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Abstract 

LRRK2 is commonly mutated in Parkinson’s disease and has cell type-specific 

mechanisms of activation and function. LRRK2 is expressed by immune cells, and 

while there is evidence of an inflammatory component to PD, the activity of LRRK2 

pathogenic mutations in immune cells is not well characterised. In macrophages, 

LRRK2 is associated with lysosomes and is activated following lysosomal damage. 

However, the functional outcomes of clinically relevant pathogenic mutations in 

macrophages are unknown. Here, using primary mouse and patient-derived iPSC-

derived macrophage (iPSDM) models of LRRK2-G2019S, I defined the substrates 

of LRRK2 after lysosomal damage. A phosphoproteomics-based comparison 

between wild-type macrophages and macrophages lacking LRRK2 kinase activity 

revealed a subset of Rab GTPases, common to those identified in previous studies, 

as LRRK2 kinase substrates in macrophages. Comparison of LRRK2-G2019S and 

wild-type macrophages demonstrated a remarkably similar level of Rab GTPase 

phosphorylation at baseline and after lysosomal damage. Only two Rab 

phosphorylations differed after lysosomal damage in LRRK2-G2019S macrophages: 

phosphorylated Rab12 was increased, while phosphorylated Rab35 was decreased 

compared to wild-type cells. Live cell snapshot imaging revealed a deficit in the repair 

of lysosomal damage in LRRK2-G2019S macrophages. However, lysosomal repair 

via the endosomal sorting complex required for transport (ESCRT) machinery was 

not dependent on LRRK2 kinase activity in mouse primary macrophages. 

Functionally, LRRK2-G2019S macrophages showed more cell death and increased 

markers of apoptosis after lysosomal membrane damage. This increase in lysosomal 

damage-induced cell death was recapitulated in iPSDM from patients carrying the 

G2019S mutation, but not in isogenic control iPSDM. Altogether, this work defines 

the signaling downstream of G2019S in macrophages and identifies susceptibility to 

cell death after lysosomal damage as an important phenotype of this mutation. 
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Impact statement 

More than 10 million people are living with Parkinson’s disease (PD) worldwide, but 

current treatment options provide limited relief of symptoms, and there is no 

treatment that can halt disease progression. Mutations in the leucine rich repeat 

kinase 2 (LRRK2) gene are a major cause of PD, and understanding the pathways 

in which LRRK2 acts could uncover new disease-modifying treatments in PD. LRRK2 

is a large and complex protein and has a multitude of reported functions which vary 

markedly by cell type.  

 

Parkinson’s disease research has focused on the brain as instigator and perpetrator 

of disease for many decades. However, recent work has highlighted that immune 

cell dysfunction is also important for disease onset and progression. There is 

inflammation and immune cell activation in PD, and patients often show a significant 

deterioration in their symptoms during systemic infections. LRRK2 is closely linked 

to immune function as it is highly expressed by immune cells, tightly regulated by 

immune stimuli, and associated with other inflammatory disease including Crohn’s 

disease, leprosy, and tuberculosis. This thesis sheds light on how LRRK2 mutations 

in immune cells can impact on the function of these cells, contributing to the 

inflammation that is present in PD. I discuss the generation of a large dataset 

demonstrating the LRRK2 kinase substrates that are relevant to immune cell biology. 

This dataset will undoubtedly be useful in future studies of the role of LRRK2 specific 

to these cells. Further, I have characterised two independent cellular systems in 

which LRRK2 mutations can be studied, and identified pathways that are disturbed 

in LRRK2-mutant cells from both biological systems. This data can form a basis for 

future studies that aim to pinpoint underlying mechanisms behind inflammation in PD 

and ultimately will aid in the development of disease-modifying targets for LRRK2-

PD.  

 

Finally, the normal function of LRRK2, and how mutant LRRK2 differs in function, is 

still not completely understood. Without this understanding, we risk developing 

LRRK2-based treatments, such as LRRK2 kinase inhibitors, that have unpredictable 

side-effects, thus wasting time, resources, and money. My data provides further 

insight into the mechanism of action of LRRK2 in macrophages. Through greater 
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understanding, we can work closer towards the delivery of a safe and effective 

treatment for PD.  
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Chapter 1. Introduction 

1.1 The LRRK2 gene and Parkinson’s disease 

In 2002, a novel locus for Parkinson’s disease (PD) on chromosome 12p11.2-q13.1, 

designated PARK8, was reported in a Japanese family with autosomal dominant PD 

(Funayama et al., 2002). Two years later, mutations in Leucine rich repeat kinase 2 

(LRRK2) were uncovered as the cause of PARK8-PD by two independent groups 

(Paisan-Ruiz et al., 2004; Zimprich et al., 2004). The LRRK2 gene on chromosome 

12 comprises 51 exons that encode a large, multidomain protein (Paisan-Ruiz et al., 

2004; UniProt, 2023). To date, there are seven mutations in LRRK2 that are proven 

causative for PD through segregation analysis in multiple independent families: 

G2019S (Di Fonzo et al., 2006; Infante et al., 2006; Lesage et al., 2005; Nichols et 

al., 2005; Williams-Gray et al., 2006; Zabetian et al., 2006), I2020T (Tomiyama et 

al., 2006; Zimprich et al., 2004), N1437H (Aasly et al., 2010; Johansen et al., 2011), 

R1441C (Di Fonzo et al., 2006; Mata et al., 2005a; Zimprich et al., 2004), R1441G 

(Mata et al., 2005b; Paisan-Ruiz et al., 2004) , R1441H (Mata et al., 2005a; Zabetian 

et al., 2005), and Y1699C (Khan et al., 2005; Zimprich et al., 2004). Pathogenic 

mutations in LRRK2 cause autosomal dominant PD with variable, age-related 

penetrance. An analysis of over 100 families worldwide reported that 74% of LRRK2-

G2019S carriers will develop PD by the age of 79 years (Healy et al., 2008). It 

remains unknown why some patients go on to develop disease over others, but it is 

likely that there are other genetic and environmental contributors. Indeed, there are 

reports of tobacco usage, black tea drinking, and caffeine consumption having 

protective effects in carriers of LRRK2 mutations (Crotty et al., 2020; Luth et al., 

2020).  

 

The most common pathogenic mutation is LRRK2-G2019S: an adenine (A) to 

guanine (G) substitution in exon 41 that results in a glycine to serine amino acid 

substitution in the protein (Correia Guedes et al., 2010). The frequency of LRRK2-

G2019S differs significantly by geographical location: it is detected in around 40% of 

cases in North African populations (Lesage et al., 2005), 10-20% in the Ashkenazi 

Jewish population (Ozelius et al., 2006), 5-10% of cases in European populations 
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(Bras et al., 2005; Di Fonzo et al., 2006; Healy et al., 2008), and < 1% of cases in 

Asian populations (Zabetian et al., 2009).  

 

In addition, genome-wide association studies (GWAS) have identified 90 variants in 

the LRRK2 gene and its promoter which are associated with risk of sporadic PD 

(Blauwendraat et al., 2020). A few of these variants are found within the coding 

region of LRRK2 and correlate strongly with one’s lifetime risk of PD: G2385R, 

R1628P and M1646T increase risk (Funayama et al., 2007; Ross et al., 2011; Wang 

et al., 2016); while N551K, R1398H and N551K-R1398H reduce risk (Ross et al., 

2011). There are also several non-coding variants in LRRK2 which have a small 

effect on PD risk including the canonical rs76904798 variant (Blauwendraat et al., 

2020; Bryant et al., 2021; Chen et al., 2011; Tan et al., 2010). The functional 

consequences of such non-coding variants are unknown but could alter gene 

expression levels or lead to mRNA changes. Importantly, the presence of LRRK2 

variants in cases of sporadic PD implicates LRRK2 function in a pathway common 

to sporadic and genetic PD. This means that targeted therapies against LRRK2 could 

potentially benefit patients with both forms of disease.  

 

1.2 The clinical and pathological features of LRRK2-PD 

PD is largely a disease of the elderly, affecting around 2% of the population aged 

over 65 years (de Rijk et al., 2000). LRRK2-PD shows a similar age of onset to 

sporadic PD at around 67 years of age (Healy et al., 2008). LRRK2-PD patients show 

the characteristic motor features of PD including resting tremor, bradykinesia, rigidity, 

and postural instability, and the disease is generally regarded to be clinically 

indistinguishable from sporadic PD (Healy et al., 2008; Li et al., 2014). LRRK2-PD 

patients also suffer from non-motor symptoms such as cognitive decline, depression, 

anxiety, constipation, and loss of sense of smell (Healy et al., 2008; Saunders-

Pullman et al., 2022). Although it is not possible to distinguish the clinical features of 

LRRK2-PD from sporadic PD on an individual basis, longitudinal studies have 

reported slower progression rates and a favourable prognosis in LRRK2-PD in 

comparison to sporadic PD (Ahamadi et al., 2021; Saunders-Pullman et al., 2018). 
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The classical neuropathological findings in sporadic PD are the loss of dopaminergic 

neurons in the substantia nigra pars compacta of the midbrain and the accumulation 

of -synuclein-containing Lewy bodies in surviving neurons (Braak et al., 2004; 

Spillantini et al., 1997). While these pathological findings have been reported in 

LRRK2-mutant PD (Giasson et al., 2006; Ross et al., 2006), there are also reports 

of neuronal loss in the absence of Lewy body accumulation (Funayama et al., 2005; 

Giasson et al., 2006; Kalia et al., 2015), and the presence of Tau pathology (Rajput 

et al., 2006; Ujiie et al., 2012) and TDP-43 pathology (Agin-Liebes et al., 2023; Wider 

et al., 2010). Taken together, it appears that LRRK2-mutant PD is associated with 

heterogenous neuropathological findings, distinct from the pathology present in 

sporadic PD.  

 

1.3 LRRK2 expression and alternative splicing 

LRRK2 is widely expressed at both the cellular level and tissue level (LRRK2, Human 

Protein Atlas, available from: https://www.proteinatlas.org/ENSG00000188906-

LRRK2, accessed 28th April 2024) (Biskup et al., 2007). The highest LRRK2 

expression levels are found in blood-derived immune cells: specifically, B cells, 

monocytes, and neutrophils (Atashrazm et al., 2019; Fan et al., 2018; Gardet et al., 

2010). LRRK2 is also highly expressed in tissue macrophages and dendritic cells 

including microglia, the tissue resident macrophage of the central nervous system 

(CNS) (Hakimi et al., 2011; Lee et al., 2020). Comparatively, LRRK2 expression 

levels are low in neurons of the CNS (Gardet et al., 2010).  

 

Alternative splicing is the process whereby a single gene gives rise to multiple mRNA 

transcripts through different combinations of exons. These mRNA transcripts can 

show different subcellular localisations, stability, and expression levels. Alternative 

splicing produces multiple protein isoforms which can behave differently in terms of 

protein-protein interactions, subcellular localisation, protein signalling and enzymatic 

activities (La Cognata et al., 2015). Giesert et al. reported two LRRK2 splice variants 

in the brain of adult mice: one LRRK2 variant missing exon 5 and found in astrocytes, 

and one shorter LRRK2 variant terminating at exon 41a found in neurons and 

astrocytes (Giesert et al., 2013). Another study reported a LRRK2 splicing variant 

https://www.proteinatlas.org/ENSG00000188906-LRRK2
https://www.proteinatlas.org/ENSG00000188906-LRRK2
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missing exons 32-33 in the substantia nigra of brain tissue from PD patients 

(Trabzuni et al., 2013). The consequences of such splicing variants for PD 

pathogenesis remains to be elucidated (La Cognata et al., 2015). In addition, one 

study reported that overexpression of mutant LRRK2 in cell lines resulted in 

alternative splicing of other PD-associated genes such as -synuclein (SNCA), 

postulating that mutant LRRK2 may affect alternative splicing of other genes linked 

to neurodegeneration. 

 

Although LRRK2 is expressed at low levels in the brain, there are reports of 

increased LRRK2 expression in PD brain compared to age-matched controls (Cho 

et al., 2013; Guerreiro et al., 2013). LRRK2 expression in the brain has been found 

to correlate with levels of -synuclein, suggesting that the expression of these 

proteins is interlinked (Guerreiro et al., 2013). These studies are limited by the small 

number of cases and difficulties around measuring LRRK2 in formalin fixed and 

paraffin-embedded tissue. Dzamko and colleagues found increased LRRK2 

expression in post-mortem brain tissue of asymptomatic patients with incidental 

Lewy body pathology, with no difference in LRRK2 expression in patients with 

clinically apparent PD compared to age-matched controls (Dzamko et al., 2017). This 

group subsequently studied LRRK2 expression in LRRK2-PD and found that LRRK2 

expression levels were reduced in LRRK2-PD compared to age-matched controls 

and cases of sporadic PD (Zhao et al., 2018).  

 

In a small study of 40 patients, LRRK2 protein expression in B cells, T cells and 

monocytes was higher in PD patients compared to age-matched controls (Cook et 

al., 2017). A similar study of 26 PD patients found higher levels of LRRK2 protein in 

monocytes, but not B cells, compared to age-matched controls (Bliederhaeuser et 

al., 2016). The underlying mechanism behind increased LRRK2 expression in 

immune cells in PD is unknown, however one study reported that -synuclein fibrils 

induced LRRK2 expression in human peripheral blood mononuclear cells (Xu et al., 

2022a). Taken together, it appears that LRRK2 expression in PD is cell-type 

dependent, possibly reflecting the different cellular functions of LRRK2 and the 

different pathways involved in PD pathogenesis.  
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1.4 LRRK2 is implicated in disease other than PD 

1.4.1 Mycobacterial disease 

In 2009, a single nucleotide polymorphism (SNP) in LRRK2 was associated with 

susceptibility to multibacillary leprosy by GWAS (Zhang et al., 2009). Multibacillary 

leprosy, caused by the bacterium Mycobacterium leprae, is a severe form of leprosy 

associated with an exaggerated Th2 cell immune response, type 1 interferon 

secretion and suppression of macrophage activity (Froes et al., 2022). A later study 

identified several other SNPs in LRRK2 linked to leprosy in the Chinese population 

(Wang et al., 2015). While the underlying mechanism linking LRRK2 to 

Mycobacterium leprae infection is unknown, experimental studies revealed that 

LRRK2 variants associated with leprosy altered autophagy and nuclear factor of 

activated T cells (NFAT) pathways in cell lines (Wang et al., 2015).  

 

In addition, a large meta-analysis identified LRRK2 as one of the top hits upregulated 

in patients with pulmonary tuberculosis (TB), caused by the bacterium 

Mycobacterium tuberculosis (Mtb) (Wang et al., 2018b). LRRK2 upregulation in Mtb 

infection was further confirmed in samples from peripheral blood mononuclear cells 

(Xie et al., 2020). Using a single cell sequencing approach, Lin et al. identified LRRK2 

as a potential drug target for Mtb infection and showed that a SNP in the LRRK2 

promoter resulted in increased LRRK2 expression during Mtb infection in cells (Lin 

et al., 2022). Intriguingly, a large retrospective observational Taiwanese study 

identified a small increased risk (1.38-fold) of PD in patients infected with TB (Shen 

et al., 2016). Mtb is a respiratory pathogen that is spread via the inhalation of infected 

droplets that reach the alveoli of the lung. Mtb infection is established in alveolar 

macrophages where it evades immune responses and replicates in the intracellular 

environment (Bussi and Gutierrez, 2019). In mouse primary macrophages, LRRK2 

is a negative regulator of the phagosomal maturation pathway during Mtb infection: 

LRRK2 KO macrophages and macrophages treated with LRRK2 kinase inhibitors 

showed better control of Mtb infection compared to wild-type and LRRK2-mutant 

macrophages (Hartlova et al., 2018). 
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1.4.2 Crohn’s disease 

Crohn’s disease is a type of inflammatory bowel disease which causes inflammation 

throughout the entire gastrointestinal tract, leading to ulceration, fistula formation and 

bowel obstruction (Roda et al., 2020). The LRRK2 gene is a major susceptibility locus 

in Crohn’s disease, as identified by multiple independent GWAS (Barrett et al., 2008; 

Franke et al., 2010). Interestingly, the LRRK2 N551K and N551K-R1398H coding 

variants, which are protective against the development of PD, are also protective 

against the development of Crohn’s disease (Hui et al., 2018). In contrast, the 

N2081D mutation increased the risk of both PD and Crohn’s disease (Hui et al., 

2018).  

 

1.4.3 Cancer 

It is widely accepted that there is a reduced incidence of non-skin cancers in PD 

compared to the general population (Feng et al., 2015). Some studies have reported 

an association between LRRK2-G2019S and non-skin cancers including renal, 

breast, lung, and prostate cancer (Agalliu et al., 2015; Inzelberg et al., 2012; 

Saunders-Pullman et al., 2010). Notably, the overall incidence of cancer in these 

studies was low with only a few cases in the LRRK2-G2019S groups. In contrast to 

this, LRRK2 overexpression was shown to be associated with a better prognosis in 

renal cancer (Yang et al., 2021). There are also studies reporting no differences in 

cancer incidence between LRRK2-G2019S and sporadic PD cases (Allegra et al., 

2014; Ruiz-Martinez et al., 2014). Thus, it remains to be clarified whether LRRK2 

mutations have a definite role in carcinogenesis, although it is possible that they 

contribute to a subset of cancers.  

 

1.5 LRRK2 and inflammation in PD 

1.5.1 LRRK2 regulation by immune stimuli 

The link between LRRK2 variants and inflammatory disease, along with high 

expression of LRRK2 in immune cells, points to a role for LRRK2 in inflammation 

(Herbst and Gutierrez, 2019; Wallings and Tansey, 2019). Indeed, LRRK2 activity is 
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closely regulated by immune receptors and stimuli including Toll-like receptors (TLR) 

and interferon gamma (IFN-). However, the role of LRRK2 in inflammation is 

complex and appears to be cell type-dependent (Wallings and Tansey, 2019).  

 

TLRs are a type of pattern recognition receptor found on the surface of innate 

immune cells including macrophages (Vijay, 2018). These receptors are designed to 

recognise common structural motifs that are present on different pathogens, known 

as pathogen-associated molecular patterns (PAMPs). There are 10 human TLRs 

which signal by the myeloid differentiation primary response gene-88 (MyD88) or 

TIR-domain-containing adapter-inducing interferon-β (TRIF) pathways, leading to 

phosphorylation and activation of nuclear factor kappa B (NF-β) and/or interferon 

regulatory factors (IRFs) (Vijay, 2018). Ultimately, this results in the transcription and 

translation of genes encoding pro-inflammatory cytokines and/or type 1 IFNs. 

Treatment of mouse primary macrophages with bacterial lipopolysaccharide (LPS) 

(TLR4 agonist), bacterial lipopeptide Pam3-Cys-Ser-Lys4 (Pam3CSK4) (TLR2/1 

agonist), Flagellin (TLR5 agonist) and Heat Killed Listeria monocytogenes (HKLM) 

(TLR2 agonist) resulted in phosphorylation of LRRK2 at the serine 935 residue 

(Dzamko et al., 2012). This phosphorylation site is important for LRRK2 binding to 

14-3-3 proteins (discussed later). However, while this study and a study using the 

macrophage-like cell line RAW 264.7 cells (Oun et al., 2023) found no differences in 

LRRK2 expression in response to LPS treatment, other groups have reported 

increased LRRK2 expression in LPS-treated mouse primary macrophages (Hakimi 

et al., 2011). A similar increase in LRRK2 expression, alongside increased LRRK2 

kinase activity, has been reported in LPS-treated rat primary microglia (Moehle et al., 

2012).  

 

The effect of LRRK2 on the inflammatory response to LPS treatment appears to be 

cell-type dependent: LRRK2 KO dendritic cells produce more pro-inflammatory 

cytokines (Kubo et al., 2020); LRRK2 KO RAW 264.7 cells (Oun et al., 2023) and 

LRRK2 KO rat primary microglia (Moehle et al., 2012) produce less pro-inflammatory 

cytokines; and LRRK2 KO mouse primary macrophages show no differences in 

cytokine secretion (Dzamko et al., 2012; Hakimi et al., 2011). Ahmadi Rastegar and 

colleagues performed a Luminex bead-based assay to detect a panel of 27 cytokines 

in human iPSC-derived monocytes treated with different immune stimuli (Ahmadi 
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Rastegar et al., 2019). They found no differences in cytokine secretion between 

LRRK2 KO and LRRK2 wild-type cells treated with LPS and PAM3CSK4 but 

increased pro-inflammatory cytokine secretion in cells with the LRRK2-G2019S 

mutation. 

 

IFN- is a type 2 interferon produced mainly by T-cells and NK cells in the adaptive 

immune response, functioning to activate other immune cells and pathways 

(Schroder et al., 2004). IFN- is also linked to PD pathophysiology: PD patients show 

high levels of IFN- in the blood and CNS (Kustrimovic et al., 2018; Mogi et al., 2007), 

and IFN- is required for neurodegeneration in animal models of PD (Chakrabarty et 

al., 2011; Mount et al., 2007). In cell culture, IFN- results in a robust increase in 

LRRK2 expression across many different immune cell types and in neurons (Gardet 

et al., 2010; Kuss et al., 2014; Lee et al., 2020; Panagiotakopoulou et al., 2020). 

Bioinformatics analysis identified a consensus sequence within the LRRK2 promoter 

that binds to IFN response factors and is highly conserved across 28 difference 

species; indicating that the binding of IFN- response factors to this region leads to 

increased LRRK2 expression (Gardet et al., 2010).  

 

Finally, LRRK2 has been linked to phagocytosis in macrophages: Kim et al. reported 

that LRRK2, via its interaction with the actin cytoskeletal component WAVE2, is 

important for phagocytic uptake of latex beads and Escherichia coli particles (Kim et 

al., 2018). However, this finding has not been reproduced by other groups, who have 

reported no effect of LRRK2 on internalisation of Mtb (Hartlova et al., 2018) or beads 

(Lee et al., 2020; Schapansky et al., 2014). In human iPSC-derived macrophages 

and microglia, LRRK2 has been identified on the late phagosomal membrane 

alongside Rab8 and Rab10, although its exact role on this membrane is yet to be 

elucidated (Lee et al., 2020).  

 

1.5.2 The role of inflammation in PD 

PD has historically been regarded as a disease of the brain and the majority of 

LRRK2 research has focussed on neuronal-mediated mechanisms of disease. In 

more recent years there has been a paradigm shift in our understanding of PD with 
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growing evidence that immune dysfunction and inflammation is central to its 

pathogenesis (Herbst and Gutierrez, 2019; Tansey et al., 2022; Wallings et al., 2020). 

Clinical studies in PD patients consistently report raised pro-inflammatory peripheral 

and CSF cytokines (Brodacki et al., 2008; Rentzos et al., 2007; Schroder et al., 2018; 

Xu et al., 2022b), disturbances in immune cell function (Grozdanov et al., 2014; 

Thome et al., 2021) and altered gut microbiome associated with intestinal 

inflammation (Perez-Pardo et al., 2019), with these changes being present at very 

early stages of disease (Forsyth et al., 2011). Another clinical study reported high 

levels of bacterial endotoxin associated with distinct monocyte subsets in PD patients 

which closely correlated to progression to dementia (Wijeyekoon et al., 2020). 

Accordingly, several groups now argue that inflammation could be the driving factor 

for disease onset and progression in some PD patients (Cabezudo et al., 2020; 

Kozina et al., 2022). 

 

LRRK2 expression in immune cells is higher in PD patients than age-matched 

controls (Cook et al., 2017). Proinflammatory cytokines are highest in LRRK2-mutant 

PD patients with severe symptoms (Brodacki et al., 2008). Intriguingly, LRRK2-

G2019S is associated with increased proinflammatory cytokines in the blood of 

asymptomatic carriers (Dzamko et al., 2016), suggesting it could contribute to the 

prodromal stage of PD. In animal models, high-dose LPS stimulation results in 

selective dopaminergic neuronal cell death only in mice with LRRK2 mutations, and 

this phenotype is rescued by bone marrow transplant to replace mutant LRRK2 for 

wild-type LRRK2 in immune cells, further indicating the importance of the immune 

system in the onset of PD (Kozina et al., 2022; Kozina et al., 2018) . 

 

1.6 LRRK2 protein structure 

LRRK2 is a large protein comprising 2527 amino acids with four protein-protein 

interacting domains and two enzymatic domains. The domains of LRRK2 and 

location of the pathogenic mutations are shown in Figure 1.6.1. The protein-protein 

interacting domains are an armadillo repeat motif (ARM), ankyrin repeat (ANK), and 

leucine-rich repeat (LRR) towards the amino-terminal, and a WD-40 domain near the 

carboxy-terminal. The enzymatic core comprises a Ras-of-complex (Roc), C-
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terminal of ROC (COR) tandem domain with GTPase activity and a serine-threonine 

kinase domain with phosphotransfer activity. Recent Cryo-EM studies have shed 

light on the structure of LRRK2 including domain positioning and interactions. 

Deniston and colleagues showed that the catalytic half of LRRK2 comprising the 

Roc, COR, kinase, and WD-40 domains (LRRK2RCKW) is J-shaped, with the kinase 

and GTPase domains very close to one another (Deniston et al., 2020). Myasnikov 

et al. modelled full-length LRRK2 in its inactive state and found that the ARM, ANK 

and LRR domains wrap around the LRRK2RCKW domains, with the LRR domain 

blocking the kinase binding site (Myasnikov et al., 2021). A third group modelled 

kinase-active LRRK2RCKW interactions with microtubules and found that the Roc 

domain was essential for microtubule binding (Snead et al., 2022).  

 

 

Figure 1.6.1. The structure of LRRK2 protein and location of pathogenic LRRK2 

mutations that cause PD.  

The predicted functions of each LRRK2 domain are indicated above and the 
pathogenic mutations causative of PD are indicated below the involved domain. 
Abbreviations: ARM, armadillo repeats; ANK, ankyrin repeats; LRR, leucine-rich 
repeats; ROC, Ras of complex; COR, C-terminal of Roc; KIN, kinase; WD40, WD40 
repeats.  
 

1.6.1 The Roc-COR GTPase domain 

The basic functioning of a GTPase cycles between an active guanosine triphosphate 

(GTP)-bound state and an inactive guanosine diphosphate (GDP)-bound state 

(Figure 1.6.2). The length of time that a GTPase is in its active state is therefore 

dependent on the rate of GTPase activity. The Roc-COR tandem domain of LRRK2 

makes it a member of the Roco protein family where the Roc domain, which contains 
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the GTP/GDP binding site, is present next to a COR domain (Lewis, 2009). A 

proposed model for the activation of this tandem domain is the G-protein activated 

by nucleotide-dependent dimerisation (GAD) model, where the COR-domain 

mediates dimerisation of LRRK2, resulting in Roc-domain GTPase activity (Gotthardt 

et al., 2008; Guaitoli et al., 2016) (Figure 1.6.2). This is supported by recent atomic 

resolution structural data of LRRK2, where COR-COR domain interface between two 

LRRK2 molecules was associated with LRRK2 complex formation (Deniston et al., 

2020). In humans, only four Roco proteins exist: leucine rich repeat kinase 1 

(LRRK1), LRRK2, death associated protein kinase 1 (DAPK1) and malignant fibrous 

histiocytoma amplified sequence 1 (MASL1) (Lewis, 2009). LRRK1 shows a 

remarkably similar structure to LRRK2, missing only the ARM domain, but is 

functionally distinct with its own set of substrates and, unlike LRRK2, plays an 

important role in bone development (Metcalfe et al., 2023). DAPK1 is required for 

apoptosis and is linked to certain cancers (Lewis, 2009). MASL1 differs from the 

other Roco proteins as it does not contain a kinase domain but has also been linked 

to cancer development (Dihanich, 2012).  

 

 

Figure 1.6.2. A summary of the cycle of GTPase activity and proposed mechanism 

of GTPase activation in LRRK2 

A. GTPase enzymes function by cycling between a GTP-bound and GDP-bound 
state. The enzyme is active when GTP-bound and hydrolyses GTP to GDP + Pi. The 
enzyme is inactive when bound to GDP. B. In the G-protein activated by nucleotide-
dependent dimerisation model for LRRK2 GTPase activation, COR-COR mediated 
dimerisation of two LRRK2 monomers results in GTPase activity. Abbreviations: 
GTP, guanosine triphosphate; GDP, guanosine diphosphate; Pi, inorganic 
phosphate. 
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Five of the seven pathogenic mutations that cause PD locate in the Roc-COR 

GTPase domain of LRRK2 (see Figure 1.6.1). Using a sensitive in vitro GTPase 

assay, Lewis et al. showed that the R1441C mutation was associated with reduced 

GTPase activity (Lewis et al., 2007) and later confirmed reduced GTPase activity in 

the Y1699C mutation, possibly due to reduced dimerisation of mutant LRRK2 

(Daniels et al., 2011). Reduced GTPase activity in LRRK2 R1441C and R1441G 

mutations has also been reported by other groups (Deng et al., 2008; Guo et al., 

2007; Xiong et al., 2010). In addition, there is a report of increased GTP binding in 

the R1441C, R1441G, and Y1699C mutations (West et al., 2007). The N1347H 

mutation was shown to have reduced GTPase activity and reduced affinity for GTP 

binding (Huang et al., 2019; Puschmann et al., 2012). These findings all point to 

pathogenic mutations leading to an increase in active LRRK2 GTPase, expected to 

increase the duration of LRRK2 signalling activity.  

 

1.6.2 Serine-threonine kinase domain 

The serine-threonine kinase domain of LRRK2 shares features with the Receptor 

Interacting Protein Kinase (RIPK) family (Greggio and Cookson, 2009), linked to cell 

death and inflammatory signalling (Rideout and Re, 2017). The kinase activity of 

LRRK2 results in the transfer of a phosphate group from ATP to a serine or threonine 

amino acid residue within a substrate. The kinase domain is composed of an N-lobe 

and a C-lobe, with an activation segment in the C-lobe. The activation segment, 

which binds to the substrate and ATP, contains a DFG motif that is critical for kinase 

activation (Zhang and Kortholt, 2023). Two of the seven pathogenic mutations that 

cause PD are in the DFG motif of the kinase domain: G2019S and I2020T (see 

Figure 1.6.1) (Schmidt et al., 2019). The G2019S mutation is reported to increase 

kinase activity 1.4 to 3-fold in vitro (Greggio et al., 2006; Myasnikov et al., 2021; 

Smith et al., 2006; West et al., 2005), and 1.9-fold in neutrophils (Karayel et al., 2020). 

There is no consensus on the effects of the I2020T mutation on kinase activity in 

vitro as studies report conflicting findings (Funayama et al., 2005; Greggio and 

Cookson, 2009; Jaleel et al., 2007; Nichols et al., 2010). However, LRRK2 kinase 

activity is required for its pathogenic effects in cell models (Greggio et al., 2006; 

Smith et al., 2006). These findings led to the development of LRRK2 kinase inhibitors 
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as a treatment strategy for PD (Deng et al., 2011). It has since been shown that 

LRRK2 kinase activity is increased in the brain of patients with sporadic PD (Di Maio 

et al., 2018), suggesting that LRRK2 kinase inhibitors may be of use in both forms of 

disease. The substrates of the kinase domain and regulation of kinase activity will be 

discussed later.  

 

1.6.3 Protein-protein interaction domains 

The presence of four protein-protein interacting domains points to LRRK2 as a 

signalling hub within the cell (Price et al., 2018). Identification of protein-protein 

interactions with LRRK2 is challenging because these interactions may be transient 

and are likely to be cell type-dependent and context-dependent, for example only 

triggered by specific intracellular events or stresses within a single cell type. There 

are thousands of reported LRRK2 interacting proteins although many are not 

independently verified. Zhao et al. performed a computational analysis of the human 

LRRK2 interactome using three independent repositories and identified a total of 

1871 interacting partners (Zhao et al., 2023). After removing interactors that had not 

been independently verified, there were still 407 proteins remaining, including 

LRRK2 itself, many cytoskeletal proteins, other protein kinases, and Rab GTPases.  

 

One well characterised LRRK2 interactor is the 14-3-3 protein group, a family of 

adaptor proteins that upon binding to a partner, alter its enzymatic activities and 

subcellular localisation (Abdi et al., 2024). The binding of 14-3-3 isoforms to LRRK2 

is dependent on phosphorylation of sites on LRRK2 including serine (S) residues 

that are located between the ANK and LRR domains: S910 and S935 (Dzamko et 

al., 2010; Li et al., 2011; Nichols et al., 2010). This phosphorylation and the effects 

of 14-3-3 binding on the subcellular localisation and activity of LRRK2 will be 

discussed below. Another well-known LRRK2 interactor is heat shock protein 90 

(HSP90), a ubiquitously expressed protein whose levels rise dramatically in 

response to cellular stress (Mansour et al., 2024). LRRK2 and HSP90 form a 

complex that prevents the ubiquitination and proteasomal degradation of LRRK2 (Ko 

et al., 2009); treatment with a HSP90 inhibitor resulted in LRRK2 degradation in 
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multiple independent studies (Narayan et al., 2015; Rudenko et al., 2012; Wang et 

al., 2008). 

 

1.7 Rab GTPases are bona fide substrates of LRRK2 kinase 

In 2016, Steger and colleagues provided a breakthrough in the LRRK2 field by 

identifying a subset of Rab GTPases (Rabs) as the bona fide substrates of LRRK2 

kinase: Rab3A/B/C/D, Rab8A/B, Rab10, Rab12, Rab35 and Rab43 (Steger et al., 

2017; Steger et al., 2016). This body of work required multiple phosphoproteomic 

screens using different LRRK2 inhibitors and LRRK2 mutant cells, followed by 

validation with phospho-specific antibodies against Rab GTPases (Steger et al., 

2017). To date, Rab GTPases are the only LRRK2 kinase substrates that show 

reproducible results across multiple independent groups (Jeong et al., 2018; Purlyte 

et al., 2018; Thirstrup et al., 2017).  

 

1.7.1 The Rab GTPase cycle 

Rab GTPases cycle between an inactive GDP-bound state and an active GTP-bound 

state (Gutierrez, 2013; Pfeffer, 2018). In the active GTP-bound state, Rab proteins 

localise to intracellular membranes and bind to effector proteins, mediating 

downstream pathways such as membrane vesicle budding, docking and fusion 

events (Prashar et al., 2017). In the inactive GDP-bound state, Rab GTPases are 

primarily cytosolic. The intrinsic hydrolysis rate of the GTP → GDP + Pi reaction is 

low but is accelerated by GTPase activating proteins (GAPs), which promote more 

inactive GDP-bound Rabs. In contrast, guanine nucleotide exchange factors (GEFs) 

foster the binding of GTP and thus increase the amount of active GTP-bound Rab. 

Another Rab regulatory family is the GDP dissociation inhibitors (GDI), which 

stabilise GDP-bound inactive Rab in the cytosol and prevent the formation of GTP-

bound active Rabs (Muller and Goody, 2018). In addition, Rab activity is modulated 

by post-translational modifications including prenylation (the irreversible addition of 

farnesyl or geranylgeranyl, important for membrane tagging) (Pereira-Leal et al., 

2001), phosphorylation and AMPylation (the addition of adenosine monophosphate 

(AMP) by pathogens during intracellular infection) (Shinde and Maddika, 2018).  



Chapter 1 Introduction 

38 

 

 

Endogenous LRRK2 kinase phosphorylates the effector-binding Switch-II motif of 10 

Rabs in HEK293 cells and MEFs: Rab3A/B/C/B, Rab8A/B, Rab10, Rab12, Rab35 

and Rab43 (Steger et al., 2016). The effects of LRRK2-mediated phosphorylation on 

Rab GTPase function remain incompletely understood. However, rather than altering 

GTP/GDP binding or GTPase activity, phosphorylation is thought to affect Rab 

GTPase to effector and Rab regulatory protein binding (Pfeffer, 2018). In the next 

section I will summarise the main functions of the Rab substrates that are 

phosphorylated by LRRK2 kinase. 

 

1.7.2 Rab3A/B/C/D 

The characteristics and LRRK2 phosphorylation sites of the Rab3A/B/C/D proteins 

are shown in Table 1.7.1. Rab3A/B/C/D protein expression is enriched in the central 

nervous system (Schluter et al., 2002), where they regulate the dynamics of 

neurotransmitter vesicle exocytosis at the synapse (Fischer von Mollard et al., 1991; 

Geppert et al., 1997). Rab3A/B/C/D isoforms are differentially expressed but 

functionally redundant meaning if one isoform is knocked out there is compensation 

by another isoform: only quadruple knock-out mice for Rab3A/B/C/D are lethal 

(Schluter et al., 2004). Rab3 proteins are also highly expressed in endocrine organs 

such as the adrenal and pituitary gland, and exocrine tissues such as the parotid 

gland (Schluter et al., 2002). At the subcellular level, Rab3 proteins localise 

predominantly to the membrane of exocytic vesicles (Matsui et al., 1988; Touchot et 

al., 1987; Zahraoui et al., 1989) and act here as mediators of exocytosis.  

 

Isoform Molecular weight Amino acids LRRK2 phosphorylation site 

Rab3A 24 kDa 220 Threonine 86 

Rab3B 25 kDa 219 Threonine 86 

Rab3C 26 kDa 227 Threonine 94 

Rab3D 26 kDa 219 Threonine 86 

Table 1.7.1. The molecular characteristics and LRRK2 phosphorylation sites of the 

Rab3 protein family.  

Data derived from Steger et al. 2016, Steger et al. 2017 and https://www.uniprot.org/, 
(accessed 7th April 2024). 

https://www.uniprot.org/


Chapter 1 Introduction 

39 

 

 

The Rab3-specific GEF is essential for the exocytic activities of Rab3A/B/C/D, as 

neurotransmitter release was significantly reduced in Rab3 GEP knock-out neurons 

in culture (Yamaguchi et al., 2002). A GAP for Rab3 has also been reported (Fukui 

et al., 1997). There are two Rab3 effectors whose function is linked to 

neurotransmitter release: Rabphilin (Schluter et al., 1999) and RIM1 (Calakos et al., 

2004). LRRK2 mutations have been shown to increase the amount of 

phosphorylated Rab3A/B isoforms in cells (Steger et al., 2017); however, the 

downstream consequences of Rab3 hyperphosphorylation are not yet characterised. 

In a Rab3A overexpression model in cell lines, Rab3A was found to localise on 

lysosomes and regulated lysosomal positioning and exocytosis; indicating that its 

function may not be limited to exocytic vesicles (Vieira, 2018). Finally, Rab3 proteins 

may have a function in immune cells: Rab3 isoforms have been detected in 

phagosomes isolated from cells treated with IFN-, and may play a role in antigenic 

cross-presentation in dendritic cells (Gutierrez, 2013; Trost et al., 2009; Zou et al., 

2009).  

 

1.7.3 Rab8A/B 

Rab8A and Rab8B are 24 kDa Rab GTPases comprising 207 amino acids 

(https://www.uniprot.org/, accessed 7th April 2024) and undergo phosphorylation by 

LRRK2 at the threonine 72 residue (Steger et al., 2016). Rab8A and Rab8B are 

ubiquitously expressed, with highest levels detected in the brain, gut, and lymphoid 

tissues (https://www.proteinatlas.org/, accessed 7th May 2024). In cell models, 

knock-out of Rab8A or Rab8B affects cell shape (Peranen, 2011), lysosomal 

positioning and lysosomal protein composition (Mamais et al., 2024), trafficking of 

neurotransmitter receptors (Gerges et al., 2004), and ciliogenesis (Dhekne et al., 

2018; Yoshimura et al., 2007), suggesting Rab8 has pleiotropic effects dependent 

on cell type. In macrophages, Rab8A was shown to interact with PI3 kinase (PI3K) 

at the plasma membrane during TLR4 signalling, leading to altered cytokine 

secretion (Luo et al., 2014).  

 

https://www.uniprot.org/
https://www.proteinatlas.org/
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The consequences of LRRK2-dependent phosphorylation of Rab8A have been 

described. Rabin8 is a Rab8-specific GEF (Homma and Fukuda, 2016) and binds to 

Rab8A in the switch II domain; Rab8A pT72 phosphorylation blocks binding with 

Rabin8 and thus prevents the exchange of GDP to GTP (Steger et al., 2016). In 

addition, phosphorylated Rab8 was unable to bind to GDI in the cytosol which would 

be expected to alter its ability to recycle from one intracellular membrane, via the 

cytosol, to other intracellular membranes (Steger et al., 2016). Further, 

phosphorylated Rab8 is unable to bind to its usual effector proteins such as 

oculocerebrorenal syndrome of Lowe (ORCL), and instead binds to alternate 

effectors such as Rab interacting lysosomal protein-like 1 (RILPL1), Rab interacting 

lysosomal protein-like 2 (RILPL2), JNK-interacting protein 1 (JIP1) and JNK-

interacting protein 2 (JIP2) (Steger et al., 2017; Steger et al., 2016; Waschbusch et 

al., 2020). Through these interactions, phosphorylated Rab8 is linked to ciliogenesis 

and organelle transport (Pfeffer, 2022). An important caveat to these studies is that 

the use of phosphomutant Rabs in cells may be invalid: Dhekne and colleagues 

found that Rab8A and Rab10 phosphomutants were non-functioning: they show non-

physiological accumulation on Golgi and cannot bind to Rab regulatory proteins 

(Dhekne et al., 2018).  

 

1.7.4 Rab10 

Rab10 is a 23 kDa Rab GTPase comprising 200 amino acids 

(https://www.uniprot.org/, accessed 7th April 2024) and undergoes phosphorylation 

by LRRK2 at its threonine 73 residue (Steger et al., 2016). Rab10 protein expression 

is ubiquitous at the tissue level and is localised to Golgi, endoplasmic reticulum, 

endosomes, lysosomes and cilia at the subcellular level 

(https://www.proteinatlas.org, accessed 9th May 2024) (Singh et al., 2023). The 

importance of Rab10 in a plethora of functions is demonstrated by the finding that 

Rab10 KO mice are not viable (Lv et al., 2015). In neurons, Rab10 is required for 

axonal growth, transport of vesicles through axons, and recycling of 

neurotransmitters at the synapse (Deng et al., 2014; Glodowski et al., 2007; Xu et 

al., 2014). Rab10 is also involved in the recycling endosome pathway whereby 

endocytosed cargo are transported back to the plasma membrane for reuse (Khan 

https://www.uniprot.org/
https://www.proteinatlas.org/
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et al., 2022; Liu and Grant, 2015; Singh et al., 2023; Wang et al., 2010). In addition, 

Rab10 is linked to autophagy - where defective or aged cellular components are 

bound by a double layer membrane forming autophagosomes and reach lysosomes 

for degradation. Rab10 deficient cells show accumulation of autophagosomes and 

autophagic cargo in basal conditions, indicating that Rab10 is required for normal 

autophagic flux (Palmisano et al., 2017). Rab10 has also been linked to initial steps 

of autophagosome formation (Li et al., 2016).  

 

Rab10 is arguably the best characterised LRRK2 substrate – one reason for this is 

the availability of a commercially available anti-phospho Rab10 antibody that is 

reliable and robust across different experimental approaches (Lis et al., 2018). 

Phosphorylated Rab10 binds with high affinity to RILPL1, RILPL2 and Myosin Va 

proteins and Rab10, like Rab8, is linked to ciliogenesis (Dhekne et al., 2018; Dhekne 

et al., 2021; Waschbusch et al., 2020). Cilia are found on almost every cell of the 

human body and are thought to function both as cell sensors for a variety of signals 

and motility organelles, creating flow for fluids such as CSF and mucus (Ishikawa 

and Marshall, 2011). Rab10, in contrast to Rab8, has an inhibitory effect on 

ciliogenesis, and Dhekne and colleagues showed that this inhibitory effect is 

dependent on binding of phosphorylated Rab10 to RILPL1 and Myosin Va proteins 

(Dhekne et al., 2021). In immune cells, LRRK2-mediated phosphorylation of Rab10 

interferes with the maturation and recycling of cargo that are internalised by 

macropinocytosis, leading to altered immune signalling pathways (Liu et al., 2020). 

Finally, phosphorylated Rab10 is present at damaged lysosomal membranes and is 

linked to LRRK2-mediated response to lysosomal damage (discussed later) (Bonet-

Ponce et al., 2020).  

 

1.7.5 Rab12 

Rab12 is a 27 kDa Rab GTPase comprising 244 amino acids in humans and 243 

amino acids in mice (https://www.uniprot.org/, accessed 7th April 2024). It undergoes 

phosphorylation by LRRK2 at the serine 106 residue in humans and the serine 105 

residue in mice (https://www.phosphosite.org/, accessed 7th April 2024). The earliest 

studies of Rab12 GTPase showed mRNA expression was highest in the heart, lung, 

https://www.uniprot.org/
https://www.phosphosite.org/
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and endocrine glands of mouse tissue (Elferink et al., 1992; Iida et al., 1996; 

Olkkonen et al., 1993). Overexpression of Rab12 GTPase in various cell lines co-

localised with the Golgi apparatus (Olkkonen et al., 1993; Rydell et al., 2014), 

endosomal compartment (Iida et al., 2005; Rydell et al., 2014), and secretory 

granules in atrial myocytes (Iida et al., 1996). Using a GDP release assay, Yoshimura 

et al. reported that DENN/MADD domain containing 3 (Dennd3) is a Rab12 GEF in 

vitro (Yoshimura et al., 2010), later confirmed in cellulo by Fukuda and colleagues 

(Matsui et al., 2014). In 2011, Matsui et al. described a Rab12-dependent pathway 

mediating the delivery of transferrin-containing recycling endosomes directly to 

lysosomes (Matsui et al., 2011). Matsui and colleagues have also shown that Rab12 

modulates the lysosomal degradation of the amino acid transporter PAT4, leading to 

inhibition of the autophagy protein mammalian/mechanistic target of rapamycin 

complex 1 (mTORC1), resulting in the initiation of autophagy (Matsui and Fukuda, 

2013). This was confirmed independently by another group, who also showed that 

Dennd3-activated Rab12 co-localised with LC3 on recycling endosomes and 

autophagosomes, postulating that Rab12 is involved in autophagosome trafficking 

(Xu et al., 2015). In retinol ganglion cells, a mutation in the autophagy receptor 

optineurin resulted in increased colocalisation of optineurin with Rab12 and 

increased autophagic cell death (Sirohi et al., 2013). Our current understanding of 

the functions of Rab12 GTPase is summarised in Figure 1.7.1. 
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Figure 1.7.1. Current understanding of functions of Rab12 GTPase 

Rab12 GTPase is reported to colocalise with recycling endosomes and is required 
for transferrin receptor (TfR) and PAT4 delivery to lysosomes for degradation (Matsui 
and Fukuda, 2013; Matsui et al., 2011). By modulating the amount of PAT4 present 
in the plasma membrane and thus intracellular amino acid levels, Rab12 is linked to 
the inhibition of mTORC1 and induction of autophagy (Matsui and Fukuda, 2013). 
Rab12 activation is controlled by the GEF Dennd3, which is in turn activated and 
phosphorylated by the autophagy protein ULK (Xu et al., 2015; Xu and McPherson, 
2017). In retinal ganglion cells, Rab12 function in autophagy was also linked to 
autophagic cell death (Sirohi et al., 2013). Rab12 has been reported to co-localise 
with Golgi markers by multiple groups (Elferink et al., 1992; Rydell et al., 2014). 
Recent work has shown that Rab12 is required for LRRK2 recruitment to damage 
lysosomes, leading to phosphorylation of Rab10 pT73 and Rab12 pS106 (Dhekne 
et al., 2023; Wang et al., 2023). The downstream consequences of Rab 
phosphorylation by LRRK2 are thought to involve altered binding of the 
phosphorylated Rab to Rab effector proteins such as RILPL1 (Pfeffer, 2022). Image 
created with BioRender.com. 
 

1.7.6 Rab35 

Rab 35 is a 23 kDa Rab GTPase comprising 201 amino acids 

(https://www.uniprot.org/, accessed 7th April 2024) and undergoes phosphorylation 

https://www.uniprot.org/
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by LRRK2 at its threonine 72 site (Steger et al., 2016). Rab35 is ubiquitously 

expressed at the tissue level (Zhu et al., 1994). At the subcellular level, Rab35 is 

found on endosomes and on the plasma membrane (Kouranti et al., 2006). Rab35 

is strongly linked to the recycling endosomal pathway; Rab35 deficient cells 

accumulate cargo-containing large intracellular vacuoles (Dikshit et al., 2015; 

Kouranti et al., 2006; Patino-Lopez et al., 2008). In immune cells, Rab35 is required 

for endocytic recycling of the MHC II receptor (Walseng et al., 2008), and initial steps 

of phagocytosis (Egami et al., 2015; Egami et al., 2011). Finally, Rab 35 was 

identified as a potential serum biomarker for PD through the analysis of proteomic 

profiles of PD patients (Chiu et al., 2016). 

 

Jeong et al. investigated Rab35 phosphorylation by LRRK2 kinase in neuronal cell 

cultures and in mice (Jeong et al., 2018). They found that phosphorylated Rab35 and 

a phosphomimetic Rab35 mutant was associated with neuronal cell death. They also 

identified increased GTP binding associated with LRRK2-mediated Rab35 

phosphorylation and postulated this might result in Rab35 pT72 becoming “trapped” 

on intracellular membranes, although they did not investigate Rab35 GEF, GAP, GDI 

or effector interactions (Jeong et al., 2018). LRRK2-dependent phosphorylation of 

Rab35 has also been identified at lysosomal membranes during lysosomal 

membrane damage – this will be discussed further later (Bonet-Ponce et al., 2020).  

 

1.7.7 Rab43 

Rab43 is a 23 kDa Rab GTPase comprising 212 amino acids 

(https://www.uniprot.org/, accessed 7th April 2024) and undergoes phosphorylation 

by LRRK2 at its threonine 83 site (Steger et al., 2016). Rab43 protein expression is 

highest in the brain, endocrine organs, and testis (https://www.proteinatlas.org, 

accessed 9th May 2024). At the subcellular level, Rab43 is almost exclusively located 

on the Golgi apparatus, where it regulates cargo transport through the Golgi or 

between Golgi and endoplasmic reticulum (Cox et al., 2016; Dejgaard et al., 2008; 

Li et al., 2017). In a subset of dendritic cells, Rab43 knock-out led to impairment of 

antigen cross-presentation (Kretzer et al., 2016). In RAW 264.7 cells, overexpressed 

Rab43 was detected on Staphylococcus aureus and Mtb-containing phagosomes 

https://www.uniprot.org/
https://www.proteinatlas.org/
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(Seto et al., 2011). Although Rab43 is an endogenous LRRK2 substrate, the effects 

of LRRK2-mediated phosphorylation of Rab43 on its function have not yet been 

explored.  

 

1.7.8 Other putative LRRK2 kinase substrates 

There are many other reported substrates of LRRK2 kinase, however most are 

based on in vitro kinase assays and are not independently verified – such as -

synuclein at serine 129 (Qing et al., 2009), and the cytoskeletal protein moesin at 

threonine 558 (Jaleel et al., 2007). The tumour suppressor protein p53 was reported 

to be phosphorylated by LRRK2 at the T304 and T377 sites by in vitro assay (Ho et 

al., 2015), and this was confirmed by the same group in a microglial cell line (Ho et 

al., 2017). It remains to be determined whether other non-Rab LRRK2 kinase 

substrates are authentic in cells, and perhaps related to cell type or context-specific 

phosphorylation.  

 

Cell type- and context-specific effects of LRRK2 kinase could be particularly relevant 

in neurons, highly specialised cells that conduct electrical impulses at nerve 

synapses. Mice treated with LRRK2 kinase inhibitors show changes in dopaminergic 

and glutaminergic signalling, indicating that LRRK2 kinase has an effect at the 

synapse. Studies have suggested that LRRK2 phosphorylates proteins such as 

ATPase N-ethylmaleimide sensitive factor (NSF), endophilinA, dynamin, 

synaptojanin1, auxilin, snapin and syanpsin I within neurons (Kuhlmann and 

Milnerwood, 2020; Pischedda and Piccoli, 2021). However, identification of the 

precise LRRK2 kinase substrates during synaptic signalling is technically challenging 

given that such events are transient (duration is less than 1 ms) and involve only a 

small proportion of synaptic vesicles, thus showing low stoichiometry (Rizo and Xu, 

2015).  

 

1.8 Regulation of the kinase activity of LRRK2 

Several mechanisms have been proposed for the regulation of kinase activity: 

dimerisation phosphorylation, protein-protein interactions, allosteric interdomain 
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interactions and Redox regulation. In the next section I will discuss these 

mechanisms in further detail.  

 

1.8.1 Dimerisation and subcellular localisation 

In resting conditions, the majority of intracellular LRRK2 is present as monomers in 

the cytosol with low intrinsic kinase activity (Berger et al., 2010; James et al., 2012). 

However, a proportion of intracellular LRRK2 is dimerised, and this dimeric form is 

associated with significantly higher kinase activity as detected by LRRK2 

autophosphorylation (Greggio et al., 2008; Sen et al., 2009) and phosphorylation of 

Rab10 (Leandrou et al., 2019). In cells which are heterozygous for a LRRK2 

mutation, LRRK2 dimers can be formed of one wild-type LRRK2 molecule and one 

mutant-LRRK2 molecule, two wild-type LRRK2 molecules, or two mutant-LRRK2 

molecules (Leandrou et al., 2019). Intriguingly, the presence of only one mutant 

LRRK2 molecule within a dimer does not increase LRRK2 kinase activity beyond a 

dimer composed of two wild type LRRK2 molecules (Leandrou et al., 2019). More 

recently, Rab29-depedent LRRK2 tetramers have been detected, and are also linked 

to increased LRRK2 kinase activity (Zhu et al., 2023). 

 

The recruitment of LRRK2 to intracellular membranes is closely linked to its 

dimerisation (Berger et al., 2010), likely due to the higher concentration of LRRK2 

molecules present at membranes (Zhang and Kortholt, 2023). A small fraction of 

endogenous LRRK2 is detected on intracellular membranes in basal conditions 

including Golgi apparatus, early endosomes, lysosomes and mitochondria (Biskup 

et al., 2006; Hatano et al., 2007), and in a subset of dysfunctional lysosomes in 

endogenous resting astrocytes (Bonet-Ponce et al., 2020). There is strong evidence 

of LRRK2 recruitment to membranes during lysosomal stress and lysosomal damage 

(Bonet-Ponce et al., 2020; Eguchi et al., 2018; Herbst et al., 2020), possibly induced 

via changes in calcium concentration (Herbst et al., 2020). However, damage is not 

a prerequisite for LRRK2 activation, as increased LRRK2 kinase activity was 

detected by Kluss et al. upon transfection with a plasmid that targeted LRRK2 to 

different intracellular membranes, indicating that its presence on the membrane is 

enough for activation (Kluss et al., 2022b).  
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In its cytosolic monomeric form, LRRK2 is tightly bound to and regulated by the 14-

3-3 protein family. There are seven 14-3-3 isoforms, each encoded by its own gene 

and differing in expression and function (Giusto et al., 2021). LRRK2 shows strongest 

affinity for the 14-3-3- and 14-3-3- isoforms (Manschwetus et al., 2020). There are 

four reported phosphorylation sites on LRRK2 that are pre-requisite for LRRK2 and 

14-3-3 binding: serine 910, serine 935, serine 1444, and threonine 2524 (Li et al., 

2011; Manschwetus et al., 2020; Muda et al., 2014; Nichols et al., 2010). The 

phosphorylation of these sites appears to be closely linked to the conformational 

status of LRRK2, with significant dephosphorylation of the serine 910 and serine 935 

sites when LRRK2 is in its closed (active) conformation (Kalogeropulou et al., 2022). 

Reduced binding of LRRK2 and 14-3-3 proteins results in increased LRRK2 kinase 

activity (Lavalley et al., 2016; Muda et al., 2014) and disturbed localisation of LRRK2 

into large cytoplasmic aggregates (Nichols et al., 2010). Additionally, a proximity 

ligation assay that detected LRRK2-14-3-3 interactions found a significant loss of 14-

3-3 signal along with increased pS1292 and pRab10 signal in the post-mortem brain 

tissue of patients with sporadic PD, further linking 14-3-3 regulation of LRRK2 to the 

pathobiology of PD (Di Maio et al., 2018).  

 

Microtubules are hollow tubular structures, composed of the protein tubulin, found in 

the cytoskeleton of almost all human cells. They function to organise the cytoskeleton 

and can transport vesicles and organelles throughout the cytosol via interaction with 

motor proteins such as dynein and kinesin (Gudimchuk and McIntosh, 2021). 

Overexpressed LRRK2 is detected on microtubules, where it forms filamentous 

structures (i.e. a long chain of LRRK2 molecules) (Kett et al., 2012; Schmidt et al., 

2021; Snead et al., 2022; Watanabe et al., 2020). The amount of LRRK2 bound to 

microtubules is increased by treatment with type 1 LRRK2 kinase inhibitors (Caesar 

et al., 2013; Kalogeropulou et al., 2022), and by some pathogenic LRRK2 mutations 

(Kett et al., 2012; Watanabe et al., 2020); dependent upon LRRK2 being in a closed 

(active) conformation. LRRK2 binding to microtubules does not seem to alter 

substrate phosphorylation but instead inhibits the action of motor proteins dynein and 

kinesin on microtubules, suggesting that LRRK2 could block vesicle trafficking along 

microtubules (Snead et al., 2022). Notably, LRRK2-microtubule colocalisation has 
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only been identified in overexpression studies and it remains unclear whether this 

interaction is present under endogenous conditions.  

 

1.8.2 Phosphorylation 

Phosphorylation of a kinase is a common event in kinase regulation and has been 

shown to be important in the regulation of LRRK2 activity. There are many 

phosphorylation sites on LRRK2 itself including sites of autophosphorylation and 

sites of phosphorylation by another kinase. The serine 1292 autophosphorylation site 

is a proposed marker of LRRK2 kinase activity: this site is not phosphorylated in 

LRRK2 kinase-dead mutants, dephosphorylated in response to LRRK2 kinase 

inhibitors, and shows increased phosphorylation in some pathogenic mutations 

(Kluss et al., 2018; Sheng et al., 2012; Wang et al., 2017). However, phosphorylated 

LRRK2 serine 1292 levels do not always correlate with LRRK2 kinase activity: 

Kalogeropulou and colleagues analysed 100 LRRK2 variants linked to PD and found 

that phosphorylation of Rab10 showed greater correlation with kinase activity than 

phosphorylation of LRRK2 serine 1292 (Kalogeropulou et al., 2022); similarly 

Iannotta et al. found a discrepancy between LRRK2 kinase activity, Rab10 

phosphorylation and serine 1292 phosphorylation in mouse tissues and between 

different LRRK2 mutations (Iannotta et al., 2020). 

 

The serine 935 phosphorylation site, in contrast, is not a LRRK2 autophosphorylation 

site – LRRK2 kinase dead molecules do not show complete dephosphorylation of 

this residue (Dzamko et al., 2010) - thus this site cannot be a direct indicator of 

LRRK2 kinase activity. Kinases such as casein kinase 1, protein kinase A and tank 

binding kinase 1 (TBK1) have been reported to phosphorylate this site on LRRK2 

(Chia et al., 2014; Dzamko et al., 2012; Li et al., 2011). Interestingly, this site is 

dephosphorylated in response to LRRK2 kinase inhibitor treatment, thus may be an 

indirect measure of LRRK2 kinase activity (Deng et al., 2011). Notably, serine 935 

phosphorylation is unaltered or significantly decreased in some LRRK2 pathogenic 

mutations (Kalogeropulou et al., 2022; Padmanabhan et al., 2020). As discussed 

above, the serine 935 phosphorylation site is one of the important modulators of 14-

3-3 protein binding.  
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1.8.3 Protein-protein interactions 

For several years, Rab29 (also known as Rab7L1) was considered a major upstream 

regulator of LRRK2 kinase activity, as independent groups reported that 

overexpression of Rab29 led to LRRK2 recruitment and activation at the Golgi 

apparatus (Liu et al., 2018; Madero-Perez et al., 2018; Purlyte et al., 2018). However, 

a later study found no effect of Rab29 KO on Rab phosphorylation in LRRK2 wild-

type and LRRK2-mutant mice, indicating that the Rab29 activating effect on LRRK2 

was secondary to overexpression rather than a physiological event (Kalogeropulou 

et al., 2020). However, Rab29 has also been captured binding to the ARM domain 

of LRRK2 in its the tetrameric form, suggesting it could still activate LRRK2 by 

inducing conformational changes (Zhu et al., 2023).  

 

More recently an effort by two independent groups to identify genes that positively 

regulate Rab10 phosphorylation by RNA-based screens has revealed Rab12 as a 

master regulator of LRRK2. Wang et al. performed a targeted siRNA screen on 14 

Rab genes in human A549 cells, while Dhekne et al. performed a pooled CRISPR 

screen targeting 19,674 genes in mouse NIH-3T3 cells (Dhekne et al., 2023; Wang 

et al., 2023). Remarkably, excluding LRRK2 and Rab10, Rab12 was the strongest 

validated hit in both studies. Wang et al. reported that Rab12 regulation of LRRK2 is 

required during lysosomal damage, as LRRK2 recruitment and Rab10 

phosphorylation was abolished in Rab12 KO cells treated with the lysosomal 

damaging agent LLOMe (Wang et al., 2023). Dhekne et al. also identified a Rab12-

specific binding site on the ARM domain of LRRK2 and altered ciliogenesis in Rab12 

KO and Rab12-overexpressing cells (Dhekne et al., 2023).  

 

1.8.4 Allosteric interdomain interactions 

Allosteric regulation is defined as a change in enzyme activity through modulation of 

a site other than the active site of the enzyme. For LRRK2, this relates to modulation 

of kinase activity via conformational change induced by other domains of LRRK2. 

Indeed, the GTPase and kinase functions of LRRK2 are closely related: GTPase 



Chapter 1 Introduction 

50 

 

domain-mediated dimerisation is postulated to be a pre-requisite for LRRK2 kinase 

activity (Berger et al., 2010; Deyaert et al., 2017; Sen et al., 2009). LRRK2 

dimerisation is also thought to be stabilised by other domains such as the Roc and 

LRR domains (Greggio et al., 2008) and WD40 domains (Jorgensen et al., 2009).  

 

1.8.5 Other mechanisms of LRRK2 regulation 

LRRK2 kinase activity is sensitive to oxidation and reduction (redox) regulation due 

to the presence of a unique “CC” motif (positions C2024 and C2025) in the kinase 

domain (Trilling et al., 2024). This motif comprises two cysteine amino acids which 

are highly sensitive to redox reactions: mutation of the cysteine residues to redox-

resistant serine residues resulted in reduced kinase activity in vitro, associated with 

reduced docking onto microtubules in HEK293 cells (Trilling et al., 2024). Oxidising 

agents have also been linked to LRRK2 kinase activity by other studies (Di Maio et 

al., 2018; Mamais et al., 2014), and redox-based treatments could represent a novel 

strategy for LRRK2-PD.  

 

Finally, the D620N mutation in the vacuolar protein sorting 35 (VPS35) gene, also a 

cause of autosomal dominant PD, results in a robust increase in LRRK2 kinase 

activity across multiple cell lines from animal models and PD patients (Mir et al., 

2018). The VPS35 gene encodes the retromer complex which transports cargo from 

late endosomes to the Golgi, and from endosomes to the plasma membrane 

(Williams et al., 2017). The exact mechanism by which this mutation in the retromer 

complex regulates LRRK2 activity remains unknown, although it likely acts via an 

intermediary step as LRRK2 and the retromer are not known to directly interact. 

Indeed, Pal et al. report that the VPS35 D620N mutation results in altered lysosomal 

protein composition, creating dysfunctional lysosomes that accumulate LRRK2 and 

phosphorylated Rab proteins by an as yet unknown mechanism. (Pal et al., 2023) 
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1.9 Targeting LRRK2 as a treatment strategy for PD 

1.9.1 LRRK2 kinase inhibitors 

There are two types of LRRK2 kinase inhibitors: type 1 and type 2 which bind to 

LRRK2 in a closed (active) conformation and an open (inactive) conformation, 

respectively. LRRK2 kinase inhibitors remain an exciting prospect in the treatment 

of PD. The type 1 LRRK2 kinase inhibitor BIIB122, developed jointly by Denali 

Therapeutics and Biogen, reached phase 2b clinical trials in April 2022 and is due to 

complete by December 2025 (https://clinicaltrials.gov/study/NCT05348785, 

accessed 11th May 2024). In addition to their clinical relevance, LRRK2 kinase 

inhibitors are an important experimental tool when studying LRRK2 kinase activity; 

the type 1 LRRK2 kinase inhibitor MLi-2 was key in identification of bona fide LRRK2 

kinase substrates by phosphoproteomics (Steger et al., 2016).  

 

MLi-2 is a highly potent LRRK2 kinase inhibitor, demonstrating a half-maximal 

inhibitory concentration (IC50) value of 0.8 nM in an in vitro LRRK2 kinase assay (Fell 

et al., 2015). Although MLi-2 is sensitive for LRRK2 kinase, at higher concentrations 

in vitro it inhibits other intracellular kinases including CDC like kinase 2, CDC like 

kinase 4, mitogen-activated protein kinase kinase kinase 5, mitogen-activated 

protein kinase kinase kinase 14, and dual specificity protein kinase TTK (Fell et al., 

2015). In addition, it inhibits some non-kinase proteins: serotonin, norepinephrine 

transporter, muscarinic M2, PPAR and adenosine transporter (Fell et al., 2015). An 

important caveat to the use of type 1 LRRK2 kinase inhibitors is that they bind to and 

stabilise LRRK2 in a closed, active conformation, promoting the formation of LRRK2 

on microtubules (Obergasteiger et al., 2020; Sanz Murillo et al., 2023). Given that 

the presence of LRRK2 on microtubules is associated with inhibition of dynein and 

kinesin movement across microtubules (Snead et al., 2022), possible side effects 

secondary to this should be considered. Finally, there is in vivo evidence that LRRK2-

G2019S knock-in mice are resistant to the effects of MLi-2 compared to wild-type 

controls (Kelly et al., 2018). The underlying mechanism behind this resistance is 

unknown but could be linked to differences in the conformation of LRRK2-G2019S 

that are not captured by in vitro assays. 

 

https://clinicaltrials.gov/study/NCT05348785
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GZD-824 is an example of a type 2 LRRK2 kinase inhibitor, originally developed to 

treat chronic myelogenous leukaemia by inhibiting the breakpoint cluster region-

Abelson kinase (Ren et al., 2013; Tasegian et al., 2021). Type 2 kinase inhibitors do 

not promote the docking of LRRK2 onto microtubules. However, type 2 inhibitors 

show a preference for binding with wild-type LRRK2 over LRRK2-G2019S in vitro 

and in cells: GZD-824 IC50 value for wild-type LRRK2 is 17 nM and for G2019S-

LRRK2 is 80 nM (Tasegian et al., 2021). Further, type 2 LRRK2 kinase inhibitors are 

less specific for LRRK2 than type 1 kinase inhibitors, and the likelihood of off-target 

effects are higher when using these inhibitors (Zhao et al., 2014).  

 

1.9.2 LRRK2 proteolysis targeting chimeras 

The proteasome forms the major pathway of protein degradation in cells. 

Proteasome composition differs by cell type and activity, but in simple terms it is 

formed from a combination of ring-shaped subunits into a hollow cylindrical 

configuration, with protease activity present interiorly in the central portion (Bi et al., 

2021). Proteins are recognised by the proteasome when bound to polyubiquitin 

chains, which are added onto the target by the ubiquitin ligases E1, E2 and E3 

(Rousseau and Bertolotti, 2018). An emerging potential treatment strategy for 

LRRK2-PD is the LRRK2 Proteolysis Targeting Chimeras (PROTACs). PROTACs 

consist of a protein-of-interest binding ligand connected to an E3-recruiting ligand by 

a linker (Zhao et al., 2022). Upon binding to the protein-of-interest, the PROTAC 

induces its ubiquitination and degradation by the proteasome. Thus, PROTAC 

treatment is also highly useful experimentally in the identification of kinase-

independent effects of LRRK2. XL01126 is a commercially available LRRK2 

PROTAC with a half-maximal degradation concentration (DC50) of 32 nM for wild-

type LRRK2 and 14 nM for LRRK2-G2019S (Liu et al., 2022). XL01126 was able to 

degrade a maximum of 86% total LRRK2 in mouse bone marrow-derived 

macrophages after 4h treatment, albeit at relatively high concentrations above 1 M 

(Liu et al., 2022).  
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1.10 Lysosomes 

1.10.1 Lysosomal composition and biogenesis 

Late endocytic organelles (hereinafter “lysosomes”) are acidic membrane-bound 

organelles containing around 60 enzymes capable of degrading proteins, lipids, 

sugars, DNA and RNA. These enzymes are known as acid hydrolases because they 

show optimal activity at low pH, maintained inside the lysosome by a proton pump 

system that transports hydrogen ions from the cytosol (pH ~ 7.2) to the lumen (pH ~ 

5.4) in exchange for ATP. Most luminal enzymes require cleavage from pre-pro-

peptide to pro-peptide to active peptide. For example, newly synthesised cathepsins 

are delivered to lysosomes in the “pro” form and then are cleaved to their active form 

within the lysosomal lumen (Alberts, 2022). The transcription factor EB (TFEB) is the 

master regulator of lysosomal biogenesis (Sardiello et al., 2009). The translocation 

of TFEB from the cytosol to the nucleus, induced by changes in intracellular nutrient 

sensing or impaired lysosomal storage, results in the expression of genes encoding 

lysosomal membrane proteins, lysosomal hydrolases, and autophagy proteins 

(Settembre et al., 2011).  

 

The lysosomal membrane forms the interface between the cytosol and the acidic 

lysosomal lumen. It is composed of a lipid bilayer containing > 700 proteins however 

its main components are the carbohydrate-rich (glycosylated) lysosomal-associated 

membrane protein 1 (LAMP-1) and lysosomal-associated membrane protein 2 

(LAMP-2) (Rudnik and Damme, 2021). LAMP-1 and LAMP-2 proteins form a shield 

on the luminal aspect of the lysosomal membrane, protecting other membrane 

components from degradation (Alberts, 2022).  

 

1.10.2 The endolysosomal system 

Lysosomes form one part of the endolysosomal system, which also includes early 

endosomes, late endosomes, and recycling endosomes. Each of these organelles 

are single membrane bound and are defined by specific markers, for example Rab5 

is an early endosomal marker while Rab7 is a late endosome marker. Cargo 

molecules can enter the endolysosomal system by endocytosis, phagocytosis, or 
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autophagy. A simplified overview of the endolysosomal system is demonstrated in 

Figure 1.10.1. 

 

 

Figure 1.10.1. An overview of the endolysosomal system.  

There are three main entry routes into the endolysosomal system: phagocytosis, 
endocytosis, and autophagy. Phagocytosis is the engulfment of large particles such 
as pathogens and dead cells into a phagosome. Phagosomes undergo a series of 
maturation steps before fusing with lysosomes to form phagolysosomes. 
Endocytosis is the uptake of small particles into the cell via an early endosome. 
Cargos are sorted at the early endosome: some will recycle back to the plasma 
membrane via recycling endosomes, while others are degraded via a series of 
maturation steps to late endosomes/multivesicular bodies and fusion with 
lysosomes. Intracellular proteins, organelles and pathogens can also enter the 
endolysosomal system by autophagy, where the cargo is bound by the double-
membrane autophagosome. The figure and legend are adapted from information 
from (Alberts, 2022). Image created on biorender.com.  
 

1.10.3 Lysosomal heterogeneity 

In addition to its role in the endolysosomal system, the lysosome functions in cell 

signalling, energy metabolism, plasma membrane repair, and orchestration of cell 

death pathways, to name a few (Alberts, 2022). Indeed, lysosomes are present in all 
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eukaryotic cells except for red blood cells, and they vary in shape, size and number 

depending on cell type (Bussi and Gutierrez, 2024; de Araujo et al., 2020). From an 

experimental standpoint, it is important to consider differences in lysosomal 

heterogeneity between cells. Different cell models show vast disparities in lysosomal 

number, area and proteolytic activity – for example cell lines such as HeLa and HEK-

293T cells show much less lysosomal content and activity than human iPSC-derived 

macrophages (Bussi and Gutierrez, 2024).  

 

Single organelle resolution-based imaging has revealed that even within a single cell 

there are lysosomal subpopulations which vary in subcellular location, content, and 

function. This has led to a recent proposal to introduce a “lysosome states” 

framework whereby each lysosome within a cell has its own distinct molecular 

signature and forms one part of a large, interconnected network (Bussi and Gutierrez, 

2024). Johnson et al. used quantitative ratiometric fluorescence microscopy to show 

that lysosomes at the cell periphery are more alkaline and less proteolytically active 

compared to juxta-nuclear lysosomes (Johnson et al., 2016). Lysosomes can also 

take on different shapes: lysosomal tubulation was first described in murine bone 

marrow derived macrophages (Phaire-Washington et al., 1980) where they form in 

response to macrophage activation, creating an expanded reticular lysosomal 

network (Hipolito et al., 2019). Tubular lysosomes, defined as  4 m in length (Saric 

et al., 2016), also function in phagocytosis and antigen presentation in macrophages 

(Saric et al., 2016; Suresh et al., 2021). Finally, lysosomal size influence’s function: 

Bandyopadhyay et al. compared transport of enlarged lysosomes by live cell imaging 

and found overall slower intracellular movement of larger lysosomes 

(Bandyopadhyay et al., 2014).  

 

1.11 The role of LRRK2 in the endolysosomal system 

1.11.1 Loss of LRRK2 alters lysosomal homeostasis  

An important observation in LRRK2 KO animal models is the appearance of enlarged 

vacuoles, lipofuscin granules and protein aggregates in the renal tubular cells of the 

kidney (Baptista et al., 2013; Eguchi et al., 2018; Tong et al., 2010). LRRK2 KO does 

not, however, result in any brain pathology, leading to the suggestion that LRRK1 
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can compensate for LRRK2 activity in the brain of these animals (Tong et al., 2010). 

In addition, animals treated with a LRRK2 kinase inhibitor show an accumulation of 

lamellar bodies (surfactant-containing secretory vesicles) and enlarged vacuoles in 

type II pneumocytes of the lung (Baptista et al., 2020). These findings point to a role 

for LRRK2 in the endolysosomal system of the kidney and lung. 

 

In LRRK2 KO mouse primary astrocytes, transduction with the insect virus 

baculovirus containing a GFP-labelled LAMP-1 construct results in labelling of a 

significantly higher number of late endosomes/lysosomes compared to wild-type 

astrocytes, and higher levels of LAMP-1 and LAMP-2 are present in LRRK2 KO cells 

by Western blot (Henry et al., 2015). Despite these changes, overall lysosomal 

proteolytic activity does not differ in LRRK2 KO astrocytes. (Henry et al., 2015). In 

contrast, LRRK2 KO mouse primary macrophages show increased proteolytic 

activity in phagosomes containing fluorescently-labelled latex beads, and proteomics 

from isolated phagosomes demonstrates upregulation of hydrolytic enzymes and 

late endosomal/lysosomal proteins (Hartlova et al., 2018). A similar report of 

increased proteolytic activity in in LRRK2 KO human iPSC-derived macrophages and 

mouse primary macrophages alongside increased LAMP-1 and cathepsin levels by 

Western blot analysis was described (Yadavalli and Ferguson, 2023). These 

changes were associated with increased nuclear translocation of TFEB, indicating 

that there is increased lysosomal biogenesis in LRRK2 KO cells (Yadavalli and 

Ferguson, 2023).  

 

1.11.2 Mutant LRRK2 alters lysosomal biology 

in human iPSC-derived macrophages and mouse primary macrophages, the 

LRRK2-G2019S mutation results in a LRRK2 kinase-dependent reduction in 

proteolytic activity as detected by immunofluorescence, and reduced levels of LAMP-

1 and Cathepsins by Western blot analysis (Yadavalli and Ferguson, 2023). Basal 

LRRK2 kinase activity appears to be a negative regulator of proteolytic activity: 

LRRK2 wild-type cells treated with a LRRK2 kinase inhibitor show increased 

proteolytic activity (Yadavalli and Ferguson, 2023). Whether such defects in 

lysosomal proteolysis are present in healthy carriers of LRRK2 mutations, as such 
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significant defects could have deleterious effects on normal immune cell functioning 

remains to be defined. A small reduction in proteolytic activity is present in 

phagosomes isolated from LRRK2-G2019S mouse primary macrophages, and high 

concentrations of LRRK2 kinase inhibitor can reverse this defect (Hartlova et al., 

2018). 

 

Mouse primary astrocytes overexpressing LRRK2-G2019S accumulate enlarged 

juxta-nuclear late endosomes/lysosomes by LAMP-2 immunofluorescence and live 

cell imaging with LysoTracker dye (Henry et al., 2015). However, overall lysosome 

number is markedly less in LRRK2-G2019S astrocytes following transduction with 

the insect virus baculovirus containing a GFP-labelled LAMP-1 construct, and there 

is reduced LAMP-1 and LAMP-2 expression by Western blot analysis. Further, 

lysosomal pH and proteolytic activity are also reduced in LRRK2-G2019S astrocytes 

(Henry et al., 2015). Mouse primary astrocytes homozygous for LRRK2-G2019S 

show significantly reduced number of lysosomes and reduced lysosomal volume by 

electron microscopy, associated with reduced LAMP-2A-positive late 

endosomes/lysosomes by immunofluorescence (Streubel-Gallasch et al., 2021). 

However lysosomal pH did not differ in LRRK2-G2019S astrocytes in the study, 

suggesting that use of different mouse models results in changes to lysosomal pH 

(Streubel-Gallasch et al., 2021). Finally, mouse primary neurons homozygous for 

LRRK2-G2019S show reduced levels of LAMP-1 and LAMP-2, a larger number of 

lysosomes that are smaller in size, and increased lysosomal pH (Schapansky et al., 

2018). 

 

1.11.3 Late endosomes and lysosomes are reduced in dopaminergic neurons 

in PD 

A commonly used drug in animal models of PD is rotenone, a toxic pesticide that 

induces LRRK2-dependent oxidative stress (Quintero-Espinosa et al., 2023) leading 

to dopaminergic neurodegeneration and aggregation of -synuclein (Miyazaki et al., 

2020). Rotenone-treated rats show a LRRK2 kinase-dependent reduction in the late 

endosomal/lysosomal marker LAMP-1 and the chaperone-mediated autophagy 

marker LAMP-2a by immunofluorescence (Di Maio et al., 2018). Increased early 
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endosomes and decreased late endosomes/lysosomes in post-mortem brain tissue 

from PD patients is also described (Rocha et al., 2020). Additionally, PD post-mortem 

brain tissue shows a reduction in degradative lysosomal enzymes such as cathepsin 

D and aspartyl protease (Rocha et al., 2020). As such, a current hypothesis in PD 

pathogenesis is that there is impaired endosomal and lysosomal maturation induced 

by LRRK2 kinase overactivity, resulting in a defect in cellular degradative capacity.  

 

1.12 Lysosomal damage in health and disease 

Since their discovery in 1955, lysosomal hydrolases were considered a potential 

threat to cell survival due to their high degradative capacity; harmful effects would 

surely result from their leakage into the cytosol (De Duve et al., 1955). In recent years, 

this perspective has shifted and it has been proposed that low levels of lysosomal 

damage are in fact essential for cell division, genetic integrity, cell movement, and 

cell signalling (Reinheckel and Tholen, 2022; Stahl-Meyer et al., 2021). However, the 

process of lysosomal damage is utilised by some pathogens as a mechanism to 

evade immune responses, and excessive lysosomal damage is thought to contribute 

to the pathology of neurodegenerative disease such as PD.  

 

1.12.1 Physiological lysosomal damage 

Acid hydrolases such as cathepsins have been imaged in the nucleus of intact cells 

during mitosis. Although acid hydrolases function optimally at low pH, they remain 

stable at pH 7.2 but show different substrate preferences and activities (Boya and 

Kroemer, 2008; Yoon et al., 2021). Hämälistö and colleagues demonstrated the 

importance of cathepsin B to mitosis in vitro and in vivo: they found that perinuclear 

lysosomes become ‘leaky’ during mitosis, as evidenced by staining with the 

lysosomal damage marker Galectin-3 (Gal3). Cathepsin B was imaged outside of 

lysosomes and near the nucleus, where it cleaves histone H3 to promote 

chromosome segregation (Hamalisto et al., 2020). In another study, Cathepsin L was 

captured near the nucleus of NIH-3T3 cells that were in between the G1 and S 

phases of the cell cycle, where it regulates cell cycle progression (Goulet et al., 2004). 

It has been suggested that telomeres can induce lysosomal damage and leakage 
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during mitosis, promoting cathepsin release into the nucleus (Stahl-Meyer et al., 

2021).  

 

Acid proteases have also been detected in the cytosol, where they regulate 

cytoskeletal motor proteins and cell motility. In T cells, Cathepsin X co-localises with 

the cytoskeletal protein Talin and the adhesion molecule lymphocyte function-

associated antigen 1 (LFA-1) to promote cell movement (Jevnikar et al., 2009). 

Additionally, redistribution of cell cytoskeleton components results from the 

interactions of cytosolic Cathepsin L with dynamin and synaptopodin proteins in 

kidney cells, altering renal filtration (Sever et al., 2007; Yaddanapudi et al., 2011). 

Confirmation that the source of cathepsin in these studies is from lysosomal leakage, 

although likely, is not yet demonstrated, and the instigator of lysosomal damage in 

these circumstances is unknown.  

 

Lysosomal damage in immune cells such as macrophages is important during 

inflammation: low levels of lysosomal leakage mediate nucleotide-binding domain, 

leucine-rich repeat-containing family, pyrin domain containing 3 (NLRP3) activation 

(Katsnelson et al., 2016). The NLRP3 inflammasome is a cytosolic multiprotein 

complex that assembles upon sensing of cytosolic PAMPs. After assembly it 

interacts with apoptosis-associated speck-like protein containing a CARD (ASC) to 

form ASC specks, resulting in activation of caspase-1, release of IL-1 and initiation 

of pyroptosis (discussed below) (Nguyen et al., 2022). The link between NLRP3 

inflammasome activation and lysosomal leakage is based on data showing cathepsin 

inhibition or knock-out/knock-down of genes encoding cathepsins inhibits NLRP3 

activation, indicating that it is the action of cathepsins, presumably in the cytosol after 

leakage through the damaged lysosomal membrane, that triggers NLRP3 activation 

(Bruchard et al., 2013; Halle et al., 2008; Orlowski et al., 2015). Interestingly, NLRP3 

activation is limited to conditions of low-level lysosomal leakage – at high levels of 

lysosomal damage, there is polyubiquitination of the inflammasome with reduced 

caspase-1 activation (Katsnelson et al., 2016). The NLRP3 inflammasome is 

essential for the control of bacterial, fungal, and viral infections and in producing an 

inflammatory response to trauma that is required for tissue repair, thus it is an 

important part of normal immune cell function (Menu and Vince, 2011). A summary 



Chapter 1 Introduction 

60 

 

of the physiological processes involving lysosomal damage are summarised in 

Figure 1.12.1.  

 

 

Figure 1.12.1. An overview of physiological processes that involve lysosomal 

damage. 

Cathepsin activity has been reported in the nucleus and cytosol of intact cells. In the 
nucleus, cathepsins released from leaky peri-nuclear lysosomes were essential for 
cell cycle progression, mitosis, and maintenance of genomic integrity. In the 
cytoskeleton, active cathepsins interact with motor proteins to regulate cell motility. 



Chapter 1 Introduction 

61 

 

Finally, cathepsin release from damaged lysosomes in the cytosol can trigger NLRP3 
inflammasome activation, resulting in the release of pro-inflammatory mediators 

such as IL-1. Image created on biorender.com.  
 

1.12.2 Lysosomal damage in disease 

In several human infections pathogens induce lysosomal damage to escape the 

degradative lysosomal environment, thus evading killing by the host cell. 

Tuberculosis infection by the pathogen Mtb triggers lysosomal damage during 

infection: Mtb is found in the cytosol of macrophages as early as 2 h post-infection, 

and by 48 h post-infection up to 50% of bacteria are present in the cytosol (Lerner et 

al., 2017). The ESX-1 secretion system produced by Mtb is essential for its lysosomal 

escape into the cytosol, and bacteria lacking ESX-1 activity are unable to replicate 

efficiently (Bussi and Gutierrez, 2019). Another example of a pathogen that damages 

the lysosomal membrane is Listeria monocytogenes. Listeria secretes the protein 

Listeriolysin-O (LLO), which forms pores in the lysosomal membrane through which 

bacteria escape into the cytosol and replicate (Ruan et al., 2016). Finally, the fungal 

organism Candida albicans produces the pore-forming compound Candidalysin, and 

this is a key virulence factor in its infection (Russell et al., 2023).  

 

Intriguingly, lysosomal damage is also linked to -synuclein, the main component of 

Lewy bodies in PD. -synuclein fibrils cause lysosomal membrane damage in vitro 

in neuronal cell lines and THP-1 cells (Freeman et al., 2013). In post-mortem brain 

tissue from PD patients over 50% of Lewy bodies were surrounded by a ring of the 

damage marker Gal3, strongly suggestive of previous membrane damage at this 

region (Flavin et al., 2017). It has also been suggested that reduced cathepsin and 

LAMP-1 immunostaining in PD brains could also reflect loss of lysosomal membrane 

integrity during disease (Chu et al., 2009). Loss of lysosomal membrane integrity by 

-synuclein is postulated to result from mechanical stresses imposed upon the 

membrane, although the precise mechanism is unknown (Freeman et al., 2013). The 

consequences of -synuclein-induced lysosomal damage include cytosolic -

synuclein aggregation (Sanyal et al., 2024), release of -synuclein-containing 

exocytic vesicles (Abe et al., 2024), ROS production, and inflammasome activation 

(Freeman et al., 2013). As discussed above, NLRP3 inflammasome activation is a 
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normal part of the immune response and is triggered by lysosomal membrane 

damage. However, prolonged activation of the inflammasome leads to deleterious, 

pro-inflammatory states resulting in tissue damage. Indeed, the NLRP3 

inflammasome is activated in PBMCs from PD patients and the degree of activation 

closely correlates with motor symptom severity (Fan et al., 2020; Gordon et al., 2018).  

 

1.12.3  Induction of lysosomal damage 

There are a multitude of lysosomal damaging agents that are encountered by cells 

in health and disease, thus representing a persistent threat to lysosomal 

homeostasis. These include fatty acids, bile salts, cholesterol oxidation products, 

cholesterol crystals, oxidative stress, osmotic stress, neurotoxic aggregates 

including amyloid and tau, silica crystals, urate crystals, and alum salts, to name a 

few (Boya, 2012). L-leucyl-L-leucine methyl ester (LLOMe) is a drug that is 

commonly used to study lysosomal damage: it is rapidly taken into cells by amino 

acid transporters on the plasma membrane and lysosomal membrane (Katsnelson 

et al., 2016; Thiele and Lipsky, 1990a). LLOMe is cleaved and activated by the 

lysosomal enzyme dipeptidyl-peptidase I (also known as Cathepsin C) into 

membranolytic metabolites that destabilise the lysosomal membrane (Thiele and 

Lipsky, 1990a). Lysosomal damage is detected immediately upon LLOMe treatment 

in live cell imaging of human cancer cell lines and human fibroblasts (Eriksson et al., 

2023; Eriksson et al., 2020). The damage marker Gal3 can be detected after 30 

minutes of LLOMe treatment and reaches peak levels after 1-2 hours (Eriksson et 

al., 2020; Radulovic et al., 2018). The prompt uptake and action of LLOMe is 

advantageous in experimental settings as it induces a relatively synchronous form of 

lysosomal damage, thus reducing variability.  

 

1.13 Cellular responses to lysosomal membrane damage 

Lysosomal membrane damage can ultimately lead to cell death (Boya and Kroemer, 

2008). However, cells employ several pathways to manage lysosomal damage that 

allow them to survive. In the next section, I will discuss pathways activated by 

lysosomal damage including lysosomal membrane repair, lysophagy, and lysosomal 



Chapter 1 Introduction 

63 

 

biogenesis. I will also discuss the types of cell death that occur in response to 

lysosomal damage.  

 

1.13.1 Lysosomal membrane repair 

Lysosomal repair is activated early in the response to lysosomal damage (Radulovic 

et al., 2018). Stress granules are a type of membraneless organelle described as 

cytosolic condensates comprising derivates of mRNA admixed with proteins like 

G3BP1 and G3BP2 (Guillen-Boixet et al., 2020). Bussi and colleagues demonstrated 

that stress granules rapidly seal sites of lysosomal membrane damage in human 

iPSDM, human monocyte derived macrophages and epithelial cell lines, functioning 

to both stabilise the damaged membrane and facilitate repair pathways (Bussi et al., 

2023). One of these pathways is the Endosomal Sorting Complexes Required for 

Transport (ESCRT) machinery (Radulovic et al., 2018; Skowyra et al., 2018), 

comprising complexes ESCRT-0, -I, -II, -III, and VPS4. Notably, the ESCRT-III 

complex, consisting of charged multivesicular body protein- (CHMP) -2A, -2B, -3, -

4A, -4B, -4C, and -6, is downstream of all ESCRT reactions (Schmidt and Teis, 2012). 

Many ESCRT components, except for ESCRT-0, have been identified at sites of 

lysosomal damage across multiple cell types, and this recruitment is calcium-

dependent (Radulovic et al., 2018; Skowyra et al., 2018). ESCRT recruitment to 

lysosomal damage is also dependent on Gal3, which promotes interactions between 

various ESCRT components (Jia et al., 2020). ESCRT recruitment is rapid, 

detectable after 1 minute of damaged induced by LLOMe, and transient, 

disappearing over time (Skowyra et al., 2018). ESCRT-mediated lysosomal repair is 

critical for cell survival: cells deficient in ESCRT machinery show excessive cell death 

in response to lysosomal damage (Radulovic et al., 2018).  

 

In recent years, several ESCRT-independent lysosomal membrane repair pathways 

have come to light. Yim et al. describe the role of Annexins (ANX) ANXA1 and 

ANXA2 in lysosomal repair: after 30 minutes of LLOMe treatment, around 20-30% of 

lysosomes recruit these proteins (Yim et al., 2022). The recruitment of ANXA1 and 

ANXA2 is calcium-dependent but limited to a subset of lysosomes that do not recruit 

ESCRT components. Using an unbiased proteomics approach to identify proteins 
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enriched on damaged lysosomes, Tan et al. identified an ESCRT-independent repair 

pathway mediated by phosphatidylinositol-4-kinase 2 (PI4K2A), which mediates the 

recruitment of oxysterol-binding protein (OSBP)-related proteins (ORP) family 

proteins (Tan and Finkel, 2022). ORP family proteins action lysosomal membrane 

repair through delivery of cholesterol and other membrane components. Finally, 

Niekamp et al. discovered that the lysosomal membrane lipid sphingomyelin, which 

is normally present on the inner aspect of the lysosomal membrane, becomes 

exposed on the outer aspect of the lysosomal membrane during damage in a 

calcium-dependent manner, where it mediates lysosomal repair through its 

interactions with neutral Sphingomyelinase-2, an enzyme that converts 

sphingomyelin to ceramide (Niekamp et al., 2022).  

 

1.13.2 Lysophagy 

Lysosomal damage also results in the removal of lysosomes by the autophagy 

machinery, a process deemed “lysophagy”. Initiation of lysophagy is via galectins 

(Gal), a family of carbohydrate-binding proteins that are ordinarily diffusely disturbed 

throughout the cytosol in cells (Cummings and Liu, 2009). Eleven galectins are 

expressed in human tissue, however Gal3 and Galectin-8 (Gal8) are implicated in 

the response to lysosomal damage by binding to exposed sugar moieties at areas of 

lysosomal membrane damage (Cummings and Liu, 2009; Papadopoulos and Meyer, 

2017). Gal3 and Gal8 recruitment appears to dependent on the amount of damage 

and the initiator of damage, and each Gal activates independent downstream 

effectors. Gal3 detects complete lysosomal rupture, for example following treatment 

by LLOMe, and lysosomes damaged by Mtb (Papadopoulos and Meyer, 2017). In 

addition to co-ordinating the recruitment of ESCRT membrane repair components, 

Gal3 recruits tripartite motif 16 (TRIM16), an E3 ligase that results in ubiquitination 

of damaged lysosomes and components of the autophagic machinery, resulting in 

engagement of autophagy receptors (Chauhan et al., 2016). Gal8 recognises 

damage induced by viruses and the bacterium Salmonella typhimurium (Thurston et 

al., 2012). In response, Gal8 directly interacts with autophagy receptors 

(Papadopoulos and Meyer, 2017). Autophagy receptor activation ultimately results 

in the formation of a double membrane autophagosome, characterised by the 
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presence of Atg8/LC3, which fuses with lysosomes to degrade luminal components 

(Maejima et al., 2013).  

 

 

1.13.3 Lysosomal biogenesis 

In the absence of lysosomal damage, the lysosomal protein kinase mTORC1 

phosphorylates and inactivates transcription factor TFEB, a master regulator of 

lysosomal biogenesis (Napolitano and Ballabio, 2016). In response to lysosomal 

damage, mTORC1 is inactivated by the damage sensing protein Gal8 (Jia et al., 

2019). This results in dephosphorylation of TFEB and its translocation to the nucleus, 

leading to the transcription of genes encoding lysosomal components. In this way, 

new lysosomes are synthesised, presumably to compensate for those lost by 

lysosomal damage during lysophagy or lysosomal exocytosis.  

 

1.13.4 Lysosomal cell death 

The above processes are crucial for cell homeostasis because the leakage of 

lysosomal contents into the cytosol can cause widespread damage and cell death 

(Wang et al., 2018a). There are to-date 27 different types of cell death which can be 

divided into two categories: regulated cell death and unregulated cell death 

(Dehghan et al., 2023). Necrosis is unregulated cell death that cannot be molecularly 

defined because it occurs secondary to a disordered and random deluge of events 

(Dehghan et al., 2023). For the other 26 types of regulated cell death, there is precise 

activation of defined molecular pathways, although some are cell-type specific and 

only present in defined contexts. In this next section, I will discuss three well-defined 

modes of regulated cell death that are linked to lysosomal damage and LRRK2: 

apoptosis, pyroptosis and necroptosis.  

 

Apoptosis was first described in 1972 as a mechanism of “controlled cell deletion” 

(Kerr et al., 1972). Apoptosis shows characteristic morphological features of nuclear 

condensation and apoptotic body formation (Kerr et al., 1972) and a defined 

molecular pathway comprising caspase (cas) family proteins (Alberts, 2022). Intrinsic 
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apoptosis is initiated by intracellular stressors that trigger mitochondrial outer 

membrane permeabilisation (MOMP), leading to activation of cas-9, followed by 

activation of the “executioner caspases” Cas-3 and Cas-7 (Vitale et al., 2023). 

Extrinsic apoptosis is triggered by binding of a ligand to a cell surface death receptor 

– for example binding of Fas ligand (FAS) ligand to FAS death receptor. The 

engagement of death receptors results in activation of Cas-8, which subsequently 

activates the “executioner caspases” Cas-3 and Cas-7. Notably, apoptosis is often 

described as an “immune silent” form of cell death because there is removal of 

apoptotic cells by efferocytosis, preventing release of cell components into the 

extracellular space and triggering inflammation (Alberts, 2022). However, late stages 

of apoptosis do eventually result in loss of membrane integrity and release of 

contents into the extracellular space, a process deemed “secondary necrosis” (Silva, 

2010).  

 

Pyroptosis is a type of pro-inflammatory cell death that can be triggered by cells that 

express components of the inflammasome such as macrophages (Wei et al., 2022). 

Morphologically, pyroptotic cells become swollen and show membrane “blebs” prior 

to lysis. Pyroptosis activation occurs when intracellular pattern recognition receptors 

bind to damage associated molecular patterns (DAMPs) or PAMPs, triggering 

inflammasome assembly, recruitment of ASC and pro-caspase 1, followed by 

activation of Cas-1 and cleavage of IL-1 and Gasdermin D (GSDMD). Alternatively, 

endocytosed LPS components binding to intracellular cas-4 or cas-11 results in 

direct assembly of GSDMD. Finally, LPS binding to TLR4 receptor is also important 

for NF--mediated transcription of pyroptotic genes including pro-IL-1. GSDMD 

cleavage is thus the hallmark of pyroptosis, and results in the creation of pores in the 

plasma membrane.  

 

Necroptosis appears morphologically indistinguishable from necrosis but is in fact 

controlled by defined molecular machinery (Bertheloot et al., 2021). Necroptosis is 

initiated by binding of TNF- to TNF receptor. For necroptosis to proceed, an 

absence of caspase-8 activity is required. In the absence of Caspase-8, RIPK1 and 

RIPK3 are recruited and act to phosphorylate one another, leading to the recruitment 

and phosphorylation of MLKL. pMLKL then induces damage at the plasma 
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membrane, resulting in cell lysis. A summary of the pathways implicated in apoptosis, 

necroptosis and pyroptosis are shown in Figure 1.13.1.  

 

 

Figure 1.13.1. Summary of apoptosis, pyroptosis and necroptosis pathways.  

Abbreviations: FASL – Fas ligand; FASR – FAS receptor; FASDD – FAS-associated 
death domain; Cas – caspase; LPS – lipopolysaccharide; TLR – toll-like receptor; 

NF- - nuclear factor ; IL-1 - interleukin-1; DAMP – damage associated 

molecular pattern; PAMP – pathogen associated molecular pattern; GSDMD – 
Gasdermin D; RIPK – receptor interacting protein kinase; MLKL – mixed lineage 
kinase domain like pseudokinase; TNF - tumour necrosis factor; TNFR – TNF 
receptor.  
 

Lysosomal damage can induce different forms of cell death dependent upon the area 

of membrane damaged within an individual lysosome, overall number of lysosomes 

damaged within a cell, the size and subcellular location of the damaged lysosomes, 

and cell type (Wang et al., 2018a). In the case of acute and extensive lysosomal 

damage, necrosis is thought to be the primary form of cell death due to massive 

cathepsin release into the cytosol (Wang et al., 2018a). However, lysosomal damage 

and release of cathepsins into the cytosol can also trigger MOMP and the intrinsic 

apoptotic pathway (Aits and Jaattela, 2013; de Castro et al., 2016). Finally, as 

discussed above, lysosomal damage induced by some agents such as pathogens 

and neurotoxic aggregates can result in inflammasome activation in immune cells, 

thus induction of cell death by pyroptosis (Wang et al., 2018a).  
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1.14 LRRK2 and lysosomal damage 

Lysosomal damage is a robust and reproducible activator of LRRK2 (Bonet-Ponce 

et al., 2020; Eguchi et al., 2018; Herbst et al., 2020; Kuwahara et al., 2020). Eguchi 

and colleagues first described LRRK2 activation in RAW 264.7 cells treated with 

chloroquine, a drug that induces lysosomal stress and the accumulation of enlarged 

lysosomes (Eguchi et al., 2018). In chloroquine-treated cells, LRRK2 localises to 

enlarged lysosomes along with its substrates Rab8A and Rab10 in a LRRK2 kinase-

dependent manner. Herbst and colleagues demonstrated LRRK2 kinase-dependent 

phosphorylation of a group of Rab GTPases using an anti-phospho-pan-Rab 

antibody in RAW 264.7 cells in response to several lysosomal damaging agents 

including LLOMe, Mtb, Listeria and Candida (Herbst et al., 2020). LRRK2 activation 

by LLOMe appears to be cell type-dependent and time-dependent, peaking at 

around 60 minutes of treatment in RAW 264.7 cells and after 4 hours treatment 

mouse primary astrocytes (Bonet-Ponce et al., 2020; Herbst et al., 2020). In the next 

sections I will discuss the reported functions of activated LRRK2 during lysosomal 

damage.  

 

1.14.1 LRRK2 co-ordinates lysosomal repair and lysophagy responses 

Herbst et al. demonstrated in RAW 264.7 cells that LRRK2 is targeted to damaged 

lysosomes and, via its kinase activity, recruits the membrane damage marker 

Galectin-3 (Gal3) and the ESCRT-III component CHMP4B (Herbst et al., 2020) 

through Rab8A (Figure 1.14.1). LRRK2KO cells or cells treated with the LRRK2 

kinase inhibitor GSK2578215A show reduced recruitment of CHMP4B and Gal3 to 

damaged lysosomes. Conversely, cells lacking in LRRK2 or treated with 

GSK2578215A demonstrated elevated levels of the lysophagy marker LC3B, 

indicating that LRRK2 kinase inactivation results in increased removal of damaged 

lysosomes through the autophagy pathway (Figure 1.14.1). 
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Figure 1.14.1. Summary of the role of LRRK2 in lysosomal damage and repair in 

RAW 264.7 cells. 

Herbst et al. show lysosomal damage results in the recruitment of LRRK2 and Rab8A 
to damaged lysosomes alongside the membrane damage marker Galectin-3 (Gal3) 
and the ESCRT III repair component CHMP4B. In cells lacking LRRK2 (LRRK2KO) 
and in cells treated with a LRRK2 kinase inhibitor, damaged lysosomes accumulate 
the lysophagy marker LC3B. (Herbst et al., 2020). 
 

Intriguingly, monocyte-derived macrophages from PD patients carrying LRRK2 

mutations show an accumulation of Gal3-positive vesicles in the resting state (Herbst 

et al., 2020). Although only 3 patients were included in this study, this suggests that 

lysosomal damage is a feature in immune cells from LRRK2-PD patients (Herbst et 

al., 2020).  

1.14.2 LRRK2-mediates tubulation and vesicle sorting from lysosomes 

Work performed in mouse primary astrocytes and HEK293T cells revealed that 

LRRK2 is involved in a process named Lysosomal tubulation/sorting driven by 

LRRK2 (LYTL) (Bonet-Ponce et al., 2020). This study found no effect of LRRK2 

kinase inhibition on the recruitment of Gal3 or induction of lysophagy, suggesting 

that these effects are cell type dependent. During lysosomal damage, there is LRRK2 

kinase-dependent phosphorylation of Rab10 and Rab35, and co-localisation of 

LRRK2, Rab35, and Rab10 at sites of lysosomal damage. In this context, a 

downstream interactor of pRab10 is the motor protein JNK-interacting protein 4 
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(JIP4), which forms tubular structures at sites of lysosomal damage. These tubular 

structures are highly dynamic and appeared to interact with neighbouring lysosomes 

via generation of small vesicles. Although the exact role of these tubular structures 

and vesicles is unknown, the authors hypothesise that LRRK2 activation is key to 

sorting components of damaged lysosomes within the cell.  

 

1.15 LRRK2 and cell death 

The pathological hallmark of PD is death of dopaminergic neurons in the substantia 

nigra pars compacta of the midbrain, however there is neuronal cell death throughout 

the brain with different cell types displaying different degrees of vulnerability (Braak 

et al., 2004). The induction of cell death in PD is reported to involve ROS-mediated 

toxicity, mitochondrial dysfunction, neuroinflammation and apoptosis (Przedborski, 

2005). The role of LRRK2 in activation of cell death pathways is unclear, however 

the kinase activity of LRRK2 is essential for its cytotoxic effects (Greggio et al., 2006). 

When over-expressed, wild-type LRRK2 led to apoptosis in neuronal cell lines and 

primary neurons exposed to the neurotoxin MPP, an effect reversed by gene 

silencing (Chen et al., 2018). However, wild-type LRRK2 was associated with 

inhibition of apoptosis in thyroid carcinoma cell lines, suggesting that it may have 

cell-specific mechanisms of action (Jiang et al., 2019; Zhao et al., 2019). On the 

other hand, LRRK2-G2019S is consistently reported to increase apoptosis when 

overexpressed in primary neurons (Cho et al., 2018; Yuan et al., 2011) and 

HEK293/SHSY5Y cell lines (Liou et al., 2008), with different signalling cascades 

being implicated including p38-MAPK pathway, ERK1/2 pathway and oxidative 

stress. Further, human LRRK2-G2019S iPSC-derived neurons (Yoon et al., 2017) 

and LRRK2-G2019S iPSC-derived neural stem-cells (Liu et al., 2012) show 

increased apoptosis via the p38-MAPK pathway after induction of proteasomal stress.  

 

LRRK2 is implicated in immune cell death. Wild-type LRRK2 induced apoptosis via 

the p38-MAPK and ERK1/2 pathways in RAW 264.7 and HMC3 cell lines exposed 

to the neurotoxin Manganese (Kim et al., 2019). Additionally, a small clinical study 

reported higher rates of spontaneous apoptosis in lymphocytes isolated from the 

blood of LRRK2-PD patients compared to sporadic PD patients and healthy controls 
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(Usenko et al., 2012). Within the immune system, cell death is an innate immune 

defence triggered upon infection whereby death of the host cell results in clearance 

of the pathogen or activation of downstream immune responses (Ashida et al., 2011). 

These studies suggest that LRRK2 could contribute to immune dysfunction by 

interfering with cell death pathways in immune cells, though the mechanism by which 

this could lead to PD is unclear. Finally, these studies measured apoptotic cell death 

and to-date it is unknown whether LRRK2 functions in other types of cell death 

including pyroptosis and necrosis (Tang et al., 2019). 

 

1.16 Thesis aims 

Aim 1: Investigate the effect of mutant LRRK2 on lysosomal morphology and 

function in macrophages 

Current literature does not show a clear lysosomal phenotype in LRRK2-mutant cells: 

some studies report changes in lysosomal subcellular location, lysosomal size, pH, 

and proteolytic activity, while others report either no effect or contradictory results. 

Additionally, there appear to be marked differences between cell types. I aimed to 

clarify the effect of LRRK2 mutations on baseline lysosomal morphology and function 

in a physiological macrophage model with endogenous levels of LRRK2 expression. 

I used two different biological systems: human iPSDM and murine primary bone 

marrow derived macrophages, to comprehensively classify the morphology, content, 

and activity of lysosomes between LRRK2-mutant and LRRK2-wild-type cells.  

 

Aim 2: Explore the pathways initiated by lysosomal damage in LRRK2 mutant 

macrophages 

Wild-type LRRK2 is activated by lysosomal damage and phosphorylates Rab 

substrates at the lysosomal membrane. In the absence of LRRK2 or in the presence 

of a LRRK2 kinase inhibitor, RAW 264.7 cells increase lysophagy in response to 

lysosomal damage and are unable to efficiently initiate lysosomal repair. However, 

no data on the effect of LRRK2 mutations on these pathways exists in the published 

literature. I aimed to explore the response of macrophages carrying a LRRK2-

mutation to lysosomal damage. Given that LRRK2 mutations cause increased kinase 
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activity, I aimed to investigate whether this increase in kinase activity would translate 

into hyper-activation or dysfunction of lysosomal repair pathways and lysophagy.  

 

Further, another consequence of lysosomal damage is initiation of cell death. 

Lysosomal damage has been linked to apoptosis, pyroptosis and necrosis. Given 

that LRRK2-G2019S is associated with an increase in apoptosis across multiple cell 

types, I aimed to explore the cell death pathways initiated by lysosomal damage in 

LRRK2-WT and LRRK2-G2019S macrophages. Moreover, the lysosomal repair and 

lysophagy pathways are vital for cell survival. I aimed to translate any changes in the 

lysosomal repair and lysophagy pathway’s in LRRK2 mutant macrophages to effects 

on the amount or type of cell death present after lysosomal damage. 

 

Aim 3: Define the substrates of LRRK2 in macrophages  

Previous studies have defined the bona fide substrates of endogenous LRRK2 

kinase in non-immune cells. LRRK2 is expressed at high levels in immune cells and 

is closely regulated by immune stimuli, thus its function and substrates may differ 

according to cell type. Utilising macrophages that express a kinase-dead form of 

LRRK2, I aimed to define the bona fide substrates of LRRK2 kinase in macrophages 

in both resting state and after lysosomal damage. Further, I aimed to compare 

substrates of mutant LRRK2 and wild-type LRRK2 during lysosomal damage to 

identify novel pathways in macrophages that are altered by LRRK2 mutations.   
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Chapter 2. Materials & Methods 

2.1 Cell culture 

2.1.1 Animals 

Depending on the mouse strain, breeding pairs, embryos or sperm were purchased 

from Taconic Biosciences or Jackson laboratories. The strains utilised were 

C57BL/6NTac and C57BL/6-Lrrk2tm4.1Arte (Taconic Biosciences, 13940) (Matikainen-

Ankney et al., 2016); C57BL/6NJ and B6(SJL)-Lrrk2tm4.1Mjff/J  (Jackson laboratories, 

021830) (Crabbe et al., 1985); C57BL/6J (6J-WT) and B6.129X1(FVB)-Lrrk2tm1.1Cai/J 

(6J-LRRK2KO) (Jackson laboratories, 012453) (Parisiadou et al., 2009). The 

LRRK2-G2019S mutation was present in the C57BL/6-Lrrk2tm4.1Arte constitutive 

homozygous knock-in mouse model through introduction of a single point mutation 

into exon 41 of the LRRK2 gene. The LRRK2-D1994A mutation was present in the 

B6(SJL)-Lrrk2tm4.1Mjff/J heterozygous knock-in mouse model through introduction of a 

single point mutation into exon 41 of the LRRK2 gene. The homozygous LRRK2 KO 

mouse model B6.129X1(FVB)-Lrrk2tm1.1Cai/J was created by deletion of exon 2, 

resulting in a premature stop codon in exon 3.  

 

As the wild-type mouse corresponding to each of the LRRK2 mutants and LRRK2 

KO was different, the following nomenclature was used to clarify this in the results 

chapters (Table 2.1.1). 

 

Mouse strain Wild-type or mutant Nomenclature 

C57BL/6NTac 

C57BL/6-Lrrk2tm4.1Arte 

Wild-type 

LRRK2-G2019S mutant 

Tac-WT 

Tac-G2019S 

C57BL/6NJ 

B6(SJL)-Lrrk2tm4.1Mjff/J 

Wild-type 

LRRK2-D1994A mutant 

NJ-WT 

NJ-D1994A 

C57BL/6J 

B6.129X1(FVB)-Lrrk2tm1.1Cai/J 

Wild-type 

LRRK2 KO 

6J-WT 

6J-LRRK2KO 

Table 2.1.1. Nomenclature used for the wild-type and LRRK2 mutant/LRRK2 KO 

mice 
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Mice were re-derived, bred in-house and maintained under specific pathogen-free 

conditions at the Francis Crick Institute (UK). Animal studies and breeding were 

approved by the Francis Crick Institute ethical committee and performed under U.K 

Home Office project license (P4D8F6075). All animal studies were ethically reviewed 

and carried out in accordance with Animals (Scientific Procedures) Act 1986. All 

animal handling was carried out by Dr Angela Rodgers (Principal Laboratory 

Research Scientist, The Francis Crick Institute).  

 

2.1.2 Culture of RAW 264.7 cells 

The mouse macrophage cell line RAW 264.7 was maintained in RPMI 1640 medium 

(72400-021, Gibco) supplemented with 10% heat inactivated fetal bovine serum 

(FBS) (10270-106, Gibco) with the addition of 1% penicillin-streptomycin (P4333, 

Thermo). Cells were incubated at 37oC, 5% CO2 atmosphere and media was 

changed every 2-3 days. 

 

The RAW 264.7 cell lines used in this thesis were genome edited to express LRRK2-

G2019S, LRRK2-R1398H, LRRK2-N551K and LRRK2-R1398H-N551K mutations 

and were a gift from Professor Erwin Schurr (McGill University Health Centre, 

Montreal) (Dallmann-Sauer et al.). 

 

2.1.3 Culture of murine primary bone marrow-derived macrophages 

Primary bone marrow derived macrophages (BMDM) were isolated as described 

previously (Schnettger and Gutierrez, 2017). The femur and tibia bones were 

dissected from the mouse hind legs. The bone marrow cavity was accessed by 

removing the ends of the bones, and ice-cold PBS was flushed through the medullary 

cavity using a 25G needle. Bone marrow cells were differentiated in RPMI 1640 

medium (72400-021, Gibco) containing 10% FBS (10270-106, Gibco), 50 ng/ml GM-

CSF (576306, BioLegend) and 1% penicillin-streptomycin (P4333, Thermo) for 7 

days at 37oC in 5% CO2 atmosphere with an 80% media replacement on day 4. 

BMDM were detached in ice-cold PBS and plated in RPMI containing 10% FCS and 

1% penicillin-streptomycin for experiments.  
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2.1.4 Gene editing to generate isogenic human induced pluripotent stem cells 

In this thesis, one isogenic control-generated iPSC line was used. This isogenic 

control line was generated from LRRK2-G2019S iPSC derived from a PD patient 

(clone ID: CDI00002173) obtained from the Michael J Fox Foundation (MJFF) 

Parkinson’s Progression Markers Initiative (PPMI) resource. The LRRK2-G2019S 

CDI00002173 clone showed a normal karyotype (46 XY) and was Mycoplasma 

negative. The CDI00002173 clone was confirmed to show the heterozygous LRRK2-

G2019S mutation by Sanger sequencing (Figure 2.1.1) using the primers detailed in 

Table 2.1.1. 

 

Figure 2.1.1. Sanger sequencing of LRRK2-G2019S iPSC line (CDI00002173) 

Sanger sequencing of PCR products from LRRK2-G2019S iPSC line using the SR1 
and SF1 primers.  
 

Primer name Sequence 

Primers for PCR 

G2019S_GR1 5’ – TAT ATC TCC TAG ACC CAC ACT TGA G – 3’ 

G2019S_GF1 5’ – TAC CAG GCT TGA TGC TTT AGT TAT G -3’ 

Primers for sequencing 

G2019S_SR1 5’ – GGG CAC TGA TGG TCC ACT GC -3’ 

G2019S_SF1 5’ – TGG CAG GTA TCT CCA CTC AG -3’ 

Table 2.1.2. Primers used to confirm LRRK2-G2019S mutation 

 

The isogenic control iPSC line was generated by Dr Enrica Pellegrino and Natalia 

Athanasiadi at the Host-Pathogen Interactions in Tuberculosis laboratory, The 

Francis Crick Institute. They devised the CRISPR strategy, including the selection of 
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sgRNAs and ssODN templates, and conducted experimental procedures such as 

nucleofection of iPSCs, following the protocol outlined below. Subsequently, clones 

were screened using PCR and sequencing methods. Confirmed corrected clones, 

exhibiting the reversal of the G2019S mutation, were subjected to further analyses, 

including testing for Mycoplasma contamination, assessment of pluripotency, and 

karyotyping.  

 

To generate isogenic control iPSC, the clustered regularly interspaced palindromic 

repeats (CRISPR)/ CRISPR-associated protein-9 (Cas9) system was utilised. This 

system utilises a single guide RNA (sgRNA) to recognise a target gene and Cas9, 

an endonuclease which causes a double-stranded DNA breakage, allowing 

modifications to the genome by, for example, insertion of a single stranded 

oligodeoxyribonucleotide (ssODN) that introduces a nucleotide substitution into the 

gene. A protospacer adjacent motif (PAM) is a sequence of 3 nucleotides ‘NGG’ 

(where ‘N’ can be any nucleotide) within DNA that must bind to the 3’ end of the 

sgRNA as this is where the Cas9 enzyme will induce DNA breakage.  

 

Notably, most LRRK2-G2019S PD patients are heterozygous for the mutation, with 

only a few reported cases of PD patients homozygous for LRRK2-G2019S in North 

Africa (Bouhouche et al., 2017; Ishihara et al., 2006). In our patient donor iPSCs, the 

LRRK2-G2019S mutation is a heterozygous mutation thus there is one wild-type 

allele and one mutated allele. In the mutated allele there is a guanine to adenine 

nucleotide substitution in exon 41 (Figure 2.1.2). For correction of the LRRK2-

G2019S mutation, the PAM sequence nearest the mutation was 27 nucleotides away 

(Figure 2.1.2). This meant that the designed sgRNA did not overlap with the mutation 

site (Figure 2.1.2), leading to increased risk of insertions/deletions (InDel) and 

decreased the likelihood of correcting the mutation during the CRISPR/Cas9 reaction. 

In addition, InDel were also possible in the wild-type allele.  
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Figure 2.1.2. CRISPR/Cas9 approach number 1 to correction of LRRK2-G2019S 

mutation in iPSC 

 

Nucleofection using the Amaxa 4D-Nucleofector (V4XP-3024, Lonza) was 

performed in the LRRK2-G2019S iPSCs (clone ID: CDI00002173). For each 

nucleofection, 1 × 106 iPSCs were resuspended in 100 µl of P3 buffer (V4XP-3024, 

Lonza) containing 20 µg Alt-R® S.p. Cas9 Nuclease V3 (1081059, IDT) mixed with 

16 µg targeting synthetic chemically modified sgRNAs (Synthego) (Table 2.1.3, 

LRRK2-1st-step) and 200 pmol of the ssODN (harbouring the corrected nucleotide), 

as previously described (Skarnes et al., 2019).  

 

Name  Sequence 5'->3' 

LRRK2-1st-step TGCTCAGTACTGCTGTAGAATGG 

LRRK2-2nd-step  TGTAGTCAGCAATCTTTGCA 

ssODN-LRRK2 GAAACCCCACAATGTGCTGCTTTTCACACT 

GTATCCCAATGCTGCCATCATTGCAAAGA 

TTGCTGACTACGGCATTGCTCAGTACTGCTGTAGAAT

GGGG 

Table 2.1.3. Sequence of sgRNA and ssODN used in CRISPR/Cas9 reactions to 

generate isogenic control iPSC. 

 

As predicted, the mutation was not corrected in most clones using this approach (30 

out of 50 tested clones) and InDel were detected in most clones. Using the ICE 

platform from Synthego (https://ice.synthego.com/#/), we identified an InDel in the 

mutant allele only in 3 of the tested clones. Utilising this difference between wild-type 

and mutant alleles, a new CRISPR site was formed and a new sgRNA overlapping 

the InDel in the mutant allele were designed (Table 2.1.3, LRRK2-2nd-step) so that 

https://ice.synthego.com/#/
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only the mutant allele would be cut in the CRISPR/Cas9 reaction (Figure 2.1.3). For 

this study, we picked clone D4 containing an insertion of 6 bp (GCAGCA) for use in 

further experiments. The new sgRNA targeting the mutant allele was used to 

performed nucleofection in the selected clone. 1 × 106 of the selected clone were 

resuspended in 100 µl of P3 buffer (V4XP-3024, Lonza) containing 20 µg Alt-R® S.p. 

Cas9 Nuclease V3 (1081059, IDT), mixed with a total of 16 µg of the sgRNAs and 

200 pmol of ssODN (Table 2.1.3), as described previously (Skarnes et al., 2019). 

 

 

Figure 2.1.3. CRISPR/Cas9 2-step approach to correction of LRRK2-G2019S 

mutation in iPSC 

 

The clones were screened by Sanger sequencing for the wild-type sequence, 

resulting in multiple independent wild-type clones (14 out of 48 tested). After 

karyotyping, pluripotency and Mycoplasma testing, the clone 0043052531 was 

selected for use in experiments. Sanger sequencing results are shown in Figure 

2.1.4.  
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Figure 2.1.4. Sanger sequencing of LRRK2-G2019S (clone ID: CDI00002173) and 

isogenic control iPSC (clone ID: 0043052531). 

 

2.1.5 Culture of induced pluripotent stem cells (iPSC) 

I performed iPSC culture in collaboration with Natalia Athanasiadi (Host-Pathogen 

Interactions in Tuberculosis laboratory, The Francis Crick Institute). Human iPSC 

lines as described above (LRRK2-G2019S and isogenic control) were maintained in 

E8 (A1517001, Thermo) on Vitronectin XF (07180, Stem Cell Technologies) coated 

plates at 37oC and 5% CO2. Cells were passaged 1:6 at confluency using Versene 

(15040033, Thermo).  

2.1.6 Culture of induced pluripotent stem cell-derived macrophages (iPSDM) 

iPSDM differentiation was performed by Natalia Athanasiadi (Host-Pathogen 

Interactions in Tuberculosis laboratory, The Francis Crick Institute). I worked with the 

cells after collection of macrophage precursors from factories.  

 

iPSCs were used to generate iPSDM following a previously reported protocol using 

embryoid bodies (EB) (Bernard et al., 2020; van Wilgenburg et al., 2013). Briefly, 

EBs were fed daily with two 50% media changes comprising E8 media (A1517001, 

Life Technologies), BMP4 50 ng/ml (120-05, Peprotech) and VEGF 50 ng/ml (100-

20, Peprotech), SCF 20 ng/ml (300-07, Peprotech). On day 4, EBs were transferred 

to T225cm2 flasks for macrophage differentiation using factory media consisting of 
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X-VIVO 15 (LZBE02-061Q, Lonza), 2 mM Glutamax (35050061, Life Technologies), 

50 µM β-Mercaptoethanol (31350010, Life Technologies), 100 ng/ml M-CSF (300-

25, Peprotech) and 25 ng/ml IL-3 (200-03, Peprotech). 20 ml fresh factory media was 

added once per week and after 4-5 weeks macrophage precursors were collected 

from the supernatant. These precursors were differentiated into macrophages in X-

VIVO 15 (LZBE02-061Q, Lonza) containing 2 mM Glutamax (35050061, Life 

Technologies) and 100 ng/ml M-CSF (300-25, Peprotech) for 7 days. Macrophages 

were detached using Versene (15040066, Life Technologies), centrifuged at 300 x g 

and plated for experiments.  

 

2.2 Cell treatments 

2.2.1 Induction of lysosomal membrane damage 

L-leucyl-L-leucine methyl ester (LLOMe) (4000725, Bachem) was prepared in 

methanol at a stock concentration of 333 mM and frozen at -20oC. BMDM were 

treated with LLOMe at a concentration of 1 mM by dilution in RPMI. iPSDM were 

treated with LLOMe at a concentration of 0.5 mM by dilution in X-VIVO 15.  

 

Stock crystalline silica (MIN-U-SIL-15, US Silica) was prepared at 30 mg/ml by 

dilution in sterile PBS immediately prior to use. A working solution of 300 g/ml 

crystalline silica was prepared in RPMI for subsequent treatments.  

 

2.2.2 LRRK2 kinase inhibition 

Cells were pre-treated with MLi-2 (5756/10, Tocris) at 100 nM, GZD-824 (CAY21508, 

Cambridge Bioscience) at 0.1 M, or GSK2578215A (ab254316, Abcam) at 0.1 M 

for 1 hour and all subsequent treatments were performed in the presence of MLi-2, 

GZD-824 or GSK2578215A as indicated. 
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2.2.3 LRRK2 PROTAC treatment 

The LRRK2 PROTAC XL01126 was purchased from MCE (HY-148030). 1 mM stock 

solution was prepared in DMSO and stored at -20 oC. For imaging, cells were pre-

treated with XL01126 200 nM for 2 h and all subsequent treatments were performed 

in the presence of XL01126 where indicated.  

 

2.2.4 LPS treatment 

LPS (L8274, Sigma) was added to cells at a concentration of 250 ng/ml for 3 hours 

prior to downstream applications. Subsequent treatments were performed in the 

absence of LPS.  

 

2.2.5 Positive controls for cell death 

For induction of apoptosis, BMDMs were stimulated with 100 ng/ml TNF-α (300-O1A, 

Peprotech) and 125 nM 5Z-7-Oxozeaenol (9890, Sigma) for 7 h. For induction of 

necroptosis, BMDMs were stimulated with 100 ng/ml TNF-α (300-O1A, Peprotech), 

125 nM 5Z-7-Oxozeaenol (9890, Sigma) and 10 M Z-VAD-FMK (tlrl-vad, Invivogen) 

for 7 hours. For induction of pyroptosis, BMDMs were pre-treated with 250 ng/ml LPS 

(L8274, Sigma) for 3 h followed by 20 M Nigericin for 3 h (ICT9146, Bio-Rad).  

 

2.3 Imaging and image analysis 

2.3.1 Indirect immunofluorescence 

Cells were seeded in 96 well plates (6055302, Revvity) at a concentration of 50,000 

cells/well. Cells were fixed in 4% PFA (15710, Electron Microscopy Sciences) for 15 

minutes and then washed once with PBS. The samples were quenched with 50 mM 

NH4Cl (A9434, Sigma) for 10 min at room temperature. Permeabilisation was 

performed with ice-cold methanol for 10 min at -20°C, 0.05% saponin, or 0.01% 

triton-X-100, depending on the primary antibody (Table 2.3.1). Cells were blocked in 

5% FBS (10270-106, Gibco) in PBS for 1 h at room temperature. Primary antibodies 

(Table 2.3.1) were diluted in PBS containing 5% FBS and incubated for 1 h at room 
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temperature. Samples were washed three times in PBS and then secondary antibody 

(Table 2.3.1) was added for 1 h at room temperature. Following three washes with 

PBS, nuclear staining was performed using 300 nM DAPI (D3571, Life Technologies) 

in PBS for 10 min. After a further three washes in PBS, the samples were imaged 

using an automated confocal high-content imaging system (Revvity, Opera Phenix 

High-Content Screening System) with 63x 1.15 NA water-immersion objective and 

excitation lasers (405 nm, 488 nm, 561 nm, 640 nm) and preset emission filters. 

Channels were separated during acquisition to prevent fluorescence crosstalk. At 

least 800 cells per condition were imaged. 

 

Antibody Supplier Catalogue Dilution Permeabilisation 

LAMP-1 DSHB 1D4B 1:100 0.05% saponin 

LAMP-2 Sigma L0668 1:100 0.05% saponin 

Galectin-3 BioLegend 125410 1:250 Methanol 

CHMP4B ProteinTech 13683 1:250 Methanol 

LC3B MBL PM036 1:100 0.05% saponin 

LRRK2* Abcam Ab133476 1:100 0.05% saponin 

Methanol 

0.01% Triton-X-100 

Goat anti-Rat IgG 

(H+L) AF-488 

Thermo A-11006 1:800 N/A 

Goat anti-Rabbit 

IgG (H+L) AF-546 

Thermo A-11035 1:800 N/A 

Table 2.3.1. Antibodies used for indirect immunofluorescence. 

Permeabilisation methods used were: 0.05% saponin in PBS for 45 min at room 
temperature, 100% methanol for 10 min at -20oC, 0.01% Triton-X-100 in PBS for 45 
min at room temperature. Note – for LRRK2 antibody, multiple methods of 
permeabilisation were attempted.  
 

2.3.2 Analysis of Gal3, CHMP4B and LC3B puncta in BMDM 

Image analysis was performed using Harmony 4.9 image analysis software (Revvity). 

First, stacks were processed to create a maximum projection image. Nuclei were 

segmented using the “Find nuclei” building block (DAPI channel, method B, common 

threshold > 0.15, area > 20 m2, splitting coefficient 54.0, individual threshold 0.15, 
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contrast > 0.05). Following this, cell boundaries were segmented using the “Find 

cytoplasm” building block (Method A, individual threshold 0.15). The cell area was 

calculated in m2 using the “Calculate morphology properties” building block. After 

removing cells on the borders of the field via the “Select population, remove border 

objects” building block, individual puncta within a cell were segmented as follows. 

Using the “Find spots” building block and a set of criteria dependent on the target 

protein (Table 2.3.2), puncta plus some background objects were segmented. To 

remove the background objects, the “Select population” building block was applied 

using set criteria dependent on the target protein (Table 2.3.2). Next, the puncta area 

was calculated using the “Calculate morphology properties” building block and the 

total number of puncta and puncta area per cell was calculated using the “Calculate 

properties” building block. An example of the image analysis pipeline used to 

measure Galectin-3 is shown in Figure 2.3.1. 

 

Antibody ‘Find spots’ building block ‘Select population’ building block 

Gal3 Method D 

Cytoplasm region 

Detection sensitivity = 0.500 

Splitting sensitivity = 0.500 

Background correction = 0.500 

Corrected spot intensity > 800 

Spot area < 200 px2 

CHMP4B Method A 

Cytoplasm region 

Relative spot intensity > 0.120 

Splitting sensitivity = 0.711 

Corrected spot intensity > 400 

Spot area < 260 px2 

LC3B Method A 

Cytoplasm region 

Relative spot intensity > 0.125 

Splitting sensitivity = 0.711 

Corrected spot intensity > 200 

Table 2.3.2. Criteria used to segment Galectin-3, CHMP4B and LC3B puncta using 

Harmony 4.9 software.  
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Figure 2.3.1. Example of image analysis pipeline for segmentation of Galectin-3 

puncta within cells using Harmony 4.9 software. 

Representative images of cell and puncta segmentation in wild-type BMDM treated 
with LLOMe 1mM for 30 min and stained for Galectin-3 and DAPI. Following nuclear 
and cytoplasm segmentation, puncta are selected in two steps: first using the “find 
spots” building block and then using the “selection population” building block to 

remove background objects. Scale bars = 10 m. 
 

2.3.3 Colocalisation analysis  

To quantify Gal-3 and CHMP4B marker association, FIJI image analysis software 

(version 2.14.0) was utilised. First, a manual threshold was determined to produce a 

mask of Gal-3 puncta. An overlay of the Galectin-3 puncta mask was added to the 

CHMP4B channel using the “ROI manager” function on FIJI. Then, the “Analyse 

Particles” function, with pixel size 1.0-Infinity, was used to measure the mean 

fluorescence intensity (MFI) of CHMP4B. The MFI of manually selected CHMP4B 

positive and CHMP4B negative puncta was used to determine a cut-off MFI for 

CHMP4B+ puncta, and the percentage of CHMP4B+ association to Gal-3 puncta 

was calculated from this.  
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2.3.4 Live cell imaging with LysoTracker 

Cells were seeded in 96 well plates (6055302, Revvity) and incubated with 25nM 

LysoTracker DND-99 (LTR) (L7528, Thermo Fisher Scientific) and NucBlue 

(Invitrogen, R37609) for 30 minutes at 37oC, 5% CO2. Next, cells were imaged using 

an automated confocal high-content imaging system (Revvity, Opera Phenix High-

Content Screening System) with 40x 1.1 NA water-immersion objective, and 

excitation lasers (405 nm and 488nm) and preset emission filters. The 405 nm laser 

was used at 20% power with 100 ms exposure. The 488nm laser was used at 5% 

power with 80 ms exposure. The channels were separated during acquisition to 

prevent fluorescence crosstalk. 

 

Image analysis was performed using Harmony 4.9 image analysis software (Revvity). 

First, stacks were processed to create a maximum projection image. Nuclei were 

segmented using the “Find nuclei” building block (Hoechst channel, method ‘B’). 

Following this, cell boundaries were segmented using the “Find cytoplasm” building 

block (LTR channel, Method ‘A’). The cell area was calculated in m2 using the 

“Calculate morphology properties” building block. Next, the LTR channel image was 

filtered using “Texture SER” and “SER Bright” methods (2 m, unnormalized) to 

highlight the brightest portion of the LTR+ spots. Following this, LTR+ spots were 

segmented using the “Find image region” building block (common threshold 0.35) 

and the mean LTR+ cytoplasm intensity and LTR+ spot area was calculated. The 

LTR image analysis pipeline is demonstrated in Figure 2.3.2.  
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Figure 2.3.2. LTR analysis pipeline used in Harmony software. 

Representative images of cell and LTR spot segmentation in wild-type BMDM. 
Following nuclear and cytoplasm segmentation, LTR spots are highlighted by the 
“Texture SER” filter and segmented by the “Find image region” building block. Scale 

bars = 50 m. 

 

2.3.5 DQ-BSA assay and live cell imaging 

Cells were seeded in 96 well plates (6055302, Revvity) and incubated with 10 g/ml 

DQ-BSA (Thermo, D12051) and BSA-488 (Thermo, A13100) for 4 h. The cells were 

then washed x3 in RPMI (BMDM) or X-VIVO 15 (iPSDM), counterstained with 

NucBlue and imaged at 37°C, 5% CO2 using an automated confocal high-content 

imaging system (Revvity, Opera Phenix High-Content Screening System) with 40x 

1.1 NA water-immersion objective, and excitation lasers (405 nm and 561 nm) and 

preset emission filters. The 405 nm laser was used at 30% power with 100 ms 

exposure. The 561 nm laser was used at 20% power with 200 ms exposure. 

 

Image analysis was performed using Harmony 4.9 image analysis software (Revvity). 

First, stacks were processed to create a maximum projection image. Cells were 
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segmented using the “Find Nuclei” (method B) and “Find Cytoplasm” (method A) 

building blocks. Following this, intensity of DQ-BSA and BSA-488 in the cytoplasm 

was calculated using the “Calculate Intensity Properties” building blocks.  

 

2.3.6 LysoTracker leakage assay 

BMDMs were seeded in 96 well plates (6055302, Revvity) and stained with 25 nM 

LysoTracker DND-99 (LTR) (L7528, Thermo Fisher Scientific) for 30 minutes. 

Following this, live cell snapshot imaging was performed at 37°C, 5% CO2 using an 

automated confocal high-content imaging system (Revvity, Opera Phenix High-

Content Screening System) with 40x 1.1 NA water-immersion objective, 561 nm 

excitation laser and 570-630 nm emission filter at a power of 30% and 100ms 

exposure time. Cells were imaged once prior to any treatment to establish a baseline. 

Then, 1 mM LLOMe in RPMI was added and the cells were imaged every minute for 

5 min to track lysosomal damage. Following this, cells were washed twice in RPMI 

and fresh media containing 25 nM LTR was added, and the cells were imaged every 

minute for 10 min to track lysosomal recovery. All media changes and wash steps 

were performed without moving the plate so that the same cells were imaged at each 

snapshot.  

 

Image analysis was performed using Harmony 4.9 image analysis software (Revvity). 

First, stacks were processed to create a maximum projection image. Cells were 

segmented using the “Find Cells” building block (method P). LTR puncta were 

identified using the “Find Spots” building block (method A) and LTR spot area and 

intensity were calculated using the “Calculate Morphology Properties” and “Calculate 

Intensity Properties” building blocks. The mean LTR cytoplasmic intensity at each 

time-point was normalised to the baseline LTR cytoplasmic intensity to correct for 

differences in baseline prior to analysis.  

 

2.3.7 High-content imaging of BMDM and iPSDM during lysosomal cell death 

Cells were seeded in 96 well plates (6055302, Revvity) and stained with Blue/Green 

ReadyProbes Cell Viability Imaging Kit (Invitrogen, R37609) according to 
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manufacturer’s instructions. Cells were treated with LLOMe 1 mM, silica 300 g/ml 

or vehicle just prior to the start of imaging. Live cell snapshot imaging was performed 

at 37°C, 5% CO2 using an automated confocal high-content imaging system (Revvity, 

Opera Phenix High-Content Screening System) with 40x 1.1 NA water-immersion 

objective, and excitation lasers (405 nm and 488nm) and preset emission filters. The 

405 nm laser was used at 20% power with 100 ms exposure. The 488nm laser was 

used at 5% power with 80 ms exposure. The channels were separated during 

acquisition to prevent fluorescence crosstalk. Snapshots were taken every 15 or 30 

minutes depending on the length of acquisition and treatment.  

 

Image analysis was performed using Harmony 4.9 image analysis software (Revvity). 

First, stacks were processed to create a maximum projection image. The total cell 

number was calculated using the “Find nuclei” building block in the NucBlue channel 

(method B). Then, intensity of NucGreen within each nucleus was calculated using 

the “Calculate Intensity Properties” building block. The total number of dead cells 

was calculated by setting a threshold for NucGreen intensity and segmenting this 

population using the “Select Population” building block. The percentage of dead cells 

was calculated by dividing the total number of NucGreen+ nuclei over the total 

number of NucBlue nuclei.  

 

2.3.8 Snapshot imaging of live BMDM with NucView Caspase-3  

Cells were seeded in 96 well plates (6055302, Revvity) and stained with 25 M 

NucView Caspase-3 substrate (10402, Biotium), 1 g/ml Propidium Iodide (PI) 

(ab14083, abcam), and NucBlue (Invitrogen, R37609). Cells were pre-treated with 

250 ng/ml LPS as described above. LLOMe 1 mM or vehicle was added just prior to 

the start of imaging. Live cell snapshot imaging was performed at 37°C, 5% CO2 

using an automated confocal high-content imaging system (Revvity, Opera Phenix 

High-Content Screening System) with 40x 1.1 NA water-immersion objective, and 

excitation lasers (405 nm, 488nm and 561 nm) and preset emission filters. The 405 

nm laser was used at 20% power with 100 ms exposure. The 488nm laser was used 

at 5% power with 80 ms exposure. The 561 nm laser was used at 10% power with 

100 ms exposure. The channels were separated during acquisition to prevent 
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fluorescence crosstalk. Snapshots were taken every 30 min for the duration of the 

experiment as indicated.  

 

Image analysis was performed using Harmony 4.9 image analysis software (Revvity). 

First, stacks were processed to create a maximum projection image. The total cell 

number was calculated using the “Find nuclei” building block in the NucBlue channel 

(method B). Then, intensity of Caspase-3 substrate and PI within each nucleus was 

calculated using the “Calculate Intensity Properties” building block. The total number 

of PI-positive, caspase-3-positive and PI-negative/caspase-3 positive cells was 

calculated by setting a threshold for caspase-3 and PI intensity and segmenting 

these populations using the “Select Population” building block.  

 

2.4 Molecular biology 

2.4.1 SDS-PAGE and Western blot analysis 

Cells were washed once with PBS and lysed on ice in RIPA buffer (Millipore, 20-188) 

containing protease and phosphatase inhibitor (Thermo Scientific, 78440). Protein 

levels were normalised using the Pierce BCA protein assay kit (23227, Thermo 

Scientific) as per manufacturer’s instructions. Samples were boiled at 70oC for 15 

minutes in LDS sample buffer (Thermo Fisher Scientific, NP008) and NuPage 

Sample Reducing Agent (Thermo Fisher Scientific, NP009). Samples were loaded 

into 4–12% Bis-Tris gel (Thermo Fisher Scientific, WG1403), and electrophoresis 

was performed at 100 V for 120 minutes. The gels were transferred onto a PVDF 

membrane using an iBlot2 (Thermo Fisher Scientific, IB21001) using program P0. 

For detection of LRRK2 the gels were transferred onto a PVDF membrane by wet 

transfer (100 mA for 3 hours at 4oC). Membranes were blocked in 5% skimmed milk 

in TBS plus 0.05% Tween20 (TBS-T) for 1 hour at room temperature, then incubated 

with primary antibody overnight at 4 °C. For detection of phosphorylated proteins, 

membranes were blocked in 5% BSA (Cell Signaling, 9998S) in TBS-T. Primary 

antibodies and their dilutions are shown in Table 2.4.1. Membranes were washed in 

TBS-T and incubated with horseradish peroxidase (HRP)-conjugated secondary 

antibodies for 1 h at room temperature. Membranes were developed with enhanced 

chemiluminescence reagent (Bio-Rad) and imaged on an Amersham GE Imager 680 



Chapter 2 Materials and Methods 

 

90 

 

(GE Healthcare). The molecular weight ladder was from Abcam (116028). Western 

blots were quantified by densitometry using FIJI software.  

 

Antibody Dilution Supplier Catalogue 

Rab8A 1:1000 Cell Signaling 6975 

Rab8A pT72 1:1000 Abcam ab230260 

Rab10 1:1000 Cell Signaling 8127 

Rab10 pT73 1:1000 Abcam ab230261 

Rab12 1:1000 ProteinTech 18843 

Rab12 pS105 1:1000 Abcam ab256487 

Cleaved caspase-3 (Asp175) 1:1000 Cell Signaling 9664T 

Phospho-RIP3 (Thr231/Ser232) 1:1000 Cell Signaling 91702 

Cleaved Gasdermin D (Asp275) 1:1000 Cell Signaling 10137 

Cleaved PARP (Asp214) 1:1000 Cell Signaling 94885 

Phospho-MLKL (Ser 345) 1:1000 Cell Signaling 37333S 

Cleaved-IL-1 (Asp117) 1:1000 Cell Signaling 63124S 

LAMP-1 1:2000 DSHB 1D4B 

-Actin-HRP 1:5000 Cell Signaling 12262S 

LRRK2 1:1000 Abcam Ab133474 

Galectin-3 1:2000 BioLegend 125402 

CHMP4B 1:2000 ProteinTech 13683 

LC3B 1:1000 Sigma L7543 

Anti-rabbit HRP 1:10000 Promega W4011 

Anti-rat HRP 1:10000 Invitrogen 31470 

Table 2.4.1. Antibodies used for Western blot.  

 

2.4.2 Flow cytometry 

1 x 106 cells were pelleted by centrifugation (350 x g for 5 min at 4oC), washed with 

cell staining buffer (420201, BioLegend) and incubated with mouse Fc blocker 

TruStain fcXTM (156604, BioLegend) for 20 min at 4oC. Cells were resuspended in 

cell staining buffer with fluorochrome-conjugated antibodies for 30 min at room 

temperature in the dark. The antibodies used are detailed in Table 2.4.2. Cells were 



Chapter 2 Materials and Methods 

 

91 

 

washed in cell staining buffer and resuspended in 500 L cell staining buffer for 

acquisition. Data were acquired using an BD LSRFortessa™ Cell Analyzer (BD 

Biosciences) and analysed using FlowJo software (FlowJo, LLC, v10.8.0). At least 

10,000 events per condition were recorded. 

 

Antibody Clone Volume 

used (l) 

Company Catalogue 

F4/80 BM8 1.25 BioLegend 123113 

CD11b M1/70 5 Biolegend 101237 

MHCII M5/114.15.2 1.25 Biolegend 107607 

CD11c N418 0.5 BioLegend 117319 

TLR2 QA16A01 5 BioLegend 153009 

CD80 16-10A1 0.5 BioLegend 104717 

CD206 C068C2 5 BioLegend 141717 

CD14 MP9 5 BD Biosciences 562689 

CD16 3G8 5 BD Biosciences 557710 

CD119 GIR-208 2 BD Biosciences 558934 

CD163 GHI/61 5 BD Biosciences 563697 

CD206 19.2 0.5 BD Biosciences 561763 

CD169 7-239 5 BD Biosciences 565248 

CD86 2331 5 BD Biosciences 562433 

Table 2.4.2. Antibodies used for Flow Cytometry. 

 

2.4.3 Cytokine measurement  

LRRK2-G2019S and isogenic control iPSDM were plated in 96-well olefin-bottomed 

plates (6055302, Revvity) at a concentration of 60,000 cells per well. Cells were 

treated with LPS (250 ng/ml), PAM3CSK4 (1 g/ml), Poly(I:C) (10 g/ml) or IFN- 

(100 ng/ml) diluted in X-VIVO media for 24 hours (Table 2.4.3). Where stated, MLi-2 

or DMSO control was also added to the media at a concentration of 100 ng/ml. All 

treatments were filtered through a Minisart 0.2 m syringe filter unit (16534-K, 

Sartorius) before addition to cells. After 24 h treatment, 100 l supernatant was 

removed and centrifuged at 1000 xg for 15 min at 4oC to remove any detached cells. 
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This supernatant was again centrifuged at 10000 xg for 10 min at 4oC to remove any 

debris. All supernatants were stored at -80oC until they were run on the Luminex 

plate. Cytokine levels were analysed using the magnetic Bio-Plex Pro Human 

Cytokine 27-plex kit (M500KCAF0Y, Bio-Rad) as per the manufacturer’s instructions. 

Samples were analysed on a Bio-Plex 200 (BioRad).    

 

 Concentration Supplier Cat No. 

LPS 250 ng/mL Bio-techne NBP2-25295 

PAM3CSK4 1 g/mL Bio-techne 4633/1 

Poly(I:C) 10 g/mL Tocris 4287 

IFN- 100 ng/mL Thermo PHC4031 

MLi-2 100 ng/mL abcam ab254528 

DMSO 100 ng/mL Sigma D2650 

Table 2.4.3. List of treatments used for cytokine assay 

 

2.5 Graph plotting and statistical analysis 

All graphs were produced in GraphPad Prism V10.2.0 (GraphPad Software LLC, 

USA). Statistical analyses, as detailed in figure legends, were carried out in 

GraphPad Prism V10.2.0. Figures were compiled using Adobe Illustrator 2024 

V28.4.1 (Adobe Inc. USA). 

2.6 Phosphoproteomics 

I conducted all differentiations of murine haematopoietic progenitor cells to BMDM, 

cell culture, compound treatments, cell detachment and snap freezing for proteomics 

and phosphoproteomics experiments. 

 

Cell lysis, peptide/phosphopeptide enrichment, TMT-labelling, and LC-MS/MS 

analysis of samples for the proteomics and phosphoproteomics experiments were 

conducted by Simeon Mihaylov (Kinases and Brain Development Laboratory, The 

Francis Crick Institute) supported by Mike Skehel and Helen Flynn (Proteomics 

Scientific technology platform, The Francis Crick Institute).  
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Bioinformatics analysis was conducted by Simeon Mihaylov and Sila Ultanir (Kinases 

and Brain Development Laboratory, The Francis Crick Institute). Volcano plots were 

produced by Simeon Mihaylov. Data interpretation was performed in a collaborative 

manner.  

 

2.6.1 Cell culture and treatments 

For LLOMe treatment, 5 x 105 cells/ml were plated in three 50 mm non-treated tissue-

culture dishes (122-17, Thermo Scientific). For control, 6 x 105 cells/ml were plated 

in a 90 mm petri dish (101R20, Thermo Scientific). Cells were treated with LLOMe 

for 30 min at a concentration of 1 mM by dilution in RPMI medium. Following 

treatment, cells were washed once in ice-cold PBS and then detached with ice-cold 

PBS containing Sigma Phosphatase Inhibitor Cocktail 3 (539134, Merck), 

CoMPLETE Protease Inhibitor tablets (11873580001, Merck), Pierce Phosphatase 

Inhibitor Mini Tablets (A32957, Thermo Fisher Scientific), 500 nM Okadaic acid 

(A4540, Stratech) and 1 mM EDTA (11568896, Invitrogen). A pellet was collected by 

centrifugation (350 xg for 5 min) and the pellet was flash-frozen using dry ice/iso-

propanol.  Four replicates were collected per condition.  

 

2.6.2 Cell lysis and protein quantification 

Pellets were lysed in Urea lysis buffer (8 M urea, 50 mM HEPES pH8.2, 10 mM 

glycerol-2-phosphate, 50 mM NaF, 5 mM sodium pyrophosphate, 1 mM EDTA, 1 mM 

EGTA, 1 mM sodium vanadate, 1 mM DTT, 2X cOmplete protease inhibitor cocktail 

(Merck), 1X phosphatase inhibitor cocktail 3 (Sigma), 500 nM okadaic acid, 1 M 

microcystin-LR). After protein concentration was measured using Pierce BCA assay, 

equal amount (between 165-200 g) was used of each sample for TMTpro 

multiplexed quantitative proteomics.  
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2.6.3 TMT-labelling 

Each sample was reduced with 10 mM DTT for 1 h at 56°C and alkylated with 20 

mM IAA for 30 min in the dark at room temperature. The reaction was quenched with 

20 mM DTT then diluted to <2 M urea with 50 mM HEPES pH8.5. Each resuspended 

sample was digested with 3.75 µg LysC (Lysyl endopeptidase, 125-05061, FUJIFILM 

Wako Chemicals) and 12.5 µg Trypsin (MS grade, 90058, ThermoFisher Scientific) 

at 37°C shaking overnight. Each sample was cleaned-up using Nest Group 

BioPureSPN MACRO (Proto 300 C18; Part# HMM S18V) and vacuum-dried. 

Samples were then tandem mass tag (TMT) labelled for an hour at room temperature 

using a TMTpro 16plex Isobaric Label Reagent Set (0.8 mg per tag, A44520, 

ThermoFisher Scientific; LOT VE299607) and following manufacturer’s instructions. 

A small aliquot of each sample was collected for a labelling efficiency and mixing 

accuracy quality checks (QCs) by liquid chromatography tandem mass spec (LC-

MS/MS) using Orbitrap Eclipse Tribrid mass spectrometer and a 60 min HCD MS2 

fragmentation method. The rest of the sample was stored at -80°C until QC results. 

Labelling efficiency of higher than 99% was obtained for each reaction and a mixing 

accuracy with lower than 1.5x difference between samples with lowest and highest 

summed intensity.  

 

2.6.4 Mass spectrometry 

Samples were defrosted, quenched with hydroxylamine for 15 min at room 

temperature and pooled together. Combined mixture was partially vacuum-dried and 

acidified to pH 2.0 followed by sample clean-up using C18 Sep Pak 1cc Vac, 100 mg 

bed volume (Waters). Final mixing check was performed by LC-MS/MS with a 240 

min HCD MS2 fragmentation method. The peptide mixture was then subjected to 

high-select sequential enrichment of metal oxide affinity chromatography (SMOAC) 

to capture phospho-peptides. It was first passed through a high-select TiO2 phospho-

enrichment column (Thermo Scientific, A32993) following manufacturer protocol. 

Flow-through and wash fractions were combined, dried, and subsequently used for 

Fe-NTA phospho-enrichment (Thermo Scientific, A32992). One tenth of the 

combined flow-through and wash fractions from this enrichment was used for total 

proteome analysis. The eluates from SMOAC were freeze-dried, solubilised, and 
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pooled together. Both total proteome and phospho-proteome samples were 

subjected to high pH reversed phase fractionation (Thermo Scientific, 84868), dried 

and resolubilised in 0.1% TFA prior to LC-MS/MS. Total proteome was analysed on 

Orbitrap Eclipse Tribrid (Thermo) mass spectrometer using 180 min HCD MS2 

fragmentation method and 180 min real-time search (RTS) MS3 method (Schweppe 

et al., 2020). The phosphoproteome was analysed using 180 min HCD MS2 and 180 

min MSA SPS MS3 as described in (Jiang et al., 2017).  Xcalibur software was used 

to control the data acquisition. The instrument was run in data dependent acquisition 

mode.  

 

2.6.5 Data analysis 

Raw data were processed using MaxQuant v2.1.3.0 and Uniprot mouse reference 

proteome from March 2021. Processed data were then analysed using an R-coding 

script tailored to isobaric labelling mass spectrometry. The script was generated as 

a hybrid using the backbone and differential gene expression analysis of ProteoViz 

package (Storey et al., 2020) as a general script workflow and borrowing the 

normalization script from Proteus package (Marek et al.). Briefly, the 

“proteinGroups.txt” and “Phospho (STY)Sites.txt” tables were read into matrices and 

filtered for “reverse” hits, “potential contaminant” and proteins “only identified by site”.  

TMT LOT-corrected reporter intensities were then normalized using CONSTANd 

(Van Houtven et al., 2021), log2-transformed and differentially analysed using Linear 

Models for Microarray Data (limma). Volcano plots were generated using ggrepel (a 

ggplot2 extension) as part of the tidyverse.  
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Chapter 3. Results 1 Characterisation of a 

macrophage model to study LRRK2 mutations 

3.1 Characterisation of murine RAW 264.7 cells carrying LRRK2 

mutations  

RAW 264.7 cells are a macrophage-like cell line developed in 1978 from an Abelson 

leukaemia virus induced-lymphoma in a male BALB/c mouse (Raschke et al., 1978). 

The cells show properties of macrophages including phagocytosis of zymosan and 

latex beads, secretion of lysozyme, and secretion of cytokines in response to LPS 

(Raschke et al., 1978; Salo et al., 1985). Due to genome alterations, RAW 264.7 

cells continuously proliferate in cell culture and are widely used as an in vitro 

macrophage model. 

 

Professor Erwin Schurr (McGill University Health Centre, Montreal) kindly gifted 

RAW 264.7 cells which were genome edited to express LRRK2-G2019S, LRRK2-

R1398H, LRRK2-N551K and LRRK2-R1398H-N551K (Dallmann-Sauer et al.). The 

gain-of-function LRRK2-G2019S is the most common PD-associated mutation 

(Ferreira and Massano, 2017; Paisan-Ruiz et al., 2004; Williams-Gray et al., 2006), 

located in the kinase activation loop of LRRK2. LRRK2-G2019S is reported to 

increase kinase activity 1.4 to 3-fold in vitro (Greggio et al., 2006; Myasnikov et al., 

2021; West et al., 2005). LRRK2-N551K and LRRK2-R1398H are single point 

mutations located in between the ARM and ANK, and in the ROC domains of LRRK2, 

respectively (Hui et al., 2018). These mutations are protective against the 

development of PD, associated with a 20% reduced risk of developing disease 

(Gopalai et al., 2019). A similar protective effect is reported for the LRRK2-N551K-

R1398H mutation (Hui et al., 2018). As such, this in vitro system was chosen as the 

model of choice for initial experiments to study the effect of PD-associated LRRK2 

mutations on macrophage function. 

 

Upon receipt of the cells, I performed PCR and Sanger sequencing to confirm the 

genotypes. The following primers were used: 
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PCR primer name: Sequence 

R1398H_GR1 5’ – CAT GGG AGG ACA CAT CTT TAA 

ACT C -3’ 

R1398H_GF1 5’ – GAG AGG TCT AAA TTG CTT GGT 

TGG C -3’ 

G2019S_GR1 5’ – TAT ATC TCC TAG ACC CAC ACT 

TGA G – 3’ 

G2019S_GF1 5’ – TAC CAG GCT TGA TGC TTT AGT 

TAT G -3’ 

N551K_GR1 5’ – GGA TCA TAA AAG AAG AAC GGC 

CTA C -3’ 

N551K_GF1 5’ – CTA GTC TGA CCC AAA TTA TCC 

TAG C -3’ 

Sequencing primer name: Sequence 

G2019S_SR1 5’ – GGG CAC TGA TGG TCC ACT GC -

3’ 

G2019S_SF1 5’ – TGG CAG GTA TCT CCA CTC AG -

3’ 

R1398H_SR1 5’ – GAT CAG AAG AAA TCA CCT TG -

3’ 

R1398H_SF1 5’ – CAT GGG AAT GAT GTC TGT TG -

3’ 

N551K_SR1 5’ – ATG ACT TCT AAC TAT CAT AG-3’ 

N551K_SF1 5’ – GGA CTA TTG GAA GAA TCC AG -

3’ 

Table 3.1.1. Primers used for PCR and sequencing in RAW 264.7 cells. 

 

Gel electrophoresis performed on the PCR products revealed some abnormalities: 

no product was detected in the N551K-R1398H DNA when PCR was performed with 

the N551K primer (Figure 3.1.1, lane 3); and a double band PCR product was found 

in the LRRK2-G2019S DNA (Figure 3.1.1, lane 6).  
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Figure 3.1.1. PCR amplification of LRRK2-mutated DNA segments in RAW 264.7 

cells.Agarose gel electrophoresis after amplification of LRRK2 mutated DNA 
fragments using N551K, R1398H or G2019S primers by PCR. Samples were 
analysed by gel electrophoresis through 1% (wt/vol) agarose gel. Gels were stained 
with SYBR safe, and DNA was visualised under UV. Lanes: 1, 1kb plus DNA ladder  
(Biolabs, N3200L); 2, R1398H-N551K RAW cells (primer: R1398H); 3, R1398H-
N551K RAW cells (primer: N551K); 4, N551K RAW cells (primer: N551K); 5, R1398H 
RAW cells (primer: R1398H); 6, G2019S RAW cells (primer: G2019S), 7, LRRK2 WT 
RAW cells (primer: G2019S), 8, LRRK2 WT RAW cells (primer: N551K), 9, LRRK2 
WT RAW cells (primer: R1398H), 10-12 negative controls (N551K, R1398G and 
G2019S primers, respectively). 
 

Sanger sequencing revealed that only the R1398H mutation was present in the 

R1398H and N551K-R1398H cells. The N551K mutation was not detected in the 

N551K or N551K-R1398H cells and the G2019S mutation was not detected in the 

LRRK2-G2019S cells (Figure 3.1.2). I therefore decided to discontinue experiments 

with these cells and instead use a different biological system.  
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Figure 3.1.2. RAW 264.7 cells do not show the stated LRRK2 mutations.Sanger 
sequencing of PCR products from LRRK2 mutant RAW 264.7 cells (A) LRRK2-
G2019S DNA (upper band, G2019S primer) (B) LRRK2-G2019S DNA (lower band, 
G2019S primer) (C) LRRK2-R1398H DNA (R1398H primer) (D) LRRK2-N551K DNA 
(N551K primer) (E) LRRK2-N551K-R1398H DNA (N551K primer) (F) LRRK2-
N551K-R1398H DNA (R1398H primer)  
 

3.2 Characterisation of murine bone marrow derived 

macrophages carrying LRRK2 mutations 

As an alternative biological system for studying LRRK2 mutations in macrophages, 

we generated bone marrow derived macrophages (BMDM) from mice homozygous 

for LRRK2-G2019S (Tac-G2019S) and wild-type controls (Tac-WT) (Matikainen-

Ankney et al., 2016). Murine BMDM are advantageous in that they are primary cells 

with a normal karyotype and are more physiologically relevant than macrophage cell 

lines. As a control for LRRK2 kinase activity, we generated BMDM from mice 

expressing a kinase-dead form of LRRK2 (NJ-D1994A) and wild-type LRRK2 (NJ-

WT) (Crabbe et al., 1985). As a control for LRRK2 kinase, GTPase and non-

enzymatic activities, we generated BMDM from LRRK2 KO mice (6J-LRRK2KO) and 

wild-type LRRK2 (6J-WT) (Parisiadou et al., 2009). Importantly, each mouse was 



Chapter 3 Results 

 

100 

 

genotyped by ear notch sampling and sequencing (Transnetyx) prior to use in 

experiments. 

 

3.2.1 LRRK2 mutations do not alter BMDM surface marker expression 

Cells were first characterised by flow cytometry to confirm successful differentiation 

of macrophages from bone marrow precursor cells and identify possible effects of 

LRRK2 mutations on differentiation (Figure 3.2.1). BMDM across all genetic 

backgrounds showed surface expression of the macrophage markers CD11b, F4/80, 

MHCII, TLR2, CD80, CD206 and the dendritic cell marker CD11c, confirming 

previous reports that GM-CSF differentiation of bone marrow precursor cells results 

in a heterogeneous population mixed between macrophages and dendritic cell-like 

(Helft et al., 2015; Na et al., 2016). In addition, the levels of expression of all markers 

were similar between the LRRK2-mutant and LRRK2-wild-type macrophages, 

indicating that LRRK2 mutations do not alter differentiation in vitro.  
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Figure 3.2.1. BMDM express markers of macrophage and dendritic cell 

differentiation  

Flow cytometry characterisation of surface expression of macrophage markers. Data 
is from one representative experiment. Data are presented as histograms with 
compensated fluorescence of the indicated surface marker on the x-axis. (A) Tac-
WT and Tac-G2019S macrophages (B) NJ-WT and NJ-D1994A macrophages (C) 
6J-WT and 6J-LRRK2KO macrophages. 
 

3.2.2 LRRK2 mutations do not alter total LRRK2 protein expression in BMDM 

Western blot analysis of BMDM using LRRK2 monoclonal antibody (MJFF (c41-2), 

ab33474) showed that BMDM express full-length LRRK2 (molecular weight 286 kDa) 

except for 6J-LRRK2KO macrophages, as expected (Figure 3.2.2). There were no 

differences in LRRK2 expression between Tac-WT and Tac-G2019S, or NJ-WT and 

NJ-D1994A macrophages, respectively. LRRK2 expression levels were not 

significantly different between the wild-type macrophages. Interestingly, a second 

band on the LRRK2 membrane with a molecular weight of around 170 kDa (relative 

to size markers on the protein ladder) was present in wild-type, Tac-G2019S and NJ-

D1994A macrophages. This band appeared to be specific for LRRK2 as it was 

absent in the 6J-LRRK2KO lysate.  An additional LRRK2 band at a similar molecular 

weight has been previously described in human iPSDM and iPSC-derived microglia, 

although its function is unknown (Lee et al., 2020). 

 

 

Figure 3.2.2. LRRK2 levels do not differ in LRRK2 mutant macrophages 

(A) Western blot analysis of LRRK2 and -actin from resting BMDM. One 
representative blot is shown. (B) LRRK2 band intensity was quantified by 
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densitometry and normalised to -actin. Data are mean ± SD from 3 independent 
experiments. Statistical analysis by one-way ANOVA with Šidák’s multiple 
comparisons test. ns = non-significant. 
 

3.2.3 LRRK2 mutations do not alter LAMP-1 protein expression or localisation 

in BMDM 

LRRK2 is implicated in lysosomal function, and there are reports that show 

proteolytic activity and lysosomal function is impacted by the LRRK2-G2019S 

mutation (Henry et al., 2015; Narayana and Shawn, 2023). I therefore investigated 

lysosomal content and function in the BMDM. Lysosomal-associated membrane 

protein-1 (LAMP-1) is an abundant lysosomal membrane glycoprotein (Chen et al., 

1985). Western blot analysis for LAMP-1 showed similar levels of expression 

between the genotypes, indicating no differences in total lysosomal content (Figure 

3.2.3). 

 

 

Figure 3.2.3. LAMP-1 levels do not differ in LRRK2 mutant macrophages 

(A) Western blot analysis of LAMP-1 and -actin from BMDM. One representative 
blot is shown. (B) LAMP-1 band intensity was quantified by densitometry and 

normalised to -actin. Data are mean ± SD from 3 independent experiments. 
Statistical analysis by one-way ANOVA with Šidák’s multiple comparisons test. ns = 
non-significant. 
 

Immunofluorescence for LAMP-1 was also performed in Tac-WT and Tac-G2019S 

BMDM. This revealed a highly dense and compact network of LAMP-1+ lysosomes 

throughout the cytosol (Figure 3.2.4). The compact nature of the LAMP-1+ 

compartment in BMDM precluded accurate analysis of lysosomal number, diameter, 

and shape. However, there were no differences in total LAMP-1+ area per cell or 
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LAMP-1 cytoplasmic mean intensity between Tac-WT and Tac-G2019S 

macrophages (Figure 3.2.4).  

 

 

Figure 3.2.4. Tac-WT and Tac-G2019S BMDM show no differences in LAMP-1 

immunofluorescence 

(A) Tac-WT and Tac-G2019S BMDM were fixed and stained for LAMP-1 by 

immunofluorescence. Upper panel scale bars represent 20 m; lower panel scale 

bars represent 10 m. Scatterplots show quantification of (B) LAMP-1 positive area 
per cell and (C) cytoplasmic LAMP-1 mean fluorescence per cell from three 
independent experiments (each point represents the mean value from one well). 
Statistical analysis is by two-tailed t-test. 
 

3.2.4 Lysosomal content, acidity and proteolytic activity are not altered by 

LRRK2 mutations in BMDM 

Next, macrophages were stained with Lysotracker DND-99 (LTR). LTR is a 

hydrophobic weak base that selectively accumulates in acidic membrane-bound 

compartments of the cell, thus predominantly labelling lysosomes and late 

endosomes (Chazotte, 2011). LTR enters cells by diffusion and staining is 

independent of endocytosis (Chazotte, 2011). LTR may also serve as an indicator of 

lysosomal pH because the amount of LTR that accumulates within a lysosome is 

partially dependent on the acidity of the lysosome (Kazmi et al., 2013). When BMDM 

were stained with LTR there was a heterogeneous staining pattern: within a single 

field, some macrophages showed high intensity LTR staining in a punctate pattern; 

while other macrophages showed low intensity LTR staining in a punctate pattern or 

low/intermediate intensity diffuse cytosolic staining (Figure 3.2.5). Further, within a 
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single cell there were often heterogeneous patterns of LTR staining as described. At 

this resolution, it was not possible to discern single lysosomes in areas of the cytosol 

with diffuse-pattern staining, precluding analysis of lysosomal number, size, and 

shape. There were no differences in LTR mean cytoplasmic fluorescence intensity 

or LTR positive cell area between LRRK2 mutant and LRRK2KO BMDM and their 

respective wild types (Figure 3.2.5). Notably, LTR mean intensity was variable 

between wild-types, indicating that the genetic background of the cell influences 

lysosomal acidity (Figure 3.2.5).  

 

 

Figure 3.2.5. Lysotracker immunofluorescence does not differ in LRRK2 mutant 

macrophages  

(A) Representative images of live BMDM stained with LTR and Hoechst dyes. Scale 

bars = 20m. (B) Quantitative analysis of mean LTR fluorescence intensity (MFI) in 

the cytoplasm and (C) LTR positive area per cell (m2). Data shown is the mean  
SEM from 3 independent experiments. Statistical analysis is by two-tailed t-test.  
 

I next analysed differences in lysosomal proteolytic activity in Tac-WT, Tac-G2019S, 

NJ-WT and NJ-D1994A BMDM utilising the DQ-BSA probe. DQ-BSA is a bovine 

serum albumin (BSA) labelled with BODIPY TR-X dye. The BODIPY TR-X 
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component is self-quenching and produces minimal fluorescence. However, 

proteolytic cleavage of DQ-BSA results in release of fragments which have ex = 590 

nm and em = 620 nm. Thus, DQ-BSA fluorescence is a measurement of proteolytic 

activity in cells: higher proteolytic activity results in higher fluorescence. DQ-BSA 

uptake is dependent on the endocytosis pathway (Marwaha and Sharma, 2017). To 

control for differences in endocytic uptake, I incubated cells with BSA-488, a 

fluorescent dye which is also taken into the cell by endocytosis but maintains a 

constant level of fluorescence independent of proteolytic activity. This method has 

been previously used to measure the proteolytic activity of LRRK2 in macrophages 

(Yadavalli and Ferguson, 2023).  

 

In contrast to previous reports (Yadavalli and Ferguson, 2023), there were no 

significant differences in DQ-BSA/BSA-488 fluorescence intensity ratio between 

LRRK2 mutant macrophages and their respective wild-type macrophages, indicating 

that LRRK2 mutations do not alter proteolytic activity in these cells (Figure 3.2.6).  
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Figure 3.2.6. LRRK2 mutations do not alter proteolytic activity in BMDM 

(A) Representative images of live BMDM following incubation with DQ-BSA, BSA-

488 and NucBlue dyes. Scale bars = 20 m. (B) Quantitative analysis of the mean 
DQ-BSA cytoplasmic intensity/mean BSA-488 cytoplasmic intensity ratio. Data 
shown are mean from 3 independent experiments. One-way ANOVA followed by 
Šidák’s multiple comparisons test. 
 

3.3 Characterisation of induced pluripotent stem cell derived 

macrophages from a LRRK2-G2019S Parkinson’s disease 

patient and CRISPR/Cas9-generated isogenic control cells 

3.3.1 Collaboration statement  

Development of the CRISPR/Cas9 strategy for generation of isogenic control iPSC 

was performed by Dr Enrica Pellegrino and Natalia Athanasiadi (Host-Pathogen 

Interactions in Tuberculosis Laboratory, The Francis Crick Institute). Culture of iPSC, 

differentiation into macrophages and maintenance of macrophage factories was 
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performed by Natalia Athanasiadi (Host-Pathogen Interactions in Tuberculosis 

Laboratory, The Francis Crick Institute). Flow cytometry experiments were performed 

in a collaborative manner with Dr Chak Hon Luk (Host-Pathogen Interactions in 

Tuberculosis Laboratory, The Francis Crick Institute). I carried out cell culture of 

iPSDM, compound treatments and fixation, staining and imaging, and Western blot 

analysis. I carried out all image analysis and statistical analyses.  

 

3.3.2 LRRK2-G2019S iPSDM show increased expression of the surface 

marker CD169  

We obtained iPSC derived from PD patients harbouring the G2019S mutation, 

obtained through the Michael J Fox Foundation PPMI resource, which were gene-

corrected to produce an isogenic control iPSC line using CRISPR/Cas9 genome 

editing (see material and methods). As a result, we obtained LRRK2-G2019S (PPMI 

ID clone: CDI00002173) and isogenic control cells (PPMI ID clone: 0043052321). 

iPSDM were differentiated following a well-established protocol (Bernard et al., 2020; 

van Wilgenburg et al., 2013). 

 

Flow cytometry showed that iPSDM expressed the macrophage markers CD116, 

CD119, CD169 and CD86 (Figure 3.3.1). The G2019S and isogenic iPSDM 

expressed these markers at similar levels except for CD169, which was expressed 

at a higher level in G2019S iPSDM. Some macrophage markers, such as CD14, 

CD16, CD163, and CD206 were not expressed. Negative expression of these 

markers has been previously reported in iPSDM differentiated by this protocol, but 

macrophage functionality was maintained (Bernard et al., 2020).  

 

 

Figure 3.3.1. iPSDM derived from Parkinson's disease patient carrying LRRK2-

G2019S show markers of macrophage differentiation 
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Flow cytometry characterisation of surface expression of macrophage markers. Data 
is from one representative experiment. Data is presented as histograms with 
compensated fluorescence of the indicated surface marker on the x-axis.  
 

3.3.3 LRRK2-G2019S iPSDM show similar levels of LRRK2 protein expression 

Western blot analysis confirmed LRRK2 expression in the iPSDM, with comparable 

levels of expression between G2019S and isogenic control iPSDM (Figure 3.3.2). In 

addition, a band around the 170 kDa, as seen in murine BMDM, was present.  

 

 

Figure 3.3.2. LRRK2 levels do not differ between G2019S and isogenic control 

iPSDM 

(A) Western blot analysis of LRRK2 and -actin from iPSDMs. One representative 
blot is shown. (B) LRRK2 band intensity was quantified by densitometry and 

normalised to -actin. Data are mean ± SD from 3 independent experiments. 

Statistical analysis by two-tailed t-test.   
 

3.3.4 LRRK2-G2019S macrophages show similar lysosomal content, pH and 

proteolytic activities 

Next, lysosomal content and pH were analysed in iPSDM. LTR staining produced 

higher fluorescence intensity values then those seen in BMDM, indicating lower 

lysosomal pH in this cell type. However, like LTR imaging in BMDM, there was a 

heterogenous staining pattern both between and within cells. Many macrophages 

contained a high number of LTR positive vesicles in the cytosol which, even within a 

single plane, made it challenging to accurately mask individual lysosomes (Figure 

3.3.3). Consistent with the data in BMDM, there were no differences in LTR mean 
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cytoplasmic fluorescence intensity or LTR positive cell area between G2019S and 

isogenic control iPSDM (Figure 3.3.3).  

 

 

Figure 3.3.3. LTR staining does not differ in G2019S iPSDM 

((A) Representative images of live iPSDM stained with LTR and NucBlue dyes. Scale 

bars = 20m. Quantitative analysis of (B) mean LTR fluorescence intensity (MFI) in 

the cytoplasm (C) LTR positive area per cell. Data shown is the mean  SD from 3 
independent experiments. Statistical analysis is by two-tailed t-test.  
 

Finally, iPSDM were incubated with DQ-BSA to check for differences in proteolytic 

activity, using the BSA-488 probe as a control for endocytic uptake as described 

previously. There were no differences in DQ-BSA/BSA-488 fluorescence intensity 

ratio between G2019S and isogenic control iPSDM, indicating that there were no 

differences in proteolytic activity.  

 

 

Figure 3.3.4. Proteolytic activity does not differ in G2019S iPSDM 

(A) Representative images of live iPSDM incubated with DQ-BSA, BSA-488 and 

NucBlue dyes. Scale bars = 20 m. (B) Quantitative analysis of the mean DQ-BSA 



Chapter 3 Results 

 

110 

 

cytoplasmic intensity/mean BSA-488 cytoplasmic intensity ratio. Data shown are 
mean from 3 independent experiments. Statistical analysis is by two-tailed t-test. 
 

3.4 Multiplex cytokine and chemokine profiling in human iPSDM 

To explore whether LRRK2 kinase activity and LRRK2-G2019S alters cytokine 

secretion in macrophages, cell supernatants were collected from LRRK2-G2019S 

and isogenic control iPSDM and analysed using a Luminex multiplex array which 

detects a panel of 27 cytokines. As innate immune cells, macrophages express toll-

like receptors (TLRs) on their cell surface which recognise and bind to specific 

pathogen-associated molecular patterns (PAMPs) found on bacteria, fungi, and 

viruses. The resulting signalling pathway and cell response is TLR receptor type-

specific, so I decided to explore cytokine release following multiple different TLR 

agonists. In addition, IFN- is a cytokine that is secreted primarily by NK cells and T 

cells and results in macrophage activation (Ivashkiv, 2018). IFN- is linked to LRRK2 

function in immunity as it has been shown to bind to the promoter region of the 

LRRK2 gene and increase LRRK2 expression in cells including macrophages 

(Gardet et al., 2010; Lee et al., 2020).  

 

Macrophages were stimulated with lipopolysaccharide (LPS), Pam3CysSerLys3 

(PAM3CSK4), polyinosinic:polycytidylic acid (poly(I:C)) and interferon-gamma (IFN-

) for 24 h in X-VIVO media or in X-VIVO media containing the LRRK2 kinase inhibitor 

MLi-2. A summary of the target receptor, transcription factor and effectors of these 

treatments in immune cells are summarised in Table 3.4.1.  

 

Name Produced 

by 

Target Transcription 

factors 

Effectors/results of 

binding 

LPS Gram-

negative 

bacteria 

TLR4 IRF-3 and NF-

B (MYD88) 

Type 1 interferons & 

proinflammatory 

cytokines 

PAM3CSK4 Fungi TLR2/1 NF-B 

(MYD88) 

Type 1 interferons and 

IL-1 
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Poly(I:C) Viruses TLR3 IRF-3 Type 1 interferons & 

proinflammatory 

cytokines 

IFN- NK cells, 

CD8 and 

TH1 T 

cells 

IFN- 

receptor 

STAT1 Macrophage 

reprogramming – “M1 

phenotype” 

Increased LRRK2 

expression 

Table 3.4.1 Summary of target receptor, transcription factor and cytokine release 

following treatment with LPS, PAM3CSK4, Poly(I:D) and IFN-.  

Data is taken from (Doan et al., 2022) and (Ivashkiv, 2018).  
 

First, I compared cytokine secretion in MLi-2- versus DMSO-treated LRRK2-G2019S 

and isogenic control iPSDM. There was minimal cytokine secretion in the 

supernatant with only 5 cytokines detected across at least three independent 

experiments. 22 cytokines were below the lower limit of detection of the assay and 

not included in statistical analysis (Figure 3.4.1). Isogenic control and LRRK2-

G2019S iPSDM showed no significant changes in any of the detected cytokines with 

MLi-2 treatment or in control conditions (Figure 3.4.1). 

 

 

Figure 3.4.1. Cytokine secretion is not altered by MLi-2 in LRRK2-G2019S or 

isogenic control iPSDM 

Cell supernatant was collected from LRRK2-G2019S and isogenic control iPSDM 
after 24 h cell culture in X-VIVO media containing MLi-2 100 nM or DMSO. Bar 
graphs show the mean + SEM concentration of the indicated cytokines (pg/ml) from 
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three independent experiments. Only cytokines which were detected in all three 
independent experiments are shown. Statistical significance was tested using two-
way ANOVA with Bonferroni multiple comparison test. ns = not significant.  
 

Next, LRRK2-G2019S and isogenic control iPSDM were treated with the TLR4 

agonist LPS, resulting in increased secretion of all 27 cytokines. TNF-, MIP-1, IL-

8 and MCP-1 levels increased beyond the upper detection limit of the assay. IL-13 

levels showed only a marginal increase, reaching a maximum level of 1.88 pg/ml and 

were discounted from statistical analysis. The concentration of IL-6, IL-10 and G-

CSF increased 1000-fold; IL-2, IL-5, IL-9, IL-15, IL-17, IP-10, MIP1a, PDGF-bb, 

RANTES and VEGF increased 100-fold; and eotaxin, IFN-, IL-1, IL-1ra, IL-12, 

FGF-basic and GM-CSF increased 10-fold from levels detected in control 

macrophages (Figure 3.4.2). IL-6 concentration was significantly higher in LRRK2-

G2019S iPSDM, and this increase was dependent on LRRK2 kinase activity as the 

effect was reversed by treatment with MLi-2 (Figure 3.4.2). There was a trend for 

increased secretion of IL-10 and IP-10 in LRRK2-G2019S iPSDM, however this did 

not reach statistical significance. In addition, there was a trend for MLi-2 to decrease 

RANTES production in both isogenic and LRRK2-G2019S iPSDM treated with LPS, 

but again this did not reach statistical significance.   
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Figure 3.4.2 IL-6 secretion is increased in LRRK2-G2019S iPSDM after LPS treatment and is MLi-2 dependent.  

Cell supernatant was collected from LRRK2-G2019S and isogenic control iPSDM after 24 h cell culture in X-VIVO media containing 
LPS or LPS + MLi-2. Bar graphs show the mean + SEM concentration of the indicated cytokines (pg/ml) from five independent 
experiments. Only cytokines which were detected in at least three independent experiments are shown. Statistical significance was 
tested using two-way ANOVA with Bonferroni multiple comparison test. Only p-values from the significantly altered cytokine are 
shown. ns = not significant.
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Next, G2019S and isogenic control iPSDM were treated with the TLR2/1 agonist 

PAM3CSK4, resulting in increased secretion of all cytokines except for IL-13, which 

was below the lower limits of detection of the assay. TNF-, MIP-1, IL-8 and MCP-

1 levels increased beyond the upper detection limit of the assay. The concentration 

of IL-1ra, IL-6, G-CSF and MIP-1a increased 1000-fold; IL-2, IL-5, IL-9, IL-10, IL-15, 

IL-17, IFN-G, IP-10, PDGF-bb and VEGF increased 100-fold; and IL-1beta, IL-4, IL-

7, IL-12, eotaxin, FGF-basic, GM-CSF and RANTES increased 10-fold (Figure 3.4.3). 

There were no differences in the concentration of the measured cytokines between 

LRRK2-G2019S and isogenic control iPSDM in cells treated with PAM3CSK4 or 

PAM3CSK4 + MLi-2 (Figure 3.4.3). However, MLi-2 treatment significantly reduced 

the concentration of IL-6 in isogenic iPSDM (Figure 3.4.3). MLi-2 treatment did not 

significantly alter the concentration of any of the other measured cytokines after 

PAM3CSK4 treatment.   
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Figure 3.4.3. Cytokine secretion in LRRK2-G2019S and isogenic control iPSDM treated with PAM3CSK4  MLi-2  

Cell supernatant was collected from LRRK2-G2019S and isogenic control iPSDM after 24 h cell culture in X-VIVO media containing 
PAM3CSK4 or PAM3CSK4 + MLi-2. Bar graphs show the mean + SEM concentration of the indicated cytokines (pg/ml) from five 
independent experiments. Only cytokines which were detected in at least three independent experiments are shown. Statistical 
significance was tested using two-way ANOVA with Bonferroni multiple comparison test. Only p-values from the significantly altered 
cytokine are shown. ns = not significant.
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Poly(I:C) treatment resulted in increased supernatant concentrations of 23 cytokines, 

although the concentrations reached were lower than those found in cells treated 

with LPS or PAM3CSK4. IL-13, IL-14 and IL-15 levels were below the lower detection 

limit of the assay and were not included in statistical analysis. MIP-1 and IL-8 levels 

were above the upper detection limit of the assay and were not included in statistical 

analysis. TLR3 activation by poly(I:C) did not result in any significant differences 

between LRRK2-G2019S and isogenic control iPSDM, and cytokine secretion was 

not altered by MLi-2 in any of the conditions (Figure 3.4.4).  
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Figure 3.4.4. Cytokine secretion in LRRK2-G2019S and isogenic control iPSDM treated with Poly(I:C)  MLi-2 

Cell supernatant was collected from LRRK2-G2019S and isogenic control iPSDM after 24 h cell culture in X-VIVO media containing 
Poly(I:C) or Poly(I:C) + MLi-2. Bar graphs show the mean + SEM concentration of the indicated cytokines (pg/ml) from four 
independent experiments. Only cytokines which were detected in at least three independent experiments are shown. Statistical 
significance was tested using two-way ANOVA with Bonferroni multiple comparison test. ns = not significant.
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When LRRK2-G2019S and isogenic control iPSDM were treated with IFN-, there 

was an increase in the production of 18 cytokines. MCP-1, IL-5, IL-13, IL-15 and 

PDGF-bb concentrations were outside the assay detection limits and were excluded 

from statistical analysis. Levels of IL-1ra, GM-CSF, RANTES did not increase 

beyond those seen in untreated macrophages. There was a small 1-2-fold increase 

in IL-2, IL-4, IL-8, IL-10, IL-12, eotaxin, FGF-basic and MIP-1b. A 10-fold increase 

was seen in IL-6, IL-9, IL-17, G-CSF, MIP-1a, TNF-alpha and VEGF. The 

concentration of IP-10 increased 1000-fold and was significantly higher in IFN--

treated LRRK2-G2019S iPSDM than isogenic control iPSDM (Figure 3.4.5). 

However, this effect was MLi-2 independent because this difference was maintained 

in macrophages treated with IFN- + MLi-2. There were no other significant changes 

between LRRK2-G2019S and isogenic control iPSDM and IFN--mediated cytokine 

release was not MLi-2 dependent for any of the other tested cytokines (Figure 3.4.5). 

IFN- concentrations are included in the bar chart to show that its concentration was 

consistent amongst conditions when it was present in the media (Figure 3.4.5).   
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Figure 3.4.5. IFN- treatment results in a MLi-2 independent increase in secretion of IP-10 in LRRK2-G2019S iPSDM 

Cell supernatant was collected from LRRK2-G2019S and isogenic control iPSDM after 24 h cell culture in X-VIVO media containing 

IFN- or IFN- + MLi-2. Bar graphs show the mean + SEM concentration of the indicated cytokines (pg/ml) from four independent 
experiments. Only cytokines which were detected in at least three independent experiments are shown. Statistical significance was 
tested using two-way ANOVA with Bonferroni multiple comparison test. Only p-values from the significantly altered cytokine are 
shown. ns = not significant.
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A summary of the cytokine findings following the different immune agonist treatment 

in LRRK2-G2019S and isogenic control macrophages is shown in the table below. 

 

 Cytokines upregulated in 

LRRK2-G2019S iPSDM 

MLi-2 dependent? 

MLi-2 None N/A 

LPS IL-6 Yes 

PAM3CSK4 None N/A 

Poly(I:C) None N/A 

IFN- IP-10 No 

Table 3.4.2. Summary of cytokine differences in G2019S iPSDM after immune 

stimulation 

 

To summarise, in this chapter I have phenotypically characterised murine BMDM and 

human iPSDM carrying LRRK2 mutations. My results demonstrate that LRRK2 

mutations do not alter macrophage LRRK2 expression, lysosomal content, and 

proteolytic activity. In addition, I found that stimulation of human iPSDM carrying the 

G2019S mutation with LPS and IFN- results in increased secretion of IL-6 and IP-

10, respectively.  
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Chapter 4. Results 2 Defining the substrates of 

LRRK2 kinase in macrophages 

4.1 Lysosomal damage results in LRRK2 kinase dependent 

phosphorylation of Rab8, Rab10 and Rab12  

Having demonstrated that murine BMDM and human iPSDM carrying LRRK2 

mutations show no baseline deficit in lysosomal content or proteolytic activity in 

chapter 3, I next dissected the macrophage response to lysosomal membrane 

damage. To induce lysosomal damage, I used L-leucyl-L-leucine methyl ester 

(LLOMe), a reagent that accumulates within the acidic lysosomal compartment, 

condenses into membranolytic polymers, and ruptures the lysosomal membrane 

(Thiele and Lipsky, 1990b).  

 

LLOMe-induced lysosomal membrane damage resulted in phosphorylation of Rab10 

pT73 and Rab12 pS106 in wild-type BMDM (Figure 4.1.1). Phosphorylation was also 

detected using an anti-Rab8A pT72 antibody (MJF-R20, ab230260), however this 

antibody cross-reacts with phosphorylated Rab3A, Rab35 and Rab43 (Steger et al., 

2017), thus it will be denoted as “pan-phospho-Rab” (Figure 4.1.1). Phosphorylation 

of Rab10 pT73, Rab12 pS106 and pan-phospho-Rab was LRRK2 kinase activity-

dependent because it was inhibited by MLi-2 and was not detected in LRRK2 kinase-

dead BMDM after lysosomal damage (Figure 4.1.1). Although not statistically 

significant, Rab12 pS106/total Rab12 increased from 0.08 at baseline to 0.3 after 

lysosomal damage in an MLi-2-independent manner in LRRK2 kinase-dead BMDM. 

Total levels of Rab8A, Rab10 and Rab12 were not significantly altered in any 

condition (Figure 4.1.1). 
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Figure 4.1.1. Phosphorylation of a subset of Rab GTPases is LRRK2 kinase 

dependent in NJ-WT BMDM  

(A) Western blot analysis of pan-phospho-Rab, Rab8A, Rab10 pT73, Rab10, Rab12 

pS106, Rab12 and -actin in NJ-WT and NJ-D1994A macrophages in untreated, 

LLOMe, LLOMe + MLi-2 and MLi-2 conditions. (B to D) pan-phospho-Rab, Rab10 
pT73 and Rab12 pS106 band intensities were quantified by densitometry and 
normalised to Rab8A, Rab10 and Rab12, respectively. (E to G) Rab8A, Rab10 and 

Rab12 band intensities were quantified by densitometry and normalised to -actin. 

Data are mean ± SD from (B and E) 5 independent experiments and (C and D, F and 
G) 3 independent experiments. Two-way ANOVA followed by Tukey’s multiple 
comparisons test. 
 

Next, I confirmed that Rab10 pT73 and Rab12 pS106 were phosphorylated in 6J-

WT BMDM after LLOMe-induced lysosomal membrane damage (Figure 4.1.2). 

Phosphorylation was also detected by the pan-phospho-Rab antibody in these wild-

type cells. Again, this phosphorylation was LRRK2 kinase dependent because it was 
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inhibited by MLi-2 and was not detected in 6J-LRRK2KO BMDM after lysosomal 

damage (Figure 4.1.2). In addition, there was significantly reduced Rab10 pT73 in 

6J-LRRK2KO compared to 6J-WT BMDM in the control condition. In 6J-LRRK2KO 

BMDM, Rab12 pS106/total Rab12 increased from 0.2 at baseline to 0.5 after 

lysosomal damage in an MLi-2-independent manner, however this small increase 

was not statistically significant (Figure 4.1.2). Total levels of Rab8A, Rab10 and 

Rab12 were not significantly altered in any condition (Figure 4.1.2). 

 

Given that there was a trend for Rab12 pS106 levels to marginally increase with 

LLOMe-treatment in NJ-D1994A and 6J-LRRK2KO BMDM, a small fraction of Rab12 

pS106 may be phosphorylated by kinases other than LRRK2 after lysosomal 

membrane damage, although a larger sample size and other kinase inhibitors would 

be required to test this. 
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Figure 4.1.2. Phosphorylation of a subset of Rab GTPases is LRRK2 kinase 

dependent in 6J-WT BMDM  

(A) Western blot analysis of pan-phospho-Rab, Rab8A, Rab10 pT73, Rab10, Rab12 

pS106, Rab12 and -actin in 6J-WT and 6J-LRRK2KO macrophages in untreated, 
LLOMe, LLOMe + MLi-2 and MLi-2 conditions. (B to D) pan-phospho-Rab, Rab10 
pT73 and Rab12 pS106 band intensities were quantified by densitometry and 
normalised to Rab8A, Rab10 and Rab12, respectively. (E to G) Rab8A, Rab10 and 

Rab12 band intensities were quantified by densitometry and normalised to -actin. 
Data are mean ± SD from 3 independent experiments. Two-way ANOVA followed by 
Tukey’s multiple comparisons test. 
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4.2 A phosphoproteomics approach to identify substrates of 

LRRK2 kinase in macrophages 

4.2.1 Collaboration statement 

I conducted all differentiations of murine haematopoietic progenitor cells to BMDM, 

cell culture, compound treatments, cell detachment and snap freezing for proteomics 

and phosphoproteomics experiments. 

 

Cell lysis, peptide/phosphopeptide enrichment, TMT-labelling, and LC-MS/MS 

analysis of samples for the proteomics and phosphoproteomics experiments were 

conducted by Simeon Mihaylov (Kinases and Brain Development Laboratory, The 

Francis Crick Institute) supported by Mike Skehel and Helen Flynn (Proteomics 

Scientific technology platform, The Francis Crick Institute).  

 

Bioinformatics analysis was conducted by Simeon Mihaylov and Sila Ultanir (Kinases 

and Brain Development Laboratory, The Francis Crick Institute). Volcano plots were 

produced by Simeon Mihaylov. Data interpretation was performed in a collaborative 

manner.  

 

4.2.2 Summary of experimental conditions 

The Western blots in chapter 4.1 showed LRRK2 kinase activity-dependent 

phosphorylation of a subset of Rab GTPases after lysosomal damage in BMDM. A 

previous phosphoproteomics study in HEK293 cells and mouse embryonic 

fibroblasts reported LRRK2 kinase activity-dependent phosphorylation of 10 Rab 

GTPases (Rab 3A/B/C/D, Rab8A/B, Rab10, Rab12, Rab35 and Rab43) (Steger et 

al., 2017). I hypothesised that LRRK2 kinase phosphorylates other substrates in 

macrophages after lysosomal membrane damage. To test this, I collaborated with 

the Kinase and Brain Development Laboratory at the Francis Crick Institute to 

develop a non-biased phosphoproteomics approach.  

 

Phosphoproteomics is a method to quantify a phosphoproteome (total number of 

phosphorylated proteins in a sample) and identify the specific amino acid residues 
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on proteins that are phosphorylated. Phosphoproteomics can also be used to identify 

bona fide substrates of a protein kinase, however this requires genetic or 

pharmacological manipulation to capture kinase-of-interest-specific 

phosphorylations. To identify LRRK2 kinase-specific phosphorylations, I utilised the 

NJ-D1994A macrophages as a genetic control for LRRK2 kinase activity. These cells 

contain endogenous levels of LRRK2 protein (see Figure 3.2.2) with a mutation in 

the kinase domain that results in redundant kinase activity, making this a robust 

control. These cells were selected over the LRRK2KO macrophages due to previous 

reports of compensatory LRRK1 activity in these cells (Tong et al., 2010).  

 

The aim of these experiments was to identify bona fide LRRK2 kinase substrates in 

macrophages in the context of lysosomal membrane damage, during which there is 

Rab12-dependent recruitment of LRRK2 to lysosomes, increased LRRK2 kinase 

activity, and LRRK2-dependent lysosomal membrane repair and lysosomal 

tubulation/sorting driven by LRRK2 (LYTL) (Bonet-Ponce et al., 2020; Dhekne et al., 

2023; Eguchi et al., 2018; Herbst et al., 2020; Wang et al., 2023). In contrast, in 

resting control conditions, LRRK2 is reported to exist as inactive cytosolic monomers 

with minimal kinase activity (Berger et al., 2010; Biskup et al., 2006; Schapansky et 

al., 2014). By utilising genetic manipulation of LRRK2 kinase in NJ-D1994A 

macrophages combined with pharmacological induction of LRRK2 kinase activity by 

LLOMe treatment, we developed a novel approach to LRRK2 phosphoproteomics 

which allows identification of LRRK2 kinase activity-dependent substrates in the 

context of lysosomal damage. Previous LRRK2 phosphoproteomics studies have 

looked at substrates in resting cells or cells treated with LRRK2 kinase inhibitors 

(Steger et al., 2017; Steger et al., 2016; Thirstrup et al., 2017).  

 

The experimental workflow is shown in Figure 4.2.1. From four biological replicates, 

a total of 29,110 phosphosites were identified (Figure 4.2.1).  
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Figure 4.2.1. Phosphoproteomics experimental workflow and analysis 

BMDM were differentiated from NJ-WT and NJ-D1994A mice. Following treatment 
with LLOMe or vehicle control, cells were collected and processed for LC-MS/MS. 
From four biological replicates, a total of 29,110 phosphosites were identified in all 4 
experiments. Data was processed using MaxQuant (Uniprot mouse reference 
genome) and then analysed using R software. The TNT lot-corrected reporter 
intensities were normalised (CONSTANd), log-transformed and analysed using 
limma. The number of significantly altered phosphosites (p-value < 0.0001 and fold-
change > 1.2) within each of the four indicated comparison groups are shown.  
 

4.2.3 Altered phosphorylations between NJ-WT and NJ-D1994A macrophages  

In control conditions, 12 phosphosites on 9 proteins were identified as significantly 

altered between NJ-WT and NJ-D1994A macrophages using selection criteria of 

fold-change > 1.2 and p-value < 0.0001 (Figure 4.2.2). 
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Figure 4.2.2. Phosphorylations altered in control conditions in NJ-D1994A 

macrophages 

Vehicle control-treated NJ-WT and NJ-D1994A BMDM were analysed by mass 
spectrometry. Volcano plot shows the difference in phosphorylation levels between 
NJ-WT and NJ-D1994A BMDM. Each point represents one phosphorylation site of a 
protein. The x-axis shows the log10-transformed fold change, and the y-axis shows 
the significance by -log10-transformed P-value, obtained by linear models for 
microarray data. A fold-change greater than 1.2 and p value <0.0001 was deemed 
significant. 
 

The significantly altered phosphorylation sites were all located on serine or threonine 

amino acid residues, but there were no similarities amongst the peptide sequences 

(Table 4.2.1). 

 

Protein Position 

(probability) 

Peptide Number 

of sites 

Decreased in NJ-D1994A macrophages 

39S ribosomal protein 
L51 (Mrpl51) 

S10 (1) AGSVPWAASRR 1 

Mucin-like 1 (Mucl1) S150 (0.697) QEDNTSHKK 1 

Mitogen-activated 
protein kinase 6 
(Mapk6) 

S189 (1) GHLSEGLVTK 1 

Hyccin 2 (Fam126b) S519 (0.5) SPSFNMQLISQV 1 
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Increased in NJ-D1994A macrophages 

Homocysteine-
responsive ER-resident 
ubiquitin-like domain 
member 2 (Herpud2) 

S90 (0.549) 

S93 (0.535) 

QDEYHMVHLVCASRSPPSS

PK 

2 

60S ribosomal protein 
L6 (Rpl6) 

S65(1) 

S81(1) 

GIGRYSR 
RKYSAAK 

2 

BTB/POZ domain-
containing protein 
KCTD12 (Kctd12) 

S178(0.894) 

S153(1) 

EGSLGDELLPLGYAEPEPQ

EGASAGAPSPTLELASR 

2 

Heterochromatin 
protein 1-binding 
protein 3 (Hp1bp3) 

S475(1) ARPSPSVIK 1 

60S ribosomal protein 
L21 (Rpl21) 

T124 (1) EKGTWVQLK 1 

Table 4.2.1. Proteins with significantly altered phosphorylations in control 

conditions between NJ-WT and NJ-D1994A macrophages (fold-change > 1.5, p-

value < 0.0001). The phosphorylation site is marked in bold and underlined.  

 

After LLOMe-induced lysosomal damage, 13 phosphosites on 11 proteins were 

significantly different between NJ-WT and NJ-D1994A macrophages using selection 

criteria of fold change > 1.2 and p-value < 0.0001 (Figure 4.2.3).  

 

 

Figure 4.2.3. Phosphorylations altered by LLOMe in NJ-D1994A macrophages 

LLOMe-treated NJ-WT and NJ-D1994A BMDM were analysed by mass 
spectrometry. Volcano plot shows the difference in phosphorylation levels between 
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NJ-WT and NJ-D1994A BMDM. Each point represents one phosphorylation site of a 
protein. The x-axis shows the log10-transformed fold change, and the y-axis shows 
the significance by -log10-transformed P-value, obtained by linear models for 
microarray data. A fold-change greater than 1.2 and p value <0.0001 was deemed 
significant. 
 

Strikingly, a subset of Rab GTPases (Rab10, Rab12, Rab35, Rab43) were 

significantly less phosphorylated in NJ-D1994A macrophages after LLOMe. These 

phosphorylations were located on a serine or threonine amino acid residue within a 

common peptide sequence: F-X-S/T-I-T-X-X-Y-Y-R (where bold and underlined is 

the phosphorylation site, and X is a variable amino acid) (Table 4.2.2).  

 

Protein Position 

(probability) 

Peptide Number 

of sites 

Decreased in NJ-D1994A macrophages 

Rab10 T73 (1) FHTITTSYYR 1 

Rab12 S105 (1) FNSITSAYYR 1 

Rab35 T72 (1) FRTITSTYYR 1 

Rab43 T80 (1) FRTITQSYYR 1 

39S ribosomal protein L51 
(Mrpl51) 

S10 (1) AGSVPWAASRR 
 

1 

Mucin-like 1 (Mucl1) 
 

S150 (0.697) QEDNTSHKK 1 

Increased in NJ-D1994A macrophages 

Homocysteine-responsive 
endoplasmic reticulum-
resident ubiquitin-like 
domain member 2 protein 
(Herpud2) 

S90 (0.535) 

S93 (0.549) 

QDEYHMVHLVCASRSP
PSSPK 
 

2 

60S ribosomal protein L6 
(Rpl6) 

S81(1) RKYSAAK 1 

BTB/POZ domain-
containing protein KCTD12 
(Kctd12) 

S153 (1) 

S178 (0.894) 

EGSLGDELLPLGYAEPE
PQEGASAGAPSPTLEL
ASR 
 

2 

60S ribosomal protein L21 
(Rpl21) 

T124 (1) EKGTWVQLK 1 

Insulin-like growth factor 2 
mRNA-binding protein 
1(Igf2bp1) 

S181 (1) QGSPVAAGAPAK 1 
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Table 4.2.2. Proteins with significantly altered phosphorylations in LLOMe 

conditions between NJ-WT and NJ-D1994A macrophages (fold-change > 1.5, p-

value < 0.0001). The phosphorylation site is marked in bold and underlined. 

 

In addition to the Rab GTPases, Mrpl51 pS10 and Mucl1 pS150 were significantly 

less phosphorylated in NJ-D1994A macrophages (Figure 4.2.3 and Table 4.2.2). 

These phosphorylations were also significantly reduced in NJ-D1994A macrophages 

in the control condition (Figure 4.2.2 and Table 4.2.1). Importantly, these 

phosphorylations were not associated with lysosomal damage in NJ-WT 

macrophages (Figure 4.2.4), indicating that LRRK2 activation and recruitment to 

lysosomes does not alter phosphorylation of these proteins. 

 

 

Figure 4.2.4 Phosphorylation of Mucl1 and Mrpl51 is not associated with 

lysosomal damage 

Scatterplots showing the raw intensity data obtained by mass spectrometry and 
unadjusted p-values for the phosphorylation of Mucl1 pS150 and Mrpl51 pS10. Each 
point represents the normalised and log2 transformed TMT-corrected reporter 
intensity value obtained by mass spectrometry (n=4 biological replicates). P values 
by linear models for microarray data. 
 

In contrast, phosphorylations of Herpud2 pS90 and pS93, Rpl6 pS81, Kctd12 pS153 

and pS178, Rpl21 pT124, and Igf2bp1 pS181 were increased in NJ-D1994A 

macrophages (Table 4.2.2). Increased phosphorylation in a kinase-dead mutant 

suggests downstream effects like activation of a kinase or inhibition of a phosphatase 

secondary to the LRRK2-D1994A mutation. These phosphorylations were also 

unaffected by lysosomal damage (Figure 4.2.5). 
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Figure 4.2.5 Phosphorylation of Herpud2, Rpl6, Kctd12, Rpl21 and Igf2bp1 is 

increased in NJ-D1994A macrophages 

Scatterplots showing the raw intensity data obtained by mass spectrometry and 
unadjusted p-values for the Herpud2 pS90, Herpud2 pS93, Rpl6 pS81, Kctd12 
pS153, Kctd12 pS178, Rpl21 pT124 and Igf2bp1 pS181 phosphorylation sites. Each 
point represents the normalised and log2 transformed TMT-corrected reporter 
intensity value obtained by mass spectrometry (n=4 biological replicates). P values 
by linear models for microarray data. 
 

4.2.4 Further exploration of Rab GTPase phosphorylations in NJ-WT and NJ-

D1994A macrophages after lysosomal damage 

On further analysis of the phosphoproteomics dataset, a total of 58 phosphorylation 

sites on 23 Rab GTPases were identified (Figure 4.2.6). It is intriguing that LRRK2 

kinase phosphorylates only a subset of Rab GTPases and this may be linked to Rab 

intracellular location (Kluss et al., 2020) rather than cell type-specific differences in 

Rab expression, or Rab domain structure. In keeping with this, Rab1A pT75, Rab2A 

pS70 and Rab7 pS72 are known to contain the LRRK2 phosphorylation motif in their 

switch II domain but have previously been excluded as bona fide targets of LRRK2 

kinase (Steger et al., 2017; Steger et al., 2016). In our dataset, there were no 

significant differences in phosphorylation of Rab1 pT75, Rab2A pS70 or Rab7 pS72 

between NJ-WT and NJ-D1994A macrophages (Figure 4.2.6).  
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Figure 4.2.6 LRRK2 kinase-dependent Rab phosphorylation is limited to a small 

subset of Rab GTPases  

Heatmap of all identified Rab phosphopeptide intensities (au) in NJ-WT and NJ-
D1994A macrophages treated with vehicle control or LLOMe. The intensity values 
were obtained by mass spectrometry, TMT reporter corrected, normalised and log2 
transformed.  
 

Rab3 pT86 and Rab8 pT72 were phosphorylated less in NJ-D1994A macrophages 

than NJ-WT macrophages after LLOMe within a common peptide sequence (Table 

4.2.3). However, these differences were significant only at p < 0.05. 

 

Protein Position 

(probability) 

Peptide Number 

of sites 

Rab3 T86 (1) YRTITTAYYR 1 

Rab8 T72 (1) FRTITTAYYR 1 

Table 4.2.3. Rab3 and Rab8 phosphorylations were reduced in NJ-D1994A 

macrophages after LLOMe treatment (p-value < 0.001 and fold-change > 0.5 or < -

0.5). The phosphorylation site is marked in bold and underlined. 

 

4.2.5 LRRK2 phosphorylation sites in NJ-WT and NJ-D1994A macrophages 

There are 207 phosphorylation sites reported on human LRRK2 (accessed 17 th 

February 2024, www.phosphosite.org), of which around 20 are reported to be 

autophosphorylation sites (Marchand et al., 2020). Studies have previously used 

autophosphorylation sites as a surrogate marker of LRRK2 kinase activity (Kluss et 

al., 2018). I therefore explored LRRK2 phosphorylation sites in NJ-WT and NJ-

D1994A macrophages identified in our dataset. However, only 4 sites were identified 

across 4 biological replicates (Table 4.2.4). 

 

Protein Position 

(probability) 

Peptide Number 

of sites 

LRRK2 S908 (0.614) SNSISVGEVYRDLALQR 1 

LRRK2 S910 (1) SNSISVGEVYRDLALQR 1 

LRRK2 S954 (1) ILSSDESLR 1 

LRRK2 S955 (0.886) ILSSDESLR 1 

http://www.phosphosite.org/
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Table 4.2.4. Sites of phosphorylation on LRRK2 in NJ-WT and NJ-D1994A 

macrophages.  

 

LRRK2 pS908 and pS910 have previously been reported as sites of LRRK2 

phosphorylation by casein kinase 1 (Chia et al., 2014). Another study reported 

LRRK2 pS910 phosphorylation by protein kinase A (PKA), which in turn promoted 

the binding of 14-3-3 proteins to LRRK2 (Muda et al., 2014). LLOMe-treatment was 

associated with a significant dephosphorylation of LRRK2 pS908, pS910 and pS954 

in wild-type macrophages (Figure 4.2.7). Dephosphorylation would be in keeping 

with activation of a phosphatase or inhibition of kinase activity during lysosomal 

membrane damage. NJ-D1994A macrophages showed reduced phosphorylation of 

LRRK2 pS908 and pS910 compared to wild-type macrophages, however this was 

independent of lysosomal membrane damage (Figure 4.2.7). There were no 

differences in phosphorylation of LRRK2 pS954 or LRRK2 pS955 between NJ-WT 

and NJ-D1994A macrophages in control or LLOMe conditions in keeping with these 

being sites of LRRK2 phosphorylation by another kinase (Figure 4.2.7).  

 

 

Figure 4.2.7. LRRK2 S908 and S910 phosphorylations are reduced in NJ-D1994A 

macrophages and are independent of LLOMe treatment 

Scatterplots showing the raw intensity data obtained by mass spectrometry and p-
values for the LRRK2 phosphorylation sites S908, S910, S954 and S955. Each point 
represents the normalised and log2 transformed TMT-corrected reporter intensity 
value obtained by mass spectrometry (n=4 biological replicates). P values by linear 
models for microarray data. 
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4.2.6 Proteome changes induced by LLOMe in NJ-WT and NJ-D1994A 

macrophages 

Proteome analysis was also performed to control for phosphorylation changes 

secondary to an increase or decrease in the total protein level. Hp1bp3 was 

increased in NJ-D1994A macrophages in control conditions (Figure 4.2.8) and this 

could explain why Hp1bp3 pS475 phosphorylation was increased in these cells 

(Figure 4.2.2 and Table 4.2.1). While we did not detect a change in the 

phosphorylation of Rab44, its total level was increased in NJ-D1994A macrophages 

after LLOMe treatment (Figure 4.2.8). Importantly, none of the other proteins with 

significantly altered phosphorylations showed altered total proteome levels in 

untreated or LLOMe-treated conditions (Figure 4.2.8). 

 



Chapter 4 Results 

 

137 

 

 

Figure 4.2.8. Proteomic analysis in NJ-WT and NJ-D1994A macrophages in 

untreated and LLOMe-treated conditions 

Macrophages were treated with vehicle control or LLOMe 1 mM for 30 min and cells 
were analysed by mass spectrometry. Volcano plots in the untreated (A) and LLOMe-
treated (B) conditions of the difference in total protein levels between NJ-WT and NJ-
D1994A macrophages. Each point represents one protein. The x-axis shows the 
log2-transformed fold-change and the y-axis shows the significance by -log10-
transformed P-value, obtained by linear models for microarray data. A fold-change 
greater than 1.2 and p value<0.05 was deemed significant 
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4.2.7 Summary of LRRK2 kinase substrates in macrophages after lysosomal 

damage 

After accounting for the above analysis, a set of criteria were defined to identify the 

substrates of LRRK2 kinase after lysosomal membrane damage (Figure 4.2.9). 

 

 

Figure 4.2.9. Selection criteria used to identify LRRK2 kinase substrates after 

lysosomal damage in macrophages 

 

Rab8A pT72 was included in the list of LRRK2 kinase substrates after lysosomal 

damage but showed a significant dephosphorylation after LLOMe in NJ-D1994A 

macrophages and no significant phosphorylation after LLOMe in NJ-WT 

macrophages (Figure 4.2.10). In contrast, Rab3 pT86, Rab10 pT73, Rab12 pS105, 

Rab35 pT72 and Rab43 pT80 all showed in significant increase in phosphorylation 

after LLOMe in NJ-WT macrophages (Figure 4.2.10). 
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Figure 4.2.10. Rab8 is dephosphorylated after lysosomal damage in NJ-D1994A 

macrophages 

Scatterplots showing the raw intensity data obtained by mass spectrometry and 
unadjusted p-values for the significantly altered Rabs. Each point represents the 
normalised and log2 transformed TMT-corrected reporter intensity value obtained by 
mass spectrometry (n=4 biological replicates). P-values by linear models for 
microarray data. 
 

4.3 A phosphoproteomics approach to identify LRRK2-G2019S 

kinase-dependent phosphorylations in macrophages after 

lysosomal membrane damage 

Next, I sought to explore the substrates of the gain-of-function LRRK2-G2019S after 

lysosomal membrane damage. Given that this mutation is associated with an 

increase in kinase activity, I hypothesised that LRRK2-G2019S increased 

phosphorylation of Rab GTPases in both vehicle control and LLOMe conditions. To 

test this, I employed a phosphoproteomics approach like that described in chapter 

4.2, this time using Tac-WT and Tac-G2019S BMDM. A total of 32,803 

phosphorylation sites were identified consistently across 4 biological replicates 

(Figure 4.3.1).  
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Figure 4.3.1. G2019S phosphoproteomics experimental design and workflow 

BMDM were differentiated from Tac-WT and Tac-G2019S mice. Following treatment 
with LLOMe or vehicle control, cells were collected and processed for LC-MS/MS. 
From four biological replicates, a total of 32,803 phosphosites were identified in all 4 
experiments. Data was processed using MaxQuant (Uniprot mouse reference 
genome) and then analysed using R software. The TNT lot-corrected reporter 
intensities were normalised (CONSTANd), log-transformed and analysed using 
limma. The number of significantly altered phosphosites (p-value < 0.0001 and fold-
change > 1.2) within each of the four indicated comparison groups are shown. 
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4.3.1 Tac-G2019S BMDM show no changes in Rab phosphorylation in control 

conditions 

In control conditions, none of the Rab GTPases identified as LRRK2 kinase 

substrates in chapter 4.2.7 showed altered phosphorylations between Tac-WT and 

Tac-G2019S macrophages (Figure 4.3.2). Rab3 pT86 was not identified in this 

experiment.  

 

 

Figure 4.3.2 Phosphorylations altered in control conditions in Tac-G2019S 

macrophages 

Vehicle control-treated Tac-WT and Tac-G2019S BMDM were analysed by mass 
spectrometry. Volcano plot shows the difference in phosphorylation levels between 
Tac-WT and Tac-G2019S BMDM. Each point represents one phosphorylation site of 
a protein. The x-axis shows the log10-transformed fold change, and the y-axis shows 
the significance by -log10-transformed P-value, obtained by linear models for 
microarray data. A fold-change greater than 1.2 and p value <0.05 was deemed 
significant. 
 

Given that there were 798 significantly different phosphosites in control conditions 

between Tac-WT and Tac-G2019S, only those showing the greatest fold-change 

were further explored. Phosphorylations of the proteins Il1rn, Trp53i11, Rpl6, Armc1 

and Dock10 were most increased, while Fv4, Ahnak and Pacsin2 were most 
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decreased in Tac-G2019S BMDM (Figure 4.3.2), however there were no 

commonalities amongst the peptide sequences (Table 4.3.1).  

 

Protein Position 

(probability) 

Peptide Number 

of sites 

Increased in Tac-G2019S macrophages  

Interleukin-1 receptor 
antagonist protein (Il1rn) 

S82 (1) SGDDIK 1 

Tumour protein p53-
inducible protein 11 
(Trp53i11) 

S14 (1) KHSQT 1 

60S ribosomal protein 
L6 (Rpl6) 

S81 (1) RKYSAAK 1 

Armadillo repeat 
containing protein-1 
(Arm1) 

S189 (1) IRSDLK 1 

Dedicator of cytokinesis 
protein 10 

S12 (1) SLLRPGQAAELR 1 

Decreased in Tac-G2019S macrophages (fold-change < -1.2 and p< 0.05) 

Retrovirus-related Env 
polyprotein from Fv-4 
locus (Fv4) 

S631 

S639 

SIDPEEVESRE 1 

2 

AHNAK nucleoprotein 
(Ahnak) 

S5652 (0.69) VGIQLPEVELSVSTKKE 1 

Table 4.3.1. Selected phosphorylations increased and decreased in Tac-G2019S 

macrophages in control conditions.  

 

4.3.2 Tac-G2019S BMDM show increased phosphorylation of Rab12 and 

reduced phosphorylation of Rab35 after lysosomal membrane damage 

After LLOMe-induced lysosomal membrane damage a total of 747 phosphosites 

were significantly altered between Tac-WT and Tac-G2019S macrophages (Figure 

4.3.3).  
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Figure 4.3.3 Phosphorylations altered by LLOMe treatment in Tac-G2019S 

macrophages 

LLOMe-treated Tac-WT and Tac-G2019S BMDM were analysed by mass 
spectrometry. Volcano plot shows the difference in phosphorylation levels between 
Tac-WT and Tac-G2019S BMDM. Each point represents one phosphorylation site of 
a protein. The x-axis shows the log10-transformed fold change, and the y-axis shows 
the significance by -log10-transformed P-value, obtained by linear models for 
microarray data. A fold-change greater than 1.2 and p value <0.05 was deemed 
significant. 
 

Rab10 pT73, Rab12 pS105, Rab 35 pT72 and Rab43 pT80 were phosphorylated in 

Tac-WT and Tac-G2019S macrophages after lysosomal membrane damage (Figure 

4.3.4). Rab8A pT72 was phosphorylated in Tac-WT macrophages (p = 0.0171) but 

was not phosphorylated in Tac-G2019S macrophages with LLOMe treatment (p = 

0.3201) (Figure 4.3.4).  
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Figure 4.3.4. Phosphorylation of Rab GTPases after lysosomal damage in Tac-WT 

and Tac-G2019S macrophages 

Scatterplots showing the raw intensity data obtained by mass spectrometry and p-
values for the Rabs identified as substrates of LRRK2 kinase. Each point represents 
the normalised and log2 transformed TMT-corrected reporter intensity value 
obtained by mass spectrometry (n=4 biological replicates). P values by linear models 
for microarray data. 
 

Unexpectedly, the amount of phosphorylated protein detected after lysosomal 

damage was similar between Tac-WT and Tac-G2019S for most of these Rab 

substrates (Figure 4.3.3 and Figure 4.3.4). Only Rab12 pS105 phosphorylation was 

increased in Tac-G2019S macrophages (fold change > 1.2, p-value < 0.05) (Figure 

4.3.3). In contrast, Rab8A pT72, Rab10 pT73 and Rab43 pT80 showed no significant 

phosphorylation differences between Tac-WT and Tac-G2019S macrophages 

(Figure 4.3.3). Rab35 pT72 was decreased in Tac-G2019S macrophages (fold 

change < -1.2, p-value (< 0.05) (Figure 4.3.3).  

 

The Rab phosphorylation sites in Tac-G2019S and Tac-WT macrophages were 

identical to those found in chapter 4.2.3 (Table 4.3.2).  

 

Protein Position 

(probability) 

Peptide Number 

of sites 
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Increased in Tac-G2019S macrophages (fold-change > 1.2 and p< 0.05) 

Rab12 S105 (1) FNSITSAYYR 1 

Unchanged between Tac-WT and Tac-G2019S macrophages 

Rab8 T72 (1) FRTITTAYYR 1 

Rab10 T73 (1) FHTITTSYYR 1 

Rab43 T80 (1) FRTITQSYYR 1 

Decreased in Tac-G2019S macrophages (fold-change < -1.2 and p< 0.05) 

Rab35 T72 (1) FRTITSTYYR 1 

Table 4.3.2 Sites of Rab phosphorylation in Tac-WT and Tac-G2019S macrophages 

after LLOMe treatment 

 

Phosphorylations of Il1rn, Mt2, Dmxl2, Armc1 and Rpl6 were increased, while Fv4, 

Ctsg, Hist1h3 phosphorylations were decreased in Tac-G2019S compared to Tac-

WT macrophages after lysosomal damage (Figure 4.3.3). These phosphorylations 

were all located on serine amino acid residues but did not show a common peptide 

sequence (Table 4.3.3). Intriguingly, Cathepsin G and Hist1h3 phosphorylations 

significantly increased in Tac-WT macrophages treated with LLOMe but did not 

increase in Tac-G2019S macrophages (Figure 4.3.5). Cathepsin G enzyme is 

localized inside the lysosome and is not expected to be phosphorylated; its 

phosphorylation may indicate a cytoplasmic localization due to lysosomal damage. 

Phosphorylations of Il1rn and Dmxl2 increased with LLOMe treatment in Tac-WT and 

Tac-G2019S macrophages and were significantly higher in Tac-G2019S 

macrophages in both conditions (Figure 4.3.5). Phosphorylations in Mt2, Armc1, 

Rpl6 and Fv4 were unaffected by LLOMe treatment (Figure 4.3.5). 

 

Protein Position 

(probability) 

Peptide Number 

of sites 

Increased in Tac-G2019S macrophages  

Interleukin-1 receptor 
antagonist protein (Il1rn) 

S82 (1) SGDDIK 1 

Metallothionein-2 (Mt2) S58 (1) EASDKCSCCA 1 

DmX-like protein 2 
(Dmxl2) 

S933 (0.706) AAEGISSDSLLSVPGQK 1 

Armadillo repeat-
containing protein 1 
(Armc1) 

S189 (1) IRSDLK 1 
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60S ribosomal protein 
L6 (Rpl6) 

S65(1) 

S81(1) 

GIGRYSR 
RKYSAAK 

2 

Decreased in Tac-G2019S macrophages  

Retrovirus-related Env 
polyprotein from Fv-4 
locus (Fv4) 

S631 (1) 

S639 (1) 

SIDPEEVESRE 
SIDPEEVESRE 

1 

2 

Cathepsin G (Ctsg) S121 (1) SGSVKPVALPQASK 1 

Histone H3 (Hist1h3) S74  SAPATGGVK 1 

Table 4.3.3 Sites of phosphorylation on selected proteins in Tac-WT and Tac-

G2019S macrophages after LLOMe treatment 

 

 

Figure 4.3.5. Significant phosphorylation changes in selected proteins in control 

and LLOMe conditions 

Scatterplots showing the raw intensity data obtained by mass spectrometry and 
unadjusted p-values for other selected proteins showing greatest fold-change. Each 
point represents the normalised and log2 transformed TMT-corrected reporter 
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intensity value obtained by mass spectrometry (n=4 biological replicates). P values 
by linear models for microarray data. 
 

4.3.3 Sites of LRRK2 phosphorylation in Tac-WT and Tac-G2019S 

macrophages 

In this experiment, only LRRK2 pS910 and pS935 phosphorylations were identified 

(Table 4.3.4). These sites mediate interactions between LRRK2 and 14-3-3 proteins, 

with decreased phosphorylation associated with decreased binding to 14-3-3 

proteins (Li et al., 2011; Rudenko and Cookson, 2010). LRRK2 pS935 showed no 

phosphorylation changes between Tac-WT and Tac-G2019S macrophages and was 

unaffected by LLOMe treatment (Figure 4.3.6). LRRK2 pS910 showed a significant 

dephosphorylation after LLOMe treatment in both Tac-WT and Tac-G2019S 

macrophages, with reduced levels in Tac-G2019S macrophages (Figure 4.3.6).  

  

Protein Position 

(probability) 

Peptide Number 

of sites 

LRRK2 S910 (0.803) SNSISVGEVYRDLALQR 1 

LRRK2 S935 (1) HSNSLGPVFDHEDLLR 1 

Table 4.3.4 

 

 

Figure 4.3.6. LRRK2 phosphorylation sites in Tac-WT and Tac-G2019S 

macrophages in control and LLOMe conditions  

Scatterplots showing the raw intensity data obtained by mass spectrometry and p-
values for detected sites of phosphorylation on LRRK2. Each point represents the 
normalised and log2 transformed TMT-corrected reporter intensity value obtained by 
mass spectrometry (n=4 biological replicates). P values by linear models for 
microarray data. 
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4.3.4 Proteome changes in Tac-WT and Tac-G2019S macrophages after 

lysosomal membrane damage 

Finally, the total proteome was compared between Tac-WT and Tac-G2019S 

macrophages in the control and LLOMe-treatment conditions (Figure 4.3.7). This 

revealed that levels of Mt2 were in higher in Tac-G2019S macrophages in control 

and LLOMe treatment conditions (Figure 4.3.7). As such, the increased levels of Mt2 

pS58 phosphorylation in Tac-G2019S BMDM (Figure 4.3.3 and Figure 4.3.5) are 

likely secondary to these proteome changes. For the LRRK2 kinase Rab substrates 

and the other significant phosphorylations discussed in this chapter, there were no 

proteome differences. Total Rab44 levels were decreased after LLOMe in the Tac-

G2019S macrophages (Figure 4.3.7). 
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Figure 4.3.7 Proteomic analysis in Tac-WT and Tac-G2019S macrophages in 

untreated and LLOMe-treated conditions 

Macrophages were treated with LLOMe 1 mM for 30 min and cells were analysed by 
mass spectrometry. Volcano plots in the untreated (A) and LLOMe-treated (B) 
conditions of the difference in total protein levels between Tac-WT and Tac-G2019S 
macrophages. Each point represents one protein. The x-axis shows the log2-
transformed fold change, and the y-axis shows the significance by -log10-transformed 
P-value, obtained by linear models for microarray data. A fold-change greater than 
1.2 and p value<0.05 was deemed significant 
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4.4 Validation of Rab phosphorylation changes after lysosomal 

damage in Tac-G2019S BMDM 

I next sought to validate my phosphoproteomics data by Western blot, using LRRK2 

kinase inhibitors to confirm that these effects are LRRK2 kinase activity-dependent 

in Tac-WT and Tac-G2019S BMDM. For this, BMDM were treated with the LRRK2 

type 1 kinase inhibitor MLi-2 and the LRRK2 type 2 kinase inhibitor GZD-824. In 

keeping with the phosphoproteomics data, pan-phospho Rab and Rab10 pT73 

showed no differences between Tac-WT and Tac-G2019S BMDM in control or 

LLOMe-treatment conditions, and these phosphorylations were LRRK2 kinase 

dependent because they were inhibited by MLi-2 and GZD-824 (Figure 4.4.1). 

Further, Rab12 pS106 was increased in Tac-G2019S BMDM after LLOMe (Figure 

4.4.1). Rab12 phosphorylation was also LRRK2 kinase dependent because it was 

inhibited by MLi-2 and GZD-824. There were no differences in levels of total Rab8A, 

Rab10 or Rab12 between Tac-WT and Tac-G2019S BMDM (Figure 4.4.1).   
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Figure 4.4.1. Tac-G2019S BMDM show increased LRRK2 kinase dependent 

phosphorylation of Rab12 pS106 

(A) Western blot analysis of pan-phospho Rab, Rab8A, Rab10 pT73, Rab10, Rab12 

pS106, Rab12 and -actin in Tac-WT and Tac-G2019S BMDM in untreated, MLi-2, 

GZD-824, LLOMe, LLOMe + MLi-2 and LLOMe + GZD-824 conditions. (B to D) pan-
phospho Rab, Rab10 pT73 and Rab12 pS106 band intensities were quantified by 
densitometry and normalised to Rab8A, Rab10 and Rab12, respectively. (E to G) 
Rab8A, Rab10 and Rab12 band intensities were quantified by densitometry and 
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normalised to -actin. Data are mean ± SD from (A-B, E-F) 3 independent 
experiments (C and G) 4 independent experiments. Two-way ANOVA followed by 
Tukey’s multiple comparisons test. 
 

4.5 Validation of Rab phosphorylation changes after lysosomal 

damage in human LRRK2-G2019S iPSDM 

The phosphoproteomics experiments required large numbers of cells and this meant 

that it was not feasible to perform in LRRK2-G2019S and isogenic control iPSDM. 

However, Western blot analysis confirmed phosphorylation of pan-phospho Rabs, 

Rab10 pT73 and Rab12 pS106 in these cells (Figure 4.5.1). While there were no 

significant differences between G2019S and isogenic control iPSDM, there was a 

small trend for increased Rab12 pS106 phosphorylation in G2019S iPSDM (p = 

0.0994) (Figure 4.5.1). There were no significant changes in total levels of Rab8A, 

Rab10 and Rab12 between G2019S and isogenic control iPSDM (Figure 4.5.1).  

 



Chapter 4 Results 

 

153 

 

 

Figure 4.5.1. Patient-derived iPSDM show LRRK2 kinase dependent 

phosphorylation of a subset of Rab GTPases after lysosomal damage 

(A) Western blot analysis of pan-phospho Rab, Rab8A, Rab10 pT73, Rab10, Rab12 

pS106, Rab12 and -actin in isogenic control and G2019S iPSDM in untreated, 

LLOMe, LLOMe + MLi-2 and MLi-2 conditions. (B to D) pan-phospho Rab, Rab10 
pT73 and Rab12 pS106 band intensities were quantified by densitometry and 
normalised to Rab8A, Rab10 and Rab12, respectively. (E to G) Rab8A, Rab10 and 

Rab12 band intensities were quantified by densitometry and normalised to -actin. 

Data are mean ± SD from 3 independent experiments. Two-way ANOVA followed by 
Tukey’s multiple comparisons test. 
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To summarise, in this chapter I used an unbiased phosphoproteomics approach to 

define the substrates of LRRK2 kinase in macrophages that are phosphorylated after 

lysosomal membrane damage. Despite identification of over 29,000 phosphosites, 

only a subset of Rab GTPases met criteria as LRRK2 kinase activity-dependent 

substrates: Rab3 pT86, Rab8A pT72, Rab10 pT73, Rab12 pS105, Rab35 pT72 and 

Rab43 pT80. Surprisingly, although LRRK2-G2019S is associated with increased 

kinase activity, LRRK2-G2019S macrophages showed a similar phosphorylation 

profile to wild-type macrophages after lysosomal membrane damage, except for 

Rab12 and Rab35, showing increased and decreased phosphorylation in Tac-

G2019S BMDM, respectively.  
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Chapter 5. Results 3 Exploring the response to 

lysosomal damage in LRRK2-mutant macrophages 

5.1 Introduction 

Having characterised the substrates of LRRK2 kinase in wild-type and LRRK2-

G2019S macrophages following lysosomal membrane damage in the previous 

chapter, I next sought to explore the role that LRRK2 mutations have in lysosomal 

membrane damage and repair. Based on previous work (Herbst et al., 2020)I 

hypothesised that LRRK2-G2019S would result in increased recruitment of Gal3 and 

CHMP4B to damaged lysosomes alongside reduced LC3B-association. To study the 

effects of LRRK2-G2019S on this pathway, we utilised Tac-G2019S and Tac-WT 

macrophages and stained cells for endogenous protein by immunofluorescence 

followed by high-content microscopy. 

 

5.2 Gal3, CHMP4B and LC3B recruitment is LRRK2 kinase-

independent in Tac-WT and Tac-G2019S BMDM 

5.2.1 Quantification of lysosomal damage in BMDM 

I have previously shown that BMDM contain a highly dense and compact LAMP-1+ 

compartment (see chapter 3.2, Figure 3.2.4). I initially carried out co-staining of 

lysosomal damage and repair markers with a lysosomal marker such as LAMP-2 

(Figure 5.2.1). Given that it was not possible to mask individual lysosomes, and that 

LAMP-2 staining was positive throughout most of the cytosol (Figure 5.2.1), I decided 

not to perform colocalisation of membrane damage/repair markers with a lysosomal 

marker. 
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Figure 5.2.1. LAMP-2 staining is diffusely positive throughout the cytosol of BMDM. 

Tac-WT BMDM were co-stained for LAMP-2/Galectin-3 (Gal3) in control and LLOMe-

treatment conditions. Scale bars = 20 m on larger images and 5 m on insets. 
Arrows indicate sites of colocalisation. 
 

5.2.2 Galectin-3 increases with LLOMe to similar levels in Tac-WT and Tac-

G2019S macrophages 

Gal3 is widely used as a sensitive marker of lysosomal membrane damage (Aits et 

al., 2015). It is reported to be diffusely present in the cytosol in the basal state and 

forms discrete puncta at areas of lysosomal damage due to its affinity for -

galactoside sugars within the lysosomal membrane (Paz et al., 2010). In a proportion 

of Tac-WT and Tac-G2019S BMDM, there were many Gal3 puncta in control 

conditions – around 10% of cell area was positive for Gal3 (Figure 5.2.2). Lysosomal 

damage induced by LLOMe resulted in a 10% increase in Gal3 positive cell area in 

both Tac-WT and Tac-G2019S BMDM (Figure 5.2.2). The number of Gal3 puncta 

reached >1000 in many cells after lysosomal damage. The type 1 LRRK2 kinase 

inhibitor MLi-2 did not reduce Gal3 puncta after lysosomal damage in Tac-WT or 

Tac-G2019S BMDM. Similarly, treatment with the type 2 LRRK2 kinase inhibitor 

GZD-824 did not alter Gal3 recruitment to damaged lysosomes. These results 

suggest that the overall number of damaged lysosomes is independent of LRRK2 
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kinase activity and does not differ in LRRK2-G2019S macrophages. However, this 

data should be interpreted with caution given the high number Gal3 positive vesicles 

in the basal state in these primary macrophages.  

 

 

Figure 5.2.2. Gal3 puncta increase after lysosomal damage and are unaffected by 

LRRK2-G2019S, MLi-2 and GZD-824 

BMDM were treated with LLOMe 1 mM +/- MLi-2 100 nM or GZD-824 (GZD) 0.1 M 
and endogenous Galectin-3 (Gal3) positive cell area was visualised by 

immunofluorescence and quantified using Harmony software. Scale bars, 20 m. 
Data representative of (B) 3 independent experiments. Results are shown as mean 
± SEM. Two-way ANOVA followed by Šidák’s multiple comparisons test. 
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5.2.3 CHMP4B is reduced in Tac-G2019S BMDM after lysosomal damage 

Next, the recruitment of the ESCRT-III component CHMP4B was analysed to monitor 

lysosomal repair. In control conditions, CHMP4B signal was largely cytosolic in the 

majority of BMDM with low detection limit (Figure 5.2.3). Following lysosomal 

damage, CHMP4B puncta formation was significantly reduced in Tac-G2019S 

BMDM compared to Tac-WT BMDM (Figure 5.2.3). Unexpectedly, lysosomal 

damage in the presence of LRRK2 kinase inhibition did not significantly reduce 

CHMP4B recruitment in wild-type BMDM (Figure 5.2.3). Instead, MLi-2 treatment 

showed a trend to increase CHMP4B recruitment in Tac-G2019S BMDM (Figure 

5.2.3). GZD-824 treatment increased CHMP4B recruitment to damaged lysosomes 

in Tac-WT BMDM and showed a trend to increase CHMP4B recruitment to damaged 

lysosomes in Tac-G2019S BMDM (Figure 5.2.3). As LRRK2 kinase inhibition did not 

reduce CHMP4B recruitment to damaged lysosomes in wild-type BMDM, it is unlikely 

that the differences between Tac-WT and Tac-G2019S BMDM demonstrated in 

these experiments are due to LRRK2 kinase activity. Nonetheless, these results 

suggest that there is an effect of LRRK2-G2019S, perhaps independent of kinase 

activity, in lysosomal repair. 
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Figure 5.2.3. Tac-G2019S BMDM show reduced CHMP4B puncta formation after 

lysosomal damage 

BMDM were treated with LLOMe 1 mM +/- MLi-2 100 nM or GZD-824 (GZD) 0.1 M 
and endogenous CHMP4B positive cell area was visualised by immunofluorescence 

and quantified using Harmony software. Scale bars, 20 m. Data representative of 

(B) 3 independent experiments (n=6 independent wells). Results are shown as mean 
± SEM. Two-way ANOVA followed by Šidák’s multiple comparisons test. 
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Previous reports have shown that Gal3 and CHMP4B highly colocalise in cell lines 

such as HeLa cells (Radulovic et al., 2018). In wild-type BMDM, Gal3/CHMP4B 

colocalisation significantly increased with LLOMe, however this was highly variable 

between cells with some cells showing high levels of colocalisation and others 

showing almost no colocalisation (Figure 5.2.4). These experiments indicated that 

on average only 15% of Gal3 puncta also show CHMP4B positive staining in BMDM 

(Figure 5.2.4). 

 

 

Figure 5.2.4. Gal3 and CHMP4B puncta show variable colocalisation in BMDM after 

lysosomal damage 

Tac-WT BMDM were treated with vehicle control or LLOMe 1 mM for 30 min and co-
stained for Gal3, CHMP4B and DAPI. (A) Example of LLOMe-treated cell showing 
high level of colocalisation. Arrows show sites of colocalisation (B) Example of 
LLOMe-treated cell showing low level of colocalization. (C) The percentage of Gal3 
puncta showing CHMP4B+ intensity was quantified using FIJI. Data shown are the 
mean % from two independent experiments (n=5 individual wells).  
 

5.2.4 Lysophagy is not increased in Tac-G2019S BMDM after lysosomal 

damage 

Next, I analysed the autophagy marker microtubule-associated protein 1 light chain 

3B (LC3B) in Tac-WT and Tac-G2019S BMDM. Extensive lysosomal damage that 

cannot be efficiently repaired is marked by LC3B and undergoes lysophagy 

(Radulovic et al., 2018), where the lysosome is degraded by autophagy (Chu et al., 
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2017). There were no differences in LC3B puncta in control conditions (Figure 5.2.5). 

After lysosomal damage, LC3B puncta increased in both Tac-WT and Tac-G2019S 

BMDM with no significant differences between the genotypes, although I noted a 

trend for increased LC3B in Tac-G2019S BMDM (Figure 5.2.5). Lysosomal damage 

in the presence of kinase inhibition with the LRRK2 kinase inhibitor MLi-2 increased 

LC3B recruitment to damaged lysosomes in Tac-G2019S BMDM but had no effect 

in Tac-WT BMDM (Figure 5.2.5). GZD-824 treatment resulted in an accumulation of 

LC3B positive vesicles in the absence of lysosomal damage, thus its effects in 

LLOMe-induced lysosomal damage should be interpreted with caution (Figure 5.2.5). 

The finding that MLi-2 treatment did not alter LC3B recruitment to damaged 

lysosomes in wild-type BMDM suggests that its recruitment is not dependent on 

LRRK2 kinase activity. However, there were small differences present in Tac-

G2019S BMDM with regards to LC3B recruitment, suggesting that this mutation may 

alter the lysophagy pathway after lysosomal damage in a kinase-independent 

manner. 
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Figure 5.2.5. LC3B puncta formation is increased in both Tac-WT and Tac-G2019S 

BMDM after lysosomal damage 

BMDM were treated with LLOMe 1 mM +/- MLi-2 100 nM or GZD-824 (GZD) 0.1 M 
and endogenous LC3B positive cell area was visualised by immunofluorescence and 

quantified using Harmony software. Scale bars, 20 m. Data representative of (B) 3 
independent experiments (n=8 independent wells). Results are shown as mean ± 
SEM. Two-way ANOVA followed by Šidák’s multiple comparisons test. 
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5.2.5 Protein expression of Gal3, CHMP4B and LC3B is not different between 

Tac-WT and Tac-G2019S BMDM 

To control for protein expression differences in Gal3, CHMP4B and LC3B in Tac-WT 

and Tac-G2019S BMDM, I carried out Western blot analysis for these proteins in 

control, MLi-2, GZD-824 and LLOMe-treatment conditions (Figure 5.2.6). Total levels 

of Gal3 and CHMP4B did not differ between Tac-WT and Tac-G2019S BMDM in any 

condition (Figure 5.2.6). LC3B is detected as two bands by western blot – LC3B-I 

and LC3B-II. LC3B-I is cytosolic while LC3B-II is present on membranes and is 

conjugated with phosphatidylethanolamine (PE). LC3-I conversion to LC3-II by 

conjugation with PE occurs during autophagy – thus when autophagy increases the 

level of LC3-II increases, and this is quantified by measuring the ratio of LC3-II:LC3-

I (Mizushima and Yoshimori, 2007). Western blot revealed an increase in LC3-II 

levels and a decrease in LC3-I levels after lysosomal damage in both Tac-WT and 

Tac-G2019S BMDM (Figure 5.2.6). However, the amount of LC3-I present on the 

membrane was almost undetectable, making analysis of the overall LC3-II/LC3-I 

ratio, used as a marker of autophagic flux, unreliable for these cells.  
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Figure 5.2.6. Expression of Gal3 and CHMP4B is unchanged by lysosomal damage  

(A) Western blot analysis of Galectin-3 (Gal3), CHMP4B, LC3B-I, LC3B-II and -
actin in Tac-WT and Tac-G2019S BMDM in untreated, MLi-2, GZD-824, LLOMe, 
LLOMe + MLi-2 and LLOMe + GZD-824 conditions. (B to E) Gal3, CHMP4B, LC3B-

I and LC3B-II band intensities were quantified by densitometry and normalised to -
actin. Data are mean ± SD from 3 independent experiments. Two-way ANOVA 
followed by Tukey’s multiple comparisons test. 



Chapter 5. Results 

 

165 

 

5.3 Analysis of endogenous LRRK2 in BMDM after lysosomal 

damage 

I next attempted to stain for endogenous LRRK2 by immunofluorescence to confirm 

lysosomal recruitment of LRRK2 after lysosomal damage. I utilised 6J-WT and 6J-

LRRK2KO BMDM to validate LRRK2 immunofluorescence in BMDM as the antibody 

had not previous been used in this cell type in my lab. I noted a strong signal in 

untreated 6J-LRRK2KO BMDM after several attempts at staining and in different 

conditions including differing antibody dilutions, permeabilisation reagents and 

primary antibody incubation periods (Figure 5.5.1). As such, the antibody was not 

deemed reliable for immunofluorescence studies in these cells.  

 

 

Figure 5.3.1. LRRK2 staining by immunofluorescence is unreliable in BMDM 

Untreated 6J-WT and 6J-LRRK2 KO BMDM were stained for endogenous LRRK2 
using a mouse monoclonal antibody (see materials and methods) and imaged by 

confocal microscopy. Scale bars, 20 m. Images shown are from one representative 
experiment.  
 

Although I was unable to image endogenous LRRK2 in these cells, I carried out 

Western blot to check for changes in LRRK2 expression after lysosomal damage 

(Figure 5.3.2). LRRK2 levels showed a trend to decrease in Tac-G2019S BMDM 

after lysosomal damage, however this was not significant at n=2 independent 
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experiments and would require testing with a larger sampler size. It was also notable 

that the 170 kDa LRRK2 band (see also Figure 3.2.2) disappeared after 30 min of 

lysosomal damage in both Tac-WT and Tac-G2019S BMDM (Figure 5.3.2).  

 

 

Figure 5.3.2. LRRK2 expression levels during lysosomal damage in Tac-WT and 

Tac-G2019S BMDM 

Western blot analysis of LRRK2 and -actin in Tac-WT and Tac-G2019S BMDM in 
untreated, LLOMe, LLOMe + MLi-2 and MLi-2 conditions. Full-length LRRK2 band 

intensity was quantified by densitometry and normalised to -actin. Data are mean ± 
SD from 2 independent experiments. Two-way ANOVA followed by Tukey’s multiple 
comparisons test. 
 

5.4 Tac-G2019S BMDM show reduced Lysotracker recovery 

after LLOMe-induced lysosomal damage 

The above results suggest that Tac-G2019S BMDM show no differences in the total 

number of damaged lysosomes or lysosomes targeted to lysophagy, but reduced 

recruitment of ESCRT-III machinery to damaged lysosomes. This data was acquired 

from fixed cells at a timepoint of 30 min LLOMe treatment and does not capture the 

dynamics of protein recruitment following lysosomal damage. To monitor lysosomal 
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integrity dynamics in BMDM, I utilised LysoTracker dye and carried out live cell 

snapshot imaging during LLOMe-induced lysosomal damage, followed by LLOMe-

washout and snapshot imaging to monitor lysosomal repair. The experimental 

workflow is demonstrated in Figure 5.4.1.  

 

 

Figure 5.4.1. Workflow for LysoTracker recovery assay 

The experimental workflow for the LysoTracker (LTR) recovery assay is illustrated. 
Following baseline LTR intensity imaging, Live BMDM are imaged every minute after 
the addition of LLOMe, followed by washout and replacement of media containing 
fresh LTR. LTR intensity increases during the recovery stage, indicative of lysosomal 
membrane repair.  
 

In agreement with the Gal3 immunofluorescence data Tac-WT and Tac-G2019S 

macrophages leaked LysoTracker to a similar degree, suggesting similar levels of 

lysosomal damage. However, the recovery of the lysosomal population after removal 

of LLOMe was reduced in Tac-G2019S macrophages, confirming a defect in 

lysosomal repair (Figure 5.4.2).  
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Figure 5.4.2. Tac-G2019S BMDM show reduced recovery of LysoTracker after 

lysosomal damage. 

(A) Live cell snapshot imaging of LysoTracker positive spots in BMDM treated with 
LLOMe 1mM, followed by lysosomal recovery after removal of LLOMe and wash. 

Scale bar = 50 m. (B) Data shown is the mean ± SD from 6 independent 

experiments. Differences between slopes in the recovery period (after wash) were 
estimated using linear regression.  
 

5.5 LRRK2 kinase dead BMDM do not show altered response to 

lysosomal damage and repair 

My previous data indicated that Gal3, CHMP4B and LC3B recruitment to damaged 

lysosomes was independent of LRRK2 kinase activity. To further explore this, I 
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utilised the NJ-D1994A LRRK2 kinase dead BMDM. NJ-WT and NJ-D1994A BMDM 

were treated with vehicle control or LLOMe ± MLi-2, followed by staining for 

endogenous Gal3, CHMP4B and LC3B and high content microscopy. NJ-D1994A 

macrophages were treated with MLi-2 to control for off-target effects. 

 

NJ-WT and NJ-D1994A macrophages showed a similar number of Gal3 positive 

puncta after lysosomal damage (Figure 5.5.1), supporting that Gal3 recruitment to 

damaged lysosomes is LRRK2 kinase activity-independent in BMDM. Like previous 

experiments approximately 10% of the cell area was positive for Gal3 in control 

conditions (Figure 5.5.1). MLi-2 treatment did not significantly alter Gal3 in NJ-WT or 

NJ-D1994A BMDM (Figure 5.5.1). 
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Figure 5.5.1. Gal3 levels do not differ between NJ-WT and NJ-D1994A BMDM after 

lysosomal damage. 
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BMDM were treated with LLOMe 1 mM +/- MLi-2 100 nM and endogenous Galectin-
3 (Gal3) positive cell area was visualised by immunofluorescence and quantified 

using Harmony software. Scale bars, 20 m. Data representative of (B) 4 
independent experiments. Results are shown as mean ± SEM. Two-way ANOVA 
followed by Šidák’s multiple comparisons test. 
 

NJ-WT and NJ-D1994A macrophages showed a similar increase in CHMP4B puncta 

after lysosomal damage (Figure 5.5.2), supporting LRRK2 kinase-independent 

effects on CHMP4B recruitment to damaged lysosomes in BMDM. MLi-2 did not alter 

CHMP4B recruitment in NJ-WT and NJ-D1994A BMDM after lysosomal damage 

(Figure 5.5.2).  
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Figure 5.5.2. CHMP4B levels do not differ between NJ-WT and NJ-D1994A BMDM 

after lysosomal damage.  

BMDM were treated with LLOMe 1 mM +/- MLi-2 100 nM for 30 min and endogenous 
CHMP4B positive cell area was visualised by immunofluorescence and quantified 

using Harmony software. Scale bars, 20 m. Data representative of (B) 4 
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independent experiments. Results are shown as mean ± SEM. Two-way ANOVA 
followed by Šidák’s multiple comparisons test. 
 

Finally, LC3B puncta formation was monitored in NJ-WT and NJ-D1994A BMDM 

after lysosomal damage. There were no differences in the number of LC3B positive 

vesicles in control conditions (Figure 5.5.3). Following lysosomal damage, LC3B 

puncta formation was similar between NJ-WT and NJ-D1994A BMDM (Figure 5.5.3). 

Lysosomal damage in the presence of MLi-2 inhibition decreased LC3B puncta 

formation in NJ-WT BMDM and had no effect on NJ-D1994A BMDM (Figure 5.5.3). 

This data supports a LRRK2 kinase activity-independent effect on LC3B recruitment 

to damaged lysosomes in BMDM. 
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Figure 5.5.3. LC3B levels are unchanged between NJ-WT and NJ-D1994A BMDM 

after lysosomal damage. 

BMDM were treated with LLOMe 1 mM +/- MLi-2 100 nM and endogenous LC3B 
positive cell area was visualised by immunofluorescence and quantified using 

Harmony software. Scale bars, 20 m. Data representative of (B) 3 independent 
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experiments. Results are shown as mean ± SEM. Two-way ANOVA followed by 
Šidák’s multiple comparisons test. 
 

5.6 LRRK2 KO BMDM do not show altered response to 

lysosomal damage and repair  

Next, I utilised the LRRK2 KO BMDM as a control for kinase, GTPase and other 

LRRK2 domains on Gal3, CHMP4B and LC3B recruitment after lysosomal damage 

in BMDM. Given that my above results were not in keeping with the previous data 

reported by Herbst et al. in wild-type RAW 264.7 cells, using the LRRK2 KO BMDM 

would allow me to test whether the results were like those reported in LRRK2 KO 

RAW cells (Figure 1.14.1) (Herbst et al., 2020). 6J-WT and 6J-LRRK2KO BMDM 

were treated with vehicle control or LLOMe 1 mM for 30 min, followed by staining for 

endogenous Gal3, CHMP4B and LC3B and high content microscopy. To control for 

off-target effects of kinase inhibition on BMDM, 6J-LRRK2KO BMDM were also 

treated with MLi-2 control.  

 

There were high levels of Gal3 in 6J-WT and 6J-LRRK2KO BMDM in control 

conditions (Figure 5.6.1). 6J-WT and 6J-LRRK2KO BMDM increased Gal3 levels 

after LLOMe-induced lysosomal damage to similar levels with no significant 

differences (Figure 5.6.1). MLi-2 had no effect on Gal3 levels after lysosomal 

damage (Figure 5.6.1).  
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Figure 5.6.1 Gal3 levels do not differ between 6J-WT and 6J-LRRK2KO BMDM after 

lysosomal damage. 

BMDM were treated with LLOMe 1 mM +/- MLi-2 100 nM for 30 min and endogenous 
Galectin-3 (Gal3) positive cell area was visualised by immunofluorescence and 
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quantified using Harmony software. Scale bars, 20 m. Data representative of (B) 3 
independent experiments (n=6 individual wells). Results are shown as mean ± SEM. 
Two-way ANOVA followed by Šidák’s multiple comparisons test. 
 

CHMP4B was largely undetectable in 6J-WT and 6J-LRRK2KO BMDM in control 

conditions (Figure 5.6.2). CHMP4B puncta increased after lysosomal damage in both 

6J-WT and 6J-LRRK2KO BMDM, with no significant differences (Figure 5.6.2). MLi-

2 had no effect on CHMP4B levels in 6J-WT or 6J-LRRK2KO BMDM (Figure 5.6.2).  
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Figure 5.6.2. CHMP4B levels do not differ between 6J-WT and 6J-LRRK2KO BMDM 

after lysosomal damage. 

BMDM were treated with LLOMe 1 mM +/- MLi-2 100 nM for 30 min and endogenous 
CHMP4B positive cell area was visualised by immunofluorescence and quantified 
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using Harmony software. Scale bars, 20 m. Data representative of (B) 3 
independent experiments (n=6 individual wells). Results are shown as mean ± SEM. 
Two-way ANOVA followed by Šidák’s multiple comparisons test. 
 

LC3B levels were similar between 6J-WT and 6J-LRRK2KO BMDM in control 

conditions (Figure 5.6.3). Following LLOMe-induced lysosomal damage, LC3B levels 

increased in both genotypes and there were no significant differences, although there 

were high levels of inter-experimental variability and a trend for increased LC3B in 

6J-LRRK2KO BMDM (Figure 5.6.3). Although not statistically significant, LC3B 

levels trended to decrease in both 6J-WT and 6J-LRRK2KO BMDM in cells treated 

with LLOMe and MLi-2 (Figure 5.6.3).  
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Figure 5.6.3. LC3B levels are unchanged between NJ-WT and NJ-D1994A BMDM 

after lysosomal damage. 

BMDM were treated with LLOMe 1 mM +/- MLi-2 100 nM for 30 min and endogenous 
LC3B positive cell area was visualised by immunofluorescence and quantified using 
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Harmony software. Scale bars, 20 m. Data representative of (B) 3 independent 
experiments. Results are shown as mean ± SEM. Two-way ANOVA followed by 
Šidák’s multiple comparisons test 
 

These results were unexpected and show quite a striking difference in lysosomal 

biology between BMDM and RAW cells. Given that another notable difference 

between these cells is the mean puncta number/cell (around 2-4 puncta/cell for cell 

lines; several hundred puncta/cell for BMDM), I hypothesised that BMDM were more 

sensitive to the effects of LLOMe than cell lines, resulting in a stressed lysosomal 

system in which no differences could be detected. To test this, I repeated these 

experiments using a lower concentration of LLOMe (0.5 mM) to check whether 

differences in lysosomal damage, marked by Gal3, would become apparent at this 

lower level of lysosomal damage. However, at 0.5 mM, no significant increase in 

Gal3 was noted in NJ-WT, 6J-WT and mutant cells, and so this could not explain my 

findings (Figure 5.6.4).  
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Figure 5.6.4. Gal3 levels significantly increase at 1 mM, but not 0.5 mM, LLOMe 

treatment in BMDM.  

BMDM were treated with LLOMe 1 mM, LLOMe 0.5 mM or vehicle control for 30 min 
and endogenous Galectin-3 (Gal3) positive cell area was visualised by 

immunofluorescence and quantified using Harmony software. Scale bars, 50 m. 
Data representative of (B) 2 independent experiments (n=6 individual wells). Results 
are shown as mean ± SD. Two-way ANOVA followed by Šidák’s multiple 
comparisons test. 
 

To summarise, in this chapter I found that BMDM carrying LRRK2-G2019S mutation 

demonstrate reduced recovery of LTR after LLOMe-induced lysosomal damage and 

reduced recruitment of the ESCRT-III component CHMP4B to damaged lysosomes. 

This suggests that LRRK2-G2019S is associated with a defect in lysosomal 

membrane repair. However, my data in wild-type, LRRK2 kinase dead and LRRK2 

KO BMDM shows that the recruitment of Gal3, CHMP4B and LC3B is not LRRK2-

dependent, because there were no differences between kinase dead and LRRK2 KO 

macrophages and their respective wild-types, and LRRK2 kinase inhibition did not 

alter Gal3, CHMP4B and LC3B puncta formation in wild-type BMDM. This data is 

summarised in the table below (Table 5.6.1).  

 

 Tac-WT versus Tac-G2019S BMDM 

 Effect of LRRK2 

mutation/KO 

MLi-2 

dependent 

GZD-824-

dependent 

Gal3 = No No 

CHMP4B  No No 

LC3B = No Levels altered 

in GZD control 

 NJ-WT versus NJ-D1994A BMDM 

Gal3 = No N/A 

CHMP4B = No N/A 

LC3B = No N/A 

 6J-WT versus 6J-LRRK2KO BMDM 

Gal3 = No N/A 
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CHMP4B = No N/A 

LC3B = No N/A 

Table 5.6.1. Summary of Gal3, CHMP4B and LC3B immunofluorescence results 
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Chapter 6. Results 4 Investigating lysosomal 

damage-induced cell death in LRRK2-mutant 

macrophages 

In the previous chapter I showed that LRRK2-G2019S macrophages show a deficit 

in lysosomal membrane repair. This process is important for cell homeostasis 

because the ensuing leakage of lysosomal contents into the cytosol can cause 

widespread damage and cell death. It has been proposed that leakage of specific 

cathepsins through small membrane holes triggers apoptosis (Johansson et al., 

2010), while extensive leakage results in necrotic cell death (Boya and Kroemer, 

2008). Lysosomal membrane damage has also been linked to pyroptotic cell death 

via NLRP3 inflammasome activation (Chen et al., 2019). In this chapter I explore the 

consequences of lysosomal damage and repair on cell death pathways in LRRK2 

mutant macrophages.  

 

6.1 Tac-G2019S and 6J-LRRK2KO BMDM show contrasting cell 

death responses during LLOMe-induced lysosomal 

membrane damage 

First, I quantified cell death during a time course of LLOMe-induced lysosomal 

membrane damage in Tac-WT, Tac-G2019S, NJ-WT, NJ-D1994A, 6J-WT and 6J-

LRRK2KO BMDM. BMDM were stained with NucBlue, a DNA-binding dye that freely 

diffuses across plasma membranes thus labelling all nuclei, and NucGreen, a DNA-

binding dye that cannot diffuse across the plasma membrane unless membrane 

integrity is compromised, thus labelling nuclei in dead cells. BMDM were imaged 

every 15 min using high content confocal microscopy. For each timepoint, the total 

number of dead cells (NucGreen positive) was calculated as a percentage of the total 

number of cells (NucBlue positive). After 90 min of lysosomal damage there were 

significantly higher levels of cell death in Tac-G2019S compared to Tac-WT BMDM 

(Figure 6.1.1, a and b). In contrast, NJ-WT and NJ-D1994A BMDM showed similar 

levels of cell death throughout 90 min of LLOMe treatment (Figure 6.1.1, c and d), 

while 6J-LRRK2KO BMDM showed significantly less cell death than 6J-WT BMDM 
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from 45 min of LLOMe treatment (Figure 6.1.1, e and f). This suggested that LRRK2-

G2019S was associated with increased cell death during lysosomal membrane 

damage however LRRK2 kinase activity (as absent in NJ-D1994A BMDM) was not 

linked to cell death, while other functions of LRRK2 (as absent in LRRK2KO BMDM) 

were important for cell death.  

 

 

Figure 6.1.1. Tac-G2019S BMDM show increased cell death during LLOMe-induced 

lysosomal damage. 
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(A, C and E) Snapshots of BMDM treated with LLOMe at 30, 60 and 90 min. Nuclear 

staining (blue) and dead nuclear staining (green). Scale bars = 50m. (B, D and F) 

Connecting line graphs showing the mean  SEM percentage of dead cells at each 

timepoint. P-values by Two-Way ANOVA (mixed-effects model) with Bonferroni’s 
multiple comparisons test. Data is from (B) 6 independent biological replicates (D) 5 
independent replicates and (F) 5 independent biological replicates.  

6.1.1 Cell death during lysosomal damage is independent of LRRK2 kinase 

activity 

To confirm the effects of LRRK2 kinase activity in lysosomal damaged-induced cell 

death, Tac-WT and Tac-G2019S BMDM were treated with MLi-2 and again imaged 

with NucBlue and NucGreen dyes during LLOMe treatment. The overall level of cell 

death was not significantly altered by MLi-2 treatment in Tac-WT or Tac-G2019S 

BMDM (Figure 6.1.2). This is in keeping with LRRK2 kinase activity-independent 

effects of lysosomal damage effects on cell death.  

 

 

Figure 6.1.2. BMDM death after lysosomal damage is LRRK2 kinase activity-

independent 
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(A and C) Snapshots of BMDM treated with LLOMe   MLi-2 at 30, 60 and 90 min. 

Nuclear staining (blue) and dead nuclear staining (green). Scale bars = 50m. (B 

and D) Connecting line graphs showing the mean  SEM percentage of dead cells 
at each timepoint. P-values by Two-Way ANOVA (mixed-effects model) with 
Bonferroni’s multiple comparisons test. Data is from 4 independent biological 
replicates.  

6.1.2 XL01126 treatment reduces LRRK2 expression in Tac-WT and Tac-

G2019S BMDM  

Given that there was less cell death in 6J-LRRK2KO BMDM during lysosomal 

membrane damage, I next explored whether reducing LRRK2 expression could alter 

cell death after LLOMe-induced lysosomal damage in Tac-WT and Tac-G2019S 

BMDM. For this, I utilised XL01126, a LRRK2-specific Proteolysis Targeting Chimera 

(PROTAC) which induces degradation of LRRK2 via the proteosome (Liu et al., 

2022). First, I confirmed that 1h XL01126 treatment induced LRRK2 degradation in 

a dose-dependent manner (Figure 6.1.3). XL01126 degraded 80% of LRRK2 at the 

highest tested concentration (Figure 6.1.3).  

 

 

Figure 6.1.3. XL01126 PROTAC treatment results in degradation of LRRK2  

(A) Western blot analysis of LRRK2 and -actin in Tac-WT BMDM in control and 1h 

XL01126 LRRK2-PROTAC treatment at 100nM, 0.5 M and 1 M (B) LRRK2 band 

intensity was quantified by densitometry and normalised to -actin. Data shown is 
from one experiment.  
 

PROTACs can disrupt cell homeostasis by off-target degradation or saturation of the 

proteasome (Moreau et al., 2020). I therefore explored whether cytotoxic effects 

were present in BMDM with increasing concentrations of XL01226 by staining cells 

with NucBlue and NucGreen probes (Figure 6.1.4). After 90 min of XL01126 

treatment, increased cell death was present at 0.5 M, but not at the lower 

concentration of 100 nM (Figure 6.1.4).  
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Figure 6.1.4. 500 nM XL01126 treatment is cytotoxic after 90 min in BMDM 

(A) Snapshots of BMDM treated with XL01126 at 100 nM and 500 nM. Nuclear 

staining (blue) and dead nuclear staining (green). Scale bars = 50m. (B) Connecting 

line graph showing the mean  SEM percentage of dead cells at each timepoint. P-
values by Two-Way ANOVA with Bonferroni’s multiple comparisons test. Data is from 
3 technical replicates within one experiment. 
 

Given that BMDM tolerated XL01126 at a lower concentration for at least 240 min 

without cytotoxic effects (Figure 6.1.4), I decided to check for degradation of LRRK2 

in Tac-WT and Tac-G2019S BMDM after 2h XL01126 treatment. LRRK2 expression 

was reduced by 40-60% in Tac-WT and Tac-G2019S BMDM after 2h XL01126 

treatment at a concentration of 200 nM (Figure 6.1.5). Interestingly, I found that Tac-

G2019S BMDM showed more degradation of LRRK2 than Tac-WT BMDM in 

response to XL01126 treatment (Figure 6.1.5).  
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Figure 6.1.5. XL01126 PROTAC 200 nM treatment results in significant degradation 

of LRRK2 in Tac-WT and Tac-G2019S BMDM. 

(A) Western blot analysis of LRRK2 and -actin in Tac-WT and Tac-G2019S BMDM 
in control and 1h XL01126 LRRK2-PROTAC treatment at 100nM and 200nM (B) 

LRRK2 band intensity was quantified by densitometry and normalised to -actin. 

Data shown is the mean  SD from three independent biological replicates. P-values 

by P-values by Two-Way ANOVA with Bonferroni’s multiple comparisons test. 
 

I proceeded to quantify cell death in Tac-WT and Tac-G2019S BMDM during 

LLOMe-induced lysosomal damage after 2h pre-treatment with 200 nM XL01126. 

While 200 nM XL01126 pre-treatment did not result in cytotoxic effects in control 

conditions, XL01126 was unable to alter the amount of cell death in LLOMe-treated 

Tac-WT and Tac-G2019S BMDM (Figure 6.1.6). This indicated that reduction of 

LRRK2 expression did not change cell death during lysosomal damage. Notably, 

XL01126 was not able to completely degrade LRRK2 from the cell, as 40-60% of 

LRRK2 remained present even with XL01126 treatment (Figure 6.1.5).  
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Figure 6.1.6. XL01126 LRRK2-PROTAC does not reduce BMDM cell death after 

lysosomal damage in Tac-WT or Tac-G2019S BMDM 

(A) Snapshots of BMDM treated with LLOMe  XL01126 at 30, 90, 120 and 180 min. 

Nuclear staining (blue) and dead nuclear staining (green). Scale bars = 50m. (B) 

Connecting line graphs showing the mean  SEM percentage of dead cells at each 
timepoint. P-values by Two-Way ANOVA with Bonferroni’s multiple comparisons 
test. Data is from 3 independent biological replicates.  
 

6.1.3 Tac-G2019S BMDM show increased cell death with silica crystal-

induced lysosomal damage 

I next investigated whether silica crystals, another lysosomal membrane damage-

inducing agent, resulted in changes in cell death in Tac-G2019S BMDM. In patients, 

chronic inhalation of silica crystals results in a fibrotic lung disease known as silicosis 
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(Mossman and Churg, 1998). Silica crystals have been shown to trigger lysosomal 

membrane damage, NLRP3 inflammasome assembly and cell death in vitro 

(Hornung et al., 2008). The underlying mechanism of silica crystal-induced lysosomal 

membrane damage is not fully understood but is thought to be due to mechanical 

disruption of the lysosomal membrane (Hornung et al., 2008; Pavan et al., 2020). 

Silica crystals are taken into the cell by phagocytosis (Hornung et al., 2008), so 

BMDM were treated with silica-coated beads as an additional control. These silica-

coated beads are taken into the cell by phagocytosis but do not cause lysosomal 

membrane damage (Bussi et al., 2022). Tac-G2019S BMDM showed increased cell 

death after 210 min of silica crystal-induced lysosomal membrane damage compared 

to Tac-WT BMDM (Figure 6.1.7). There were no differences in cell death between 

Tac-WT and Tac-G2019S BMDM in control conditions (Figure 6.1.7).  

 

 

Figure 6.1.7. Silica crystal-induced lysosomal damage results in increased cell 

death in Tac-G2019S BMDM.  

(A and C) Snapshots of BMDM treated with silica crystals at 30, 90, 150, 210, 270 
and 330 min. Nuclear staining (blue) and dead nuclear staining (green). Scale bars 

= 50m. (B and D) Connecting line graphs showing the mean  SEM percentage of 
dead cells at each timepoint. P-values by Two-Way ANOVA (mixed-effects model) 
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with Bonferroni’s multiple comparisons test. Data is from 3 independent biological 
replicates.  
 

6.2 LRRK2-G2019S iPSDM show increased cell death after 

lysosomal membrane damage 

I next sought to investigate whether human macrophages carrying LRRK2-G2019S 

mutation show changes in cell death with lysosomal membrane damage. Human 

iPSDM derived from a PD patient carrying LRRK2-G2019S mutation showed 

significantly higher levels of cell death during LLOMe-induced lysosomal membrane 

damage (Figure 6.2.1). There was overall around 10% more cell death in LRRK2-

G2019S iPSDM and these effects were present at all time points of lysosomal 

damage (Figure 6.2.1). MLi-2 treatment did not significantly alter cell death in human 

iPSDM during lysosomal damage. However, another LRRK2 kinase inhibitor 

GSK2578215A did reduce death in LRRK2-G2019S iPSDM at 15 and 210 min of 

lysosomal damage (Figure 6.2.1), suggesting that there may be some kinase-

dependent effects. However, given that this was not reproduced with MLi-2 treatment, 

this could also be off-target effects of the GSK2578215A inhibitor.  
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Figure 6.2.1. LRRK2-G2019S iPSDM show increased cell death after lysosomal 

damage that is independent of LRRK2 kinase activity.  

(A, C, E) Snapshots of BMDM treated with LLOMe  MLi-2 or GSK at 30, 90 and 180 

min. Nuclear staining (blue) and dead nuclear staining (green). Scale bars = 50m. 

(B, D, F-H) Connecting line graphs showing the mean  SEM percentage of dead 
cells at each timepoint. P-values by Two-Way ANOVA with Bonferroni’s multiple 
comparisons test. Data is from 3 independent biological replicates. GSK – 
GSK2578215A.  
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6.3 Validation of imaging and Western blot to explore 

programmed cell death in BMDM  

Notably, NucBlue and NucGreen snapshot imaging does not give mechanistic insight 

into the mode of cell death because compromised plasma membrane integrity is 

present in all forms of cell death to some extent, including end-stage apoptosis 

(Majno and Joris, 1995; Patel et al., 2006). Next, I investigated the use of live cell 

snapshot imaging to differentiate and quantify cell death modes in BMDM. I utilised 

NucView caspase-3/7 substrate coupled to a DNA-binding Alexa-488 fluorogen 

(10402-T, Biotium). This compound is cleaved by activated caspase 3/7, the 

executioners of apoptotic pathways (Julien and Wells, 2017), to release fluorescent 

signal. BMDM were also incubated with NucBlue (as described previously) and 

propidium iodide (PI), a DNA binding dye that identifies cells with compromised 

plasma membrane integrity. 

 

As a positive control for apoptosis, wild-type BMDM were treated with TNF- and the 

caspase 3/7 activator, 5Z-7-Oxozeaenol (Sanjo et al., 2019). TNF- binds to TNFR1 

death receptor which triggers the extrinsic apoptotic pathway in the presence of 

active caspase 3/7. Necroptosis was induced in BMDM by treatment with TNF- and 

the pan-caspase-inhibitor Z-VAD-FMK (Choudhury et al., 2024; Place et al., 2022). 

TNF- binds to TNFR1 death receptor which triggers the necroptosis pathway in the 

presence of caspase inhibition. In addition, BMDM were treated with LPS followed 

by Nigericin to trigger pyroptosis (den Hartigh and Fink, 2018; Mariathasan et al., 

2006). LPS pre-treatment primed BMDM by initiating transcription of NLRP3-

associated genes, while Nigericin activated NLRP3 inflammasome and pyroptosis. 

Imaging with NucView caspase-3 substrate, PI and NucBlue revealed positive 

staining for activated caspase 3/7 in 90% of BMDM in the apoptosis positive control 

(Figure 6.3.1). However, almost 100% of BMDM in the pyroptosis positive control 

were also positive for activated caspase 3/7 (Figure 6.3.1). PI co-staining allowed 

some differentiation of apoptosis and pyroptosis because almost 100% of pyroptotic 

BMDM were positive for PI, while around 40% of apoptotic BMDM were positive for 

PI (Figure 6.3.1). This imaging was not able to differentiate BMDM in the necroptosis 

positive control (Figure 6.3.1). Thus, I concluded that identification of caspase-3/7 
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positive and PI-negative BMDM was indicative of apoptosis, while identification of 

PI-positive alone, caspase 3/7-positive alone or PI-positive and caspase 3/7-positive 

BMDM could not reliably differentiate between apoptosis, pyroptosis and 

necroptosis.  

 

 

Figure 6.3.1. Caspase-3/7 and PI co-staining in BMDM can identify early apoptotic 

cells by imaging 

(A) Tac-WT BMDM were treated with chemical inducers of apoptosis, pyroptosis and 
necroptosis and imaged with NucBlue, caspase-3 and PI probes. Scale bars = 20 

m. (B and C) Bar charts show the mean  SEM from three independent biological 
replicates. (B) Quantification of the number of caspase-3 positive cells/total cell 
population (%) (C) Quantification of the number of PI positive cells/total cell 
population (%). P-values by One-Way ANOVA. 
 

The finding that only 40% of BMDM showed positive PI staining in the necroptosis 

control (Figure 6.3.1) indicated that cells had not reached the stage of necroptosis 

where plasma membrane integrity is compromised. However, the necroptosis 

pathway could still be active at an earlier stage in these cells. To explore this, Tac-

WT BMDM were induced for apoptosis, necroptosis and pyroptosis as before and 

cell lysates were collected for Western blot. The molecular hallmark of necroptosis 

is phosphorylation of the proteins RIP-3 and MLKL at S345 and T231/S232 sites, 

respectively. Western blot analysis confirmed that pRIP3 and pMLKL were only 

present in lysates from BMDM in the necroptosis positive control but not in the 

apoptosis or pyroptosis positive controls (Figure 6.3.2).  
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Figure 6.3.2. Detection of phosphorylated MLKL and RIP-3 in BMDM induced by 

necroptosis 

Tac-WT BMDM were treated with positive controls for apoptosis, pyroptosis and 

necroptosis. Western blot for pMLKL, -actin, pRIP3 and -actin.  

 

In addition, Western blot analysis of BMDM in the pyroptosis positive control showed 

cleavage of Gasdermin-D (GSDMD) and IL-1, hallmarks of pyroptosis (Figure 6.3.3). 

Western blot analysis of BMDM in the apoptosis positive control showed cleavage of 

PARP and caspase-3, molecular hallmarks of apoptosis (Figure 6.3.4). I noted that 

there was a small amount of cleaved PARP in the pyroptosis control and a small 

amount of cleaved IL-1 in the apoptosis positive control, likely indicating a small 

amount of these other cell death modes occurring within these controls.  

 

 

Figure 6.3.3. Detection of cleaved Gasdermin D and IL-1 in BMDM induced by 

pyroptosis.  

Tac-WT BMDM were treated with positive controls for apoptosis, pyroptosis and 

necroptosis. Western blot for cleaved Gasdermin D (GSDMD), -actin, cleaved Il-1 

and -actin.  
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Figure 6.3.4. Detection of cleaved PARP and caspase-3 in BMDM induced by 

apoptosis.  

Tac-WT BMDM were treated with positive controls for apoptosis, pyroptosis and 

necroptosis. Western blot for cleaved PARP, -actin, cleaved caspase-3 and -actin.  

 

In summary, imaging with NucView caspase-3 probe, PI and NucBlue allows 

identification of at least a proportion of apoptotic cells. This is useful because 

individual cells can be monitored throughout a time course of imaging. However, 

imaging cannot differentiate cells in the early stages of pyroptosis or necroptosis. 

Western blot analysis, in contrast allows identification of apoptosis, pyroptosis and 

necroptosis pathways. While this is useful for quantification of overall levels of 

programmed cell death, single cell heterogeneity cannot be captured, and large 

numbers of cells are required for each experiment.  

 

6.4 LPS-primed Tac-WT and Tac-G2019S BMDM show no 

differences in cell death during lysosomal damage  

It is known that macrophages in vitro are unable to assemble the NLRP3 

inflammasome, a multiprotein complex involved in inflammatory signalling and 

pyroptosis, unless they are primed by pre-treatment with an immune stimulus such 

as LPS (Bauernfeind et al., 2009; Schroder et al., 2012). In vivo, macrophages 

represent a highly heterogenous group of cells comprising a mixed population of 

primed and unprimed macrophages with different immune and homeostatic functions 

(Mosser et al., 2021). Thus, while it is biologically relevant to study unprimed 

macrophages experimentally, there exists important functional differences between 

LPS-primed and LPS-naïve macrophages that may be relevant to disease.  
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I next quantified cell death in LPS-primed Tac-WT and Tac-G2019S BMDM during 

lysosomal membrane damage in the presence or absence of the LRRK2 kinase 

inhibitor MLi-2. For these experiments, I utilised NucView caspase-3/7 substrate, PI 

and NucBlue probes to quantify the total percentage of dead cells (PI positive cells / 

NucBlue cells) and the total percentage of apoptotic cells (Cas 3/7-positive + PI-

negative cells / NucBlue cells) at each timepoint. Surprisingly, LPS-primed Tac-

G2019S and Tac-WT BMDM showed no differences in overall levels of cell death 

over 135 min of imaging (Figure 6.4.1). In addition, overall levels of cell death were 

not altered by inhibition of LRRK2 kinase activity with the inhibitor MLi-2 in Tac-WT 

or Tac-G2019S BMDM (Figure 6.4.1). The percentage of apoptotic cells showed a 

quantitative but statistically insignificant increase in Tac-G2019S BMDM after 45 min 

of lysosomal damage (Figure 6.4.1). Interestingly, this effect was lost when cells 

were treated with MLi-2 due to an increase in caspase 3/7 positive/PI-negative 

staining in Tac-WT BMDM in this condition (Figure 6.4.1).  
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Figure 6.4.1. LPS-primed Tac-WT and Tac-G2019S BMDM show similar levels of 

cell death after lysosomal damage  

(A) Snapshots of LPS-primed BMDM treated with LLOMe at 30, 60, 90 and 120 min. 
Nuclear staining (blue), PI nuclear staining (orange) and caspase-3 staining (green). 

Scale bars = 50m. (B to E) Connecting line graphs showing the mean  SEM 
percentage of dead cells at each timepoint. P-values by Two-Way ANOVA with 
Bonferroni’s multiple comparisons test. Data is from 3 independent biological 
replicates.  
 

6.5 G2019S BMDM show increases caspase-3 cleavage and 

PARP cleavage after 2 h lysosomal damage 

I next investigated whether the mode of cell death in both LPS-naïve and LPS-primed 

BMDM was altered after lysosomal damage by Western blot analysis. These 

experiments required a careful balance of enough cell death induction to be able to 

detect protein cleavage or phosphorylation, with enough cell preservation to prevent 

lysis or detachment of the cells during LLOMe treatment. I initially collected cell 

lysates after 1 h treatment with LLOMe  LPS but found very little detection of cell 

death proteins overall and no differences between Tac-WT and Tac-G2019S BMDM 

(Figure 6.5.1).  
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Figure 6.5.1. Detection of cell death markers is limited at 1 h LLOMe treatment in 

Tac-WT and Tac-G2019S BMDM 

(A) Western blot analysis of cleaved PARP, cleaved caspase-3 (cas-3), RIP3 

pT231/S232, MLKL pS346, cleaved IL-1, cleaved Gasdermin D (GSDMD) and -
actin in Tac-WT and Tac-G2019S BMDM in untreated, LPS, LLOMe, and LLOMe + 
LPS conditions. (B to E) Cleaved PARP, cleaved cas-3, cleaved GSDMD and 
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cleaved IL-1 band intensities were quantified by densitometry and normalised to -
actin. Data are mean ± SD from 3 independent experiments. Two-way ANOVA 
followed by Tukey’s multiple comparisons test. 
 

Western blots analysis was also performed at 2 h LLOMe treatment  LPS to be able 

to detect higher levels of cell death proteins. Apoptosis, as indicated by the presence 

of cleaved PARP and cleaved caspase-3, was observed in LPS-naïve and LPS-

primed Tac-WT and Tac-G2019S BMDM after lysosomal damage (Figure 6.5.2). 

LPS-naïve BMDM showed higher levels of apoptosis than LPS-primed BMDM 

(Figure 6.5.2). In LPS-naïve cells, LRRK2-G2019S was associated with significantly 

higher levels of cleaved PARP and cleaved caspase-3 (Figure 6.5.2) after lysosomal 

damage, in keeping with increased apoptosis in these cells. While this trend for 

increased cleaved PARP and cleaved caspase-3 was present in LPS-primed Tac-

G2019S BMDM treated with LLOMe, it did not reach statistical significance (Figure 

6.5.2).  

 

  

Figure 6.5.2. Apoptosis is increased in LPS-naïve Tac-G2019S BMDM after 

lysosomal membrane damage 

(A) Western blot analysis of cleaved PARP, cleaved caspase-3 and -actin in Tac-

WT and Tac-G2019S BMDM in untreated, LLOMe, LPS and LLOMe + LPS 
conditions. (B and C) Cleaved caspase-3 and cleaved PARP band intensities were 
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quantified by densitometry and normalised to -actin. Data are mean ± SD from 3 
independent experiments. Two-way ANOVA followed by Tukey’s multiple 
comparisons test. 
 

Pyroptosis, as indicated by the presence of cleaved IL-1 and cleaved GSDMD was 

detected in LPS-primed Tac-WT and Tac-G2019S BMDM after lysosomal damage. 

As expected, LPS-naïve Tac-WT and Tac-G2019S BMDM did not show any 

evidence of pyroptosis. The levels of cleaved IL-1 and cleaved GSDMD did not 

differ between LPS-primed Tac-WT and Tac-G2019S BMDM, indicating that there 

were no differences in the level of pyroptosis induced by lysosomal damage.  

 

 

Figure 6.5.3. Pyroptosis is induced in Tac-WT and Tac-G2019S LPS-primed BMDM 

after lysosomal membrane damage 

(A) Western blot analysis of cleaved IL-1, cleaved Gasdermin D (GSDMD) and -
actin in Tac-WT and Tac-G2019S BMDM in untreated, LLOMe, LPS and LLOMe + 

LPS conditions. (B and C) Cleaved IL-1 and cleaved GSDMD band intensities were 

quantified by densitometry and normalised to -actin. Data are mean ± SD from (B) 
2 independent experiments and (C) 3 independent experiments. Two-way ANOVA 
followed by Tukey’s multiple comparisons test. 
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Finally, necroptosis, as indicated by the presence of phosphorylated RIP-3 and 

phosphorylated MLKL, was not detected in LPS-naïve or LPS-primed Tac-WT or 

Tac-G2019S BMDM after lysosomal damage. As such, necroptosis was not 

considered to be a relevant mode of cell death after lysosomal damage in 

macrophages.  

 

 

Figure 6.5.4. Necroptosis is not detected in BMDM after lysosomal damage.  

Western blot analysis of RIP3 pT231/S232, MLKL pS345 and -actin in Tac-WT and 
Tac-G2019S BMDM in untreated, LLOMe, LPS and LLOMe + LPS conditions. One 
representative Western blot is shown from three independent experiments.  
 

6.5.1 Lysosomal damage-induced PARP and caspase-3 cleavage is MLi-2-

independent  

I previously found that overall levels of cell death after lysosomal damage was 

independent of LRRK2 kinase activity in Tac-G2019S BMDM (see Figure 6.1.2). I 

next investigated whether LRRK2 kinase inhibition could change the relative 

contribution of apoptosis to overall cell death in Tac-WT and Tac-G2019S BMDM by 

repeating the Western blots for cleaved PARP and cleaved caspase-3 after 

treatment with MLi-2. I detected cleaved PARP and cleaved caspase-3 in both Tac-

WT and Tac-G2019S BMDM after LLOMe as previously, with higher levels in Tac-

G2019S BMDM (Figure 6.5.5). MLi-2 treatment did not reduce the level of cleaved 

PARP or cleaved caspase-3 in Tac-WT and Tac-G2019S BMDM, indicating that this 

effect of LRRK2-G2019S is LRRK2 kinase activity-independent (Figure 6.5.5).  
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Figure 6.5.5. Lysosomal damage induced cleavage of PARP and caspase-3 is MLi-

2 independent 

(A) Western blot analysis of cleaved PARP, cleaved caspase-3 and -actin in Tac-
WT and Tac-G2019S BMDM in untreated, MLi-2, LLOMe, and LLOMe + MLi-2 
conditions. (B and C) Cleaved caspase-3 and cleaved PARP band intensities were 

quantified by densitometry and normalised to -actin. Data are mean ± SD from 3 

independent experiments. Two-way ANOVA followed by Tukey’s multiple 
comparisons test. 
 

Additionally, there were no differences in the level of cleaved PARP and cleaved 

caspase-3 between LPS-naïve and LPS-primed NJ-WT and LRRK2 kinase dead NJ-

D1994A BMDM, confirming that apoptosis was independent of LRRK2 kinase activity 

in BMDM after lysosomal damage (Figure 6.5.6).  
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Figure 6.5.6. LRRK2 kinase dead BMDM show no differences in cleaved PARP or 

cleaved caspase-3 after lysosomal membrane damage.  

(A) Western blot analysis of cleaved PARP, cleaved caspase-3 and -actin in NJ-
WT and NJ-D1994A BMDM in untreated, LPS, LLOMe, and LLOMe + LPS 
conditions. (B and C) Cleaved caspase-3 and cleaved PARP band intensities were 

quantified by densitometry and normalised to -actin. Data are mean ± SD from 3 
independent experiments. Two-way ANOVA followed by Tukey’s multiple 
comparisons test. 
 

6.5.2 Apoptosis markers do not differ in LRRK2 KO BMDM after lysosomal 

damage 

Given that 6J-LRRK2KO BMDM showed significantly less cell death during 

lysosomal damage (see Figure 6.1.1), I hypothesised that a kinase activity-

independent function of LRRK2 was required for apoptosis in BMDM. To test this, 

LPS-naïve and LPS-primed 6J-WT and 6J-LRRK2KO BMDM were treated with 

LLOMe for 2h and lysates were collected for Western blot. Cleaved PARP and 

cleaved caspase-3 was detected in LPS-naïve 6J-WT and 6J-LRRK2KO BMDM, 

indicating the apoptosis was induced irrespective of LRRK2 presence in the cell 

(Figure 6.5.7). These cells responded differently to LLOMe when LPS-primed as 
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cleaved PARP and cleaved caspase-3 were greatly reduced in this condition in both 

6J-WT and 6J-LRRK2KO BMDM (Figure 6.5.7). 

 

 

Figure 6.5.7. There are no differences in apoptosis between 6J-WT and 6J-

LRRK2KO BMDM after lysosomal damage.  

(A) Western blot analysis of cleaved PARP, cleaved caspase-3 and -actin in 6J-WT 
and 6J-LRRK2KO BMDM in untreated, LPS, LLOMe, and LLOMe + LPS conditions. 
(B and C) Cleaved caspase-3 and cleaved PARP band intensities were quantified by 

densitometry and normalised to -actin. Data are mean ± SD from 3 independent 
experiments. Two-way ANOVA followed by Tukey’s multiple comparisons test. 
 

To summarise, in this chapter I have shown that mouse and human macrophages 

carrying the LRRK2-G2019S mutation show increased cell death in response to 

lysosomal membrane damage. These effects are largely LRRK2 kinase activity-

independent because they are unchanged by LRRK2 kinase inhibitor treatment and 

there were no differences in cell death between kinase dead BMDM and their wild-

type. However, these effects are likely linked to another LRRK2 function because 

LRRK2KO BMDM showed significantly less cell death during lysosomal damage 

compared to its wild-type BMDM. I detected increased levels of the apoptotic proteins 

cleaved PARP and cleaved caspase-3 after lysosomal damage in Tac-G2019S 

BMDM, and these effects could not be reversed by LRRK2 kinase inhibition. 
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However, there were no differences in levels of cleaved PARP and cleaved caspase-

3 between LRRK2 KO and their wild-type BMDM, indicating that the effects present 

in Tac-G2019S BMDM are not LRRK2-dependent. Finally, my data revealed that the 

activation status of the macrophage impacts the mode and amount of cell death 

during lysosomal membrane damage, as LPS-primed and LPS-naïve BMDM 

behaved differently.  
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Chapter 7. Discussion 

7.1 Characterisation of macrophage models of LRRK2 

mutations 

In this thesis, I aimed to develop a LRRK2 mutant macrophage model that was 

physiologically relevant. As such, I avoided using LRRK2-G2019S BAC transgenic 

mice which overexpress LRRK2, and instead used mice which express endogenous 

levels of LRRK2. This is advantageous because it avoids phenotypes that are 

secondary to LRRK2 overexpression. I show that there are no differences in LRRK2 

expression between Tac-WT and Tac-G2019S BMDM, and NJ-WT and NJ-D1994A 

BMDM. It is notable that the LRRK2-G2019S mice used in this project do not show 

any motor impairment (Crown et al., 2020) or brain pathology (Pajarillo et al., 2023). 

For these reasons, I decided to explore the use of human macrophages from a 

Parkinson’s disease patient carrying the LRRK2-G2019S mutation as a more 

disease-relevant macrophage model. The development of the isogenic control iPSC 

provides a strong biological system where we can be confident that any observed 

effects are secondary to the mutation, as the cells are otherwise genetically identical 

(Pellegrino and Gutierrez, 2021). 

 

Western blot analysis for LRRK2 revealed two bands in both BMDM and iPSDM: one 

around 286 kDa (in keeping with full-length LRRK2) and one additional band around 

170 kDa (Figure 3.2.2 and Figure 3.3.2). These bands appeared to be specific for 

LRRK2 as they were absent in the LRRK2KO BMDM lysate. The LRRK2 gene has 

21 reported transcripts, however this band does not correspond to any of these 

transcripts (Table 7.1.1). A similar sized band on a LRRK2 membrane was reported 

in human iPSDM derived from different donors to iPSC used in this study (Lee et al., 

2020), however, in this study the additional LRRK2 band was detected at minimal 

levels in resting macrophages and was significantly upregulated in response to IFN-

  The authors characterised this molecule by mass spectrometry and found a C-

terminal product of LRRK2 which is cleaved at the ANK-LRR interdomain region. 

This is postulated to represent a natural cleavage product of LRRK2 in human 
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iPSDM and iPSC-derived microglia, however its function is unknown (Lee et al., 

2020). There were no other LRRK2-specific bands present in the membrane. 

 

Transcript ID Name bp Protein 

ENST00000298910.12 LRRK2-201 9239 2527aa 

ENST00000680790.1 LRRK2-218 8875 2442aa 

ENST00000343742.6 LRRK2-202 4740 1271aa 

ENST00000681696.1 LRRK2-220 3828 1052aa 

ENST00000636518.1 LRRK2-208 2477 454aa 

ENST00000416796.5 LRRK2-203 1655 521aa 

ENST00000680422.1 LRRK2-215 8598 843aa 

ENST00000679360.1 LRRK2-210 7718 403aa 

ENST00000430804.5 LRRK2-204 6400 207aa 

ENST00000679532.1 LRRK2-211 4852 171aa 

ENST00000680018.1 LRRK2-213 4523 73aa 

ENST00000680453.1 LRRK2-217 4515 160aa 

ENST00000680425.1 LRRK2-216 3968 43aa 

ENST00000679683.1 LRRK2-212 2855 59aa 

ENST00000644108.1 LRRK2-209 1151 78aa 

ENST00000681136.1 LRRK2-219 4081 No protein 

ENST00000680235.1 LRRK2-214 2344 No protein 

ENST00000481256.1 LRRK2-207 561 No protein 

ENST00000479187.5 LRRK2-206 8306 No protein 

ENST00000681773.1 LRRK2-221 4718 No protein 

ENST00000474202.1 LRRK2-205 556 No protein 

Table 7.1.1. Transcripts of LRRK2 from Ensembl (http://www.ensembl.org, 

accessed 10th January 2024) 

 
Flow cytometry revealed similar levels of macrophage surface marker expression 

between control and G2019S BMDM and iPSDM, except for CD169, which was 

expressed at higher levels in G2019S iPSDM (Figure 3.3.1). CD169 (Siglec-1) is a 

member of the Siglecs (sialic acid-binding Ig-like lectins) family and is expressed by 

macrophages, monocytes, and dendritic cells. CD169 is thought to be important for 

cellular interactions but is also reported to function in pathogen recognition and 

http://www.ensembl.org/
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immune signalling (Herzog et al., 2022). While CD169 was still positively expressed 

in a proportion of isogenic control iPSDM, I cannot exclude that the overall lower 

levels of expression led to the differences in cytokine secretion observed in G2019S 

iPSDM (Figure 3.4.2, Figure 3.4.3, and Figure 3.4.5). I would argue that this is 

unlikely to explain differences in cytokine secretion because only a select few 

cytokines showed significant differences in secretion between G2019S and isogenic 

iPSDM, and differences due to CD169 signalling would be expected to alter secretion 

of a larger group of cytokines. Of note, iPSDM showed overall low expression of 

macrophage surface markers by flow cytometry (Figure 3.3.1). This expression is 

similar to that of iPSDM derived from different donor iPSC and differentiated by the 

same protocol: despite low surface expression of macrophage markers, these 

iPSDM expressed macrophage-specific transcription factors and behaved as 

functionally relevant macrophages in terms of phagocytosis and response to immune 

stimuli (Bernard et al., 2020).  

 

LAMP-1 (Figure 3.2.3) and LTR staining (Figure 3.2.5 and Figure 3.3.3) revealed 

that BMDM and iPSDM contain a heterogenous, compact network of lysosomes 

throughout the cytosol. This represents an important difference between these cells 

and cell lines such as RAW 264.7 cells, where the lysosomal compartment is more 

homogenous with overall fewer lysosomes which are larger in size (Herbst et al., 

2020). It is likely that the BMDM and iPSDM lysosomal compartment is more 

physiological and relevant to disease than studies of the lysosomal compartment in 

cell lines such as RAW 264.7 cells (Bussi and Gutierrez, 2024). Previous studies 

have reported reduced LAMP-1/LAMP-2 expression in LRRK2-G2019S cells and 

increased LAMP-1/LAMP-2 expression in LRRK2KO cells (Henry et al., 2015; 

Yadavalli and Ferguson, 2023). In these studies, there was reduced proteolytic 

activity in LRRK2-G2019S cells and increased proteolytic activity in LRRK2 KO and 

LRRK2 kinase inhibitor-treated LRRK2 wild-type cells. In contrast, I found no 

differences in proteolytic activity in LRRK2-G2019S BMDM and iPSDM (Figure 3.2.6 

and Figure 3.3.4). The differences between my results and these studies may be due 

to the different mouse models utilised, for example, Henry et al. studied primary 

astrocytes derived from transgenic mouse model with LRRK2 overexpression (Henry 

et al., 2015). Another important difference is that I incubated BMDM with DQ-

BSA/BSA-488 probes for 4 hours prior to imaging to ensure that the probe reached 
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the lysosomal compartment, while Yadavalli et al. added probes for 1 hour before 

imaging, thus it could be that results reflect differences in proteolytic activity in earlier, 

less mature endolysosomal compartment (Yadavalli and Ferguson, 2023). 

 

LPS treatment resulted in significantly higher levels of IL-6 secretion in G2019S 

iPSDM, and this increased secretion was kinase-dependent as the effects were 

reversed by the LRRK2 kinase inhibitor MLi-2 (Figure 3.4.2). IL-6 is a pleiotropic 

cytokine with both pro- and anti-inflammatory effects (Grebenciucova and 

VanHaerents, 2023). A recent paper using iPSC-derived monocytes reported 

increased levels of IL-6, alongside several other cytokines, in G2019S cells (Ahmadi 

Rastegar et al., 2022). Although there were trends for an increase in other cytokines 

such as IL-10, IP-10 and RANTES in LRRK2-G2019S iPSDM in my experiments, 

these did not reach statistical significance. Interestingly, IL-6 has previously been 

linked to PD pathogenesis by inducing iron accumulation and death of dopaminergic 

neurons (Li et al., 2009). Further, monocytes from PD patients show increased IL-6 

secretion in response to IFN- stimulation compared to healthy controls (Cook et al., 

2017).  

 

Finally, IFN- treatment resulted in increased secretion of IP-10 in G2019S iPSDM 

(Figure 3.4.5). This effect was not reversed by treatment with MLi-2. IP-10 (CXCL10) 

is the primary cytokine secreted by macrophages in response to IFN- (Liu et al., 

2011). IP-10 is reported to have pleiotropic effects (Liu et al., 2011) and has been 

linked to cognitive decline in PD (Rocha et al., 2014). IFN-, in addition to its effects 

on macrophage activation, results in a robust increase in expression of LRRK2 

across multiple cell types (Cook et al., 2017; Gardet et al., 2010; Lee et al., 2020), 

while MLi-2 has no effect on LRRK2 expression (Fell et al., 2015; Xu et al., 2022a). 

It would be useful to check for differences in LRRK2 expression between isogenic 

control and LRRK2-G2019S iPSDM after IFN- to check whether these differences 

in IP-10 secretion are due to differences in LRRK2 expression.  
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7.2 Defining the substrates of LRRK2 kinase in macrophages 

The finding that Rab3 pT86, Rab8A pT72, Rab10 pT73, Rab12 pS105, Rab35 pT72 

and Rab43 pT80 are phosphorylated by LRRK2 kinase in macrophages after 

lysosomal damage strongly implicates function of these Rab GTPases in LRRK2-

mediated macrophage biology (Figure 4.2.9). The Michael J Fox Foundation (MJFF) 

in collaboration with Abcam has developed commercially available antibodies 

against known LRRK2-kinase phosphorylation sites for Rab8A (pT72), Rab10 (pT73) 

and Rab12 (pS106) (www.michaeljfox.org/toolscatalog). However, as discussed 

previously, the Rab8A pT72 antibody is known to cross-react with other Rab 

GTPases and as such is better described as a pan-phospho Rab antibody. The 

antibodies against phosphorylated Rab10 and Rab12 have provided useful insight 

into their functions. However, there are few tools available to study Rab3 pT86, 

Rab35 pT72 and Rab43 pT80, and little is known about their role in lysosomal 

damage and repair, or their function in macrophages. Defining the role of these Rab 

GTPases and their phosphorylation in immune cells is an area of future research 

interest in the LRRK2 field. However, I cannot exclude that the Rab proteins not 

detected in our experiments could be expressed and modulated by LRRK2 and/or 

membrane damage in macrophages. Mass spectrometry may not detect all 

expressed proteins; therefore, I cannot reach conclusions about the Rab GTPases 

that have not been detected. 

 

Except for Rab12, I found that LRRK2-G2019S kinase activity does not translate to 

a pronounced hyperphosphorylation effect in macrophages in both control and 

LLOMe-treatment conditions (Figure 4.3.2 and Figure 4.3.3). This was unexpected 

because LRRK2-G2019S is associated with increased kinase activity in vitro 

(Greggio et al., 2006; Jaleel et al., 2007; Myasnikov et al., 2021; West et al., 2005). 

LRRK2-G2019S kinase activity may behave differently in cellulo although increased 

kinase activity by LRRK2-G2019S has been reported in neutrophils (Karayel et al., 

2020) and in mouse brain (Sheng et al., 2012) using LRRK2 pS1292 as a readout. 

Wang et al. also show increased phosphorylation of Rab10 pT73 in resting mouse 

primary astrocytes (Wang et al., 2021). As discussed in the introduction chapter of 

this thesis, each Rab GTPase shows unique cell type-dependent patterns of 

expression and activity, and my results suggest that mutant LRRK2 kinase activity 

http://www.michaeljfox.org/toolscatalog
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does not drive hyperphosphorylation of all LRRK2 kinase substrates in macrophages. 

This phenotype could be related to the cell type-dependent localisation of LRRK2 

and its substrates. For example, phosphorylated Rab10 pT73 appears to be localised 

to a population of juxta-nuclear lysosomes in mouse primary astrocytes that are also 

positive for LRRK2 (Kluss et al., 2022a). Thus it is possible that juxta-nuclear 

lysosomes do not contain Rab10 in mouse primary BMDM, reflecting underlying 

differences in the function of Rab10 between astrocytes and macrophages.  

 

LRRK2-G2019S has also been associated with no change or reduction in kinase 

activity in vivo (Iannotta et al., 2020). Rab10 phosphorylation did not differ between 

LRRK2-WT and LRRK2-G2019S mouse lung and kidney, and Rab10 

phosphorylation significantly decreased with age in LRRK2-G2019S mouse brain 

tissue (Iannotta et al., 2020). Interestingly, LRRK2 pS1292 levels were increased in 

G2019S mice despite no differences or decreases in Rab10 phosphorylation.  

 

One hypothesis for the lack of differences in Rab phosphorylation in my experiments 

is that there is a limit on the degree of Rab phosphorylation possible in a cell: this 

would be dependent on factors such as the number of LRRK2/Rab GTPase 

molecules, degree of phosphatase activity, and the membrane area available for 

binding and phosphorylation. It is possible that the amount of damage induced by 

LLOMe 1 mM treatment for 30 min in my experiments reached this theoretical 

“maximum” level of phosphorylation by LRRK2 in both wild-type and G2019S 

macrophages, thus any differences would only become apparent at a lower level of 

lysosomal damage. However, LRRK2-G2019S showed no increased 

phosphorylation of Rabs in control conditions.  

 

It is notable that LRRK2-G2019S is associated with only a modest two-fold increase 

in kinase activity in vitro, and it is possible that my phosphoproteomics study was 

underpowered and more than 4 biological replicates would be required to detect such 

small differences. On the other hand, LRRK2-G2019S could be dysfunctional in cells 

such as macrophages: this is the first time a phosphoproteomics study has been 

performed in this cell type – over-activity of the kinase could eventually lead to 

impairment of kinase function or development of compensatory mechanisms by the 

cell such as increased phosphatase activity. Indeed, “exhaustion” is the name given 
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to a feature of lymphocytes whereby chronic activation eventually leads to 

exhaustion/dysfunction of the cell.  

 

Rab12 has recently been linked to LRRK2 activation during lysosomal damage: 

Rab12 KO A549 and NIH-3T3 cells show reduced LRRK2 recruitment and reduced 

phosphorylation of Rab10 pT73 after LLOMe-induced lysosomal damage (Dhekne 

et al., 2023; Wang et al., 2023). However, it is important to delineate functions of total 

Rab12 and phosphorylated Rab12 pS105: in these studies, the phosphorylation of 

Rab12 pS105 did not alter its ability to activate LRRK2 during lysosomal damage: a 

phosphodeficient Rab12 mutant had no effect on phosphorylation of Rab10 pT73 

after lysosomal damage (Wang et al., 2023). In my experiments, total levels of Rab12 

did not differ between Tac-G2019S and Tac-WT BMDM in any condition; only 

phosphorylated Rab12 pS105 was higher in Tac-G2019S BMDM after LLOMe 

treatment. It is therefore possible that phosphorylated Rab12 pS105 has other roles 

during lysosomal damage, separate from its function in LRRK2 recruitment and 

activation. 

 

While I detected reduced phosphorylations in non-Rab proteins in the LRRK2 kinase-

dead macrophages (Mrpl51, Mucl1, Mapk6, Fam126b), these phosphorylations were 

LLOMe-independent (Figure 4.2.2 and Figure 4.2.3). It is possible that these 

phosphorylations are dependent on LRRK2 kinase activity in the basal state and are 

unaffected by LRRK2 activation/recruitment to lysosomes. Of these substrates, none 

showed increased phosphorylation in Tac-G2019S BMDM. Such consistent and 

LLOMe-independent phosphorylations could reflect genetic differences between the 

control and mutant mouse strains. Mutant mouse strain NJ-D1994A has the same 

genetic background with the control strain (NJ-WT) and has been backcrossed to the 

parent line two times with 98.1% homology on genetic monitoring by SNP analysis, 

yet it is possible that there are minor genetic differences. Large ribosomal subunit 

protein mL51 (Mrpl51) is a mitochondrial protein involved in mitochondrial translation, 

thus important for oxidative phosphorylation. Mucin-like protein 1 (Mucl1) is secreted 

by exocrine tissues such as salivary gland and breast cancer cells, though little else 

is known of its function (Miksicek et al., 2002). Mitogen-activated protein kinase 6 

(Mapk6) is a kinase that is known to phosphorylate microtubule-associated protein 2 

(MAP2). Mapk2 pS189, the altered site detected in our experiments, is known to 



Chapter 7. Discussion 

 

216 

 

regulate the kinase activity of this protein (Schumacher et al., 2004). Hyccin-2 

(Fam126b) is a phosphatidylinositol 4-kinase (PI4K) component which is important 

for plasma membrane integrity and growth (Baskin et al., 2016). It would be 

interesting to explore the effects of Hyccin-2 (Fam126b) phosphorylation in 

lysosomal repair given the recent identification of a PI4K-dependent repair pathway 

(Tan and Finkel, 2022).  

 

There were also changes in the phosphorylation of non-Rab proteins in Tac-G2019S 

macrophages (Figure 4.3.2 and Figure 4.3.3). Of these, only Cathepsin G (Ctsg) and 

Dmxl2 phosphorylations were LLOMe-dependent. After lysosomal damage, Ctsg 

phosphorylation was reduced while Dmxl2 phosphorylation was increased in 

G2019S BMDM. Ctsg pS121 was also phosphorylated by kinase-dead macrophages 

after lysosomal membrane damage, indicating that it is not a LRRK2 kinase substrate. 

The phosphorylation of Ctsg at this site has not, to our knowledge, been previously 

described (site table for Cathepsin G human, phosphosite.org, accessed 16 th May 

2024). A working hypothesis based on these results is that lysosomal damage results 

in the release of Ctsg to the cytosol where it is phosphorylated by a kinase that is not 

LRRK2. It would be interesting to explore the effects of this phosphorylation on the 

function of Ctsg after lysosomal damage – phosphorylation could simply render Ctsg 

inactive or could affect its interactions with mediators of pathways such as cell death. 

Although antibodies that recognise this phosphorylation site on Ctsg have not been 

developed, changes in Ctsg phosphorylation during lysosomal damage could be 

explored using Phos-tag gels or via live cell imaging approaches following incubation 

with a fluorescent probe that can detect activated Ctsg. Dmxl2 (also known as 

Rabconnectin-3) is a large 340 kDa protein that acts as a scaffolding protein for the 

GAP and GEF for Rab3A, thus Dmxl2 mediates the GTP/GDP cycle of Rab3A 

(Kawabe et al., 2003; Nagano et al., 2002). This is intriguing, given that Rab3A is a 

bona fide substrate of LRRK2 kinase. Dmxl2 pS933 was not identified in the kinase 

dead phosphoproteomics experiment, so future experiments to determine whether 

this is a substrate of LRRK2 kinase in macrophages during lysosomal damage are 

required. Finally, I cannot exclude that the altered phosphorylations in non-Rab 

proteins detected in Tac-G2019S BMDM are due to genetic differences between 

mouse strains as discussed above. Alternatively, these may represent downstream 

and kinase activity-independent effects of the G2019S mutation.  
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Total levels of most Rab GTPases were unaltered by LLOMe treatment or LRRK2 

mutations, however Rab44 levels robustly increased after LLOMe in D1994A 

macrophages and significantly decreased after LLOMe in G2019S macrophages 

(Figure 4.2.8 and Figure 4.3.7). The opposing effects of Rab44 levels in LLOMe-

treated D1994A and G2019S macrophages suggests that LRRK2 kinase may have 

a role in regulation of its expression. Rab44 is an atypical Rab GTPase which is 

much larger than other Rab GTPases (molecular weight 110 kDa) containing 

additional domains (Yamaguchi et al., 2018). Intriguingly, Rab44 has been linked to 

lysosomal exocytosis, a process that may be triggered by lysosomal damage, in mast 

cells (Kadowaki et al., 2021). Further studies into the role of Rab44 in lysosomal 

damage and how LRRK2 mutations could affect expression are required.   

 

Most studies reporting LRRK2 substrates use in vitro kinase assays or systems with 

LRRK2 overexpression. There are three previous phosphoproteomics studies of 

LRRK2 substrates utilising MEFs and HEK293T cells (Steger et al., 2017; Steger et 

al., 2016), and human PBMCs (Thirstrup et al., 2017) treated with the LRRK2 kinase 

inhibitor MLi-2 as a pharmacological control of LRRK2 kinase activity. These studies 

all identified Rab10 and Rab12 as LRRK2 substrates, while Steger et al. (Steger et 

al., 2017) additionally found Rab3B/C/D, Rab8A/B, Rab35 and Rab43 as in cellulo 

endogenous LRRK2 kinase substrates. I confirmed these substrates were 

phosphorylated by LRRK2 kinase in BMDM however this was only apparent in the 

context of lysosomal damage and there were no phosphorylation changes in kinase-

dead macrophages in the control condition. While Steger et al. used the MLi-2-

resistant LRRK2-A2016T mutant MEFs as a control for MLi-2 off-target effects 

(Steger et al., 2016), Thirstrup et al. did not have this control (Thirstrup et al., 2017). 

The differences between these results and my study could be down to differences in 

cell type or because my focus is lysosomal damage-induced LRRK2 activation, 

which is known to trigger dimerisation of LRRK2 and recruitment to damaged 

lysosomes.  

 

An important limitation of the phosphoproteomics study is that for a phosphorylation 

to be included in the analysis, it had to be identified in all four biological replicates 

and in all genotypes. As such, if a phosphorylation was completely absent in the NJ-
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D1994A macrophages, but was present in the NJ-WT macrophages, it would not be 

included in our dataset. In addition, the results in this chapter are specific to LRRK2 

activation secondary to lysosomal damage and it may be that LRRK2 activation by 

other mechanisms in macrophages would result in phosphorylation of different 

substrates. 

 

7.3 LRRK2-G2019S is associated with a deficit in lysosomal 

repair 

Using phosphoproteomics and Western blot analysis in Chapter 4, I found a strong 

induction of LRRK2 kinase activity, as evidenced by phosphorylation of Rab GTPase 

substrates, in BMDM after LLOMe-induced lysosomal damage. While the Gal3, 

CHMP4B and LC3B pathways were clearly implicated in the LRRK2-dependent 

lysosomal damage response in RAW cells (Herbst et al., 2020), my data suggests 

that this pathway is not related to LRRK2 activation in BMDM (Figure 5.2.2, Figure 

5.2.3, Figure 5.2.5, Figure 5.5.1, Figure 5.5.2, Figure 5.5.3, Figure 5.6.1, Figure 5.6.2, 

and Figure 5.6.3). Instead, it is possible that the reduction in CHMP4B recruitment 

to damaged lysosomes in Tac-G2019S BMDM (Figure 5.2.3) were due to other 

genetic differences between the mutant and wild-type mice. Alternatively, CHMP4B 

puncta formation is known to differ depending on cell subtype in dendritic cells by 

Gros and colleagues, and the differences in CHMP4B recruitment present in my 

experiments could reflect underlying differences in macrophage heterogeneity (Gros 

et al., 2022). Nonetheless, the LTR recovery assay in Tac-G2019S BMDM 

demonstrates that this mutation is associated with reduced lysosomal repair (Figure 

5.4.2), possibly related to other lysosomal membrane repair pathways. It would be 

useful to repeat the LTR recovery assay in the presence of a LRRK2 kinase inhibitor 

to confirm whether these effects are LRRK2 kinase activity dependent. Further, it 

would be useful to repeat the LTR recovery assay in the LRRK2 kinase dead and 

LRRK2 KO BMDM to confirm the role of LRRK2 in lysosomal membrane repair in 

BMDM. 

 

Lysosomal repair was thought to be mediated primarily by the ESCRT-mediated 

pathway as described previously (Papadopoulos et al., 2020; Papadopoulos and 
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Meyer, 2017; Radulovic et al., 2018). However, recent studies have uncovered a 

number of ESCRT-independent pathways of lysosomal repair including stress 

granules (Bussi et al., 2023), sphingomyelin (Niekamp et al., 2022), PI4K2A (Tan 

and Finkel, 2022) and annexins (Yim et al., 2022). It is therefore possible that 

LRRK2-mediated lysosomal membrane repair is implicated in one of these other 

pathways in BMDM and is cell type-dependent. Despite clear differences in 

lysosomal membrane repair in Tac-G2019S BMDM as assessed by the LTR 

recovery assay, CHMP4B puncta formation differed only by 1% in LRRK2-G2019S 

BMDM (Figure 5.2.3). Thus, it is plausible that LRRK2 is involved in repair of the 

population of damaged lysosomes that are CHMP4B negative, possibly by one of 

the other recently described lysosomal membrane repair pathways. CHMP4B 

formed puncta, rings, and tubules at sites of damage and while it was not possible 

to quantify the proportion of each of these structures in these experiments, it would 

be interesting to check whether this differs between Tac-WT and Tac-G2019S 

BMDM. 

 

The Gal3, CHMP4B and LC3B immunofluorescence performed in BMDM revealed 

striking differences from previous data in RAW 264.7 cells (Herbst et al., 2020). For 

example, while LRRK2KO RAW cells show an increase in LC3B after lysosomal 

damage compared to wild-type RAW cells, no such difference was present between 

6J-LRRK2KO and 6J-WT BMDM. This difference may be due to the different cell 

types: RAW cells are a macrophage-like cell line derived from a tumour and as such 

show genome alterations and altered cell and lysosomal biology; BMDM are a 

macrophage primary cell line and are thought to show more physiologically relevant 

cell and lysosomal biology. Large differences between these cell types were 

apparent by the immunofluorescence images: the number of Gal3 puncta found after 

lysosomal damage in BMDM reached > 1000 in many cells, while a mean of 4 Gal3 

puncta per cell were found after lysosomal damage in LRRK2 wild-type RAW cells 

(Herbst et al., 2020). Such differences may be due to the underlying lysosomal 

biology – I previously showed that the LAMP-1 positive compartment is highly dense 

in BMDM (see Figure 3.2.4), while there appear to be fewer, larger lysosomes in 

RAW cells (Herbst et al., 2020). RAW cells and BMDM also respond differently to 

LLOMe-induced lysosomal damage – almost all LTR staining intensity was lost after 
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5 min of LLOMe treatment in BMDM (Figure 5.4.2), while 60 min of LLOMe treatment 

was required to see a similar effect in RAW cells (Herbst et al., 2020).  

 

One disadvantage of using BMDM for these studies was the inherent variability 

associated with this cell type both within and between experiments. All experiments 

were performed using freshly differentiated BMDM from 6-10 weeks female mice, 

and it is possible that some of the inter-experimental variability was due to the use 

of different donor mice. However, variability was present in Gal3, CHMP4B and LC3B 

immunofluorescence even within a single field from one experiment with, for example, 

some cells showing high levels of puncta and other cells in the same well showing 

almost no puncta. It is unclear why this variability was present but could be due to 

differences in macrophage activation status or due to heterogeneity in macrophage 

differentiation. Previous flow cytometry characterisation of the cells (Figure 3.2.1) 

showed BMDM express the dendritic marker CD11c, and a previous study has 

shown that use of GM-CSF to differentiate haematopoietic precursor cells results in 

a heterogenous population of macrophages and dendritic cells (Helft et al., 2015). 

Further, baseline LTR staining (see Figure 3.2.5) showed that while some cells 

contained many strongly positive LTR+ puncta, others contained few LTR+ puncta 

or only weakly staining LTR puncta, indicating differences in both lysosomal content 

and acidity between cells. This is important because LLOMe processing is 

dependent on proteolytic activity (Skowyra et al., 2018) thus small differences in 

lysosomal activity between cells could cause this variability. It is possible that 

underlying differences in Gal3, CHMP4B and LC3B were masked by this 

heterogeneity in BMDM. 

 

Importantly, a proportion of BMDM showed high levels of Gal3 puncta in the control 

condition, indicating that Gal3 puncta may not be specific for lysosomal damage in 

this cell type. Alongside its role in detection of lysosomal membrane damage (Aits et 

al., 2015), Gal3 has a functional role in the recruitment of other proteins that form 

part of autophagy and membrane repair pathways (Jia et al., 2020), but also has 

reported functions in immune signalling, exosome formation, Ras and Wnt signalling 

and autophagy (Johannes et al., 2018). Galectins are also secreted by cells and have 

extracellular functions including cell adhesion, migration, signalling, and 

inflammation. Thus, although Gal3 levels significantly increased in BMDM treated 
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with LLOMe, indicating that it was recruited to areas of lysosomal damage, it is likely 

that Gal3 also highlights other structures, and this effect may mask any LRRK2-

dependent effects of Gal3 recruitment to lysosomes in this cell type. Herbst et al. 

found an accumulation of vesicles that are positive for Gal3 in human monocyte-

derived macrophages from PD patients carrying the LRRK2-G2019S mutation 

compared to healthy controls in the absence of lysosomal damage. However, 

following LLOMe treatment there were no differences in the numbers of Gal3 positive 

vesicles between healthy controls and LRRK2-mutated PD patients, in keeping with 

my data (Herbst et al., 2020). Further, Bonet-Ponce et al. also report MLi-2 

independent effects of Gal3 recruitment to lysosomes that are positive for 

overexpressed LRRK2 after lysosomal damage with LLOMe in mouse primary 

astrocytes (Bonet-Ponce et al., 2020). In this study, LC3 lipidation as also unchanged 

by MLi-2 treatment (Bonet-Ponce et al., 2020), further highlighting that these 

pathways are cell type-dependent.  

 

It was technically challenging to examine the dynamics of Gal3, CHMP4B and LC3B 

recruitment in Tac-G2019S BMDM during this project. Instead, cells were fixed after 

30 min of LLOMe treatment and as such, it cannot be ruled out that there are 

significant differences at earlier timepoints or differences in the dynamics of 

Gal3/CHMP4B/LC3B recruitment and disassociation from damaged/repaired 

lysosomes in Tac-G2091S BMDM. The 30-minute timepoint was chosen to allow for 

the detection of high numbers of damaged lysosomes but limit the amount of cell 

death present in the sample. My results show a significant increase in Gal3 at 30 min 

LLOMe treatment but not 15 min LLOMe treatment in BMDM (Figure 5.6.4). 

Assessment of Gal3, CHMP4B and LC3B dynamics in BMDM would be possible 

using lentiviral transduction systems or by nucleofection, however I was unable to 

optimise these experiments within the timeframe of this project.  

 

Another possible explanation for the lack of differences in Gal3, CHMP4B and LC3B 

levels after lysosomal damage between NJ-D1994A and 6J-LRRK2KO BMDM and 

their respective wild types is that there is compensation for the lack of LRRK2 in 

these cells by other proteins, for example LRRK1. Indeed, these BMDM are derived 

from 6–10-week-old mice and as such there may be some compensation over this 

time. However, it is notable that there was a clear absence of Rab phosphorylation 
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in NJ-D1994A and 6J-LRRK2 KO BMDM after 30 min of LLOMe treatment by 

Western blot (see Figure 4.1.1 and Figure 4.1.2), indicating that NJ-D1994A and 6J-

LRRK2 KO cells cannot compensate for LRRK2 kinase-mediated Rab 

phosphorylation. In addition, a recent study highlighted important sex-dependent 

differences in LRRK2-G2019S immune cells: male mice expressing endogenous 

levels of LRRK2-G2019S showed increased intestinal inflammation and aggregation 

of -synuclein in gut macrophages in a chronic experimental colitis model (Fang et 

al., 2024),  suggesting that LRRK2-mediated immune phenotypes may be stronger 

in male mice. As such, a limitation of this thesis is that all experiments were 

performed in BMDM derived from female mice and it would be useful to repeat the 

studies in BMDM from male mice. 

 

7.4 LRRK2-G2019S is associated with increased, kinase-

independent, cell death after lysosomal damage 

An important caveat to these data is that in my cellular system, there is not yet a 

clear link between the deficit in lysosomal membrane repair (described in chapter 5) 

and the increase in cell death found in Tac-G2019S BMDM (as per chapter 6). 

Although the LTR recovery assay in Tac-G2019S BMDM (see Figure 5.4.2) is in 

keeping with a deficit in lysosomal repair, I have not shown whether this is dependent 

on LRRK2 kinase activity as the LTR recovery assay would need to be performed in 

the presence of a LRRK2 kinase inhibitor. As discussed previously, reduced 

CHMP4B recruitment in Tac-G2019S BMDM cannot explain the differences I see in 

cell death because 1) CHMP4B recruitment did not differ between LRRK2 KO and 

wild-type BMDM (Figure 5.6.2) while cell death was significantly different (Figure 

6.1.1) and 2) MLi-2 treatment increased CHMP4B recruitment in Tac-G2019S BMDM 

(Figure 5.2.3) but did not change the amount of cell death (Figure 6.1.2). In addition 

to other lysosomal membrane repair pathways, processes activated by lysosomal 

damage such as lysophagy and lysosomal biogenesis could also contribute to the 

cell death phenotype reported here and should be further explored.  

 

The finding that increased cell death in LRRK2-G2019S BMDM and iPSDM was not 

changed by treatment with MLi-2 suggests that LRRK2 G2019S may engage in other 
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kinase-independent functions that could be relevant to its pathogenic effects. As 

discussed in the introduction to this thesis, LRRK2 also contains additional protein-

protein interaction domains and is hypothesised to be an important scaffolding 

protein within the cell, mediating a plethora of intracellular processes. It would be 

interesting to explore whether the scaffolding function of mutant LRRK2 is different 

from that of wild-type LRRK2, and whether this could interfere with cell death 

processes following lysosomal damage.  

 

Although LRRK2 KO BMDM showed significantly less cell death during lysosomal 

damage (Figure 6.1.1), I was unable to reduce cell death in Tac-G2019S BMDM by 

pre-treatment with the LRRK2-specific PROTAC XL01126 (Figure 6.1.6). I showed 

that XL01126 pre-treatment resulted in a 40-60% reduction in LRRK2 levels (Figure 

6.1.5), thus this suggests that LRRK2 needs to be degraded beyond these levels to 

influence cell death during lysosomal damage. Although this was not possible within 

the timeframe of my project, it would be useful to explore alternative modes to reduce 

LRRK2 expression in BMDM such as treatment with an antisense oligonucleotide or 

LRRK2 knock-down.  

 

It was interesting to note that XL01126 treatment showed different efficiencies 

between Tac-WT and Tac-G2019S BMDM – the PROTAC was able to degrade 

LRRK2 more in the LRRK2-G2019S mutated cells (Figure 6.1.5). It would be 

interesting to explore this further: it is possible that the localisation or conformation 

of LRRK2-G2019S makes it more amenable to proteosome-mediated degradation. 

This could be tested by pre-treating cells with a type 1 LRRK2 kinase inhibitor, which 

promotes the closed (active) conformation of LRRK2 and its association with 

microtubules. Alternatively, proteosome function could be altered by LRRK2-

G2019S in macrophages. Proteosome disruption has previously been reported in the 

midbrain of PD patients, although has not been demonstrated in immune cells 

(McNaught et al., 2003; Bedford et al., 2008).  

 

In this work, I developed an imaging approach to quantify apoptosis in BMDM using 

a probe to detect activated caspase-3/7 alongside PI and NucBlue staining. However, 

using positive controls for apoptosis, pyroptosis and necroptosis, I showed that 

activated caspase-3/7 was almost universally positive in both the apoptosis and 
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pyroptosis positive controls. This can be explained by examining the pyroptotic 

pathway in further detail (see Figure 1.13.1): during pyroptosis, NLRP3 

inflammasome activation leads to the cleavage and activation of the inflammatory 

Cas-1. Cas-1, alongside triggering pyroptosis through GSDMD cleavage, is also able 

to activate caspase 3/7. Thus, there is crosstalk between apoptotic and pyroptotic 

pathways. This was also clear from the Western blots performed in the positive 

controls for cell death: cleaved PARP was detected in the lysate from the pyroptosis 

control, and cleaved IL-1 was detected in the lysate from the apoptosis control 

(Figure 6.3.3 and Figure 6.3.4).  

 

I showed that using PI allowed some discrimination between apoptosis and 

pyroptosis by imaging, as PI-positive cells were universally detected in pyroptosis, 

while a much smaller percentage of apoptotic cells were PI-positive. Using this 

imaging approach in LPS-primed BMDM, there was a trend for increased caspase-

3/7+/PI- staining, indicative of apoptosis, in Tac-G2019S BMDM (Figure 6.4.1). This 

trend was present only at the earlier time points of lysosomal damage, presumably 

because apoptotic cells begin to show PI+ staining at the end-stages of apoptosis.  

 

Western blot analysis after 2 h of LLOMe treatment revealed an increase in cleaved 

caspase-3 and cleaved PARP in LPS-naïve Tac-G2019S BMDM (Figure 6.5.2), 

indicating that there is more apoptosis in these cells. It would be useful to image 

LPS-naïve BMDM with the NucView caspase-3 substrate, PI and NucBlue to confirm 

this in live cells, however I did not include this condition in these imaging experiments 

as they were all performed in LPS-primed BMDM. Further, to confirm that the 

increase in cell death in Tac-G2019S BMDM is indeed due to increased apoptosis, 

imaging for total levels of cell death in the presence of LLOMe + an apoptosis 

inhibitor would be useful.  

 

“Lysosomal cell death” is a term encompassing multiple forms of regulated and 

unregulated cell death. In this chapter I focussed on apoptosis, pyroptosis and 

necroptosis because these forms of cell death are well characterised and assays to 

identify these pathways by Western blot analysis are well established. However, I 

cannot exclude that there are other forms of cell death present during lysosomal 

damage, such as PANoptosis, parthanatos, ferroptosis and autophagic cell death, to 



Chapter 7. Discussion 

 

225 

 

name a few (Aits and Jaattela, 2013; Boya and Kroemer, 2008; Samir et al., 2020; 

Tang et al., 2019; Wang et al., 2018a). Further, necrosis is a type of unregulated cell 

death that is also reported to occur in response to extensive lysosomal damage. As 

necrosis is unregulated it is unable to be characterised molecularly and is instead 

marked by its morphological findings. However, there is considerable overlap in the 

morphology of necrosis and other forms of programmed cell death such as 

secondary necrosis of apoptosis, necroptosis and pyroptosis. As such, I cannot be 

sure that the increase in cell death in Tac-G2019S BMDM is not simply due to an 

increase in necrosis or due to an increase in both necrosis and apoptosis. Use of 

apoptosis and necroptosis inhibitors during lysosomal membrane damage would be 

useful to shed further light on the mechanisms of cell death that are induced.  

 

7.5 Conclusions 

In this thesis, I characterise lysosomal function and LRRK2 activity in mouse primary 

macrophages and human iPSDM carrying the LRRK2-G2019S mutation. Through a 

combination of techniques including Western blot, live and fixed cell imaging and 

phosphoproteomics, I show that lysosomal function and LRRK2 activity are 

unchanged between LRRK2 wild-type and LRRK2-G2019S macrophages in the 

resting state. Utilising phosphoproteomics in a LRRK2 kinase dead mutant mouse 

model, I show that Rab3A, Rab8A, Rab10, Rab12, Rab35 and Rab43 are the 

endogenous substrates of LRRK2 kinase in macrophages after induction of 

lysosomal damage. This approach also revealed that only Rab12 and Rab35 show 

differences in phosphorylation after lysosomal damage in LRRK2-G2019S 

macrophages.  

Using immunofluorescence and live cell imaging, I show that LRRK2-G2019S 

macrophages have a deficit in lysosomal membrane repair, however this does not 

appear to be related to the ESCRT or lysophagy pathways. Finally, I show that 

LRRK2-G2019S macrophages show increased cell death and increased markers of 

apoptosis after lysosomal damage, and that these effects are LRRK2 kinase-

independent.   
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7.6 Future Directions 

In future, there are several questions that arise from the data in this thesis including: 

1. What is the function of phosphorylated Rab12 and Rab35 in macrophages 

during lysosomal damage? 

2. What kinase-independent effects of LRRK2-G2019S are activated in 

macrophages during cell death and apoptosis? 

3. Is LRRK2 kinase activity involved in the activation of ESCRT-independent 

pathways of lysosomal membrane repair? 

 

Although there is some understanding of the effects of phosphorylation on Rab8A 

and Rab10 function, our understanding of the effects of phosphorylation on Rab12 

and Rab35 remain limited. Given that these were the only Rabs with differences in 

phosphorylation in LRRK2-G2019S macrophages during lysosomal damage, it 

would be helpful to determine their respective roles. This could be explored by 

expressing phospho-mutant versions of these Rab GTPases in macrophages.  

Many questions remain regarding the LRRK2 kinase-independent effects of LRRK2-

G2019S in macrophages. Although many studies use over-expression of tagged 

LRRK2 to study its localisation, we cannot be sure that such data does not simply 

reflect non-physiological effects of overexpression. A key priority in LRRK2 research 

lies in the development of a sensitive and specific antibody that can detect 

endogenous LRRK2, as this would allow identification of differences in subcellular 

localisation of mutant LRRK2 in macrophages. It would also be helpful to use 

different approaches to reduce levels of mutant LRRK2 in cells such as with 

antisense oligonucleotides or LRRK2 knock-down.  

Finally, it would be useful to explore LRRK2 activity in other ESCRT-independent 

pathways of lysosomal membrane repair in macrophages including stress granules, 

PI4K2a/ORP family, sphingomyelin and annexins. The LRRK2 kinase dead and 

LRRK2KO BMDM remain a useful tool for the assessment of LRRK2 kinase-

dependent effects in macrophages, along with the use of LRRK2 kinase inhibitors. 

The development of a LRRK2 KO iPSDM model would also be helpful for 

identification of LRRK2 kinase dependent pathways in human macrophages.  
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