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Abstract

Mutations in Leucine Rich Repeat Kinase 2 (LRRK2) are the most prevalent cause of
familial PD. Genome Wide Association Studies (GWAS) have linked its variants with
increased risk of developing sporadic PD, inflammatory bowel disease, and leprosy,
diseases commonly associated with inflammation and immune dysfunction. LRRK2 is
predominantly expressed in a subset of immune cells, notably macrophages and microglia
and has been implicated in innate immunity. Yet, most studies report conflicting results,
and data are based on mouse models or in immortalised cell lines which do not faithfully
recapitulate all aspects of tissue macrophages. In this thesis, macrophages and microglia
differentiated from human induced pluripotent stem cells (hiPSCs) have been used as a
genetically tractable tool that expresses LRRK2 at physiological levels from its endogenous
promoter in its normal human chromosomal location. Using this physiologically relevant
cell model, the aim of this thesis was to investigate the expression, subcellular localisation
and role of LRRK2 protein in macrophages and microglia. This thesis maps the cleavage
region of an N-terminal proteolytically cleaved form of LRRK2 in macrophages and shows
that LRRK2 can form heterodimers of full-length and cleaved forms. My results
demonstrate that LRRK2 is recruited to late phagosomes and that treatment of LRRK2
kinase inhibitors leads to the formation of LRRK2 super-coated phagosomes. However, |
demonstrate that LRRK2 is not required for the acidification of phagosomes, and its role
at the phagolysosome remains unresolved. Lastly, using hiPSC-microglia in co-culture
with iPSC-cortical neurons, | demonstrate that in human cells, LRRK2 is robustly

expressed in microglia and is undetectable in cortical neurons. In this co-culture model,



under the conditions tested, inflammatory cytokine release was broadly unaffected by
LRRK?2 mutation or KO, although two different TNFa assay approaches gave conflicting
results. This thesis provides novel insights into the role of LRRK2 in macrophages and
microglia, and shows that hiPSC-macrophages and microglia can serve as a valuable

platform to examine LRRK2 biology.
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Introduction

1.1 Parkinson’s disease

1.1.1 Introduction
This year marks exactly 200 years since a British surgeon, James Parkinson, published
“An Essay on the Shaking Palsy” in 1817, which accounts for the first official medical
record recognising Parkinsonism as a neurological condition (Parkinson 2002). While his
text is the most well-known medical description of classical symptoms of PD, there is an
earlier account of it in 1690 published by Ferenc Papai Pariz (Bereczki 2010). The name
Parkinson’s disease (PD) was given decades later by a French neurologist, Jean-Martin
Charcot, who greatly contributed to the comprehensive description of clinical symptoms

of PD (Goetz 1986, 2011).

Today, PD is the second most common neurodegenerative disease after Alzheimer’s
disease (AD), accounting for 1% of the population over the age of 60 in North America
(de Lau et al. 2006). The prevalence of PD ranges from 1 to 2 per 1,000 in unselected
populations (von Campenhausen et al. 2005) and the number of affected individuals in
Western Europe has been projected to increase from 4.6 million in 2005 to 9.3 million in
2030 (Dorsey et al. 2007). As the life expectancy continues to increase, PD imposes a

growing financial and social burden (Christensen et al. 2009).



1.1.2 Clinical and neuropathological features of PD
PD patients manifest motor symptoms characterized by resting tremor, bradykinesia,
rigidity, and postural instability. Symptoms are progressive, with an average age at onset
of 62 years (Pagano et al. 2016). Patients also display non-motor symptoms, which can be
present up to 10 years prior to the onset of the motor symptoms (Schrag et al. 2015; Kalia
and Lang 2015). The non-motor symptoms include autonomic and gastrointestinal
dysfunction (constipation, hypotension, urinary dysfunctions), psychiatric dysfunction
(anxiety, depression and cognitive impairment), sleep dysfunction (Rapid Eye Movement

[REM] sleep behavioral disorder), and olfactory dysfunction (Pagano et al. 2016).

Neuropathologically, PD is defined by the slow and progressive loss of dopaminergic
neurons in the Substantia Nigra pars compacta (SNpc) of the midbrain. The remaining
nigral dopaminergic neurons display accumulation of a-synuclein (asyn) protein
aggregates called Lewy Bodies (LBs) if present in perikarya (cell body of neurons) or
Lewy Neurites (LNs) if present in the axons (Gelb, Oliver, and Gilman 1999; Hughes et
al. 1992). By the onset of clinical motor symptoms, there is a loss of about 50 — 60% of
the nigral dopaminergic neurons, making the early diagnosis as well as preventative
treatments challenging (Cheng, Ulane, and Burke 2010). Currently, only symptomatic
treatments are available, notably dopamine replacement therapy with L-3,4-
dihydroxyphenylalanine (L-DOPA) or deep brain stimulation for patients who are not
responsive to L-DOPA. However, these treatments have limited effect with undesirable

side effects, particularly L-DOPA induced dyskinesia (Thanvi, Lo, and Robinson 2007).

1.1.3 Selective vulnerability of nigral dopaminergic neurons
In PD, dopaminergic neurons in the SNpc, but not in the Ventral Tegmental Area (VTA),
are disproportionately lesioned (Greenfield and Bosanquet 1953; Hirsch, Graybiel, and

Agid 1988). Dopaminergic neurons in SNpc project to the striatum and form an integral



part of basal ganglia-thalamo-cortical circuit, which controls voluntary movement. Motor
symptoms manifested in PD are as a result of the imbalance of basal ganglia-thalamo-
cortical circuit, caused by a severe reduction in the dopamine level in the striatum (Smith

and Kieval 2000).

The etiological factors which trigger the onset of degeneration of nigral dopaminergic
neurons remain incompletely understood. The current notion is that PD is a complex,
multifactorial disease involving both genetic and environmental factors, which have been
implicated to disrupt various cellular pathways, namely vesicular trafficking pathway,
autophagy/lysosomal pathway, accumulation of misfolded proteins, oxidative stress, and

mitochondrial dysfunction (Dauer and Przedborski 2003).

Dopaminergic neurons in the SNpc are intrinsically vulnerable to any of these insults.
The autonomous tonic firing of dopaminergic neurons in the SNpc are dependent on
constant Ca?* flux via L-type Ca®* channels, unlike mesolimbic dopaminergic neurons in
the VTA (Surmeier et al. 2011). The high consequential Ca?* flux in nigral dopaminergic
neurons requires a greater supply of ATP by mitochondria as well as higher activity of
the endoplasmic reticulum (ER)-mitochondrial system to sequester excess Ca?*.
Furthermore, nigral dopaminergic neurons have an extensive axonal and dendritic
arborisation, demanding much high maintenance energy to transport cargoes (Tepper,
Sawyer, and Groves 1987; W. Matsuda et al. 2009). Because of this, dopaminergic
neurons in the SNpc exhibit higher basal rate of mitochondrial metabolism than
dopaminergic neurons in the VTA (Guzman et al. 2010; Puopolo, Raviola, and Bean
2007; Chan et al. 2007). Certain neurotoxins (e.g. rotenone) that inhibit mitochondrial
function selectively affect nigral dopaminergic neurons but not dopaminergic neurons in
VTA (Blesa and Przedborski 2014). Therefore, nigral dopaminergic neurons are

particularly susceptible to mitochondrial dysfunction.



Dopamine metabolites (e.g. 6-hydroxydopamine) are toxic to neurons, therefore, the
cytosolic level of dopamine is strictly regulated. Dopamine transporter (DAT) mediates
the uptake of extracellular dopamine while vesicular monoamine transporter type 2
(VMAT?2) sequesters intracellular dopamine into storage vesicles. It has been suggested
that the functional balance between the two transporters is differentially regulated in
nigral and mesolimbic dopaminergic neurons, making nigral dopaminergic neurons more
susceptible to dopamine-mediated toxicity (N. Takahashi et al. 1997; Gonzéalez-

Hernandez 2010).

Ageing is the main risk factor for PD and dopaminergic neurons in the SNpc are more
affected by ageing than those in the VTA. Normal aged brain displays preferential loss of
nigral dopaminergic neurons in the midbrain, which corresponds to the age-related
decline in motor function often seen in aged animals and human (Rodriguez et al. 2015;
Collier, Kanaan, and Kordower 2011). The major difference between normal aged brain
versus PD brain is the extent of nigral dopaminergic neuronal loss (Buchman et al. 2012;
Fearnley and Lees 1991; Damier et al. 1999; Collier, Kanaan, and Kordower 2011;
Rodriguez et al. 2015). Age-associated decline of physiological function of survived
nigral dopaminergic neurons, together with other PD associated pathological factors,
could drive the ultimate collapse of any compensatory mechanisms that have kept the
dopamine system functional. The next sections discuss possible PD-associated

pathological factors.

1.1.4 Environmental factors
The discovery of the neurotoxin, n-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP),
and its mechanisms of action have suggested that environmental toxins cause
degeneration of nigral dopaminergic neurons via mitochondrial dysfunction. In the late

1970s, MPTP was inadvertently discovered by a group of young people who attempted to



synthesize an opioid analogue. After intravenous self-injection, all of them developed
Parkinsonism, which strongly resembled that of late-onset PD patients. Later, post-
mortem studies confirmed the loss of nigral dopaminergic neurons in these patients
(Davis et al. 1979; Langston et al. 1999). The selective loss of dopaminergic neurons
results from the inhibition of complex | of the electron transport chain in the
mitochondrial matrix by an MPTP metabolite, and results in a build-up of damaging free

radicals (Langston et al. 1983; Sherer et al. 2007).

Rural livings, use of well water, and agricultural professions have been suggested as risk
factors for PD (Zorzon et al. 2002; Lai et al. 2002). These observations can be explained
by individuals having higher incidences of being exposed to groups of pesticides or
herbicides, notably paraquat and rotenone (Tanner et al. 2011; McCormack et al. 2002).
These toxins mediate selective degeneration of dopaminergic neurons by impairing
mitochondrial function (Bus, Aust, and Gibson 1976; Day et al. 1999; Xiong, Dawson,

and Dawson 2012; Marey-Semper, Gelman, and Lévi-Strauss 1995).

1.1.5 Genetics of PD
The majority of PD cases is sporadic with about 10% of them accounting for familial PD
(B. Thomas and Beal 2007). The past twenty years, genetic research has identified 17
distinctive chromosomal loci, termed PARK to signify their link to PD and numbered in
chronological order of their identification (Table 1.1). It should be noted that this PARK
nomenclature does not comprehensively reflect genetics of PD because some of the
chromosomal loci (PARK3, PARK10, PARK12, PARK16) require further identification of
causative genes while other chromosomal loci (PARKS5, PARK9, PARK11, PARK13,

PARK14, PARK15, PARK18) require further validation of their association with PD.



Locus Chromosome loci Gene Protein name

PARK1/4 4021 SNCA a-synuclein

PARK2 6025-q27 Parkin E3 ubiquitin ligase

PARK3 2p13 Unknown

PARKS5 4pl4 UCHL1 Ubiquitin carboxyl-terminal hydrolase isozyme L1
PARK6 1p35-p36 PINK1 PTEN-induced putative kinase 1

PARK?7 1p36 DJ-1 Protein deglycase DJ-1

PARKS8 12qg12 LRRK2 Leucine rich repeat kinase 2

PARK9 1p36 ATP13A2 ATPase 13A2

PARK10 1p32 Unknown

PARK11 2036 GIGYF2 GRB10-interacting GYF protein 2

PARK12 Xq21-925 Unknown

PARK13 2p12 HTRA2 Mitochondrial, Serine protease HTRA2
PARK14 22q13 PLA2G6 calcium-independent phospholipase A2
PARK15 22q12-q13 FBXO7 F-box only protein 7

PARK16 1932 Unknown

PARK17 16911.2 VPS35 Vacuolar protein sorting-associated protein 35
PARK18 3927 EIFAG1 Eukaryotic translation initiation factor 4 gamma 1
- 1921 GBA Glucosylceramidase

- 17921 MAPT Microtubule-associated protein tau

- 15922.2 VPS13C Vacuolar protein sorting-associated protein 13C

Table 1.1 List of PD-associated loci and genes

PD-associated genes manifest PD in various forms. Mutations within Parkin, PINK1, DJ-

1, ATP13A2 cause monogenic forms of PD, GBA, MAPT alleles are genetic risk factors,

accountable for increasing risk of developing PD. Lastly, SNCA, and LRRK2 alleles have

been implicated in both monogenic PD and genetic risk factors. | summarise the current



knowledge of the best-characterised PD-associated genes below, particularly SNCA, GBA,
Parkin, PINK1, and DJ-1. I will review LRRK2, which is the subject of my thesis, in

Section 1.2.

1151 SNCA
SNCA is the first gene to be identified in familial PD (Polymeropoulos et al. 1996). SNCA
is an autosomal dominant PD allele and three pathogenic point mutations, A53T, A30P,
and E46K (Polymeropoulos et al. 1997; Kriger et al. 1998; Zarranz et al. 2004) as well as
duplications (Chartier-Harlin et al. 2004; Ibafez et al. 2004) and triplications (Singleton
et al. 2003) have been identified in association with PD. Recent Genome Wide
Association Studies (GWAS) also have also identified single nucleotide polymorphisms
(SNPs) within the SNCA in sporadic PD cases (Simdn-Sanchez et al. 2009a; Satake et al.
2009; M Farrer et al. 2001; Maraganore et al. 2006). Patients with SNCA mutations or
multiplications often show dementia as an additional key clinical feature and display
early-onset PD <50 years (Polymeropoulos et al. 1996). Penetrance of the missense
mutations appears is suggested to be as high as 85% for the AS53T mutation

(Polymeropoulos et al. 1996).

SNCA encodes for a-synuclein (asyn) protein, which is expressed widely in the brain and
localises mostly to presynaptic nerve terminals (P J Kahle et al. 2000). Natively unfolded,
asyn can oligomerize and form fibrils (Rosenbloom et al. 2011), which are the main
components of LBs and LNs found within the nigral neurons of PD patients (Spillantini
et al. 1997). Multiplications of SNCA increase the overall asyn protein level up to twofold
(Matt Farrer et al. 2004). A30P and AS3T asyn mutants have tendency for self-

aggregation (Conway, Harper, and Lansbury 1998).



The physiological function of asyn or the exact pathology of asyn is partly understood.
Monomeric asyn normally localizes to the presynaptic terminal and associates with
synaptic vesicles (Iwai et al. 1995; P J Kahle et al. 2000), therefore, it has been suggested
that asyn potentially regulates synaptic vesicle trafficking (Cabin et al. 2002; Murphy et
al. 2000; Scott and Roy 2012). Once in the form of aggregates or oligomers, asyn
localizes to the cell body and neurites, disrupting various cellular function, notably
inhibiting dopamine release by impairing synaptic exocytosis (Nemani et al. 2010; K. E.
Larsen et al. 2006), blocking protein degradation by the 26S proteasome (Snyder et al.

2003), or inducing mitochondrial dysfunction (Reeve et al. 2012; Di Maio et al. 2016).

1.15.2 GBA
Mutations in the GBA gene cause Gaucher Disease (GD), which is a recessively inherited
lysosomal storage disorder (Hruska et al. 2008). Interestingly, GD patients and
heterozygous GBA mutation carriers have increased risk of developing PD (E. Sidransky
et al. 2009). The frequency of heterozygous GBA mutations range from 10 to 30% among
Ashkenazi Jewish population and 2 — 10% in other ethnic groups (Ellen Sidransky and
Lopez 2012; Toft et al. 2006; Aharon-Peretz, Rosenbaum, and Gershoni-Baruch 2004).
To date GBA mutations are the most common genetic risk factor for PD (Rosenbloom et

al. 2011; Schapira and Gegg 2013).

GBA encodes glucosylceramidase, a lysosomal enzyme, which cleaves glucosylceramide
to ceramide and glucose. How the mutations contribute to the PD pathogenesis is
becoming clearer. Most of PD-causing GBA mutations are missense, leading to a
misfolded protein (Ellen Sidransky and Lopez 2012). Mutant forms of glucocerebrosidase
has been found within the LBs of PD patients (Goker-Alpan et al. 2010). In dopaminergic
neurons derived from human induced pluripotent stem cells (hiPSCs), GBA N370S

mutation causes an increase in extracellular level of asyn. Misfolded N370S mutants



were found within the ER, inducing an activation of ER stress and caused an abnormal
enlargement of lysosomal compartments, a sign for autophagy disturbance (Fernandes et

al. 2016).

1.1.53  Parkin
Parkin is an autosomal recessive PD allele causing early onset PD with mean age of onset
around 32 years (Lucking et al. 2000). Numerous mutations ranging from point mutations
to multiplications have been identified, notably more than 30 exon rearrangements, 30
missense mutations, 8 nonsense mutations, and 20 indels (Abbas et al. 1999). The
encoded protein, Parkin, is a ubiquitin E3 ligase. Together with ubiquitin-conjugating
enzyme (E2), Parkin catalyses ubiquitin attachment to protein targets, signalling
proteasome degradation (Tanaka et al. 2000). Several Parkin substrates have been
reported, particularly CDCrel-1 (a septin GTPase which is associated with synaptic
vesicles), synphilin-1 (asyn interacting protein), or AIMP2 (Aminoacyl-tRNA
synthetase-interacting multifunctional protein type 2, which are found in LBs) (Tanaka et
al. 2000; Y. Zhang et al. 2000; Corti et al. 2003; K. K. K. Chung et al. 2001). Parkin is
predominantly localized in the cytosol, ER, Golgi complex, and the outer mitochondrial
membrane (Mouatt-Prigent et al. 2004). Together with PINK1 it has been shown to

regulate mitochondrial quality control (Pickrell and Youle 2015).

1154 Pinkl
Pink1 is another autosomal recessive PD allele, causing early-onset PD (Valente et al.
2001). Most of mutations are missense and nonsense mutations, notably P196L, G309D,
G440E, and structural deletions are rare (Lill 2016). Pinkl encodes phosphatase and
tensin homolog (PTEN)-induced kinase 1 (PINK1) which consists of 8 exons and 581
amino acids. The protein sequence of PINK1 contains a mitochondrial targeting sequence

at the N terminus and it has been shown that PINKZ1 is imported into the mitochondrion



(Valente et al. 2001). PINKZ1 selectively accumulates on the outer membrane of damaged
or dysfunctional mitochondria (Jin et al. 2010; Meissner et al. 2011) and recruits Parkin
to initiate mitophagy by ubiquitinating damaged mitochondria (Narendra et al. 2008;

Geisler et al. 2010; N. Matsuda et al. 2010; Vives-Bauza et al. 2010).

1155 DJ-1
Mutations in DJ-1 cause an early onset PD age onset around 20 — 40 years (Bonifati et al.
2003). DJ-1 encodes for 189 amino acids protein, DJ-1, which exists as a dimer and is
expressed in both neurons and glial cells (Bonifati et al. 2003; Rizzu et al. 2004,
Yanagida et al. 2006). Although the full understanding of its function is required, DJ-1
functions as a cellular sensor of oxidative stress (Bonifati et al. 2003). Under oxidative
stress, its expression is upregulated, particularly in reactive astrocytes (Yanagida et al.
2006). L166P mutation reduces stability of DJ-1 protein, leading to subsequent
degradation by the proteasome. Lack of functional DJ-1 protein has been reported to
reduce antioxidant activity (Anderson and Daggett 2008; Malgieri and Eliezer 2008).
Similarly, knock out (KO) or knock down (KD) of DJ-1 inhibits astrocyte-mediated
neuroprotection against oxidative stress (Mullett and Hinkle 2011; Waak et al. 2009; N. J.

Larsen et al. 2011).

1.1.6 Microglia-mediated neurotoxicity
Signs of chronic inflammation are commonly displayed in various neurodegenerative
diseases (Amor et al. 2014). Meta-analysis studies report that blocking inflammation can
reduce the risk of the onset or progression of the diseases. Individuals with extended
exposure to nonaspirin nonsteroidal anti-inflammatory drugs (NSAIDs) are protective
from the onset or progression of developing PD (Gagne and Power 2010) and

Alzheimer’s disease (AD) (Etminan, Gill, and Samii 2003). Exactly how inflammation



leads to the onset and/or exacerbate the progression of disease is an active area of

research.

Microglia, the resident macrophages (M®s) in the central nervous system (CNS),
perform a set of homoeostatic functions to maintain a healthy environment for neurons.
They phagocytose cell debris, extracellular protein aggregates and incompetent synapses.
Microglia are also responsible for responding to inflammation by secreting inflammatory
mediators, notably TNFa, and a myriad of cytotoxic factors, especially reactive oxygen
species (ROS) and nitric oxide (NO), which are all harmful to neurons. Potentially
damaging side-effects of microglia activation can instigate a feedforward cycle of chronic
inflammation and neurodegeneration. Therefore, microglia play a vital role as they are
not only involved in preventing the disease by phagocytosing potentially harmful
materials but also can contribute to disease progression by initiating exaggerated

inflammatory responses.

In this section, | review the evidence for the involvement of inflammation in PD, and how

some of key PD-associated genes are implicated in this process (Figure 1.1).

1.1.6.1  Inflammation and PD
In PD brains, patients and animal models display more activated microglia compared to
controls (Barcia et al. 2013; McGeer et al. 1988). Elevated levels of inflammatory
cytokines, especially tumour necrotic factor-a (TNFa), interleukin-1p (IL-1p), IL-2, I1L-6,
IL-8, and Interferony (IFNy) have been detected in the brain, cerebrospinal fluid, and
blood of PD patients (Mogi et al. 2000; Dobbs et al. 1999; Koziorowski et al. 2012;
Dzamko, Rowe, and Halliday 2016). Infiltration of peripheral immune cells, particularly
CD4(+) and CD8(+) T cells, have been shown in a mouse model of PD, possibly as a

result of leakage of the blood brain barrier (BBB) (Brochard et al. 2009; Kurkowska-



Jastrzebska et al. 1999). Involvement of humoral immunity has also been implicated, as
LBs and dopaminergic neurons in the SNpc of PD patients showed strong
immunolabelling for immunoglobulin G (C. F. Orr et al. 2005). Collectively, all of these
on-going inflammatory processes involve chronic activation of microglia, supporting the
hypothesis that neuroinflammation in association with dysregulated microglial function

contribute to the progression of neurodegeneration.

1.1.6.2  The role of PD genes in the immune system
Several PD-associated genes LRRK2, SNCA, GBA, VPS35, Parkin, PINK1, and DJ-1 are
expressed in immune cells (Table 1.2) and are implicated in various aspects of innate

immune responses, suggesting an intriguing link between genetic mutations and

inflammation-driven neurotoxicity (Moehle et al. 2012; Thévenet et al. 2011; Gardai et al.

2013; Bader et al. 2005; Tran et al. 2011; S. Kim et al. 2004; H. Lee, James, and Cowley
2017; Waragai et al. 2007; Wilhelmus et al. 2011). For example, overexpression of asyn
or the presence of A30P or E46K variants elicits pro-inflammatory responses in mouse
microglia (Su, Federoff, and Maguire-Zeiss 2009; Hoenen et al. 2016) and impairs
phagocytosis in mouse microglia (Park et al. 2008; Gardai et al. 2013) and in hiPSC-
derived M®s (Haenseler, W; Zambon, F; Lee, H; Vowles, Jane; Rinaldi, F; Duggal, G;
Houlden, H; Gwinn, K; Wray, S; Luk, K; Wade-Martins, R; James, W; Cowley 2017).
N370S GBA mutant in hiPSC-derived M®s displays no defect in the uptake of
erythrocytes while impairing subsequent digestion of them (Aflaki et al. 2014; Panicker

etal. 2012).

Deficiency in DJ-1 in both LPS activated astrocytes and microglia induces elevation of
IL-6, INOS, NO and intracellular ROS in mice (Waak et al. 2009; Trudler et al. 2014).

Parkin has been reported to suppress inflammation and cytokine-induced cell death by
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promoting degradation of TNFa receptor-associated factor 2/6 (TRAF2/6) (J.-Y. Chung

et al. 2013).
Relative expression level
Cell types LRRK?2 asyn DJ-1 PINKL Parkin GBA
PARKS8 PARK1/4 PARK?7 PARK6 PARK?2

Brain
Neurons + +++ +++ ++ +++ +
Microglia +++ ++ + + + ++
Astrocytes + + ++ +++ + +++
Oligodendrocytes + ++ ++ ++ + +
Periphery
B Cells +++ ++ N/D N/D +
T Cells N/D ++ Expression N/D N/D +
Macrophages ittt N/D in PBMC N/D + +
Monocytes *+++ +++ N/D N/D +
Dendritic Cells + N/D N/D N/D +

Table 1.2. Expression of PD-related genes in the brain and immune cells in periphery.
Relative expression was scored by +++ being the highest and + being the lowest in comparison
with listed cell types. * denotes upregulation by interferon-y (IFNy). N/D, not determined; PBMC,

peripheral blood mononuclear cells.

Parkin has also been implicated in the removal of intracellular pathogens in a similar
ubiquitin-mediated mechanism involved in mitophagy (Manzanillo et al. 2013). PINK1
deficiency has been shown to elevate inflammatory cytokine levels in mice (J. Kim et al.
2013) while another study has suggested that PINK1 interacts with TRAF6 and
transforming growth factor B-activated kinase 1 (TAK1), positively regulating IL-1p-

mediated signalling pathways (H. J. Lee et al. 2012).

Lastly, numerous evidence supports the functional implication of LRRK2 in cells of
myeloid lineage, notably M®s and microglia. Certain inflammatory cytokines (e.g. [FNy)

upregulates LRRK2 protein expression in these cells and LRRK2 has been implicated in
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both phagocytosis and inflammatory cytokine release. Variants of LRRK2 are linked to be
risk factors for other immune-related disorders, particularly Crohn’s disease and leprosy
(Barrett et al. 2008; Franke et al. 2010; Umeno et al. 2011; F.-R. Zhang et al. 2009). The
role of LRRK2 in the immune system will be more extensively discussed in the next

chapters.
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Figure 1.1 PD-associated genes in microglial functions. Disease causing mutation is
represented in red circle and KO or KD of expression is shown in dotted circle. In brief,
accumulation of asyn (both monomers and aggregates), lack of expression in LRRK2, Parkin, and
the presence of PD-causing GBA mutant impair phagocytosis. This leads to the accumulation of
cell debris and protein aggregates which are harmful to neurons. PD-causing mutations in LRRK2,
asyn, and lack of expression in DJ-1, PINK1, and Parkin may generate dysregulated pro-
inflammatory cytokine release and ROS, causing neuronal damage. Damaged neurons will then
instigate further activation of microglia, generating a feedforward cycle of neuroinflammation and
neurodegeneration. TLR, toll-like receptors; TRAF2/6, transforming growth factor B-activated

kinase 1; ROS, reactive oxygen species.
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1.2 Leucine Rich Repeat Kinase 2

1.2.1 LRRK2 mutations, epidemiology, and penetrance
In 2002, genome-wide linkage analysis of a Japanese family with PD has identified a new
PARK8 chromosome locus on 12p11.2 (Funayama et al. 2002). Two years later, two
independent groups identified LRRK2 as the causative gene for PD (Paisan-Ruiz et al.
2004; Zimprich et al. 2004). Analysis of 24 populations worldwide revealed that LRRK2
mutations are found in 4% of familial PD patients and 1% of idiopathic PD patients

(Healy et al. 2008), accounting for one of the most common genetic causes for PD.

Over 45 PD-associated mutations in LRRK2 have been identified, and six mutations have
been confirmed to be pathogenic by segregation studies with multiple families. These
mutations consist of the most common mutation, G2019S (Healy et al. 2008; Lesage et al.
2005; Marongiu et al. 2006; Papapetropoulos et al. 2006; Ishihara et al. 2007; Latourelle
et al. 2008a; Munhoz et al. 2008; Bras et al. 2008; Gorostidi et al. 2009; Alcalay et al.
2013), R1441G (Paisan-Ruiz et al. 2004; Mata et al. 2005; Ferreira et al. 2007; Bras et al.
2008; Gorostidi et al. 2009), R1441C (Zimprich et al. 2004), R1441H (Zabetian et al.
2005; Spanaki, Latsoudis, and Plaitakis 2006), Y1699C (Paisan-Ruiz et al. 2004;
Zimprich et al. 2004) and 12020T (Funayama et al. 2005). Apart from these monogenic-
disease associated mutations, GWAS have identified several polymorphisms within
LRRK2 to be associated with sporadic PD (Simdn-Sanchez et al. 2009b; Satake et al.

2009) (Figure 1.2).

The frequency of monogenic LRRK2 mutation varies depending on ethnicity and region.
Among Ashkenazi Jews, Moroccans, Algerians and Tunisians, carriers of G2019S
mutations account for 20 — 40% of familial PD and 10 — 30% of sporadic cases (Lesage et

al. 2005; Hulihan et al. 2008; Bouhouche et al. 2017; Ishihara et al. 2007; Alcalay et al.
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2013). Among North Americans of European origins, close to 2% of familial PD patients
are G2019S carriers, while 0 — 9% of sporadic cases have the allele (Ferreira et al. 2007;
Sierra et al. 2011; Cilia et al. 2014; Yescas et al. 2010; Johnson et al. 2007; Saunders-

Pullman et al. 2011).

11122V

11192V
LISIT 11371V 40000 M1S68T  T20138
R14410 R1514Q L1795F 120127
K544E R1067Q R1441H R1628P G2019s G2385R

12020T  T2356I
Y2006H

R1441C Y1699C

COR

Protein-protein interaction GTPase Dimerization Kinase  Protein-protein
interaction

Figure 1.2 Schematic representation of full-length LRRK2 with PD-associated variants.
Mutations that are pathogenic are shown in red. Amino acid substitutions that increase a risk of
developing PD and/or are putatively pathogenic are shown in green. LRRK2 variants that have
been identified in PD patients with uncertain pathogenicity are shown in black. Predicted
functions of LRRK2 domains are listed. Abbreviations: ARM, armadillo repeats; ANK, ankyrin
repeats; LRRs, leucine-rich repeats, ROC, Ras of complex protein GTPase domain; COR, C-
terminal of Roc; WD40, WDA40 repeats.

Recent GWAS results have also identified variants of LRRK2 as risk factor for idiopathic
PD. Most of single nucleotide polymorphisms (SNPs) are found within the promoter
region of LRRK2 (Nalls et al. 2014). While more in-depth analysis of these SNPs is
required, it is conceivable that these variants may contribute to the overall expression

level of LRRK2 protein.

LRRK2 mutations display an incomplete, age-dependent penetrance. Healy et al., have
analysed 133 families worldwide and have reported that for an individual with LRRK2

G2019S mutation, the risk of developing PD is 28% at age 59 years, 51% at 69 years, and
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74% at 79 years (Healy et al. 2008). Similarly, other research groups have reported age-
dependent partial penetrance of LRRK2 G2019S among Ashkenazi Jewish PD patients
(Marder et al. 2015), Arab-Berber PD patients from Tunisia (Hulihan et al. 2008), and
worldwide screening of 509 families (Latourelle et al. 2008b). LRRK2 R1441G mutation
also shows age-dependent penetrance of 12.5% at 65 years and of 83.4% at 80 years

among PD patients in the Basque Country (Ruiz-Martinez et al. 2010).

1.2.2 Clinical and neuropathological features of LRRK2 PD patients
LRRK2 mutations display clinical features that are indistinguishable from idiopathic PD.
The mean age of onset is around 60 years, similar to typical late-onset sporadic PD,
ranging from 28 to 82 years. LRRK2 PD patients develop slow and progressive resting
tremor, bradykinesia, rigidity, postural instability, and freezing. They respond to
dopamine replacement therapy, sometimes with accompanying L-DOPA dyskinesia,
mirroring key symptoms of sporadic PD (Ishihara et al. 2006; Kay et al. 2006; Trinh,

Guella, and Farrer 2014).

Although clinical symptoms resemble that of idiopathic PD cases, the neuropathological

features of LRRK2 PD are pleomorphic. The majority of LRRK2 PD brain autopsies have

reported a loss of nigral neurons and the formation of LBs in the brain stem (Giasson et al.

2006a; Ross et al. 2006). However, atypical neuropathological features have also been
observed, notably nigral neuronal loss without LB formation (Giasson et al. 2006a; Gaig
et al. 2007; Funayama et al. 2005), diffused LBs throughout the brain (Zimprich et al.
2004; Ross et al. 2006), or the presence of Tau pathology (Rajput et al. 2006; Khan et al.

2005; Ujiie et al. 2012).
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1.2.3 LRRK2 is a multi-domain, multi-functional enzyme
LRRK2 has 51 exons and encodes 2527 amino acids protein, consisting of four protein-
protein interaction domains and two enzymatic domains (Figurel.2). LRRK2 is a member
of the Roco protein family, also known as Ras-related GTPase family, in which the
structure of the enzymatic core is characterised by a Ras of complex proteins (Roc) G-
domain in tandem with the C-terminal of Roc (COR) domain (Bosgraaf and VVan Haastert
2003). The Roc domain has the GTP binding site and is adjacent to the COR domain,
which acts as a dimerization device (Marin, van Egmond, and van Haastert 2008;
Gotthardt et al. 2008; Gasper et al. 2009; Rudi et al. 2015). Four protein-protein
interaction domains surround this enzymatic core; N-terminal armadillo repeats (ARM),
ankyrin (ANK), and leucine rich repeat (LRR) domains along with the C-terminal WD40

domain.

Pathological mutations of are clustered within the enzymatic core of GTPase
(R1441C/HIG, Y1966C) and kinase (G2019S, 12020T) domains. Since the bona fide
cellular substrates of LRRK2 are not completely clarified, LRRK2 kinase activity has
been examined in cell-free systems using purified recombinant proteins. Studies have
consistently reported that the LRRK2 G2019S mutation enhances kinase activity in vitro
by two to eight-fold (West et al. 2005; Greggio et al. 2006; MacLeod et al. 2006; Guo et
al. 2007; Luzon-Toro et al. 2007; Imai et al. 2008; Anand et al. 2009). The effect of
12020T mutation is less consistent: some studies have reported an increase in kinase
activity (Gloeckner et al. 2005; West et al. 2007; Imai et al. 2008) while others have
observed no difference compared to WT (Luzon-Toro et al. 2007). Mutations within Roc-
COR domain, R1441C/H/G, and Y1966C, have been reported to reduce GTPase activity
(Guo et al. 2007; Lewis et al. 2007; Stafa et al. 2012; Liao et al. 2014; Xianting Li et al.

2007; Rudi et al. 2015).
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Whether there are any inter-regulatory mechanisms between the two enzymatic domains
has been an active area of research. Understanding this link would help to answer why
mutations in either GTPase or kinase domain equally lead to the same disease phenotype.
So far, in vitro assays have shown no link between the two activities, for mutants within
the Roc-COR domain do not alter LRRK2 kinase activity (Anand et al. 2009; Jaleel et al.
2007; Lewis et al. 2007). Also, providing non-hydrolysable GTP homologues, thereby
generating a constitutive GTP-bound LRRK2, does not change the kinase activity of

LRRK2 (Taymans et al. 2011; M. Liu et al. 2011).

It is possible that cell-free systems lack crucial factors that influence LRRK2 enzymatic
activity. Recent studies have reported that LRRK2 forms a dimer in intact cells by
various biochemical approaches, notably by co-immunoprecipitation of two differentially
tagged LRRK2 (Greggio et al. 2009), and by size-exclusion chromatography followed by
Native PAGE of LRRK2 protein extracts from LRRK2-overexpressing HEK 293T cells
(Sen, Webber, and West 2009). In both overexpression system and endogenous LRRK2,
it has been reported that LRRK2 predominantly exists as a monomer in the cytosol and as
a dimer at the cellular membrane (Berger, Smith, and Lavoie 2010; James et al. 2012;
Schapansky et al. 2014). Berger et al., have reported that isolated membrane-bound
dimeric LRRK2 displayed higher kinase activity in vitro by demonstrating higher
autophosphorylation level compared to cytosolic monomeric form (Berger, Smith, and
Lavoie 2010). Therefore, diverse factors may control LRRK2 enzymatic activity, notably
LRRK2 dimerization, cellular localisation, and interaction with yet to be identified
interactors. Thus, more biochemical understanding of LRRK2 activation mechanism in a
physiologically relevant setting (e.g. endogenous expression in a relevant cell type), is

merited to fully understand how GTPase and kinase activities are inter-regulated.
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1.2.4 Cellular functions of LRRK2 - what we know so far
LRRK2 has been implicated in almost every cellular pathway: endosome vesicle
trafficking; cytoskeleton reorganization; mitochondrial function; regulation of ER/Golgi
retromer complex; autophagy/lysosomal pathway and in various signalling pathways;
particularly wingless/int (wnt); TNF-o/Fas ligand (FasL)/Fas-associated protein with
death domain; mitogen-activated protein kinase (MAPK); and nuclear factor k-light-
chain-enhancer of activated B (NFkB) pathways (Loukia Parisiadou and Cai 2010; Hébig
et al. 2013; Wang et al. 2012; Saha et al. 2009; Cho et al. 2014; Gémez-Suaga et al. 2012;
Lépez de Maturana et al. 2016; Gardet et al. 2010; Chen et al. 2012). The long list of
potential cellular functions of LRRK2 makes it difficult to discern which of these

pathways reflect true functions of LRRK2.

Studies have also implicated the interaction of LRRK2 with various Rab GTPases
(Berger, Smith, and Lavoie 2010; James et al. 2012; Schapansky et al. 2014). Rab
GTPases regulate a variety of cellular processes by recruiting specific enzymes,
coordinating vesicle transport via interactions with cytoskeletal networks (Villarroel-
Campos, Bronfman, and Gonzalez-Billault 2016). Interestingly, LRRK2 has been
implicated in equally diverse roles, suggesting that LRRK2 may work in rapport with Rab
GTPases. Studies using yeast two-hybrid screening followed by GST pull down/co-
immunoprecipitation assays has suggested Rab5b as an interacting protein of LRRK2
(Shin et al. 2008). The same research group later reported that recombinant LRRK2
protein directly phosphorylates Rab5b at Thr7 residue in vitro (Yun et al. 2015a).
Additional interacting partners have been reported; Rab32 and Rab38 (Waschbiisch et al.
2014) by yeast two-hybrid screening, Rab7L1 (also known as Rab29) by high-throughput
protein-protein interaction arrays (Beilina et al. 2014). In Drosophila melanogaster, the

LRRK2 homolog has been reported to co-localise with Rab7 (Dodson et al. 2012).
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Recently, phosphoproteomic screens have identified endogenous LRRK2 phosphorylates
Rab10 at its Thr73 residue in mouse fibroblasts. In follow-up studies, a selection of Rabs,
Rab3, Rab8 and Rab12, were shown to be phosphorylated by LRRK2 at their Thr86,

Thr72, Thr73 residues, respectively in vitro and in HEK 293T cells (Steger et al. 2016).

In the next section, I will discuss our current understanding of possible cellular functions
of LRRK2 in its association with Rab GTPases (Figure 1.3). However, it should be noted
that, most of these observations have been made in LRRK2-overexpresison system. As
LRRK2 is a multidomain, dual-enzymatic protein, likely to have multiple interacting
partners, therefore, some of the reported functions/interactors require further validation at

the endogenous level.

1.2.4.1  Synaptic endocytosis
A set of Rab GTPases has been identified to regulate synaptic vesicle (SV) trafficking. In
general, Rab3a/b/c and Rab27b are involved in exocytosis (Fischer von Mollard et al.
1994) while Rab4, Rab5, Rab10, Rab11b and Rab14 are involved in the recycling of SVs

(Fischer von Mollard et al. 1994; Khvotchev et al. 2003; Schliter et al. 2002).

LRRK?2 has been described to localise on SVs in mouse cortical neurons (Piccoli et al.
2011) and hippocampal neurons (Shin et al. 2008). KD or overexpression of LRRK2
harbouring G2019S mutation has been reported to impair SV endocytosis in LRRK2
overexpressing PC12 cells (Shin et al. 2008), in Drosophila melanogaster neuromuscular
junctions (Matta et al. 2012), and in mouse hippocampal neurons (Shin et al. 2008;

Arranz et al. 2015). Transfecting human LRRK2 R1441C mutant in Drosophila

dopaminergic neurons also has been reported to impair SV endocytosis (Islam et al. 2016).

Although exactly how LRRK2 mediates SV endocytosis is not clear, several studies have

suggested that LRRK?2 interacts with numerous SV proteins, notably synaptojanin-1 and
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EndophilinA, which modify the SV membrane lipid content (Islam et al. 2016; Matta et al.
2012; Arranz et al. 2015) or N-ethylmaleimide sensitive factor (NSF), which is involved
in the fusion of SV with plasma membrane by SNARE (Soluble NSF-Attachment protein
REceptor) proteins (Belluzzi et al. 2016). Co-expression of pathogenic LRRK2 (R1441C
and G2019S) and a constitutively active form of Rab5 in rat primary hippocampal
neurons has been reported to rescue LRRK2 mutation-mediated impair of SV endocytosis
(Shin et al. 2008). Rab5 regulates the SV retrieval and transport by endocytosis (Fischer
von Mollard et al. 1994; de Hoop et al. 1994). Although this observation suggests a link
between LRRK2 and Rab5, more evidence is merited to clearly understand how LRRK2

regulate synaptic endocytosis in relation to Rab GTPases.

1.2.4.2  Neuronal outgrowth
During development of the nervous system, post-mitotic symmetric neuronal precursors
acquire highly asymmetric morphologies, forming a long axon with multiple short
dendrites. This process of elongation and specification of neurites involves dynamic
signalling pathways, cytoskeletal reorganization, and distribution of various membrane
organelles. Several Rab GTPases contribute to the neurite development by orchestrating
multiple cellular events: Trans-Golgi Network (TGN)-derived vesicles are transported to
newly growing axons (Rab6, 8, 10, 13, 33), early and late endosomes distribute
membrane receptors and adhesion molecules (Rab5, 7, 12, 22), and finally recycling
endosomes deliver a membrane supply and proteins (Rab4, 11, 35) (Villarroel-Campos,

Bronfman, and Gonzalez-Billault 2016).

Pathogenic mutations of LRRK2 have been reported to impair neurite outgrowth by
various cell and animal models, notably hiPSC-derived dopaminergic neurons, SH-SY5Y,
PC12 cells, primary rat neurons, primary mouse neurons (Reinhardt et al. 2013; Heo et al.

2010; MacLeod et al. 2006; L. Parisiadou et al. 2009; Dachsel et al. 2010; Winner et al.
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2011). The fact that a constitutively active form of Rab5 inhibits neuronal outgrowth (J.
Liu et al. 2007) and Rab5 has been suggested as an interacting partner of LRRK2 (Shin et
al. 2008; Yun et al. 2015b), led Heo et al., to propose an interplay between LRRK2 and
Rab5 in neuronal shortening. However, they observed that co-expressing pathogenic
LRRK2 with constitutively inactive Rab5 did not rescue LRRK2-mediated impair of
neurite outgrowth (Heo et al. 2010). If Rab5 were a true substrate of LRRK2, this
observation does not fully explain why LRRK2 G2019S mutation, with higher kinase
activity therefore generating an inactive form of Rab5, leads to a shortening of neurite
outgrowth. However, Heo et al., have also reported that KD of LRRK2 together with
expressing an active form of Rab5 rescued shortening of neurite caused by LRRK2
mutations (Heo et al. 2010). Since LRRK2 and its likely target Rab GTPases (Rab5, 7, 8,
10), are implicated in various cellular processes leading to neurite outgrowth pathogenic
LRRK2-mediated impairment of neuronal outgrowth probably occurs in combination of

several or all above events.

1.2.4.3  LRRK2 in autophagy/lysosomal pathways
Autophagy is a well conserved mechanism in which a cell degrades a range of materials
from protein aggregates to damaged organelles via the lysosomal pathway. Since many
neurodegenerative diseases, notably PD, AD, and Huntington’s Disease (HD), feature
accumulation of abnormal proteins (Banerjee, Beal, and Thomas 2010), how

dysregulation of autophagy contributes to a disease course has been actively investigated.

The basic mechanism of autophagy starts by sequestering the target inside an ER/trans-
golgi network (TGN)-derived lipid bilayer, forming a double-membrane autophagosome.
Microtubule-associated protein light chain 3 (LC3) is a crucial player of autophagy.
Cytosolic LC3-I is lipidated to LC3-Il1 which bind to the autophagosomal membrane.

Therefore LC3 has become a popular marker to observe autophagy activity (Kabeya et al.
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2000; Loos, du Toit, and Hofmeyr 2014). The final step involves the fusion of lysosome

with autophagosome, leading to a complete destruction of the target.

Various Rab GTPases are involved in the processing of autophagosomes. In brief, Rab4,
5, 7 are involved in maturation of autophagosomes by delivering necessary accessory
proteins, notably Beclin-1 complex (Ravikumar et al. 2008; Talaber et al. 2014; Bains et
al. 2011). Rab1, 9, 11 are involved in recycling and transporting cargo proteins to and
from TGN (Longatti et al. 2012; Nozawa et al. 2012). Rab32 is involved in biogenesis of
lysosome-related organelles (Hirota and Tanaka 2009). Rab24 delivers LC3 to
autophagosomes (Munaf6 and Colombo 2002). Rab8 takes a part in the unconventional
export pathway of the proinflammatory cytokine, IL-1B, together with autophagy protein

5 (ATGD), inflammasome (Dupont et al. 2011).

LRRK?2 has been reported to colocalise with LC3 and have been found within autophagic
organelles including multivesicular bodies (MVBs) and autophgolysosomes (Alegre-
Abarrategui et al. 2009). Ectopic overexpression of these pathogenic mutants in HEK
293T cells or in SH-SY5Y cells has also resulted in decreased LC3 turnover, leading to
accumulation of autophagic vacuoles (Alegre-Abarrategui et al. 2009; Plowey et al. 2008;
Bravo-San Pedro et al. 2013). This was also observed in iPSC-derived dopaminergic
neurons from LRRK2 G2019S PD patients (Reinhardt et al. 2013) and in R1441C and

G2019S LRRK2 transgenic mice (Ramonet et al. 2011).

1.2.4.4 Regulation of immune responses
Endogenous LRRK2 is highly expressed in subsets of immune cells in the presence of
IFNy (Gardet et al. 2010; Gillardon, Schmid, and Draheim 2012; Kuss, Adamopoulou,
and Kahle 2014; Thévenet et al. 2011). Rab GTPases also play an important role in the

immune system. For example, phagocytosis is highly coordinated by various Rab
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GTPases, notably Rab1,4 5,7,10,11 (Gutierrez 2013; Pei, Bronietzki, and Gutierrez 2012).
As the role of LRRK2 in the immune system is the main theme of the thesis, the current
literature will be reviewed and experimental evidence of potential LRRK2 function in the

immune system will be discussed throughout the results chapters.
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Figure 1.3 Schematic view of LRRK2-associated cellular pathways in association with Rab
GTPases. Rab GTPases that have been reported to interact with LRRK2 are shown in red. LC3,

Microtubule-associated protein 1A/1B-light chain 3; ER, endoplasmic reticulum.

1.2.5 LRRK2 kinase inhibitors
Developing LRRK2 kinase inhibitors has been the focus of the development of potential
treatment of PD (Figure 1.4). LRRK2-IN-1 was the first generation of selective LRRK2
kinase inhibitor, which was characterised by a high-throughput kinase screening of 442

kinases (Deng et al. 2011). This compound had an ICso of 13.0 nM for WT and 6.0 nM



for G2019S LRRK?2 protein, therefore, was widely used in the early studies. However, a
few years later, LRRK2-IN-1 was shown to have multiple off-targets, particularly ERKS5,
which is involved in JAK/STAT pathway-mediated LRRK2 expression in immune cells
(Kuss, Adamopoulou, and Kahle 2014; Luerman et al. 2014). CZC-54252 and CZC-
25146 compounds are potent against LRRK2, with ICsq of 1.28 nM for WT and 1.85 nM
for G2019S LRRK2 protein. These compounds only inhibited five to ten of 185 other
kinases screened (Ramsden et al. 2011) Unfortunately, both CZC compounds and
LRRK2-IN-1 cannot cross the BBB, therefore, were less favourable for clinical

applications.

Second generation LRRK2 kinase inhibitors involve small compounds with high BBB
permeability and potency against LRRK2. HG-10-102-1 was the first compound reported
to penetrate the BBB and inhibit LRRK2 activity in mouse brain (Choi et al. 2012).
However, its potency against LRRK2 was about 10 times lower than the first-generation
inhibitors (ICsop of 20.3 nM for WT and 3.2 nM for G2019S LRRK2 protein).
GSK2578215A and GNE-7915 are potent, BBB-permeable drugs. They have ICs of 10.9
nM and 9 nM for WT LRRKZ2, respectively, and their efficiency was tested in rats (Reith
et al. 2012; Hatcher et al. 2017; Estrada et al. 2012). The most recent LRRK2 inhibitor is
MLi-2. 1t is highly potent (ICso of 0.8 nM for WT and 0.76 nM for G2019S LRRK?2

protein) and is able to cross the BBB (Fell et al. 2015).

Unfortunately, currently available LRRK2 kinase inhibitors have been developed by
high-throughput screening rather than structure-based drug design. This is because the
high-resolution structure of full-length LRRK2 protein by X-ray crystallography, NMR,
or Cryo-EM s currently unobtainable due to the technical challenges of purifying
sufficient amount of full-length LRRK2 protein. Because ATP binding sites are highly

conserved across kinases, LRRK2 kinase inhibitors face a risk of unknown kinases being
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inhibited in the cell. Furthermore, without knowing the true physiological substrates of
LRRKZ2, the direct evidence that any of these LRRK2 kinase inhibitors do inhibit LRRK2

kinase activity in physiological circumstances is questionable.
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Compound Offtarget kinases/Total tested
WT G2019S penetrance
LRRK2-IN-1 13.0 6.0 No 12/442
CZG5H4252 1.28 1.85 No 10/185
CZC25146 4.76 6.87 No 5/185
HG-10402-01 20.3 3.2 Yes 2/451
GSK-2578215A 10.9 8.9 Yes 2/451
GNE-7915 9.0 3.0 Yes 2/451
ML-2 0.8 0.8 Yes 5/308

Figure 1.4 LRRK2 Kkinase inhibitors. LRRK2 kinase inhibitors used in this thesis were
highlighted in box.
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1.3 Modelling Parkinson’s disease

1.3.1 Criteria for an ideal model
The ideal model of PD should reflect key pathological and clinical features of PD. These
includes the selective degeneration of nigral dopaminergic neurons, the formation of LBs
and LNs containing asyn, and motor deficits that are responsive to L-DOPA treatment.
Furthermore, age-dependent onset and progressive debilitation of pathology should be
reflected to capture any compensatory changes occurring over the course of PD
progression. Unfortunately, there is no single model which meets all of above criteria. In
this section, | review most of the commonly used strategies to model PD, and discuss

their advantages and disadvantages.

1.3.2 Animal models of PD

1.3.21  Toxin-based animal models
The standard toxin-based animal models are generated by using neurotoxins that
selectively cause lesions in the SNpc. The most commonly used neurotoxins are 6-
hydroxydopamine (6-OHDA), MPTP, paraquat, and rotenone. 6-OHDA is a hydroxylated
analogue of dopamine and can be taken up by both noradrenergic and dopamine
transporters, inducing degeneration in both systems (Ungerstedt 1968). Because of this,
and its inability to cross the BBB, 6-OHDA is injected stereotactically into the midbrain
region. 6-OHDA is oxidized in the cytosol, generating reactive oxygen species, which
ultimately cause oxidative stress-mediated cytotoxicity although the exact molecular
mechanisms have not been elucidated (Van Kampen, McGeer, and Stoessl 2000; Saner

and Thoenen 1971).

MPTP, on the other hand, is lipophilic, therefore, can readily cross the BBB and induce

nigral dopaminergic neurodegeneration. Once in the brain, MPTP is taken up by
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astrocytes, metabolized by monoamine oxidase-B (MAO-B), and converted to the active
toxic form, MPP+. MPP+ is then selectively taken up by dopaminergic neurons through
dopamine transporters (DATS). MPP+ induces neurotoxicity by inhibiting complex | of
the mitochondrial electron transport chain, leading to ATP depletion and accumulation of
free radicals (Nicklas, Vyas, and Heikkila 1985; Mizuno, Sone, and Saitoh 1987; Dauer

and Przedborski 2003).

Paraquat is one of the most widely used herbicides and has structural similarity to MPP+.
While MPP+ cannot cross the BBB, paraquat can, potentially through the neutral amino
acid transporters (Shimizu et al. 2001; McCormack and Di Monte 2003). As the BBB
becomes more permeable with age (Kleine, Hackler, and Zofel n.d.; Wu et al. 2016),
accumulation of paraquat in the brain has been reported to be age-dependent (Widdowson
et al. 1996). Paraquat is not taken up by DAT therefore it is still not clear how paraquat
causes degeneration of nigral dopaminergic neurons. Once inside the cell, cytotoxicity is
induced by accumulation of superoxide radicals generated by cyclic reduction and
oxidation of paraquat by NADPH and nitric oxide synthase (Bus, Aust, and Gibson 1976;

Day et al. 1999).

Lastly, rotenone is a lipophilic pesticide, which is able to cross the BBB. Once in the cell,
it inhibits complex | of the electron transport chain, inducing oxidative stress. Rotenone
can enter any cells without using specific transporters, yet systemic injections of rotenone
selectively affect nigral dopaminergic neurons, consistent with the notion that nigral
dopaminergic neurons are intrinsically vulnerable to oxidative stress (Marey-Semper,

Gelman, and Lévi-Strauss 1995; Huang et al. 2009).

The major advantage of using neurotoxin-models is that they all display motor deficits

accompanied by degeneration of nigral dopaminergic neurons. Therefore, they have been
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used extensively as preclinical models to assess the anti-parkinsonian effect of newly
developed therapeutic treatments. However, neurotoxins cause acute damage to neurons,
failing to recapitulate the progressive nature of PD pathology. Additionally, none of these
neurotoxin-based animal models display asyn containing LBs, which is another key
neuropathological component of PD (Huang et al. 2009; Kleine, Hackler, and Zéfel n.d.;

Wu et al. 2016; Mizuno, Sone, and Saitoh 1987; Dauer and Przedborski 2003).

1.3.2.2  Genetic animal models
Genetic animal models are generated by manipulating PD-causing genes mostly in
rodents but also in Drosophila melanogaster, or Caenorhabditis elegans. Unlike
neurotoxin models, genetic models better recapitulate the progressive nature of PD.
However, most transgenic rat or mouse models have failed to display key pathological
and clinical features of PD, namely dopaminergic neurodegeneration, presence of LBs,
and motor deficits are lacking (Dawson, Ko, and Dawson 2010). For example, it has been
consistently reported that LRRK2 KO mice or rats do not display any motor-symptoms,
dopaminergic neurodegeneration or asyn accumulation (Lin et al. 2009; Y. Tong et al.
2010; Youren Tong et al. 2012; Bichler et al. 2013). Instead, kidney abnormalities have
been consistently reported in LRRK2 KO rodents (Youren Tong et al. 2012; Baptista et al.
2013; Ness et al. 2013). On the other hand, LRRK2 G2019S transgenic mice show
selective degeneration of nigral dopaminergic neurons but do not display any motor
symptoms or formation of LBs (Ramonet et al. 2011; Chen et al. 2012; Zhou et al. 2011).
However, the generation of transgenic mice often leads to the promiscuous expression of
the transgene, resulting from the random insertion of multiple copies of transgene
(Matthaei 2007). To overcome this problem, bacterial artificial chromosomes (BAC) can
be used as BAC constructs are larger and contain all the regulatory elements to drive gene

expression. BAC transgenic constructs generally integrate within the genome at lower
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copy number (1 — 10 copies). Using this approach, two groups have observed any
dopaminergic neurodegeneration, accumulation of asyn, or motor deficits in BAC mice
expressing human LRRK2 G2019S mutant (Melrose et al. 2010; X. Li et al. 2010).
However, BAC R1441C mutant rats and mice have been reported to exhibit motor

deficits that are L-DOPA responsive (Sloan et al. 2016).

1.3.3 Modelling PD using human induced pluripotent stem cells
The idea that fully differentiated cells can regain their pluripotency was first shown
experimentally by John Gurdon using Xenopus in 1958 (Gurdon, Elsdale, and Fischberg
1958). In 2006, Shinya Yamanaka discovered that four transcription factors, Oct4, Sox2,
KIf4 and c-Myc, collectively known as Yamanaka factors, can “reprogram” mouse
somatic cells back to pluripotent stem cells, which display similar gene expression profile
and development potential to embryonic stem cells (K. Takahashi and Yamanaka 2006).
These cells are termed induced pluripotent stem cells (iPSCs). The successful generation

of iPSC from human fibroblasts followed within a year (K. Takahashi et al. 2007).

Since then, iPSC technology has become widely used for modelling various diseases in a
dish, testing efficacy of potential therapeutic drugs, and developing clinical applications
for cell-replacement therapy. Although the human neuroblastoma cell line, SH-SY5Y,
immortalized rat dopamine cell line, N27, murine microglia-like BV-2, or M®-like
RAW264.7 cells (Henn et al. 2009; Westerink and Ewing 2008; Clarkson et al. 1998; M.
G. Thomas et al. 2013; Lopes et al. 2010) have been used to dissect molecular functions
of PD-associated proteins in vitro, these immortalized or transformed cell lines do not
faithfully reflect the physiology of human cells. Human iPSCs can overcome this
problem, allowing one to investigate the molecular functions of PD-associated proteins

using authentic human cells that reflect normal physiology.
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Human iPSCs also can be an attractive alternative to primary cells from human donors.
The major drawback of using primary cell lines is the limited accessibility and
availability of disease-relevant cell types, notably dopaminergic neurons or microglia.
Patient fibroblasts-drerived iPSCs, on the other hand, can be expanded indefinitely and
differentiated into any cell types. Currently, various protocols are available to
differentiate these iPSCs into PD-relevant cell types - dopaminergic neurons (Kriks et al.
2011), cortical neurons (Shi, Kirwan, and Livesey 2012), M®ds (van Wilgenburg et al.
2013), astrocytes (TCW et al. 2017), and microglia (Haenseler et al. 2017). Differentiated
cells can be used for subsequent molecular, biochemical in vitro experiments as well as

for patient-matched cell-replacement therapy.

One of the major drawbacks of human iPSCs is that the differentiation potential of iPSC
lines can be influenced by residual epigenetic memory of the parental fibroblasts as a
result of incomplete reprogramming (K. Kim et al. 2011; Ohi et al. 2011; Bar-Nur et al.
2011). Additionally, during the generation of iPSCs, cellular age is erased and most of the
differentiated cells display immature, fetal-like phenotypes (Robertson, Tran, and George
2013; Studer, Vera, and Cornacchia 2015), which throws their applicability in modelling
age-associated, late-onset disease like PD into question. This can be partly overcome by
direct differentiation from fibroblasts. It has been reported that direct differentiation of
neurons (Mertens et al. 2015) and astrocytes (Tian et al. 2016) from fibroblasts retains
cellular age. However, only limited starting materials can be obtained using this approach
compare to hiPSCs which are expandable. Also, a recent study has reported that after the
extended culture (about six months) of hiPSC-differentiated dopaminergic neurons
displayed spliced tau isoforms which are normally found in the adult brain (Beevers et al.

2017).
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Lastly, culturing one cell type fails to fully reflect the complex cell-to-cell interaction
present in vivo. To address this problem, co-culture models can be helpful. For example,
by co-culturing microglia and neurons differentiated from the same iPSC source can
serve as an ideal platform to investigate the involvement of microglia in

neuroinflammation-mediate pathology of PD (Haenseler et al. 2017).

1.3.4 Gene-editing technologies
Gene-editing technologies have greatly enhanced the applicability of iPSCs. Notably, the
problem of iPSC line-to-line variations can be minimised by either correcting PD-causing
mutations in patient-derived iPSC lines or by introducing mutations in control iPSC lines
(Liang and Zhang 2013). Genetically matched, isogenic iPSC lines faithfully capture the
impact of pathogenic alleles. Furthermore, primary cells that are resistant to genetic
manipulations (e.g. M®s or microglia), can be genetically engineered at the stem cell
level. Finally, by tagging a reporter protein or KO of a gene, iPSC combined with editing
technology offers sophisticated ways to investigate molecular function of PD-implicated

proteins in these cell types.

Precise genome editing can be achieved by programmable nucleases that introduce DNA
double strand breaks (DSBs) at specific loci. Subsequently, recruitment of endogenous
repair machinery either results in non-homologous end-joining (NHEJ) or homology
directed repair (HDR) to restore DSB lesion site. NHEJ generates error-prone small
indels, resulting in the production of non-functional truncated proteins or mRNA
degradation by nonsense-mediated decay (Hentze and Kulozik 1999). HDR machinery
uses a DNA template to repair the lesion site, therefore, a specific change of DNA
sequence is possible. For example, HDR can be used to repair PD-causing mutations,
restoring the gene function (Choulika et al. 1995; Krejci et al. 2012; Bibikova et al. 2003;

Plessis et al. 1992).
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Using this principle, three major reprogrammable nucleases — zinc finger nucleases
(ZFNs), transcription activator like effector nucleases (TALENSs), and CRISPR-
associated nuclease Cas9 - have been employed to specifically modify gene of interest
(Figure 1.5). Both ZFNs and TALENSs contain a DNA-binding domain and bacterial Fokl
nuclease domain which cleaves DNA upon dimerization. The sequence specificity is
determined by the DNA binding domain. ZFNs consist 3 — 6 zinc finger proteins, each
recognizes DNA sequence in triplet while TALENSs consists of 33 — 35 transcription
activator like effectors (TALESs), each recognizing a single nucleotide (Y. G. Kim, Cha,
and Chandrasegaran 1996; Bibikova et al. 2003; Miller et al. 2007; Boch et al. 2009;
Christian et al. 2010). Although both systems have proven their efficiency in various
models, the use of ZFNs and TALENs has been greatly hampered by the painstaking

process of engineering DNA-binding modules.

Clustered regularly interspaced short palindromic repeats (CRISPR)/Cas (CRISPR-
associated)-9 system consists of a Cas9 endonuclease that is directed to cleave a target
sequence by a guide RNA (gRNA) (Bolotin et al. 2005; Barrangou et al. 2007; Garneau
et al. 2010; Jinek et al. 2012; Cong et al. 2013). By using a simple gRNA, CRISPR/Cas-9
system circumvents the problem of using bulky protein modules. Target specificity is
simply determined by approximately 20 nucleotide sequence adjacent to the protospacer
adjacent motif (PAM), 5’-NGG, allowing to an easy way to target any genomic location
of choice. Additionally, use of short gRNAs enables multiplexed targeting by applying a
library of gRNAs (Kabadi et al. 2014). Since the method offers a much simpler, efficient,
and cost-effective way to introduce DSB, CRISPR/Cas9 system has rapidly replaced

ZFNs and TALENS.

However, along with ZFNs and TALENs, CRISPR/Cas-9 system confers potential off-

targets. It has been shown that Cas9 tolerates mismatches within the seed region of
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gRNAs, depending on the number, position, and distribution of mismatches (Fu et al.

2013; Mali et al. 2013; Pattanayak et al. 2013). To minimize the off-targets and to

improve fidelity of target recognition, Cas9 nickase (D10A mutant) has been engineered

to generate a single-stranded break, requiring a pair of gRNAS to recognise the target site

of interest (Ran et al. 2013).
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Figure 1.5 A diagram showing three major programmable nucleases. ZFN, TALEN, and
CRISPR/Cas9 all collectively lead to DBS, which can be repaired by either NHEJ, which

generally result in KO of gene expression by indels, or HDR, which can be used to precisely

modify gene of interest - by correcting disease-causing mutation or by tagging a reporter protein

to gene of interest. DBS, double strand break; NHEJ, non-homologous end joining; HDR,

homology directed repair.



1.4 Aims of the thesis

The overarching aim of this thesis is to investigate the role of LRRK2 in M®s and
microglia and to interrogate whether LRRK2 contributes to PD progression by impairing
their functions. To examine functions of LRRK2 in the most physiologically-relevant cell
model, this thesis uses genetically-tractable, authentic human M®s and microglia
differentiated from iPSCs. Chapter 3 explores various regulatory mechanisms of LRRK2
protein in hiPSC-M®s. Chapter 4 investigates the involvement of LRRK2 in
phagocytosis. Lastly, chapter 5 uses hiPSC-microglia, cortical neuron co-culture to

examine the role of LRRK2 in inflammatory cytokine release.
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Materials and Methods
1.1 Cell culture
1.1.1 List of materials and media
Supplier Catalogue number
2-mercaptoethanol (2-ME) Life Technologies 31350
Advanced DMEM F12 Thermo Fisher 12634-010
AggreWell™ Stem Cell Technologies 27865
B27 supplement Thermo Fisher 17504044
BD Matrigel BD Biosciences 354277
Costar™ Cell Culture Plates Fisher Scientific 3524
Dispase Thermo Fisher 17105041
Dorsomorphin Tocris 3093
Fibroblast growth factor 2 Invitrogen PHG0024
GlutaMax Thermo Fisher 35050-038
GM-CSF Invitrogen PHC2015
IL-3 Life Technologies PHCO0033
IL-34 PeproTech 200-34
Insulin Sigma 16634
KO DMEM Invitrogen 10829018
KO serum replacement Invitrogen 10828028
M-CSF Life Technologies PHC9501
N2 supplement Life Technologies 17502048
Neurobasal medium Thermo Fisher 21103-049
Non essential amino acid Life Technologies 11140
Penicillin/Streptomycin (P/S) Life Technologies 15140
Rock inhibitor Y-27632 Tocris 1254
SB431542 Tocris 1614
StemPro Accutase Thermo Fisher A1110501
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TrypLE Gibco by Life Technologies 12604013

X-Vivo-15 Scientific Laboratory Supplies LZBEO2-060F

Table 2.1 List of reagents used for differentiation

Media Composition

M differentiation

EB differentiation medium mTeSR, 50 ng/mL BMP4, 50 ng/mL VEGF, 20 ng/mL SCF
X-VIVO-15, 100 ng/mL M-CSF, 25 ng/mL IL-3,

Factory medium 2 mM Glutamax, 100U/mL P/S, 0.055 mM 2-ME
X-VIVO-15, 100 ng/mL M-CSF, 2 mM Glutamax,

M® differentiation medium 100 U/mL P/S, 0.055 mM 2-ME

Microglia-cortical neuron co-culture

10 mL Neural maintenance medium, 10 puL SB431542, 10 uL

Neural induction medium Dorsomorphin

500 mL Advanced DMEM F12 + N2 supplement, 0.25 mL
Insulin, ImL 2-ME, 2.5 mL P/S, 10 mL B27, 5 mL GlutaMax,

Neural maintenance medium 500 mL Neurobasal medium

Advanced DMEM F12 + N2 supplement, 100 ng/mL IL-34,

Microglia-neuron co-culture medium 10 ng/mL GM-CSF

Table 2.2 List of media used for differentiation

1.1.2 hiPSC cultures
Fibroblasts were derived from skin biopsies collected from PD patients and healthy
controls recruited through the Oxford Parkinson’s Disease Centre and StemBANCC
projects (participants were recruited to the study having given signed informed consent,
which included mutation screening and derivation of hiPSC lines from skin biopsies
(Ethics committee: National Health Service, Health Research Authority, NRES
Committee South Central — Berkshire, UK, who specifically approved this part of the
study - REC 10/H0505/71). All hiPSC lines were generated by Jane Vowles or Cathy
Browne in the James Martin Stem Cell Facility, using the commercial kit Cytotune (Life

Technologies), comprising four human reprogramming factors, Oct3/4, Sox2, Klf4, and
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cMyc delivered using Sendai virus. Bulk stocks of each line were generated and banked
in nitrogen vapour, and quality-control checked for mycoplasma, sterility, viability, Tra-
1-60 and Nanog expression by FACs. Additionally, Illumina human SNP karyotyping
and transcriptome analysis followed by PluriTest (Miller et al. 2011) were applied to
screen for genome integrity and pluripotency respectively. During derivation and for
specific applications, iPSCs were cultured as discrete colonies on feeder layers of MEF in
KO-DMEM medium supplemented with 2 mM GlutaMax, 1% non-essential amino acids,
10% KO-serum replacement and 10 ng/mL fibroblast growth factor 2 (FGF2) (all from
Invitrogen). For routine culture, using feeder free cell culture, hiPSC colonies were
grown in Matrigel-coated tissue culture plates in mTeSR medium (StemCell
Technologies) and passaging was routinely carried out as small cell clusters using PBS
with 0.5 M EDTA (Gibco) or for specific applications by TrypLE (Gibco) and 10 uM
Rock inhibitor Y27632 (Tocris). The list of hiPSC lines used in this thesis is listed in

Table 2.3 and their SNP analysis results are attached in the Appendix.

Label ﬁblr?)slfast ID of iPSC clone Diagnosis Genotype Gender Age(;efaBrls(;psy Rep:zi::r:;nlng

Ctrl-1 [J SFC840 SFC840-03-03 Healthy WT/WT F 67 Cytotunel
Ctrl-1.17 O SFC840 SFC840-03-03 D10 CRISPR/Cas-9 edited -/-
Ctrl-1.27 O SFC840 SFC840-03-03 C11 CRISPR/Cas-9 edited -/-

Ctrl-2 [ SFC856 SFC856-03-04 Healthy WT/WT M 78 Cytotunel

Ctrl-3 SBAD SBAD-02-01 Healthy WT/WT F 36 Cytotunel
PatC201s/wT A SFC832 SFC832-03-06 PD G2019S/WT F 77 Cytotunel
pPatWT/wT ° SFC832 SFC832-03-06 CRISPR/Cas-9 edited WT/WT

Table 2.3 List of hiPSC lines used in this thesis. Published worked with SFC840-03-03 can be
found in (Fernandes et al. 2016), SFC856-03-04 (Haenseler et al., 2017b).

1.1.3 Differentiation of M® from hiPSCs
M® differentiation protocol was developed in our lab (Figure 2.1) (van Wilgenburg et al.
2013). Feeder-free hiPSC were lifted in single cell suspension with TrypLE and
approximately 4 x 108 cells were transferred onto each well of Aggrewell plate in EB

differentiation medium containing 50 ng/mL BMP4, 50 ng/mL VEGF, and 20 ng/mL
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SCF to induce mesoderm, hemogenic endothelium and hematopoietic precursors.
Alternatively, hiPSC colonies grown on MEFs were scraped manually with a cell scraper
and transferred into low attachment plates (Corning Costar; CLS3471) where cultures
were matured in embryoid body (EB) differentiation medium. After 4 days, EBs were
redistributed into T175 flasks (Corning, CLS431080) with factory medium. After about
three weeks, M® precursors emerging into the supernatant were harvested, passed
through a 40 uM strainer, centrifuged 5 minutes at 400 g and were further differentiated
into M®s in M® differentiation medium on Greiner tissue culture plates or 10 cm? tissue
culture dishes. Cells were given a 50% medium change at day 4 and used for experiments

after 1 week of differentiation.

Embryoid body Myeloid differentiation Mo
maturation differentiation

| | | N
I 4 days | 21 days | 7 days

+BMP4 (50ng/ml) +MCSF (100ng/ml) +MCSF (100ng/ml)

+VEGF (50ng/ml) +IL-3 (25ng/ml)

+SCF (20ng/ml)
—> —
hiPSC EmbryOId Mo precursors Differentiated M®ds

Bodies (EBs)

Figure 2.1 Differentiation of M®s from hiPSCs. BMP4, Bone Morphogenetic Protein 4; VEGF,
Vascular Endothelial Growth Factor; SCF, Stem Cell Growth Factor; M-CSF, Macrophage
Colony Stimulating Factor; IL-3, Interleukin-3.

1.1.4 hiPSC-microglia, cortical neuron co-culture
Differentiation of cortical neurons from hiPSCs was performed based on the protocol (Shi,

Kirwan, and Livesey 2012). Once the hiPSC culture approached 100% confluence, cells
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were incubated in neural induction media and were fed every 2 days with fresh medium.
On day 12 after induction, neural stem cells (NSCs) were lifted and plated onto laminin-
coated wells. For laminin-coating, 1 mL of 10 pg/mL laminin in PBS were applied and
coated at 37°C at least for 4 h. 200 pL of dispase was added directly to the cell culture in
the well. After 3 — 30 min incubation at 37°C, NSCs should start detaching, and they were
removed by pipetting carefully two or three times from the edge. The cells were then
cultured overnight in neural induction medium overnight at 37°C. The next day, medium
was changed to neural maintenance medium containing 20 ng/mL of FGF2 and NSCs
were further cultured for four days. After 4 days of FGF2 treatment, FGF2 was
withdrawn and cells were passaged 1:2 with dispase when rosettes start to meet. On day
25 after induction, cells were dissociated with accutase at a ratio of 1:1 and kept in neural
maintenance medium with a fresh media change every other day. On Day 29, cells were
either frozen in neural freezing medium (10 % DMSO in neural maintenance medium
with 20 ng/mL of FGF2) or continued to be cultured until Day 35 for co-culture
experiment. To thaw the neurons, they were first partially thawed in 37°C water bath and
then were transferred into 10 volumes of RT neural maintenance medium. Cells were
centrifuged once at 400 g for 3 min and were resuspended in 2 mL of neural maintenance
medium containing 20 ng/mL of FGF2. The following day, FGF2 was withdrawn and

neurons were cultured in neural maintenance medium.

The hiPSC-differentiated microglia, cortical neuron co-culture model was developed by
Dr. Haenseler in our laboratory (Haenseler et al. 2017). Prior to the addition of M®
precursors, Day 29 cortical neurons were first plated at a density of 50, 000 cells per cm?
and were matured for another 14 days. 100, 000 cells per cm? of M® precursors in
microglia differentiation medium were added to the cortical neurons. Experiments were

performed after 14 days of differentiation in co-culture.
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1.2 Protein analysis

1.2.1 List of buffers and materials

42

Name Supplier Catalogue number
Bovine Serum Albumin (BSA) Sigma AT7906
cOmplete, Mini, EDTA-free protease inhibitor Roche 4693159001
Dimethyl pimelimidate dihydrochloride (DMP) Sigma D8388
DMSO Sigma D2650
G Sepharose beads Sigma P3296
iBind Flex Cards Thermo Fisher SLF2010
iBind Flex Fluorescent Detection (FD) solution kit Thermo Fisher SLF2019
iBind Flex Western Device Thermo Fisher SLF2000
Normal donkey serum Sigma D9663
NUPAGE 3 - 8% Tris-Acetate gel Invitrogen EAO0375
NuPAGE Antioxidant Invitrogen NPO005
NUPAGE LDS sample buffer (4X) Invitrogen NP0007
NUPAGE Sample Reducing Agent (10X) Invitrogen NP0004
NUuPAGE Transfer buffer (10X) Invitrogen NP0006
NUPAGE Tris-Acetate SDS Running Buffer (20X) Invitrogen LA0041
Odyssey Blocking buffer (PBS) Li-Cor 927-40000
PBS Lonza BE17-516F
Phophatase inhibitor cocktail 2 sigma P5726-1ML
Pierce 1-Step Transfer Buffer Thermo Fisher 84731
Pierce Power Blotter Thermo Fisher 22834
PVDF membrane Thermo Fisher 22860

Table 2.4 List of reagents used for protein analysis

Buffers Composition

Base buffer

50 mM Tris-HCI (pH 8.0), 150 mM NaCl, 0.5 mM EDTA

10 mL base buffer, 1 tablet of protease inhibitor, 100 pL of phosphatase

Lysis buffer inhibitor, 1% Maltoside
10 mL base buffer, 1 tablet of protease inhibitor, 100uL of phosphatase
Wash buffer (IP) inhibitor

Elution buffer (IP)

50 mM Tris-HCI (pH 8.0), ImM EDTA, 1% SDS, 100 nM DTT

Blocking buffer (IF)

5% BSA, 10% Normal Donkey Serum (NDS), 0.05% NaN3zin PBS

FACS buffer

PBS, 10 pg/mL human serum 1gG + 1% FBS

Table 2.5 List of buffers used for protein analysis



Supplier Cat No. Species WB IF
Calnexin Abcam ab22595 Rabbit 1:5000 | 1:200
Catalase Cell Signaling D4P7B Rabbit 1:800
CDC37 Abcam ab166723 Rabbit 1:100
IBA1 Abcam ab5076 Goat 1:200
LAMP-1 Cell Signaling D2D11 Rabbit 1:1000 | 1:200
LRRK2 N-Term (N138/6) NeuroMAB 73-188 Mouse 1:1000 | 1:1000
LRRK2 C-Term
(N241A/34) NeuroMAB 75-266 Mouse 1:1000 | 1:1000
LRRK2 phospho S935 Abcam ab133450 Rabbit 1:500
MAP2 Abcam ab32454 Rabbit 1:1000
pan-14-3-3 Thermo Fisher 51-0700 Rabbit 1:500 1:100
Rab4 Cell Signaling D36C4 Rabbit 1:1000 | 1:100
Rab5 Cell Signaling 3347 Rabbit 1:200
Rab7 Cell Signaling 9367 Rabbit 1:200
Rab8 Cell Signaling D22D8 Rabbit 1:200
Rab9 Cell Signaling 5118 Rabbit 1:200
Rab10 Cell Signaling D36C4 Rabbit 1:1000 | 1:200
Rab1l Cell Signaling 5589 Rabbit 1:200
Tsgl01 Abcam ab30871 Rabbit | 1:5000 | 1:200
a-Tubulin Sigma T5168 Mouse 1:5000
Table 2.6 List of primary antibodies
Supplier Cat No. Species WB IF
Rabbit 1gG (IRDye 680RD) Li-Cor 926-68071 Goat 1:10,000
Mouse IgG (IRDye 800CW) Li-Cor 926-32210 Goat 1:10,000
Mouse IgG . ]
(Alexa 647 conjugated) Life Technologies A31571 Donkey 1:500
Rabbit 1gG . .
(Alexa 568 conjugated) Life Technologies A10042 Donkey 1:500
Goat 1gG Life Technologies A11055 Donkey 1:500

(Alexa 488 conjugated)

Table 2.7 List of secondary antibodies
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1.2.2 Preparation of cell lysates
For western blot analysis, adherent M®s were washed with ice-cold PBS and then lysed
directly by adding lysis buffer to a final concentration of 1x10° cells/uL. Using cell
scrapers, cells were transferred into Eppendorf tubes and further lysed for 10 min in ice.
For immunoprecipitation, M®s were first detached from 10 cm? dish by incubating them
with warm TrypLE for 5 min and harvested using cell scrapers. Cells were washed in
PBS, spun down at 400 g for 5 min and then lysed in lysis buffer to a final concentration
of 20 — 24 x 108 cells/mL in ice for 30 min. Cell lysates were then centrifuged at 17,000
rpm for 20 min at 4°C. Pellets were discarded and supernatants were used for subsequent

protein analysis.

1.2.3 Western blot
The cleared lysate was mixed with 4x NUPAGE LDS (lithium dodecyl sulphate) sample

buffer and 10x NuPAGE sample reducing agent and heated for 10 min at 70 °C. Each

sample containing 25 — 30 pg of protein was loaded into either 3-8% Tris-Acetate or 4-12%

Bis-Tris NUPAGE pre-cast gels. Electrophoresis was performed for 60 min at 120 V
using NUPAGE SDS running buffer. Proteins were transferred onto polyvinylidene
difluoride (PVDF) membrane using Pierce Powerblotter system. Gels were sandwiched
with filter papers, PVDF membrane that were pre-soaked with Pierce 1-Step Transfer
Buffer. Pre-Programmed Methods for high MW (>150kDa) (18 V, 1.3A, 10 min) was
used to transfer LRRK2. Membrane was blocked with 5% (w/v), BSA (Sigma) in TBS-T
or commercially available blocking buffer (Li-Cor) and blotted overnight at 4°C with the
relevant primary antibodies. Following incubation with relevant secondary antibodies, the
membrane was scanned with Odyssey Sa Infrared Imaging System (Li-Cor) and
fluorescent intensity was quantified using Mylmage analysis software (Thermo Sicentific,

USA). Alternatively, iBind Flex system (Life Technologies) was used to blot membranes
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with antibodies. First, using iBind Fluorescent Detection (FD) solution kit, FD solution
was first prepared according to the manufacturer’s instructions. Primary antibodies and
secondary antibodies were diluted in FD solution. Membrane was placed on to the iBind
card that was pre-soaked with FD solution, protein side down. 2 mL of diluted primary
antibody, 2 mL FD solution, 2 mL of diluted secondary antibody, and 6 mL of FD
solution was added to each well of iBind Device Well. Once the last well is empty, the
membrane was washed with distilled water and scanned with Odyssey Sa Infrared
Imaging System (Li-Cor) and fluorescent intensity was quantified using Mylmage

analsysis software (Thermo Sicentific, USA).

1.2.4 Immunoprecipitation
For crosslinking antibodies to beads, Protein G Sepharose beads were washed with PBS
and were incubated with antibody against LRRK2 (NeuroMAB) overnight at 4°C on a
rotating wheel. For each prep, 40 ug of antibodies and 60 pL of Protein G Sepharose
beads were mixed in 1 mL PBS. Any unbound antibodies were washed off with 1 mL of
0.2 M sodium borate buffer (pH 9.0). Crosslinking was carried out by incubating
antibody-bead complexes with 20 mM dimethyl pimelimidate dihydrochloride (DMP) in
0.2 M sodium borate buffer (pH 9.0) for 40 min at RT. Antibody-bead complexes were
washed once with 0.2 M ethanolamine (pH 8.0) and were incubated in 0.2 M
ethanolamine buffer for 2 h at RT. Beads were quenched with 0.58% v/v acetic acid and
150 mM NacCl. Crosslinked beads were washed three times with PBS and stored in 4°C

until used.

Nonspecific proteins were cleared by incubating whole cell lysates with G Sepharose
beads on a rotating wheel in 4°C for 30 min. About 20 x 10°to 30 x 10° cells were
incubated in 30 pL of G sepharose beads. Pre-cleared cell lysates were then incubated

with G Sepharose beads cross-linked with LRRK2 antibody (NeuroMAB) overnight on
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rotating wheel in 4°C. Unbound proteins were washed off three times using wash buffer
(lysis buffer without detergents). Finally, LRRK2 interactors were eluted by boiling

protein-bead complexes at 70°C for 10 min in SDS elution buffer.

1.2.5 Immunocytochemistry
Cells were washed in PBS three times then fixed with 4% PFA in PBS in RT for 10 min.
Cells were then blocked and permeabilised at the same time in blocking buffer containing
0.1% Triton-X overnight at 4 °C. Primary antibody was diluted in blocking buffer
containing 0.05% Triton-X and cells were stained for 1 h at RT. Any unbound antibodies
were washed in PBS with 0.3% Triton-X for three times, 15 min each. Secondary
antibodies were diluted 1:500 in blocking buffer containing 0.05% Triton-X and
incubated for 1 h at RT. Unbound antibodies were again washed in PBS with 0.3%
Triton-X for 15 min, three times. Finally, cells were stained with DAPI in PBS with 0.3%
Triton-X for 10 min, and then cells were washed three times with PBS. Confocal images
were taken by Olympus Fluoview FVV1200 (Olympus) or The Opera Phenix High Content

Screening System (PerkinElmer).

1.2.6 Automated image analysis for quantification of phagosomes
For each experiment, M® precursors collected from three independent differentiation
batches and 50,000 cells were seeded into separate wells of Ibidi treated 96 well
microplate (Ibidi, 89626) and stained according to above protocol. Z-stacked confocal
images were acquired using Opera Phenix High Content Screening System (PerkinElmer)
with a 63x objective. At least five images per well were acquired from randomised fields.
Once all the images were acquired, quantification of phagosomes was carried out by
Columbus Image Data Storage and Analysis System (CambridgeSoft). First, a workflow
for automated imaging analysis was generated as following, and screen shots are listed in

(Figure 2.2). Input image command processed confocal images by stacking with
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maximum projection. Find Nuclei command with Method B was used to identify the
population of nuclei in DAPI channel. Next command was “Find Surrounding Region”
and using Alexa 647 channel (used for LRRK2 staining), which was used to define
approximate cell boundaries. This command ensures that only internalised zymosan
bioparticles are quantified. “Find Spots” command was used to identify zymosan
bioparticles using Alexa 488 Channel. “Find Surrounding Region” command finds
regional spots surrounding each identified zymosan bioparticle. Next, “Calculate
Intensity Properties” command was used to calculate intensity of LRRK2 signal (in Alexa
647 channel) in the surrounding zymosan bioparticles. “Select Population” command was
used to quantify either the number of LRRK2(+) phagosomes by setting the threshold of
signal intensity above 400 or the number of LRRK2 super-coated phagosomes above
1000. These parameters were determined by first deciding which of them are LRRK2(+)
and super-coated phagosomes. The same workflow of commands was used to quantify
the number of LRRK2(+) phagosomes that display positivity for Rab5, Rab9, and
LAMP-1 (collectively referred to as markers). But in this case, “Calculate Intensity
Properties” command was used twice, once to measure the intensity of LRRK2 signal
(Alexa 647) and the other for the intensity of marker signal (Alexa 568). “Select
Population” command first defined marker(+) phagosomes by setting the threshold based
on the Alexa 568 signal intensity in the zymosan population. The second filter was
applied so that LRRK2(+) phagosomes were defined by setting the threshold based on the

Alexa 647 signal intensity in the marker(+) phagosomes population.
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Figure 2.2 Workflow of automated imaging analysis for quantification of LRRK2(+)

phagosomes.

1.2.7 Automated image analysis for quantification of hiPSC-microglia

Z-stacked confocal images were acquired using Opera Phenix High Content Screening

System (PerkinElmer) with a 20x objective. At least five images were acquired per well
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from randomized fields. Columbus Image Data Storage and Analysis System
(CambridgeSoft) was used to automatically quantify the number of hiPSC-microglia
(defined by IBAL positivity). Images were first processed by acquiring maximal
projection of Z-staked confocal images. “Find Cells” command was used in Alexa 488
channel where IBA1 signal could be detected. This command identified the cells that
showed positivity for IBA1l. The next command, “Calculate Intensity Properties”
calculated the intensity of Alexa 647 signal (LRRK2) among the cells positive for IBAL.

The next command “Select Population” quantified the number of IBA1 positive cells that

have LRRK2 signal intensity above 400.
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Figure 2.3 Workflow of automated imaging analysis for quantification of LRRK2(+)

microglia.
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1.3 Functional assays

1.3.1 List of materials
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Name Supplier Catalogue number
Zymosan bioparticles Alexa 488 Life Technologies 223373
pHrodo Green E.coli Bioparticles Life Technologies P35366
pHrodo Green Zymosan Bioparticles Life Technologies P35365
Tocris MM11-25

Salmonella typhimurium NCTC 12023

asyn-fibril (Haenseler et al. 2017b)
Fluoresbrite YG Microspheres Polysciences 18338-5
Live Cell Imaging Solution Sigma Al14291DJ
Trypan Blue solution Sigma T8154
TNFa ELISA kit Thermo Fisher 88-7346-22

Luminex Cytokine & Chemokine Convenience 34-

Plex Human ProcartaPlex kit

Thermo Fisher

EPXR340-12167-901

Table 2.8 List of materials used for phagocytosis assay and cytokine/chemokine release

assay
Concentration Supplier Cat No. Function
LPS 100 ng/mL Sigma L4391 TLR4 agonist
IFNy 100 ng/mL Invitrogen PHC4031 cytokine
IFNa 1000 units/mL | Calbiochem 407291 cytokine
IFNB 100 ng/mL PeproTech 300-02BC cytokine
TNFa 10 ng/mL Peprotech AF-300-01A cytokine
GSK 2578215A 1 uM Tocris 4629 LRRK?2 kinase inhibitor
GNE-7915 1 uM Chemie Tek 135176-44-8 LRRK2 kinase inhibitor
Cytochalasin D 10 uM Sigma C8273 Inhibit actin polymerization
Cycloheximide 20 pg/mL Sigma C7698 Inhibit protein synthesis
Inhibit serine, cysteine
proteases; plasmin, trypsin,
Leupeptin 100 uM Sigma L8511 oapain, calpain, and
cathepsin B
Lactacystin 5uM Sigma L6785 Inhibit proteome subunit 5
MG-132 25 uM Sigma c2211 Inhibit proteome subunit 35

Table 2.9 List of cytokines, TLR4 agonist, and inhibitors



1.3.2 Phagocytosis

1.3.2.1  Uptake of bioparticles using FACS
Uptake of bioparticles was quantitatively assessed by applying zymosan bioparticles
(Alexa Fluor 488 conjugated) to hiPSC-M®s. 2 bioparticles per cell were added and
phagocytosis was allowed to occur for 30 min at 37 °C in M® differentiation medium
followed by wash steps with PBS and trypan blue (250 ug/mL in PBS) to quench any
bioparticles that are not internalised. Cells were detached by using TrypLE and cell
scrapers, subsequently centrifuged at 400 g for 5 min, and were fixed with 4%
formaldehyde in PBS. Internalised zymosan particles were quantified using a Becton-
Dickinson FACS Calibur flow cytometer (BD biosciences) and data were analysed using

FlowJo software.

1.3.2.2  Acidification of phagosomes
Quantification of acidified phagosomes was evaluated using pHrodo Green zymosan
bioparticles or pHrodo Green E. coli bioparticles, which fluoresce in an acidic
environment (pH 4.5 - 5.5). pHrodo bioparticles were resuspended in live imaging
solution according to manufacturer’s instruction and were sonicated for 10 min
(Bioruptor) prior to each experiment. During the assay, 70,000 hiPSC-M®s in each well
in a 96-well clear bottom black plate (Corning, CLS3603) were kept in live imaging
solution along with 0.2 mg/mL pHrodo bioparticles. The number of fluorescent
bioparticles were monitored every 10 or 15 min in InCucyte Live Cell Analysis System

(Essen Bioscience) for 2 h (Kapellos et al. 2016).

1.3.3 TNFa ELISA
TNFa ELISA was performed with collected supernatants according to the manufacturer’s
instructions. Briefly, 100 pL capture antibody diluted in the coating buffer were added to

each well of a 96 well plate (Corning Costar, 9018) and were incubated overnight in 4 °C.
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The next day, plates were washed with Tween 0.05% in PBS (PBS-T) and 250 uL of
assay diluent were added to each well for blocking. One hour later plates were washed
and 100 uL diluted samples (1:100) or standards diluted in assay diluent were added.
Samples were incubated for 2 h at RT after which they were washed with PBS-T and
detection antibody was added to all samples. Plates were washed and 100 pL conjugated
streptavidin-horseradish peroxidase (HRP) used to amplify the positive signal from the
detection antibody. After an incubation of 20 min at RT and further wash step, 50 uL of
TMB-H2SO4 substrate were added to each well. The reaction was stopped with 50 pL of

2M H2S04 once standards formed a colour gradient.

1.3.4 Luminex 34plex cytokine and chemokine assay
The Magnetic Luminex Screening Assay (Thermo Fisher, Cytokine and Chemokine 34-
Plex Human ProcartaPlex Panel 1A) was used to measure the levels of 34 cytokines and
chemokines. In brief, 50 pL of Magnetic Beads solution was added to the 96-well plate
and washed with Wash Buffer using a Hand-Held Magnetic Plate Washer. 50 pL of
Universal Assay Buffer was added to each well followed by 50 uL of prepared standard
samples and collected supernatants. After covering the plate with the Black Microplate
Lid, the plate was placed on shaker (500 rpm) for 2 h at RT. Plate was washed three times
and Detection Antibody Mixture was added to each well. Plate was placed on a shaker
(500 rpm) for 30 min at RT and subsequently washed three times before the addition of
50 pL of streptavidin-R-phycoerythrin (SAPE) solution. After another 30 min of
incubation on the shaker at RT, 120 uL of Reading Buffer was added to each well. After
5 min incubation on the shaker at RT, the plate was analysed on a Bio-Plex 200 system

(Bio-Rad).
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1.4 Generation of CRISPR/Cas9-edited hiPSCs

In this thesis, two CRIPSR/Cas9 generated hiPSCs lines were used. Exon3 targeted
homozygous LRRK2 KO hiPSCs and LRRK2 G2019S mutation corrected hiPSCs (Table
2.3). All of these lines were generated by Dr. Sally Cowley (LRRK2 KO) and Dr. Rowan
Flynn (correction of LRRK2 G2019S mutation), who designed gRNAs, transfected
hiPSCs, and identified clones that had correct genomic sequence. | took over from this
point, expanded the genetically-corrected/KO hiPSC clones, and differentiated them to

MOs to validate their genotypes at the protein level.

In brief, the process of CRISPR/Cas9-mediated gene editing is described as following. A
double nickase strategy was employed to generate homozygous LRRK2 KO hiPSC lines.
First, gRNAs were cloned into Cas9 nickase plasmid with puromycin section (PX462;
Addgene, #48141). hiPSCs were transfected by Cells were transfected by neon-
transfection system (Life Technologies) and were seeded onto 10cm? tissue-culture
treated dish (Fisher) at low density to ensure selection of each individual colony. To
screen possible KO clones, genomic DNA was extracted and concentration was measured
using picogreen (Life Technologies). PCR amplicons were produced by Phusion Hot start
DNA polymerase (NEB) on PT-200 PCR machine (MJ Research) and quantitative
reverse transcript polymerase chain reaction (QRT-PCR) was carried out with LC Green
Plus+ (BioChem) and AmpliTaq master mix (Applied Biosystems) on StepOne plus
(Applied Biosystems). Continuous melting step was allowed to screen for aberrant melt
curve by using High Resolution Melting Software (Applied Biosystems), and the
presence of out-of-frame deletion/insertion was confirmed by sequencing analysis.
Similarly, for the repair of heterozygous LRRK2 G2019S mutation, a donor template was
designed with silent mutations in the PAM site to maximize the efficiency of gene-editing

and Pstl site for screening clones.
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1.5 Statistical analysis

Statistical analysis was carried out with GraphPad Prism 7.0 software. All data are
represented as mean + SEM of at least three independent experiments carried out by
using cells collected from at least three independent differentiation batches. When
comparing the means from multiple groups against one control group, one-way analysis
of variance (ANOVA) with Dunnett’s post hoc comparison or for the data that do not
display normal distribution, the non-parametrical Kruskal-Wallis with Dunn’s post hoc
comparison was used. For assessing data collected from experiments with two
independent categorical variables and one continuous dependent variable, a two-way
ANOVA with Sidak’s post hoc multiple comparisons test was used. Statistical
significance was defined as ns, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; ****P <

0.0001.
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Regulation of LRRK?2 protein expression
in hiPSC-M®s

3.1. Introduction

3.1.1. LRRK?2 protein expression in precisely regulated in myeloid cells
LRRK2 protein is expressed in most brain regions that are affected in PD, notably the
striatum and the SNpc, and is also expressed in other organs, particularly in the kidney
and immune-related peripheral tissues; the spleen, thymus, and lymph nodes (Hakimi et
al. 2011). Although LRRK2 protein expression has been observed across various cell
types, notably neurons, CD19(+) B cells, M®s, or dendritic cells (DCs), a subset of
immune cells show upregulation of LRRK2 protein in the presence of inflammatory
stimuli. For example, IFNy upregulates LRRK2 in human PBMC-derived CD11b(+)
monocytes, CD3(+) T lymphocytes, CD19(+) B lymphocytes (Gardet et al. 2010), human
blood monocyte-derived M®s, mouse primary microglia (Gillardon, Schmid, and
Draheim 2012), and in transformed cell lines, including human THP-1 monocytic
leukaemia cells (Gardet et al. 2010; Kuss, Adamopoulou, and Kahle 2014). TNFa, and
IL-6 also moderately upregulate LRRK2 protein in human peripheral blood mononuclear
cell (PBMCs) (Thévenet et al. 2011). The Toll-like receptor 4 (TLR4) agonist, LPS-
mediated upregulation of LRRK2 was reported in primary mouse microglia and in THP-1
cells (Gillardon, Schmid, and Draheim 2012; Moehle et al. 2012). But the effect of LPS is

inconsistent because LPS does not affect LRRK2 protein level in primary mouse
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microglia, in mouse microglia-like cell-line BV-2 (Russo et al. 2015), or in mouse bone

marrow derived Mds (BMDMs) (Dzamko and Halliday 2012).
3.1.2. Phosphoregulation of ANK-LRR interdomain region

LRRK?2 is a serine/threonine kinase which is phosphorylated on several serine and
threonine residues: some residues are targeted by LRRK2 itself and others by several
upstream kinases (Figure 3.1). Autophosphorylation occurs mainly within the GTP-
binding ROC domain (S1403, T1404, and T1410) and the kinase domain (T1967 and
T1491), while phosphorylation by upstream kinases occurs within the ANK-LRR

interdomain region (5910, S935, S955, S973) (Gloeckner et al. 2010).

@\ l/®

$910, S935 S955, 5973 Rlisaie 620198
Y1699C 12020T

|
COR lKlNAlS¥WD40)

auto

T1491, T1967

auto

S1403, T1404, T1410

Figure 3.1 LRRK2 phosphorylation sites. Autophosphorylation sites are represented in red
while phosphorylation sites by upstream kinases are represented in green. To date, IKKs, PKA,
and CK1a have been reported to phosphorylate LRRK2 at S910, S935, S955, and S973 while PP1
dephosphorylate them. 14-3-3 protein has been reported to bind to phosphorylated S910, S935.
Abbreviations: CKla, casein kinase 1a; IKKs, IxkB kinases; PP1, protein phosphatase 1; Protein

Kinase A (PKA).
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It is important to note that the autophosphorylation sites are mainly mapped in vitro by
incubating ATP with purified LRRK2, and most of these autophosphorylation sites are
not clearly detected in mammalian cells (Gloeckner et al. 2010; Greggio et al. 2009;
Kamikawaji, Ito, and lwatsubo 2009). On the other hand, S910, S935, S955, S973
phosphosites are more consistently detected in mammalian cells, including mouse
primary neurons (E Lobbestael et al. 2016), mouse embryonic fibroblasts (Dzamko and
Halliday 2012), mouse BMDMs (Dzamko and Halliday 2012), and human PBMC
(Dzamko et al. 2013; Delbroek et al. 2013). Phosphorylated S910, S935, S955, and S973
were also confirmed on endogenous LRRK2 protein in Swiss 3T3 or in NIH3T3 cells

(Nichols et al. 2010; Evy Lobbestael et al. 2013).

Identification of kinases that may be phosphorylating LRRK2 has been investigated in
LRRK2-overexpressing HEK 293T cells. These studies have reported that cAMP-
dependent protein kinase A (PKA) (Muda et al. 2014), casein kinase 1o (CK1a) (Chia et
al. 2014) and IxB kinases (IKKs) (Dzamko and Halliday 2012) phosphorylate LRRK2 at
S910, S935, S955, S973, while protein phosphatase 1 (PP1) dephosphorylates these

serine sites (Evy Lobbestael et al. 2013).

Strangely, although S910, S935, S955, S973 are not phosphorylated by LRRK?2 itself,
inhibition of LRRK2 kinase activity by all small molecule LRRK2 kinase inhibitors
result in dephosphorylation of these serine sites (Perera et al. 2016; Deng et al. 2011,
Doggett et al. 2012; Nichols et al. 2010). This suggests that LRRK2 kinase activity is
somehow indirectly regulating phosphorylation of LRRK2. However, several pieces of
evidence strongly invalidate this inference. In HEK 293T and Swiss 3T3 cells over
expressing LRRK2, LRRK2 kinase-dead mutants still display phosphorylation at S910,
S935 and undergo inhibitor-induced dephosphorylation of the S910, S935 site

(Kamikawayji, Ito, and Iwatsubo 2009; Doggett et al. 2012; Nichols et al. 2010; Ito et al.
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2012). Additionally, LRRK2 G2019S mutation, which upregulates LRRK2 kinase
activity by 2 — 8 fold, has no impact on the phosphorylation of S910, S935 (Doggett et al.
2012; Nichols et al. 2010; Li et al. 2011). For this reason, caution must be taken when
interpreting data using LRRK2 kinase inhibitors, and one should be aware that LRRK2
kinase inhibitors, via an unknown mechanism, independently lead to the inactivation of

LRRK?2 kinase activity and dephosphorylation of S910, S935 residues.

3.1.3. Functional implications of phosphorylated S910, S935 residues

S910, S935, S955, S973 phosphosites within the ANK-LRR interdomain region have
been implicated in regulation various aspects of LRRK2 function. Several groups have
shown the binding of 14-3-3 protein to phosphorylated LRRK2 at S910 and S935.
Overexpressed LRRK2 protein in HEK 293T cells interacts with all isoforms of 14-3-3,
and phosphor-dead S910A or S935A LRRK2 mutants or application of LRRK2 kinase
inhibitors prevent its interaction with 14-3-3 (Dzamko et al. 2010; Li et al. 2011; Nichols
et al. 2010). Interestingly, alanine substitution of S955, S973 does not affect the binding
of LRRK2 with 14-3-3, indicating that 14-3-3 protein binding is specific to

phosphorylated S910, S935 but not S955, S973 (Doggett et al. 2012; Nichols et al. 2010).

PD-causing mutations, R1441C, R144G, R1441H, Y1699C and 12020T but not G2019S
display low levels of phosphorylation of all S910, S935, S955, S973 compared to WT in
LRRK2-overexpressing HEK 293T cells. And these mutants all displayed impaired
interaction with 14-3-3 protein, and LRRK2 subcellular localisation was affected from
uniform cytosolic distribution to punctate cytosolic inclusions (Doggett et al. 2012;
Nichols et al. 2010). Therefore, phosphoregulation of ANK-LRR interdomain region may

be an important regulatory site for LRRK2 function. However, these findings have been
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shown in LRRK2-overexpression cell system, therefore, more critical evaluations are

needed using a cell system expressing endogenous level of LRRK2 protein.
3.14. Aims

The aim for this chapter is to investigate the regulation of LRRK2 protein in human M®s
differentiated from iPSCs. This chapter explores the effect of inflammatory stimuli on the
overall expression level of LRRK2 and the consequences of reduced phosphorylation at
S935 by LRRK2 kinase inhibitors. Finally, this chapter provides a novel insight to
another potential mechanism of LRRK2 regulation — formation of LRRK2 cleavage

product.
3.2. Results

3.2.1. Validation of CRISPR/Cas-9 edited LRRK2 hiPSC lines.
To elucidate the role of LRRK2 in the immune system, my first aim was to have
CRISPR/Cas-9 edited hiPSC lines with various genetic modification of LRRK2. In this
thesis, a double allele LRRK2 KO hiPSC line and a PD patient-derived line, in which the
G2019S mutation (A) had been mutated to G (WT) were used. LRRK2 KO in healthy
control hiPSC line (Ctrl-1W™WT) was generated in by Dr Rowan Flynn, who designed
gRNAs targeting exon 3, and Dr Sally Cowley who identified correct clones by high
resolution melt analysis (HRMA) and then sequencing analysis. At the genomic level,
two clones displayed out-of-frame homozygous deletion of LRRK2 (Figure 3.2A). | took
over from this point, did the expansion of these KO hiPSC clones, differentiated them
into M®s and validated them at the protein level by using western blot analysis. As
shown by western blot (Figure 3.2B), hiPSC-M®s differentiated from both clone Ctrl-

1.17- and Ctrl-1.27" show complete absence of LRRK2 protein. CRISPR/Cas-9-corrected
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G2019S hiPSC clone (PatW™T) was generated by Dr Rowan Flynn. | differentiated this

clone to M®s and validated it by western blot (Figure 3.2B).

To account for any technical variability between differentiation preps, | performed all
experiments using M® precursors collected from at least three independent
differentiation batches. CRISPR/Cas-9 edited hiPSC lines displayed no significant
difference in the production of M® precursors compared to their parental lines (Figure
3.3A). Differentiated M®s all display classic M® markers, CD45 and CD14 (Figure

3.3B).
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Figure 3.2 Generation of CRISPR/Cas-9 edited hiPSC lines. (A) CRISPR/Cas-9
mediated knock out (KO) of LRRK2 was performed using a double nickase strategy.
Guide RNAs (gRNA20 and gRNA21) were designed to target exon 3 of LRRK2.
Sequencing analysis shows that clone D10 (Ctrl-1.1"") has a 16 bp deletion in one allele
and a 37 bp insertion in the other allele. Clone C11 (Ctrl-1.2"") has a 11 bp deletion and a
26 bp deletion. These out-of-frame indel led to KO of a LRRK2 protein. For
CRISPR/Cas-9 mediated repair of LRRK2 G2019S mutation, a donor template was
designed with silent mutations in the PAM site to maximize the efficiency of gene-
editing and Pst/ site for screening clones. (B) Western blots show complete deletion of
LRRK2 protein in M®s differentiated from LRRK2 KO clones (Ctrl-1.1"" and Ctrl-1.27).
Western blots also validate LRRK2 protein expression in M®s differentiated from
LRRK2 G2019S patient iPSC line (Pat®"”*™") and from the CRISPR/Cas-9 repaired
isogenic control iPSC line (Pat""™"). Differentiated M®s were activated with IFNy (100
ng/ml) for 72 h before cell lysates were collected. Alpha tubulin («TUB) was used as
endogenous control.
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Figure 3.3 Myeloid differentiation of all four hiPSC lines used in this study. (A) M®
precursor production curve showing cumulative yield of M® precursors over the
differentiation period. There was no significant difference between genetically modified
hiPSC lines compared to their parental hiPSC lines. Two-way ANOVA with Bonferroni
multiple comparisons test was used for statistical analysis. ns denotes not significant.
(B) FACS plots showing representative CD45 and CD14 staining of M®s precursors
from all four hiPSC lines used in this thesis.
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3.2.2. IFNy upregulates endogenous LRRK2 protein expression in hiPSC-M®s
In agreement with previously published data in human blood-derived-M®s (Thévenet et
al. 2011; Gardet et al. 2010; Moehle et al. 2012) and other human myeloid cell-like cell
lines (Gardet et al. 2010; Kuss, Adamopoulou, and Kahle 2014), IFNy significantly
enhanced endogenous LRRK2 protein expression in hiPSC-M®s up to 10 fold and its

expression level plateaued around 72 h treatment (Figure 3.4A).

To explore whether other stimuli are involved in regulating LRRK2 expression, hiPSC-
Mds were treated with TNFa, type 1 interferons (IFNa, ), and a toll-like receptor 4
(TLR4) agonist, LPS. IFNa, IFNfB and TNFa treatment had no significant effect on the
expression level of LRRK2 (Figure 3.4B). LPS, on the other hand, showed a significant
increase in endogenous LRRK2 expression by 3-fold (Figure 3.4B). Combined treatment
of IFNy with these stimuli all resulted in significant upregulation of LRRK2 protein
expression, except for the combined treatment with IFNy and IFNP, which was not

statistically significant (Figure 3.4B).
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Figure 3.4 IFNy upregulates endogenous LRRK2 expression in hiPSC-M®s.
Western blot showing cell lysates collected from M®s treated (A) with IFNy (100
ng/mL) at different time points and (B) with IFNy (100 ng/mL), LPS (100 ng/mL), IFN
(100 ng/mL), IFNa (1000 units/mL), or TNFa (10 ng/mL) alone or in combination with
IFNy (100 ng/mL) for 72 h. Western blots were quantified as total LRRK?2 signal relative
to loading control (a¢TUB) and normalized against untreated control (UNTR). Bar
graphs show fold change in mean + SEM of four independent experiments. Statistical
significance was tested using one-way ANOVA against UNTR controls. *P <0.05, **P <
0.01, ***P <0.001, ns denotes not significant.



3.2.3. LRRK?2 kinase inhibitors reduce phosphorylation of LRRK2 at S935

Several small LRRK2 kinase inhibitors consistently lead to dephosphorylation of LRRK2
at S910, S935 via an unknown mechanism. To confirm this observation in hiPSC-M®s,
two structurally distinct LRRK2 kinase inhibitors, GSK2578215A (GSK, 1 uM), or
GNE-7915 (GNE, 1 puM), were used. These two inhibitors show high potency (ICso 10.9
nM and 9.0 nM, respectively) with the least off-targets compared to other LRRK2 kinase

inhibitors.

M®s differentiated from healthy control iPSCs were treated with IFNy for 72 h and
LRRK2 kinase inhibitors were applied for 30, 60, or 120 min. Both GSK and GNE
significant reduced phosphorylation of LRRK2 at S935 by 120 min (Figure 3.5B).
hiPSC-M®s with the heterozygous G2019S mutation (Pat®?°*%™WT) showed no significant
difference in either the basal phosphorylation level at S935 or the degree of
dephosphorylation upon treatment with LRRK2 kinase inhibitors compared to its isogenic

pair (Pat""WT) (Figure 3.5B).
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Figure 3.5 LRRK2 kinase inhibitors reduce phosphorylation of LRRK2 at S935. (A)
M®s differentiated from Ctrl™™™", Pat®""™*™" and Pat"""" hiPSC lines were activated
with IFNy (100 ng/mL) for 72 h and then LRRK?2 kinase inhibitors, GNE-7915 (GNE; 1
uM) or GSK-2578215A (GSK; 1 uM), were applied for 30, 60, or 120 min. (B) Graphs
show fold change in S935-LRRK2 signal over total LRRK?2 relative to UNTR control.
Error bars indicate SEM of at least three independent experiments. Statistical
significance was tested using one-way ANOVA against UNTR controls. *P <0.05, **P <
0.01, ***P <0.001, ns denotes not significant.
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3.2.4. LRRK?2 kinase inhibitors reduce the stability of LRRK2 protein

It has been reported that LRRK2 kinase inhibitors lead to degradation of LRRK2 in
LRRK2-overexpressing HEK 293T cells (Zhao et al. 2015) or SH-SY5Y cells (E
Lobbestael et al. 2016). To test whether endogenous LRRK2 protein undergoes similar
process, | examined the level of total LRRK2 protein in hiPSC-M®s that were treated
with GNE for 16, 24, or 48 h in the presence of cycloheximide (CX; 10 uM). CX inhibits
protein synthesis by blocking translational elongation, therefore, was used here to prevent
new synthesis of LRRK2 at the time of LRRK2 kinase inhibitor treatment, so that the
degradation rate of LRRK2 protein could be assessed. Combined treatment of CX and
GNE significantly reduced the total LRRK2 protein level to around 25% after 48 h

treatment (Figure 3.6A).

Because pharmacological inhibition of LRRK2 kinase activity affected the stability of
LRRK?2 protein, | hypothesized that the presence of hyper-kinase activity by the G2019S
mutation, would counteract the inhibitor-induced degradation of LRRK2 protein. To test
this hypothesis, M®s derived from a PD patient with G2019S mutation (Pat®201S/WT)
were treated with GSK or GNE for 48 h in the presence of CX. GNE or GSK treatment
for 48 h showed a reduction in total LRRK2 protein to 40% compared to DMSO-treated
control. However, there was no significant difference in the level of total LRRK2 protein

in Pat®201%™WT Vs and its isogenic control, PatWV™WT M®s (Figure 3.6B).
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Figure 3.6 G2019S mutation does not affect the stability of LRRK2 protein upon
long-term treatment with LRRK2 Kkinase inhibitors. (A) M®s differentiated from
Ctrl hiPSC lines were activated with IFNy (100 ng/mL) for 48 h and then LRRK2 kinase
inhibitor, GNE (1 pM), for 16, 24, 48 h with or without cycloheximide (CX; 20 pug/mL).
CX inhibits translation therefore was used to measure half-life of LRRK2. Graph shows
fold change in total LRRK2 protein signal over loading control (aTUB) relative to
DMSO control. (B) M®s differentiated from Pat®’"”*"" and Pat""""" hiPSC lines were
activated with [FNy (100 ng/mL) for 48 h and then LRRK?2 kinase inhibitor, GNE (1 uM)
or GSK (1 pM), for additional 48 h with CX (20 pg/mL). Graphs show fold change in
total LRRK2 protein signal over loading control (aTUB) relative to DMSO control.
Error bars represent SEM of at least three independent experiments. Statistical analysis
was performed by two-way ANOVA with Bonferroni multiple test. *P < 0.05, **P <
0.01, ***P <0.001, ns denotes not significant.
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3.2.5. LRRK?2 forms a cleaved product in hiPSC-M®s

Western blot of IFNy activated hiPSC-M®s repeatedly showed a band that is
approximately 170 kDa in size which is not present in the CRISPR/Cas-mediated LRRK2
KO Mds(Figure 3.7A). Additionally, this band does not correspond to any known
LRRK?2 transcripts (Figure 3.7B). This suggests that the 170 kDa band is a LRRK2-
derived product and could be a post-translational cleavage product. To rule out any
possibility that this cleaved product forms because of post-lysis proteolysis, | spiked
LRRK2 KO hiPSC-M®s cell lysates with full-length recombinant LRRK2 protein.
Recombinant protein did not form the cleaved product, suggesting that cleavage is

happening inside the cells not during or post cell lysis (Figure 3.7A).

In cells, protein degradation is generally regulated by the ubiquitin-proteasome pathway
and/or the autophagic-lysosomal systems (Figure 3.7C). To investigate which pathway is
involved in the formation of the LRRK2 cleaved product, | used leupeptin, which inhibits
serine and cysteine proteases in the lysosomal organelles, namely plasmin, trypsin, papain,
calpain, and cathepsin B. The proteasome is a 26S enzyme complex, comprised of 20S
core and two 19S regulatory complex. The 20S proteasome core has three distinct
subunits, each has distinct protease activity, namely chymotrypsin-like (B5), trypsin-like
(B2), and peptidyl glutamyl-like (B1) activities. Lactacystin and MG-132 inhibit 5
subunit of 20s proteasome chymotrypsin-like activity, which is also the rate-limiting step
of proteolysis (Kisselev et al. 1999; Fenteany and Schreiber 1998; Rajkumar et al. 2005;
Goldberg 2012). Interestingly, only MG-132 led to significant reduction of cleaved
LRRK2 while leupeptin or lactacystin had no significant effect (Figure 3.7D). Although
lactacystin is known to be as effective as MG-132, the lactacystin used in this experiment

(5 UM, Sigma) had only a partial effect on inhibiting proteasome activity in hiPSC-M®s.
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Figure 3.7 Inhibition of proteasome subunit blocks the formation of truncated
LRRK?2. (A) Western blot showing full-length LRRK?2 (fl LRRK?2) and cleaved LRRK2
(c1 LRRK2) in M®s differentiated from WT (Ctrl-1""""), KO (Ctrl-1.1"), and KO (Ctrl-
1.17) cell lysates spiked in with recombinant fl LRRK?2 protein. Antibody recognizing
C-terminus of LRRK2 (N241A/36) was used. (B) Data from Ensembl showing
transcripts of LRRK2 (ENSG00000188906) (C) Major protein degradation pathways.
Leupeptin inhibits cysteine and serine proteases in the lysosome. Lactacystin and MG-
132 inhibit B5 subunits of 20S proteasome, most effectively inhibiting chymotrypsin-
like activity. (C) M®s were treated with IFNy (100 ng/mL) for 72 h then leupeptin (100
uM), lactacystin (5 pM), and MG-132 (25 pM) for 16 h before cell lysates were
collected. Bar graph on the left shows fold change in cl LRRK?2 signal over fl LRRK2
signal relative to DMSO control. Bar graph on the right shows fold change in full-length
LRRK2 signal over aTUB relative to DMSO control. All statistical analysis was
performed by one-way ANOVA and error bars represent SEM of three independent
experiments. *P <0.05, **P<0.01, ***P <0.001, ns denotes not significant.
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This experiment was performed by Dr. Haenseler and the results can be found in the

Appendix.

| next sought to identify the cleavage site. | isolated endogenous LRRK2 protein by
immunoprecipitation (IP) and analysed the cleaved product by mass spectrometry.
Results from mass spectrometry confirmed that the cleaved product indeed belongs to
LRRKZ2, lacking the N-terminal part of LRRK2. Western blot also supports this result by

showing that the cleavage product lacks phosphorylation at S935 site (Figure 3.8C).

By analysing the distribution of peptide fragments, it appears that the cleavage occurs
within the ANK-LRR interdomain region (aa861 — aa983), particularly between aa901 —
aa910, which contains one chymotrypsin cleavage site (aa902) (Figure 3.8A-C). However,

more careful assessment must be carried out to identify the exact location of cleavage.

Interestingly when | pulled down endogenous LRRK2 with antibody against N-terminus
of LRRK2 (N138/6) and then used antibody recognizing C-terminus LRRK2 (N241A/36)
to identify the final immunoprecipitated product, the cleaved product was also detected
(Figure 3.8E). This unexpected result suggests that LRRK2 may form a heterodimer

complex comprising full-length and the cleaved product.
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Figure 3.8 Identifying the putative cleavage site of LRRK2 using proteomics. (A) Western
blot showing immunoprecipitated LRRK2 protein from Ctrl-1""™"" and Ctrl-1.1"" derived
M®s. Silver stained gel bands corresponding to fl LRRK2 and ¢l LRRK2 were cut and
analyzed by mass spectrometry. (B) The amino acid sequence of LRRK2 with peptides
identified by mass spectrometry presented in red. Heat map showing intensity of identified
peptides (ordered from N-terminal to C-terminal) of fl LRRK2 and ¢l LRRK?2 protein. The
final analysis reveals that tr LRRK?2 is largely missing N-terminal peptides up to around aa901
—aa910. (C) Western blot probed with antibody against phosphor S935-LRRK?2 (above) and
against C-terminus LRRK2 (below). CI LRRK?2 is missing phosphorylation at S935. (D) A
schematic structure of LRRK2 showing the sequence of ANK-LRR interdomain region.
Chymotrypsin cleavage sites are presented in red and phosphorylation sites in green.
According to peptide analysis, the putative cleavage site is around aa901 — 910, which
contains one chymotrypsin cleavage site (aa902) (E) LRRK?2 protein was pulled down using
antibody recognizing the N-terminus of LRRK2 (N138/6) and the immunoprecipitated eluates
were blotted using antibody recognizing C-terminus of LRRK2 (N241A/36). Western blot
confirms the presence of ¢l LRRK2 in the immunoprecipitated eluates, suggesting that fl
LRRK?2 and cl LRRK2 form a heterodimer complex. (F) A summary of immunoprecipitation
experiment showing the formation of fl LRRK?2, cI LRRK2 heterodimer complex.
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3.3.  Summary and Discussion

In this chapter, I have explored various ways how LRRK?2 protein are regulated in hiPSC-
Mds. My results demonstrate that IFNy and LPS significantly upregulate endogenous
LRRK?2 protein expression. LRRK2 becomes dephosphorylated at S935 in the presence
of LRRK2 kinase inhibitors, which leads to degradation of LRRK2 protein. Lastly,
LRRK2 is cleaved in hiPSC-M®s and the putative cleavage site lies within the ANK-

LRR interdomain region, where S935 phosphorylation site is located.

In hiPSC-M®s, LRRK2 protein expression was significantly increased by IFNy or LPS
but not by other stimuli. IFNy-driven upregulation of LRRK2 has been reported by
several groups using mouse and human myeloid cells (Gardet et al. 2010; Gillardon,
Schmid, and Draheim 2012; Kuss, Adamopoulou, and Kahle 2014; Thévenet et al. 2011,
Moehle et al. 2012; Dzamko and Halliday 2012). LRRK2 promoter region contains
multiple interferon-regulatory factor (IRF) recognition sequence (IRS) which the DNA
binding domains of the IRF family binds to (Thévenet et al. 2011). IFNy directly
regulates LRRK2 expression via Janus kinase (JAK)/signal transducers and activators of
transcription (STAT) and the extracellular signal-regulated kinase 5 (ERKS5) pathway
(Kuss, Adamopoulou, and Kahle 2014). TLR4 signalling by LPS activates various
transcription factors, particularly NF-xB and IRF8 (Medzhitov and Horng 2009),
therefore, it is conceivable that LPS may drive LRRK2 protein expression by activating

IRFS8.

Thevenet et al., have shown that LRRK2 expression is also significantly induced by IFNp,
TNFa, and IL-6 stimulation (Thévenet et al. 2011), however, my results show that IFNf
or TNFa do not affect the expression level of LRRK?2 in hiPSC-M®s (Figure 3.4B). This

could be because Thevenet et al. used human PBMCs. Our hiPSC-M®s are relatively
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naive as they have never been exposed to stimuli other than the ones that I applied in my
experiments, whereas human PBMCs might been exposed to in vivo stimuli which prime

them to be more responsive to stimuli other than IFNy.

Consistent with the literature (Perera et al. 2016; Deng et al. 2011; Doggett et al. 2012;
Dzamko et al. 2010; Nichols et al. 2010), small molecule kinase inhibitors, GNE and
GSK, significantly reduced the level of phosphorylation at S935 in hiPSC-M®s. The
presence of the heterozygous LRRK2 G2019S mutation did not alter either the basal
phosphorylation level at S935 or the degree of dephosphorylation upon treatment with
LRRK2 kinase inhibitors (Figure 3.5). This is in accordance with the observations made
in LRRK2 overexpression systems (Li et al. 2011; Doggett et al. 2012; Nichols et al.
2010; E Lobbestael et al. 2016). Altogether, my results further confirm that

phosphoregulation of S935 probably does not involve LRRK2 kinase activity itself.

Studies have reported that LRRK2 can be degraded by chaperone-mediated autophagy
(CMA) and the presence of LRRK2 G2019S mutation compromises its degradation in
LRRK2-overexpressing HEK293T cells (Orenstein et al. 2013). LRRK2 can also be
degraded by ubiquitin proteasome system (UPS) by interacting with E3 ubiquitin ligase
CHIP (C-terminus of Hsp70-Interacting Protein) in LRRK2-overexpressing HEK 293T
cells (Ding and Goldberg 2009) and SH-SY5Y cells (Ko et al. 2009). Treating cells with
LRRK2 kinase inhibitors appear to enhance this process of LRRK2 degradation. A
significant reduction of LRRK2 protein was observed in HEK 293T cells overexpressing
LRRK2 treated with GNE-1023 (2 uM) (Zhao et al. 2015). Similarly, this was shown in
SH-SY5Y cells overexpressing LRRK2 treated with six different LRRK2 Kkinase
inhibitors, MLi-239 (10 nM), PF-0644747544 (150 nM), GSK2578215A (2 M),
LRRK2-IN-1 (1 pM), HG 10-102-01 (1 uM), and CZC-2514647 (200 nM) (E Lobbestael

et al. 2016). My results also confirm this observation in hiPSC-M®s expressing
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endogenous level of LRRK2, treated with GSK (1 uM) or GNE (1 uM) (Figure 3.6). This
inhibitor-induced degradation of LRRK2 has been suggested to be UPS-dependent.
Proteasome inhibitors, MG-132 or Bortezomib, reversed inhibitor-induced degradation
while inhibition of lysosomal pathway by Bafilomycin Al did not rescue inhibitor-

induced degradation in LRRK2-overexpressing SH-SY5Y cells (Zhao et al. 2015).

My results show that treating hiPSC-M®s expressing physiological level of LRRK2 with
lysosomal protease inhibitor, leupeptin, or proteasome inhibitors, MG-132 or lactacystin,
did not change the level of total LRRK2 protein (Figure 3.7D). However, MG-132
treatment, which inhibits chymotrypsin-like activity of proteasome, significantly reduced
the level of LRRK2 cleavage product. A similarly sized cleaved form of LRRK2 has been
found by western blot analysis in mouse kidney but less extensively in lung and brain (E
Lobbestael et al. 2016; Herzig et al. 2011; Dachsel et al. 2007). Using IP and mass
spectrometry approach, | have identified that this cleavage product lacks N-terminus of
LRRK?2 and the cleavage site appears to be within ANK-LRR interdomain region (aa861
— aa983), where S910, S935, S955, S973 phosphosites and multiple chymotrypsin
cleavage sites are located (Figure 3.8D). By analysing peptide distributions, the putative
cleavage site is within aa901 and aa910, where one chymotrypsin cleavage site, aa902, is
found (Figure 3.8C). Western blot shows that cleaved product does not contain
phosphorylation at S935 (Figure 3.8D). This could be because of its proximal location to
putative cleavage site, S935 may no longer be recognizable by upstream kinases, or as a

result of cleaving, this site may become more accessible to phosphatases.

Whether the formation of cleaved LRRK2 is carefully regulated by unidentified
chymotrypsin-like proteases or is simply an intermediate product of LRRK2 degradation
via UPS requires further investigation. However, the existence of cleaved LRRK2

appears to be more than a by-product of LRRK2 degradation via UPS because my results
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demonstrate that LRRK2 can exist as a heterodimer complex of full-length and the
cleavage product (Figure 3.8). A recent study by Guaitoli et al., has provided a predicted
3D model of full-length LRRK2 structure using computational modelling and chemical
cross-linking of LRRK2 followed by mass spectrometry (CL-MS) (Guaitoli et al. 2016).
This model provides a moderate resolution of how each LRRK2 domain interacts.
According to this model, LRRK2 dimer is oriented a head-to-head direction with COR

domain placed in the middle docking the two monomers while the C-terminal (kinase and

WD40) domains are folded backward so that they are in contact with N-terminal domains.

This model suggests that N-terminal region of LRRK2 may have a significance in
regulating enzymatic activity of LRRK2 by potentially exposing substrate binding site
(Guaitoli et al. 2016). Therefore, the ANK-LRR interdomain region may act as an
important regulatory switch for LRRK2 enzymatic activity. By phosphorylation or
cleavage, it may regulate LRRK2 by affecting LRRK2 dimerization, cellular localisation,
and/or interaction with other proteins. Understanding how LRRK2 activity orchestrates
regulation of its own activity and how mutations of LRRK2 may disrupt this balance,

could provide important clues to understand its pathological mechanisms.
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Dissecting the physiological role of LRRK2 in
phagocytosis

4.1 Introduction

4.1.1 Phagocytosis

Phagocytosis was first described in 1800s by a Russian zoologist, Ilya Ilyich Metchnikoff.

He observed “mobile cells” within the larvae of starfishes, which engaged in “eating to
defend” mechanism to protect the larvae against invading pathogens. He termed this
process, phagocytosis, which derives from Ancient Greek @ayeiv (phagein), which means
'to devour' and k¥tog (kytos), which means 'cell” (Tauber 2003). More than 100 years

have passed and phagocytosis is still an active area of research.

Phagocytosis resembles endocytosis pathways, such as pinocytosis or receptor-mediated
endocytosis, in that the target is ingested into a vesicle, which subsequently undergoes
multiple fusion and fission events until it is destroyed. Phagocytosis, however, mainly
differs from other endocytic pathways. There are specific pools of targets that are
involved in phagocytosis, these are any particles lager than > 0.5 pum and those that
display specific ligands, notably bacteria or yeast. Phagocytosis requires special
machineries to process these particles, therefore, phagocytosis is predominantly
performed by a subset of cells, namely professional phagocytes. Professional phagocytes

include Mds, neutrophils, monocytes, DCs, osteoclasts, and eosinophils (Rabinovitch
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1995). These cells are equipped with a range of pattern recognition receptors (PRRS),
which efficiently identify materials from foreign pathogens to apoptotic cells and allow
appropriate downstream signals to initiate. Pathogen-associated molecular patterns
(PAMPs) displayed by bacteria, fungi or parasites are recognised by certain receptors,
particularly TLRs and Dectin-1, and induce the release of pro-inflammatory cytokines
(Hayashi et al. 2001; Takeuchi et al. 2000). Conversely, binding of phosphatidylserine
(PS) presented by apoptotic cells is mediated by T cell immunoglobulin mucin (TIM)
family, brain-specific angiogenesis inhibitor 1 (BAI1) and Stabilin-2 (Kobayashi et al.
2007; Nakayama et al. 2009; J.-Y. Park et al. 2008; D. Park et al. 2007), and generally
results in anti-inflammatory responses, notably promotion of transforming growth factor
B (TGF-B) and prostaglandin E2 secretion (Fadok et al. 1998; M.-L. N. Huynh, Fadok,

and Henson 2002), signalling the resolution of inflammation.

Once a phagocytic substrate is internalised, the newly formed nascent phagosome
undergoes sequential steps of fission and fusion with endosomal vesicles until it finally
matures to phagolysosome. These endosomal vesicles not only change the inner
biochemical composition of phagosomes but also ensure these changes occur in step-wise
fashion. Small GTPases Rab proteins are key regulators of phagosome maturation, and
they are responsible for coordinating endocytic vesicular trafficking between the

phagosome and cell organelles via the actin cytoskeleton network (Gutierrez 2013).

Transition from the nascent phagosome to early phagosome is marked by the recruitment
of Rab5. Active Rab5 induces the membrane localisation of the class Il phosphoinositide
3-kinase, vacuolar protein-sorting 34 (Vps34), which facilitates the synthesis of the lipid
phosphatidylinositol 3-phosphate [P1(3)P] from phosphatidylinositol (Ellson et al. 2001).
Accumulation of PI(3)P then recruits early endosomal antigen 1 (EEAL1) and the class C

core vacuole/endosome tether (CORVET) complex (Lawe et al. 2002; Peplowska et al.
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2007), which acts as a bridge between the phagosome and other endosomal vesicles.
During this stage, the phagosome starts to gradually acquire vacuolar-type H+ -ATPase
(v-ATPase) which pumps H+ inward to initiate the acidification process (Yates et al.

2007).
T Actin
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Figure 4.1 Phagosome maturation. Soon after the nascent phagosome is formed Rab5 is
recruited and EEA1 further matures the phagosomes to Rab7 recruitment. Late phagosome finally
fuses with lysosome forming phagolysosome. By this stage the inner environment of
phagolysosome reaches pH = 4.0, which is optimal pH for many hydrolases and proteases.
Recycling endosomes, Rab4,9,10, and 11 are constantly shuffled between phagosomes and other

intracellular compartments, such as trans-Golgi network (TGN).



Transition from early to late phagosome is marked by the replacement of Rab5 and
CORVET to Rab7 and late tethering complex, homotypic fusion and vacuole-sorting
(HOPS) (Rink et al. 2005). Although the precise mechanisms of this transition remain to
be determined, the acquisition of lysosome-associated membrane protein 1 and 2 (LAMP-
1 and -2) is a prerequisite for the recruitment of Rab7. In mice that lack both LAMP-1
and LAMP-2 displayed phagosomes that are arrested at the Rab5(+), PI3P(+) stage (K.
Huynh et al. 2007). HOPS complex acts downstream of Rab7 recruitment and is crucial
in the maturation of phagosomes to phagolysosome. Worms lacking certain components
of HOPS complex display phagosomes that are arrested at the Rab7(+) phagosome

(Kinchen and Ravichandran 2008).

The final fusion of late phagosome and lysosome is mediated by SNARE complex
composed of syntaxin7 and synaptosomal associated protein of 23 kDa (SNAP-23)
(Sakurai et al. 2012). The phagolysosome is highly degradative, as it contains numerous
hydrolytic enzymes, notably glycosidases, lipases, DNases, and proteases which become
highly active in an acidic environment (pH = 4.5) (Yates, Hermetter, and Russell 2009).
By this stage, the phagolyososome also contains NADPH oxidase complex, which
generates oxygen radicals (Savina et al. 2006), further maximising its antimicrobial

capacity.

Another critical component of phagosome maturation is the retrieval of cargo proteins via
recycling pathways. During internalisation of phagocytic substrates, a considerable
amount of plasma membrane is internalised, along with receptors such as TLRs. These
elements must be retrieved back to their origins, and this is mediated by Rab4, 10, 11 and
other members of the retromer complex (Damiani et al. 2004; Ullrich et al. 1996). Rab9

recycles mannose 6-phosphate receptors (M6PRs) from late phagosomes to Golgi
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complex, which carry lysosomal enzymes (Lombardi et al. 1993; Barbero, Bittova, and

Pfeffer 2002).

It should be noted that phagosome maturation steps described above are overly simplified
and that phagosome maturation is a very dynamic and complex process, involving rapid
and transient interactions occurring in parallel. The process of phagosome maturation also
depends on the context of phagocytic substrates, types of phagocytes, and the
microenvironment (such as presence of inflammatory signals) (Rettig et al. 2010;
Beningo and Wang 2002). There is also extensive crosstalk between vesicular events
because it is important to signal to coordinate the overall kinetics of phagosome
maturation. For example, in DC, phagosome maturation is significantly delayed
compared to other phagocytes as the antigens from pathogens must be spared for antigen

presentation (Salao et al. 2016).

4.1.2 Neurodegeneration and phagocytosis
Microglia are the chief professional phagocytes in the CNS and their main function is to
maintain a homeostatic environment for neurons. During development, microglia detect
and phagocytose weak synapses (a process called synaptic pruning), shaping proper
neuronal network (Schafer et al. 2012; Hong et al. 2016). Microglia can also actively
phagocytose dead or damaged neurons (Fraser, Pisalyaput, and Tenner 2010), as well as
potentially harmful extracellular protein aggregates, notably amyloid beta (Ap) (Ard et al.
1996; Webster et al. 2000; Koenigsknecht and Landreth 2004), or asyn (J.-Y. Park et al.
2008). Because microglial function is essential in overall well-being of neurons, it is
conceivable that defects in its function could potentially be harmful for neurons.
Consistent with this idea, variants in phagocytosis-related genes have been identified to
be risk factors for neurodegenerative disease, including AD and PD. For example,

TREMZ2, CD33, are associated with AD and its variants have been shown to impair
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phagocytosis (Kleinberger et al. 2014; Griciuc et al. 2013). PD-causing mutations in
SNCA also reduce phagocytic capacity of Mds (Lee et al. 2008; Haenseler et al. 2017).
N370S GBA mutant in human iPSC-derived M®s displays no defect in the uptake of

erythrocytes impairs complete digestion of them (Aflaki et al. 2014; Panicker et al. 2012).

LRRK2 is highly expressed in professional phagocytes — Mds, microglia, DC — and has
been reported to interact with key Rab GTPases of phagocytosis pathway, particularly
Rab5, 7, 8, 10, and 32, suggesting its possible role in phagocytosis (Chapterl.2).
However, interaction of LRRK2 with these Rab GTPases (Rab5, 7, and 32) must be
critically evaluated as these interactions so far have been confirmed by in vitro studies in
LRRK2-overexpressing HEK 293T cells (Yun et al. 2015; Dodson et al. 2012; Gomez-
Suaga et al. 2014; Steger et al. 2016; Waschbuisch et al. 2014), or at a physiological level
(Rab8 and 10) but in non-professional phagocytes, mouse fibroblasts (Steger et al. 2016).
Furthermore, the direct evidence that LRRK?2 is involved in phagocytosis is lacking as
different research groups have reported conflicting results (Gardet et al. 2010; Marker et

al. 2012; Schapansky et al. 2014; Moehle et al. 2015; Maekawa et al. 2016).

4.1.3 AIms
The overall aim of this chapter is to critically assess the involvement of LRRK2 in
phagocytosis by using authentic human M®s differentiated from hiPSCs. I have used
immunofluorescent techniques to investigate subcellular localisation of LRRK2 during
phagocytosis. | have explored the involvement of LRRK2 function in two different stages
of phagocytosis; during the initial internalisation of phagocytic substrates and later during
the acidification of phagosomes, and with different phagocytic substrates and
opsonisation conditions. Lastly, | undertook a proteomics approach in an attempt to

capture molecular interactors of LRRK2 during phagocytosis.
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4.2 Results

4.2.1 LRRK2 is recruited to the phagosomes during late stages of phagocytosis
LRRK2 protein has been reported to localise to the phagosomes containing S.
typhimurium in mouse M®-like RAW 264.7 cells (Gardet et al. 2010). However, no
attempt was made to identify at which stage of phagocytosis LRRK2 is recruited to the
phagosomes. Furthermore, more rigorous validation of immunostaining is required as the
antibody used in this study (NB300-268, Novus Biologicals) was not validated using

LRRK2 KO cells (Gardet et al. 2010).

Based on this observation, | investigated whether LRRK?2 is recruited to the phagosomes
during different stages of phagocytosis. Phagocytosis of fluorescent zymosan bioparticles
was allowed for 2 h and the hiPSC-M®ds were subsequently fixed and stained with
antibody against LRRK2. Confocal imaging analysis clearly demonstrated the presence
of LRRK2 on a subset of zymosan-containing phagosomes (Figure 4.2A). And the
specificity of the immunostaining was validated by using LRRK2 KO hiPSC-M®s (Ctrl-

1.17"), which do not show any signal for LRRK2 (Figure 4.2A,B).

Zymosan activates dectin-1 and TLR2 receptors (Gantner et al. 2003). To examine
whether recruitment of LRRK2 is dependent on certain receptors, E.coli bioparticles
activating TLR4 and live S.typhimurium activating TLR2 and TLR4 were given to
hiPSC-M®s. Recruitment of LRRK2 protein was confirmed on these phagosomes
(Figure 4.2A). To examine whether the size of target matters, | opsonized zymosan
bioparticles (~3 pum) and E.coli bioparticles (0.1 um) with IgG so that both particles are
recognized by FcRs. LRRK2 recruitment was observed in both cases (Figure 4.2B). |
extended this observation by feeding hiPSC-M®s with latex beads (2.5 um) of similar

size as zymosan bioparticles but which are taken up by multiple scavenger receptors. This

83



time, LRRK2 was not observed on latex beads containing phagosomes (Figure 4.2D).
Interestingly, LRRK?2 protein was also absent on the phagosomes containing asyn fibrils,
which have been reported to activate TLR1, 2, and 4 (Kim et al. 2013; Fellner et al. 2013;

Stefanova et al. 2011).

Since LRRK2 was not found in all phagosomes but only on a subset of phagosomes,
whether this was zymosan, E. coli or S. typhimurium, I hypothesized that LRRK2 must be
recruited during a specific stage of phagocytosis. | stained hiPSC-M®s fed with
fluorescent zymosan bioparticles with markers that represent early phagosome (Rab5)
and late phagolysosome (Rab9 and LAMP-1). Zymosan bioparticles were chosen to
investigate this hypothesis because of its relatively larger size, the presence of LRRK2 on
phagosomes could be easily detected and closely examined, making quantification more
reliable and reproducible. A significantly higher proportion of zymosan-containing
phagosomes were LRRK2-positive when incubation was 120 min compared to 30 min
(Figure 4.3). LRRK2 was detected significantly more on LAMP-1(+) phagosomes, which
represent late—phagolysosomes, than Rab5(+) phagosomes, which represent early
phagosomes (Figure 4.3). Interestingly, LRRK2 protein does not appear to co-localise

with neither Rab5 nor LAMP-1 but rather co-exists on the same phagosome (Figure 4.3).
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Figure 4.2 LRRK?2 is recruited to the phagosomes. (A) Confocal images of LRRK?2
WT and LRRK2 KO hiPSC-M®s fed with fluorescent zymosan bioparticles, fluorescent
E. coli bioparticles, live GFP-expressing S.typhimurium, (B) IgG-opsonised zymosan
bioparticles, IgG-opsonised fluorescent E. coli bioparticles, and (C) fluorescent latex
beads and Alexa-488 conjugated a-syn fibrils. Phagocytosis was allowed for 120 min
then cells were fixed and stained with antibody against LRRK?2. All scale bars represent
10 pm.
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Figure 4.3 LRRK2 is recruited to the late phagosomes. hiPSC-M®s were fixed and
stained with Rab5, an early phagosome marker, and LAMP-1, a late
phagosomes/phagolysosomes marker. All scale bars represent 10 um. Bar graph on the
left shows the quantification of LRRK2(+) phagosomes in M®s that were fed with
fluorescent zymosan bioparticles for 30 min and for 120 min. Internalized zymosan
bioparticles are indicated in asterix. Data represent the fold change against time point 30
min in mean £ S.E.M. Student t-test was used for statistical analysis. Bar graph on the
right shows the fold change in the number of LRRK2(+) phagosomes displaying late
phagosomal markers (Rab9, LAMP-1) against early phagosomal marker (Rab5). Data
are presented in mean = S.E.M. Statistical analysis was performed by two-way ANOVA
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4.2.2 LRRK2 kinase inhibitors enhance the formation of LRRK2 super-coated
phagosomes

At least in LRRK2-overexpressing HEK 293T cells, it has been reported that LRRK2

kinase inhibitors affect localisation of LRRK2 within the cell from diffused cytosolic

distribution to more discrete cytosolic pools (Dzamko et al. 2010). Therefore, |

investigated whether the application of LRRK2 kinase inhibitors would affect the

localisation of LRRK2 to phagosomes during phagocytosis.

On average about 20% of zymosan containing phagosomes were positive for LRRK2 and
about 10% of these LRRK2(+) phagosomes displayed strong positivity for LRRK2
(referred as LRRK2 super-coated phagosomes) (Figure 4.4B and Appendix A4). Pre-
treating hiPSC-M®s with two structurally distinct LRRK2 kinase inhibitors,
GSK2578215A (GSK) or GNE-7915 (GNE), significantly increased the proportion of
LRRK?2 super-coated phagosomes (Figure 4.4C) while the overall number of LRRK2(+)

zymosan containing phagosomes did not change (Figure 4.4C).

Since pharmacological inhibition of LRRK2 kinase activity enhanced the formation of
LRRK?2 super-coated phagosomes, | next investigated whether the presence of LRRK2
G2019S heterozygous mutation, which displays hyper-kinase activity, would impact this
observation. First, there was no difference in the total number of LRRK2(+) phagosomes
or in the number of LRRK2 super-coated phagosomes between LRRK2 G2019S hiPSC-
M®s and its isogenic pair. Similarly, the formation of LRRK2 super-coated phagosomes
was also detected in hiPSC-M®ds with LRRK2 G2019S mutation in the presence of GNE,
but not GSK, although no significant difference was detected compared to its isogenic

pair (Figure 4.4D).
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Figure 4.4 LRRK2 kinase inhibitors enhance the formation of super-coated LRRK2
phagosomes. (A) hiPSC-M®s were pre-treated with GSK (1uM), GNE (1uM), or
DMSO for 2 h before fluorescent zymosan bioparticles were added. Phagocytosis was
allowed for 2 h and cells were fixed and stained with antibody against LRRK2. (B)
Confocal images show an example of LRRK2(+) phagosomes (labelled with a single-
headed arrow) and LRRK2 super-coated phagosomes (labelled with double-headed
arrow). All scale bars represent 10 um. (C, D) Each dot represents data (mean) collected
from at least 300 cells based on images acquired from at least five randomised fields.
Two-way ANOVA with Fisher's LSD test was used for statistical analysis. * P <0.05, **
P<0.01, *** P<0.001, ns denotes not significant.
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4.2.3 LRRK2 is not involved in the acidification of the phagosomes
Since LRRK2 is recruited during the late stages of phagocytosis, | hypothesised that
LRRK2 has a functional role during the downstream phagosome maturation steps. The
simplest way of testing this hypothesis is to quantify the number of acidified phagosomes
using bioparticles conjugated to acid-sensitive dye. To ensure that the number of
acidification events are not influenced by varied internalisation rate, | tested whether the
internalisation of bioparticles are affected by LRRK2 kinase inhibitors, or across different

LRRK2 hiPSC-M®s.

M®s differentiated from three healthy control iPSC lines (Ctrl-1.1W™WT  Ctrl-1.2WTWT,
Ctrl-1.3"T™™WT) were pre-treated with GSK or GNE for 2 h before zymosan bioparticles
were applied for 30 min. The number of zymosan containing cells were quantified using
flow cytometry (Figure 4.5A). LRRK2 kinase inhibitors had no significant effect on the
internalisation of zymosan bioparticles (Figure 4.5C). Similarly, neither LRRK2 KO
hiPSC-M®s (Ctrl-1.27) nor LRRK2 G2019S hiPSC-M®s (Pat®?019™T) showed any

significant difference compare to their isogenic pairs (Figure 4.6-7).
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Figure 4.5 Application of LRRK2 kinase inhibitors does not affect the
internalisation of zymosan bioparticles in hiPSC-M®s. (A) Outline of the
experimental design (B) FACS plots showing the percentage of zymosan(+) hiPSC-M®s
(C) Graphs represent mean = SEM of the percentage of zymosan(+) hiPSC-M®s from at
least three independent experiments from three healthy control lines (Ctrl-1,
Each dot represents data from each independent experiment. Two-way ANOVA with
Dunnett multiple comparisons test against vehicle control (DMSO) was used for
statistically analysis. ns denotes not significant.
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Figure 4.6 Complete absence of LRRK?2 protein does not affect the internalisation
of zymosan bioparticles in hiPSC-M®s. (A) FACS plots showing the percentage of
zymosan(+) hiPSC-M®s from LRRK2 KO (Ctril-1.2") and its parental control line
(Ctrl-1"""") (B) Graph represents mean + SEM of the percentage of zymosan(+) hiPSC-
M®s from at least three independent experiments. Each dot represents data from each
independent experiment. Cytochalasin D (CytD; 10 uM) inhibits actin polymerisation
therefore was used as a negative control. Two-way ANOVA with Dunnett multiple
comparisons test was used for statistically analysis. * P < 0.05, ** P < (.01, *** P <
0.001, ns denotes not significant.
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Figure 4.7 The presence of G2019S mutation does not affect the internalisation of
zymosan bioparticles in hiPSC-M®s. (A) FACS plots showing the percentage of
zymosan(+) hiPSC-M®s from LRRK2 G2019S patient line (Pat®"’*"") and its
CRISPR/Cas-9 edited isogenic control line (Pat""™") (B) Graph represents mean + SEM
of the percentage of zymosan(+) hiPSC-M®s from at least three independent
experiments. Each dot represents data from each independent experiment. Cytochalasin
D (CytD; 10 uM) inhibits actin polymerisation therefore was used as a negative control.
Two-way ANOVA with Dunnett multiple comparisons test was used for statistically
analysis. * P <0.05, ** P<0.01, *** P<0.001, ns denotes not significant.
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Zymosan and E. coli bioparticles conjugated to pHrodo dye become fluorescent in the
acidic environment (pH 5.5 — 4.5) of the phagolysosome. Acidification events were
monitored live for 2 h and the number of acidified phagosomes were quantified using an

incuCyte ZOOM system (Essen Bioscience) (Kapellos et al. 2016).

hiPSC-M®s treated with LRRK2 kinase inhibitors did not show a significant difference
in acidification of phagosomes compared to vehicle control (Figure 4.8). The kinetics of
acidification events as well as the total number of acidified phagosomes at the end of the
assay were not affected by LRRK?2 kinase inhibitors. This was surprising because | have
shown in the previous section that LRRK2 kinase inhibitors significantly increased the
number of LRRK2 super-coated phagosomes (Figure 4.4C). Similarly, neither complete
absence of LRRK?2 protein nor the presence of G2019S mutation had a significant impact
on the acidification of phagosomes (Figure 4.9-10). Together, these results imply that

LRRK2 is dispensable for phagosome acidification.

93



94

DMSO pHrodo
GSK zymosan
IFNy or LPS or GNE or E.coli

+ 72h + 2h + 2h

» — —>

InCucytes
B pHrodo zymosan
_10 UNTR _10 IFNy _10 LPS
3 3 3 - DMSO
o 2o 8 e 8 @ 8 -~ GSK
n L 2 L2
S g £ £ GNE
S5 5 e S 6 G
2 ;. ;.
o 3 3 3
E 3 ¢ g
F 5 2 s 2 c 2
E 2 3
= = =
0 60 120 0 60 120 0 60 120 Time (min)
ns
10 ns 107 —DNS 10 P
= = =
8, : s 1 8 .| pns 5 sy ® CulaVTVT
= 8 — 3 s 8 o, o o Cri-2VTWT
i ~ b 2 L]
g §s » § 6 £ g e o Ctrl-gWV T
o s 2 £, o0 e N e S
c g 4 e . g 44 —po- 3 g , .
W . 3 : ' 3
5 2 ®e o0 ) 5 2 g 5
S L] L4 S o
= ] L 2
s & o P e
O ) N O ) > o} A &
Oé [ [) 0“ [ () 0“% 2 >
C pHrodo E. coli
_ 8 UNTR _ 10 |FNY _ 10 LPS
E E E -e- DMSO
© S @ 8 s 8 - GSK
o 8 S S
3 & g g o
4
° g € ]
o § g 4 g 4
E ¢, H ]
~ & 5 2 5 2
E 2 2
b 0 b 0 i 0
0 60 120 0 60 120 0 60 120 Time (min)
ns
ns S
—_
_ 10 ns _ 10 ns _ 10 sy
3 — 3 — 3 e ® Crl-WTWT
s 8 S 8 s 3 8 ° ° ° WT/WT
€ . S 2 Y Ctri-2
] £ ¢ . H . £ o, £ gl ® . Ctrl-gWTT
o o ° s — R
T € ae ° _ t g0 ® * € . °
c g 4 ® Py g 4 - g g 4
wog * 3 ° 3
5 2 g 2 $ 2 o
3 E 2
A 0 - 0 - 0
(o] A & O A & (o] A &
0‘@ 2 & o\tgg & s o\go & &

Figure 4.8 Application of LRRK2 kinase inhibitors does not affect the acidification
of phagosomes in hiPSC-M®s. (A) Outline of the experimental design. The number of
acidified fluorescent zymosan (B) or E. coli (C) bioparticles was monitored for 2 h. Plot
dot graphs represent quantification of end-point results in mean = SEM from at least
three independent experiments from three healthy control lines (Ctrl-1, -2, -3). Each dot
represents data from each independent experiment. Two-way ANOVA with Dunnett
multiple comparisons test against vehicle control (DMSO) was used for statistically
analysis. ns denotes not significant
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Figure 4.9 Complete absence of LRRK2 protein does not affect the acidification of
phagosomes in hiPSC-M®s. The number of acidified/fluorescent zymosan (A) or E.
coli (B) bioparticles was monitored for 2 h in hiPSC-M®s from LRRK2 KO (Ctril-1.17)
and its parental control line (Ctrl-1""""). Plot-dot graphs represent quantification of
end-point results in mean £ SEM from at least three independent experiments. Each dot
represents data from each independent experiment. Two-way ANOVA with Dunnett
multiple comparisons test was used for statistically analysis. ns denotes not significant.
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Figure 4.10 The presence of G2019S mutation does not affect the acidification of
phagosomes in hiPSC-M®s. The number of acidified fluorescent zymosan (A) or E.
coli (B) bioparticles was monitored for 2 h in hiPSC- M®s from LRRK2 G2019S patient
line (Pat®’"”™") and its CRISPR/Cas-9 edited isogenic control line (Pat""™""). Plot-dot
graphs represent quantification of end-point results in mean = SEM from at least three
independent experiments. Each dot represents data from each independent experiment.

Two-way ANOVA with Dunnett multiple comparisons test was used for statistically
analysis. ns denotes not significant.
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4.2.4 Investigating the molecular interactors of LRRK2
So far, | have clearly shown that LRRK2 is recruited to the late phagosomes but it is
functionally not involved in the acidification of phagosomes. Having ruled out these most

obvious of roles, the question remains, what could be the role of LRRK2 at phagosomes?

Rab GTPases regulate various fission and fusion events during phagocytosis, and in
LRRK2-overexpression system, LRRK2 associates physically with these proteins (Yun et
al. 2015; Dodson et al. 2012; Gomez-Suaga et al. 2014; Steger et al. 2016; Waschbuisch et
al. 2014). Recently, Rab8 and Rab10 have been identified as potential physiological
substrates of LRRK2 in mouse fibroblasts (Steger et al. 2016). Knowing this, | stained
hiPSC-M®s undergoing phagocytosis with a panel of antibodies against Rab GTPases,
Rab 4, 7, 8, and 10 (Figure 4.11). Unfortunately, LRRK2 did not show any co-
localisation with these Rab GTPases although LRRK2 appears to be co-recruited with

Rab8 (Figure 4.11) and Rab9 (Figure 4.3).

Next, | stained hiPSC-M®ds with markers of other cellular compartments involved in
phagocytosis, notably ER (anti-calnexin) and peroxisomes (anti-catalase). ER plays an
essential role during phagocytosis by providing necessary materials to phagosomes (e.g.
intracellular membrane) (Desjardins 2003) while peroxisomes are important during
phagosome maturation by sequestering and producing ROS, hydrogen peroxide (H20>)
and nitric oxide (NO) (Schrader and Fahimi 2006; Di Cara et al. 2017). Confocal images
revealed that there was no colocalization of LRRK2 with any of these compartments

(Figure 4.11).
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Figure 4.11 LRRK2 does not colocalise with Rab GTPases, ER, or peroxisomes.
hiPSC- M®s were fed with zymosan bioparticles for 120 min. Cells were fixed and
stained with a panel of antibodies against Rab GTPases (Rab4, 7, 8, 10), calnexin (ER),
and catalase (peroxisomes). All scale bar represents 10 pm. Internalised zymosan
bioparticles are indicated in asterix.
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Figure 4.12 Interactome of LRRK2 in hiPSC-M®s. (A) Endogenous LRRK?2 protein
was pulled down using antibody against LRRK2 (NeuroMAB, N241A/36). Ctrll1.17"
M®ds were used to rule out any nonspecific proteins during IP. (B-C) Volcano plot and a
table of potential interactors of LRRK?2 identified by mass spectrometry. Candidates that
display -log p value > 2.5 are labelled in red. And then candidates with peptide intensity
value > 0 in WT samples and < 0 in KO samples were selected and labelled in blue and
LRRK?2 in green. The table shows the list of these candidates in the order of highest to
lowest statistical value of the mean difference between WT and KO samples (D) Western
blot was probed with the antibody against pan 14-3-3. (E) Immunostaining of hiPSC-
M®ds with LRRK2 and 14-3-3, and CDC37. All scale bar represents 10 um.



Lastly, to identify physiological interactors of LRRK2 in iPSC-M®s, I used a proteomics
approach. Endogenous LRRK2 protein, expressed at a physiological level was
immunoprecipitated and LRRK2 KO hiPSC-M®s (Ctrl-1.17) was used as a negative
control to exclude any non-specific proteins identified by mass spectrometry (Figure
4.12). Using this approach, | have identified numerous potential interactors of LRRK2. In
the volcano plot, proteins with a -log P-value > 2.5 (student t-test; P<0.001) were first
selected (indicated in red dots). These candidates represent proteins that have been
reproducibly identified across three replicates. Most of these candidates, however,
displayed peptide intensity level below 0. Therefore, only those that show the peptide
intensity > 0 in WT samples and < 0 in KO samples were labelled and highlighted in blue

(Figure 4.12B).

Mass spectrometry identified 14-3-3 protein, which has been repeatedly shown by other
research groups to be an interactor of LRRK2 (Dzamko et al. 2010; Li et al. 2011;
Nichols et al. 2010). However, although 14-3-3 protein was readily detectable in the input
whole cell lysate by western blot analysis, it was barely detectable in the IP by Western
blot, so failed validation of its interaction with LRRK2 in hiPSC-M®s (Figure 4.12D).
This is perhaps due to the amount of protein present in the final immunoprecipitated
eluate being too low, making it difficult to judge whether my list of other interactors

represent true interacting partners or random false positives.

Therefore, instead of validating these hits by western blot, | decided to stain hiPSC-M®s
undergoing phagocytosis to identify whether the listed candidates colocalised with
LRRK2. From the list, hsp90 co-chaperone cdc37 (CDC37) was chosen because it
displayed third highest difference between WT and KO samples after LRRK2 and GNB4
(Figure 4.12C) and it has been reported to interact with LRRK2 in HEK 293T cell

overexpressing LRRK2 (Wang et al. 2008). However, immunostaining of hiPSC-M®s
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with either 14-3-3 or CDC37 showed no convincing co-localisation with LRRK2 (Figure

4.12E).
4.3 Summary and discussion

Results from this chapter provide new insight to LRRK2 involvement in phagocytosis.
Using human M®s differentiated from hiPSCs, I have shown that LRRK2 is recruited to
the phagosomes during the late stages of phagocytosis, and that LRRK2 kinase inhibitors
promote the formation of LRRK2 super-coated phagosomes. However, LRRK2 is not
functionally involved in the initial internalisation of bioparticles or the acidification

process during phagocytosis.

Knocking down LRRK2 protein expression using siRNA has been variously reported to
reduce phagocytic uptake of latex beads in Tat-protein activated BV-2 cells (Marker et al.
2012), and, conversely, to have no effect on the uptake of FITC-conjugated beads in both
LPS activated RAW?264.7 and BV-2 cells (Schapansky et al. 2014). Similarly, Maekawa
et al., reported no difference in the uptake of fluorescent latex beads in primary mouse
LRRK2 KO microglia compared to WT (Maekawa et al. 2016). By using human M®s,
my results are consistent with the findings that LRRK2 has no role in the initial stage of
phagocytosis by showing that CRISPR/Cas-9 KO of LRRK2 has no significant effect on
the uptake of fluorescent zymosan bioparticles in LPS or IFNy activated hiPSC-M®s
(Figure 4.6). LRRK2 G2019S PD patient-derived hiPSC-M®s (Pat®?°1%™T) did not show
any significant difference compared to CRISPR/Cas-9 edited isogenic control hiPSC-
hiPSC-M®s (Pat™W™WT) (Figure 4.7). This is consistent with mice data, which showed that
thioglycollate-elicited peritoneal Mds (TEPMs) from LRRK2 G2019S transgenic mice

had no significant difference in the uptake of fluorescent zymosan bioparticles compared



to its WT (Moehle et al. 2015). Together, the results presented here suggest that LRRK2

is dispensable during the initial stage of phagocytosis.

Extending the observation made by Gardet et al., who reported the recruitment of LRRK2
to S. typhimurium containing phagosomes in murine M®-like RAW 264.7 cells (Gardet
et al. 2010), | demonstrated that in hiPSC-M®s, recruitment of LRRK2 to the
phagolysosomes was observed in zymosan, E. coli, S.typhimurium, and IgG-opsonized
zymosan and E.coli bioparticles but not in latex beads or asyn fibrils (Figure 4.2).
Zymosan bioparticles activate TLR2 and dectin-1 receptors, E. coli bioparticles activate
TLR4, S.typhimurium activate TLR2 and TLR4, IgG-opsonized bioparticles activate
FcRs. Latex beads used in this study was not conjugated with any specific antigens,
therefore, are taken up by multiple scavenger receptors. It has been shown that oligomeric
asyn stimulates signalling through TLR1/2 while a high amount of monomeric asyn
stimulates TLR4 (Kim et al. 2013; Fellner et al. 2013; Stefanova et al. 2011). However,
exactly which receptors asyn fibrils activate is currently unclear. Recruitment of LRRK2
does not appear to be target size dependent because both IgG-opsonized E.coli
bioparticles (0.5 — 1 pm) and zymosan (~3 pm) containing phagosomes displayed
LRRK2 positivity (Figure 4.2A). Similarly, LRRK2 protein was not observed on the
phagosomes containing latex beads (2.5 um) with similar size as zymosan (Figure 4.2B).
In this study, therefore, all TLRs and FcR-activating phagocytic substrates led to

recruitment of LRRK2 to the late phagosomes.

Therefore, the absence of LRRK2 recruitment to asyn is perplexing. One of the
limitations of my immunostaining approach is that | only captured phagocytosis events at
2 h. It is possible that phagocytosis of asyn fibrils has different kinetics compared to
other TLR or FcR mediated phagocytosis. Maekawa et al., recently has shown that

LRRK2 KO mouse primary microglia had a significant defect in phagocytosis of
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recombinant asyn peptides, suggesting a relationship between LRRK2 and asyn
clearance (Maekawa et al. 2016). In their study, they allowed phagocytosis to occur for
24 — 48 h. Future experiments, therefore, could investigate different time points to
critically assess whether LRRK2 is recruited to asyn fibril containing phagosomes at later

timepoints.

My results demonstrate that LRRK?2 is recruited during the late stages of phagocytosis
(Figure 4.3). LRRK2 is present on Rab9 and LAMP-1(+) phagosomes but not on Rab7(+)
phagosomes. While Figure 4.11 also shows Rab8 co-existence with LRRK?2 this should
be confirmed with more experimental replicates. It is also interesting that LRRK2 does
not co-exist with a classical late phagosome marker, Rab7 (Figure 4.11). Rab9 facilitates
the recycling of mannose 6-phosphate receptors (M6PRs) between the phagosomes and
the TGN. M6PRs are important in delivery newly synthesized lysosomal enzymes from
the TGN to phagosomes (Riederer et al. 1994). LAMP-1 and LAMP-2 are
transmembrane proteins, found abundantly on lysosomal components (Eskelinen, Tanaka,
and Saftig 2003). LAMPs recruitment to phagosomes occurs prior to Rab7 recruitment
which is required for the formation of phagolysosomes (K. Huynh et al. 2007). Therefore,

it is conceivable that LRRKZ2 is recruited prior to the recruitment of Rab7.

LRRK?2 kinase inhibitors increased the number of LRRK2 super-coated phagosomes by
two to fourfold (Figure 4.4). The number of total LRRK2(+) phagosomes did not change,
suggesting that recruitment of LRRK2 to the phagosomes is not altered by LRRK2 kinase
inhibitors but the dissociation from phagosome process may be affected, leading to the
accumulation of LRRK2 protein on the phagosomes. This means that under normal
condition, presence of LRRK2 on the phagosomes is transient and LRRK2 must escape
from phagosomes. Despite the presence of super-coated LRRK2 phagosomes, no

profound defect in the overall phagocytosis, particularly acidification of phagosomes, was
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observed (Figure 4.8). Therefore, it can be speculated that recruitment of LRRK2 is not a

necessity for the acidification process but may serve in different role.

Lastly, in this chapter, | attempted to identify physiological interactors of LRRK2 in
hiPSC-M®s. Although mass spectrometry analysis identified several potential candidates,
notably the supposedly LRRK2 interacting 14-3-3 protein and CDC37, none of these
could be validated using either western blot analysis or immunostaining (Figure 4.12).
Additionally, mass spectrometry did not identify any Rab GTPases. This could be due to
the sub-optimal buffer conditions used for IP. For example, Rab GTPases quickly lose
interaction with their interactors upon hydrolysis of GTP. To prevent this, future
experiments can add GTPyS, a non-hydrolysable analog of GTP, in the IP buffer to
prevent the formation of GDP-bound Rab GTPases. This way, if LRRK2 were to interact
with a Rab GTPase, IP can pull down its interactors more efficiently. In this chapter, |
used a commercially available antibody to pull down LRRK2, which required a minimum
of 16 h incubation at 4°C to pull down a substantial amount of LRRK2. It is not
surprising that during this long incubation most of interactors would have been lost,
making it difficult to validate the potential candidates via western blot analysis. One
possible way of overcoming this problem is to generate a reporter-tagged endogenous
LRRK2 (such as mCherry). This way, incubation time could be shortened to 1 — 2 h,

allowing capture of more transient interactors of LRRK2.
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LRRK?2 in hiPSC-derived microglia and
cortical neuron co-culture

5.1 Introduction

5.1.1 hiPSC-microglia and cortical neuron co-culture
Tissue-resident M®s acquire tissue-specific properties according to the niche in which
they differentiate. They display tissue-specific gene expression profiles and distinct
developmental origins. Lineage-tracing studies in mice have uncovered that before birth,
MYB-independent, yolk-sac M®s migrate to the brain before the closure of the BBB and
these M®s mature together with neurons to fully functional microglia. Because of the
establishment of the BBB, yolk-sac M®s are the sole source of microglia. Fetal liver
M®s are responsible for generating M®s in liver (Kupffer cells), lung (alveolar M®s)
and heart (cardiac M®s). At birth and throughout the adulthood, bone-marrow derived
M®s constantly replace tissue-resident M®s in the gut and dermis (Bain et al. 2013;
Sieweke and Allen 2013; Gentek, Molawi, and Sieweke 2014; Ginhoux and Guilliams

2016).(Russo, Bubacco, and Greggio 2012)(Russo, Bubacco, and Greggio 2012)

Using this tissue-specific development of M®s, Dr. Haenseler in our lab has developed a
protocol to differentiate human microglia. This protocol mimics microglia ontogenesis by
co-culturing MYB-independent M® precursors (Buchrieser, James, and Moore 2017)

(recapitulating primitive, yolk-sac-derived M®s), with hiPSC-derived cortical neurons
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(recapitulating microglia differentiation in the neuronal environment) (Haenseler et al.

2017b) (Figure 5.1).
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Figure 5.1 Differentiation of hiPSC-microglia. hiPSC cultures were differentiated into cortical
neurons via dual SMAD inhibition using the protocol established by Shi et al. (Shi, Kirwan, and
Livesey 2012). Differentiation of M® precursors in IL-3 and MCSF was carried out according to
the protocol established by van Wilgenberg et al. (van Wilgenburg et al. 2013). Microglia
differentiation was carried out according to the protocol established by Haenseler et al. (Haenseler
et al. 2017b). hiPSC-cortical neurons were cultured for two weeks before the addition of M®
precursors. M® precursors in co-culture with cortical neurons were differentiated to microglia in

the media containing GM-CSF and 1L-34 for two weeks.

5.1.2 LRRK2 in the regulation of cytokine release
Microglia play a crucial role in the initiation and resolution of neuro-inflammation by
producing cytokines and chemokines. Microglia isolated from LRRK2 R1441G mutant
mice release higher levels of TNFa upon LPS stimulation. Conversely, KD of LRRK2

protein or pharmacological inhibition of LRRK2 kinase activity reduces LPS-induced
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expression of TNFa, IL-6, and IL-1B in mouse primary microglia and BV-2 cells

(Moehle et al. 2012; Kim et al. 2012; Russo et al. 2015).

However, results from M®s contradict the observations seen in microglia. BMDMs
isolated from LRRK2 R1441G or G2019S mutant mice show no significant difference in
TNFa or IL-6 secretion upon LPS stimulation compared to LRRK2 WT BMDMs (Moehle
et al. 2015; Hakimi et al. 2011). BMDMs from LRRK2 KO mice show no change in LPS-
driven release of cytokines, notably TNFa, IL-6, IL-1pB, IL-10, IL-12, and IL-10 (Dzamko
and Halliday 2012; Hakimi et al. 2011; Wandu et al. 2015; Yan and Liu 2017). Yet, other
groups have reported LRRK2-dependent effects using stimulation other than by LPS. Liu
et al., have shown that LRRK2 KO mouse BMDMs produced significantly higher levels
of IL-2 and IL-6 upon TLR2/Dectin-1 stimulation by zymosan but not upon TLR2
stimulation by PamsCSK4 (Liu et al. 2011). Yan et al., stimulated LRRK2 KO mouse
BMDMs with a Nod2 activator, muramyl dipeptide (MDP), in the presence of low
amount of LPS (10 ng/mL), and observed a significant reduction in the levels of TNFa,
IL-6, and IL-1P release (Yan and Liu 2017). These observations suggest that LRRK2
function may be different in microglia and M®s. However, the literature is missing
studies which directly compare LRRK2 function in microglia and M®s using the same
experimental conditions. A recent study has reported high levels of inflammatory
cytokines, notably IL-1B, TNFa, IL-6 and IL-12, in the sera of both asymptomatic
LRRK2 G2019S carriers and LRRK2 G2019S PD patients (Dzamko, Rowe, and Halliday
2016). This suggests a link between pathological LRRK2 protein and elevated pro-
inflammatory cytokines in humans, therefore, more rigorous experiments are merited to

fully understand the involvement of LRRK2 mutations in this process.
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513 Aim
Using hiPSC-microglia and cortical neuron co-culture, the aims for this chapter are to
dissect the role of LRRK2 in hiPSC-microglia function, particularly assessing its ability
to produce cytokines and chemokines. Furthermore, by directly comparing microglia and
M®s differentiated from the same M® precursor sources, the co-culture model offers a
powerful experimental tool to test my hypothesis that LRRK2 has a differential role in

M®s and microglia.

5.2 Results

5.2.1 LRRK?2 is expressed in hiPSC-microglia but not detectable in hiPSC-
cortical neurons
To confirm LRRK2 protein expression in human microglia, hiPSC-microglia (Ctrl-
AWTWTY co-cultured with hiPSC-cortical neurons (Ctrl-1W™WT) were fixed and stained
with antibody against LRRK2, a microglia-specific marker (lonized calcium Binding
Adaptor molecule 1; IBA1), and a neuron-specific marker (Microtubule-Associated
Protein 2; MAP2). LRRK2 protein was clearly expressed in hiPSC-microglia, while its
expression level was not detectable in hiPSC-cortical neurons (Figure 5.2A). The
specificity of LRRK2 staining in microglia but not neurons was confirmed by co-
culturing microglia differentiated from LRRK2 KO hiPSC (Ctrl-1.17") with cortical

neurons differentiated from LRRK2 WT hiPSCs (Ctrl-1"™WT) (Figure 5.2B).
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A Ctrl-1"™" microglia, Ctrl-1"™" cortical neurons co-culture

B Ctrl-1.1" microglia, Ctrl-1"™" cortical neurons co-culture

Figure 5.2 LRRK2 protein is expressed in hiPSC-microglia but not in hiPSC-cortical
neurons. (A) Microglia differentiated from LRRK2 WT hiPSC line (Ctrl-1"""") were co-
cultured with hiPSC-cortical neurons from the same hiPSC line (Ctrl-1""""). After two
weeks of differentiation, cells were treated with IFNy (100 ng/mL) for 48 h to enhance
LRRK?2 protein expression to detectable level. Cells were fixed and stained with antibodies
against a neuronal marker (MAP2), a microglia marker (IBA1), and LRRK2 (N241A/36).
(B) Microglia differentiated from LRRK2 KO hiPSC line (Ctrl-1.1"") were co-cultured with
cortical neurons differentiated from its parental hiPSC line (Ctrl-1""""). All scale bars
represent 100 pm.
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5.2.2 IFNy upregulates LRRK2 protein expression in hiPSC-microglia
In chapter 3, I have shown that IFNy significantly upregulates LRRK2 protein expression
in hiPSC-M®s. To test whether hiPSC-microglia have a similar response to IFNy, hiPSC-

microglia were treated with IFNy for 16 h, 48 h, or 72 h. Z-stacked confocal images were

acquired randomly using an Opera Phenix High-Content Screening system (PerkinElmer).

The number of hiPSC-microglia showing LRRK2 protein signal was quantified by
Columbus data storage and analysis system (PerkinElmer). IFNy treatment significantly
upregulated the percent of LRRK2 expressing hiPSC-microglia and its expression level

plateaued by 48 h post IFNy treatment (Figure 5.3).
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Figure 5.3 IFNy upregulates LRRK2 protein expression in hiPSC-microglia. hiPSC-
microglia, cortical neuron co-culture was treated with IFNy (100 ng/ml) for 16 h, 48 h,
or 72 h. The number of hiPSC-microglia (IBA1-positive cells) expressing LRRK?2 signal
was quantified using Columbus data storage and analysis system (PerkmanElmer). The
bar graph shows the percent of LRRK?2 expressing hiPSC-microglia in mean = SEM of at
least three independent experiments. Statistical significance was tested using one-way
ANOVA against UNTR control. *P < 0.05, **P < 0.01, ***P < 0.001, ns denotes not
significant.
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5.2.3 TNFa release by hiPSC-microglia with LRRK2 G2019S mutation
| next investigated whether LRRK2 has any role in pro-inflammatory cytokine release,
and whether it has a distinct role in hiPSC-M®s and in hiPSC-microglia. M® precursors
from Ctrl-1WTWT Ctrl-1.17, Pat®?0%™WT and PatV™™T hiPSC lines were co-cultured with
cortical neurons differentiated from Ctrl-1W™WT hiPSC line (referred as co-hiPSC-
microglia) (Figure 5.4A). To control for any variability triggered by the presence of GM-
CSF in the microglia differentiation media, M® precursors were also cultured in
microglia differentiation media in the absence of hiPSC-cortical neurons (referred as
hiPSC-microglia-like). Lastly, M® precursors were differentiated into hiPSC-M® to
directly compare the role of LRRK?2 in microglia and M®s. Cells were either primed with
IFNy (100 ng/mL) for 72 h or kept in their own media before LPS (100 ng/mL)
stimulation. Supernatants were collected and the levels of TNFa were quantified by
TNFo ELISA (Figure 5.4B). The contribution of neurons to the level of TNFa in the
supernatants collected from co-culture is minimal and this has been already assessed

robustly by Dr. Haenseler (Haenseler et al. 2017a).

Upon stimulation, hiPSC-M®s released around 100-fold more TNFo compared to hiPSC-
microglia-like or co-hiPSC-microglia (Figure 5.4C). hiPSC-M®s, hiPSC-microglia-like
and co-hiPSC-microglia all showed no significant difference in the level of TNFa among
four hiPSC lines (Ctrl-1W™WT  Ctrl-1.1", Pat®?9%WT and Pat"™WT), under basal

conditions or with LPS stimulation.

When cells were primed with IFNy before LPS stimulation, Ctrl-1.1" hiPSC-M®s
released significantly higher level of TNFo compared to Ctrl-1WT"WT hiPSC-M®s. The
presence of G2019S mutation, however, did not cause any significant changes in hiPSC-
Mds. In hiPSC-microglia-like cells, the difference was more pronouncedly detected

between the two hiPSC lines of same genomic background. G2019S patient hiPSC lines
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(Pat®?019WT and Pat™W™WT) showed significantly higher level of TNFa compared to
healthy control hiPSC lines (Ctrl-1W™T and Ctrl-1.17). However, neither the presence of
G2019S mutation nor the complete absence of LRRK?2 protein had any effect on TNFa
release in hiPSC-microglia-like cells. In co-hiPSC-microglia, while the absence of
LRRK2 protein did not show any significant difference compared to its parental hiPSC-
microglia, LRRK2 G2019S mutation (Pat®2%'°s'WTy significantly enhanced the release of

TNFa compared to its isogenic control (PatW™WT) (Figure 5.4C).
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Figure 5.4 LRRK2 G2019S mutation in co-hiPSC-microglia enhances TNFa release
upon IFNy priming and LPS stimulation. (A) M®s precursors differentiated from four
hiPSC lines (Ctrl-1"""", Ctrl-1.17", Pat®*"*"", and Pat"™"") were co-cultured with
cortical neurons differentiated from Ctrl-1"""" hiPSC line. (B) Cells were primed with
IFNy (100 ng/ml) for 72h prior to LPS (100 ng/ml) stimulation for 4 h (C) Bar graphs
show TNFa (pg/ml) level in mean = SEM of three independent experiments. Statistical
significance was tested using Two-way ANOVA with Tukey multiple comparison test.
*P<0.05,**P<0.01, ***P<0.001, ns denotes not significant.
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5.2.4 Multiplex cytokine and chemokine profiling in hiPSC-M®s and hiPSC-
microglia
To explore the role of LRRK2 in cytokine/chemokine release, the same supernatants used
for TNFa ELISA were analysed using Luminex multiplex array. Five cytokines gave
readings below detection limit (IFNa, IL-15, IL-13, IL-31, and TNFB) and were not
considered further for the statistical analysis. Out of 29 remaining cytokines, statistical
differences among four LRRK2 genotypes were detected in the following six cytokines or
chemokines; IL1-ra, IL-6, CXCL10 (IP-10), CCL2 (MCP-1), CCL4 (MIP-1p).
Interestingly, Luminex multiplex array did not detect any significant difference in the
level of TNFa. However, TNFa was included in the final graph so that reference can be

made with results acquired by TNFa ELISA.

When no stimulation was given, Pat hiPSC-M®s (Pat®2019WT — patWTWTy released
significantly less IL1-ra than Ctrl hiPSC-M®s (Ctrl-1V™ T Ctrl-1.17). Conversely, Pat
hiPSC-M®s produced significantly less CXCL10 than Ctrl hiPSC-M®s. However,
neither KO of LRRK2 nor the presence of G2019S mutation contributed to the change in
IL1-ra and CXCL10 levels (Figure 5.5B). In hiPSC-microglia-like cells, LRRK2 G2019S
mutation significantly increased IL1-ra but KO of LRRK2 had no effect (Figure 5.5C). In
co-hiPSC-microglia, Pat hiPSC lines significantly increased IL1-ra and IL-6 compared to
Ctrl hiPSC lines. LRRK2 KO significantly lowered CCL2 and CCL4 while LRRK2

G2019S mutation had no effect (Figure 5.5D).

When LPS stimulation was given for 4 h, LRRK2 KO hiPSC-M®s released significantly
less CCL4 while the presence of LRRK2 G2019S mutation had no significant effect
(Figure 5.6B). In hiPSC-microglia-like cells, LRRK2 G2019S mutation significantly

increased IL1-ra, while LRRK2 KO significantly decreased IL1-ra. and CXCL10 (Figure
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5.6C). In co-hiPSC-microglia, LRRK2 KO significantly decreased IL1-ra while LRRK2

G2019S significantly increased IL1-ra compared to its isogenic pair (Figure 5.6D).

When cells were primed with IFNy before LPS stimulation, LRRK2 KO hiPSC-M®s and
LRRK2 G2019S hiPSC-M®s released significantly more CCL4 compared to their
isogenic pairs (Figure 5.7B). LRRK2 KO significantly decreased CXCL10 in both hiPSC-
microglia-like cells and co-hiPSC-microglia. LRRK2 G2019S mutation had no effect on

CXCL10 level. (Figure 5.7 C-D). Results of multiplex cytokine and chemokine profiling

are summarised in (Table 5.1).

Figure 5 Figure 6 Figure 7
No stimulation LPS IFNy + LPS
CCL4: CCL4:
hiPSC-M®s KO, | KO, 1
G2019s, ns G2019s, 1
IL1-ra: CXCL10:
hiPSC-microglia-like KO, | KO, |
G2019s, 1 G2019s, ns
CCL2: IL1-ra: CXCL10:
KO, | KO, | KO, |
G2019s, ns G2019s, 1 G2019s, ns
hiPSC-microglia
CCL4:
KO, |
G2019s, ns

Table 1. Summary of the results from multiplex cytokine and chemokine profiling. Only
cytokine or chemokine that displayed significant difference by the effect of LRRK2 KO or the

G2019S mutation are shown. Ns, not significant.
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Figure 5.5 LRRK2 KO co-hiPSC-microglia display low levels of CCL2 and CCL4.
(A) Experimental design. Bar graphs show cytokine/chemokine level (pg/ml) in (B)
hiPSC-M®s, (C) hiPSC-microglia-like cells and (D) co-hiPSC-microglia. Data
represent mean = SEM of three independent experiments. Statistical significance was
tested using Two-way ANOVA with Tukey multiple comparison test. *P < 0.05, **P <
0.01, ***P < 0.001, ns denotes not significant, <, reading below detection range, >,
reading above detection range.
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Figure 5.6 LPS stimulation decreases the level of CCL4 in LRRK2 KO hiPSC-M®s
(A) Experimental design. Bar graphs show cytokine/chemokine level (pg/ml) in (B)
hiPSC-M®s, (C) hiPSC-microglia-ike cells and (D) co-hiPSC-microglia. Data represent
mean = SEM of three independent experiments. Statistical significance was tested using
Two-way ANOVA with Tukey multiple comparison test. *P < 0.05, **P < 0.01, ***P <
0.001, ns denotes not significant.
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Figure 5.7 LRRK2? KO and LRRK?2 G2019S hiPSC-M®s display and an elevated
level of CCL4. (A) Experimental design. Bar graphs show cytokine/chemokine level
(pg/ml) in (B) hiPSC-M®s, (C) hiPSC-microglia-ike cells and (D) co-hiPSC-microglia.
Data represent mean £ SEM of three independent experiments. Statistical significance
was tested using Two-way ANOVA with Tukey multiple comparison test. *P <0.05, **P
<0.01, ***P < 0.001, ns denotes not significant, <, reading below detection range, >,
reading above detection range.
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5.3 Summary and Discussion

In this chapter, | have shown that LRRK2 protein is abundantly expressed in co-hiPSC-
microglia, while its expression is not detected in hiPSC-cortical neurons. Similar to
hiPSC-M®s, IFNy significantly induces LRRK2 expression in co-hiPSC-microglia. In
the past, the expression of LRRK2 protein has been shown mainly in mouse microglia
(Moehle et al. 2012; Gillardon, Schmid, and Draheim 2012; Schapansky et al. 2014).
Immunostaining of mouse brain sections revealed an upregulation of LRRK2 protein
expression in microglia after the intracranial injection of LPS (Moehle et al. 2012).
Likewise, similar observation has been made by western blot analysis of cell lysates
collected from LPS or IFNy stimulated primary microglia isolated from adult mice
(Gillardon, Schmid, and Draheim 2012) or LPS stimulated murine BV-2 microglia like

cells (Schapansky et al. 2014).

Currently there is limited evidence showing LRRK2 expression in human microglia.
Previous immunostaining studies using post-mortem human brains reported exclusive
labelling of LRRK2 in neurons (Giasson et al. 2006; Greggio et al. 2006; Biskup et al.
2006; Higashi et al. 2007), except for one study by Miklossy et al., which reported that
LRRK?2 expression is found not only in neurons but also in microglia (Miklossy et al.
2006). However, the specificity of the LRRK2 antibodies used in these early studies is
poorly validated due to lack of LRRK2 KO cell lines. NB300-207 and NB300-268
antibodies (Novus Biologicals) used by Miklossy et al., and Greggio et al., were raised
against human-specific epitopes therefore its specificity could not be validated in mouse

LRRK2 KO animals (Higashi et al. 2007).

Using hiPSC-microglia and hiPSC-cortical neuron co-culture, my results clearly

demonstrate that endogenous LRRK2 expression is robust in human microglia and much
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higher than in neurons. The specificity of LRRK2 immunostaining was validated by
microglia differentiated from LRRK2 KO hiPSCs (Figure 5.2B). Although my results
showed no LRRK2 expression in hiPSC-cortical neurons, other research groups have
shown the expression of LRRK2 in hiPSC-dopaminergic neurons (Nguyen et al. 2011;
Lopez de Maturana et al. 2016). However, the cross-reactivity of the LRRK2 antibody
(Millipore) used by Nguyen et al., has not been tested, and NB110-58771 LRRK2
antibody (Novus Biologicals) was validated by only western blot analysis using ShRNA
LRRK2 KD neuron lysates (Lopez de Maturana et al. 2016). In conclusion, no really
convincing evidence has been supplied by others to demonstrate the presence of LRRK2
protein expression in neurons. The co-culture model provides an ideal platform to
evaluate LRRK2 expression in human microglia and neurons, therefore, the next step
would be to co-culture microglia with other neuronal types, particularly dopaminergic

neurons, to clearly verify the expression of LRRK2 in these cell types.

By directly comparing M®s and microglia differentiated from the same batch of M®
precursors, the aim for this chapter was to investigate whether genetic manipulation of
LRRK2 function has a differential effect in human M®s and microglia. TNFa ELISA
results showed that LRRK2 G2019S mutation significantly enhances TNFa release in co-
hiPSC-microglia but not in hiPSC-M®s (Figure 5.4C). This result is consistent with
previous observations in mouse primary microglia and M®s (Lee, James, and Cowley
2017; Moehle et al. 2012; Kim et al. 2012; Russo et al. 2015; Moehle et al. 2015; Hakimi

etal. 2011).

Extending this observation, | investigated whether other cytokines or chemokines are also
differentially affected by LRRK2 G2019S mutation in M®s and microglia. Luminex
multiplex array screened a panel of 34 cytokines and chemokines, including TNFa, in the

same supernatants used for TNFa ELISA experiments.
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Perplexingly, the effect of LRRK2 G2019S mutation on TNFa level in co-hiPSC-
microglia was no longer observed. Additionally, TNFa ELISA detected almost 1000-fold
more TNFa than Luminex multiplex array. The manufacturer has confirmed that TNFa
ELISA kit and Luminex kit use different antibody to detect TNFa but further information
about the antibody was available. Without knowing exact details of the antibodies used to
detect TNFa in each Kkit, it is hard to explain why the results obtained by two Kkits are so
different. This clearly merits further investigation, because if the difference seen by
ELISA is a real effect of the LRRK2 G2019S mutation, it would be an important finding
that could contribute to the progression of disease in these patients. Alternatively, mMRNA
expression of TNFa can be assessed to examine the effect of LRRK2 G2019S mutation

observed in co-hiPSC-microglia.

Results from Luminex array show significant changes in the levels of IL-1ra, CXCL10,
CCL2 and CCL4 by LRRK2 KO or G2019S mutation. Upon LPS stimulation, LRRK2 KO
significantly reduced IL1-ra and CXCL10 while G2019S mutation increased IL1-ra in
both hiPSC-microglia-like and co-hiPSC-microglia but not in hiPSC-M®s. Because the
changes in the level of IL1-ra and CXCL10 were detected in in both hiPSC-microglia-
like and co-hiPSC-microglia, it is likely that this effect may be due to the presence of
GM-CSF in the differentiation media. GM-CSF promote ramification of microglia and

has been shown to be important in microglia differentiation (Etemad et al. 2012).

On the other hand, a significant difference in the levels of CCL2 and CCL4 levels was
detected between hiPSC-M®ds and co-hiPSC-microglia with LRRK2 KO or LRRK2
G2019S mutation. CCL2 and CCL4 are inflammatory chemokines, responsible for
recruitment of monocytes or microglia to the site of inflammation. The level of CCL2 has
been shown to be enhanced in PD patients and in MPTP-treated mice (Lindqvist et al.

2013; Kalkonde et al. 2007). My results show that LRRK2 KO reduced levels of CCL2
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and CCL4 in co-hiPSC-microglia while no significant difference in CCL2 or CCL4 was
observed in hiPSC-M®s under basal condition (Table 5.1). Conversely, LRRK2 KO
reduced the level of CCL4 with LPS stimulation in hiPSC-M®s, but no significant
difference was observed in co-hiPSC-microglia. G2019S mutation increased the level of
CCL4 in hiPSC-M®s with IFNy priming while no difference was detected in co-hiPSC-
microglia (Table 5.1). Taken together, results obtained by Luminex multiplex array
suggest that LRRK2 is important in the release of CCL2 and CCL4 in microglia under
basal condition but not in M®s. Conversely, LRRK?2 is required for the LPS-mediated
release of CCL4 in M®s but not in microglia. This observation is somewhat different
from mouse studies. LRRK2 KO mouse TEPMs treated with LPS did not show any

change in the level of CCL2 (Wandu et al. 2015). In murine BV-2 microglia-like cells,

KD of LRRK2 protein reduced release of CCL2 after tat-protein stimulation (Marker et al.

2012).

Additionally, no significant change in the levels of pro-inflammatory cytokine was
observed using Luminex multiplex array. The levels of IL-1B, TNFa, and IL-6, were not
changed either in hiPSC-M®s or in co-hiPSC-microglia with LRRK2 KO or LRRK2
G2019S mutation. LPS treatment elevates these cytokines in mouse primary microglia
with LRRK2 R1441G mutation (Gillardon, Schmid, and Draheim 2012) or decreases with
shRNA LRRK2 KD (Marker et al. 2012; Moehle et al. 2012; Russo et al. 2015). Both
asymptomatic LRRK2 G2019S carriers and PD patients display elevated levels of IL-6,
TNFa, and 1L-10, compare to the age-matched healthy individuals (Dzamko, Rowe, and
Halliday 2016). Therefore, no significant detection in the changes of these cytokines was
unexpected. It is possible that physiological levels of LRRK2 G2019S mutants only result

in subtle changes in the levels of these pro-inflammatory cytokines. Future experiments
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may also include stimulations that are directly relevant in PD, notably asyn fibrils, to

better understand LRRK?2 disease mechanisms in PD.

While this highly authentic co-culture model did not reveal any changes in the
inflammatory cytokine production between genetically modified LRRK2 and its isogenic
pairs, the immunostaining results provide an important evidence that LRRK2 function
may be more significant in microglia rather than in neurons. Thus, the co-culture model
can be used as an ideal platform to examine the role of LRRK2 in other aspects of
microglial function, notably phagocytosis of dying neurons or asyn aggregates. Since
LRRK?2 has been reported to play a role in neurite length (Chapter 1.2), investigating how
LRRK2 PD-causing mutations affect microglia ramification would be an interesting

investigation.
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General discussion

6.1 General discussion and future perspectives

The aim of this thesis was to investigate the role of LRRK2 in M®s and microglia and its
implications in inflammation-mediated PD pathology. Using hiPSC-M®s and microglia,
this thesis has clarified some of the findings from LRRK2 overexpression systems and

has presented several novel findings about LRRK2 biology.
6.1.1 LRRK2 has diverse regulatory mechanisms

Protein kinases are important regulators of diverse intracellular signal pathways and their
activity is tightly regulated. For example, kinases can be activated or inactivated by
phosphorylation, dephosphorylation, protein cleavage, translocation, dimerization, and
interactions with other proteins, and their activity can be terminated by protein
degradation (Zhimin Lu and Hunter 2009). Accordingly, several observations imply the
existence of multiple regulatory mechanisms for LRRK2: 1) LRRK?2 is phosphorylated at
multiple Ser residues which can be dephosphorylated by PP1 (Lobbestael et al. 2013) and
LRRK2 kinase inhibitors, 2) LRRK2 protein expression is upregulated in a subset of
immune cells by inflammatory stimuli, and 3) dimerization and membrane cellular
localisation are required for activation of LRRK2 enzymatic activity (Berger, Smith, and
Lavoie 2010; James et al. 2012; Schapansky et al. 2014). Since M®s are a major

LRRK2-expressing cell type, and most of above observations have been made in
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LRRK2-overexpressing transformed cell lines, chapter 3 explored some of the key

aspects of LRRK2 regulation in hiPSC-M®s.

First, 1 have shown that LRRK2 is upregulated by IFNy and LPS in hiPSC-M®s. This
observation was in accordance with multiple published studies which have consistently
reported IFNy-mediated upregulation of LRRK2 in human PBMC-derived CD11b(+)
monocytes, CD3(+) T lymphocytes, CD19(+) B lymphocytes (Gardet et al. 2010), human
blood monocyte-derived M®s, mouse primary microglia (Gillardon, Schmid, and
Draheim 2012), and in transformed cell lines, including human THP-1 monocytic
leukaemia cells (Gardet et al. 2010; Kuss, Adamopoulou, and Kahle 2014). While the
effect of LPS has been inconsistent in the literature (Gillardon, Schmid, and Draheim
2012; Moehle et al. 2012; Russo et al. 2015; Dzamko and Halliday 2012), my results
clearly show that LPS significantly upregulates LRRK2 but not to the same extent as
IFNy. While IFNy resulted in tenfold increase, LPS resulted in two — threefold increase
(Figure 3.4). The LRRK2 promoter region contains IRF binding sites and it has been
shown that IFNy mediates LRRK2 expression via JAK/STAT and ERKS mediated
pathways (Gardet et al. 2010; Kuss, Adamopoulou, and Kahle 2014). TLR4 activation by
LPS leads to activation of several transcription factors in M®s, namely NF-kB, IRFs,
PU.1, and runt-related transcription factor 1 (RUNX1) (Medzhitov and Horng 2009).
Some of these transcription factors, particularly PU.1 and RUNXI, are M® specific.
Therefore, it can be speculated that the inconsistency in LPS-mediated LRRK2 regulation

by others could be due to different cell types used.

In accordance with the literature, LRRK2 kinase inhibitors significantly reduced the
phosphorylation level of LRRK2 at S935 in hiPSC-M®s (Figure 3.5) (Kamikawaji, Ito,
and Iwatsubo 2009; Doggett et al. 2012; Nichols et al. 2010). Exactly how LRRK2 kinase

inhibitors lead to reduced phosphorylation level of LRRK2 is uncertain. A simple, logical
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explanation would be that these phosphorylation sites are phosphorylated by LRRK2 or
by an unknown substrate of LRRK2 kinase. However, evidence refutes this idea because
LRRK2 G2019S mutation, which enhances LRRK2 kinase activity, displays similar
phosphorylation levels to WT LRRK2, demonstrated by my results in hiPSC-M®s
(Figure 3.5) and by others in LRRK2-overexpression system (Doggett et al. 2012;
Nichols et al. 2010; Li et al. 2011). Additionally, homozygous LRRK2 kinase-dead
mutants are still phosphorylated at these Ser sites (Kamikawaiji, Ito, and Iwatsubo 2009;
Doggett et al. 2012; Nichols et al. 2010). Despite lack of a clear connection with LRRK2
kinase activity, S910, S935 phosphosites have been used as a surrogate to measure the
effectiveness of these inhibitors in the cells. This is because the physiological substrates
of LRRK2 are still uncertain and the autophosphorylation sites are hardly detectable in
the cell. Recently Steger et al., have identified Rab10 as a physiological substrate of
LRRK?2, validated in mouse fibroblasts (Steger et al. 2016). Therefore, Rab10 could
potentially be used for validating the efficacy of LRRK2 kinase inhibitors, although this

finding requires further confirmation in other cell types, notably M®s.

Although the mechanism by which LRRK2 kinase inhibitors lead to lower levels of
phosphorylation of LRRK2 S935 is unclear, the consequences of treatment with LRRK2
kinase inhibitors appear to be clear. Combined treatment with GNE and CX significantly
reduced the total LRRK2 protein in hiPSC-M®s (Figure 3.6). This has also been shown
in SH-SY5Y and HEK 293T cells overexpressing LRRK2 using a wide variety of
LRRK2 kinase inhibitors (Zhao et al. 2015; E Lobbestael et al. 2016). Zhao et al., have
reported that LRRK2 becomes degraded via the UPS in LRRK2-overexpressing HEK
293T cells. But caution should be taken interpreting that system, as the artificially higher
level of LRRK2 may trigger the degradation pathway anyway, which may not necessarily

reflect how LRRK2 is processed under physiological conditions. Regardless, Zhao et al.
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have demonstrated that inhibitor-induced lower phosphorylation at Ser residues is
responsible for degradation of LRRK2. PP1 has been reported to dephosphorylate
LRRK2 at S910 and S935, therefore, application of the PP1 inhibitor, CalyculinA, has
been shown to maintain S910/S935 phosphorylation upon LRRK2 kinase inhibitor
treatment. In other words, combined treatment of CalyculinA and LRRK2 Kkinase
inhibitors generate a phosphor-positive (at S910, 935) but kinase-inactive form of
LRRKZ2. Using this approach, Zhao et al., have demonstrated that CalyculinA prevents

inhibitor-induced degradation of LRRK2 (Zhao et al. 2015).

In hiPSC-M®s, however, inhibition of the proteasome pathway by MG-132 and
lactacystin or the lysosomal pathway by leupeptin did not result in an increase in LRRK2
protein level (Figure 3.6), but MG-132 significantly reduced the level of cleaved product
(Figure 3.6). Using mass spectrometry, | have confirmed that this cleaved product is
derived from LRRK2 missing the N-terminus. The cleavage site is mapped to be within
ANK-LRR interdomain region, where Ser910/S935 phosphorylation sites are located
(Figure3.7). While previous studies have noted the existence of this cleaved form of
LRRK2 in mouse kidney (E Lobbestael et al. 2016; Herzig et al. 2011; Déachsel et al.
2007), the position of the cleavage site by mass spectrometry has never been reported.
Analysing peptide distribution, |1 have mapped the cleavage site to be between aa901 and
aa910, where a chymotrypsin target site is located (Figure 3.7). Since mass spectrometry
analysed trypsin digested peptides, using other proteases (e.g. chymotrypsin) would
narrow down more accurate cleavage site. The cleavage site then can be genetically
modified to create non-cleavable LRRK2. Whether this will affect phosphorylation at
S910, S935, formation of LRRK2 dimers, and its enzymatic activity can be explored to

gain better understanding of biological implications of LRRK2 cleaving.
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Interestingly, this cleaved product is missing phosphorylation at S935 (Figure 3.7),
implying a potential link between phosphor-regulation of Ser residues and cleavage.
Furthermore, my results show that full-length LRRK2 and cleaved LRRK2 form a
heterodimer complex (Figure 3.7). When | used the antibody recognizing the N-terminus
of LRRK2 (N138/6) to pull down LRRK2 and the antibody recognizing C-terminus of
LRRK2 to perform western blot, the western blot clearly indicated the presence of
cleaved LRRK2 in the final eluate (Figure 3.7). Guaitoli et al. recently described a low-
resolution 3D structural model of LRRK2 dimer. Based on the interactions of each
domain of LRRK2, Guaitoli et al. suggests that the N-terminus of LRRK2 may be
important in regulating LRRK2 kinase and GTPase activity by either exposing the
substrate biding site or alleviating an auto-inhibition site (Guaitoli et al. 2016). The
proteolytic cleavage that | have described here, of LRRK2 at the ANK-LRR inter-domain
region, could therefore play a role in LRRK2 enzymatic activity and is an intriguing
research question to follow-up. Protein kinase C (PKC), for example, undergoes activity-
dependent degradation by UPS, causing downregulation of its own activity (Z Lu et al.
1998; Kang et al. 2000; Basu, Sridharan, and Persaud 2009; Zhimin Lu and Hunter 2009).
Conversely, NF-kB precursor p105 is processed by proteasome to acquire the active
subunit, p50. While the long loop of carboxy-terminal domain enters the proteasome
activity and becomes degraded, the amino-acid terminal transcription factor domain, p50,
remains outside (Ciechanover et al. 2001). Whether similar mechanisms apply to LRRK2

must be determined.

Another important aspect of this thesis is the contribution of PD-causing mutations on the
regulation of LRRK2 within ANK-LRR interdomain region. So far, this thesis explored
the effect of the most common mutation, G2019S mutation. By comparing M®ds

differentiated from heterozygous LRRK2 G2019S mutation to its CRISPR/Cas9 corrected
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isogenic line, the results from chapter 3 showed that LRRK2 G2019S hiPSC-Mds
undergoes inhibitor-induced dephosphorylation and degradation to a similar extent to its
isogenic pair. All of the pathogenic PD mutations (R1441C, R144G, R1441H, Y1699C
and 12020T) except G2019S display reduced phosphorylation level at S910, S935 in
LRRK2-overexpressing HEK 293T cells (Nichols et al. 2010; Doggett et al. 2012).
Therefore, the next step would be to use hiPSC-M®s with other pathogenic mutations. In
collaboration with Dr. Rowan Flynn and Mr. Jesus Madero-Perez, | was involved in
generating hiPSCs lines with CRISPR/Cas9-corrected R1441C mutation and introduction
of R1441C mutation into the control hiPSC line. As R1441C mutation is found within the
GTPase domain of LRRK2, comparing how these two PD-causing mutations affect
phosphorylation at S910, S935 and cleavage would be an interesting project. More
importantly, by examining phosphorylation level of endogenous LRRK2 protein, it is
important to confirm data generated by LRRK2-overexpressing HEK 293T cells to
understand how the level of phosphorylation at S910, S935 is connected with LRRK2

PD-mutations.

6.1.2 LRRK?2 is recruited to phagosomes during late stages of phagocytosis

What could possibly be the reason for upregulating LRRK2 in response to immune
stimuli? To investigate this question, in chapter 4, | explored the role of LRRK2 in one of

the main functions of macrophages, phagocytosis.

Along with other professional phagocytes, M®s are equipped with special machineries
that recognize and distinguish the identity of target and process these according to the
context of the target. For example, Blander et al. showed that phagosomes containing
E.coli showed faster maturation than phagosomes containing apoptotic cells (Blander and

Medzhitov 2004). This induced-phagosome maturation was mediated not by simply
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activating TLR4 at the plasma membrane but by TLR4-engaged cargoes present on the
phagosomes containing bacteria; activation of TLR4 by LPS during apoptotic cell
phagocytosis did not result in faster maturation of phagosome containing apoptotic cells.
In other words, phagosomes carrying different targets can be distinguished inside the cell,
triggering different maturation machineries. What is even more remarkable is that this
was only observed in M®s but not in dendritic cells, which showed equal kinetics of
phagosome maturation regardless bacteria or dead cells (Blander and Medzhitov 2004).
This is a stunning example of how phagocytosis pathways are coordinated in a highly

sophisticated way.

In hiPSC-M®s, particles that activate TLRs, notably zymosan (Dectin-1, TLR2), E.coli
(TLR4) and S.typhimurium (TLR2, TRL4), all showed strong positivity for LRRK2 on
the phagosomes. LRRK2 was also recruited to both small (E.coli) and relatively larger
(zymosan) targets that were opsonized with 1gG, i.e. FcR-mediated uptake. By using
targets with similar size but activating different receptors (zymosan and latex beads), |
showed that recruitment of LRRK2 depends on the receptors and not the size of
phagocytic targets. To further examine the selectivity of LRRK2 recruitment, future
experiments could provide both zymosan and latex beads at the same to examine whether

the recruitment of LRRK2 is only observed in zymosan containing phagosomes.

Although all TLR or FcR activating targets showed LRRK?2 positive phagosomes, asyn
fibril-containing phagosomes were negative for LRRK2. It has been reported that
misfolded asyn binds to TRL1,2 and 4 (C. Kim et al. 2013; Fellner et al. 2013; Stefanova
et al. 2011). One possible explanation would be that the downstream signalling of protein
aggregates (e.g. asyn fibrils)-mediated TLR activation may be different from pathogenic
materials (e.g. zymosan, E.coli bioparticles, S.Typhimurium). In my experiments, | only

allowed 2 h to phagocytose and digest asyn-fibrils so it is possible that recruitment of
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LRRK2 to asyn fibrils containing phagosomes may occur at a later time point. The
outcome of this investigation may provide an intriguing insight to the functional link

between these two PD-related proteins.

Another novel finding of this chapter is the presence of super-coated LRRK2 upon
treatment with LRRK2 kinase inhibitors. Since the total number of LRRK2(+)
phagosomes did not change but the number of LRRK2 super-coated phagosomes were
significantly increased, LRRK2 appears to be ‘locked’ onto the phagosomes in the
presence of LRRK2 kinase inhibitors (Figure 4.4). This suggests that LRRK2 may need
to phosphorylate a substrate to be able to be released from the phagosomal surfaces.
Since LRRK2 kinase inhibitors lead to reduced phosphorylation level of LRRK2 at
S910/S935, future experiments can investigate whether LRRK2 phospho-dead
(S910A/S935A) or phospho-mimetic (S910D/S935D) mutants would change the turnover

of LRRK2 on phoagosomes.

Since LRRK2 was found within late phagosomes, | hypothesized that LRRK2 may play a
role during late stages of phagocytosis. First, in agreement with the literature (Maekawa
et al. 2016; Schapansky et al. 2014; Moehle et al. 2015), LRRK2 was not involved in the
initial internalisation of bioparticles in hiPSC-M®s. This experiment was performed so
that the quantification of acidified phagosomes is not affected by the rate of
internalisation. Bioparticles (zymosan and E.coli) conjugated with an acid sensitive dye
were used to quantify acidification of phagosomes. My results show that LRRK?2 does not

affect the acidification of phagosomes.

To gain better understanding of its possible role on the phagosomes, | performed
immunostaining of various Rab GTPases and cellular organelles but none of these co-

localized with LRRK2 (Figure 4.11). Although mass spectrometry following IP of
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endogenous LRRK2 in hiPSC-M®s identified several interesting potential interactors of
LRRKZ2, including those that have been published in the past (14-3-3 and CDC37), when
| followed these up by Western Blot of IPed samples, the interaction with LRRK2 was

not detectable.

However, LRRK2 clearly co-exists on the phagosomes at the same time point that
LAMP-1 and Rab9 are recruited (Figure 4.3). Since LRRK2 does not co-exist with Rab7
but does with LAMP-1, it can be speculated that LRRK2 recruitment happens prior to
Rab7 and is removed before the arrival of Rab7. Experiments to follow this up would be
to examine whether the inability of LRRK2 retrieval from the phagosomes by LRRK2
kinase inhibitors impacts recruitment of other phagosome machineries, including Rab?7.
However, since LRRK2 kinase inhibitors did not impact the overall acidification process,
it can be inferred that Rab7 recruitment may not be impaired. One ambitious investigation
to undertake would be to examine the proteome profiles of LRRK2(+) phagosomes and
LRRK2(-) phagosomes and compare the profiles in the presence and the absence of
LRRK?2 kinase inhibitors. This way, the exact stage of phagosomes in which LRRK2 is
present can be identified, which would provide a better understanding of its role on

phagosomes.

6.1.3 LRRK2 is highly expressed in microglia but not in neurons

Higher levels of inflammatory cytokines, notably IL-1p, TNFa, IL-6 and IL-12, were
detected in the sera of asymptomatic LRRK2 G2019S carriers and LRRK2 G2019S
carriers with parkinsonism compared to age-matched LRRK2 WT carriers (Dzamko,
Rowe, and Halliday 2016). This suggests a strong link between LRRK2 and
inflammatory cytokine release. In the literature, LRRK2-mediated inflammatory cytokine

release has been observed in microglia (mouse primary microglia, murine BV-2
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microglia-like cells) but not in M®s (mouse primary M®s, murine macrophage-like
RAW 264.7 cells) (Lee, James, and Cowley 2017; Moehle et al. 2012; B. Kim et al. 2012;
Russo et al. 2015; Moehle et al. 2015; Hakimi et al. 2011). None of these studies,
however, has directly compared microglia and M®s under the same experimental
conditions, so direct evidence for opposing role of LRRK2 is still lacking. The aim for
chapter 5 was to explore the role of LRRK2 in inflammatory cytokine release by

comparing M®s and microglia differentiated from hiPSCs.

First, the expression level of LRRK2 was compared between hiPSC-microglia and
hiPSC-cortical neurons. While past studies have investigated the expression level of
LRRK2 in human post mortem brains, which reported exclusive labelling of LRRK2 in
neurons (Giasson et al. 2006; Greggio et al. 2006; Biskup et al. 2006), the specificity of
antibodies used in these early studies has been questionable. By using CRISPR/Cas9 and
hiPSC technologies, my results convincingly demonstrate a robust and exclusive
expression of LRRK2 in hiPSC-microglia but not in hiPSC-cortical neurons (Figure 5.2).
While this observation does not exclude the possibility of LRRK2 expression in other
neuronal cell types, notably dopaminergic neurons, recent RNA-seq data have also
revealed that hiPSC-dopaminergic neurons display relatively low level of LRRK2

expression (Sandor et al. 2017).

In chapter 5, M®s and microglia differentiated from the same M® precursors were used
to perform TNFa ELISA in parallel. Results showed that LRRK2 G2019S mutation
increased TNFa only in hiPSC-microglia but not in hiPSC-M®s, supporting my original
hypothesis that microglia are more affected by LRRK2 PD mutation than M®s (Figure
5.4). Interestingly, this was observed only after the cells were primed with IFNy prior to
the LPS stimulation. It has been shown that microglial activation can be amplified by

systemic inflammation. For example, exposure to Salmonella prior to the injection of LPS
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to the brain triggers exaggerated and prolonged microglial activation (Plntener et al.
2012). This concept of microglial priming has been tested experimentally in the context
of PD, where prenatal exposure to LPS in rats triggered stronger inflammatory responses
upon subsequent LPS injection in midlife, leading to progressive loss of nigral
dopaminergic neurons (Ling et al. 2006). This could help explain the age-dependence of
LRRK2 pathology. Throughout life, constant exposure to inflammatory stimuli (e.g.
environmental toxins, infections) together with LRRK2 mutation may accelerate reaching
a critical threshold of neuroinflammation, triggering a self-perpetuating cycle of

microglial activation and neurodegeneration.

Unfortunately, this observation was not replicated by Luminex multiplex array. This Kit
analysed 34 chemokines and cytokines present in the same supernatants used in TNFa
ELISA. Not only the difference in the level of TNFa by LRRK2 G2019S mutation was no
longer present, none of other inflammatory cytokines implicated in PD showed any
changes in their levels in LRRK2 KO or LRRK2 G2019S mutation. Only CCL2 and CCL4
levels showed significant changes by different genotypes of LRRK2 (Figure 5.5-7), but
this time, changes were observed in hiPSC-M®s not in hiPSC-microglia. Since the TNFa,
kit and Luminex detect TNFa using two different antibodies, a multiplex kit using same
antibody as the TNFa ELISA kit would need to be used to clarify discordant results

obtained by Luminex and TNFa ELISA.
6.2 Concluding remarks

This thesis has presented novel observations on LRRK2 using new and highly authentic
models, hiPSC-M®s and microglia. I have identified the cleavage site of LRRK2 to be
within ANK-LRR, which may potentially be a novel mechanism in which LRRK2

activity is regulated. Another important finding of this thesis is the recruitment of LRRK2
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on late phagosomes and inhibitor-induced formation of super-coated LRRK2 phagosomes.

This thesis has shown recruitment of LRRK2 to phagosomes containing pathogen-
derivatives (zysmoan, E.coli, S.typhimurium). Lastly, by using hiPSC-microglia, cortical
neuron co-culture, this thesis clearly demonstrates the robust expression of LRRK2 in
hiPSC-microglia and not in hiPSC-cortical neurons. While M®s and microglia derived
from hiPSCs are powerful physiologically-relevant cell models to investigate LRRK2
biology, there were only limited set of lines used in this thesis. Given the high variability
between hiPSC lines, the incorporation of more hiPSC lines and generation of more
comprehensive panels of isogenic pairs would strengthen the observations made in this
thesis. Furthermore, more optimisation of co-culture model should be undertaken. While
hiPSC-microglia and hiPSC-cortical neurons co-culture offers valuable insight, microglia
co-culture using dopaminergic neurons would be more relevant PD model. Finally, all my
results demonstrate that LRRK2 expression in M®s and microglia are likely contributing

factors in PD progression, possibly through its association in phagocytosis.
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Appendix

Al. Proteasome activity

Dr. Walther Haenseler performed the chymotrypsin-like activity inhibitor assay. hiPSC-
M®ds were treated with lactacystin or MG-132 overnight in 37°C. Proteasome-Glo
Chymotrypsin-Like Assay kit was used according to the manufacturer’s instructions. The
data are plotted fold change against no inhibitor control in mean = S.D of three technical

replicates.
Proteasome activity
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A2. List of LRRK2 peptide sequences analysed by mass

spectrometry

Trypsin-digested peptides identified by mass spectrometry are listed below. They are

ordered from N-terminus to C-terminus of LRRK2.

PEPTIDE ID PEPTIDE SEQUENCE
1  ASGSCQGCEEDEETLK
2  ASGSCQGCEEDEETLKK
3 NIHVPLLIVLDSYMR
4  VASVQQVGWSLLCK
5 LIEVCPGTMQSLMGPQDVGNDWEVLGVHQLILK
6 MLTVHNASVNLSVIGLK
7  TLDLLLTSGK
8 ALHVLFER
9 VSEEQLTEFVENK
10 CYNIVVEAMK
11 AFPMSER
12 IQEVSCCLLHR
13 NKHVQEAACWALNNLLMYQNSLHEK
14 HVQEAACWALNNLLMYQNSLHEK
15 IGDEDGHFPAHR
16 EVMLSMLMHSSSK
17 EVFQASANALSTLLEQNVNFR
18 GIHLNVLELMQK
19 HIHSPEVAESGCK
20 MLNHLFEGSNTSLDIMAAVVPK
21 RHETSLPVQLEALR
22 HETSLPVQLEALR

23  AILHFIVPGMPEESR



24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

AILHFIVPGMPEESREDTEFHHK
LVLAALNR

FIGNPGIQK
KNVFIGTGHLLAK
NVFIGTGHLLAK
ILVSSLYR

FKDVAEIQTK

DVAEIQTK

GFQTILAILK

LSASFSK

DQQFLNLCCK
VAMDDYLK
EGSSLICQVCEK
LVELLLNSGSR
KALTISIGK

ALTISIGK

GDSQIISLLLR
LALDVANNSICLGGFCIGK
VEPSWLGPLFPDK
KQTNIASTLAR
QTNIASTLAR
SAVEEGTASGSDGNFSEDVLSK
KSNSISVGEFYR
SNSISVGEFYR
HSNSLGPIFDHEDLLK
HSNSLGPIFDHEDLLKR
KILSSDDSLR

ILSSDDSLR

HSDSISSLASER

HSDSISSLASEREYITSLDLSANELR
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55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

EYITSLDLSANELR
DIDALSQK

CCISVHLEHLEK
LELHONALTSFPQQLCETLK
SLTHLDLHSNK
SLTHLDLHSNKFTSFPSYLLK
FTSFPSYLLK
MSCIANLDVSR
NDIGPSVVLDPTVK

QFNLSYNQLSFVPENLTDVVEK

QFNLSYNQLSFVPENLTDVVEKLEQLILEGNK

LEQLILEGNK
ISGICSPLR

NHISSLSENFLEACPK

VESFSAR
MNFLAAMPFLPPSMTILK
LSQNKFSCIPEAILNLPHLR
FSCIPEAILNLPHLR
SLDMSSNDIQYLPGPAHWK
ELLFSHNQISILDLSEK
LKEIPPEIGCLENLTSLDVSYNLELR
EIPPEIGCLENLTSLDVSYNLELR
SFPNEMGK

IWDLPLDELHLNFDFK
MKLMIVGNTGSGK
LMIVGNTGSGK

TTLLQQLMK
KSDLGMQSATVGIDVK
KSDLGMQSATVGIDVKDWPIQIR

SDLGMQSATVGIDVK
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85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

SDLGMQSATVGIDVKDWPIQIR
DWPIQIR

DLVLNVWDFAGR
DLVLNVWDFAGREEFYSTHPHFMTQR
EEFYSTHPHFMTQR

ALYLAVYDLSK
GQAEVDAMKPWLFNIK
ASSSPVILVGTHLDVSDEK
ASSSPVILVGTHLDVSDEKQR
RGFPAIR

DYHFVNATEESDALAK

KTHNESLNFK

TIINESLNFK
IRDQLVVGQLIPDCYVELEK
DQLVVGQLIPDCYVELEK
KNVPIEFPVIDR

KNVPIEFPVIDRK

NVPIEFPVIDR

NVPIEFPVIDRK
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A3. SNP analysis results

SNP analysis results of CRISPR/Cas-9 edited hiPSC lines along with the parental lines

are attached below.
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A4. Quantification of LRRK2(+) phagosomes

Data from Figure 4.4C are presented here in percent of zymosan containing phagosomes
displaying LRRK2 positivity (A) or in the percent of LRRK2(+) phagosomes displaying

super-coated LRRK2 (B).
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