, upstream autophagic signaling
and activation were increased without continuation to autophagosome
formation, which was caused by a deficiency of LC3BII, a marker for
autophagosomes (Walter et al., 2019). Autophagosome transport was
impaired and lower in LRRK2 G2019S iPSCs compared to healthy cells.
This might indicate a reduced autophagosome-lysosome fusion that af-
fects mitochondrial clearance (Boecker et al., 2021). Thus, the
autophagosomal-lysosomal pathway functionality is reduced in iPSC-
derived LRRK2 G2019S NESCs (Walter et al., 2019).

3.5. LRRK2 and mitochondrial calcium homeostasis

Mitochondria play an essential role in calcium (Ca") homeostasis,
and dysregulation of Ca®* homeostasis has been linked to several brain
conditions, including cerebral ischemia (Schafer et al., 2014) and neu-
rodegeneration, (PD and AD pathogenesis) (Marmolejo-Garza et al.,
2022; Trombetta-Lima et al., 2021). The rise in the intracellular Ca%*
increases the demand for cytosolic Ca®" clearance; this subsequently
results in an elevation of mitochondrial metabolism and increased
mitochondrial reactive oxygen species (mitoROS) production, which
affects mitochondrial health (Scorziello et al., 2020). A recent study
linked LRRK2 G2019S mutation to an overall increase in intracellular
Ca?" level and signaling in hiPSC-derived dopaminergic neurons (Kim
et al., 2020b). The aberrant elevation of intracellular Ca®" was attrib-
uted to the enhanced translation of Ga>" regulating genes, including
voltage-gated Ca?" channel subunits. In addition, the transcription level
of respiratory complex proteins was significantly higher in LRRK2
G2019S dopaminergic neurons, indicating an increased metabolic de-
mand (Kim et al., 2020b). The dysfunction in Ca%t dynamics in LRRK2
G2019S mutation has also been demonstrated in iPSC-derived sensory
neurons (Schwab and Ebert, 2015). LRRK2 G2019S mutant sensory
neurons displayed a decrease in KCl-mediated Ca®" response, which in
turn affected autophagy by increasing p62 and LC3-II protein levels in
mutant sensory neurons compared to control. Inhibition of the kinase
activity in LRRK2 G2019S mutant sensory neurons by treatment with
LRRK2 kinase inhibitors increased KCl-induced Ca?* response. Yet, the
Ca?" level was still lower than the untreated controls indicating partial
rescue in calcium signaling deficits (Schwab and Ebert, 2015).

Contact between mitochondria and endoplasmic reticulum (ER)
generates an adjacent network for intracellular Ca?* coordination and
regulation (Honrath et al., 2017, 2018). The effect of LRRK2 G2019S on
ER intracellular Ca®>* was recently reported in iPSC-derived neurons.
Neurons carrying LRRK2 G2019S mutations have disrupted ER Ca®*
homeostasis, with decreased basal level of ER Ca?>' and a reduced
intracellular Ca®" buffer capacity (Korecka et al., 2019).

From the studies with hiPSC-derived dopaminergic neurons, we
learned that LRRK2 mutations contribute to detrimental effects on
mitochondrial morphology and function (see overview in Fig. 2).
Collectively, the effects of LRRK2 mutations on mitochondria in hiPSC-
derived dopaminergic neurons may elucidate how LRRK2 contributes to
the dysfunction of mitochondria in PD pathology. However, more
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research is needed to identify the exact molecular pathways underlying
these effects.

4. LRRK2 in iPSC-derived peripheral immune cells

LRRK2 proteins are highly expressed in immune cells. The link be-
tween LRRK2 polymorphism and the peripheral immune function also
has been found in inflammatory disorders, including autoimmune in-
flammatory bowel disease (Crohn’s disease) and leprosy disease
(Ahmadi Rastegar and Dzamko, 2020). Furthermore, peripheral
inflammation exacerbates neuroinflammation in the CNS and thereby
plays a major role in the progression of PD (Fuzzati-Armentero et al.,
2019). The overlap between the functions of LRRK2 in peripheral
inflammation and neuroinflammation urges us to understand how
LRRK2 proteins affect immune cells. In this part of the review, we will
discuss the function of LRRK2 in hiPSC-derived macrophages and
monocytes. The effects of LRRK2 G2019S mutation in peripheral im-
mune cells are summarized in Table 2.

4.1. LRRK2 in hiPSC-derived macrophages

Macrophages are the first line of defense against pathogens and
populate most tissues of the body. Macrophages readily phagocytize and
kill pathogens. Phagosome maturation is an essential pathway for the
degradation of phagocytized pathogens. LRRK2 has been shown to
negatively regulate this process in hiPSC-derived macrophages
contributing to mycobacterial replication and impairments in the innate
immune response (Hartlova et al.,, 2018). LRRK2 KO iPSC-derived
macrophages have limited mycobacterial replication and increased
mycobacterial targeting to phagolysosomes for destruction compared to
healthy macrophages (Hartlova et al., 2018). The same trend was
observed for LRRK2 macrophages in the presence of kinase inhibitors,
while the opposite was observed in LRRK2 G2019S iPSC-derived mac-
rophages (Hartlova et al., 2018). This indicates that increased LRRK2
kinase activity reduces macrophage control over mycobacteria. In
addition, mycobacterial phagosome maturation is negatively regulated
by LRRK2 kinase activity, owing to its active role in the recruitment of
the negative regulator of PI3K, Rubicon, to phagosomes (Hartlova et al.,
2018). PI3K is a family of kinases that is critical for phagosome
maturation.

LRRK2 was shown to be recruited during the late stages of phag-
osomal maturation in iPSC-derived macrophages, indicating its
involvement in later stages rather than the initial phagocytic uptake of
bioparticles (Lee et al., 2020). The inhibition of the kinase function of
LRRK2 enhances its residency in the phagosome. Remarkably, LRRK2
was essential for the recruitment of RAB8a and RAB10 to the phag-
osomes (Lee et al., 2020). Rab GTPases are identified as a direct sub-
strate of LRRK2 and have an important function in vesicular trafficking
(Steger et al., 2016). Furthermore, it was also discovered that the
treatment with LRRK2 kinase inhibitors enhanced LRRK2 “residency” at
the phagosomes, demonstrating that recruitment of RAB8a and RAB10
to phagosome depends on LRRK2 kinase activity (Lee et al., 2020). a-syn
was found to influence LRRK2 expression and phosphorylation in mac-
rophages, in both human and mouse macrophages and dendritic-like
cells. The application of a-syn fibrils induced RAB10 phosphorylation
and increased LRRK2 expression. These processes were dependent on
JAK-STAT activation (Xu et al., 2022).

4.2. LRRK2 in hiPSC-derived monocytes

Monocytes play an essential role in the innate immune response.
Monocytes circulate into the bloodstream and release cytokines and
chemokines upon activation by pathogenic insults. Monocytes differ-
entiate into different subtypes, which are distinguished based on the
relative expression of CD14 and CD16 surface receptors (Sampath et al.,
2018). A study on human peripheral blood mononuclear cells revealed

Table 2
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Effects of LRRK2 G2019S mutation on different hiPSC-derived models.

Models

G2019S mutation effect

References

iPSC-derived
dopaminergic
neurons

iPSC-derived
macrophages

iPSC-derived
monocytes

iPSC-derived
microglia

iPSC-derived
astrocytes

Co-culture of iPSC-
derived
dopaminergic
neurons and

Shortened neurite length

Increased neuritic
arborization at early
developmental stage
Increase a-syn accumulation

Tau hyperphosphorylation
Increased oxidized
dopamine levels

Increased mycobacterial
replication

Reduced mycobacterial
targeting to phagolysosomes
Faster differentiation during
early maturation phase
Reduced maturing capacity
Reduced migration activity
Negative regulation of NFAT
activity

Enhanced immune response
to IFN-y

Reduced microglial motility

Altered cytokine production
(IL-6, TNF-a, IL-8 and MCP-
1)

Elevated expression level of
a-synuclein and reduced
ability to degrade it
Decreased expression of
MPP2, involved in
a-synuclein degradation
Increased responsivity to
inflammatory stimuli (TNFa,
IL-1p) and disturbed calcium
signaling

Altered metabolism and
mitochondrial DNA damage
Disturbed morphology
(reduced surface area, low
complexity, reduced
number) and function
(reduced amplitude and
integral of calcium
transients, altered
mitochondrial membrane
potentiation)

Mitochondrial impairment
(reduced mitochondrial
oxygen consumption rate,
increased glycolytic
capacity, increased basal
proton efflux rate, fewer,
more fragmented and more
rounded mitochondria
concentrated perinuclearly,
higher basal oxidative
status)

Decreased number of
dopaminergic neurons

(Borgs et al., 2016; Chang
et al., 2021; Korecka et al.,
2019; Lin et al., 2016;
Qing et al., 2017;
Reinhardt et al., 2013;
Sanchez-Danés et al.,
2012; Schwab and Ebert,
2015; Tran et al., 2020)
(Borgs et al., 2016)

(Bieri et al., 2019; Chang
et al., 2021; Nguyen et al.,
2011; Reinhardt et al.,
2013; Sanchez-Danés

et al., 2012; Schapansky
et al., 2018; Skibinski

et al., 2014)
(Schapansky et al., 2018)
(Nguyen and Krainc,
2018)

(Hartlova et al., 2018)

(Hartlova et al., 2018)
(Speidel et al., 2016)

(Speidel et al., 2016)
(Speidel et al., 2016)
(Panagiotakopoulou et al.,
2020)
(Panagiotakopoulou et al.,
2020)
(Panagiotakopoulou et al.,
2020)
(Panagiotakopoulou et al.,
2020)

(Sonninen et al., 2020)

(Booth et al., 2017)

(Sonninen et al., 2020)

(Sonninen et al., 2020)

(Ramos-Gonzalez et al.,
2021)

(Ramos-Gonzalez et al.,
2021)

(de Rus Jacquet et al.,
2021; di Domenico et al.,
2019

(di Domenico et al., 2019)

(continued on next page)
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Table 2 (continued)

Models G2019S mutation effect References

Fewer and shorter neurites,
abundance of beaded-
necklace neurites,
compromised cell survival of
neurons

Accumulation of a-synuclein
in neurons caused by direct
transfer from astrocytes,
cleared by treatment with
chaperone-mediated
autophagy activator
Dysregulated homeostasis of ~ (de Rus Jacquet et al.,
astrocyte-to-neuron via EV, 2021)

leading to neuronal atrophy
Altered secretion of

astrocytes (Patient
astrocytes and
healthy neurons)

(di Domenico et al., 2019)

(de Rus Jacquet et al.,
neurotrophic and astrocyte- 2021)
secreted exosome uptake by
neurons
Co-culture of iPSC-
derived
dopaminergic
neurons and
astrocytes (Patient
neurons and
healthy astrocytes)
Brain organoids

Partially recovered neurite (di Domenico et al., 2019)
number and complex neurite
arborization

Prevention of a-synuclein (di Domenico et al., 2019)

accumulation in neurons

Decreased dopaminergic (Kim et al., 2019)
neuronal marker expression
and mature neuronal
markers

Decreased neurite length of
dopaminergic neurons in the
organoids

Increased cell death of the
organoid cells

Increased a-synuclein
positive vesicles

Decreased dopaminergic
neurons, relieved by LRRK2
inhibitor

Increased autophagy,
relieved by LRRK2 inhibitor
Altered intestinal cell gene
expression for genes
involved in synaptic vesicle
trafficking

Altered gene expression,
including upregulation of
IRX2 and LMO3 and
downregulation of ANXA10
and TFF2

(Kim et al., 2019)

(Kim et al., 2019)
(Kim et al., 2019)

(Ha et al., 2020; Smits
et al., 2019)

(Ha et al., 2020)
(Son et al., 2017)

Intestinal organoids

(Sim et al., 2020b)

ANXA10: Annexin A10, EV: Extracellular vesicles, IFN-y: Interferon-gamma, IL-
1p: Interleukin-1 beta, IL-6: Interleukin-6, IL-8: Interleukin-8, IRX2: Iroquois
homeobox 2, MCP-1: Monocyte chemoattractant protein-1, NFAT: Nuclear fac-
tor of activated T-cells, TFF2: Nuclear factor of activated T-cells, TNF-o: Tumor
necrosis factor-alpha.

that LRRK2 is present in CD14" monocytes and, to a higher extent, in the
CD14" CD16™ subpopulation of monocytes, which is a more mature
subset of monocytes. In addition, stimulation of monocytes with IFN-y
intensively elevates LRRK2 levels, thereby shifting the cells from
CD147CD16~ towards CD147CD16", which was diminished with
LRRK2 kinase inhibitor, IN-1 (Thévenet et al., 2011). These findings thus
show a possible role of LRRK2 in monocyte maturation. The effect of
LRRK2 G2019S mutation on monocyte maturation was studied in
monocytes differentiated from hiPSCs using patient-derived LRRK2
G2019S iPSCs and corresponding isogenic control line as well as control
iPSCs and the LRRK2 G2019S knock-in lines (Speidel et al., 2016).
LRRK2 G2019S mutant cells were found to differentiate faster to
monocytes during the early maturation phase compared to the isogenic
controls. However, the expression level of CD16 (patrolling subpopu-
lation of monocytes) was significantly lower in G2019S monocytes
compared to their corresponding isogenic controls, indicating an
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alteration in the differentiation pattern of monocytes and deficiency of
immune surveillance in the mutant cells (Speidel et al.,, 2016).
Furthermore, LRRK2 G2019S iPSC-derived monocytes showed a slightly
lower migration capacity compared to their corresponding isogenic
controls upon administration of ATP (stimulates monocyte migration),
although LPS-induced inflammatory cytokine production was similar in
both mutant and control cells (Speidel et al., 2016). These results direct
to the possible role of LRRK2 in immune cell maturation and conse-
quently in PD progression.

5. LRRK2 in iPSC-derived glial cells

Glial cells are the immune guardians in keeping the brain at ho-
meostasis conditions. LRRK2 is also expressed in glial cells, including
microglia and astrocytes (Miklossy et al., 2006). In response to stress
stimulus, glial cells are activated by releasing proinflammatory signals
to mediate neuroinflammation in order to omit the toxic substances
(Gao and Hong, 2008). However, prolonged microglial activation leads
to tissue damage, which is also considered as a neuropathological hall-
mark in PD. Early observation supported that reactive microglia are
increased in the SNPc post-mortem PD brain (Joers et al., 2017). Un-
derstanding the functional alterations in human LRRK2 microglia is
central to elucidating the different mechanisms of PD asmicroglial
activation has been described in PD pathology (Sabogal-Guaqueta et al.,
2020). This part of the review will discuss the effect of LRRK2 mutant in
the human PD glial cells (Table 2).

5.1. LRRK2 in hiPSC-derived microglia

LRRK2 has been described as a positive regulator of inflammation in
murine microglia, where its mutations could increase neuro-
inflammation (Russo et al., 2014). However, so far, few data are avail-
able from iPSCs - derived microglia from PD patients. A recent study
showed that IFN-y increased LRRK2 expression in iPSC-derived micro-
glia and neurons (Panagiotakopoulou et al., 2020). Besides, LRRK2
expression negatively regulated the Nuclear factor of activated T-cells
(NFAT) activity, specially, in microglia with LRRK2 G2019S mutation.
LRRK2 G2019S microglia showed a reduction in microglial mobility in
response to IFN-y. LPS stimulation resulted in a reduction in IL-6, TNF-a,
IL-8, and MCP-1 production in LRRK2 G2019S microglia compared to
control microglia, while the opposite was observed in LRRK2 KO
microglia. These findings indicate a defective immune response in
LRRK2 G2019S microglia (Panagiotakopoulou et al., 2020).

Interestingly, it has been shown that LRRK2-driven immunological
changes in G2019S microglia activation lead to neurite shortening,
indicating a possible neurotoxic effect (Panagiotakopoulou et al., 2020).
Another study found that increased LRRK2 activity and RablO0-
phosphorylation was observed following lysosomal stress and inflam-
matory stimuli indicating that perturbed immune responses in PD pa-
tient brains could upregulate the LRRK2 signaling pathway (Wang et al.,
2021). Rab8a is a LRRK2 kinase substrate that regulates receptor-
mediated recycling and endocytic trafficking of transferrin. iPSC-
derived microglia from LRRK2-G2019S patients showed increased
Rab8 phosphorylation and retained transferrin in the perinuclear recy-
cling compartment area associated with lysosomes under proin-
flammatory conditions, resulting in a clear dysfunction of iron
homeostasis and misbalance in the recycling mechanism. These data
were corroborated in vivo where G2019S Lrrk2 knock-in mice displayed
a marked increase in iron and ferritin accumulation in microglia cells
from the striatum compared to wildtype and Lrrk2 KO (Mamais et al.,
2021). More studies are needed to understand the emerging function of
LRRK2 in microglia and to get insight into the molecular pathways
underlying neuroinflammation, and consequently, identify novel targets
for PD therapeutics.



A. Oun et al.

5.2. LRRK2 in hiPSC-derived astrocytes and hiPSC-derived
oligodendrocytes

Neurons interact with non-neuronal cells, particularly astrocytes, in
the highly dynamic brain microenvironment. Astrocytes are the most
enriched glial cells in the central nervous system; they regulate neural
firing activity, neurotransmitter uptake, synapse formation, and supply
energy for neurons by secreting neurotrophic factors (Sofroniew, 2020).
There is mounting evidence suggesting a link between disrupted astro-
cytes and PD pathogenesis. Eight causative PD genes, including LRRK2,
overlapped with astrocyte biology (Booth et al., 2017). LRRK2 is
expressed in human astrocytes, albeit at a lower expression level than
neurons (Miklossy et al., 2006) and the low expression levels of LRRK2
were shown in iPSC-derived midbrain patterned astrocytes (Booth et al.,
2019).

LRRK2 G2019S iPSC-derived astrocytes showed elevated levels of
o-syn, increased responsivity to inflammatory stimuli, impaired Ca?*
signaling, altered metabolism, and increased mtDNA (Sonninen et al.,
2020). Recently, it was shown that LRRK2 G2019S iPSC-derived astro-
cytes have an altered morphology and impaired mitochondria (Ramos-
Gonzalez et al., 2021). LRRK2 G2019S midbrain astrocytes show
reduced expression of transforming growth factor-beta 1 (TGFf1) and
matrix metallopeptidase 2 (MMP2) (Booth et al., 2019). MMP2 regulates
the degradation of a-syn (Oh et al., 2017). Consequently, the midbrain
astrocytes carrying the LRRK2 G2019S mutation have decreased ca-
pacity to degrade a-syn, and a lower neuroprotective capacity (Booth
et al., 2019). Co-culture neuronal-astrocyte studies revealed that the
number of dopaminergic neurons is much lower in the presence of iPSC-
derived astrocytes carrying LRRK2 G2019S mutations (di Domenico
et al., 2019; de Rus Jacquet et al., 2021). Interestingly, LRRK2 G2019S
could dysregulate the homeostasis of astrocyte-to-neuron communica-
tion via secreted extracellular vesicles (EV), leading to atrophy of the
hiPSC-derived neurons (de Rus Jacquet et al., 2021). LRRK2 G2019S
induced a reduction of the secretion of neurotrophic factors, and
therefore the uptake of astrocyte-secreted exosome by iPSC-derived
dopaminergic neurons was reduced (de Rus Jacquet et al., 2021).
hiPSC astrocytes carrying LRRK2 G2019S mutation showed a dysregu-
lation of macroautophagy and chaperone-mediated autophagy, which
resulted in an increase of a-syn inside the neurons and led to neuronal
degeneration (di Domenico et al., 2019). Although only limited studies
evaluated LRRK2 mutation in iPSC-derived astrocytes, it seems that
LRRK2 G2019S disrupts the communication between astrocytes and
dopaminergic neurons and thereby indirectly contributes to the a-syn
accumulation and neuronal loss.

Taken together, these results from various studies on astroglia in
iPSC-derived cells demonstrate an essential role for LRRK2 signaling but
also a complex interplay between the CNS and the innate immune sys-
tem. Furthermore, it becomes apparent that there are several gaps in
knowledge regarding iPSC-based modeling as many of the immune
system’s cells are not yet represented in the body of literature con-
cerning PD and LRRK2 mutations. In the future, it might also interesting
to study the function of LRRK2 in hiPSC-derived oligodendrocytes.
Although oligodendrocytes express endogenous LRRK2 (Miklossy et al.,
2006), so far, there is no data available on the role of LRRK2 in iPSC-
derived oligodendrocytes carrying LRRK2 mutations. Other studies
have used iPSC-derived oligodendrocytes to investigate myelin diseases,
e.g., multiple sclerosis, schizophrenia, and Huntington’s disease (Cha-
noumidou et al., 2020). In addition, many studies focused on optimizing
the generation and differentiation of hiPSC-derived oligodendrocytes
and oligodendrocyte progenitor cells (Ehrlich et al., 2017). Oligoden-
drocytes are responsible for maintaining the myelin sheaths of neurons.
In the typical healthy dynamic environment, the firing activity of neu-
rons is sustained by the myelination process mediated by oligodendro-
cytes (Bradl and Lassmann, 2010). Oligodendrocytes are highly
vulnerable to oxidative stress due to the high demand for oxygen, ATP,
and co-enzyme iron for the myelination process. An abundant iron level
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is stored in the form of ferritin in oligodendrocytes. Failure in iron
storage or transport may contribute to neurodegenerative disease
pathogenesis, which overlapped with the theory of a newly regulated
cell death, ferroptosis, in PD (Xu et al., 2018). There are still no
straightforward findings to define the role of oligodendrocytes in PD
pathogenesis, although PD heritability in the lysosomal gene was also
found in glial cells, including oligodendrocytes (Reynolds et al., 2019).

6. LRRK2 in 3D models

Although the two-dimensional (2D) models of iPSC described above
are a powerful and reproducible tool in PD research, it has some limi-
tations. First, a typical 2D model cannot display the complexity of the
human brain. Moreover, the 2D cell model cannot represent a complex
cell-cell interaction because it is only limited to horizontal contact.
Importantly, the 2D model shows a lack of representation for brain or-
ganization. This 2D model limitation urges the generation and devel-
opment of a three-dimensional (3D) brain organoid model that can
recapitulate the complex organization of the human brain and the dis-
ease phenotype closely.

The 3D model exhibits critical differences compared to the 2D model.
For example, the 3D culture of dopaminergic neurons with LRRK2
G2019S mutation showed a significant reduction of tyrosine hydroxy-
lase positive dopaminergic neurons after 6 weeks of differentiation
compared to the isogenic control cell lines without the application of
stressor. At that time point, the 2D cultures under the same conditions
did not show alteration in the amount of tyrosine hydroxylase positive
dopaminergic neurons indicating that 3D cultures can mimic better PD-
specific phenotypes than the 2D cultures (Bolognin et al., 2019). In
addition, gene expression patterns and cellular phenotypes in 3D cul-
tures were more similar to physiological conditions compared to 2D
cultures, and mitochondrial defects were observed even without a
chemical stressor (Bolognin et al., 2019). Another recent study
comparing the 2D and 3D cultures of dopaminergic neurons with and
without LRRK2 G20129S mutation revealed comparable dopaminergic
neurons content in both cultures. However, the accumulation of a-syn
was significantly higher in 3D cultures of LRRK2 G20129S dopaminergic
neurons compared to the 2D cultures (Fiore et al., 2022). Moreover,
differentially expressed genes and the transcriptomic profile of 3D cul-
tures are associated with different cellular pathways compared to 2D
cultures (Fiore et al., 2022). Changes in cell behavior cultivated as 2D or
3D cultures were reported in various cell types. Healthy dopaminergic
neurons cultivated as 2D and 3D cultures displayed many differences in
a variety of biological processes. For instance, 3D cultures showed
upregulation of glycolysis, synaptic transmission and action potential
compared to 2D cultures indicating more physiologically relevant con-
ditions (Fiore et al., 2022). These data entail the potential of 3D models
to mimic physiological conditions. The main effects of LRRK2 G2019S
mutation in brain organoid models are summarized in Table 2.

6.1. LRRK2 in human-derived midbrain organoids (hMOs)

The intrinsic capacity of self-organization of iPSCs and embryonic
stem cells (ESCs) with a controlled growth condition becomes an
essential factor in the generation of 3D human brain organoids (Amin
and Pasca, 2018). The optimization of cocktail signaling molecules via
different protocols can generate diverse brain regions, e.g., cerebral
cortex, midbrain, and forebrain organoids (Lancaster et al., 2013;
Monzel et al., 2017; Smits et al., 2019). Human brain organoids consist
of heterogenous neural progenitors, which develop into different
neuronal subtypes and active neuronal networks. The recapitulated
tissue complexity given by the brain organoid allows the investigation of
neuronal connectivity, neurodevelopment, neuro-immune interaction,
and transcriptional diversity (Amin and Pasca, 2018).

Human midbrain organoids (hMOs) derived from hiPSCs established
an advanced 3D in vitro model for PD research. The current hMOs
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approaches are based on the differentiation protocols used first to
generate 2D cultures. The comparison of the hMOs protocols has been
well documented in a recent review (Smits and Schwamborn, 2020).
hMOs exhibited shared features of the human midbrain, including
mature dopaminergic neurons, dopamine secretion, non-neuronal cell
types (e.g., astrocytes and oligodendrocytes), and even neuromelanin-
like granules that are similar to those found in the human substantia
nigra tissue (Jo et al., 2016; Monzel et al., 2017). Differentiated hMOs
were shown to be functionally active, with synaptic connections and
active neuronal network (Monzel et al., 2017). The gene expression
profile of hMOs was similar to prenatal midbrain compared to 2D
cultured mature dopaminergic neurons (Jo et al., 2016). These findings
illustrated that 3D midbrain organoids resemble better the human
midbrain, providing a better disease modeling tool for PD research.

LRRK2 G2019S mutant has been studied in 3D organoid models, as
well. In 2017, 3D human neuroectodermal spheres (hNESs) and human
intestinal organoids (hIOs) were generated from the same iPSC line
derived from PD patients carrying LRRK2 G2019S to study the link be-
tween gastrointestinal dysfunction and PD pathophysiology (Son et al.,
2017). The gene expression profile of both hNESs and hIOs was altered
in cells carrying LRRK2 mutation. Interestingly, the gene alterations
were more evident in the hIOs compared to hNESs. Based on their gene
ontology and pathway analysis, synaptic vesicle trafficking was found to
be the most impaired pathway in both types of organoids (Son et al.,
2017). Recently, a comprehensive study successfully modeled LRRK2
G2019S in 3D human midbrain organoids, recapitulating PD patholog-
ical hallmarks observed in monolayer 2D cell cultures (Kim et al., 2019).
For example, the neurite length and branching number of dopaminergic
neurons in the hMOs were found to be decreased, similarly to the 2D cell
cultures (Kim et al., 2019; Smits et al., 2019). However, LRRK2 G2019S
hMOs were more susceptible to neurotoxicity compared to wildtype
hMOs (Kim et al., 2019) and the gene expression profile of LRRK2
G2019S hMOs showed similarity with patients having mutant LRRK2-
associated sporadic PD. Interestingly, they found that TXNIP (a thiol
oxidoreductase) had an important role in the development of organoids
and might contribute to LRRK2 mutant-associated PD phenotypes (Kim
et al., 2019). Another study reported a lower number of dopaminergic
neurons in LRRK2 G2019S-simplified brain organoids (Smits et al.,
2019). The reduced dopaminergic neuronal network was confirmed in a
different study that also reported increased autophagy. Both effects were
prevented by treatment with LRRK2 kinase inhibitor (Ha et al., 2020).
Although there are fewer studies of LRRK2 mutations in 3D midbrain
organoids, the findings above reassured that 3D organoids could
represent a supportive model to investigate the role of LRRK2 in asso-
ciation with PD, besides the 2D cultures.

6.2. LRRK2 in human-derived intestinal organoids (hIOs)

Gastrointestinal dysfunction is one of the most common non-motor
symptoms in PD and is multifactorial. In fact, disturbed gastrointes-
tinal motility is a PD symptom that precedes the clinical diagnosis of the
disease for years and could potentially serve as an early indicator of the
premotor phase (Jost, 2010). Furthermore, the deposition of a-syn in the
enteric nervous system and dysfunction of enteric and central innerva-
tion of the gut has been previously reported (Chukwurah et al., 2019; Su
et al.,, 2017). There is compelling evidence suggesting that altered
gastrointestinal microbiome composition is the cause of the aforemen-
tioned features (Lubomski et al., 2020; Sharma et al., 2019). Son &
collaborators generated human intestinal organoids (hIOs) from PD
patient-specific iPSCs carrying a LRRK2 G2019S mutation as a new
model to study the contribution of other organs to PD pathology.
Expression profiles were distinctive from wildtype controls, and gene
ontology data showed divergence in metabolic processes, cellular pro-
cess, biological regulation, and synaptic vesicle trafficking that involves
proteins such as G-proteins, cadherins, and B cell activation. Surpris-
ingly, gene expression changes associated with LRRK2 G2019S mutation
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were higher in intestinal tissue than in neural tissue, suggesting an
important role of the gastrointestinal system in PD (Son et al., 2017).
Herewith, Son et al. (2017) provided the first evidence of LRRK2
G2019S also causing significant changes in the intestinal cell gene
expression, aside from its effects on brain cells. More recently, the
generation of in vitro hIOs and ex vivo mouse small intestine from old
transgenic mouse harboring Lrrk2 G2019S mutation allow the identifi-
cation of upregulated genes, i.e., iroquois-class homeodomain protein 2
(IRX2 gene) and LIM domain only protein 3 (LMO3 gene), and down-
regulated genes, i.e. Annexin A10 (ANXA10 gene) and Trefoil factor 2
(TFF2 gene). To corroborate these data, the authors included human
neuroectodermal spheres, and they found IRX2 exhibiting a similar
expression pattern to human and murine organoids, proposing this
particular gene as a potential and functional biomarker in PD (Sim et al.,
2020b).

7. Modeling LRRK2 expression and activity in microfluidic
models

Microfluidic technology enables scientists to study cellular mecha-
nisms and differentiation under certain experimental conditions.
Microfluidic chips offer numerous advantages over conventional cell
culturing. Experienced labs capable of fabricating microfluidic cham-
bers from Polydimethylsiloxane (PDMS) could generate microfluidic
devices with a relatively low cost of fabrication. Some of the limitations
of these devices are represented by i) generation of the microfluidic
devices is time-consuming, ii) the viability and iii) long-term culturing
of neuronal cells, and iv) reproducibility of the results. Small volumes of
cell culture reagents and lower cell counts make the chips highly cost-
effective. Microfluidics also offers high reproducibility and precise
control of experimental variables at a faster pace. Moreover, the creation
of chemical gradient and barrier conditions resembling biological sys-
tems makes the use of microfluidic chips highly attractive for studying
biological functions in different neurodegenerative diseases, particu-
larly PD (Mofazzal Jahromi et al., 2019; Neto et al., 2016).

In a recent study (Devold Valderhaug et al., 2020), custom-designed
multimodal microfluidic chips coupled to a microelectrode array have
been implemented to study the impact of LRRK2 G2019S mutation on
neuronal networks. The authors used control hiPSC-derived HON
neuronal stem cells along with the homozygous CRISPR-Cas9 inserted
G2019S mutation. They showed a striking increase in the neuritic den-
sity in the LRRK2 G2019S neuronal network compared to the control
neuronal network (Devold Valderhaug et al., 2020). This finding con-
tradicts other studies that reported a reduction in the neuritic length and
branching in neurons with LRRK2 G2019S mutation (Nguyen et al.,
2011; Qing et al., 2017; Reinhardt et al., 2013; Sanchez-Danés et al.,
2012). In addition, the average mean firing rate of the G2019S LRRK2
neuronal network was consistently higher than the control neurons
under basal conditions. However, the G2019S LRRK2 neuronal network
displayed a lower total network correlation compared to the control
neuronal network and aberrant outgrowth in the synaptic contacts. This,
thus, demonstrates that the G2019S mutant induces an overall impair-
ment in network development and less efficient signal propagation
(Devold Valderhaug et al., 2020). Following kainic acid stimulation,
which induces increased neuronal excitability, the neuronal networks of
the healthy neurons displayed greater responses compared to the
G2019S LRRK2 neuronal networks. These responses included i) marked
reduction in active mitochondria and mean firing rates, ii) increased size
of synaptic contacts, and iii) higher total network correlation (unlike the
LRRK2 G2019S that did not show further increase in total network
correlation following kainic acid) indicating a potential impairment in
synaptic remodeling in the LRRK2 G2019S neuronal network (Devold
Valderhaug et al., 2020). This study illustrates that using microfluidic
chips together with the microelectrode array can capture alterations in
the neuronal network activity and allows analyses of the neuronal
network stress responses upon confined neuronal overexcitation.
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8. Conclusion and prospective

hiPSCs present a powerful tool to study neurodegenerative diseases.
hiPSC models allow the production of the desired cell type and present
disease-related phenotypes (Bose et al., 2022). Nevertheless, the use of
iPSC-based models suffers from some limitations reviewed in (Doss and
Sachinidis, 2019; Kim et al., 2020a). For instance, intrinsic variability
between donors results in huge discrepancies. iPSCs’ characteristics
might be altered during the reprogramming process and might not
reflect the actual disease phenotype (Kim et al., 2011; Nishino et al.,
2011). The lack of standardized protocol to assess the validity and
reduce the variability of the produced models is another challenge. In
addition, the higher complexity of 3D and organoid models makes it
more challenging to control the experimental conditions (Kim et al.,
2020a). Furthermore, organoid cultures are relatively more expensive
and time-consuming (Huang et al., 2021).

Despite the mentioned limitations, hiPSC-derived models allow in
vitro comprehensive study of molecular pathways underlying neurode-
generative diseases since they might recapitulate some of the disease
phenotypes similar to human samples than cell lines or animal models
(Avazzadeh et al., 2021). In addition, the introduction of genome-
editing techniques provides better comparison based on a single muta-
tion, through mutation correction or insertion, eliminating variability
between donors and allowing accurate comparisons in a specific cell
population (De Masi et al., 2020). hiPSC-derived models offer appro-
priate models to disclose unique information under physiological and
pathological conditions that were previously possible only from post-
mortem biopsies. The availability of differentiation protocols for
hiPSC-models led to extensive studies focusing on the characterization
of 2D and 3D models derived from PD patient hiPSCs with monogenic
mutations such as LRRK2 G2019S.

Studying 2D hiPSC-derived neuronal models does not completely
reflect the in vivo conditions concerning the synaptic connection with
other cell types and fully mature neuronal phenotypes (Centeno et al.,
2018). That is why organoid models could represent a superior model to
2D culture, particularly when studying cell-cell interaction. The adapt-
ability of brain organoid models facilitates studying the interaction be-
tween different brain regions, which is an important feature during
disease development. However, the use of hiPSC-derived organoids
suffers from limitations including; 1) the transcriptional profile is similar
to prenatal brains than to aging ones making it difficult to mimic aging
phenotypes, 2) the lack of vascularization and blood-brain barrier, 3) the
lack of microglia, and 4) the variability in the produced organoids. The
limitations and future potentials of hiPSC-derived models to mimic
neurodegenerative diseases are thoroughly explained in (Baena-Montes
et al., 2021; Bubnys and Tsai, 2022; Papaspyropoulos et al., 2020).

The combination of microfluidic models with microelectrode array is
a recent in vitro advancement permitting precise control of studying
neuronal activity and stressor responses in healthy and diseased condi-
tions giving an accurate image of perturbations happening in neurode-
generative diseases (Devold Valderhaug et al., 2020).

In a nutshell, LRRK2-iPSCs models provide powerful in vitro systems
that can mimic pathological conditions related to PD, as described in this
review. These models can elucidate possible molecular interactions of
LRRK2 that help identify the role of LRRK2 in PD pathogenesis which in
turn will allow for identifying PD biomarkers and improving drug
development approaches.
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