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Abstract
Mutations in LRRK2 are linked to three distinct diseases: Parkinson’s disease (PD),
Crohn’s disease, and leprosy. The main pathogenic variant of LRRK2 associated with
Parkinson’s disease is the p.G2019S mutant, which causes increased kinase activity of the
protein. Recently, a role for LRRK2 has been implicated in the immune system; however, the
exact contribution of the kinase activity in this function remains unknown. We have used mice
with a Lrrk2 knock-in p.D1994S mutation, which renders the protein kinase-dead, and three
distinct infection paradigms to investigate this role: a systemic, nasal inoculation of reovirus
serotype-3 Dearing (T3D); an intracerebral, direct-brain infection of reovirus T3D (both cause
encephalitis); and a systemic, peripheral infection by Salmonella typhimurium (causing sepsis).
Lrrk2 kinase-dead mice have increased survival compared to wild-type mice following a
systemic reovirus T3D infection, with a slight increase in viral titre in the lungs at the early stage
of disease. Nevertheless, loss of Lrrk2 kinase activity had no effect on survival from sepsis or
bacterial load following i.v. inoculation. Lastly, Lrrk2 kinase-dead mice had the same survival
rate as wild-type mice following a direct-brain infection by reovirus T3D. We demonstrated that
in the context of both systemic infection models (i.e., viral and bacterial) Lrrk2 kinase is not
required for the host’s immune response to control virulent pathogens (when compared with
wild-type Lrrk2 expression) and may in fact be protective in certain paradigms (i.e., systemic
reovirus infection leading to encephalitis). Additionally, we have shown that Lrrk2 seems to
exert its immune function predominantly in the periphery rather than the brain, and that the
p.G2019S mutation confers a gain-of-function. Taken together, these data will provide important
insights into LRRK2 biology, PD pathogenesis, and cause-directed therapies for all three
diseases affected by allelic variants at this locus.
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1. Introduction

1.1. Parkinson’s Disease
Parkinson’s Disease (PD) is a complex, progressive neurodegenerative motor disorder that
affects 1-3% of individuals 85 years of age and over. Although prevalence of PD increases with
age, still up to 4% of PD patients are diagnosed before the age of 50 (reviewed in Kang and Marto,
2017). Parkinson’s disease was first identified by Dr. James Parkinson in 1817 when he observed
what he termed ‘shaking palsy’ in multiple patients. It consisted of a resting tremor, along with
other non-motor symptoms such as sleep abnormalities and constipation (Parkinson, 2002). Since
the discovery of this disease centuries ago, and despite great research efforts in the field of PD and
neurodegeneration, the exact etiology has yet to be elucidated and a complete treatment or cure
have yet to be identified.

1.1.1. Symptomology and Pathology
The clinical hallmarks of PD are identified as tremor, rigidity, postural instability, and
bradykinesia (reviewed in Tysnes and Storstein, 2017). However, PD is much more than motor
deficits: dementia occurs in up to 83% of late-stage PD patients and there are many non-motor
symptoms that appear in the prodromal phase and continue for the entire course of disease (Kalia
and Lang, 2015). Constipation, sleep disturbances, and loss of olfactory function are the first
symptoms to appear in PD patients and can occur as early as 20 years before diagnosis, during the
prodromal phase. In fact, olfactory dysfunction (hyposmia) is seen in 90% of idiopathic PD cases,
and some familial cases of PD (specifically seen in PARK8 genetic cases) (Doty, 1988).
Additionally, anxiety and depression are common co-morbidities of PD and occur in at least 50%
9

of PD cases. The exact neurobiology between these non-motor symptoms and PD remain complex
(reviewed in Ferrer, 2011).
Pathologically, PD is identified by the loss of dopaminergic neurons in the Substania nigra
pars compacta (SNpc). These dopaminergic neurons mainly innervate the striatum, and this
dopamine deficiency within the basal ganglia via the direct and indirect pathway leads to the
movement dysfunctions seen in PD patients (Kalia and Lang, 2015). By the time of diagnosis, up
to 50% of the dopaminergic neurons in the SNpc are lost, and up to 80% of dopamine release in
the striatum is lost (Bohnen et al., 2006; Greffard et al., 2006).
Another pathological manifestation of ‘typical PD’ includes the formation of Lewy bodies
(LB), which in PD is the accumulation of misfolded α-synuclein protein, which can be found in
neurons in the brain, and also in the spinal cord, vagus nerve, and adrenal medulla. There are also
small amounts of tau, ubiquitin, and other proteins found in these LB (Goedert et al., 2013).
Because of the accumulation of α-synuclein, PD is termed a synucleinopathy. In neurons, LB can
be found in the soma and dendrites (termed Lewy neurites) (Kalia and Lang, 2015). It has yet to
be identified what is causing the accumulation of misfolded α-synuclein in PD, and furthermore if
these LB are disease-causing, protective, or mere bystanders of disease.
Despite the loss of dopamine-producing cells in the SNpc and the presence of α-synuclein
pathology in the brain, PD is not nigrostriatal-, dopamine-, or α-synuclein-specific in every case.
As mentioned, many symptoms of PD are non-motor and occur outside of the CNS. Additionally,
some familial forms of PD do not have Lewy body formation (i.e., autosomal recessive PD due to
Parkin deficiency) (Healy et al., 2004). As such, PD is known as a very heterogeneous disease,
both symptomatically and pathologically.
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1.1.2. Treatment
As of 2019, there is no cure for PD. The gold-standard treatment for PD is currently
dopamine-replacement via pharmacological levodopa treatment (LeWitt, 2008). Levodopa is the
precursor for dopamine and can cross the blood brain barrier (which dopamine cannot). There it is
converted into dopamine, enhancing the intracerebral dopamine concentration. However, levodopa
is not effective for all PD patients and even so, over time, concentrations may need to be increased
or its effects may begin to diminish in patients where it was once useful (Kalia and Lang, 2015).
Additionally, levodopa often has adverse side effects, such as nausea, dizziness, and somnolence.
Levodopa can also commonly cause dyskinesia in patients, leading to hyperkinetic movements,
chorea, and dystonia (LeWitt, 2008). Other pharmacological treatments of PD include dopamine
agonists, MAO-B inhibitors, and anti-cholinergics (Baba et al., 2002; Chung et al., 2015).
An established treatment for advanced motor signs in PD is deep brain stimulation (DBS),
where the subthalamic nucleus or globus pallidus internus is stimulated to treat the motor
symptoms of PD by normalizing the neuronal firings in this region (Rodriguez-Oroz et al., 2005).
This has been found to be effective in some moderate-to-severe PD patients, although it is an
invasive treatment and is not a cure, as neurodegeneration continues to progress (Kalia and Lang,
2015). Secondly, DBS is costly and not effective on all patients. It also can result in cognitive side
effects in some patients, including increasing the severity of dementia (Rodriguez-Oroz et al.,
2005).
The present pharmacological and surgical treatments of PD aim to temporarily treat the
symptoms of disease and are not useful lifelong treatments, as the beneficial effects of both tend
to diminish with time. Many PD patients are on a cocktail of medications in order to treat each
symptom individually. There has been substantial research done to establish a cause-directed
11

treatment for PD. For example, means to replace the dopaminergic cell loss in PD, using cell-based
approaches such as stem-cell derived neurons to replace lost dopaminergic neurons in PD patients,
or treatments to target α-synuclein accumulation, such as immunotherapies to increase clearance
(reviewed in Stoker et al., 2018). In later sections, the production of LRRK2 kinase inhibitors as a
treatment for PD will be discussed.

1.2. Etiology
There are genetically two forms of Parkinson's disease: idiopathic (or sporadic) and
familial (or genetic). Idiopathic accounts for about ≥90% of cases whereas only ≤10% of cases
have a clear genetic link (reviewed in Kang and Marto, 2017). The exact etiology of Parkinson’s
disease is unknown; however, multiple genetic and environmental risk factors have been
identified which seem to contribute to both idiopathic and familial PD. Both the genetic and
environmental risk factors are of utmost importance in this thesis.

1.2.1. Genetic Risk Factors
There have been over 20 susceptibility loci identified for PD since the first gene was
identified in 1997, SNCA, which encodes α-synuclein and is inherited in an autosomal dominant
manner (Munoz et al., 1997). As mentioned, α-synuclein misfolds and aggregates in PD, one of
the hallmarks of disease. SNCA mutations are very rare, and appear as point mutations, duplication,
or triplication events of the gene, where triplications lead to a more severe and progressive form
of the disease than duplication cases (Chartier-Harlin et al., 2007).

12

The most common recessive mutation leading to early onset PD is caused by Parkin
mutations. Parkin is an E3 ligase and much research has been conducted linking Parkin to
mitochondrial dynamics, reactive oxygen species (ROS) production, and neuron degeneration
(Kitada et al., 1998; Xiao et al., 2017). Interestingly, patients with Parkin-derived PD rarely have
Lewy body pathology (Johansen et al., 2018). Mutations in PINK1 and DJ-1 are also associated
with recessive PD, impaired mitochondrial function, and ROS dysregulation (Valente et al., 2004;
Bonifati et al., 2003).
The most common genetic risk factor associated with PD is the gene encoding acid-β
glucocerebrosidase 1: Gba1 (Nalls et al., 2014). Gba1 was identified through epidemiological
studies examining individuals with Gaucher’s disease (Bembi et al., 2003). It is thought that in
Gaucher’s disease, glucocerebrosidase is defective and cannot perform its catalytic functions,
leading to lipid substrate accumulation (Brady et al., 1965). It was found that the relatives of
Gaucher’s disease patients were much more likely to develop PD. It has now been identified that
carrying one or two mutant Gba1 alleles greatly increases the risk for PD (Anheim, et al. 2012).
Gba1-associated PD causes a form of disease that has a more severe progression and a greater
cognitive decline (Brockmann et al., 2011). It is reported that Gba1 carriers have as high as 20-30
fold higher risk of developing PD than the general public (Sidransky et al., 2009).
The second most common autosomal dominant form of PD are mutations found in the
LRRK2 gene, of which seven mutations have been pathogenically linked to PD, all of which fall
in the catalytic domains of the protein (Zimprich et al., 2004). There are numerous other mutations
throughout the protein that also confer increased risk for PD (reviewed in Gasser, 2009). Mutations
in LRRK2 reportedly account for about 4% of familial cases of PD and 1-2% of sporadic (Healy
13

et al., 2008). The most commonly found mutation in LRRK2 is the p.G2019S variant in the kinase
domain, which causes a two- to three-fold increase in the phosphorylating activity of the protein
(Kachergus et al., 2005). The p.G2019S mutation is an autosomal dominantly inherited mutation,
but has a low penetrance to cause PD (~28%) (Healy et al., 2008). LRRK2 is the focus of this thesis
and will be discussed at length in later sections.

1.2.2. Environmental Risk Factors
Although the identified genetic risk factors provide extensive insight into the etiology of
disease in PD, the clear majority of PD cases have no clear genetic component. In addition to
genetics, environmental exposure(s) is thought to be an important contributing factor, and several
environmental risk factors have been identified. One of the first identified was exposure to
neurotoxins, the most common example being MPTP, which is the pro-compound of the
neurotoxin MPP+ (Langston et al., 1983). This was identified in a group of drug users who used
MPTP recreationally, and developed parkinsonism. MPP+ is selectively taken up by dopaminergic
neurons and blocks mitochondria via complex I (Sian et al., 1999) MPP+ parkinsonism causes
selective degeneration of the dopamine-producing neurons in the SNpc, whereas dopaminergic
neurons in the VTA are spared (Blanchard et al., 1994). Additionally, monkeys treated with MPTP
to induce parkinsonism were responsive to L-dopa treatment (Burns et al., 1984). This
demonstrates a role for acute toxin exposure and a parkinsonian phenotype.
Pesticide exposure, including the herbicide paraquat and insecticide rotenone, has also been
highly linked to conferring risk for PD (Schapira and Jenner, 2011). Systemic paraquat and
rotenone treatment has led to PD-like behaviour and pathology in rodents that is comparable to
14

MPTP-induced parkinsonism is rodents. Rotenone and paraquat are highly associated with PD risk
in multiple human case-controls study, and both pesticides have mechanisms which disrupt
mitochondrial function and oxidative stress regulation (reviewed in Bove and Perrier, 2011).
Interestingly, previous research in the Hayley lab has identified that pre-treatment with a viral
mimic (i.e., Poly I:C) or bacterial mimic (i.e., LPS) enhances the neurotoxic effects of paraquat,
as seen by a great degeneration of dopaminergic neurons and more pronounced PD-like symptoms
in rodents (Dwyer, Hayley, unpublished). It is proposed that this could be due to the sensitivity of
the SNpc and the dopaminergic neurons within. The SNpc contains the most abundant amount of
microglia in the brain, and it is possible that when primed by an infectious agent, the microglia
become overstimulated and cause damage to the dopaminergic neurons in the SNpc (Skaper et al.,
2018).
As of late, there is a growing interest in the field on the effects of microbial infection in
PD. A bacterial mimic, lipopolysaccharide (LPS), which is a component of the bacterial cell wall,
is often used in these studies. In many studies, it has been shown that infectious mimics such LPS
can lead to parkinsonian behavior and death of dopaminergic cells in mouse models (Arai et. al.,
2006). Next, one research group has used the highly infectious influenza virus H5N1 to infect
wild-type mice, and was able to demonstrate that the virus progressed from the peripheral nervous
system to the CNS, where it then induced PD-like pathological changes, as well as the activation
of microglia, increased phosphorylation of aggregated α-synuclein, and lastly, degeneration of
dopaminergic neurons in the SNpc even after resolution of the virus (Jang et al., 2009).
Similarly, following the 1918 influenza pandemic caused by type A H1N1, there was a
coinciding outbreak of encephalitis lethargica (EL) and postencephalitic parkinsonism (first
15

described by Constantin van Economo), suggesting that the disease may have been associated with
the infection (Jordon, 1927). Furthermore, individuals born during the 1918 outbreak are at 2-3
fold higher risk of developing PD than those prior to 1918 or after 1924 (Martyn, 1997). The risk
of parkinsonian symptoms increases with the number of influenza attacks, which poses a strong
link between influenza exposure and parkinsonian behavior (Martyn, 1997). There is research that
disagrees with the hypothesis that the influenza and PD outbreak were related, as RNA recovered
from the postencephalitic patients with parkinsonism was not positive for genomic information
related to influenza virus (Lo et al., 2003); however, that does not discount the notion that the virus
could have triggered the initiation and/or progression of illness before eventually being cleared
from the system.
In addition to these, heavy metals, agricultural occupation, rural living, and well water
drinking have been indicated as risk factors. Of note, some of these environmental risk factors
could heighten the exposure to more strongly correlated risk factors, such as infectious agents or
pesticide exposure. Importantly, many of these risk factors may occur over extended periods of
time, causing cumulative damage which may eventually manifest as clinical presentation (Kalia
and Lang, 2015).

1.2.3. Inflammation
Inflammation is a key component of the innate immune response and is the first attempt by
the host to eliminate the initial source of injury by concentrating the body’s defensive agents to
the site of infection via chemokines and cytokines. Although acute inflammation is critical for an
efficient immune response, chronic inflammation can be detrimental to the host (Skaper et al.
2018).
16

Glial cells, particularly microglia, are the key contributors to the neuroinflammatory
response. The brain is considered to be an immune-privileged site, with the blood brain barrier
limiting the infiltration of peripheral leukocytes (though not completely, as will be seen later in
this thesis). As such, microglia are the resident immune cells of the CNS (reviewed in Hickman et
al., 2018). They act, in conjunction with astrocytes, another type of glial cell, to ultimately maintain
the homeostasis of the CNS. Microglia recognize and eliminate pathogens, clear toxic cellular
debris, and prune futile synapses. Microglia exist in two states: a quiescent state, in which the
microglia are in surveillance mode monitoring for threats; and an activated form, in which the
microglia are morphologically and functionally distinct and respond to perceived threats (Hickman
et al., 2018).
Neurodegeneration is often associated with the morphologically and functionally active
state of microglia. In fact, there is consistently found to be more microglia in the activated state
over quiescent state in post mortem PD brains (Sanchez-Guajardo et al., 2013). Microglia
activation was augmented in post mortem brains of humans exposed to MPTP and mouse models
using the same neurotoxin (Imamura et al., 2003). There is debate whether this activation of
microglia is causal or a result of dopaminergic cell death in PD. It is highly possible that microglia
may be triggered or primed by an exogenous substance (i.e., infectious agent), which may lead to
their activated state and ultimately contribute to the death of the vulnerable dopaminergic neurons
in the SNpc.
Additionally, in relevance to PD, it has been shown that pathological α-synuclein can
stimulate microglia activation via the transcription factor NFκB and through pro-inflammatory
cytokines such as TNF- α and IL-1β (Zhang et. al. 2017).

17

Neuroinflammation has been implicated in other neurodegenerative diseases, including
multiple sclerosis and Alzheimer’s disease. In fact, inflammation has widely been considered a
cardinal element in the pathogenesis of many neurodegenerative diseases. Some hypotheses
suggest that neuroinflammation may prime neural populations for subsequent neurodegeneration
(Chen et al., 2016). There is evidence of increased concentrations of pro-inflammatory cytokines
in the brain that can be seen in early stages of neurodegenerative diseases, which is likely the result
of activated microglia, and as will be discussed in this thesis, the recruitment of infiltrating myeloid
cells (Deleidi and Isacson, 2012).

1.2.4. Two-Hit Hypothesis
The Braak staging hypothesis was proposed in 2003, and aims to explain the sequential
onset of non-motor followed by motor symptoms of PD by staging the progression of Lewy
inclusion pathology (Braak et al., 2003). In stage 1 and 2 of Braak staging, Lewy pathology are
found in the lower brainstem (medulla and pons) and olfactory bulb, and this staging coincides
with olfactory dysfunction and REM sleep disturbances in the prodromal (prior to motor) stages
of disease, respectively. In stage 3 and 4, the Lewy pathology is seen in the SNpc, as well as other
midbrain areas, which then coincides with the motor defects prominently seen in the typical,
symptomatic stage of PD pathogenesis. Lastly, in stages 5 and 6, the Lewy pathology eventually
reaches the cortex, which is associated with the cognitive deficits seen in PD (Braak et al., 2003).
It is unknown whether or not this LB pathology is causing the symptoms associated with each
stage; likely, it contributes in part to the effect of the disease on each specific brain region. This
hypothesis is not without criticism, as not all PD patients demonstrate pathology and / or
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symptomatology in line with Braak’s staging; however, as clearly demonstrated, PD is extremely
heterogeneous and it is expected that not all cases could be explained by one hypothesis.
Braak also proposes a two-hit hypothesis of PD pathogenesis, explained initially in Hawkes
et al. (2007). The authors go further to suggest that a neurotropic pathogen may enter the brain via
two routes: the nasal route via the olfactory bulb, or by first invading the enteric plexus of the gut
and travelling retrogradely via the vagus nerve to the brain. The gut and the nasal system are two
of the main interfaces with the environment and therefore often the initial site to encounter foreign
agents (Hawkes et al., 2007; Hawkes et al., 2009). This hypothesis agrees with their original notion
that Lewy body pathology also originates in the olfactory bulb and the brain stem (i.e., at the
medulla oblongata, the entry / exit site of the vagus nerve) (Braak et al., 2003; Hawkes et al., 2007;
Hawkes et al., 2009).
Building upon Braak’s hypothesis, this thesis was structured on an overarching theory: PD
is a complex disease that is a combination of genetic susceptibility and environmental exposure
(Schlossmacher et al., 2017). As mentioned, there are many environmental risk factors identified
for PD and at least 20 susceptibility genes. The low penetrance rate of many of the associated
genes could be explained by the theory that a second, environmental ‘trigger’ is needed for the
onset of the disease. Therefore, in theory, PD is a complex disease, requiring a sort of ‘dual-hit’ to
induce pathogenesis.
Therefore, it is conceivable that extended exposure to an environmental risk factor
superimposed on genetic susceptibility may be required for the onset of PD. It may require a certain
threshold of environmental exposure (i.e., pesticide, infectious agent, metal) to initiate the
pathological effects of the disease gene variant. In accordance with this, some environmental
triggers, such as neurotoxins (MPTP), may require a lower threshold to initiate disease, than other
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environmental triggers, such as infectious agents, which are ubiquitous in the environment and it
is the extensive exposure overtime that can lead to disease pathology and progression.
In the following sections of this thesis, an interaction between a major susceptibility gene
(LRRK2) and the environmental exposure of interest (infectious agents) will be explored.

1.3. LRRK2
The LRRK2 protein, first identified in 2004, is very large (2527 amino acids and 286kDa)
with multiple domains (Kang and Marto, 2017). It contains multiple protein-protein interaction
domains such as the LRR domain and WD40 domain and has two enzymatic domains – a GTPase
domain (ROC-COR domain) and a kinase domain (Fig. 1.1). The GTPase domain hydrolyzes GTP
to GDP, and the kinase domain is a serine/threonine MAPKKK. LRRK2 functions mainly as a
homodimer and in addition to its kinase and GTPase properties, is thought to be an important
scaffolding protein (Kang and Marto, 2017).
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Fig. 1.1: The structure of LRRK2 protein and identified mutations, with specific mutations
indicated including the most common PD-linked mutation p.G2019S; Crohn’s disease- and
leprosy-associated mutations; and the kinase-dead mutation, p.D1994S. ARM: armadillo
domain; ANK: ankyrin repeat; LRR: leucine-rich repeat; Roc: Ras of complex; COR: C-terminal
of Roc; WD: WD40. Adapted from Ho et al. (2014).

1.3.1. LRRK2: Physiological Function
Though the exact physiological role of LRRK2 is unknown, the protein has been implicated
in many functions, including neurite outgrowth, microtubule dynamics, autophagy, and vesicle
trafficking (Macleod et al., 2002; Kawaki et al., 2012; Kett et al., 2012; Herzig et al., 2011).
Multiple substrates for LRRK2 kinase have also been indicated, primarily autophosphorylation
and a subset of Rab proteins (Steger et al., 2016).
Much research has been focused on LRRK2’s role in the brain. Macleod et al. (2006) have
demonstrated that mutations in LRRK2, specifically p.G2019S and p.I2020T which both increase
the kinase activity of the protein, lead to a reduction in neuron length and axonal branching, in
vitro and in vivo in rodents (Macleod et al., 2006). This could be due to LRRK2’s ability to
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phosphorylate tubulin-associated tau, causing it to dissociate from microtubules, affecting neurite
outgrowth (Kawaki et al., 2012).
This association led to a proposed role for LRRK2 in cytoskeletal dynamics via
microtubule associations. It has been demonstrated that LRRK2 oligomerizes and creates filaments
in vitro which form on top of existing microtubules, dependent on its kinase (in a closed
conformation, structurally) and WD40 domains (Kett et al., 2012). This building on microtubules
blocks kinesin activity, which can be reversed by LRRK2 kinase inhibitors which causes the kinase
domain of the protein to be in open conformation (Peterson et al., unpublished).
LRRK2 has been heavily implicated in autophagy and vesicular trafficking. Firstly,
LRRK2 is highly localized to lysosomes and endosomes in the cell. Research with Lrrk2 knockout mice indicate that Lrrk2 may be a suppressor of autophagy, as these mice had increased
autophagic markers (i.e., LC3-II) and increased accumulation of vesicles, specifically seen in the
lungs and kidneys. Of note, Lrrk2 kinase-dead mice have vesicle accumulation in the kidneys but
not the lungs (Herzig et al., 2011). However, there are varying results and it is not yet clear if
LRRK2 functions as negative or positive regulator of autophagy, and whether it exerts its effects
directly or indirectly (reviewed in Roosen and Cookson, 2012).
Many mutations in LRRK2 associated with PD cause constitutive kinase activity, which
may disrupt normal, physiological signaling, and therefore the substrates of LRRK2 kinase are of
great interest. LRRK2 has been identified in the MAPKKK pathway, and autophosphorylates on
Ser-1292 (Sheng et al., 2012). Of note, LRRK2 does not autophosphorylate on Ser-935 but this
has been highly recognized as a measure for LRRK2 phosphorylative activity (Dzamko et al.,
2010). The autophosphorylative function of LRRK2 can be used as a biochemical readout for
LRRK2 kinase activity (Kang and Marto, 2107).
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Using phosphoproteomics, Steger et al. (2016) have identified a novel set of Rab GTPases
as substrates for LRRK2, most notably Rab10 on threonine 73. The residues in which LRRK2
phosphorylates are on the switch II domains of these Rab proteins, notably in the region where
Rab proteins interact with regulatory proteins, such as GDIs, in turn affecting the
compartmentalization from cytosol to membrane. Overactive LRRK2 (i.e., p.G2019S mutant)
promotes Rab protein membrane compartmentalization and accumulation. This disrupts Rab
protein homeostasis, in turn disrupting intracellular trafficking (Steger et al., 2016). LRRK2 has
since been shown to interact with Rab 8 and 10 to stimulate lysosome production and secretion
following stress induction in vitro (Eguchi et al., 2018). This data is extremely important in
indicating bona fide substrates for LRRK2 as well as further implicating it in vesicular trafficking.

1.3.2. LRRK2 Variants
The majority of familial PD-linked genes cause a monogenic PD that is unique from
idiopathic PD. For example, the mutations in the Parkin protein cause early onset PD, or other
mutations that are pathophysiologically unique from idiopathic PD, such as mutations that lack
Lewy body pathology (Schulte and Gasser, 2011). In contrast, LRRK2-associated familial PD is,
for the most part, clinically and pathologically indistinguishable from idiopathic PD (Kang and
Marto, 2017). Additionally, mutations in LRRK2 are not only associated with familial PD, but
also have been identified to confer risk for idiopathic PD. Therefore, studying the LRRK2 protein
and LRRK2-associated PD will give great insight into not only familial PD, but also idiopathic PD
and will hopefully give rise to therapeutics for both types of the disease.
There are over 50 identified variants of LRRK2, though not all pathogenic and not all are
associated with PD (Klein and Schlossmacher, 2007). Seven variants have been pathogenically23

linked to PD, with more identified to increase the risk of disease (Gasser, 2009). As mentioned,
the p.G2019S mutation falls in the kinase domain of the protein and causes about two-fold
increased constitutive kinase activity. Two neighboring mutations also fall in the kinase domain,
the p.I2020T and p.I2012T mutations. The p.G2019S mutation is much more common than any of
the other variants. Multiple mutations also fall in the ROC-COR domain (GTPase catalytic
domain): p.R1441C/G/H and p.Y1699C (Shu et al., 2019). Interestingly, mutations in the GTPase
domain also lead to an approximate four-fold increase in its kinase activity (West et al., 2007).
Notably, there is incomplete penetrance associated with these mutations, with the most common
variant, p.G2019S, having as low as 28% penetrance. Reports indicate that the penetrance rate may
rise as high as 75% by age 80 (Healy et al., 2008).
Multiple mutations have been identified to confer risk for PD, some of which may be
segregated to specific geographic areas. This includes the mutation p.G2385R which interestingly
falls in the non-catalytic WD40 domain of the protein (Kett et al., 2012). There is also the GTPase
mutation p.R1628P (Yu et al., 2009).
A striking new discovery has noted that the p.N2081D mutation in the kinase domain of
LRRK2 confers risk for both Parkinson’s and Crohn’s disease (CD) (Hui et al., 2018). This
identifies a second variant that has been associated with CD. The variant p.M2397T in the kinase
domain of LRRK2 is pathogenically linked to both CD and leprosy (Hui et al., 2018; Fava et al.,
2016). PD and CD also share variants in LRRK2 that confer increased protection against the
disease: p.N551K and p.R1398H. It is shown that p.R1398H causes the GTPase domain to be
constitutively active, whereas the p.N551K is proposed to affect the dimerization of the protein

24

(Hui et al., 2018). Notably, in the sample set of Hui et al. (2017), all human carriers of p.N551K
also carried the p.R1398H mutation, possibly indicating that both are required to confer protection.

1.3.3. LRRK2 Kinase Inhibition
As these mutations in LRRK2 cause increased kinase activity of the protein, LRRK2 kinase
inhibitors have been created to be used as a therapeutic for PD (Alessi and Sammler, 2018), and
are now entering phase I of clinical trials (DNL151) (Denali Therapeutics Inc., 2018). Theses
inhibitors are ATP-competitive active-site kinase inhibitors (West, 2017). There are multiple
inhibitors created such as MLi-2, LRRK2-IN-1, GSK2578215A, and HG-10-102-01. Some of the
original LRRK2 kinase inhibitors had many off-target effects; however, more recent inhibitors
such as MLi-2 show greater selectivity (Alessi and Sammler, 2018). These kinase inhibitors can
either lock the kinase domain in an open conformation or a closed conformation, both ultimately
inactivating the kinase activity of the protein, but can have differential effects on the functions of
the protein, for example microtubule binding (Peterson et al., unpublished).
Of note, Herzig et al. (2011) have characterized a mouse model with a Lrrk2 p.D1994S
knock-in mutation in the kinase domain of the protein, rendering the protein kinase-dead. They
have noted that ablating the kinase activity causes the protein to be unstable, and mice with this
mutation have about half the abundance of Lrrk2 as wild-type mice. Additionally, this genetic
ablation of Lrrk2 kinase, as well as using a pharmacological inhibitor, has led to some kidney
pathology, including vesicle accumulation (Herzig et al., 2011). Fuji et al. (2015) also identified
that when using two separate LRRK2 kinase inhibitors in non-human primates, there was an
increase in abnormal cytoplasmic accumulation of secretory lamellar bodies in type II
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pneumocytes, though this was not seen in the kidney. It is possible that inhibiting LRRK2 kinase
could be harmful in some instances, and the kinase activity of LRRK2 must be fully elucidated to
validate the safety of these inhibitors in humans.

1.3.4. LRRK2 and the Immune System
A novel function for LRRK2 has been identified as a component of the immune system
(Hakimi et al., 2011; Shutinoski et al., 2019). To this point, LRRK2 has mainly been studied in
the context of the brain. The new evidence of LRRK2 in the immune system must be considered
in the context of safety of kinase inhibitors. It is possible that by inhibiting LRRK2 kinase activity
in patients, it will put these individuals at greater risk to infection. In an elderly, immunosuppressed
population, these infections could be extremely serious.
There is a multitude of evidence demonstrating LRRK2 in the immune system, particularly
the innate immune system (Hakimi et al., 2011). Firstly, not only is LRRK2 much more highly
expressed in the periphery (i.e., lung and kidney) than the brain, but LRRK2 is much more highly
expressed in cells of the immune system (particularly neutrophils, monocytes, and macrophages)
than neurons. Of note, LRRK2 is also more highly expressed in cells such as neutrophils and
monocytes than T- or B-cells, suggesting a primary role for LRRK2 in the innate immune system
rather than the adaptive immune system (Hakimi et al., 2011; Shutinoski et al., 2019). Next,
LRRK2 can be upregulated by pathogens and infectious agents, as well as inflammatory signals
such as IFN-γ and NF-κB, suggesting that LRRK2 is involved in pathogen response pathways and
inflammation (Gardet et al., 2010; Hakim et al., 2011).
Lastly, mutations in LRRK2 have been linked to two other disease: Crohn’s disease and
leprosy (Hui et al., 2018; Fava et al., 2016). Both diseases do not occur in the brain and neither
26

lead to neurodegeneration. It is puzzling therefore, as to why these three very different diseases
(i.e., PD, CD, and leprosy) are all linked to mutations in the same gene. CD and leprosy are both
characterized by inflammation and both require exposure to xenobiotic pathogens to manifest.
There is growing evidence of the involvement of inflammation in PD and it is not impossible to
conceive, considering the growing role for LRRK2 in the immune system, that there may be an
effect of xenobiotic pathogens in the onset of PD.
Within the neuroscience field, our lab has conducted the first research into the role of Lrrk2
in the immune system (Hakimi et al., 2011). Our lab has found that when measuring survival, mice
lacking the Lrrk2 protein showed significantly decreased survival in response to a systemic, viral
infection, with heterozygous (Lrrk2WT/KO) mice being intermediate between WT and homozygous
Lrrk2- knockout mice, suggesting a gene dosage effect (Fig. 1.2A). When measuring viral titre,
there was no discernable difference between Lrrk2-knockout and wild-type mice in plaque forming
units (PFU) (Fig. 1.2B) (Shutinoski et al., 2019).
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Fig. 1.2: Lrrk2 knockout (KO) animals have decreased survival and no change in viral
burden compared to wild-type mice in response to a viral infection. Newborn mice were
nasally inoculated with one LD50 of reovirus-T3D, leading to infection. (A) Lrrk2 knockout and
wild-type mice were measured for survival following infection, and separated based on sex. Data
were analyzed using the log-rank (Mantel–Cox) test. (B) Lrrk2 knockout (Lrrk2KO/KO) and wildtype mice were sacrificed at 3dpi and 11dpi and lungs and brain were collected. Data are
represented in PFU/g, where each symbol represents one animal. Data were statistically analyzed
using the Mann-Whitney test. Error bars represent mean ± SEM (data were generated by
Mansoureh Hakimi, Ph.D., and published in Shutinoski et al., 2019).
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Because my colleagues had found differences in response to viral infection in Lrrk2
knockout mice, they next sought to find the effects of the PD-associated mutation p.G2019S in the
same paradigm. When looking at the sexes pooled, or just males, there was no difference in
survival against reovirus T3D infection compared to wild-type mice. Surprisingly, when only
looking at females, Lrrk2G2019S mice were significantly worse off and had a much-lowered survival
compared to female wild-type littermates (Fig. 1.3) (data were generated by Mansoureh Hakimi,
Ph.D., and published in Shutinoski et al., 2019).

+

Fig. 1.3: Lrrk2G2019S female mice have decreased survival in response to a viral infection
compared to wild-type mice. Newborn mice were nasally inoculated with one LD50 of reovirusT3D, leading to infection. Lrrk2G2019S and wild-type mice were measured for survival following
infection, and separated based on sex. Data were analyzed using the log-rank (Mantel–Cox) test.
(Shutinoski et al., 2019).
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Next, they investigated the effects of a systemic, bacterial infection in adult mice.
Lrrk2G2019S homozygous and heterozygous mice had a significantly longer time-to-death than
wild-types littermates. When measuring colony forming units (CFU) in the spleen to measure
bacterial titre, both male and female Lrrk2G2019S mice had significantly lower bacterial titres.
Therefore, Lrrk2G2019S mutant mice appear to have a heightened immune response in a bacterial
paradigm, which corresponds to decreased bacterial titre and increased survival (Fig. 1.4A, B)
(data were generated by Bojan Shutinoski, Ph.D. and published in Shutinoski et al., 2019).
In contrast, the absence of Lrrk2 (Lrrk2 KO) did not affect the response to infection in
terms of survival; however, the absence of Lrrk2 caused a significant increase in the bacterial titre
in the spleen compared to wild-types (Fig. 1.4C, D) (Shutinoski et al., 2019).
Taken together, these results indicated a role for LRRK2 in host immune responses, which
seemed to be heightened by increased kinase activity (via a common, pathogenic mutant). Our
laboratory’s research question then became: Is the kinase function required for its immune
function?
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Fig. 1.4: Lrrk2G2019S mice are protected against a Salmonella typhimurium infection,
whereas lack of Lrrk2 protein caused increased bacterial burden in the spleen. Adult mice
were infected intravenously with 200 CFU of Salmonella typhimurium. Survival rate (time-todeath) was measured in Lrrk2G2019S (A) and Lrrk2 KO cohorts (C). CFU (Colony forming units)
counts of Salmonella infected spleen at 5dpi were measured in Lrrk2G2019S (B) and Lrrk2 KO
cohorts (D). Each CFU data point represents one animal. Survival statistical analysis was done
using the log-rank (Mantel-Cox) test. CFU analysis was statistically tested using one-way
ANOVA with Tukey comparison tests. Error bars represent mean ± SEM (data were generated
by Bojan Shutinoski, Ph.D., and published in Shutinoski et al., 2019).
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1.4. The Role of LRRK2 Kinase in Innate Immune Function
The goal of this thesis was to evaluate the role of LRRK2 kinase activity in the innate
immune system. The information from this study is critical for many reasons: (1) to inform the
safety of LRRK2 kinase inhibitors as a treatment for PD patients; (2) to begin to elucidate the
mechanisms through which LRRK2, and its associated kinase activity, function in the immune
system, and (3) to gain insight into the etiology of PD to create cause-directed treatments for PD
patients.
The underlying premise of my research was that a microbial infection is necessary to
unmask a LRRK2-dependent phenotype. The specific hypothesis of this project was that LRRK2
kinase activity is required for its function in the innate immune system and that genetically or
pharmacologically inhibiting the kinase function of LRRK2 will ablate the protective effect of
LRRK2 in response to infection. Secondly, I postulated that LRRK2 functions in immune
responses primarily in the periphery rather than in the brain.
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2. Methods
Mouse Colonies
All mouse colonies were kept on a C57BL/6J background. Colonies were maintained with
heterozygous breeding pairs. Mice with an engineered mutation in the kinase domain, p.D1994S,
were first reported in Herzig et. al. (2011) and are characterized by having no Lrrk2 kinase activity.
These mice will be referred to as Lrrk2D1994S or Lrrk2 kinase-dead mice herein. Of note, these
homozygous Lrrk2D1994S mice are denoted Lrrk2DS/DS in some figures, whereas Lrrk2D1994S
heterozygous mice are denoted Lrrk2WT/DS. Mice carrying the PD-linked, p.G2019S mutation are
also used and are characterized in Herzig et. al. (2011). They have a knock-in p.G2019S mutation
in the murine Lrrk2 gene and have increased kinase activity of the protein. They will be referred
to as Lrrk2G2019S mice herein. Animal experiments were performed under the guidelines by
Canadian Councils on Animal Care and approved by the Ethics Board of the Animal Care
Committee at the University of Ottawa. Experiments involving viral or bacterial infections were
done in a containment level 2 biohazard animal facility.

Respiratory Enteric Orphan Serotype 3 Dearing Virus
Respiratory Enteric Orphan Serotype 3 Dearing Virus (reovirus T3D) stocks were created
by Dr. Earl Brown (uOttawa) prior to the start of this project. The titres of the viral stocks were
confirmed by standard plaque assay upon beginning this project. Reovirus T3D is a ubiquitous,
neurotropic virus that will reach the brain and cause encephalitis (Gauvin et al., 2013). In suckling
pups, this encephalitis can be fatal, and therefore allows researchers to measure survival in a young
pup model. When administered systemically, reovirus travels to the brain via neuronal spreading
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and hematogenous routes. Virus from the periphery will reach the brain beginning at 3 days postinfection (dpi) (Gauvin et al., 2013).

Intranasal Reovirus T3D Infection
Breeders were paired and expected birth dates were recorded. Mice were monitored the
week prior to the expected birth, and once born, the pups were infected one day after birth (p1).
Mouse pups were infected under isoflurane anesthesia using a p10 pipette to administer 5μL* of
reovirus T3D at a dose of 2.7x105 (which has been previously defined as one LD50, although was
not seen in our Lrrk2D1994S experiment) directly to the nose pad. Mice were monitored until all the
liquid was inhaled. Mice were returned to the parent cage following infection. These infected mice
were used for two main readouts: survival and viral titre measurement (measured via plaque
forming units assays (PFU)). For survival, mice were monitored twice daily to check for moribund
state (the predetermined humane endpoint) (Fig. 2.1A). The moribund state was identified as
inability to walk or to stay upright. Pairings were done either in heterozygous pairings, wild-type
homozygous pairings, or Lrrk2D1994S homozygous pairings where the researcher was blinded, to
minimize bias.
For viral titre analysis, mice were culled at 3dpi or 11dpi and brain and lungs were
collected. 3dpi is peak viral titre in the lungs following nasal reovirus infection, and 11dpi is peak
viral titre in the brain (Gauvin et al., 2013). Therefore, the time points 3dpi and 11dpi would be
best representative for viral titres in the lung and brain, respectively. Mice were sacrificed via rapid
decapitation and organs were collected and snap frozen on dry ice. Organs were then stored in the
-80°C freezer.
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*Note: for PFU analysis of Lrrk2G2019S mice, mice were infected with 10μL of virus, at the
same dose and procedure. Organ collection and homogenization was the same as for Lrrk2D1994S
mice.

Plaque Assay
Organs for plaque assay were homogenized in PBS at either a 3-fold (11dpi brains
(intranasal); 8dpi brains (intracerebral)) or 5-fold dilution (11dpi lungs and 3dpi brains and lungs
(intranasal); 8dpi liver and 3dpi brain and liver (intracerebral)). Samples were homogenized with
metal beads using the MagnaLyser machine. Samples went through one freeze-thaw cycle in liquid
nitrogen following homogenization. For the plaque assay, homogenates were used for serial
dilutions and overlaid onto L929 cells in 6-well plates. Infected cells were overlaid with 2%
purified again and 2x199 media in a 1:1 ratio. Plaques were identified using 0.015% neutral red
stain and manually counted. PFU was reported as plaques per gram (based on organ weight and
original PBS dilution).

Intracerebral Reovirus T3D Infection
For intracerebral injections, purified reovirus, serotype-3 Dearing (abbreviated as T3D)
was used. Mice were paired as per intranasal infections. Mice were inoculated one or three days
(p1 or p3, respectively) after birth. Mice were anesthetized under isoflurane and using a 30-gauge
50μL fixed needle Hamilton syringe, 10μL of virus at a dose of 5x102 PFU was injected into the
left hemisphere of the pup cranium (frontal lobe) (Passini et al., 2001). Mice were then returned to
the parent cage. Two main readouts were used for intracerebral injections: survival (measured as
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time-to-death) and measurement of viral titre as was described above. For all viral titre (PFU)
analysis, mice were inoculated at p1 (Fig. 2.1B).
For viral titre analysis, mice were culled at either 3dpi or 8dpi and brain and liver were
collected. In the intracerebral paradigm, mice begin to die rapidly at 9dpi, therefore 8dpi is the
predetermined time point to collect organs. The time point 3dpi was added to investigate any
differential effects on viral titre at early stages of disease. The liver was collected as a measure of
migration of reovirus beginning in the brain to a peripheral organ (Gauvin et al., 2013). Mice were
sacrificed via rapid decapitation and organs were collected and snap frozen on dry ice. Organs
were then stored in the -80°C freezer and later homogenized in the same fashion as intranasal
inoculation samples.

Salmonella typhimurium Infection
Female mice (age 8-12 weeks) were infected with Salmonella typhimurium (ST) at a dose
of 200 CFU. The mice were infected intravenously via the lateral tail vein with the help of Dr. B.
Shutinoski. Mice were monitored for humane endpoint, described as when the mice could no
longer walk properly and had a hunched up appearance. In a separate cohort, female mice were
culled at 5dpi and spleens were collected for colony forming unit (CFU) analysis. This was done
by standard CFU counting assay by Dr. B. Shutinoski (Fig. 2.1C). Female mice were used
specifically for this experiment as the lab had previously identified a Lrrk2 female sex bias,
whereby female mice carrying Lrrk2G2019S mutations, and Lrrk2 knockout female mice tend to be
more affected by infections than males.
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Macrophage Culture
Bone marrow-derived macrophages (BMDM) were used as a primary immune cell model
to investigate Lrrk2-associated immune mechanisms, in vitro. Bone marrow was flushed from hind
legs of adult mice and plated on 100cm2 plate and differentiated to macrophages via M-CSF at
5ng/mL. Cells were grown in R8 media (RPMI 1640 with 8% fetal bovine serum and 50μM βmercaptoethanol). Media was changed every two days and macrophages were used for
experiments on day 7. Cells were plated at 106 cells/mL. BMDMs were then used for a variety of
purposes, including cell viability assays, protein samples for Western blot, and plaque assay.
Samples have also been collected for future experiments, including RNA analysis and cytokine
and chemokine analysis.

Cell Viability Assay
BMDMs were treated with reovirus T3D at several multiplicity of infections (MOIs).
Survival of macrophages following treatment was measured via cell viability neutral red assay.
Cells were infected for 24 hours and neutral red was applied for two hours. The assay followed the
Sigma protocol TOX4.

Plaque Assay for BMDMs
For viral titre analysis of BMDMs, cells were treated with reovirus for 24 hours. Cells were
then lysed in media via three freeze-thaw cycles. This sample was then used for serial dilutions
and used to treat L929 cells in the same manner as with the intranasal PFU paradigm.
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Western Blotting
For BMDM sample protein collection: cells were lysed in RIPA buffer in the presence of
protease and phosphatase inhibitors and centrifuged at 14,800 RPM for 10 minutes. Protein
concentration was determined using a BCA assay and samples were normalized for equal loading.
Freezing of samples prior to sample preparation in loading dye was avoided as LRRK2 protein is
prone to degradation with freeze-thaw. Fifteen-μg of protein sample was run on the gel with
NuPage loading dye.
For organ samples: following PBS homogenization, cells were treated with 1% TritonX100, 5X protease inhibitors, and 2X phosphatase inhibitors and spun at 14,800 RPM for 30
minutes at 4°C. The supernatant was used as the protein sample. The protein concentration was
calculated using BCA analysis, and normalized to 40μg to be run on the gel. These samples were
mixed with NuPage loading dye and PBS buffer.
Westerns were run on 10% SDS gels in MOPS buffer. Gels were then transferred to a
PVDF membrane using a standard semi-dry transfer in TRIS-glycine-Methanol buffer. The
following antibodies were used: anti-actin (sc-81178, Santa Cruz; 1:1000 in 5% BSA), antiSTAT1 (9172, Cell Signaling; 1:1000 in 5%BSA), anti-p-STAT1-S727 (clone: D3B7, 8826, Cell
Signaling; 1:1000 in 5%BSA), anti-LRRK2 (MJFF2 c41-2, ab133474, AbCam; 1:1000 in
5%BSA), anti-p-LRRK2-S935 (UDD2 10(12), ab133450, AbCam; 1:1000 in 5% BSA). Western
blots were imaged using BioRad ChemiDoc Imager.
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Statistical Analysis
All statistical analysis was performed in GraphPad Prism 5. For survival assays, the logrank (Mantel-Cox) test was used. The Mann-Whitney test was used to test statistical differences
in PFU assays, and unpaired t-test was used in the analysis of in vitro data. Data are demonstrated
as mean ± SEM where applicable and as described in the figure legends.

Fig. 2.1: Schematic representation of the experimental paradigms employed in this thesis. A
nasal inoculation paradigm of p1 pups with reovirus T3D to model a systemic, viral infection (A);
an intracerebral inoculation paradigm of p1 or p3 pups with reovirus T3D to model a direct-brain
infection (B); and an intravenous bacterial infection paradigm used in adult mice to model a
peripheral, bacterial infection (C).
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3. Results

Lrrk2 is expressed in wild-type mice as early as p1 in the brain and spleen, and Lrrk2
expression appears to increase with age in the brain.
Mouse pups as young as postnatal day 1 (p1) were used for viral inoculation paradigms. We
therefore validated the presence of wild-type Lrrk2 in the brain and spleen of wild-type pups (both
male and female) by Western blot (n=3) (Fig. 3.1 A, B). We have confirmed that wild-type Lrrk2
was found in young animals at p1 in both the brain and spleen (Fig. 3.1 A, B). In brain samples,
we measured the expression of Lrrk2 with age in p1 to p21 uninfected wild-type samples (Fig. 3.1
A, B). We detected that Lrrk2 levels in the brain increased over the first 21 days, where it reached
the level that is observed in wild-type, adult mice, suggesting that it reached a plateau (Fig. 3.1B).
Additionally, it did not appear that the levels of Lrrk2 differ between males and females at these
time points.
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Fig. 3.1: Lrrk2 is present in wild-type spleens as early as p1, and its detection increases in
the brain with age. Western blot for Lrrk2 (286 kDa) from female and male wild-type spleen
homogenates at p1 (n=3) (A), and male and female brain homogenates from p1 to p21 (n=3) (B).
β-actin is visualized as a loading control.
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Lrrk2G2019S mice clear pathogens from the brain and lungs more effectively than wild-type
animals.
To test the effects of the Lrrk2 in the innate immune response, we employed an acute, viral
infection paradigm in suckling pups in order to illicit the innate immune response (i.e., p1 pups do
not have an established adaptive immune response yet). In this paradigm, mice were infected 24
hours after birth with reovirus T3D administered to the nose pad. The virus was then inhaled by
the pup and will move from the periphery to the brain beginning by 3dpi, where it will cause
encephalitis (Fig. 2.1A).
Previous studies in the lab had shown that Lrrk2 was required for a host to properly respond
to a virulent pathogen because Lrrk2 KO mice demonstrated higher mortality in the reovirus T3D
paradigm (Fig. 1.2A); furthermore, its kinase activity conferred a protective effect, as the
Lrrk2G2019S mice (with increased enzymatic activity) had improved survival in a bacterial sepsis
paradigm (Fig. 1.4) (Shutinoski et al, 2019). To determine if the same was true for mice carrying
the p.G2019S mutation in the chosen viral inoculation paradigm, infections were repeated in new
cohorts of wild-type and Lrrk2G2019S mice, and organs were collected at 3dpi and 11dpi for viral
load analysis (PFU). Note, in this paradigm, siblings were used from either wild-type or Lrrk2G2019S
homozygous pairings respectively.
As observed in the Salmonella sepsis paradigm, we found that Lrrk2G2019S mice had lower
viral titres in the lungs at peak day 3 post infection, and in the brains at peak day 11 post infection
(Fig. 3.2). The mean viral titre in lungs of wild-type mice at 3dpi was 1.4x107 PFU/g (n=7),
whereas the mean viral titre at 3dpi for Lrrk2G2019S mice was 2.48X106 PFU/g (n=3). In
comparison, at 11dpi, the mean viral titre in the brain of wild-type mice was 8.64x108 PFU/g
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(n=10), and the mean viral titre of Lrrk2G2019S mice was 3.45x108 PFU/g (n=18). Statistical
significance was measured by Mann-Whitney test (3dpi p-value: 0.0218; 11dpi p-value: 0.0262).
We concluded that the p.G2019S mutant conferred a more effective control over the
replication rate of both Salmonella (Shutinoski et al., 2019) and virulent reovirus-T3D during the
height of their infectivity.
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Fig. 3.2: Lrrk2G2019S mice have lower viral titres in the brain and lungs following reovirusT3D nasal infection compared to wild-type mice. Brains and lungs were collected from nasally
infected mice (dose: 2.7x105 PFU) and collected at 3 and 11dpi. Viral titre was measured as
plaque forming units (PFU) in lysates of whole organs. PFU counts of wild-type and Lrrk2G2019S
lungs and brains are graphically displayed at 3and 11dpi, where each symbol represents one
animal. Females are represented in pink and males are represented in blue. Of note, samples
denoted in black were lost after genotyping for Lrrk2, and therefore sex could not be identified.
Wild-type 3dpi lungs (n=7) and 11dpi lungs (n=10); Lrrk2G2019S 3dpi lungs (n=3) and 11dpi
lungs (n=18); Wild-type 3dpi brain (n=7) and 11dpi brain (n=10); Lrrk2G2019S 3dpi brain (n=6)
and 11dpi brain (n=17). Lungs 3dpi p-value=0.0167; brain 11dpi p-value=0.0262. *P≤0.05. Test
used: non-parametric Mann-Whitney test. Error bars represent mean ± SEM.
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Lrrk2D1994S mice (kinase-dead) show lesser viral clearance at the early stages of disease
compared to wild-type controls, but show increased survival in a viral brain infection paradigm.

The results from the Lrrk2G2019S mutant mice suggested that Lrrk2 kinase activity promoted an
enhanced immune response. We therefore sought to elucidate if its kinase activity was required
for its role in the innate immune response by employing a Lrrk2 kinase-dead mouse model. These
mice have an engineered knock-in p.D1994S mutation in the kinase domain of Lrrk2 (Herzig et
al., 2011). In initial reports, it is mentioned that Lrrk2 with the p.D1994S mutation is less stable
than wild-type Lrrk2 (Herzig et al., 2011). Therefore, we first performed Western blot analysis to
demonstrate the levels of Lrrk2 in the organs of mice employed in this paradigm. We also
measured the levels of phospho- Ser935 Lrrk2 (indicative of autophosphorylation by Lrrk2 itself
(Steger et al., 2016)) as a measure of Lrrk2 kinase activity. We used samples that had been
collected and homogenized from intranasally inoculated reovirus T3D-infected mice, as described
above. Brains and lungs were collected at 3dpi and at 11dpi which represent timepoints of expected
peak viral titres for the respective organs (Gauvin et al., 2013). We found that Lrrk2 was equally
expressed between wild-type mice and kinase-dead in these organs at these time points following
infection in both females and males (n=3) (Fig.3.3 A, B).
Additionally, we confirmed that Ser935-phosphorylated Lrrk2 was significantly reduced
in kinase-dead mutant tissue, suggesting that the Lrrk2 kinase activity was indeed markedly
diminished in the Lrrk2D1994S mice (Fig. 3.3 A, B), as was shown in the original report (Herzig et
al., 2013). Lrrk2 residue Ser-935 is also phosphorylated by kinases of the IκB family, which could
explain the weak, residual phospho-Ser935 Lrrk2 signal in the Lrrk2 kinase-dead homogenates
(Dzamko et al., 2012). (Note, the issue of residual kinase activity in this context is being further
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confirmed in collaboration with Dr. Dario Alessi (University of Dundee) using in vitro Lrrk2
kinase assays). We also confirmed that the protein was present and abundant in uninfected
Lrrk2D1994S mice at p1, p4, and p21. This confirmed that Lrrk2 protein expression was not
infection-dependent at the ages relevant in this paradigm, because Lrrk2 was present at each of
these timepoints (n=1) (Fig. 3.3C).
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Fig. 3.3: Lrrk2D1994S mutant mice have equal Lrrk2 protein expression but no kinase activity
in brain and lung compared to wild-type mice following reovirus infection. Newborn mice
were nasally inoculated with one LD50 of reovirus-T3D, as described in the Method section,
leading to infection. At 3dpi and 11dpi, brains and lungs were collected from wild-type,
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Lrrk2D1994S, and heterozygous animals and homogenized for Lrrk2 Western blot analysis in
females (n=3) (A) or males (n=3) (B). Brain and lung were also collected from uninfected
Lrrk2D1994S mice (p1, p4, p21) to measure Lrrk2 expression via Western blot (n=1) (C). β-actin is
immunoblotted as a loading control.
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Having established that the protein was present in Lrrk2D1994S organs and at comparable
levels to wild-type, we next employed the viral nasal paradigm in mice expressing the Lrrk2D1994S
mutation, exactly as has been done with Lrrk2 KO mice and Lrrk2G2019S mice. We administered
one LD50 (2.7x105 PFU) of reovirus T3D to each mouse. Mice were bred in heterozygous pairings
and therefore we tested littermates.
I had hypothesized that the Lrrk2 kinase activity was critical to its role in the immune
system, and that by genetically knocking out this activity, these mice would be significantly more
susceptible to systemic infection with reovirus, as was seen in the Lrrk2 knockout mice.
Remarkably, the Lrrk2 kinase-dead mice had significantly higher survival than wild-type
littermates, with the heterozygous mice falling between the two homozygous genotypes (Fig. 3.4).
Sample sets were: WT (n=13); Lrrk2WT/DS (n=28); Lrrk2D1994S (n=15). The earliest an animal
succumbed to infection was 9dpi (Lrrk2WT/DS), with the last time point at which an animal
succumbed to infection being 25dpi (Lrrk2D1994S). Mice were considered survivors after 30dpi. Of
the mice that had died, majority did so on 9, 10, and 11dpi. As for survivors, wild-type mice had
a ~10% survival rate, heterozygous mice had ~20% survival rate, and Lrrk2D1994S mice had ~50%
survival rate. This result suggested that not only is the Lrrk2 kinase activity not essential in the
innate immune response, but it may be protective, at least in the context of this systemic dsRNA
virus infection paradigm. By comparing these results to the previous results in which Lrrk2
knockout mice had decreased survival, this also indicates that the Lrrk2 protein, but not its kinase
activity, is important in functions related to innate immune responses by the host.
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Fig. 3.4: Lrrk2D1994S mutant mice show improved survival from encephalitis with a female
sex bias compared to wild-type mice. Newborn mice were nasally inoculated with one LD50 of
reovirus-T3D, as described in the Method section, leading to infection. Lrrk2D1994S and wild-type
mice were measured for survival following infection, and separated based on sex. WT n=13 (f:5;
m:8); Lrrk2WT/DS n=28 (f:15; m:13); LrrkDS/DS n=15 (f:8; m:7). Data were analyzed using the logrank (Mantel–Cox) test. The p-value between WT and Lrrk2D1994S= 0.0030 when sexes are
pooled; in females alone p-value=0.046; in males alone p-value=0.0430. *P≤0.05, **P≤0.01.
Note, graphically wild-type mice are denoted WT; Lrrk2D1994S heterozygous mice are denoted
Lrrk2WT/DS; Lrrk2D1994S homozygous mice are denoted Lrrk2DS/DS.
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To determine whether this change in survival was associated with a better control of viral
replication by the Lrrk2D1994S mice, we measured viral titres (PFU/g) in the brain and spleens of
wild-type, heterozygous, and Lrrk2D1994S littermates. There, we found that Lrrk2D1994S mice had
significantly greater viral titre in the lungs at 3dpi compared to wild-type controls, but showed no
difference in viral titres in the brain at 11dpi. At 3dpi, the mean viral titre in wild-type lungs was
1.99x106 PFU/g (n=8), in heterozygous lungs was 1.98x106 PFU/g (n=10), and Lrrk2D1994S lungs
was 1.80x107 (n=13). The Mann-Whitney test was used to determine significance (WT vs.
Lrrk2D1994S p-value: 0.0342; heterozygous vs. Lrrk2D1994S p-value: 0.0025). The average PFU/g
across genotypes in the brain at 3dpi was 7.08x103 PFU/g; in the lung at 11dpi was 7.49x104
PFU/g; and in the brain at 11dpi was 3.38x108 PFU/g. These results suggested to us that Lrrk2
kinase activity may be important in viral clearance at early of stages of disease in the lungs, where
the expression of Lrrk2 protein (and LRRK2 mRNA in humans) is at the highest level of detection;
alternatively, reduced kinase activity could be remedied and compensated for at later stages when
the disease process has entered the brain (and where the expression of Lrrk2 protein and LRRK2
mRNA in humans is at a low level of detection) (Fig. 3.5). Notably, this significant difference
seems to be determined by females, as when sexes were separated, the significant difference
between female Lrrk2D1994S mice and female wild-type mice was much stronger than between male
Lrrk2D1994S mice and male wild-type mice, consistent with a previously established female sex bias
with Lrrk2 variants (determined by Mann-Whitney test, p-value= 0.0283)(Fig. 3.6 A,B).
One possible mechanism is that Lrrk2 modulates the degree of ensuing inflammation as
has been suggested in our previous Lrrk2-related studies. Future studies will investigate the degree
of inflammation in Lrrk2D1994S brains. This will be done as was previously done for the Lrrk2G2019S
and Lrrk2 knockout studies. Specifically, to employ flow cytometry to measure the relative
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abundance of infiltrating myeloid cells into infected Lrrk2D1994S brains vs. wild-type brains. This
will provide insight whether the protective function of kinase-dead Lrrk2 is due to an altered
degree of infiltration by peripheral immune cells into the brain and therefore better control of
subsequent inflammation. Additionally, immunohistochemistry will be employed to measure
microglial activation in the brains of Lrrk2 kinase-dead and Lrrk2 wild-type mice following
infection, and to anatomically measure and compare the abundance and spread of reovirus in the
brains of each genotype.
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Fig. 3.5: Lrrk2D1994S mutant mice have increased viral burden in the lungs early in disease
but show no change in viral burden at the late stage disease following a viral, nasal infection
compared to wild-type mice. Newborn mice were nasally inoculated with one LD50 of reovirusT3D, as described in the Method section, leading to infection. Homozygous and heterozygous
Lrrk2D1994S mice and wild-type mice were sacrificed at 3dpi and 11dpi and lungs and brain were
collected and homogenized. Data are represented in PFU/g, where each symbol represents one
animal. Pink data points indicate females, and blue data points indicate males. Wild-type 3dpi
lungs (n=8) and 11dpi lungs (n=17); heterozygous 3dpi lungs (n=10) and 11dpi lungs (n=6);
Lrrk2D1994S homozygous 3dpi lungs (n=13) and 11dpi lungs (n=11). Wild-type 3dpi brain (n=7)
and 11dpi brain (n=18); heterozygous 3dpi brain (n=8) and 11dpi brain (n=7); Lrrk2D1994S 3dpi
brain (n=13) and 11dpi brain (n=11).The p-value between WT and Lrrk2D1994S in lungs at
3dpi=0.0153; between Lrrk2WT/DS Lrrk2D1994S p-value=0.0039. Data were statistically analyzed
using the Mann-Whitney test. Error bars represent mean ± SEM. *P≤0.05, **P≤0.01. Note,
graphically wild-type mice are denoted WT; Lrrk2D1994S heterozygous mice are denoted
Lrrk2WT/DS; Lrrk2D1994S homozygous mice are denoted Lrrk2DS/DS.
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Fig. 3.6: The increased viral burden in the lungs early in disease following a viral, nasal
infection in Lrrk2D1994S mutant mice follows a female sex bias. Data from Fig. 3.5 (lungs at
3dpi) were separated into females (A) and males (B) to indicated further differences. The p-value
between female wild-type lungs and Lrrk2D1994S lungs p-value=0.0283. Data were statistically
analyzed using the Mann-Whitney test. Error bars represent mean ± SEM. *P≤0.05, **P≤0.01.
Note, graphically wild-type mice are denoted WT; Lrrk2D1994S heterozygous mice are denoted
Lrrk2WT/DS; Lrrk2D1994S homozygous mice are denoted Lrrk2DS/DS.
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Lrrk2 kinase-dead heterozygous mice follow a similar sex bias as seen with other Lrrk2
mutants.
To investigate the sex effect of Lrrk2 kinase activity in response to a viral infection, we separated
the intranasal reovirus T3D survival curve based on sex for each genotype (Fig. 3.7). We found no
significant differences between male and females animals that were homozygous for their Lrrk2
genotypes; however, there was an interesting trend with the heterozygous mice (Fig. 3.7B). The
female heterozygous mice behaved similarly to the homozygous mutant mice (i.e., better survival)
whereas the male heterozygous mice behaved more similar to the wild-types (i.e., worsened
survival). This is similar to what was observed in our previous studies where the heterozygous
Lrrk2WT/KO females behaved like the mutant Lrrk2KO/KO mice (i.e., worsened survival) and the
heterozygous Lrrk2WT/KO males behaved like the wild-type mice (i.e., better survival) (Shutinoski
et al., 2019).
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Fig. 3.7: Lrrk2WT/DS heterozygous mice show a sex bias as previously seen with other Lrrk2
variants. Newborn mice were nasally inoculated with one LD50 of reovirus-T3D and monitored
for survival. These data were separated for sex based on each genotype: wild-type mice (A),
Lrrk2D1994S heterozygous mice (B), or Lrrk2D1994S kinase-dead mice (C). Data were analyzed
using the log-rank (Mantel-Cox) test. Sample set n-values are indicated on each graph. No
significant differences were found in these survival curves.
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Intracerebral inoculation: Lrrk2 kinase-dead mice have an equal survival rate as
heterozygous and wild-type mice following direct infection of the brain with reovirus T3D, but
have a decreased viral titre in the brain at the later stage of disease.
The nasal route of infection leads to a systemic infection, i.e., viral infection of both peripheral
organs and secondarily, of the brain, where the viral titres peak in the periphery first, and only
become detectable in the brain at 3dpi (peaking at 11dpi) (Gauvin et al., 2013). Therefore, we do
not know exactly how much of the virus reaches the brain in the early dissemination phase, and
how much of the virus was sequestered in the periphery before reaching the brain, i.e., does Lrrk2
function to control the virus prior to reaching the brain, or once the virus has propagated in the
brain?
To elucidate this, we employed an intracerebral injection paradigm (Fig. 2.1B). In this
paradigm, 5x102 PFU of reovirus T3D were administered via injection directly into the left
hemisphere (frontal lobe) of the pup brain at p1 (Passini et al., 2001). Although we expect
secondary, peripheral involvement (in the form of myeloid cell infiltration), the primary response
will be brain-specific, thus allowing us to assess Lrrk2D1994S function in the brain independent of
its potential role in the periphery. Two specific outcome measures were assessed: survival,
reported as time-to-death as this is a lethal paradigm; and viral titres in infected organs. Note, in
this paradigm, samples include littermates from heterozygous crossings, as well as samples from
homozygous wild-type x wild-type pairings, and Lrrk2D1994S x Lrrk2D1994S pairings.
Although we saw a stark survival benefit in the Lrrk2D1994S mice in the systemic, nasal
inoculation-induced, viral paradigm, we saw no survival change following direct brain inoculation
at p1 compared to wild-type controls (Fig. 3.8A). In fact, wild-type mice, heterozygous, and
kinase-dead mice all had the same survival rate (measured by time-to-death). Specifically, mice
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began to die at 9dpi, and were all dead by 13dpi (except one Lrrk2 D1994S mouse which died at
16dpi). Indeed, 90% of mice were dead by 11dpi. The sample sets were: WT (n=20); Lrrk2WT/DS
(n=11); Lrrk2D1994S (n=28).
A possible caveat to this paradigm is that it is 100% lethal within a relatively short time
span, and thus it may not be sensitive enough to observe genotype-specific differences. Therefore,
we next infected mice at p3, allowing the mice to develop further (including the brain and the
immune system), to allow for increased expression of Lrrk2 which is being induced during these
early days; this, to determine whether this would prolong time-to-death and unmask any genotypic
differences in survival. Again, Lrrk2D1994S mice infected at p3 did not have any survival differences
compared to wild-type or Lrrk2D1994S heterozygous mice, and indeed had very similar time-todeath as mice inoculated at p1 (Fig. 3.8B). The earliest death was one mouse at 8dpi (wild-type)
with the rest of the mice dying by 12dpi. The sample sets were: WT (n=12); Lrrk2D1994S
heterozygous (n=9); Lrrk2D1994S (n=10). We saw no differences in survival following p1 or p3
inoculation when separated based on sex (Fig. 3.8A, B).
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Fig. 3.8: Loss of Lrrk2 kinase activity does not affect survival following an intracerebral
injection of reovirus T3D. Newborn mice were infected with 5x102 PFU of reovirus T3D via
direct-brain injection to the left hemisphere, and measured for a pre-determined moribund state.
Survival was graphically displayed as percent survival against days following infection (dpi). (A)
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Mice inoculated at p1 had similar survival across genotypes. WT (n=20); Lrrk2WT/DS (n=11);
Lrrk21994S (n=18). (B) Mice intracerebrally-inoculated at p3 also had similar survival across
genotypes. WT (n=12); Lrrk2WT/DS (n= 9); Lrrk2D1994S (n=10). No significant differences in
survival was found when assessed using a log-rank (Mantel-Cox) test. Note, graphically wild-type
mice are denoted WT; Lrrk2D1994S heterozygous mice are denoted Lrrk2WT/DS; Lrrk2D1994S
homozygous mice are denoted Lrrk2DS/DS.
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A possible explanation for these combined results is that Lrrk2 exerts its primary immune
function in the periphery, at least in the context of this reovirus T3D infection model. This will
need to be confirmed in future studies using different models, including an adult, direct-brain
inoculation paradigm compared to systemic infection paradigms using additional viral models,
such as inoculation with vesicular stomatitis virus (VSV) (Drokhlyanksy et al., 2017). Note, adult
mice are not susceptible to (peripheral) reovirus T3D-induced encephalitis, which is why we
cannot employ our current pathogen model in adults, hence the switch of viral paradigm to VSV.
To explore secondary dissemination of the pathogen (from the brain), we next investigated
the corresponding viral titre data in the brain and liver, similar to what was done in the intranasal
cohort. First, we looked at 8dpi, to get the best measure of viral titre in the brain before 9dpi, when
mice rapidly begin to succumb to the sickness. We measured viral titre in brain, the target organ
of infection, and liver, to measure the viral spread from the brain to the periphery. Unexpectedly,
given no change in survival following the direct-brain infection, Lrrk2D1994S mice seemed to
control viral titres in the brain at 8dpi more efficiently than wild-type and heterozygous mice (wildtype vs. Lrrk2D1994S p-value= 0.0149; Lrrk2D1994S vs. heterozygous p-value=0.044) (Fig. 3.9A).
Lrrk2D1994S mice had a mean viral titre of 5.93x1010 PFU/g (n=16), whereas wild-type mice had a
mean viral titre of 2.86x1011 PFU/g (n=9). Note, there were some samples from littermate pairings,
however most samples came from homozygous pairs for these PFU analyses.
There were no discernable differences in liver at 8dpi, although, the viral titres in liver were
high considering the direct-brain inoculation (wild-type mean liver viral titre: 2.41x106 PFU/g
(n=12); Lrrk2D1994S mean liver viral titre: 2.74x106 PFU/g (n=16)) (Fig. 3.9A), which we attribute
to the damage done to the blood brain barrier by the needle tract. Again, consistent with this dataset
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thus far, this significance in viral titre in the brain appeared to be co-regulated by female sex (Fig.
3.9 B, C).
As we observed viral titre differences between genotypes specifically at early points of
disease in our intranasal paradigm (see above), we next measured viral titre in brain and liver of
mice collected at 3dpi following intracerebral reovirus infection. There were no significant
differences in the brain or liver between Lrrk2D1994S homozygous or heterozygous, or wild-type
mice at 3dpi (Fig. 3.10). Mean viral titres in liver at 3dpi for wild-type, heterozygous, and
Lrrk2D1994S mice were 1.03x104 PFU/g (n=3), 1.07x105 PFU/g (n=8), and 2.5x103 PFU/g (n=4),
respectively. Mean viral titres in brain at 3dpi for wild-type, heterozygous, and Lrrk2D1994S mice
were 7.56x105 PFU/g (n=4), 1.87x106 PFU/g (n=7), and 1.09x106 PFU/g (n=5), respectively.
However, a larger sample set and adequate representation for males and females needs to be
increased before final conclusions can be drawn from these viral titre experiments following
intracerebral inoculation.
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Fig. 3.9: Loss of Lrrk2 kinase activity causes an unexpected decrease in viral titres with a
female sex bias, following an intracerebral injection of reovirus T3D. Newborn mice were
infected with 5x102 PFU of reovirus T3D via direct-brain injection to the left hemisphere, and
measured for a pre-determined moribund state. Lrrk2D1994S homozygous and heterozygous mice,
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and wild-type mice were sacrificed at 8dpi (A) and liver and brain were collected and
homogenized. Data are represented in PFU/g, where each symbol represents one animal. Pink data
points indicate females, and blue data points indicate males. Sample sets for 8dpi liver are: WT
(n=12); Lrrk2D1994S heterozygous (n=14); Lrrk2D1994S (n=16); and for brain are: WT (n=9);
Lrrk2D1994S heterozygous (n=16); Lrrk2D1994S (n=16). The p-value between wild-type and
heterozygous=0.0445. The p-value between wild-type and Lrrk2D1994S=0.0149. Data for 8dpi PFU
in brains were separated by sex, female (A) and male (B). The p-value between female wild-type
and Lrrk2D1994S brains=0.0061. The p-value between male wild-type and Lrrk2D1994S
brains=0.1209 (not significant). *P≤0.05, **P≤0.01. Test used for PFU data: non-parametric
Mann-Whitney test. Error bars represent mean ± SEM. Note, graphically wild-type mice are
denoted WT; Lrrk2D1994S heterozygous mice are denoted Lrrk2WT/DS; Lrrk2D1994S homozygous
mice are denoted Lrrk2DS/DS.
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Fig. 3.10: Loss of Lrrk2 kinase activity does not affect viral titres at 3 days post infection
following an intracerebral viral injection compared to wild-type mice. Newborn mice were
infected with 5x102 PFU of reovirus T3D via direct-brain injection to the left hemisphere and
measured for a pre-determined moribund state. Lrrk2D1994S homozygous and heterozygous mice,
and wild-type mice were sacrificed at 3dpi and liver and brain were collected and homogenized.
Data are represented in PFU/g, where each symbol represents one animal. Pink data points indicate
females, and blue data points indicate males. Sample sets for 3dpi liver are: WT (n=3); Lrrk2D1994S
heterozygous (n=8); Lrrk2D1994S (n=4); and for brain are: WT (n=4); Lrrk2D1994S heterozygous
(n=7); Lrrk2D1994S (n=5). Test used for PFU data: non-parametric Mann-Whitney test. Error bars
represent mean ± SEM. Note, graphically wild-type mice are denoted WT; Lrrk2D1994S
heterozygous mice are denoted Lrrk2WT/DS; Lrrk2D1994S homozygous mice are denoted Lrrk2DS/DS.
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Lrrk2G2019S mice have equal survival rates as heterozygous and wild-type mice following
reovirus T3D direct-brain inoculation.
To further investigate the role of Lrrk2 and variants of the protein in response to infection in the
brain vs. the periphery, we next investigated Lrrk2G2019S mice. In a preliminary cohort (wild-type
n=5; Lrrk2G2019S heterozygous n=6; Lrrk2G2019S n=6), we found that similarly to Lrrk2 kinase-dead
mice, mice carrying a p.G2019S mutation did not have increased or decreased time-to-death
responses to a direct-brain inoculation of reovirus T3D compared to wild-type mice (Fig. 3.11).
Specifically, mice began to die on 8dpi and all mice were dead by 12dpi. These results were
interesting, as we have noted that female Lrrk2G2019S mice had a survival deficit in response to
nasally inoculated reovirus T3D (Fig. 1.3). Importantly, this current intracerebral inoculation
cohort of Lrrk2G2019S mice was very small, and the sample set must be greatly increased to probe
further for any differences. Indeed, in the intranasal inoculation p.G2019S data, we only found
significant survival differences in females, therefore we must also increase the sample size to have
adequate survival curves for both males and females individually. This work is ongoing, as is the
collection of brain and liver specimens from Lrrk2G2019S mice and wild-type littermates to measure
viral titre following intracerebral inoculation in these mice.
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Fig. 3.11: Lrrk2G2019S mice have equal survival rates as heterozygous and wild-type mice
following an intracerebral reovirus T3D inoculation. Newborn mice were infected with 5x102
PFU of reovirus T3D via direct-brain injection to the left hemisphere and measured for a predetermined moribund state. Survival was graphically displayed as percent survival against days
following infection (dpi). Sample set n-values are indicated on the graph. Test used: log rank
(Mantel-Cox) test.
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In response to a systemic bacterial infection, Lrrk2 kinase-dead mice behave the same as wildtype mice in terms of bacterial burden in spleen and survival rate.
Our team had also employed a second infection paradigm with a different pathogen to further
inform the viral inoculation results. In this paradigm, adult mice (8-12 weeks old) were inoculated
intravenously with Salmonella typhimurium at a dose of 200 CFU (Fig. 2.1C). In C57BL/6mice,
Salmonella causes fatal sepsis which will indefinitely kill all mice (Shutinoski et al., 2016). When
measuring outcomes in Lrrk2G2019S mice, this mutation was protective; leading to higher survival
and lower bacterial titres (CFU) compared to wild-type mice (Shutinoski et al., 2019). In contrast,
Lrrk2 KO was detrimental, with higher bacterial titres counted in the spleen, though no change in
survival was recorded compared to wild-type mice (Shutinoski et al., 2019).
To determine whether kinase activity was required in this outcome, these experiments were
repeated using the kinase-dead Lrrk2D1994S mice. Two outcome measures were assessed: survival
(measured as time-to-death) and CFU (done by Dr. B. Shutinoski in our team). Interestingly, when
looking at females carrying the kinase-dead Lrrk2D1994S mutation, the survival curve of these mice
was the same as wild-type mice (wild-type n=6; Lrrk2D1994S heterozygous n=10; Lrrk2D1994S n=10),
with mice beginning to die at 7dpi, and the last mouse dying at 19dpi. Most mice succumbed to
the sickness on 8, 9, and 10dpi (Fig. 3.12A). However, with Lrrk2 kinase-dead mice, there was no
difference in bacterial counts (Fig. 3.12B). Wild-type mice had a mean of 1.37x106 CFU in the
spleen at 5dpi, heterozygous mice had a mean 1.95x106 CFU, and Lrrk2D1994S had a mean 1.13x106
CFU. Of note, not all mice were littermates (though some were), as all came from the same colony
bred on the same background. Each genotype had n=5 for CFU analysis.
These results suggested that the lack of Lrrk2 kinase activity did not confer a protective or
harmful effect in response to this bacterial sepsis paradigm, and did not cause a difference in
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bacterial titres. This reaffirmed our previous findings, in which Lrrk2 kinase activity was not seen
as essential for the host’s immune response, and secondly, that wild-type Lrrk2 kinase activity
does not seem to be important in bacterial clearance, although the protein itself is. Nevertheless,
the p.G2019S mutant conferred an independent, beneficial gain-of-function effect, in the sepsis
paradigm. Moreover, in this model we did not see a difference in survival in the Lrrk2 knockout
mice compared to wild-type mice, which could suggest that function of Lrrk2 in the immune
system is pathogen-dependent, and may not be as important in response to bacterial threats as we
had seen with a viral threat.
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Fig. 3.12: Loss of Lrrk2 kinase activity does not affect the survival or bacterial burden in
murine spleens in response to Salmonella typhimurium infection. Adult mice were infected
intravenously with 200 CFU of Salmonella typhimurium. (A) Survival rate (time-to-death) was
measured in homozygous and heterozygous Lrrk2D1994S and wild-type mice. Sample set n-values
are indicated on the graph. (B) CFU (Colony forming units) counts of Salmonella infected spleen
at day 5 post infection from wild-type, heterozygous, and Lrrk2D1994S mice are graphically
displayed. Each CFU data point represents one animal (n=5 for each genotype). Survival statistical
analysis was done using the log-rank test. CFU analysis was statistically tested using MannWhitney test. Error bars represent mean ± SEM.
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In vitro, Lrrk2 kinase-dead-derived macrophages have decreased immune signaling as
indicated by pSTAT activation.
To investigate the intriguing Lrrk2 kinase-mediated effects observed in vivo, we used bone
marrow-derived macrophages to examine the effects of Lrrk2 kinase activity in vitro to begin to
explore the underlying molecular mechanisms. We derived macrophages from the bone marrow
of Lrrk2D1994S mice and wild-type littermates. Bone-marrow derived macrophages (BMDMs) were
treated with reovirus at a MOI 3 for one or two hours before being lysed for Western blot analysis.
We then probed for phosphorylated-STAT (pSTAT) and total STAT (tSTAT) levels in wild-type
and Lrrk2D1994S -derived cell samples (n=3). The fold change of pSTAT/tSTAT was used as a
readout to measure an active immune signaling pathway (i.e., the JAK-STAT pathway activated
by upstream chemokines (Rauch et al., 2013)). In this experiment, all cell culture work, treatment,
and protein collection were performed by M. Lunn, however readouts (Western blot analysis and
densitometry) were performed by Quinton Hake-Volling in our lab.
Previous findings in the lab had shown decreased pSTAT/tSTAT signaling in Lrrk2 KO
BMDMs, and conversely increased signaling in Lrrk2G2019S BMDMs. In the present study, we
observed the expected, infection-dependent increase in pSTAT/tSTAT signal; however, when
comparing wild-type and Lrrk2D1994S BMDMs at both timepoints following infection, there seems
to be a trend toward Lrrk2D1994S BMDMs having a lower pSTAT/tSTAT ratio, which suggests a
decreased immune signaling by the mutant in response to the viral infection, at least ex vivo (Fig.
3.13A, B). This finding complements the in vivo data that the Lrrk2 kinase-dead mutation confers
a lesser immune response, and the Lrrk2G2019S mutation augments it; collectively, these findings
suggest to us that Lrrk2 modulates the degree of the immune response in an infected host – with
the Lrrk2G2019S having an increased response and the Lrrk2D1994S having a dampened response.
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Fig. 3.13: Genetically ablating Lrrk2 kinase activity causes a decrease in the pSTAT/tSTAT
ratio, indicating a decrease in the activation of immune signalling. (A) Western blot of antiSTAT1 and anti-pSTAT1 and (B) correlating relative fold change measured by densitometry
analysis (n=3). Note, graphically wild-type mice are denoted WT/WT; Lrrk2D1994S homozygous
mice are denoted KI/KI.
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Treatment with a selective Lrrk2 kinase inhibitor, MLi-2, in bone marrow-derived macrophages
to examine cell viability and determine viral load following infection.
Next, we sought to investigate whether the results seen in vivo by genetically inhibiting
Lrrk2 kinase activity could be reproduced ex vivo using a pharmacological Lrrk2 kinase inhibitor.
We employed MLi-2, a published and validated Lrrk2 kinase inhibitor (Fell et al., 2015). Wildtype BMDMs were grown and seeded in duplicate for cell viability and plaque assay analysis. One
subset of plates were treated with PBS control and one set were treated with 100nM of MLi-2 for
two hours prior to treatment and for the entirety of the infection to inhibit Lrrk2 kinase activity, a
dose previously demonstrated to be effective (Fan et al., 2018). For cell viability, cells were then
treated with reovirus T3D for 24 hours at varying MOIs. Interestingly, we found no difference
between treated and untreated cells in terms of cell viability (n=4) (Fig. 3.14A). Both treated and
untreated cells had only about 20% death rates.
When measuring plaque forming units, BMDMs were infected with reovirus T3D at a MOI
of 5 for 24 hours and the cell lysates were used to infect L929 cells in a standard plaque assay
protocol. Again, there was no difference in viral load between MLi-2 treated and untreated cells
(n=2 for each) (Fig. 3.14B). Untreated cells had a mean viral titre of 3.97x104 PFU/mL and MLi2-inhibited cells had a mean viral titre of 2.54x104 PFU/mL.
Taken

together,

these

results

suggest

that

inhibiting

Lrrk2

kinase

activity

pharmacologically in wild-type BMDMs does not cause a difference in the infection susceptibility
phenotype of these cells – suggesting that Lrrk2 kinase activity is not essential in responding to
viral infection ex vivo using a primary, bone-marrow-derived immune cell as a model.
Future directions include investigating the cytokine and chemokine profile of these
macrophages derived from Lrrk2D1994S mice following a viral infection both at the mRNA (by
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qPCR), and protein (by ELISA) expression levels. Additionally, it would be interesting to
measure the response to infection in vivo (as seen in paradigms (Fig. 21.A, B)) in wild-type mice
treated or untreated with the selective Lrrk2 kinase inhibitor, MLi-2. We have demonstrated the
role of Lrrk2 kinase activity in the immune system when genetically knocking out this function;
however, it would be insightful to see if these results are consistent when Lrrk2 kinase activity is
inhibited pharmacologically. It is particularly relevant as it is the pharmacologically inhibition of
LRRK2 kinase activity that is currently in human trials.
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Fig. 3.14: Pharmacologically inhibiting Lrrk2 kinase activity does not affect cell viability or
viral burden in cells. (A) Wild-type BMDMs treated with the selective Lrrk2 kinase inhibitor,
MLi2 (100μM) or with PBS vehicle control were infected with MOI 5 or MOI 20 reovirus T3D
for 24 hours and cell viability (via neutral red assay) was measured. (B) Wild-type BMDMs
treated with MLi2 (100μM) or with PBS vehicle control were infected with MOI 5 reovirus T3D
for 24 hours and cells were lysed for viral titre sample. Cell lysis was used to infect L929 cells
and measure PFU/mL (via plaque assay).
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4. Discussion
This thesis sought to elucidate the role of LRRK2 kinase activity in innate immune
functions and its effects in both the brain-specific and peripheral immune responses. I originally
hypothesized that LRRK2 kinase activity was important in its role in fighting microbial infections,
and that genetically or pharmacologically ablating its kinase activity would reverse any protective
benefits of wild-type LRRK2 in protecting against these infections. Through several infection
paradigms and Lrrk2-variant mouse models, I have successfully disproved this hypothesis and
uncovered multiple important insights into physiological and pathological LRRK2 function, all of
which are possibly relevant to the pathogenesis of PD (and by inference, some of which are
relevant to other LRRK2-linked disorders).
Through ongoing work, our team has clearly implicated LRRK2 in the immune system.
Specifically, I have indicated five main things relevant to mammalian LRRK2 biology: (i) wildtype Lrrk2 functions in the immune system independent upon its kinase activity; (ii) Lrrk2 behaves
with a female sex bias; (iii) Lrrk2 acts in a pathogen- and organ- dependent manner; (iv)
Lrrk2G2019S confers an independent gain-of-function type effect in vivo, and (v) Lrrk2 seems to
work predominantly in the periphery rather than the brain when protecting the nervous system
from a systemic infection.

4.1. LRRK2 in Immune Function
Evidence supporting LRRK2 in immune function has been steadily growing. Some of the
first data initiating this came from our lab, demonstrating that LRRK2 is highly expressed in cells
of the innate immune system when compared to neurons (Hakimi et al., 2011). Importantly,
LRRK2 is more highly expressed in the periphery than the brain in general, specifically in the
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lungs and kidneys (Hakimi et al., 2011; Shutinoski et al., 2019). We have demonstrated thoroughly
that variants in LRRK2 have the ability to modulate infection, both in the context of a bacterial
infection in the periphery (i.e., outside the CNS) and a viral, systemic infection that includes the
brain.
Salmonella typhimurium causes sepsis in C57Bl/6 mice, which is fatal. This paradigm was
used to test the role of Lrrk2 in the context of adult infection with a live, replicating microbe.
Unexpectedly, Lrrk2 knockout (KO) mice did not have decreased survival in response to this
infection paradigm compared to wild-type mice; however, they were also not protected (Shutinoski
et al., 2019). Lrrk2 KO mice did show a lesser control over bacterial replication, as indicated by
the increased bacterial burden in the spleen by 5dpi (Shutinoski et al., 2019).
When this same paradigm was employed on Lrrk2G2019S mice, we found interesting results.
Lrrk2G2019S mice displayed a pronounced protective phenotype in response to Salmonella
typhimurium, when measuring both survival (indicated by time-to-death) and bacterial burden
(Shutinoski et al., 2019). Both Lrrk2G2019S homozygous and heterozygous mice had significantly
longer time-to-death than wild-type mice, suggesting that even one mutant Lrrk2 allele was
protective in this paradigm. This was also demonstrated in bacterial burden, where both Lrrk2G2019S
mice and heterozygous mice had significantly less bacterial burden in the spleen at 5dpi than wildtype mice, specifically in females (Shutinoski et al., 2019). See Section 4.5 for a more in depth
examination on the sex bias seen with Lrrk2.
The protective phenotype seen with the p.G2019S mutation likely helps to explain why
this mutation has persisted over generations and has arisen independently in human evolution on
three separate occasions (Lesage et al., 2010). These data would suggest that the p.G2019S
mutation is evolutionarily advantageous in response to microbial infections (referred to as a
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‘heterozygous advantage’ in biology), i.e., it may pose a protective benefit to the carrier. The
pathogenesis of this mutation may exhibit its effect later in life, coinciding with the fact that age
is the greatest risk factor in PD (Schlossmacher et al., 2017).
These data are consistent with the work of Liu et al. (2017) in which they employed a
Salmonella typhimurium paradigm similar to ours. They also demonstrated that Lrrk2 KO animals
had increased bacterial burden in the spleen, as well as in blood and in peritoneal fluid (they
administered the infection via IP injection). Of note, they did observe a survival deficit in the Lrrk2
KO mice in their paradigm, while our lab did not. Next, they indicated decreased bacterial burden
in spleen, blood, and peritoneal fluid of Lrrk2G2019S mice. They did not measure survival in
Lrrk2G2019S mice. They attribute these observed changes in bacterial burden mainly to NLRC4
inflammasome activation and downstream IL-1β production. In vitro, using BMDMs, they
demonstrated that Lrrk2 phosphorylated Ser533 on NCLRC4, leading to activation of the
NCLRC4 inflammasome (Liu et al., 2017). This activation is associated with downstream
signaling of pro-inflammatory cytokines such as IL-1β (Franchi et al., 2006). Consistent with this,
they demonstrated in vivo that Lrrk2 KO mice had decreased IL-1β levels, whereas Lrrk2G2019S
mice had increased levels (Liu et al., 2017).
This is suggestive of an overall pro-inflammatory profile associated with the p.G2019S
mutation. Indeed, IL-1β levels have been used to successfully differentiate asymptomatic human
p.G2019S carriers from non-carriers, where higher levels of IL-1β was also correlated with a
greater risk for PD in the carriers (Dzamko et al., 2016).
In our LRRK2 research, the lab next wished to employ an infection paradigm that would
have a direct impact on brain health. Therefore, we utilized reovirus T3D to nasally infect suckling
pups. This model system had been developed by Dr. Earl Brown, professor emeritus of molecular
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virology at uOttawa, and a part-time member of the lab, who mentors trainees in carrying out
inoculation experiments. In suckling pups (p1), reovirus T3D has tropism for the brain and causes
encephalitis which can be fatal (Gauvin et al., 2013). Note, mice infected older than p10 do not
succumb to the infection (encephalitis) with this paradigm. Secondly, by using pups, we looked
directly at the innate immune response, as pups do not begin developing an adaptive immune
response until a minimum of nine days after birth, and do not have a fully mature adaptive immune
system until four weeks of age (Landreth, 2002).
In this paradigm, when infecting Lrrk2 KO mice, our lab found a survival deficit in mice
lacking Lrrk2 (Shutinoski et al., 2019). This was not associated with a difference in viral burden;
however, the sample set remains small in this experiment, and it is very possible a difference
may be identified if the sample set is increased. Based on previous experiments, statistical
significance tends to be demonstrated with sample sets around n ≥ 10.
When examining Lrrk2G2019S mice, again better control of viral replication was found,
consistent with the bacterial infection model. Lrrk2G2019S mice had decreased viral burden in the
lung at peak viral titre of this organ, 3dpi, and decreased viral burden in the brain at its peak viral
titre day, 11dpi compared to wild-type mice. However, paradoxically, this decreased viral burden
associated with Lrrk2G2019S mice was also associated with decreased (not improved) survival from
brain infection (Shutinoski et al., 2019). Therefore, these mice cleared the virus more efficiently
but also had increased mortality, in the females specifically. We hypothesize that Lrrk2G2019S mice
show an overshooting immune response; therefore, they are mounting an immune response that is
strong enough to efficiently clear the bacteria, but is ‘excessive’ (when compared to wild-type
animals) and associated with detriment to the host. Indeed, members of our lab have reported
increased myeloid cell recruitment in reovirus-infected brains (measured via flow cytometry) and
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increased chemotactic signalling in reovirus-infected BMDMs of Lrrk2G2019S animals (Shutinoski
et al., 2019). This is consistent with the reports of Liu et al. (2017) and others suggesting a proinflammatory phenotype associated with the p.G2019S mutation.
In accordance, Moehle et al. (2015) also reported an exaggerated chemotactic response
associated with the p.G2019S mutation. In rats expressing Lrrk2 p.G2019S, they found increased
myeloid cell infiltration to the point of injection of LPS in the substantia nigra. Additionally, they
found enhanced chemotaxis in myeloid cells that expressed Lrrk2 p.G2019S in vitro. When they
treated these p.G2019S-expressing cells with two selective Lrrk2 kinase inhibitors in vitro, they
found that the enhanced chemotaxis was reversed, and these cells began to behave like wild-type
cells. They posit that this increased myeloid cell chemotaxis and mobility is due to Lrrk2’s ability
to bind with actin-regulatory proteins and affect cytoskeleton remodelling. They show evidence
that the p.G2019S mutation increases binding and this interaction, possibly leading to enhanced
myeloid cell mobility in p.G2019S carriers (Moehle et al., 2015).
This initial data set demonstrated that LRRK2 plays a role in immune response. Secondly,
they suggested the kinase activity of this protein was important in the immune response, as seen
by the ability of the p.G2019S mutation (i.e., increased kinase activity) to modulate host response
to infection. Therefore, our next research question was: What is the contribution of Lrrk2 kinase
activity in the host’s immune response?

4.2. LRRK2 Kinase Activity in Immune Function
To investigate the role of Lrrk2 kinase activity, we used genetically engineered, Lrrk2
kinase-dead mice. These mice carry a knock-in p.D1994S mutation in the murine Lrrk2 protein,
and were created, and first characterized by Herzig et al. (2011). This mutation renders these mice
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kinase-dead, while also affecting the stability of the protein, as Herzig et al. (2011) have noted that
the protein is about half as abundant in the Lrrk2D1994S mice compared to wild-type. We repeated
these experiments and confirmed these mice are kinase-dead, as measured by Lrrk2 pSer935
levels. Additionally, in adult mice, we found much lower abundance of Lrrk2 in the brain
compared to wild-type mice, but similar levels of Lrrk2 in peripheral organs such as lungs and
spleen when comparing wild-type and kinase-dead mice. We also confirmed this in infected organs
(3dpi and 11dpi) used in the reovirus T3D paradigm (Fig. 3.3). Through observation, we did not
notice any phenotypic differences (i.e., darkened colour or increased size) in spleens obtained from
wild-type or kinase-dead mice at this young age (p3, p11), as splenic phenotypic differences have
been reported in adult kinase-dead mice (Herzig et al., 2011).
We first employed the bacterial Salmonella typhimurium infection paradigm in Lrrk2D1994S
kinase-dead mice. Similar to Lrrk2 KO mice, we found no differences in time-to-death between
wild-type, heterozygous, or kinase-dead mice (Fig. 3.12A). As absence of the Lrrk2 protein did
not play a role in time-to-death following Salmonella infection, we did not expect the Lrrk2 kinasedead mice to affect survival. Next, we measured bacterial burden and found no differences in
bacterial burden in the spleen following Salmonella infection in these mice. This was surprising,
as the Lrrk2 KO mice did have increased bacterial burden. These data suggests that the Lrrk2
protein per se, but not its phosphorylative (kinase) function, is important in bacterial clearance in
this paradigm. Importantly, these data also suggested that the protective phenotype associated with
the hyperactive kinase p.G2019S mutation was indeed a net gain-of-function (See Section 4.3).
Interestingly, in the same paper discussed earlier, Liu et al. (2017) tested a Lrrk2 kinasedead model in their paradigm. Instead of genetic ablation, they utilized the LRRK2 kinase inhibitor
GSK2578215A to pharmacologically ablate the kinase activity in vivo. They pretreated wild-type
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animals with this inhibitor prior to infection. Interestingly, they found that mice treated with
GSK2578215A had IL-1β levels similar to that of Lrrk2 KO animals as well as increased bacterial
burden in the spleen, blood, and peritoneal fluid. In vitro, they also demonstrated that, like Lrrk2
KO cells, wild-type macrophages treated with Lrrk2 kinase inhibitors also had decreased NLRC4
inflammasome activation (Liu et al., 2017). These data contradicts part of our own because we did
not find any differences in bacterial burden in Lrrk2 kinase-dead mice. This could be due to genetic
vs. pharmacological ablation of the kinase activity, or due to non-specific (i.e., off-target) effects
by the inhibitor used by Liu et al. (2017). Importantly (given the implications for human trials),
further experiments using genetic and pharmacological Lrrk2 kinase inhibition in conjunction will
be critical to fully determine the effects of these inhibitors.
I have done some preliminary work with pharmacological inhibition of Lrrk2 kinase in
vitro using BMDMs from wild-type mice either treated or untreated with a potent, selective Lrrk2
kinase inhibitor, MLi-2. When measuring cell survival and viral burden in cells following reovirus
T3D infection, we did not find any differences between treated and untreated cells in either of
these readouts. This supports our in vivo data that suggests Lrrk2 kinase is not required for this
protein’s role in immune response. Further work is being done utilizing the MLi-2 inhibitor in
vivo.
We next investigated these kinase-dead mutant mice in our reovirus T3D paradigm. I
originally hypothesized that these Lrrk2D1994S mice would have worsened survival in response to
reovirus T3D infection, but in fact found the complete opposite. Lrrk2 kinase-dead mice had
significantly increased survival compared to wild-type mice, with heterozygous mice falling
somewhere in the middle. Indeed, Lrrk2D1994S homozygous mice had a survival rate of ~50%,
whereas Lrrk2D1994S heterozygous mice had ~20% survival rate, and wild-type mice had only
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~10% survival rate (Fig. 3.4). This suggests that inhibiting the kinase activity in this disease
context exerts a protective phenotype.
This was unexpected and is being further investigate in vivo and in vitro to explain this
interesting phenomenon. Preliminary in vitro data using bone marrow-derived macrophages from
wild-type and Lrrk2D1994S mice suggests immune signaling is decreased in kinase-dead cells, as
indicated by pSTAT1/tSTAT1 protein abundance (Fig. 3.13). Kinase-dead BMDMs had decreased
activated STAT1 abundance following reovirus infection compared to wild-type BMDMs (though
not statistically significant). This may be indicative of decreased cytokine signaling in kinase-dead
mice, which results in a protective phenotype in vivo; however, further validation is needed to
support this hypothesis. Next, flow cytometry will be employed to measure the abundance of
infiltrating myeloid cells, immunohistochemistry to measure microglial activation, and ELISA
measurements of cytokine and chemokine protein levels in infected organs.
In our in vivo paradigm, we next measured viral burden in wild-type, heterozygous, and
Lrrk2D1994S mice. Strikingly, we observed a difference in viral burden in the lung at an early time
point of disease, 3dpi, whereby the Lrrk2D1994S kinase-dead mice had a significantly higher viral
burden than wild-type mice. Wild-type mice had a mean viral titre of 1.99x106 PFU/g in the lung
at 3dpi whereas Lrrk2D1994S mice had significantly higher mean viral titre of 1.80x107 PFU/g. Of
note, as shown by LRRK2 mRNA studies and Lrrk2 Western blotting, the gene’s expression level
is the highest in mammalian lungs (Shutinoski et al. 2019). This difference was no longer
discernable at the later stage of disease, in either the lungs or the brain (Fig. 3.5). We suggest that
the lack of Lrrk2 kinase activity is affecting viral clearance at the early initial stages of disease that
is recovered later in disease. Furthermore, it is possible that the lack of Lrrk2 kinase is causing a
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decreased inflammatory response, which affects viral clearance early in disease, but proves
beneficial with respect to negative health outcomes (i.e., survival).
A seemingly unrelated recent paper in the field of virology helps to support this hypothesis:
Chen et al. (2019) investigated the role of a new anti-inflammatory cytokine inhibitor in influenzaA pathogenesis and found that administration time of the drug plays an important role. They found
that administering the drug to influenza-A infected mice one or two days after mice were infected
did not rescue the mice or give any benefit, as measured by survival rate. However, when the drug
was administered three or four days after the infection, the mice were fully recovered, going from
~20% survival to 100% (Chen et al., 2019). These data suggest that an inflammatory response is
important at the early stages of disease, but is less important and possibly harmful in later stages
of disease. If we are correct in our idea that Lrrk2 kinase (and especially hyperactive kinase) causes
a pro-inflammatory response, this notion supports our data that mice lacking Lrrk2 kinase cannot
control the viral replication early in disease, but eventually recovers later in disease, and this lack
of inflammation actually provides a survival benefit later in disease.
Though we have focused mainly on peripheral readouts, other reports have indicated that
wild-type Lrrk2 pharmacological inhibition leads to decreased immune signaling of microglia as
well. Moehle et al. (2012) have demonstrated that microglia primary cultures that are treated with
a Lrrk2 kinase inhibitor have decreased TNFα signaling and microglia skeletal remodeling
following LPS infection compared to untreated wild-type microglia. This supports our findings
that inhibiting Lrrk2 kinase leads to a reduced immune response, though our work is the first to
suggest that this can provide an immune benefit in the context of a potentially lethal encephalitis.
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4.3. p.G2019S: Gain-of-Function
While investigating the role of wild-type Lrrk2 kinase, we uncovered another equally
important understanding: the role of p.G2019S in immune response is a gain-of-function. To
elaborate, this increased kinase activity is not simply increasing the basal, physiological function
of LRRK2, but conferring entirely new functions and properties within immune response. We can
conclude this for two reasons: one, the lack of Lrrk2 kinase did not affect the survival of the mouse
in two infectious paradigms; and two: Lrrk2 knockout and Lrrk2 kinase-dead mice had minimal
effect on viral burden following infection, whereas Lrrk2G2019S consistently cleared infectious
burden more efficiently than wild-type. Therefore, it would appear that Lrrk2G2019S mice have a
function that is novel to the wild-type protein, likely in the inflammatory immune response and
initiation. Taken together with the other hypotheses of this data set, our results suggest that the
Lrrk2G2019S mutation is causing a harmful effect, i.e., in the response to a viral pathogen that has
invaded the brain.
There is a great body of evidence demonstrating that LRRK2 kinase inhibitors may be
efficient in reversing any adverse effects associated with the p.G2019S mutation. For example,
Howlett et al. (2017) have found that the p.G2019S mutation was associated with increased
mitochondrial DNA (mtDNA) damage, in both Lrrk2G2019S rats and in PD patient-derived
lymphoblastoma cell lines. They did not find mtDNA damage in kinase-dead or wild-type animals.
Most strikingly, they found that treating PD patient-derived cells with a LRRK2 kinase inhibitor
prevented or restored this mtDNA damage (Howlett et al., 2017).
Secondly, Moehle et al. (2012), also demonstrated that the increased binding they observed
in p.G2019S expressing cells between Lrrk2G2019S and actin-regulatory proteins was decreased
when these cells were pretreated with Lrrk2 kinase inhibitors. Therefore, this could be reversed by
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treatment with Lrrk2 kinase inhibitors, potentially reversing some of the effects of the myeloid cell
recruitment and pro-inflammatory profile associated with the p.G2019S mutation (Moehle et al.,
2012).
However, one must consider recent work from the lab of Dr. Andy West. Researchers
investigated the response of the p.G2019S mutant to two common Lrrk2 kinase inhibitors, MLi-2
and PF360, in rats (Kelly et al., 2018). Using Lrrk2G2019S overexpressing rats treated with either of
the inhibitors via their chow diet, they demonstrated that Lrrk2G2019S rats are much more resilient
to both inhibitors (though specifically MLi-2) than wild-type rats, as measured via pSer935 levels
as a ratio over total Lrrk2. Interestingly, this was seen specifically in the brain rather than the lungs.
The lungs had similar inhibition of Lrrk2 kinase in both wild-type and Lrrk2G2019S rats, whereas
the brains of Lrrk2G2019S rats were highly resilient, still showing a great deal of Lrrk2 specific
phosphorylation, even at the highest concentrations of inhibition. Similarly, the Lrrk2 G2019S rats
did not show the same phenotypes that wild-type mice did following inhibition, including
lysosomal defects and discoloration in the kidney (Kelly et al., 2018). This suggests that
Lrrk2G2019S resiliency to kinase inhibition and kinase inhibitor-induced pathology could be
supported by a constitutively active, gain-of-function effect.

4.4. LRRK2 Acts in a Pathogen- and Organ- Dependent Manner
Interestingly, we observed differential effects of the three Lrrk2 genotypes (Lrrk2G2019S,
knock-out, Lrrk2D1994S) in response to the different pathogens. Specifically, the Lrrk2 knockout
mice had decreased survival following viral infection and no change following a bacterial
infection; Lrrk2G2019S had decreased survival following viral and increased survival following
bacterial; and lastly, Lrrk2D1994S had increased survival following viral and no change following a
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bacterial infection. Therefore, not only did variants respond differently from each other in each
paradigm, but the same variants responded differently to each paradigm. There are two possible
explanations as to how Lrrk2 may respond differently to distinct infection paradigms, although not
mutually exclusive: that Lrrk2 is behaving in a pathogen-dependent and an organ-dependent
manner. These conclusions are supported by a multitude of previously published works.
Firstly, Härtlova et al. (2018) has demonstrated, that in response to a Mycobacterium
tuberculosis bacterial infection, Lrrk2 knockout and Lrrk2 kinase-inhibited macrophages showed
better control of the bacteria. Interestingly, Lrrk2 knockout mice had enhanced immune response
and pathogen clearance in vivo in response to the same pathogen; however, this control over
bacterial burden was only seen at the early stage of disease (14dpi) and no longer seen in the later
stages (56dpi). In addition, LrrkG2019S derived macrophages had worsened control of the
Mycobacterium pathogen and decreased signal of lysosomal markers (Härtlova et al., 2018).
Secondly, my second research team (located at Carleton University) has investigated the
role of paraquat toxicity and Lrrk2 KO mice, p.G2019S over-expressing mice, and wild-type mice
(Rudyk et al., 2019). Paraquat was administered via six injections over a period of time, and
sickness scores, inflammation state (measured by IL-6 levels), corticosterone levels, and other
measurements were taken. Interestingly, Lrrk2 KO mice were protected from all paraquat toxicity;
they had lower sickness scores compared to wild-type mice, and lower IL-6 and corticosterone
levels than wild-type littermates. Of note, the p.G2019S-transgenic (rather than knock-in used in
the study here) mice did not differ from wild-type mice following paraquat injection in any regard
except corticosterone – suggesting the p.G2019S mutation may be involved in the HPA axis
(Rudyk et al., 2019).

87

Lastly, Daher et al. (2014) have demonstrated that Lrrk2 KO rats were protected against
dopaminergic neurodegeneration that was seen in wild-type rats following intracerebral LPS
injections. They also demonstrated that Lrrk2 KO rats did not elicit dopaminergic cell loss
following transduction of human α-synuclein as the wild-type rats did following the same
treatment (Daher et al., 2014).
In each of these studies, when using a distinct bacterial pathogen, a viral mimic, or
neurotoxin, the Lrrk2 knockout mice were protected against the noxious agent. These studies
attribute the protective phenotype of the Lrrk2 KO to a decreased inflammatory response (Härtlova
et al., 2018; Rudyk et al., 2019; Daher et al., 2014) and in some cases (Daher et al., 2014) to
decreased myeloid cell recruitment, which is a consistent finding in the field.
The direct implications of these studies contradict somewhat the results we have found
with the Lrrk2 KO mice; however, altogether the common conclusion does not change: the Lrrk2
protein is highly implicated in inflammatory response, and the lack of Lrrk2 leads to a decreased
inflammation. It is the contextual framework that is important and helps explain the phenotypic
result, i.e., is this beneficial or harmful in response to infection? Importantly, in our paradigm, we
employ live, replication-competent microbes, which is different from most studies (though not all:
i.e., Härtlova et al., 2018).
Taken together, these suggest that the Lrrk2 protein responds to infectious threats in a
complex, pathogen-dependent manner; hence, great earnest must be taking by the field in order to
demonstrate all the ways in which Lrrk2 responds to different pathogens.
There is also recent evidence in the literature to support the notion that Lrrk2 is working in
an organ-dependent manner. In our studies alone, Lrrk2, and its kinase activity, seems to respond
to pathogens differently in the periphery vs. the brain, and in a manner dependent on where the
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pathogen originates (see Section 4.6). Lrrk2 is differentially expressed throughout the body, and
may in part, account for the organ-specific response of Lrrk2. For example, Lrrk2 is much more
highly expressed in the brain than the periphery, and more in immune cells than neurons (Hakimi
et al., 2011). Specifically, LRRK2 in the brain is expressed more highly in glial cells, especially
activated microglia, than in neurons. In the periphery, specifically the kidney, LRRK2 is expressed
mostly in collecting duct cells and important in toxin clearance (Boddu et al., 2015) and in the
lungs, LRRK2 is most highly expressed in alveolar cells, which are believed to be important at the
interface of environmental pathogens, creating the surfactant in the lung (Herzig et al., 2011).
Similarly, mutations or inhibition of Lrrk2 kinase has different effects in different organs.
Herzig et al. (2011) found that, at 6 weeks of age, Lrrk2 KO mice have cellular pathology in the
lung and kidneys, whereas Lrrk2 kinase-dead mice only have cellular pathology in the kidneys.
These data suggest that both the Lrrk2 protein and its kinase activity are important in an organspecific function of Lrrk2. Intriguingly, Lrrk2G2019S mice did not have kidney or lung pathology,
and were similar to wild-type mice (Herzig et al., 2011). Fuji et al. (2015) also identified that when
using two separate LRRK2 kinase inhibitors in non-human primates, there is an increase in
abnormal cytoplasmic accumulation of secretory lamellar bodies in type II pneumocytes, though
this was not seen in the kidney.
Therefore, there is vast body of work to suggest that LRRK2 is serving an organ-specific
role in the body. LRRK2 is expressed at different levels throughout different tissues, and seems to
be playing a unique role throughout the body as well. The evidence from us and others supports
the idea that LRRK2 has an organ-specific function, in the immune system and otherwise.
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4.5. LRRK2 Female Sex Bias
Of great interest, we observed a stark female sex bias with Lrrk2 variants in response to
infection. Namely, that the Lrrk2G2019S mutation affects females primarily (if not only) (Shutinoski
et al., 2019); and the heterozygous mice of Lrrk2 knockout (Shutinoski et al., 2019) and of Lrrk2
kinase-dead colonies behave in a sex-determined manner, whereby female carriers behave the
same as the homozygous mutant, and the male carrier behave the same as the homozygous wildtypes. This a very interesting finding corresponding to human data that there is a female sex bias
with LRRK2-associated PD, despite the male sex bias with PD in general (reviewed in:
Schlossmacher et al., 2017). Secondly, females have an earlier age of onset and higher penetrance
associated with the p.G2019S mutation in humans (Goldworm et al., 2005). If females are more
susceptible to mutations in the LRRK2 allele, and a microbial pathogen/dysregulated immune
response are linked to disease etiology, it could explain why more female LRRK2 mutation carriers
develop PD than males. Considering how low the penetrance rate is with Lrrk2 G2019S mutations,
following our original ‘two hit’ theory, it is possible that females are genetically more susceptible
and therefore infectious agents and other environmental ‘triggers’ have better chance of ‘initiating’
PD. This remains theoretical, but the sex difference identified in mice is definitely an interesting
insight into the workings of LRRK2-associated PD, considering the same bias is seen in humans.
This intriguing sex bias may be explained by multiple reasons proposed in the literature.
First, and most obviously, would be the influence of sex hormones. Females have a high abundance
of estradiol, whereas males have higher abundance of androgens. These hormones influence
multiple aspects of immune function: estrogen receptors respond differently to microbial
metabolites than males (Park and Choi, 2017); estrogen promotes immune regulation via
endosomal TLRs and TLR8 while males favour TLR2 and TLR4 regulation (Marriott et al., 2006);
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and interactions between sex hormones and environmental factors, such as smoking (interestingly
linked as a protective factor for PD), cause the two sexes to react variably (Schlossmacher et al.,
2017; Sugiyama et al., 2010). Interestingly, reports have also noted differential effects of the two
sex hormones on microbiota composition. This is of great interest to the PD field, especially
regarding the Braak staging hypothesis (2002) and the growing interest in microbiota interactions
in disease pathogenesis (for example: Heintz‐Buschart et al., 2018). One may argue that the mice
employed in our viral infection paradigm may not be affected by sex hormones as they are infected
as early as post-natal day 1 (therefore pre-puberty); however, multiple reports have detected
androgens and estradiol as early as p1 in rats and mice (Konkle and McCarthy, 2011; ToranAllerand et al., 2005; Bakker et al., 2006).
Secondly, in development, males and females have differential microglial patterns
(regarding morphology and abundance) in different brain regions that continues throughout life
(Schwarz et al., 2012). It appears that in specific regions such as the amygdala, male mice have
more microglia than females, early in development at p4, whereas later in life at p30 and p60,
females have more ramified and developed microglia in these regions than males (Schwarz et al.,
2012). This ramified state of the microglia in females may contribute to a heightened immune
response.
Another explanation may fall in the sex-specific genetic composition between males and
females. Females carry two X-chromosomes, and one chromosome is inactivated. However, often
inactivation is incomplete leading to overexpression of X-linked genes and genetic mosaicism in
many female cells (Quintero et al., 2012). Many immune genes are X-linked including NOX-2,
CD40L, and cytokine components such as IL-1R activated kinase (IRAK1) and the IL-2R γ chain
(Rubtsov et al., 2010; Quintero et al., 2012). Secondly, 10% of miRNAs are encoded on the X91

chromosome, some of which are involved in immune signaling (Pinheiro et al., 2011). Therefore,
females may be affected by differential X-chromosome regulation and inheritance patterns that
males are not affected by. Indeed, in humans, females tend to have enhanced immune reactivity,
which includes higher antibody development, sustained inflammation, and stronger response to
viral infection than males (Gaillard and Spinedi, 1998). Males tend to have a larger response to
acute infection, whereas females are more likely to provide a sustained, chronic response, which
could explain the fact that females are more likely to develop autoimmune disorders (Ngo et al.,
2014). Taken together, these data supports our hypothesis that LRRK2G2019S is associated with a
heightened, sustained inflammatory response, and that females could be more affected by this
mutation as they are already predisposed to chronic inflammation.

4.6. LRRK2 Immune Function: Brain vs. Periphery
A great deal of current research in the field of LRRK2 biology has focused on its role in
the central nervous system (for example: in synaptic function: Matikainen-Ankney et al., 2018; in
dopaminergic neurodegeneration: Giaime et al., 2017). Building upon previous works and our
own, we wished to investigate the role of LRRK2 in the periphery compared to in the brain-specific
immune response. Specifically, we were driven by the fact that LRRK2 is lowly expressed in the
brain compared to the periphery (Hakimi et al., 2011) and the fact that our Lrrk2 variants had
strong modulation on disease outcomes in a purely peripheral disease paradigm (Shutinoski et al.,
2019).
We employed a paradigm in which we intracerebrally infected mice with reovirus T3D
directly into the brains of pups at p1. Unexpectedly, considering the stark survival benefit seen in
Lrrk2D1994S mice infected nasally, we did not see any survival benefit or deficit in Lrrk2D1994S mice
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compared to wild-type mice or heterozygous mice, as mice of each genotype began to die at 9dpi,
and majority were dead by 12dpi. In fact, all genotypes had almost identical time-to-deaths. When
separating based on sexes, we still did not see any genotypic differences.
To account for the possibility that our paradigm was too lethal to identify any genotypic
differences, we tested multiple variations to the paradigm. Through optimization, we chose our
standard dose (and the dose used in Fig. 3.8) to be 5x102 PFU per mouse. We had also tested
cohorts with 50 PFU per mouse and 5x103 PFU per mouse and did not see any differences on
survival (data not shown). At a dose of 50 PFU and lower, the variability and stochastic effects
between each mouse become too great to draw reliable conclusions. Secondly, though not done
with any Lrrk2 mouse model, a separate scientist in parallel performed mock intracerebral
injections using PBS in C57Bl/6 p1 pups and found a 0% death rate, indicating that no mortality
was occurring from the injection alone (Christopher Rousso, Earl Brown, Michael Schlossmacher,
unpublished; data not shown).
Next, to test whether further development may prolong the time-to-death following
intracerebral injection, I next employed a paradigm in which I infected mice at p3 instead of p1,
to allow the pup brain to develop further as well as the immune system. Again, we found no
genotypic differences in survival in both sexes combined or either of the sexes individually.
Indeed, the time-to-death was nearly equivalent to that of the mice infected at p1 (i.e., majority of
the mice succumbed at 9-12dpi).
We have yet to successfully prove that this paradigm is not too fatal to all genotypes to
uncover a difference; however, previous literature would suggest that this paradigm is sufficient
to identify genotypic differences in survival. Beckham et al. (2011) investigated the effect of
caspase-3 deletion on survival and viral burden following viral infection. They used mice on the
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same background as we did (C57Bl/6), the same virus and strain (reovirus T3D), and the same
dose of virus (102 PFU). Indeed, they identified a stark survival benefit in caspase-3 full KO mice
compared to caspase-3+/- heterozygous mice (which also showed about ~10% survival) (Beckham
et al., 2011). Of note, we have seen 100% mortality in all mouse models we have tested with
intracerebral reovirus infection. They did not test wild-types in survival, which should have 100%
mortality (Beckham et al., 2011).
Based on these data from Beckham et al. (2011), this paradigm can be sensitive enough to
identify survival differences between genotypes. Therefore, though still with caution, we may
begin to draw conclusion from our data. Taken together, our data from the nasal and intracerebral
paradigms suggest that Lrrk2 exerts its immune function predominantly in the periphery rather
than the brain. Lrrk2D1994S provided a strong survival benefit in response to a systemic infection
with secondary encephalitis, but did not influence survival when the virus was administered
directly into the brain. These data suggests, that in the nasal, systemic paradigm, the peripheral
Lrrk2D1994S was engaging the pathogen (i.e., virus) more efficiently in the periphery before the
virus reached the brain, and that the input of microglia and brain-specific Lrrk2D1994S protein
seemed to be minimal.
We next investigated a second Lrrk2 variant in this direct brain inoculation. Again, we
found no differences in time-to-death between wild-type mice and Lrrk2G2019S mice following an
intracerebral injection (Fig. 3.11). Importantly, our lab only identified survival differences in the
intranasal paradigm when looking at females alone – presently, our sample set for Lrrk2G2019
intracerebrally infected mice is too small to separate based on sexes, therefore it is very possible a
difference may be identified when we have a succinct cohort of both males and females carrying
the p.G2019S mutations. However, at the moment, our data suggest that Lrrk2G2019 also functions
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in the context of immune responses to a virulent pathogen mainly outside the nervous system.
Specifically, these data sets suggest that variants in Lrrk2 modulate immune response
predominantly in the periphery over the brain. This is not to say Lrrk2 serves no function in the
brain, but our data suggest allelic variants in Lrrk2 exert an effect on immune response in the
periphery rather than the brain as they modulated survival outcomes in a systemic infection but
not in a direct brain infection.
Our data help support the hypothesis that mutations in LRRK2 may not be directly
affecting the health of DA neurons, but rather exerting the toxic effects directly on immune cells
in the periphery, which in turn have secondary, deleterious effects on DA neurons of the SNpc.
Kozina et al. (2018) published an elegant paper recently highlighting the role of peripheral immune
components and Lrrk2 mutants in the degeneration of DA neurons. They utilized a p.R1441G
mouse model and an LPS injection neuroinflammation model to demonstrate that Lrrk2 mutant
mice had heightened brain neuroinflammatory profiles (as measured by cytokine expression)
compared to wild-type mice. Indeed, p.R1441G knock-in mice had increased IFN-γ levels in the
brain as long as two months following the conclusion of LPS treatment. Interestingly, they
established that these mice did not have increased myeloid cell recruitment to the brain and that
although they had heightened activated microglia, these microglia were not producing a high
abundance of cytokines. Therefore, the authors conclude that it is the infiltrating peripheral
molecules (i.e., cytokines) that are driving the inflammatory profile in the brains of these mice
(Kozina et al., 2018). This is stark evidence contributing to the hypothesis that DA neuronal death
can be due, in part, to infiltrating immune components from the periphery to the brain, rather than
brain-derived. Additionally, this is another case in which variants in Lrrk2 (in this case p.R1441G)
are work predominantly in peripheral immune cells rather than brain-specific cells (i.e., microglia,
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neurons) (Kozina et al., 2018).
More support of peripheral cytokines affecting brain health has come from Pott Goddoy
et al. (2008): IL-1 is capable of crossing the blood brain barrier, and it has been shown that chronic,
systemic IL-1 administration can lead to DA neuronal death in mice. Similarly, human data has
shown that SNpc samples from post-mortem human PD samples shows leukocyte extravasation as
well as damage to the blood brain barrier (Kortekaas et al., 2005). The authors of a cleverly titled
review posit that a subtle, cumulative increase in brain cytokine levels over time could be leading
to eventual neurotoxicity to the SNpc of LRRK2 mutant carriers, which could be reflected by the
late-onset of LRRK2-associated PD (Greggio et al., 2012).
Next, in our research, we investigated viral burden in the brains and livers of intracerebrally
infected mice. We investigated an early time point of disease (3dpi) and a later time point (8dpi)
to represent the peak of disease before mice begin to succumb to the illness. At 3dpi, we found no
significant differences in viral burden in either organ, though the sample set is in the process of
being increased to fully conclude if there is no difference.
At 8dpi, we were intrigued by two facts. One, the high viral burden in the livers of these
animals and two, the significant difference in viral burden in the brains of these mice. To start, we
measured viral burden in livers of intracerebrally infected mice to measure the spread from the
brain to the periphery. The viral burdens in the liver at 8dpi were ~106 PFU/g which was relatively
high for a virus with tropism for the brain, administered directly to the brain. However, when we
examined H&E stained IHC slides from these mice, we observed a large tissue wound from the
needle tract (data not shown), therefore we concluded that the needle tract damage caused leakage
to the blood brain barrier early in infection, allowing much of the virus to spread and replicate in
the liver.
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Secondly, Lrrk2D1994S mice had ~1-fold lower PFU/g in the brain at 8dpi than wild-type
mice. We were surprised and confused by these findings and are continuing to pursue the
explanation behind this result. Of note, majority of the wild-type viral burden samples were from
wild-type x wild-type homozygous pairings. Therefore, before concluding on these data, we plan
to add more wild-type samples from heterozygous pairings to account for litter variability. If these
data holds true, it contradicts (but does not invalidate) our nasal data for Lrrk2D1994S mice.
However, this would continue to add to the notion that Lrrk2 and variants in this protein are
exerting a function that is organ-dependent. We are further investigating this result, including
measuring myeloid cell recruitment, cytokine expression levels in infected brains, and microglia
activation to see if any of these components could be affecting viral clearance in Lrrk2D1994S mice.
Additionally, we wish to measure viral burden in brains and livers of infected Lrrk2 G2019S mice to
identify if this variant has any effect on brain viral burden following this direct-brain inoculation.
An important limitation of our intracerebral inoculation paradigm is that our injections are
not stereotactically delivered by the operator. Importantly, each and every injection was done by
the same operator, therefore injections were as consistent as possible within each cohort. However,
in future studies, we hope to employ a method that is consistent and particular to one brain region.
Our next studies involve infecting adult mice via stereotactic injection with vesicular stomata virus
(VSV) in each of the Lrrk2 variants to retest our brain vs. periphery paradigm, as well as testing a
viral infection in the context of adult mice.
5. Conclusion
We have consistently demonstrated a role for Lrrk2 in the immune system. Allelic variants
in Lrrk2 have the ability to modulate host immunity to multiple different pathogens; some variants
providing protection and some conferring detriment. Specifically, I have provided novel evidence
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that suggest Lrrk2 is functioning in the immune system independent of its kinase activity in the
wild-type state, and may in fact confer protection in the context of a viral paradigm. Secondly, I
have shown that Lrrk2D1994S kinase-dead mice behave in the immune system on a female sex bias,
consistent with results from Lrrk2G2019S and Lrrk2 KO mice. Through this work with the kinasedead mutant, I have also confirmed that the p.G2019S mutation confers a gain-of-function, and I
have added to our growing body of evidence that suggests that Lrrk2 works in an organ- and
pathogen- dependent manner. Lastly, taking two important paradigms together, nasal inoculation
and direct-brain inoculation of reovirus T3D in Lrrk2D1994S and Lrrk2G2019S p1 pups, I have
produced results that suggest Lrrk2’s role in the immune system is exerted predominantly in the
periphery rather than the brain.
There is great momentum with this body of work that must be pursued further. Namely to
(i) validate the periphery vs. brain findings of Lrrk2’s immune function in an adult model using
direct-brain VSV inoculation of adult mice in all Lrrk2 variants (Lrrk2D1994S, Lrrk2G2019S, Lrrk2
KO); (ii) to investigate the effects of pharmacological Lrrk2 kinase inhibition (using MLi-2) in our
multiple infection paradigms by inhibiting wild-type mice, Lrrk2D1994S mice and Lrrk2G2019S mice;
and (iii) most importantly, to investigate the mechanisms behind these findings by employing in
vitro primary macrophage cultures and ex vivo readouts on infected mouse tissue. The data in this
thesis and the data that will come from future studies will have direct impacts on elucidating
LRRK2 biology, explaining PD pathogenesis, and identifying cause-directed treatments for both
heritable and idiopathic cases of Parkinson’s disease.
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