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Thesis Abstract

Parkinson’s disease (PD) is a complex motor neurodegenerative disorder with
heterogenous disease pathology and symptomatology. We and others believe PD to be a complex
disease, requiring a combination of genetic susceptibility, sex, ageing, and environmental trigger(s)
for disease initiation. For over a century, viral exposures have been correlated to PD risk. In this
thesis, we sought to investigate a role for three PD-linked genes, Snca, Lrrk2, and Gbal, in the
host’s response to virulent, microbial pathogens in mice. We also sought to explore the
neuropathological consequences in the brains of adult mice that survived infections. We previously
reported that endogenous expression of Snca (encoding a-synuclein) and allelic variants of Lrrk2
(both a hyper-kinase variant, p.G2019S, and a kinase-dead variant, p.D1994S) could perturb the
course of illness, as measured by survival rate and viral titres in target tissues, following nasally
acquired reovirus, serotype T3D, in mouse pups. To delineate the involvement of these two
proteins in peripheral- vs. brain-specific immune responses, we employed a direct brain
inoculation method using reovirus T3D. In this case, all mutant neonates had the same disease
course as their wild-type littermates, suggesting that both a-synuclein and Lrrk2 contribute to the
host response during acute reovirus T3D-induced encephalitis primarily via peripheral rather than
CNS-based immune mechanisms. Next, we investigated the role of Lrrk2 in the host’s response to
nasally inoculated adult mice using two distinct RNA viruses: neurotropic vesicular stomatitis
virus (VSV), Indiana strain, and pneumotropic influenza A virus, serotype HINI1. Intriguingly,
mice carrying a homozygous Lrrk2 p.G2019S genotype had higher mortality following VSV
infection -but not following HINT1 infection- with a female sex bias. We next investigated the
commonest PD-risk gene, Gbal, in the same viral paradigms. Homozygous mutant Gbal p.D409V

mice (with associated decreased GCase activity) were relatively protected against VSV infection

i



-but not against influenza A virus serotype HIN1 or bacterial Salmonella typhimurium infection-
with a male sex bias. Taken together, we found that three PD-linked genes could alter survival
rates following nasally acquired encephalitis (Snca: reovirus T3D; Gbal: VSV; Lrrk2: both
viruses). Next, the second goal of this thesis was to explore downstream effects of resolved viral
infections on brain health. As such, we measured neuropathology-linked biochemical changes in
the brains of wild-type and Lrrk2 p.G2019S mice that survived either VSV or HIN1 infection 6
weeks after inoculation. We observed that both viruses led to a significant increase of oxidative
stress, but surprisingly, had opposing effects on a-synuclein concentration: the neurotropic virus
decreased it, but HIN1 increased it, although the effects were not dependent on the p.G2019S
mutation. Notably, we also identified a strong induction of tau phosphorylation (p-Tau) in the brain
following these viral exposures. In reovirus T3D-infected neonates, the abundance of p-Tau protein
was elevated during peak infection at 8 days post inoculation, when compared to mock-treated
animals, with a further rise in Lrrk2 p.G2019S mutant pups. In adult mice, p-Tau remained high
in VSV- or HIN1-infected brains at least until six weeks post inoculation. In summary, this thesis
demonstrates a complex interplay between three PD-linked genes and viral infections in mice,
showing that their loci can alter the course of illness in these infection models. We also found that
viral infections, even those without neurotropism, such as HIN1, can lead to neurodegeneration-
linked, biochemical changes in the brain of wild-type and mutant mice. These observations suggest
that viral exposures could act as facilitators in the development of numerous neurodegenerative

diseases that include tauopathies and PD.
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Chapter 1: General Introduction




1. Parkinson’s Disease

Parkinson’s disease (PD) is a highly prevalent motor and neurodegenerative disorder. PD
was first described by James Parkinson in 1817, but the exact etiology and mechanisms for disease
progression remain to be elucidated (Parkinson, 1817). Typical PD presents with Lewy pathology
characterized as the intracellular accumulation of fibrillar a-synuclein; however, PD exhibits a
high level of heterogeneity (Outeiro et al., 2023; Wiillner et al., 2023). Presently, one in 500
Canadians are affected by PD and approximately 6,600 new cases of PD are diagnosed each year
(UCB Canada Inc., 2022). Pathologically, PD manifests due to the death of vulnerable
dopaminergic neurons in the Substantia nigra pars compacta (SNpc), which is involved in basal

ganglia circuitry and leads to impairment of integration and execution of motoric tasks.

2. Clinical Manifestations

Clinically, parkinsonism is characterized by the presence of four cardinal motor symptoms:
tremor, rigidity, brady-/akinesia, and postural instability. Diagnosis of PD requires at least two of
these hallmark sign/symptoms, as well as evidence of progression and responsiveness to treatment,
e.g., levodopa (L-dopa) (Grimes et al., 2019). These signs/symptoms present heterogeneously in
PD patients, with some symptoms onsetting sooner or more dramatically in some. Importantly, the
motor signs of PD are only a fraction of the disease signs and symptoms that present. A large
portion of PD changes are non-motor and can appear up to 20 years before motor signs present;
however, diagnosis often only occurs at the time of overt motor sign presentation (Kalia and Lang,
2015). This period, prior to motor sign onset but in the presence of non-motor symptoms, is
referred to as the prodromal period. Many of these non-motor symptoms present during the

prodromal phase but persist for the entire duration of disease.



As high as 80% of PD patients present with depression as a co-morbidity, and it is estimated
that PD patients have a six times higher risk of developing depression (Blonder and Slevin, 2011).
Further, common non-motor signs and symptoms include: constipation and other gastrointestinal
(GI) disturbances; sleep disorders including insomnia and rapid-eye-movement (REM) sleep
behaviour disorder; and loss of olfactory function (Kalia and Lang, 2015). Indeed, olfactory
dysfunction (hypo-/anosmia) is seen in 90% of idiopathic PD cases and many familial cases of PD
(Doty et al., 1988). Given this high prevalence of hyposmia in PD patients early in disease, this
symptom is currently being used in clinical trials as a prodromal predictive marker of PD risk (e.g.,
Li et al., 2022; Schlossmacher et al., 2017). Notably, multiple of these early disease presentations
occur outside of the brain, and therefore suggest that PD etiology may also initiate outside of the
brain.

The highest risk factor for PD onset is advanced age (Schlossmacher et al., 2017). Majority
of PD cases are diagnosed after age 55. Cases that are diagnosed earlier are considered early-onset
Parkinson’s disease (EOPD); specifically, before the age of 40 it is considered ‘young-onset’, and
before the age of 20 it is considered ‘juvenile onset’ (Kolicheski et al., 2022). The risk for PD onset
increases 10-fold from 0.4% to 4% from age 50 to age 80 years (Berg et al., 2015). It is estimated
that PD is present in 5% of individuals over 85 years of age (de Lau and Breteler, 2006). Beyond
this, typical PD presents with a male sex bias of ~1.5x (Berg et al., 2015); however, this male sex
bias is not consistent across all genetic forms of the disease (i.e., in LRRK2-linked cases of PD,

discussed below) (Cilia et al., 2014; Marder et al., 2015).



3. Genetics of Parkinson’s Disease

Cases of PD are either categorized as sporadic/idiopathic or familial. An estimated 85% of
PD cases are sporadic, meaning that onset is due to unknown causes, likely with both genetic (de
novo mutations and low penetrance of risk alleles) and environmental influence (Tysnes &
Storstein, 2017; Willis et al., 2022). A thorough review of environmental risk factors involved in
idiopathic PD onset will be discussed in section 5.

Though less common, much research has been pursued towards familial PD. With great
advancements in genetic sequencing, many genes have been identified as monogenic forms of PD
in the past few decades (Cherian and Divya, 2020). Genes that are both autosomal dominant and
autosomal recessive have been linked to heritable PD. Further, both point mutations, deletions, and
multiplication events of disease genes have been identified. Importantly, there is only a small
subset of identified causative alleles, and even so, often these causative gene mutations present
with low penetrance (i.e., LRRK?2 mutations). Genetic variants are often associated with increased
susceptibility to PD onset instead of true-to-form monogenic disease initiation.

The first identified gene, discovered in 1997, carried a point mutation (p.A53T) in the
SNCA gene which encodes a-synuclein (Polymeropoulos et al., 1997). Mutations in SNCA present
as point mutations or multiplication (duplication or triplication) events, and are inherited
autosomal dominantly (Konno et al., 2016). SNCA being a prominent disease gene for PD is
unsurprising, as the protein encoded for by SNCA, a-synuclein, is the hallmark pathological protein
aggregate in PD. SNCA triplication mutations are fully penetrant, whereas SNCA duplication
mutations are not (Konno et al, 2016).

Further autosomal dominant PD disease genes include LRRK?2, VPS35, and RAB32. LRRK?

variants have been linked to rare monogenic, familial PD as well as increased genetic susceptibility



to idiopathic PD. It is estimated that mutations in LRRK?2 account for 4% of familial cases of PD
and 1-2% of sporadic (Healy et al., 2008). In the Western hemisphere, the most common mutation
in LRRK? is the p.G2019S variant in the kinase domain, which causes a two- to three-fold increase
in the phosphorylation activity of the protein (Kachergus et al., 2005). The p.G2019S mutation is
an autosomal dominantly inherited mutation but has a relatively low penetrance to cause PD (~28%
at age 59 years) (Healy et al., 2008). The most recently identified genetic form of PD, RAB32,
likely functions in a similar manner as LRRK2 mutations, as the PD-associated RAB32 p.S71R
mutations leads to increased LRRK?2 kinase activity (Gustavsson et al., 2024). Mutations in VPS35
are often linked to endolyosomal disruptions, which has also been implicated in LRRK2?
pathobiology (Vilarifio-Giiell, et al., 2011). LRRK2 will be discussed in detail in section 7.

Three disease genes, PRKN, PINK1, and DJ1, are inherited autosomal recessively and lead
to monogenic PD (Bonifati, 2012). Mutations in PRKN may account for up to ~50% of autosomal
recessive cases of PD, whereas cases linked to PINKI and D.JI are much rarer. PRKN-, PINK1-,
and DJ1-PD are primarily early-onset cases. PD-linked mutations in each of these three genes
appear to converge at least partly on mitochondrial dysfunction (Dodson and Guo, 2007).

The commonest, known genetic risk factor for PD is mutations in GBA 1, which encodes for
the enzyme B-glucocerebrosidase (GCase) (Neudorfer et al., 1996; Sidransky et al., 2009). An
estimated 9% of all PD patients harbour a GBA/ mutation (Avenali et al., 2020). Homozygous
mutations in GBA invariably lead to one of three forms of the lysosomal storage disorder Gaucher
disease (GD) (Mehta, 2006). It was first identified that relatives of GD patients had a higher
prevalence of PD (i.e, those with heterozygous GBAI mutations) (Neudorfer et al., 1996).

Heterozygous mutation carriers have roughly a 15% increased risk of developing PD, with some



cohorts reporting up to 31% (Sidranksy et al., 2009; Aharon-Peretz et al., 2004). GBA1-PD-linked

pathology and biology will be discussed in section 8.

4. Molecular Pathology of Parkinson’s Disease

The cellular and molecular hallmarks of PD are the death of dopaminergic (DA) neurons and
the aggregation and accumulation of the protein a-synuclein (though a-synuclein pathology is
lacking in some cases, as discussed below). Strikingly, at the time of overt motor symptoms and
disease diagnosis, as high as 80% of striatal dopamine has been lost and 50% of DA
neurodegeneration has already occurred (Riederer and Wuketich, 1976; Ross et al., 2004).
Presently, there are no treatments or pharmacological means to prevent DA cell loss or a-synuclein

accumulation.

4.1. Dopaminergic Neuronal Cell Loss

All cases of PD/parkinsonism can be attributed to the selective and progressive dysfunction
and/or loss of DA neurons in the SNpc, and to a lesser extent in other regions including in the
ventral tegmental area (VTA). The loss of DA neurons in the SNpc results in an overall decrease
in dopamine in the nigrostriatal pathway, which ultimately results in disruptions to voluntary motor
control (Blandini et al., 2000). In humans, DA neurons in the SNpc also produce neuromelanin, a
black-pigmented substrate, that can be used to identify the SNpc in the gross human brain (Zucca
et al., 2004). In PD, the loss of neuromelanin-producing DA neurons results in the loss of the
hallmark “black™ appearance of the SNpc.

DA neurons in the SNpc are selectively vulnerable to neurodegeneration in the disease

progression of PD though the exact cause remains elusive. The production and metabolism of



dopamine and neuromelanin produces high quantities of reactive oxygen species (ROS) and
reactive electrophilic species (RES), which causes a great deal of oxidative stress even under
physiological conditions (Pacelli et al., 2015; Tokarew et al., 2021), which is believed to play a
factor in DA neuronal vulnerability. Further, the high arborization of DA neurons of the SNpc
requires a high level of mitochondria for energy generation, which further contributes to the
oxidative stress burden on DA neurons (Pacelli et al., 2015). Finally, DA neurons of the SNpc
uniquely use calcium channels (as opposed to sodium channels used by DA neurons of the VTA)
for regulatory functions, which can result in intracellular calcium overload with detrimental effects

on mitochondrial health and cell viability (Guzman et al., 2010; Khaliq and Bean, 2010).

4.2. a-Synuclein

The shared sign of many neurodegenerative diseases is the accumulation of a specific
protein. In PD, the protein aggregate hallmark is a-synuclein (aSyn), encoded by SNCA. As it
stands, the exact cause and/or role of these protein aggregates in neurodegeneration remains
unknown, though hypotheses of both pathological and protective roles have been given. aSyn is a
14kDa protein first named for its (pre-) synaptic and nuclear localization (Maroteaux et al., 1988).
The aSyn protein can exist physiologically along a spectrum of a soluble, unstructured state and a
membrane-bound, helical state (Burré et al., 2015). In PD, aSyn undergoes misfolding events and
ultimately results in proteinaceous aggregates called Lewy bodies (LB) and Lewy neurites (LN)
(Spillantini et al., 1997). LBs and LNs are the pathological hallmark of PD and are used for
confirmative diagnosis of PD post-mortem. LBs are intracellular, cytoplasmic inclusions formed
within cell bodies, mainly comprised of aggregated aSyn but have also been shown to harbour

cellular components, including organelles, lipids, and phagosomes (Shahmoradian et al., 2019).



LNs are abnormal, diseased neurites harbouring misfolded, aggregated aSyn, similar to what is
found in LBs.

The aSyn protein undergoes multiple post-translational modifications, many of which are
believed to promote protein misfolding and aggregation. aSyn is phosphorylated on multiple
tyrosines and serines (Ser), but the most well-know is p-Ser129, which is often used as a marker
for disease-associated aSyn (Fujiwara et al., 2002; Koga et al., 2021). Beyond this, the aSyn protein
can also be C-terminally truncated which causes the protein to be more aggregate-prone (Zhang et
al., 2022).

In 2003, Braak and Del Tredici proposed a staging model for the spread of aggregated aSyn
in PD disease progression, based on examining and tracing autopsy samples for immunoreactivity
of aSyn (Braak et al., 2003). Braak and Del Tredici proposed that aSyn could travel in a prion-like
pattern over 6 stages. Notably, the initiation of aSyn propagation in stage 1 is proposed to occur at
two sites: the dorsal motor nucleus of the vagus nerve and the olfactory bulb (OB), two sites in the
body that theoretically first encounter exogenous substances (from the GI tract and the nasal cavity,
respectively). This hypothesis is further strengthened by PD symptomology, whereby the majority
of PD patients present with both GI impairment and hyposmia prior to motor sign onset (Kalia and
Lang, 2015). Of note, aSyn can be found outside of neurons and the CNS, including in the retina,
gut, red blood cells, and heart (Bottner et al., 2012; Sumikura et al., 2015; Javanshiri et al., 2022;
Raunio et al., 2022; Hart de Ruyter et al., 2023; Scherzer et al., 2008; Wagner et al., 2023).

There is a certain degree of variability in aSyn pathology as it relates to genetic cases of PD.
Specifically, most cases of PD caused by mutations in PRKN (i.e., EOPD) lack LBs (though some
cases have been described) (Doherty and Hardy, 2013). These cases otherwise exhibit the cardinal

clinical signs of PD, and pathologically have DA neurodegeneration. Moreover, LRRK2-linked



cases of PD are pleiotropic, whereby a subset of patients present with typical LB pathology, and
others lack LB pathology, but instead present with tau hyperphosphorylation (i.e., similar to what
is found in Alzheimer’s disease (AD) and progressive supranuclear palsy (PSP)), whereas other,
albeit rare, cases may not show any inclusion formation (Kalia et al., 2015; Henderson et al., 2019).

Further, the presence of aSyn inclusions is not always linked to PD. Indeed, PD falls under
an umbrella of diseases that feature aSyn-positive inclusions called synucleinopathies. Other
diseases in this category include incidental Lewy body disease, dementia with Lewy bodies (DLB),
and all variants of multiple system atrophy (MSA). Despite the convergence of synuclein deposits,

these synucleinopathies are phenotypically different from PD.

5. Environmental Risk Factors for Parkinson’s Disease

Numerous risk factors have been correlated to PD. These factors play an important role
primarily in idiopathic PD, but likely contribute to onset of a subset of familial PD cases as well.
Well-established environmental risk factors for parkinsonism include neurotoxin exposure
(namely 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine [MPTP]), exposure to pesticides (namely
rotenone and paraquat), rural living (e.g., agriculture and farm occupations, well water drinking),
usage of beta-blockers, heavy metal exposure (namely manganese), severe and/or repeated head
trauma, and finally microbial exposures (Kalia and Lang, 2015; Schlossmacher et al., 2017).

MPTP was the first neurotoxin discovered as an environmental risk agent for PD (Langston
et al., 1983). MPTP is directly taken up by DA neurons and disrupts mitochondrial oxidation by
blocking complex I (Sian et al., 1999). MPTP leads to the selective neurodegeneration of DA

neurons in the SNpc (but not the VTA) similar to PD. In humans (as seen from recreational drug



use) and in animal models, the use of MPTP leads to parkinsonism (Blanchard et al., 1994; Burns
et al., 1984).

Pesticide use has long been linked to PD risk. Namely, the organic insecticide, rotenone, and
the non-selective herbicide, paraquat, have both been linked to PD risk, and have been used
extensively in animal studies of the disease (Rudyk et al., 2019; Dwyer et al., 2021; Semchuk et
al., 1992; Ascherio et al., 2006). In both rodent and primate studies, these pesticides, at specific
doses, were able to elicit PD-like pathology, including DA neurodegeneration (Ritz et al., 2016).
Similar to MPTP, each of these pesticides have mechanisms which disrupt mitochondrial functions
and lead to oxidative stress, which further highlights a likely pathogenic role for mitochondrial
dysfunction and oxidative stress management in PD pathogenesis (Bove and Perrier, 2012).

Interestingly, there are multiple factors that have been associated with decreased risk for PD.
These include actively smoking tobacco products, caffeine consumption, usage of calcium-channel
blockers, and use of non-steroidal anti-inflammatory drugs (NSAIDs), foremost ibuprofen (Kalia
and Lang, 2015; Schlossmacher et al., 2017). It is suggested that some of these protective factors
oppose the mechanisms of a specific risk factor, e.g., pathogenic exposures and ensuing
inflammatory response increases PD risk, and NSAIDs decrease inflammation, and are a protective
correlative factor. However, these connections remain speculative, and the use of any of these
protective factors as preventative measures are not currently encouraged by medical professionals.

It is likely that it is the cumulative exposure of multiple of these risk factors that leads to the
onset of disease in genetically at-risk individuals. Researchers in our lab have done extensive
modelling analyses on each of these risk factors, as well as genetic factors, to produce a
mathematical model that can be utilized to predict the incidence of PD (Li et al., 2022;

Schlossmacher et al., 2017). This model has been tested and shown to be highly successful in
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differentiating healthy controls from those that have a PD diagnosis (Li et al., 2022; Schlossmacher
etal., 2017).

Building on their original aSyn staging hypothesis (Braak et al., 2003), Braak and colleagues
also proposed a second hypothesis: the dual hit hypothesis of disease initiation (Hawkes et al.,
2007). This hypothesis speculates that aSyn propagation is stimulated by a neurotropic pathogen
(likely viral) acquired either in the nasal cavity, or orally travelling then to the stomach. The nasal
and oral cavities are most in contact with exogenous substances, and the corresponding OB and
GI system are the two sites named in stage 1 of aSyn staging (Braak et al., 2003). They propose
that neurotropic viruses travel anterograde via cranial nerve 1 from the olfactory mucosa to the OB
or retrograde from the stomach to the brain via the vagus nerve to gain access to the brain. Then,
it is proposed that these neurotropic infections (and the ensuing inflammatory response) can initiate
aSyn propagation and therefore disease (Hawkes et al., 2007; Hawkes et al., 2009), which we
proposed necessitates genetic predisposition (Kitada et al., 2012).

This thesis was motivated by the dual-hypothesis developed by Hawkes, Del Tredici, and
Braak (Hawkes et al., 2007; Hawkes et al., 2009) and informs our approach regarding the impact
of an infection (specifically viral) in mice harboring a PD-linked mutation (Kitada et al., 2012). In
the next section, evidence of both viral and bacterial infections as risk factors for PD will be

detailed.

6. Inflammation and Parkinson’s Disease

6.1. Inflammation
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It is now widely accepted by the field that inflammation plays an important role in the
pathogenesis of PD (as well as virtually all neurodegenerative diseases). Inflammation is a key
component of the innate immune response and is the body’s first response against pathogenic insult
and injury. Clinically, inflammation presents as heat, redness, swelling, and pain (Punchard et al.,
2004). Molecularly, inflammation is categorized by edema, increased vascular permeability to the
site of injury, release of chemical mediators, and infiltration of white blood cells. The further effect
of inflammation is the release of cytokines and chemokines which activate and engage the adaptive
immune response, thus continuing and transitioning the immune response from innate to adaptive
(Marieb and Hoehn, 2019). Under acute, physiological conditions, inflammation is a critical host
response against infections to limit pathogen replication and spread, as well as to limit the amount
of tissue injury and clear cellular debris. We and others posit that it is uncontrolled, sustained,
chronic inflammation that is linked to PD risk and pathogenesis.

The key cells of the innate immune system are neutrophils and macrophages (but also
includes dendritic cells and natural killer cells). Neutrophils are the first cells to arrive at the site
of injury, in massive numbers. Neutrophils can cause destruction through phagocytosis and the
release of neutrophil extracellular traps, a network mainly composed of DNA which traps
pathogens. Importantly, though neutrophils arrive quickly at the site of injury, they also undergo
cell death in the process of phagocytosis (Papayannopoulos, 2019). As such, macrophages arrive
at the site of injury next. Though lesser in number, macrophages accomplish most phagocytosis
involved in clearance. Importantly, both neutrophils and macrophages release cytokines and
chemokines which aids in directing the immune response; however, macrophages are also antigen
presenting cells (APCs) and therefore also present antigens to B- and T-cells to initiate the adaptive

immune response (Marieb and Hoehn, 2019).
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An important aspect of the innate immune response is release of reactive molecular species
as pathogen defence: these include ROS and reactive nitrogen species (RNS). ROS and RNS are
released by phagocytic cells during a respiratory burst (Andrés et al., 2022). The main ROS
molecules are Oz” and H>O», which are highly effective at killing bacteria specifically. Neutrophils
often kill bacteria by engulfing the microbe and then activating the respiratory burst intracellularly,
killing the invader. Macrophages can also induce death via ROS and RNS within the phagosome.
As expected, at uncontrolled levels, accumulation of ROS and RNS can be damaging to the host
and therefore they must quickly be reduced and removed (Andrés et al., 2022).

Macrophages exist both peripherally in circulation and as tissue-specific macrophages. For
example, alveolar macrophages reside within the alveoli of the lungs and play an important role in
defence against inspired threats. The CNS’s specialized macrophages are microglia. Microglia are
the principle innate immune cells of the brain and primarily (but not solely) lead the inflammatory
response in the brain. Structurally and functionally, they exist in two states: a quiescent/resting
state, identified by their long, surveilling processes; and an active (and inflammatory) form, where
the microglia appear much more ameboid and are functionally ready to respond to perceived
threats (Jurga et al., 2020). These phenotypic differences between resting and active microglia are
used in research to identify the inflammatory state of the tissue environment.

For decades, the brain was believed to be ‘immune-privileged’ because of the highly efficient
blood-brain-barrier (BBB) (Louveau et al., 2015). The BBB is the complex network of tight
junctions between astrocytes, pericytes, and endothelial cells that prevents the entrance of most
macromolecules and cells into the CNS, whilst also carefully maintaining the composition of the
extracellular fluid around signaling neurons. Despite this, it is now known that peripheral immune

cells (both leukocytes and lymphocytes) can enter the CNS, and interact with microglia, neurons,
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and other glial cells (Herz et al., 2017). The infiltration of peripheral myeloid cells as well as
inflammatory chemicals released by these cells into the CNS has been linked to PD pathogenesis
in mice and in humans (Shutinoski et al., 2019; Moehle et al., 2012). Importantly, it is known that
the BBB integrity begins to markedly decline progressively in humans at the age of 60; and this

may play an important role in the pathogenesis of many diseases (Shao et al., 2024).

6.2.  Cytokines in Parkinson’s Disease

Cytokines are critical inflammatory signaling molecules released by virtually all immune
cells, as well as by other cell types including astrocytes and neurons. There is a wide array of
cytokines, and each has specific functions to direct the immune response (Marieb and Hoehn,
2019). Examples of these functions include promoting cell differentiation, proliferation, adhesion,
and survival or death (Ozaki and Leonard, 2002). Common cytokines include interleukins (ILs),
interferons (IFNs) which are involved in viral response specifically, and tumor necrosis factors
(TNFs). A subset of cytokines, called chemokines, specifically promote chemotaxis of immune
cells to the site of injury. Though largely reductive, most hallmark cytokines can be categorized
as either pro-inflammatory or anti-inflammatory. Canonical pro-inflammatory cytokines include
IL-1B, IL-6, TNF-a, and IFN-o/B/y, while IL-2, IL-4 and IL-10 are considered anti-inflammatory
(Ozaki and Leonard, 2002).

Generally, the presence of a high abundance of pro-inflammatory cytokines has been linked
to neurodegeneration. High levels of IL-6, TNF-a, and IFN-y have each been linked to numerous
neurodegenerative diseases including PD, amyotrophic lateral sclerosis (ALS), and AD (Diaz et
al., 2002; Guidotti et al., 2021; Zheng et al., 2016). This increase of pro-inflammatory cytokines,

as well as an increase of microglia in the active state, has been identified in post-mortem PD brains
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as well as in cerebrospinal fluid (CSF) of PD patients (Schrdder et al., 2018). Animal studies which
involve genetic knockout of specific pro-inflammatory cytokines (i.e., TNF-o, and IFN-y)
protected against toxin-induced nigrostriatal damage (Barcia et al., 2011). These authors conclude
that the loss of these cytokines resulted in less microglial recruitment and activation, and

subsequent protection from DA neurodegeneration (Barcia et al., 2011).

6.3. Epidemiological Evidence of Pathogen Exposure and Parkinson’s Disease

Evidence of bacterial and viral exposure as risk factors for PD exists both epidemiologically
and in animal studies. First, following the 1918 influenza pandemic caused by the influenza A
virus serotype HIN1, there was an outbreak of encephalitis lethargica (also referred to as von
Economo’s disease) and postencephalitic parkinsonism, which suggests a potential association
between the disease and the infection (Jordan, 1927). Additionally, individuals born during the
1918 outbreak have a 2-3 times higher risk of developing PD compared to those born before 1918
or after 1924 (Martyn, 1997). The likelihood of exhibiting parkinsonian symptoms increases with
the number of influenza infections, indicating a strong link between virus exposure and
parkinsonian behavior (Martyn, 1997). Importantly, these cases of postencephalitic parkinsonism
differed from idiopathic PD because they were defined by the presence of tau pathology and a lack
of Lewy pathology (Jellinger, 2009). A challenge to this hypothesis is that post-mortem analysis
of postencephalitic patients with parkinsonism did not reveal detectable HIN1 viral RNA in their
brain specimens (Lo et al., 2003). However, it is still possible that a peripheral viral infection and
ensuing inflammation could have triggered the onset and/or progression of parkinsonism, while

the virus itself was cleared from the system.
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Most recently, in a Danish cohort study, the authors found that influenza infection was
strongly correlated to PD risk, as long as 10 years after infection (Cocoros et al., 2021).
Furthermore, epidemiological evidence has linked multiple other pathogens, including herpes
simplex virus, hepatitis C virus, West Nile virus, and Helicopter pylori infections, to elevated PD

risk (reviewed in: Gonzalez-Latapi and Marras, 2022).

6.4. [Evidence from Mouse Models of Pathogen Exposure and Parkinson’s Disease

There is growing evidence that both live pathogens and pathogenic mimics have the capacity
to cause neurodegeneration-like changes in the murine brain. The bacterial mimic,
lipopolysaccharide (LPS), a component of the bacterial cell wall, is often used to elicit an immune
response. It has been shown that LPS administration can lead to parkinsonian behavior and death
of dopaminergic cells in mouse models (Arai et. al., 2006). Dwyer et al. (2020) have shown that
pre-treatment with LPS increased the level of DA neurodegeneration in mice when a secondary
treatment of the pesticide paraquat was administered to the SNpc. This augmentation of DA
neuronal loss was attributed to the priming and hyperactivation of the large population of microglia
in the SNpc. This has also been shown with paraquat and the viral mimic
polyinosinic:polycytidylic acid (poly [:C) (Bobyn et al., 2012). The possibility that DA
neurodegeneration is driven by reactive microglia is supported by a study that demonstrated that
LPS is not sufficient to induce neuronal death in vitro unless the neurons were co-cultured with
microglia or macrophages (Chien et al., 2016; Suzumurua et al., 2006).

Using a live virus, specifically the highly infectious influenza A virus serotype HSN1, Jang
et al. (2009) demonstrated its progression from the peripheral autonomic nervous system to the

CNS, where it then induced the activation of microglia, increased phosphorylation of aggregated
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aSyn, and led to degeneration of dopaminergic neurons in the SNpc even after clearance of the
virus. Furthermore, it was shown that the non-neurotropic influenza A virus serotype HIN1 could
also lead to robust microgliosis in the SNpc of wild-type mice, which was sustained to at least 21
days post inoculation (Sandasivan et al. 2015). In a separate study, pre-treatment with the heavy
metal manganese in drinking water followed by nasal inoculation of HIN1 further exacerbated
both microgliosis and astrogliosis in the brain of mice (Bantle et al., 2021).

Finally, DA neurodegeneration has also been observed following a two-hit model of SARS-
CoV-2 infection followed by MPTP (neither SARS-CoV-2 nor MPTP alone caused DA cell loss
this study) in SARS-CoV-2-susceptible transgenic mice (Smeyne et al., 2022); and following
Western equine encephalitis virus (WEEV) in wild-type mice (Bantle et al., 2019; Bantle et al.,
2021)

Therefore, multiple live viruses, bacterial and viral mimics, as well as in conjunction with
other known PD risk factors (i.e.,, pesticides and heavy metals) have been shown to cause
dopaminergic cell death in wild-type mice, suggesting that these factors have the capacity to induce
PD-like pathologies in mice. In the next sections, the exposure to pathogens and bacterial mimics

in the context of PD genetic mouse models (i.e., Lrrk2, Gbal mutants) will be discussed.

7. LRRK2

7.1. LRRK?2 Structure

The LRRK?2 gene encodes for a large protein, leucine-rich repeat kinase 2 (LRRK2; also

referred to as Dardarin), which is comprised of 2,527 amino acids amounting to 286 kilodaltons

(kDa) in size (Kang and Marto, 2017). It contains two enzymatic domains: a GTPase domain
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comprised of a Ras-of-Complex (ROC) and C-terminal-of-Roc (COR) domain; and a kinase
domain. It also contains an armadillo repeat (ARM), ankyrin repeat (ANK), leucine-rich repeat
(LRR) region, and WD40 domain. These domains suggest that in addition to enzymatic activity,
LRRK2 functions as an important scaffolding protein (Kang and Marto, 2017). Interestingly, LRR
domains have an evolutionarily conserved role in immune surveillance in many organisms, from
plants to mammals (Takken and Tameling, 2009; Taxman et al., 2010).

LRRK2 has many phosphorylation sites and is known to be phosphorylated at Ser910,
Ser935, Ser955, Ser973 between the ANK and LRR regions, and Ser1292 in the LRR region.
Autophosphorylation occurs at Ser1292; although phosphorylation at Ser935 is often used as a
readout of indirect autophosphorylation, as constitutive phosphorylation on this residue is
dependent on autophosphorylation activity of LRRK2 (Sheng et al., 2012; Dzamko et al., 2010).

See Figure 1.1 for a schematic of LRRK2 structure and phosphorylation sites.

7.2.  Genetics of LRRK2-PD

LRRK? is a pleiotropic locus for PD, meaning that some mutations are causally linked to
PD, and some are associated with a varying degree of increased risk. The association of LRRK?2
and PD was first identified in 2004 through multiple family analyses (Zimprich et al., 2004). Many
variants (>121) have now been linked to varying degrees of PD risk through GWAS analysis (Ross
etal., 2011).

There are seven known pathogenic (causal) mutations that were first identified in
monogenic PD families. The most common is the p.G2019S mutation, which falls in the kinase

domain of the protein (Healy et al., 2008). Also falling within the kinase domain is the p.12020T
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mutation which stabilizes the LRRK2 protein in active conformation, thereby increasing kinase
activity (Ray et al., 2014).

Five mutations fall within the ROC-COR (GTPase) domain of LRRK2: p.Y1699C,
p-N1437H, and p.R1441C/G/H (Shu et al., 2019). These mutations are much rarer but have a much
higher penetrance rate compared to p.G2019S (Trinh et al., 2022). These mutations promote a
GTP-bound state which leads to elevated kinase activity (Liao et al., 2014).

Generally, each of these pathogenic LRRK2 mutations lead to an increased kinase activity
of the protein, and as such, the physiology of this activity as well as inhibiting it as a treatment
option for PD have both been heavily pursued (discussed in section 7.6.) (Alessi and Sammler,
2018). See Figure 1.1. for a schematic of LRRK2 mutations linked to PD risk.

Evolutionarily, homologues of the LRRK2 gene are highly conserved. However, the
promoter region is variable amongst species and results in variation of protein expression and
abundance in tissues across species (West et al., 2014). Interestingly, it appears that PD-linked
mutations in LRRK?2 have arisen in three separate incidences throughout human history, which
may speak to an evolutionarily important advantage for these mutations in specific contexts (i.e.,
in pathogen defences) (Guenther et al., 2024).

LRRK2-PD cases exhibit pleiotropy in neuropathology. In one cohort, it was found that
30% of patients carrying a p.G2019S mutation and 70% of patients carrying another LRRK?
mutation (i.e., of the other six mentioned above) had DA neuronal degeneration but did not have
Lewy bodies (Kalia et al., 2015). In another cohort, it was found that only ~60% of LRRK?
mutation carriers had aSyn pathology whereas all cases studied had phosphorylated tau pathology,

which the authors identified as a pathology found in Alzheimer’s disease (Henderson et al., 2019).
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Phosphorylated tau pathology resembling that found in PSP has also been identified in LRRK?
mutation carriers (Rajput et al., 2006).

Interestingly, although PD generally has a male sex bias of ~1.5x, in LRRK2-linked cases
of PD, this sex biased is lost and prevalence between the sexes seems to be even (Orr-Urtreger et
al., 2007; Clark et al., 2006). Some cohorts even suggest a female sex bias in LRRK2-PD cases

(Cilia et al., 2014; Marder et al., 2015).

7.3. LRRK2 Variants in Other Diseases

Aligned with tau hyperphosphorylation being observed in LRRK2-linked cases of PD,
mutations in LRRK2 have also been linked to increased risk for two classical tauopathies:
progressive supranuclear palsy (PSP) and corticobasal degeneration (CBD) (Sanchez-Contreras et
al., 2017). Two known PD-linked mutations, p.G2019S and p.R1441C, have both been identified
in PSP patients, as well as a novel mutation, p.A1413T (Sanchez-Contreras et al., 2017). The novel
p-R1707K mutation was identified in a CBD patient. However, the authors do conclude the
presence of LRRK2 mutations in their large cohort had low frequency (Sanchez-Contreras et al.,
2017). In a separate family analysis, the same LRRK2 mutation led to PD onset in one family
member and PSP onset in another (Zimprich et al., 2004; Spanaki et al., 2006; Rajput et al., 2006).
These findings highlight a possible connection between LRRK?2 and the formation of tau tangles,
which will be explored later in this thesis (Herbst et al., 2022).

Beyond this, mutations in LRRK2 have been linked to several other diseases, each
characterized by chronically sustained inflammation in their disease pathogenesis. Namely,

Crohn’s disease (CD), leprosy (a hyper-inflammatory variant thereof), and systemic lupus
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erythematosus (SLE) have all been genetically linked to LRRK?2 (Hui et al., 2018; Fava et al., 2016;
Zhang et al., 2019).

In CD, a type of inflammatory bowel disease, the polymorphism p.M2397T confers risk
for the sporadic form of disease. This mutation is found in the WD40 domain of the protein and
causes lowered expression of LRRK2 due to increased protein instability (Liu et al., 2011). This
mutation has been seen to alter type Il interferon response in human monocytes (Ikezu et al., 2020).
Of note, this mutation has also been linked to leprosy (Fava et al., 2016). Next, the p.N2081D
mutation within the kinase domain causes increased kinase activity and confers risk for both PD
and CD (Hui et al., 2018). PD and CD also share variants in LRRK?2 that confer increased protection
against disease: p.N551K and p.R1398H. The p.R1398H mutation causes the GTPase domain to
be constitutively active (i.e., promotes GDP binding), whereas the p.N551K mutation is proposed
to affect the dimerization of the protein. Finally, in a sample set analyzed by Hui et al. (2018), all
human carriers of p.N551K also carried the p.R1398H mutation, possibly indicating that both are
required to confer protection.

In leprosy, mutations in LRRK?2 specifically alter the incidence rate of type 1 reactions
(T1R). TIR are pathological inflammatory episodes that can cause peripheral nerve damage and
can occur even years after successful antibiotic treatment of Mycobacterium leprae. The p.R1628P
mutation (in the GTPase domain), was shown to be protective against T1R in leprosy, but is a risk
factor for PD (Fava et al., 2019). This team demonstrated that microglial RAW cells carrying the
p-R1628P mutation had a pro-inflammatory phenotype following live bacterial insults (Fava et al.,
2019).

Lastly, through GWAS, a single-nucleotide polymorphism (SNP) in the non-coding

regions of LRRK?2 was strongly associate with SLE disease susceptibility (Zhang et al., 2017).
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Upon further research, Zhang et al., (2019), identified that LRRK2 is up-regulated in B-cells of
SLE patients, and may thus have a pathogenic role in antibody production.

It is evident that there is a complex interplay between mutations in LRRK?2 and the diseases
they confer risk for, including mutations that are associated with two or more diseases. Leprosy,
CD, and SLE are all inflammatory in nature; and leprosy and CD require a xenobiotic trigger to
initiate disease. It is yet to be elucidated whether mutations in LRRK?2 confer risk for each of these
individual diseases (including PD) through the same mechanism or cell type. See Figure 1.1.for a

schematic diagram of the mutation that confer risk for these distinct diseases.
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Fig. 1.1: Schematic Diagram of LRRK2’s Structure, Inflammatory Disease-Associated
Mutations, and Phosphorylation Sites. LRRK?2’s numerous domains are indicated in the image.
Disease-associated mutations are labelled, including those associated with Parkinson’s disease
(purple), Crohn’s disease (green), SLE (blue), and those associated with both PD and CD (*), CD
and leprosy (**), and PD and leprosy (***). Phosphorylation sites on LRRK2 are indicated, as
well as phosphorylation substrates of LRRK2 kinase, a subset of Rab GTPases and
autophosphorylations on Serine 1292 (S1292). Modified from Ahmadi Rastegar and Dzamko

(2020).
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7.4. LRRK?2 Physiological Function

The role of LRRK2 in a healthy, physiological state remains to be elucidated, though many
strides have been made in the field. LRRK?2 is ubiquitously expressed, but is most abundantly
found in myeloid cells, the kidneys, and the lungs (Hakimi et al., 2011; Sharma et al., 2011). In
the CNS, LRRK2 expression appears to be highest in the OB and the striatum in rodents, which
may speak to its involvement in PD pathogenesis (Melrose et al., 2006).

A major research advancement was the identification of bona fide LRRK2 kinase
substrates. In addition to autophosphorylation on Ser1292, it was found that LRRK2 also
phosphorylates a subset of Rab GTPases in the switch-II region (Steger et al., 2016). These include:
Rab8a, Rab10, Rab12, Rab29/7L1, and Rab35. Increased phosphorylation of LRRK2 Ser1292 and
Rab10 have been identified in LRRK2-PD cases (Fraser et al., 2016; Wang et al., 2022).
Interestingly, Rabs have also been identified upstream of LRRK?2, as Rab29 and to a lesser extent
Rab12, could stimulate LRRK?2 kinase activity in vitro (Purlyte et al., 2018).

Rab proteins are key regulators of intracellular trafficking and lysosomal degradation
pathways, two pathways LRRK2 is also implemented in. It has been shown that LRRK2
preferentially phosphorylates membrane-bound and GTP-bound (active-state) Rab proteins.
Further, Rab29/7L1 could recruit LRRK?2 to the intracellular membrane. There is evidence that
LRRK2 recruitment to the intracellular membrane is increased in LRRK2-PD (Liu et al., 2018).
LRRK2 has been shown to interact with Rab 8 and 10 to stimulate lysosome production and
secretion following stress induction in vitro (Eguchi et al., 2018). Lee et al., (2020) identified that
LRRK?2 is required for co-recruitment of Rab proteins to late phagosomes in human IPS-derived

macrophages following inoculation with TLR2- and TLR4- activating pathogens.
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LRRK2 has been implicated in many cellular processes including: vesicular trafficking,
autophagy and lysosomal maturation, neurite outgrowth, ciliogenesis, mitochondrial homeostasis,
cytoskeletal dynamics, among others (Hur et al., 2018; Madureira et al., 2020; Winner at al., 2010;
Sobu et al., 2020; Weindel et al., 2020; Civiero et al., 2018). LRRK2 is highly localized to
lysosomes and endosomes in the cell (Erb and Moore, 2020; Wallings et al., 2019). Despite
mounting evidence that LRRK2 plays a role in autophagy, it remains debated whether LRRK?2
positively or negatively modulates autophagy (Albanese et al., 2019).

Evidence for a role of LRRK2 in autophagy and lysosomal degradation comes from the
examination of Lrrk2 knockout (KO) animals (Tong et al., 2010; Herzig et al., 2011). Lirk2 KO
mice are viable and do not have any overt phenotypic or behavioural abnormalities and have a
similar lifespan as wild-type mice. However, they do have identifiable pathologies in the lungs
and kidneys (the two organs of highest Lirk2 expression). Lrrk2 KO mice accumulate oxidized
lipids in the kidneys, and lipid-dense lamellar body structures in type-two pneumocytes of the
lungs (Herzig et al., 2011; Fuji et al., 2015). Interestingly, these phenotypes could also be observed

to a certain extent in Lrrk2 kinase-dead mice (Herzig et al., 2011).

7.5. A Role for LRRK2 in the Immune System

7.5.1. LRRK?2 in Innate Immunity

There is a multitude of evidence demonstrating a role for LRRK?2 in the 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 LRRK?2 is much more highly expressed in cells of the

immune system (particularly neutrophils, monocytes, and macrophages) than neurons. Of note,
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LRRK?2 is also more highly expressed in innate immune cells than T- or B- cells, suggesting a
primary role for LRRK2 in the innate immunity rather than adaptive (Hakimi et al., 2011;
Shutinoski et al., 2019). Next, LRRK?2 can be upregulated by pathogens and infectious agents, as
well as inflammatory signals such as IFN-y and NF-kB, suggesting that LRRK2 is involved in
pathogen response pathways and inflammation (Gardet et al., 2010; Hakimi et al., 2011).

LRRK2 has been linked to inflammasome production, namely the NLRC4 inflammasome
(Liu et al., 2017). Inflammasomes are protein complexes that result in active pro-inflammatory
cytokine production. Lrrk2 phosphorylates an important residue in the NLRC4 inflammasome
following Salmonella typhimurium infection in mice. LRRK2 and its main substrate, Rab10, are
highly expressed in phagocytic cells (macrophages, dendritic cells). LRRK2 phosphorylation of
Rab10 directly affects micropinocytosis in mouse and human primary macrophages (Liu et al.,
2020). Herbst et al., (2020) also demonstrated the ability of LRRK2 to regulate endolyosomal
homeostasis by responding to membrane damage following multiple distinct pathogens. Finally,
Kim et al. (2017) have shown that LRRK2 phosphorylates WAVE2 in myeloid cells, which is a
critical step for phagocytosis.

Kozina et al. (2018) have demonstrated that the combination of mutant Lrrk2 p.R1441G
transgenic mice and peripheral LPS injection could lead to DA neurodegeneration. They
demonstrate that this effect is due to infiltrating inflammatory molecules from the periphery (i.e.,
cytokines, foremost IL-6) but not to overactive microglia or infiltrating peripheral myeloid cells.

The role of LRRK2 in conjunction with the effects of ageing was investigated, and it was
found that peripheral immune cells from Lrrk2 p.R1441C mutant mice were prone to immune cell

exhaustion (Wallings et al., 2023). These immune-exhausted macrophages from mutant mice
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showed decreased antigen presentation and decreased phagocytosis. The authors demonstrated that

these effects also occurred in myeloid cells from LRRK2-PD patients (Wallings et al., 2023).

7.5.2. LRRK?2 in Microglia

There is interest into the relative role for LRRK2 in peripheral monocytes versus in the
brain’s resident immune cells, microglia, both physiologically and as it relates to PD. Although
the protein expression levels of LRRK2 in microglia are much lower than those in peripheral
monocytes, there is highly valuable information that has been generated regarding the role of
LRRK2 in microglial-specific immune responses, some of which has been detailed in above
sections. Furthermore, in murine microglia, Kim et al., (2021) demonstrated that Lrrk2
phosphorylates NFATc2, an immune transcription factor, which leads to neurodegeneration
following neuronal release of aSyn. Genetically, Langston et al., (2021) demonstrated that the PD-
risk SNP rs76904798 in the non-coding region of the LRRK?2 locus propagates its expression
through microglia alone. Dwyer et al., (2020) have shown that microglial depletion in a two-hit
infection model (LPS followed by paraquat) reduced the mortality, sickness, and behaviour
phenotypes associated with these infections in mice. However, in this same study, the depletion of
microglia did not prevent the neuropathology caused by LPS and paraquat, including dopaminergic

cell death (Dwyer et al., 2020).

7.5.3. LRRK?2 in Adaptive Immunity
Kozina et al. (2022) recently highlighted a role for LRRK?2 in the adaptive immune system.
Utilizing bone-marrow chimeras and Ragl KO mice, they identified that a transgenic Lrrk2 mutant

(p.R1441G) adaptive immune system was enough to stimulate dopaminergic neuronal cell loss
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following an LPS insult. Replacing the adaptive immune system in a p.R1441G mutant mouse
with a wild-type adaptive immune system rescued dopaminergic neuronal loss seen in p.R1441G
mice alone. Using Ragl KO and Lirk2 p.R1441G double mutant mice confirmed that this effect
was mediated by T-cells and B-cells. Furthermore, through monoclonal antibody ablation, they
demonstrated that this effect was mediated by IL-6 released by lymphocytes (Kozina et al., 2022).
In human studies, peripheral blood samples from PD patients were found to have an imbalance in
T-helper cells, which skewed towards a pro-inflammatory disposition (Kustrimovic et al., 2018).
Similarly, T-cells reactive to aSyn were found in the blood of newly diagnosed PD patients (Sulzer
etal., 2017).

Fahmy et al. (2023) have recently shown that LRRK2 is involved in the antigen
presentation pathway in APCs (i.e., macrophages). They demonstrate that LRRK2 acts with
STING upstream of the unfolded protein response pathway to regulate the transition from the

innate to the adaptive immune response following TLR4 antagonism (Fahmy et al., 2023).

7.5.4. LRRK2 and Pathogen Interactions

There is a growing number of studies demonstrating interactions between Lrrk2 and live
pathogens. Hirtlova et al. (2018) have demonstrated, that in response to a Mycobacterium
tuberculosis bacterial infection, Lrrk2 KO and Lrrk2 kinase-inhibited macrophages showed better
control of the bacteria. Interestingly, Lrrk2 KO mice showed 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 (14 days post inoculation [dpi]) and no longer
seen in the later stages (56 dpi). In addition, Lrrk2 p.G2019S derived macrophages had worsened

control of the Mycobacterium pathogen and decreased lysosomal markers (Hértlova et al., 2018).
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Liuetal. (2017) employed a Salmonella typhimurium infection model and found that Lrrk2
KO mice had increased bacterial burden in the spleen, as well as in blood and peritoneal fluid. In
Lrrk2 p.G2019S mice, they reported decreased bacterial burden in spleen, blood, and peritoneal
fluid. They attribute these observed changes in bacterial burden mainly to NLRC4 inflammasome
activation and downstream IL-1f production. In vitro, using bone marrow-derived macrophages
(BMDMs), they demonstrated that Lrrk2 phosphorylated Ser533 on NLRC4, leading to activation
of the NLRC4 inflammasome (Liu et al., 2017). This activation is associated with downstream
signaling of pro-inflammatory cytokines such as IL-1 (Franchi et al., 2006). Consistent with this,
they demonstrated in vivo that Lrirk2 KO mice had decreased IL-1fB levels, whereas Lrrk2
p.G2019S mice had increased levels (Liu et al.,, 2017). In a study by Feng et al., (2020),
Porphyromonas gingivalis, a bacterium that can commonly cause chronic periodontitis, was orally
administered to wild-type and Lirk2 p.R1441G mice, and it was found that the Lirk2 p.R1441G
mice had increased TNF-a and IL-1p in their colons compared to wild-type mice following
inoculation.

Within our lab, we have previously investigated and published two distinct infection
models in Lrrk2 KO and Lrrk2 p.G2019S mice: (1) a peripheral, bacterial Salmonella typhimurium
(ST) infection causing sepsis in adult mice; and (2) a neurotropic virus, reovirus T3D, in neonatal
pups causing encephalitis (Shutinoski et al., 2019).

In the context of an ST infection, Lrrk2 p.G2019S homozygous and heterozygous mice had
a significantly longer time-to-death than wild-types littermates. Similarly, Lrrk2 p.G2019S mice
had significantly lower bacterial titres in the spleen. Interestingly, this phenotype was associated
with significantly higher concentrations of H>O» in both the spleen and brain of ST-infected Lrrk2

p.G2019S mice compared to wild-type mice (which was not found at baseline). Therefore, Lrrk2
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p-G2019S mutant mice appear to have a heightened immune response to ST, which corresponds
to decreased bacterial titre and increased survival (Shutinoski et al., 2019). In contrast, the absence
of Lrrk2 (Lrrk2 KO) did not affect the time-to-death interval of ST infection; however, the loss of
Lrrk2 caused a significant increase in the bacterial titre in the spleen compared to wild-type mice
(Shutinoski et al., 2019).

When monitoring survival following nasal inoculation of reovirus T3D, we found that mice
lacking the Lrrk2 protein showed significantly decreased survival in response to this systemic,
viral infection. Importantly, Lrrk2 p.G2019S homozygous (female) mice also had increased
mortality compared to wild-type littermates, despite having decreased viral titres in both the lung
and brain. Similar to what we observed following ST infection, BMDMs from Lrrk2 p.G2019S
mice had higher ROS production following reovirus T3D infection in vitro compared to those
derived from wild-type mice. Taken together, we postulate that this is due to an over-inflammatory
phenotype in the Lirk2 p.G2019S female mice, whereby these mice overshot their immune
response such that they could control and eliminate the pathogen more efficiently, but that the
ensuing inflammation was higher than needed and therefore damaging to the host (Shutinoski et

al., 2019).

7.6. LRRK2 Kinase Inhibition as a Therapeutic Target
As generally all pathogenic mutations in LRRK2 associated with PD lead to increased
kinase activity of the protein, there has been much research into the function of the kinase activity
of LRRK2 as well as kinase inhibitors as a potential therapeutic target for PD (Alessi and Sammler,
2018). Many mouse models have investigated the kinase activity of LRRK2, using either genetic

or pharmacological knock-down of the LRRK?2 kinase activity. A popular mouse model is the
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Lrrk2 p.D1994S mouse, with a point mutation within the kinase domain which renders Lrrk2
kinase-dead (Herzig et al., 2011). This model allows researchers to study the kinase effect of Lrrk2
directly. A limitation is such that in this model the Lrrk2 protein becomes relatively unstable and
causes mice to have about half the Lirk2 protein abundance compared to a wild-type mouse
(Herzig et al., 2011). Many studies have demonstrated that Lrrk2 kinase-dead mice, as well as
pharmacological inhibition of Lrrk2 kinase, conferred neuroprotection against multiple insults
(Ilieva et al., 2024; Ho et al., 2022; Pena et al., 2024).

In light of this research, a LRRK?2 kinase inhibitor, BIIB122, has already entered Phase 2b
human clinical trial stage in a PD population (Denali Therapeutics & Biogen; NCT05348785). As
we and others have identified a role for both wild-type and p.G2019S Lrrk2 kinase activity in
response to pathogens, it is of great importance to investigate the effect of loss of Lrrk2 kinase
activity in response to microbial infections. This is to ensure that LRRK2 kinase inhibitors, in an

ageing PD population, will not cause patients to be immunocompromised.

8. GBAI in Parkinson’s Disease

The most associated genetic risk factor for Parkinson’s disease is those within the GBA1
gene (Nalls et al., 2014). GBAI encodes the lysosomal acid hydrolase glucocerebrosidase (GCase)
(Migdalska-Richards and Shapira et al., 2016). GCase is an enzyme involved in lipid metabolism.
Homozygous mutations in GBA/ lead to the lysosomal storage disorder Gaucher disease (GD),
which is characterized by a severe decrease in GCase enzymatic activity (<15%), and
accumulation of lipid substrates, namely glucosylceramide and glucosylsphingosine (Hugues and
Pastores, 2018). The accumulation of these lipids leads to the presence of “Gaucher cells” which

are lipid-laden macrophages and the hallmark of GD (Sidransky and Lopez, 2012). Disease
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manifestation is varied in GD, and the level of reduction in enzymatic activity does not always
correlate to disease severity uniformly in each tissue.

A link between GBA1 and PD was first identified because some GD patients were observed to
clinically develop parkinsonian symptoms (Neudorfer et al., 1996; Tayebi et al., 2001; Tayebi et
al., 2003). Next, it was found that family members of GD patients (and therefore obligate carriers
of GBAI mutations) were more likely to develop PD (Goker-Alpan 2004; Lwin et al., 2004;
Aharon-Peretz et al., 2004). About 9% of all PD patients carry a mutation in GBA, and 11-31%
of PD patients in the Ashkenazi-Jewish population, making it the commonest genetic risk factor
associated with PD (Avenali et al., 2020; Do et al., 2019). However, like LRRK?2, despite the high
prevalence of GBAI mutations, the penetrance rate is low, ranging from 10-30% (Alcalay et al.,
2014). Either one or two mutant GBA alleles increase the risk for PD to a similar extent (Anheim
et al., 2012). GBA1-PD patients are phenotypically similar to idiopathic cases of PD, although
they present with an earlier age of onset, more rapid progression, and more severe cognitive decline
(Mullin et al., 2019).

More recently, mutations in GBA have also been linked to risk of developing dementia with
Lewy bodies (DLB), with one cohort suggesting that GBA I mutation carriers are eight times more
likely to develop DLB (Nalls et al., 2013). Furthermore, another cohort reported as high as 28%

of DLB patients carried a GBA I mutation (Clark et al., 2009).

8.1.  Physiological Role of Glucocerebrosidase
Glucocerebrosidase (GCase) is an enzyme responsible for catalyzing the degradation of the
lipid glucosylceramide (GlcCer) into glucose and ceramide (Boer et al., 2020). GCase is first made

in the endoplasmic reticulum and then shuttled to the lysosome, where it exerts is catalytic function
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under acidic lysosomal conditions. It requires the co-factor, Saposin C, to function (Boer et al.,
2020). Beyond catalyzing the degradation of GlcCer, it also has direct catalytic activity against
glucosylsphingosine (GlcSph). The accumulation of both GlcCer and GlcSph are commonly
observed in GD patients. GlcSph is also found to be slightly elevated in plasma from GBA1-PD
patients (Surface et al., 2020). Importantly, ceramide (a byproduct of GCase activity) is a central
figure in sphingolipid metabolism, and as such, perturbations in its levels will have downstream
effects (Alecu and Bennett, 2019; Ilan, 2019). Finally, it has been identified that GCase can also
transglucosylate cholesterol, creating glucosylated cholesterol; as well as it can catalyze the
reverse reaction creating glucose and cholesterol (which is the more common reaction under
physiological conditions) (reviewed in: Boer et al., 2020).

It is not fully elucidated how mutations in GBAI lead to PD risk, and there is not a common
consensus as to whether GBA mutations in PD risk are due to gain-of-function or loss-of-function
properties (Migdalska-Richards and Shapira, 2016; Sardi et al., 2012). A leading hypothesis
suggests that reduced GCase activity changes the lipid composition of intracellular membranes,
leading to increased aSyn aggregation and accumulation in lysosomes (Schlossmacher et al.,
2005). A second hypothesis suggests that gain-of-function activity by mutant GCase alters aSyn
homeostasis, leading to accumulation (Cullen et al., 2011).

There is evidence of a slight decrease in GCase enzymatic activity in both GBA1-PD and
idiopathic cases (Gegg et al., 2012; Murphy et al., 2014; Rocha et al., 2015). However, this
decreased activity likely does not fully capitulate the pathogenesis of GBA1-PD, as GD patients
(with severely low GCase activity) do not uniformly develop PD. In addition to the accumulation
of the lipid substrates, GBA I mutations associated with PD also lead to mis-folded GCase, which

likely also contributes to disease (Cullen et al., 2011; Sardi et al., 2012). Of note, multiple studies
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have identified that lowered GCase activity results in increased aSyn protein accumulation, both

in human autopsy studies and in vivo in mice (Giinder et al., 2019; Mazzulli et al., 2011).

8.2. GBAI in the Inmune System

The low penetrance rate of GBA/ mutations in PD may suggest that additional factors are
needed to onset disease, possibly environmental in nature (Balestrino et al., 2020). Given that we
have identified a role in host defences against microbial infection for two other PD-linked genes:
Snca (Tomlinson et al., 2017) and Lrrk2 (Chapter 2 and 3; Shutinoski et al., 2019), Chapter 4
investigates a role for GCase in host defences against infection.

Inflammation is increased in patients with GD and Gaucher cells accumulate in organs
leading to tissue inflammation. Furthermore, GBA1 is highly expressed in cells of myeloid and
phagocytic lineage (Deleidi and Gasser, 2013). Ex vivo studies using granulocytes and
macrophages from GD patients and healthy controls found that macrophages from GD patients
had a lesser ability to kill Staphylococcus aureus (Marddi et al., 1995). It was found that HEK293
cells with GBA1 knocked out could better limit influenza A virus (IAV) serotype HINI infection
(Drews et al., 2019). Soudani et al. (2019) found that IAV infection led to increased ceramide in
A549 cells, which also suppressed infectivity. Finally, two groups identified a role for
glucosylceramide synthase (GCS), the enzyme responsible for the reverse reaction of GCase, in
limiting IAV infectivity in cells, which was the same effect of GCase (Drews et al., 2020; Vitner
etal., 2021). These authors posit that perturbations in sphingolipid homeostasis, in either direction,
could affect viral infectivity of IAV (Drews et al., 2020).

Notably, GBAI is ubiquitously expressed in all human tissues, including the olfactory bulb

and the gut; both sites lie at the interface of the environment and host, and both are relevant in
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Hawkes, Del Tredici, and Braak’s dual-hit hypothesis (Hawkes et al., 2007; Hawkes et al., 2009).
Furthermore, as GBA! is very highly expressed in macrophages, it adds to the hypothesis that it

may function in host responses in general (ProteinAtlas).

8.3. GBAI and LRRK2

A relationship between GBAI and LRRK?2 was highlighted when it was identified that a
subset of PD patients carried both the LRRK?2 p.G2019S mutation and a PD-linked GBA! variant.
It was first hypothesized that both mutations may have a synergistic effect on PD pathogenesis;
however, upon investigation in multiple cohorts, it seems that the LRRK2 mutations exert a
dominant effect over the GBA/ mutations, as these patients present phenotypically similar to
LRRK2-PD rather than GBA1-PD (i.e., the disease course of LRRK2-GBAI1-PD is less severe
than that of GBA1-PD) (Smith et al., 2022).

GCase and LRRK2 have been identified in similar cellular pathways, namely autophagy
and lysosomal processing. However, given that both proteins have enzymatic activities, it is
unknown which functions upstream of the other. Research into this remains inconclusive. In light
of this, Kedariti et al. (2022) did an exhaustive investigation in multiple tissues, including in mice,
continuous cell lines, human PBMCs, and patient-derived induced neurons. They demonstrate an
overall positive correlation between LRRK?2 kinase activity (i.e., in the p.G2019S mutant) and
GCase enzymatic activity; but that the level of GCase activity was not always directly linked to
the amount of GCase protein present (Kedariti et al., 2022). The ability for the LRRK2 p.G2019S
mutation to increase GCase activity could possibly inform us as to why double-mutant PD patients

have a milder disease course and it also suggests that LRRK?2 functions upstream of GCase.
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In the context of immunity, there are reports that Lrrk2 and GCase interact in inflammatory
responses. Sanyal et al. (2020) demonstrated that a pharmacological Lrrk2 kinase inhibitor could
rescue cytokine deficits following an LPS insult in mutant Gbal p.D409V astrocytes. This again
suggests that Lrrk2 kinase activity is upstream of GCase activity and that they may converge on a

common pathway in response to pathogenic insults.

9. Pathogen Selection

9.1. Reovirus T3D

In the context of PD-linked genes, the first virus explored in this thesis (Chapter 2) is
Respiratory Enteric Orphan (Reo) virus type 3 Dearing (T3D). Reovirus T3D is a neurotropic virus
that is ubiquitously expressed in the environment. Reovirus infection in humans causes no to mild
symptoms, and most humans are seropositive with reovirus by the end of their lifetime (Norman
and Lee, 2000). Reovirus is a non-enveloped, double-stranded RNA virus (Antar et al., 2009).
There are three serotypes of reovirus: Type 1 Lang (T1L), Type 2 Jones (T2J), and the Type 3
Dearing (T3D). They are structurally similar; but importantly, in mice, infection with separate
strains leads to differing pathology. For example, infection with reovirus T1L in adult mice will
lead to fatal respiratory distress, whereas infection with reovirus T3D in adult mice will lead to

mild sickness, that does not present with symptoms and is non-fatal (Gauvin et al., 2013).
As such, in Chapter 2, we employ a model of reovirus T3D infection in suckling pups. In
newborn pups, nasal inoculation of reovirus T3D will result in fatality at specific doses (i.e., LDso
is 2.7x10° PFU in C57B1/6J) (Gauvin et al., 2013; Shutinoski et al., 2019). When administered

nasally, reovirus T3D will travel from the periphery to the brain via neuronal spreading and
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hematogenous routes. The viral infection then causes encephalitis as the cause of death. When the
virus is administered intracerebrally (as is done in Chapter 2), the infection is 100% lethal at any
dose. Reovirus T3D enters the cell by binding of its filamentous attachment protein, c1, to the
host’s junctional adhesion molecule-A and cell surface carbohydrates. This complex is then
internalized via clathrin-coated endocytosis (Danthi et al., 2016). The immune response to reovirus
T3D exposure is classified by classical innate viral response, namely, increased expression of type
1 interferons (IFNo/p) and interferon-stimulated genes such as IL-1 and TNFa (Schittone et al.,
2012).

We have previously demonstrated that expression of both Snca and Lrrk2 can perturb the
course of illness (i.e., survival rate and viral burden) of reovirus-T3D-induced encephalitis, when
inoculated nasally. Snca knockout mice had decreased survival following infection, suggesting
that endogenous Srnca expression is important for host defences against reovirus T3D (Tomlinson
et al., 2017). We have also shown that Lrrk2 KO, the p.G2019S mutant, and the p.D1994S mutant
could all perturb the disease outcomes of reovirus T3D, suggesting that both endogenous Lrrk2
and allelic variants of the protein play a role against reovirus-T3D-induced encephalitis

(Shutinoski et al., 2019). These results are detailed further in Chapter 2.

9.2.  Vesicular Stomatitis Virus
The next goal was to investigate PD-linked genes in the context of a neurotropic virus that
could infect and cause lethality in adult mice. As such, we next employed vesicular stomatitis virus
(VSV). VSV is an enveloped, negative sense single-stranded RNA rhabdovirus (Nair et al., 2014;

Fensterl et al., 2012). VSV has two major serotypes: Indiana and New Jersey, of which the Indiana
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strain is used in this thesis (Hansen et al., 1985; Drolet et al., 2005). VSV typically infects rodents,
cattle, swine, and horses; and infections of humans is rare and typically asymptomatic.

Nasal inoculation of VSV in adult mice leads to encephalitis as the cause of death that is
titre-dependent. Importantly, upon nasal inoculation, VSV can infect the olfactory epithelium and
directly travel to the olfactory bulb via anterograde travel within axons of olfactory sensory
neurons (Huneycutt et al., 1994; Forger et al., 1991). Other virions that have been inhaled go on
to infect the lungs, and then travel to the brain via neuronal spreading, lymphatic circulation, and
hematogenous spread (Trottier et al., 2009; Cornish et al., 2001). VSV leads to both encephalitis
and severe meningitis (Mishra et al., 2020). Symptomatically, mice experience weight loss,
respiratory distress, loss of mobility, and in some instances hind limb paralysis (which
histologically can be tied to lesions of the spinal cord and meningitis) (Forger et al., 1991).

VSV enters the host cells via the ubiquitous LDL receptor, accounting in part for its wide
cellular tropism (Finkelshtein et al., 2013). The binding of VSV is mediated by its surface
glycoprotein, VSV-G. VSV is highly sensitive to the anti-viral type I interferon (IFN) response
(Georgel et al., 2007). As an evolutionary adaptation of the VSV virus, the M protein of the VSV
genome suppresses IFN transcription in cells; possibly by blocking host mRNA export from the
nucleus (Black et al., 1993; Ferran and Lucas-Lenard, 1997). A laboratory-generated VSV mutant,
VSVAS1, has a mutation within the M protein which stops this IFN suppression, and therefore is
a less-lethal, less-infectious form of the protein (Stojdl et al., 2003). As such, this mutant was
developed for possible oncolytic properties but can also be used in the context of investigating

VSV pathogenesis in specific mouse models.
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9.3. Influenza A Virus Serotype HIN1

To assess the role of PD-linked genes also in the context of a non-neurotropic, mainly
peripheral viral infection, we next employed mouse-adapted IAV serotype HINI1 (A/Fort
Monmouth/1/1947). HINI is an enveloped, negative sense single-stranded RNA virus. IAV has
multiple serotypes, all of which have varying pathogenicity. For example, the highly infectious,
avian H5N1 serotype is highly neurotropic and leads to encephalitis. The HIN1 serotype used here
is pneumotropic and has high tropism for the epithelial cells of the lungs (Mahmoud et al., 2016;
McCormick et al., 2011).

In adult C57Bl/6J mice, HIN1 nasal infection leads to lethal, severe lung pathology (at the
LDso). Mice die from pneumonitis and symptomatically develop respiratory distress, weight loss,
and limited mobility. IAV enters the host cell using its hemagglutinin (HA) molecules on their
viral envelope. This molecule binds glyco- proteins and lipids on the host cell surface that contain
sialic acid, which then triggers endocytosis of the viral complex (Dou et al., 2018). Infection with
HIN1 induces an inflammatory cytokine storm in the murine lungs, specifically anti-viral type 1
IFN responses (Xu et al., 2011). Notably, infection with HIN1 often leaves hosts vulnerable to
secondary bacterially-induced pneumonia, which is believed to be due to the initial IFN response

subsequently down-regulating caspase proteins (Brundage and Shanks, 2008; Guarda et al., 2011).

9.4. Salmonella typhimurium
Finally, in Chapter 4, we employed a serial infection model of mice first infected with IAV
serotype HIN1, followed by an intraperitoneal injection of ST strain SL1344. ST is a gram-
negative, rod-shaped, facultative anaerobic bacterium. In adult C57B1/6J mice, ST leads to uniform

lethality within 15 days (Robinson et al., 2012; Shutinoski et al., 2019). ST in mice leads to a
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systemic infection similar to typhoid fever in humans. Therefore, mice develop fatal sepsis, as well
as splenomegaly and necrosis of the spleen (Wei et al., 2019).

The main virulent factor of these bacteria are their large gene cassettes called ‘Salmonella
pathogenicity islands’ (SPIs). SPI effectors are injected into host cells which leads to endocytosis
of the bacterium and therefore invasion of the cell (Lou et al., 2019). The main host immune
response against ST infection is the recruitment of phagocytes and IFN-y production, which is
mainly generated by neutrophils and NK cells (Pham and McSorley, 2015). Macrophages are
important phagocytes against ST; however, ST bacteria infect and induce death in macrophages as

a means to increase virulence (Robinson et al., 2012).

10. Statement of Research

10.1. Rationale

Significant research has detailed numerous disease genes associated with familial PD.
Furthermore, exposure to numerous environmental factors (i.e., pesticides, neurotoxins) have been
well-established as increasing risk for idiopathic PD. Despite this, the exact etiology of PD remains
unknown. There is now growing evidence that inflammation is a component of PD pathogenesis
and numerous epidemiological studies in humans (over the course of the past century) have
positively correlated viral infections with a rise in PD incidence. Building on the dual-hit
hypothesis originally proposed by Hawkes, Del Tredici, and Braak (2007, 2009), we posited that
viral infections could initiate PD onset in genetically susceptible individuals (i.e., complex disease)
(Kitada et al., 2012). Herein, we have studied three PD-linked risk genes in the context of viral

infections: Snca, Lrrk2, and Gbal.
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In Chapter 2, we sought to investigate the role of Snca and Lrrk2 in host response to reovirus
T3D-induced encephalitis in neonatal mouse pups. Specifically, we built on our previous research,
where variants in each of these genes was able to alter the survival rate following nasal inoculation
of reovirus T3D. To delineate between the peripheral immune response and the CNS-specific
immune response, in Chapter 2 we employed a direct-brain inoculation of the same pathogen to
the same mutant mouse models. In doing so, we minimized peripheral immune involvement and
aimed to examine the role of a-synuclein and Lrrk2 in the brain-specific immune response against
reovirus T3D in neonatal mouse pups.

In Chapter 3, building on our published research and that of Chapter 2, we investigated the
role of Lrrk2 in response to viral infections in adult mice. We first investigated whether the most
common PD-linked mutation in Lrrk2, p.G2019S, could affect viral titre and survival following
two distinct RNA viruses: neurotropic VSV and non-neurotropic, lung-directed HIN1. We next
measured the downstream, long-term effects of resolved viral infection in the brains of all
surviving mice from the aforementioned infections. We measured multiple neurodegeneration-
linked biochemical changes (i.e., levels of aSyn, oxidative stress, total tau and tau phosphorylation)
in the brains of mock-, VSV-, and H1NI-infected wild-type and Lrrk2 mutant mice that had
survived to six weeks post inoculation.

In Chapter 4, we investigated a third, and the commonest PD-linked gene, Gbal, for a role
in host defences against viral infections. We employed a VSV infection, an HINT1 infection, and a
serial infection model involving HINT1 infection followed by an ST infection. We also measured
glucocerebrosidase enzymatic activity before and after viral infection, to investigate whether

activity is changed downstream of it.
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10.2. Hypothesis
Parkinson’s disease-linked genes and their allelic variants, including in Lrrk2, Snca, and
Gbal, can alter host responses to virulent infections in neonates and adult mice. Further, specific
genotype-virus interactions will not only alter acute host responses but also affect brain health

outcomes in surviving animals, which include common neurodegeneration-associated changes.

10.3. Objectives

Chapter 2: Do Lrrk2 and Snca alter the course of illness of reovirus T3D-induced encephalitis
primarily in the brain or the periphery?
Manuscript Title: “Lrrk2 variants do not alter the course of primary encephalitis due to
neurotropic reovirus T3D in newborn mice but the p.G2019S mutant elevates

phosphorylated tau”

Chapter 3: Do Lrrk2 alleles alter the survival of adult mice nasally inoculated with RNA viruses?
Can two distinct RNA viruses with differing tropism when administered systemically cause
Parkinson’s pathology-related outcomes in the brain? What is the effect of Lrrk2 in such models?

Manuscript Title: “Variable outcomes for phospho-tau, a-synuclein, and oxidative stress

in adult mice including in Lirk2 p.G2019S mutants after nasally acquired viral infections”

Chapter 4: What is the role of Parkinson’s disease-linked Gbal in host responses against select

microbial infections?
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Manuscript Title: “Gbal p.D409V mutant alleles confer protection during acute infection

by a neurotropic RNA virus following nasal inoculation”
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Abstract

Variants of the leucine-rich repeat kinase-2 (LRRK?2) and a-synuclein (SNCA) genes are associated
with Parkinson’s disease risk. We previously demonstrated that two Lrrk2 knock-in variants as
well as Snca expression alter survival rates from combined pneumonitis and encephalitis following
nasal inoculation of newborn mice with a double-stranded RNA virus: respiratory-enteric-orphan
virus, serotype-3 strain Dearing (referred to as reovirus T3D). There, we had also found elevated
inflammation and increased a-synuclein concentrations in the brain of infected Lrrk2 p.G2019
mice. Here, we examined whether outcomes of a direct brain infection by reovirus T3D, which
uniformly causes lethal encephalitis within 15 days, could be modified by allelic variants in Lrrk2
and Snca. We inoculated newborn mice intracerebrally with 5x10? plaque-forming units of reovirus
T3D. We found that when compared to wild-type littermates Lrrk2 p.G2019S mutant mice as well
as kinase-dead p.D1994S animals showed the same time-to-death intervals post inoculation,
revealed no sex difference, and had similar viral titres in the brain. Quantification of endogenous
total a-synuclein and total tau in directly-infected mouse brain showed no difference for Lrrk2
p-G2019S mutant mice relative to wild-type littermates. However, we identified a significant rise
in phosphorylated tau in murine brain that was both infection- and Lrrk2 p.G2019S-dependent.
Unexpectedly, the reduction or absence of endogenous a-synuclein also did not alter the course of
disease in the intracerebral inoculation model. Our results suggest that in contrast to the nasal
inoculation of newborn mice, mutant Lrrk2 as well as endogenous a-synuclein do not measurably
alter the course of encephalitis in a primary brain infection model caused by reovirus T3D. These
findings suggest a systemic contribution by the Parkinson’s disease-linked Lrrk2 and Snca alleles
in innate host responses in this acute infection model. Intriguingly, our results demonstrate that

Lrrk2 p.G2019S promotes tau hyper-phosphorylation in response to reovirus T3D encephalitis.
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Introduction

Parkinson’s disease (PD) is one of the most prevalent neurodegenerative disorders,
characterized by the progressive loss of dopaminergic neurons in the Substantia nigra pars
compacta (SNpc), leading to a typical motor syndrome. While the exact etiology of PD remains
elusive, the pathogenesis likely requires a multifaceted interplay between genetic and
environmental factors. Further, initiation of PD pathology may commence outside of the brain.
This is supported by the notion that the key prodromal symptoms, namely hyposmia and
constipation, can manifest up to two decades prior to the clinical diagnosis of PD, and both arise
in peripheral regions closely linked to the external environment (the nose and the gut, respectively)
(Kalia and Lang, 2015). Indeed, these anatomical sites align with the Braak and Del Tredici-based
staging model of a-synuclein (aSyn) inclusion formation and are among the first sites exposed to
external environmental triggers, including microbial pathogens (Braak et al., 2003). As such, there
is increasing interest in elucidating the role of environmental triggers, particularly of microbial
origin, in the initiation and progression of PD pathology.

Both neural-based and systemic inflammation have been identified in the pathology of PD.
Biochemical analyses have demonstrated elevated levels of pro-inflammatory cytokines in the
midbrains of PD patients, including tumor necrosis factor-a (TNFa), interleukin-1p (IL-1p), and
interferon-y (IFN-y) (Leal et al., 2013). This upregulation of pro-inflammatory cytokines is also
observed in the cerebrospinal fluid of living PD patients, including increased levels of
transforming growth factor-p1 (TGF-B1), IL-6, and IL-1p (Chen et al., 2018); as well as elevated
TNFa, IL-6, and IL-1p in peripheral serum samples (Bu et al., 2015). This suggests that heightened
inflammation may be acting both locally within the brain and systemically in PD. Similarly,

midbrain SNpc samples from post-mortem human PD patients showed increased damage to the
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blood-brain barrier, leukocyte extravasation, and microgliosis (Sanchez-Guajardo et al., 2013;
Kortekaas et al., 2005). Epidemiologically, the incidence rate of prior infections with several
viruses, including hepatitis C virus, herpes simplex virus, and influenza A virus are significantly
correlated with Parkinson’s disease risk in human populations (Leta et al., 2022). These findings
collectively suggest that PD patients generally exhibit a pro-inflammatory signature in their brain,
potentially attributed to present or previous exposures to viral pathogens, both within the brain and
in the periphery.

Leucine-rich repeat kinase-2 (LRRK?) is a candidate gene for studying the influence of
exogenous pathogens on PD pathogenesis. Mutations in LRRK2 constitute the second most
frequent genetic risk factor associated with PD, following GBAI (Zimprich et al., 2004; Nalls et
al., 2014). These mutations, including the most prevalent variant located within the kinase domain,
p-G2019S, confer increased risk to both familial and sporadic forms of PD. However, these
mutations exhibit incomplete penetrance, with the p.G2019S variant having a penetrance rate as
low as 28% at 59 years (Healy et al., 2008). This incomplete penetrance underscores the
requirement for secondary factor(s), such as an environmental trigger, to initiate LRRK2-PD.

Regarding function, LRRK2 has relatively low expression in neurons but is highly expressed
in immune cells, particularly those of innate lineage including neutrophils, monocytes,
macrophages, and microglia (Gardet et al., 2010; Hakimi et al., 2011). LRRK2 expression is
upregulated in response to pathogens, infectious agents, and inflammatory signals, such as IFN-y
and NF-«kB, suggesting its involvement in pathogen response pathways and inflammation (Gardet
et al., 2010; Hakimi et al., 2011). Additionally, mutations in LRRK?2 have also been associated
with Crohn’s disease and leprosy’s type-I hypersensitivity reaction, both of which are

characterized by exaggerated inflammation and require one or more xenobiotic triggers for disease
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manifestation (Hui et al., 2018; Favaetal., 2016; Zhang et al., 2017). It is conceivable that LRRK?2-
linked PD may also necessitate a significant inflammatory and xenobiotic trigger for disease onset.

Our previous studies, along with those of other research groups, have explored the role of
allelic variants of Lrrk2 in modulating disease outcomes against various pathogens, including
Salmonella typhimurium, Mycobacterium tuberculosis, and Listeria monocytogenes (Shutinoski et
al., 2019; Hartlova et al., 2018; Liu et al., 2017; Zhang et al., 2015). Lrrk2 p.G2019S conferred a
protective benefit in a sepsis model caused by Salmonella typhimurium inoculation, in reducing
bacterial burden and prolonging time-to-death (Shutinoski et al., 2019; Liu et al., 2017). Moreover,
we have reported that the hyper-kinase Lirk2 p.G2019S mutation worsens, and the kinase-dead
Lrrk2 p.D1994S mutation improves, survival outcomes following nasal inoculation of mice with
reovirus T3D; this double-stranded, non-enveloped RNA virus induces pneumonitis followed by
encephalitis as the cause of death in suckling mice (Gauvin et al. 2013; Shutinoski et al., 2019).
We had chosen this particular pathogen given its tropism for the respiratory tract as well as for its
ability to infect the brain (Gauvin et al., 2013). Driven by the fact that LRRK2 has low(er)
expression in the brain compared to the peripheral organs, such as the lung and bone marrow, and
that LRRK2 can modulate disease outcomes in non-CNS penetrating paradigms (Shutinoski et al.,
2019; Hakimi et al., 2011), we sought to investigate the role of LRRK?2 in a direct brain infection
model with its attendant immune response.

In parallel to Lrrk2, we and others have previously shown that aSyn is relatively protective
against select RNA virus infections, such as in the nasally acquired reovirus T3D infection model
in newborn mice (Tomlinson et al., 2017) and West Nile virus in adult animals (Beatman et al.,
2016). These reports have led to the interesting observation that aSyn confers anti-microbial

properties in vivo, and further, that its protein expression could be induced by microbial exposure
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in vitro and in vivo (Tomlinson et al., 2017; Park et al., 2016; Beatman et al., 2016; Monogue et
al., 2022; Kim et al., 2016; Chen et al., 2016).

In our previous work both Lrrk2 and Snca, two PD-associated genes, influenced disease
outcomes following nasal inoculation with reovirus T3D, which involved a systemic infection
followed by encephalitis with a female sex bias (Shutinoski et al., 2019; Tomlinson et al., 2017).
Much research on Lrrk2 and aSyn has focused on their roles within the brain. To delineate the
involvement of Lrrk2 and aSyn in host defenses against reovirus T3D in peripheral organ systems
vs. brain-specific immune functions, we employed a direct-brain inoculation method using
reovirus T3D; this to conduct experiments complementing our previous publications (Shutinoski
et al., 2019; Tomlinson et al., 2017) by lessening the contributions of peripheral organ systems.
Intriguingly, neither Lrrk2 variants nor Snca expression altered acute disease outcomes, including
time-to-death intervals and viral titres following direct-brain inoculation of mice with reovirus
T3D.

Further, given that select LRRK2 mutants in PD patients can lead to pleomorphic outcomes
at autopsy, including aSyn-positive or tau-reactive inclusion formation in surviving neurons
(sometimes even within the same kindred with the same disease-causing allele), we also examined
the effects of Lrrk2 variants on tau and aSyn metabolism in our intracerebral inoculation model
(Henderson et al., 2019; Kalia et al, 2015; Zimprich et al., 2004; Rajput et al., 2006). We
hypothesized that intracerebral inoculation of mice would lead to mutant Lrrk2-dependent changes
in aSyn and/or tau metabolism. There, we found evidence for an increase in tau phosphorylation,

that was both infection- and Lrrk2 p.G2019S-mutation dependent.
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Methods

Mouse Colonies

All mouse colonies were kept on a C57BL/6J background. Colonies were maintained with
heterozygous breeding pairs. 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 infections were done in a
containment level 2 biohazard animal facility. Lrrk2 p.G2019S mice and Lrrk2 p.D1994S mice are
described in Herzig et. al. (2011). o-Synuclein knockout (Snca”) mice were first described by
Cabin et. al. (2002) and were kindly obtained from Dr. Matthew Farrer. Both female and male

mice were used in this study and are indicated within each figure.

Intracerebral Reovirus T3D Infection

From heterozygous breeding pairs, post-natal day 1 (p1) mouse pups were anesthetized under 3%
isoflurane in oxygen. Using a 30-gauge 50uL fixed needle Hamilton syringe, 10uL of live, purified
Respiratory Enteric Orphan Serotype 3 Dearing Virus (reovirus T3D) at a dose of 5x10? PFU (in
PBS) was injected into the left hemisphere of the pup brain (frontal lobe) (Passini et al., 2001) and

returned to the home cage. For mock-treated controls, injection with 10 pl of PBS was used.

Intracerebral Reovirus T3D Infection Survival Assay
Infected animals were assessed for survival, measured as time-to-death. Infected mice were
monitored twice daily (morning and evening) up to 14 days post inoculation (dpi). Moribund mice

were sacrificed via rapid decapitation.
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Viral Quantification in Tissue

A separate cohort of infected mice were euthanized at 8dpi via rapid decapitation for viral titre
analyses in the brain and liver. Samples were homogenized in PBS at a 3:1 ratio (ul PBS:mg tissue)
for brains, or a 5:1 ratio for livers. Samples were homogenized with metal beads using a Roche
MagNA Lyser (Roche, Indianapolis, IN, USA) at maximum speed for 10 seconds. Samples
underwent a freeze-thaw cycle in liquid nitrogen and were then centrifuged to collect the viral
content in the supernatant for standard reovirus plaque assay analysis. Briefly, tissue homogenates
were used for serial dilutions and overlaid onto 929 cells in 6-well plates at 90-100% confluency.
Infected cells were overlaid with 2% purified agar 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 of tissue.

ELISA Quantification of a-Synuclein and Tau

Protein was extracted from homogenates used for viral titre analysis. Aliquots of homogenates
were treated with 1% Triton- X100, 5X protease inhibitors, and 2X phosphatase inhibitors and
spun at 14,800 RPM for 30 minutes at 4°C. Lysates were measured for total a-synuclein using a
sandwich ELISA, as described previously (Shutinoski et. al., 2019; Mollenhauer et al., 2008). a-
Synuclein protein abundance values were normalized to total protein concentration. Total murine
tau protein abundance was measured with the Tau (Total) Mouse ELISA Kit (KMB7011,

Invitrogen).

53



Western Blotting

Protein concentrations were determined using a bicinchoninic acid (BCA) assay kit (Thermo
Fisher Scientific). Protein samples (40pg) were combined with 1X NuPAGE™ LDS Sample
Buffer (NP0O007, Thermo Fisher Scientific), boiled for 5 minutes at 95-100°C, and then
electrophoresed under reducing conditions on 4-12% gradient SDS gels in MES 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% milk) and anti-phospho-tau (Ser202, Thr205) monoclonal antibody (AT8) (MN1020, Thermo
Fisher Scientific, 1:500 in 5% milk). Western blots were imaged using BioRad ChemiDoc Imager.
Image Lab (version 6.1.0) (2020 BioRad Labratories, Inc.) was used for densitometric analysis of

Western blots.

Statistical Analysis
All statistical analyses were performed using GraphPad Prism version 8 (GraphPad Software, San

Diego, CA, USA, www.graphpad.com). Difference between groups in survival assays was

assessed using the log- rank (Mantel-Cox) test. Differences between groups were assessed using
one-way ANOVA with Tukey’s post-hoc tests. Correlation analysis of a-synuclein and tau
quantification was done using R version 4.2.0, packages 'ggplot2' (Kassambara, 2023) and 'ggpubr’
(Wickham, 2016). Data are demonstrated as mean + SEM where applicable and as described in

the figure legends. Data are displayed with P values represented as * P <0.05.
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Results

Parkinson’s-linked Lrrk2 p.G2019S variant does not alter acute outcomes in a primary reovirus-
T3D-induced encephalitis model.

The Lrrk2 p.G2019S variant was examined for its impact on acute outcomes in reovirus T3D-
induced encephalitis following intracerebral inoculation. As Lirk2 expression is comparatively
low in the brain compared to peripheral tissue, our objective was to investigate the participation of
this protein in peripheral vs. brain-specific immune responses. Therefore, we chose a primary brain
infection model. Lrrk2 p.G2019S mouse pups at postnatal day 1 were intracerebrally injected with
reovirus T3D and either monitored for time-to-death or used for tissue collection and viral titre
analyses (Fig. 2.1a). Mice carrying the p.G2019S allele (heterozygous or homozygous) exhibited
similar time-to-death patterns as wild-type mice (n > 7 mice per group) (Fig. 2.1b, ¢). Previously,
we consistently observed a female sex bias with Lrrk2 in infectious-diseased states; therefore, we
analyzed the data separately based on sex, but we found no difference in time-to-death between
mutant and wild-type mice of either sex (Fig. 2.1b, ¢). These results contrast with our previous
findings whereby female Lrrk2 p.G2019S mice showed significantly more death upon nasal
inoculation of reovirus T3D (Shutinoski et al., 2019), indicating that the route of inoculation itself
reveals genotypic as well as sex differences in survival.

To assess viral infectivity and its replication in the brain, we examined the corresponding
viral titres at 8 days post-infection, as the latest timepoint before mice begin to succumb to the
infection. Viral titres in the brain were similar among all genotypes, regardless of sex (Fig. 2.1d).
We also investigated secondary dissemination of the pathogen from the brain by measuring viral
titres in the liver at 8dpi. We observed viral spread from the brain to the periphery, as indicated by

high viral titres in the liver. Again, there were no differences in viral titre between the wild-type
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and Lrrk2 p.G2019S expressing mice (Fig. 2.1e). Collectively, these findings indicate that the
Lrrk2 p.G2019S hyper-kinase mutation does not alter the course of illness following intracerebral
inoculation with reovirus T3D, despite our previous results demonstrating its impact on both
survival and viral titre in the nasal inoculation model with the same reovirus T3D pathogen

(Shutinoski et al., 2019).
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Fig. 2.1: Expression of the Parkinson’s Disease-Linked Lrrk2 p.G2019S Variant Does Not
Alter Outcomes of Acute Reovirus T3D-Induced Encephalitis When Inoculated
Intracerebrally. Heterozygous Lirk2 p.G2019S breeders were paired, and newborn mice were
inoculated with a dose of 5x10?> PFU of reovirus T3D via direct brain injection into the left
hemisphere and monitored for survival or sacrificed for tissue collection, as summarized in (a).
Inoculated pups were monitored over 14 days for a pre-determined moribund state. Time-to-death
is graphically displayed as percent survival against days post inoculation (DPI), separated based
on sex (b). The n value indicates the sample size of sexes combined. In a second cohort, inoculated
pups were sacrificed at 8dpi; brain and liver were collected and homogenized. Viral titres of the
brain (¢) and the liver (d) were measured via plaque assay. Data are represented in PFU/g, where
each symbol represents one animal. Blue data points indicate male mice (n >4 per group) and pink
data points indicate female mice (n > 5 per group). Survival curves were statistically analyzed
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using Mantel-Cox (Log-Rank) tests; viral titres were analyzed using one-way ANOVA and Tukey
post-hoc tests. No significant group differences were observed.
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Lrrk2 kinase-dead mice have an equal survival rate as heterozygous and wild-type mice
following direct inoculation of the brain with reovirus T3D.

Given that the p.G2019S mutation of Lirk2 confers hyper-kinase activity of the protein and due to
the fact that we did not identify any genotypic differences in acute outcomes following reovirus
T3D infection in newborn mice, we next investigated whether the wild-type kinase activity of
Lrrk2 was required for host defence against intracerebral inoculation with reovirus T3D.
Therefore, we employed this model in Lrrk2 p.D1994S knock-in mice, which renders the Lrrk2
protein kinase-dead (Herzig et al., 2011). We have previously reported that Lrrk2 p.D1994S
homozygous mutant mice show increased survival compared to wild-type mice in response to
nasally acquired reovirus T3D-induced encephalitis. Despite the clear survival benefit in Lrrk2
p.-D1994S mice in the systemic reovirus T3D model (Shutinoski et al., 2019), we observed no
differences in time-to-death following direct brain inoculation between wild-type and
heterozygous and homozygous Lrrk2 p.D1994S mice (n > 13 mice per group) (Fig. 2.2a). As was
done using the Lrrk2 p.G2019S mouse cohort, we next measured viral titres in the brain and livers
of Lirk2 p.D1994S mice. Lrrk2 p.D1994S mice exhibited similar viral titres in the brain at 8dpi
compared to wild-type and heterozygous mice (Fig. 2.2b). We observed viral dissemination to the
liver at 8dpi in the Lrrk2 p.D1994S cohort, with relatively low and comparable viral titres across
the three genotypes (Fig. 2.2¢). Collectively, these findings suggest that allelic variants in Lrrk2,
both p.D1994S and p.G2019S, do not influence the course of encephalitis following direct
injection of reovirus T3D into the brain. This contrasts with the significant survival differences
observed with both alleles compared to wild-type mice when the same virus was administered

systemically via the nasal route (Shutinoski et al., 2019).

59



N

(a

100- 100- - WT n=20
d Q & Lrk2VTPS n=11
;\? "
< 1 -o— | rk2bs/ibs n=18
2
g 50+ 50 -
=
»n
0- 0-
0 5 10 15 0 5 10 15
DPI
(b) d @ (c) of @
1024 " 10%~ §
o H - N
::_ ﬁ AA *. "' *A - ¢ - .
% Pa = | e ir g ad 1 I
10] Y 6 F =l =~
o 10 A - AA 10 . A =
3 o® A K=y . ALa e%e Tmp a4
e o E e O - A ) [ § ]
o o . o -
108+ . 104 - -
[ ]
106 T 6| gl T gl %I 102 T T T I 1 I
$ & & & S S &
U 2 U 2 S O U 2
RSN RN RSN &

Fig. 2.2: Expression of the Lrrk2 Kinase-Dead p.D1994S Mutant Does Not Alter Outcomes
of Acute Reovirus T3D-Induced Encephalitis When Inoculated Intracerebrally.
Heterozygous Lrrk2 p.D1994S breeders were paired, and newborn mice were inoculated with a
dose of 5x10? PFU of reovirus T3D via direct brain injection into the left hemisphere. Inoculated
pups were monitored over 14 days for a pre-determined moribund state. Time-to-death is
graphically displayed as percent survival against days post inoculation (DPI), separated based on
sex (a). The n value indicates the sample size of sexes combined. In a second cohort, inoculated
pups were sacrificed at 8dpi and brain and liver were collected and homogenized. Viral titres of
the brain (b) and liver (¢) were measured via plaque assay. Data are represented in PFU/g, where
each symbol represents one animal. Blue data points indicate male mice (n > 9 per group) and pink
data points indicate female mice (n > 7 per group). Survival curves were statistically analyzed
using Mantel-Cox (Log-Rank) tests and viral titre data were statistically analyzed using one-way
ANOVA and Tukey post-hoc tests. No significant group differences were observed.
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Intracerebral reovirus T3D infection leads to more tau phosphorylation, but not to changes in
total tau or total a-synuclein protein concentrations in Lrrk2 p.G2019S mice.
We next investigated whether direct-brain reovirus T3D infection could lead to neurodegeneration-
linked changes in infected mice. As human cases of LRRK2-associated PD have been described
with either aSyn or tau pathology (Henderson et al., 2019; Kalia et al., 2015; Zimprich et al., 2004),
we measured each of these proteins, including levels of phosphorylated tau protein. Using Western
blot analyses, we identified phosphorylated-tau (p-Tau) (AT8 monoclonal antibody targeting
Ser202 and Thr205) in protein extracts from intracerebrally reovirus- and mock-infected brain
homogenates. Strikingly, we identified an infection-dependent rise in p-Tau that was significant in
the brains of mutant mice (P <0.01; Fig. 2.3a, b). Reovirus-infected Lrrk2 p.G2019S brain samples
had significantly more p-Tau than reovirus-infected wild-type brain samples, suggesting a
mutation effect on the level of tau phosphorylation following viral infection. As we have
consistently observed a female sex bias with the Lrrk2 p.G2019S mutation following infection, we
measured the level of p-Tau in both male and female mice and found that infection increased p-
Tau abundance in Lrrk2 p.G2019S mice in both sexes (Fig. 2.3b). This increased abundance of tau
phosphorylation was not attributed to an increase in total tau protein abundance, as levels of tau
were the same across all treatment groups, genotypes, and sexes when measured via sandwich
ELISA (Fig. 2.3¢). Furthermore, total tau levels did not correlate with reovirus viral titre in the
same brain (Fig. 2.3d).

When we measured aSyn protein abundance using a sensitive sandwich ELISA in
intracerebrally inoculated reovirus T3D infected brains, we did not identify any differences
between wild-type and Lrrk2 p.G2019S mock- or virus-infected brains at 8dpi (Fig. 2.3e), nor any

correlation with reovirus viral titre in the brain (Fig. 2.3f). These data were surprising, as we had
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previously shown that Lirk2 p.G2019S mice had increased aSyn in the brain in response to nasally
acquired reovirus T3D infection at 10dpi (Shutinoski et al., 2019); in the latter samples, we saw a
significant positive correlation between viral titre and aSyn abundance in the brains of nasally
inoculated mice (P=0.00035) (Supp. Fig 2.1a). In parallel, we also found a significant positive
correlation between tau abundance and viral titre in nasally infected brains (P=0.025) (Supp. Fig
2.1b). Taken together, these data suggest that, in a reovirus T3D neonatal mouse model, only a
viral infection that engages peripheral host response(s) appears to significantly alter aSyn and tau

protein abundance in the brain, which occurs in a viral titre-dependent manner.
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Fig. 2.3: Phospho-Tau Levels, But Not Total Tau or a-Synuclein Abundance, Are
Significantly Increased After Intracerebral Reovirus T3D Infection In Lrrk2 p.G2019S Mice.
Wild-type and Lrrk2 p.G2019S newborn mouse pups were intracerebrally inoculated with a dose
of 5x10% PFU of reovirus T3D or PBS (mock) and sacrificed at 8dpi. Brains were collected and
homogenized, and phosphorylated tau protein (p-Tau) levels were measured by Western blotting,
whereas total tau (t-tau) and a-synuclein (aSyn) protein concentrations were measured via
sandwich ELISA. Western blot analyses of anti-p-Tau (Ser202, Thr205) (AT8) were measured in
male (top panel) and female (bottom panel) mice (a). Densitometric analyses (measured with
Image Lab) were normalized to internal blot control (not shown) and actin loading control (b).
Pink data points represent female brains and blue data points represent male brains. Tau protein
abundance is displayed for mock and reovirus-infected brains (¢). Tau levels and viral titres did
not show any correlation (Pearson R: -0.16; p-value: 0.551) (d). a-Synuclein protein abundance is
displayed for mock and reovirus-infected brains (e). a-Synuclein levels and viral titres did not
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show any correlation (Pearson R: -0.29; p-value: 0.27) (f). Statistical analysis: ANOVA with Tukey
post-hoc tests, error bars represent mean £ SEM. P-value <0.05 (*), P-value <0.01 (**).

64



Endogenous a-synuclein does not protect against intracerebrally acquired reovirus-induced
encephalitis.

Multiple viruses have been shown to induce increased expression of aSyn, but it remains unclear
whether this is a protective or potentially detrimental response. The antimicrobial properties of
aSyn have been demonstrated following various microbial infections (Park et al., 2016; Beatman
et al., 2015). We have previously demonstrated that endogenous Snca expression reduced the
severity of nasally acquired reovirus T3D infections (Tomlinson et al., 2017). Building on this
knowledge and considering the link we established between reovirus T3D titre and aSyn protein
levels, we further investigated the antiviral properties of aSyn. We performed direct-brain
inoculation of reovirus T3D in Snca™, Snca™, and wild-type littermates. In contrast to nasal,
systemic administration of reovirus T3D, direct-brain inoculation did not result in any genotypic
differences in time-to-death, regardless of sex (» > 10 mice per group) (Fig. 2.4a). Similarly, Snca

expression did not affect viral replication in the brain at 8dpi, regardless of sex (Fig. 2.4b).
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Fig. 2.4: Expression of Murine Snca Gene Does Not Alter Outcomes of an Acute,
Intracerebral Infection by Reovirus-Induced Encephalitis. Newborn wild-type mice, Snca
knockout (Snca™), heterozygous (Snca*), and wild-type (WT) pups were inoculated with a dose
of 5x10? PFU of reovirus T3D via direct brain injection into the left hemisphere. Inoculated pups
were monitored over 14 days for a pre-determined moribund state. Time-to-death is graphically
displayed as percent survival against days post inoculation (DPI), separated based on sex (a). The
n value indicates the sample size of sexes combined. In a second cohort, inoculated pups were
sacrificed at 8dpi and brains were collected for homogenization. Viral titres of the brain were
measured via plaque assay (b). Data are represented in PFU/g, where each symbol represents one
animal. Blue data points indicate male mice (n > 3 per group) and pink data points indicate female
mice (n > 4 per group). Survival curves were statistically analyzed using Mantel-Cox (Log-Rank)
tests and viral titre data were statistically analyzed using one-way ANOVA and Tukey post-hoc
tests. No significant group differences were observed.
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Discussion

Herein, we have produced further evidence to support a role for Lrrk2 in host defences in a
pathogen- and tissue-dependent manner. Specifically, we have demonstrated that even when using
the same pathogen (reovirus T3D), the effect of allelic variants in Lrrk2 (p.G2019S and p.D1994S)
on acute disease outcomes depends on the inoculation site of infection, and therefore on the
particular engagement of both the peripheral and the brain-specific immune response. In our
previous report, we observed that nasal inoculation of reovirus T3D resulted in decreased viral
load but higher mortality in female Lrrk2 p.G2019S mice relative to wild-type mice (Shutinoski
et al., 2019). In the present study, viral tire and time-to-death were not detectably altered by the
Lrrk2 p.G2019S mutation following a direct-brain injection of the same virus in male or female
mice. Similarly, kinase-dead Lrrk2 p.D1994S mice exhibited a survival benefit against nasally-
acquired reovirus T3D encephalitis in our previous studies (Shutinoski et al., 2019); however, this
allele failed to confer protection against intracerebral inoculation of reovirus T3D. These findings
suggest that allelic variants in Lrrk2 modulate the response to, and therefore disease outcomes of,
reovirus T3D-induced encephalitis primarily in the periphery rather than in the brain specifically,
as it relates to brain health.

We have previously concluded that the Lrrk2 p.G2019S mutation was protective against
Salmonella typhimurium, with decreased bacterial burdens in the spleen and extended time-to-
death in female Lrrk2 p.G2019S mice (Shutinoski et al., 2019; Liu et al., 2017). This was attributed
to a pro-inflammatory phenotype exerted by the Lrrk2 p.G2019S mutant, specifically an increase
of reactive oxygen species in both the spleen and brain of infected mutant mice. Neonatal mouse
pups nasally infected with reovirus T3D also had decreased viral titres in the lung and brain at

peak time points, which was again associated with a hyperinflammatory phenotype (increased
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infiltrating myeloid cells to the brain). However, this did not translate to a survival benefit and
instead these Lrrk2 p.G2019S female mice had higher mortality rate compared to wild-type
littermates (Shutinoski et al., 2019). Based on this, we hypothesized that the hyperinflammatory
response initiated by Lirk2 expressed in peripheral cells worsens disease outcomes when the brain
is directly implicated but is protective if/when the infection does not reach the brain (i.e,
Salmonella typhimurium). In the context of reovirus T3D-induced encephalitis, when the
inoculation method bypasses the periphery (direct-brain injection), we no longer see an effect of
allelic variants in Lrrk2 on disease outcomes, again suggesting that peripheral Lrrk2 modulates
disease outcomes in a viral brain infection. Notably, both nasal and intracerebral inoculation of
reovirus T3D resulted in similar symptomology and illness progression, with peak lethality
occurring between 6-10dpi in both models.

This concept that LRRK2 may primarily affect pathogenic disease outcomes in the
periphery rather than in the brain is supported by previous literature. Kozina et al. (2018)
demonstrated that lipopolysaccharide (LPS) treatment in Lrrk2 p.R1441G mice resulted in nigral
neuronal loss, which was attributed to infiltrating peripheral molecules in circulation (i.e.,
cytokines) and not monocyte recruitment to the brain or activated microglia. In a second study,
they demonstrated that LPS could drive dopaminergic neuronal loss in Lrrk2 mutant mice
(p.R1441G and p.G2019S), which was dependent on the presence of peripheral monocytes.
Further, neutralization of peripheral IL-6 prevented this LPS-induced dopaminergic neuronal loss
in Lrrk2 mutant mice (Kozina et al., 2022). This supports the hypothesis that mutations in Lrrk2
may not directly affect the health of dopaminergic neurons but rather exert toxic effects on immune
cells in the periphery, which in turn have secondary deleterious effects on dopaminergic neurons

of the SNpc, thereby promoting PD pathogenesis.
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While our present data do not negate the potential involvement of Lrrk2 in host-defences
in the brain, they suggest that the effects of Lrrk2 allelic variants on brain disease outcomes
following reovirus-T3D-induced encephalitis require peripheral engagement of the immune
response that are Lrrk2-dependent. Functional and morphological changes of microglia following
direct brain inoculation were not investigated in the present study but would be informative for
understanding cellular changes and potential Lrrk2 phenotypes within the brain in the absence of
overt effects on acute disease outcomes, as numerous studies have highlighted a role for Lrrk2 in
microglia following infections both in vivo and in vitro (Dwyer et al., 2020; Panagiotakopoulou et
al., 2020; Moechle et al., 2012).

Most compellingly, we identified a rise in phosphorylated tau protein in the brain, that was
both dependent on the reovirus T3D infection and on the Lrrk2 p.G2019S mutation. In LRRK2-
linked cases of Parkinson’s disease, the presenting brain pathology is variable. Many patients
present with the hallmark aSyn aggregates; however, many also present with tau pathology
(Henderson et al., 2019). The rise of p-Tau protein abundance was independent of a rise in total
tau, indicating an increase in phosphorylation of tau (or decrease in tau phosphatase activity). Tau
phosphorylation is reportedly heightened during other viral infections, including SARS-CoV-2 and
murine hepatitis virus, and upon treatment of the bacterial mimic, LPS (Di Primio et al., 2023; Sy
etal., 2011; Bhaskar et al., 2010). Importantly, our p-Tau measurements occurred at post-natal day
9 (eight days after inoculation) and tau is known to be phosphorylated during fetal and post-natal
development (Goedert et al., 1993). Neonatal tau isoform expression shifts around post-natal day
9, and post-natal tau phosphorylation begins to decrease (Tuerde et al., 2018). Therefore, the tau
phosphorylation we have identified should be indicative of a viral infection effect. However, it is

possible mechanistically that the viral infection is preventing phosphatase activity on tau that was
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already developmentally phosphorylated as opposed to driving de novo tau phosphorylation. This
mechanism has yet to be elucidated in our studies; however, a potential lead is presented by Sy et
al. (2011), who have attributed the tau hyperphosphorylation caused by mouse hepatitis virus to
increased GSK-3p activity.

Moreover, numerous studies have illustrated a potential role for Lirk2 in promoting
phosphorylation of tau (Hamm et al., 2015; Kawakami et al., 2014), with one study showing the
ability of Lrrk2 to directly phosphorylate tau in vitro (Bailey et al., 2013). However, it is not
concretely evident that Lrrk2 can phosphorylate tau in vivo, nor specifically in response to stressor
such a viral infection; therefore, we hypothesize that Lrrk2 acts indirectly and upstream of tau
phosphorylation.

Notably, the accumulation of phosphorylated tau tangles following viral infections has
been well established, specifically in the case of subacute sclerosing panencephalitis induced by
measles virus infection (Corselli, 1951; Malamud et al., 1950; Mandybur et al., 1977; Wisniewski
et al., 1991). These patients, of all ages, present with neurofibrillary tau tangles, of which the
morphology observed is similar to that found in both Alzheimer’s disease and chronic traumatic
encephalopathy (Mandybur et al., 1997; Qi et al., 2023). Furthermore, postencephalitic
parkinsonism, a complication of encephalitis lethargic induced by influenza A viral infection that
presents like PD, has been defined as a tauopathy based on the on the presence of widespread
neurofibrillary tau tangles (Geddes et al., 1993). Interestingly, cases of postencephalitic
parkinsonism seemingly lack aSyn pathology (Jellinger, 2009).

LRRK?2 mutations have also been linked to classical tauopathies, namely progressive
supranuclear palsy (PSP) and corticobasal degeneration (Sanchez-Contreras et al., 2017).

Intriguingly, in some families, the same LRRK2 mutation in one family member manifested as PD
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and in another, manifested as PSP (Zimprich et al., 2004; Spanaki et al., 2006; Rajput et al., 2006).
These data highlight an important link between LRRK?2 and the development of tau neurofibrillary
tangles (Herbst et al., 2022).

Despite identifying a change in levels of phosphorylated tau protein, we did not identify a
change in levels of total tau protein or total aSyn protein. A limitation of this study is that we did
not investigate levels of phosphorylated aSyn (at Serine 129), which is pathologically linked to
disease, similar to phosphorylated tau protein. Future studies will also investigate protein
concentrations of phosphorylated aSyn protein.

In light of our findings with Lrrk2, and parallel studies of systemic reovirus T3D infection
of Snca knockout mice, we also investigated the effect of endogenous Snca expression in this viral
model. Our previous research revealed that Snca knockout mice exhibited decreased survival in
response to nasally induced reovirus T3D-encephalitis (Tomlinson et al., 2017). In our present
study, we demonstrate that the disease outcomes following direct-brain inoculation of reovirus
T3D were independent of the presence of endogenous aSyn. This highlights a role for aSyn in an
immune response outside of the brain. Beatman et al. (2013) demonstrated that increased
expression of aSyn enhanced survival against a peripheral West Nile virus infection. Furthermore,
recent work by Alam et al. (2022) demonstrated that aSyn is induced and secreted in the peritoneal
cavity following intraperitoneal injection of the inflammatory inducer bacterial peptidoglycan.
They show that aSyn knockout mice exhibit decreased leukocyte recruitment and reduced
activation of adaptive immune cells, suggesting a role for aSyn in normal inflammatory response
to pathogens (Alam et al., 2022). Our findings align with these observations and suggest that aSyn

may function as an antimicrobial protein. Collectively, our results, coupled with our previous
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publication, support the notion that aSyn predominantly contributes to immunity in peripheral
tissues.

A notable limitation of our study is the severity of the intracerebral inoculation method,
which may be too fulminant to reveal time-to-death differences between genotypes. This cannot
be addressed by using a lower dose, as the lethal dose of reovirus T3D directly given to the brain
is 10! PFU in the suckling mouse brain (Spriggs and Field, 1982; Virgin et al., 1988). Nonetheless,
we performed a pilot assay with 50 PFU and still observed 100% lethality (data not shown).
Importantly, there is no lethality in mock infected mice. This model may lack the sensitivity to
detect the effect of Lrrk2 mutations in this severe process in contrast to our prior nasal infection.
However, previous literature has identified that caspase-3 knockout mice were partially rescued
against the same intracerebral infection model presented here (strain and dose) in mice of the same
background, indicating that this model can be sensitive enough to detect survival disparities
between genotypes (Beckham et al., 2011). To further address this concern, we inoculated a
separate cohort of Lrrk2 p.D1994S mice intracerebrally at 3 days post-inoculation to allow for
further brain development and immune system maturation, and to investigate whether delayed
development might prolong the time-to-death. Once again, the time-to-death was nearly identical
to that of mice infected at postnatal day 1 and no differences between genotypes were revealed
(Supp. Fig. 2.2).

Here, we employed the established reovirus T3D infection model (Gauvin et al., 2013) to
induce an acute viral infection in neonatal pups and directly examine the innate immune response.
Neonatal pups were chosen because they do not possess a fully mature adaptive immune system
until four weeks of age (Landreth, 2002). Moreover, our previous research has demonstrated

measurable expression of both Lrrk2 and Snca in mouse brains during these early developmental
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stages (Shutinoski et al., 2019; Tomlinson et al., 2017). Nonetheless, a limitation of this study is
the use of neonatal pups, as they have not yet reached critical developmental stages. Assessment
of Lrrk2- and a-synuclein- anti-viral properties in adult mice will allow us to investigate their role
in a mature immune system and allow us to assess multiple critical factors, including age as a
determinant in disease progression, development beyond puberty and the influence of sex
hormones, and the maturation of the adaptive immune response. In addition to this, given the
pathogen-dependent nature of the disease genes studied here, testing of different types of viruses,
such as DNA vs. RNA (including those with double-stranded vs. various single-stranded genomes),
in the context of Snca and Lrrk2 mutants is warranted.

This study, in conjunction with our previous publications (Shutinoski et al., 2019;
Tomlinson et al., 2017), suggests that two PD-associated genes, Lrrk2 and Snca, play a role in host
defense against reovirus T3D-induced encephalitis primarily in the periphery rather than in the
brain-restricted immune response. These findings contribute to the increasing body of evidence
indicating that both Lrrk2 and aSyn may have physiological roles outside of the brain. Therefore,
consideration of the peripheral aspects in the initiation of PD are critical. This work highlights
potential roles for both Snca and Lrrk2 in the peripheral immune response to viral infections, and

the critical role of the peripheral immune system to protect the brain following infections.
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Supplemental Fig. 2.1: a-Synuclein and Total Tau Protein Abundance Are Both Correlated
to Reovirus Viral Titres in the Brains of Nasally Inoculated Mice. Newborn mouse pups were
nasally inoculated with one LDso of reovirus T3D and sacrificed at 10 or 11dpi. Brains were
collected and homogenized. From the same brain lysates, viral titre (PFU/g) was measured via
plaque assay, and two Parkinson disease-linked proteins, i.e., a-synuclein and total tau, were
measured via sandwich ELISA (as previously published: Shutinoski et al., 2019). a-Synuclein
levels and viral titres were significantly positively correlated (Pearson R: 0.54; p value: 0.00035)
(a). Tau concentrations and viral titres were also significantly positively correlated (Pearson R:

0.39; p value: 0.025) (b).
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Supplemental Fig. 2.2: Inoculation at Post-Natal Day 3 Does Not Uncover Genotypic
Differences in Time-To-Death Between Wild-Type, Heterozygous, or Homozygous Lrrk2
p-D1994S Mutant Mice. Heterozygous Lirk2 p.D1994S breeders were paired, and mice aged
post-natal day 3 were inoculated with a dose of 5x10? PFU of reovirus T3D via direct-brain
injection into the left hemisphere and monitored for time-to-death. Inoculated pups were
monitored over 14 days for a pre-determined moribund state. Time-to-death is graphically
displayed as percent survival against days post inoculation (DPI), separated based on sex (a). The
n value indicates the sample size of sexes combined. Survival curves were statistically analyzed
using Mantel-Cox (Log-Rank) tests. No significant group differences were observed.
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Abstract

Mutations in the Parkinson’s disease (PD)-linked Lrrk2 gene have been shown to modulate
immunological responses by mammalian hosts. We asked whether the kinase activity of Lrrk2
alters neurodegeneration-linked pathological outcomes in the brain of animals that survived a
nasally acquired, viral infection. We inoculated adult mice with one oftwo RNA viruses: vesicular
stomatitis virus (VSV), causing encephalitis; and influenza A virus (serotype HINT1), leading to
pneumonitis without brain infection. We found that the Lrrk2 p.G2019S mutation significantly
decreased survival rates of homozygous female (but not male) mice following VSV infection, but
not after HIN1 infection. Surprisingly, female homozygous Lrrk2 p.G2019S mice also showed
less microglial activation in the brain upon VSV infection than did males. We did not observe any
genotypic differences in VSV titres, or for any of 44 cytokines/chemokines screened during the
acute stage of infection (i.e., 6 days post inoculation). Intriguingly, 6 weeks post inoculation the
levels of H,O» and protein nitrotyrosination were increased in both viral infection models. At the
same time point, both viruses had led to a significant rise in phosphorylated tau protein in the brain,
which appeared to be stronger in Lrrk2 p.G2019S mice compared to wild-type animals; however,
total tau concentrations remained unchanged. At 6 weeks post inoculation, total a-synuclein levels
in the brain were significantly lower following VSV inoculation but remained elevated after HIN1
infection. Our collective results demonstrate variable pathological outcomes in adult mice that
survive nasally acquired, viral infections. They also highlight the complexity of interactions
between specific environmental pathogens, cell types, allelic variants (such as in Lrrk2), and sex.
We identify in tau hyperphosphorylation and elevated o-synuclein a shared outcome of
pneumonitis by influenza A virus, which may be of relevance for the risk of late-onset disorders

of the brain.
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Introduction

Parkinson’s disease (PD), a complex neurodegenerative motor disorder, is increasing in
prevalence, yet the etiology of the disease remains elusive. It is thought that PD is caused by a
complex interplay between genetics, environmental triggers, and ageing (Schlossmacher et al.,
2017). Pesticide exposure, contact with neurotoxins, prior head injuries, rural living, and
agricultural occupations have all been listed as environmental risk factors for PD (reviewed in:
Kalia and Lang, 2015). Similarly, a multitude of genetic variants have been identified and
attributed to PD, including mutations in LRRK2, which account for ~2% of cases with
parkinsonism (Marras et al., 2016). Mutations in this gene confer risk for both familial and sporadic
forms of PD, but the mechanism of disease remains elusive. Notably, there is incomplete
penetrance associated with these mutations, with the most common variant, p.G2019S, having as
low as 28% in penetrance rate at 59 years (Healy et al., 2008). This suggests that disease
manifestation in LRRK2-genetically susceptible individuals may require a second, possibly
environmental, trigger, which we and others have suggested may be microbial in nature (Hawkes
et al., 2007; Hakimi et al., 2011). Intriguingly, LRRK2-PD exhibits pleiotropic brain pathology.
Human cohorts have shown that about half of LRRK2-PD cases present with typical a-synuclein
pathology; whereas another subset of LRRK2-PD patients present with tau-linked pathology,
including tau hyperphosphorylation (and lack a-synuclein-positive deposits); in rare families, there
can be pleomorphism even within the same pedigree (Henderson et al., 2019; Kalia et al, 2015;
Zimprich et al., 2004; Rajput et al., 2006 ).

Notably, mutations in LRRK?2 have also been linked to Crohn’s disease, a leprosy variant, and
systemic lupus erythematosus (Hui et al., 2018; Fava et al., 2016; Zhang et al., 2017). Each of

these diseases are characterized by chronic, dysregulated inflammation. The shared risk locus
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between these four diseases raises the issue of whether an evolutionarily preserved function of
LRRK2 is the regulation of immune responses. Not only is LRRK2 much more highly expressed
in the periphery (i.e., lung and kidney) than the brain, but LRRK2 is also more abundant in cells
of the immune system, particularly neutrophils, monocytes, and macrophages, than in neurons
(Hakimi et al., 2011; Galter et al., 2006). Further, Lrrk2 can be upregulated by pathogens and
infectious agents as well as inflammatory signals, such as IFN-y and NF-kB, suggesting that
LRRK?2 is involved in pathogen defense pathways and inflammation (Gardet et al., 2010; Hakimi
et al., 2011). Recently, it has been demonstrated that Lirk?2 is involved in the STING pathway and
plays a critical role in the transition from innate to adaptive immune responses under pro-
inflammatory conditions (Fahmy et al., 2023).

Several studies demonstrated an effect of Lrrk2 on live bacterial pathogens, at times in opposite
directions. Hértlova et al. (2018) found that Lrrk2 knockout and Lrrk2 kinase-inhibited
macrophages exhibited improved control of Mycobacterium tuberculosis infection. However, this
enhanced control was only observed in the early stage of disease. Liu et al. (2017) showed that
Lrrk2 knockout mice had increased Salmonella typhimurium burden, while Lrrk2 p.G2019S mice
had decreased burden due to NLRC4 inflammasome activation. Furthermore, our team has shown
that Lrrk2 p.G2019S-expressing mice have extended survival and decreased bacterial burden
following Salmonella typhimurium infection (Shutinoski et al., 2019). Finally, Feng et al. (2020)
observed increased TNF-a and IL-1p levels in Lrrk2 p.R1441G mice following Porphyromonas
gingivalis infection, which causes chronic periodontitis.

As the role of Lrrk2 has been studied in the context of multiple bacterial pathogens, we
previously investigated the role of Lrrk2 in response to viral infections. We have previously

demonstrated that disease outcomes following nasal inoculation by reovirus type 3 Dearing (T3D)
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were perturbed by allelic variants of Lrrk2 in neonatal mice (Shutinoski et al., 2019). Further, we
are informed by epidemiological data, such as the 1918 influenza pandemic, which was caused by
influenza A virus serotype HIN1 (herein called HIN1). Infections correlated with an increase in
Economo’s disease, a form of post-infectious parkinsonism (Jordan, 1927; Birkmayer and
Hornykiewicz, 1961). Similarly, infants born during the 1918 pandemic had a two-to-three-fold
increased risk of developing PD later in life (Martyn, 1997). More recently, a positive influenza
exposure history (up to ten years prior) has been linked to an elevated incidence of PD (Cocoros
et al., 2019). In mice, infection with highly pathogenic avian influenza serotype HSN1 was able to
induce a-synuclein aggregation and dopaminergic neuronal cell loss in wild-type mice following
a nasal inoculation paradigm (Jang et al., 2009). Overall, post-acute sequalae are being recognized
as a common feature of acute infectious disease in general, including infections from SARS-CoV-
2, influenza, and respiratory syncytial virus (Hirschenberger et al., 2021; Vivaldi et al., 2023; Liu
et al., 2023; Ubamadu et al., 2024).

Here, we investigated the outcome of allelic variants in Lrrk2 following viral infection of two
distinct RNA viruses on disease outcomes and brain pathology in adult C57Bl/6J mice. We
hypothesized that viral infections could lead to sustained alterations in the levels of multiple
neurodegeneration-linked markers in the brain. Furthermore, we hypothesized that the kinase-
activity of Lrrk2 could perturb disease outcomes following these viral infections. To test this, we
employed two types of RNA viruses: vesicular stomatitis virus (VSV), a neurotropic virus causing
encephalitis; and influenza A virus, serotype HIN1, leading to a pulmonary infection. We found
that the Lrrk2 p.G2019S mutation could perturb disease outcomes after viral infection in a

pathogen-specific manner with a female sex bias. Second, both viral infections led to sustained tau
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hyperphosphorylation and increased oxidative stress in the brains of surviving mice as late as six

weeks post inoculation.

Methods

Mouse Colonies

All mouse colonies were maintained on a C57BL/6J background. Colonies were maintained with
heterozygous breeding pairs. Animal experiments were performed under Canadian Councils on
Animal Care guidelines and approved by the Ethics Board of the Animal Care Committee at the
University of Ottawa. Experiments involving viral infections were done in a containment level 2
biohazard animal facility. Lrrk2 p.G2019S mice and Lirk2 p.D1994S mice are described in Herzig
et. al. (2011). Both female and male mice were used in this study and are indicated within each

figure.

Nasal Infection with Vesicular Stomatitis Virus

Wild-type Indiana strain Vesicular Stomatitis virus was obtained from Dr. Earl Brown (University
of Ottawa) (Stojdl et al, 2003). Mice aged 8-10 weeks were anesthetized with 3% isoflurane in O2
at 1 L/m for 1 minute and a dose of 3x10* plaque forming units (PFU) VSV (Indiana strain) diluted
in 50uL PBS was administered to the nostrils of anesthetized mice. Mice were observed for 14
days post inoculation (dpi) for survival studies. They were weighed from 4-14dpi and monitored
twice daily. Mice were considered endpoint as a result of encephalitis, characterized by a moribund
state, hind limb paralysis, and inability to walk or a loss of 30% body weight regardless of lack of
other symptoms. Mice that survived the acute viral infection (evident by survival at 14dpi) were

aged for four subsequent weeks (to a total of 6 weeks post inoculation [wpi]).
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Nasal Infections with Mouse-Adapted Influenza A HIN1

Mouse-adapted Influenza A HIN1 (A/Fort Monmouth/1/1947) was obtained from Dr. Earl Brown
(University of Ottawa) (Brown, 1990). Adult mice aged 4-7 weeks were anesthetized with 3%
isoflurane in O at 1L/m for 1 minute. A dose of 2x10° PFU of MA-FM Influenza A HIN1 diluted
in 50uL PBS was administered to the nostrils of anesthetized mice which induced severe
pneumonitis in all infected animals to result in 50% lethality. Monitoring, endpoint, and timelines

were exactly as described for VSV infections.

Vesicular Stomatitis Virus Plaque Assay

Mice nasally infected with 3x10° PFU of VSV were sacrificed at 6dpi, perfused, and hemibrains
were collected and snap frozen. For viral titre analysis, frozen hemibrains were homogenized in
PBS (3:1; ul PBS:mg tissue) using metal beads and Magna Lyser machine (Roche) at maximum
speed for 10 seconds. Samples were then put through one freeze-thaw cycle to further lyse the
cells. L929 cells were plated in 6-well culture plates to 90% confluency. Homogenate samples
were centrifuged at 5,000RPM and supernatants were serial diluted (10-fold, v:v) in serum-free
DMEM media (Millipore Sigma) and 100uL was overlayed per well. Cells overlayed with viral
suspensions were incubated at 37°C at 5% CO: for one hour, with rocking every 15 minutes to
ensure even distribution among cells. After one hour, cells were overlayed with 2mL of a 1:1
mixture of 1% agarose and 2xDMEM (Gibco, Thermo Fisher Scientific) supplemented with 10%
FBS. Cells were incubated at 37°C at 5% CO: for 24 hours. The next day, cells were stained with
ImL of Carnoy’s fixative solution (methanol:acetic acid, 3:1) and incubated for one hour at room
temperature. Cell overlay was removed under running tap water and cells were stained with

Coomassie blue solution (0.1% Coomassie Brilliant Blue, 20% methanol, and 10% acetic acid)
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and incubated for 30 minutes at room temperature with gentle rocking. Coomassie stain was
removed, and plaques were counted manually. Viral titre was reported as plaque forming units

(PFU) per gram of tissue.

Influenza A Virus Serotype HIN1 Plaque Assay

Mice nasally infected with 2x10° PFU of Influenza A virus serotype HIN1 were sacrificed at 6dpi
and hemibrains and lungs were collected and snap frozen. For viral titre analysis, frozen lungs
were lysed in PBS (3:1; ul PBS:mg tissue) using metal beads and Magna Lyser machine (Roche)
at a maximum speed for 10 seconds. Samples were then put through one freeze-thaw cycle to lyse
the cells. MDCK cells were plated in 6-well culture plates to 90% confluency. Homogenate
samples were centrifuged at 5,000RPM and supernatants were serial diluted (10-fold, v:v) in
serum-free DMEM media (Millipore Sigma). MDCK cells were washed twice with PBS to remove
all traces of FBS prior to viral overlay. 100puL of each dilution was overlayed per well. Cells
overlayed with viral suspensions were incubated at 37°C at 5% CO; for 30 minutes, with rocking
at 15 minutes to ensure even distribution among cells. After one hour, cells were overlayed with
3mL of a 1:1 mixture of 1.2% agarose and 2xMEM (Gibco, Thermo Fisher Scientific)
supplemented to 0.1lug/mL TPCK trypsin. Cells were incubated at 37°C at 5% CO». Three days
later, cells were stained with ImL of Carnoy’s fixative solution (methanol:acetic acid, 3:1) and
incubated for one hour at room temperature. Cell overlay was removed under running tap water
and cells were stained with Coomassie blue solution (0.1% Coomassie Brilliant Blue, 20%
methanol, and 10% acetic acid) and incubated for 30 minutes at room temperature with gentle
rocking. Coomassie stain was removed, and plaques were counted manually. Viral titre was

reported as plaque forming units (PFU) per gram of tissue.

85



Protein Extraction

Protein was extracted from homogenate samples used for viral titre analyses. Aliquots of
homogenates were treated with 1% Triton- X100, 2X protease inhibitors (Thermo Scientific), and
2X phosphatase inhibitors (Thermo Scientific) and centrifuged at 14,800 RPM for 30 minutes at
4°C. Protein concentrations were determined using a bicinchoninic acid (BCA) assay kit (Thermo

Fisher Scientific).

Cytokine and Chemokine Measurements

Mice nasally infected with 3x10° PFU of VSV were sacrificed at 6dpi and hemibrains and blood
were collected. Blood was collected via cardiac puncture using an uncoated syringe. Blood was
incubated at room temperature for 30 minutes and then centrifuged at 14,800 RPM for 10 minutes
to collect serum. Protein extracts from hemibrain homogenates (Smg/mL) and serum were
measured for cytokine and chemokine abundance using the discovery assay Mouse Cytokine Array

/ Chemokine Array -Plex (MD44) from EVE Technologies (Calgary, AB, Canada).

Neurofilament Light Chain Analysis
Neurofilament Light Chain (NfL) was measured in mouse serum diluted 1:8. NfLL was measured
using Simoa technology by Dr. Ronald Booth and the Eastern Ontario Regional Laboratory

Association (EORLA) located at The Ottawa Hospital (Ottawa, ON, Canada).
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Tissue Preparation: Immunohistochemistry
Mice were euthanized and perfused with PBS. Hemibrains were fixed in 10% formalin for 48
hours and then paraffin-embedded. Blocks were cut into Sum sections starting from the midline

and mounted onto slides.

Immunohistochemistry

Slides were deparaffinized in Citrisolv (Decon Labs, Inc.) and rehydrated through a series of
decreasing ethanol concentrations. Endogenous peroxidase activity was quenched with 0.3%
hydrogen peroxide in methanol, followed by heat-induced antigen retrieval with citrate buffer, pH
6.0. To block non-specific binding, slides were incubated in 10% goat serum (Vector Laboratories)
for 30 minutes at room temperature. Sections were incubated overnight at 4°C in primary
antibodies. Primary antibodies used: anti-Ibal (1:2000) (Wako, 019-19741) and anti-cleaved
caspase-3 (1:1500) (Cell Signalling, 96645). Biotinylated, secondary antibody anti-mouse or anti-
rabbit IgG (H + L), made in goat (Vector Labs, BA-9200 or BA-1000) was diluted to 1:225, and
sections were incubated for 90 minutes at room temperature. The signal was amplified with
VECTASTAIN® Elite® ABC HRP Kit (Vector Labs) for 90 minutes at room temperature and
visualized using 3'3-diaminobenzidine (Sigma). Samples were counterstained with Harris’
Modified Hematoxylin stain and dehydrated through a series of increasing ethanol concentration
solutions and Citrisolv. Permount Mounting Medium (Fisher Scientific) was used for mounting,

and developed slides were dried before visualization.
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Quantification of Microglial Morphological Parameters

Fiji (ImageJ 2) version 2.14.0 was used to analyze and quantify Z-stack images generated from
scanning the stained slides utilizing an axioscanner at x20 at Louise Pelletier Histology Core. The
computational protocol for analyzing microglial phenotype in brain sections can be found on
protocols.io: Zahr Eddin (2024), Fiji-based quantification of glial parameters from IHC-stained

mouse brain sections.

ELISA Quantification of a-Synuclein and Tau

Lysates were measured for total a-synuclein using sandwich ELISA as described previously
(Shutinoski et. al., 2019; Mollenhauer et al., 2008). a-Synuclein protein concentrations were
normalized to total protein concentration. Total murine tau protein abundance was measured with

the Tau (Total) Mouse ELISA Kit (KMB7011, Invitrogen).

Western Blotting

Protein samples (40pg) were combined with 1X NuPAGE™ LDS Sample Buffer (NP0007,
Thermo Fisher Scientific), boiled for 5 minutes at 95-100°C, and then electrophoresed under
reducing (5% PB-mercaptoethanol) conditions on 4-12% gradient SDS gels in MES 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% milk), anti-phospho-tau (Ser202, Thr205) monoclonal antibody (ATS8) (MN1020, Thermo
Fisher Scientific, 1:500 in 5% milk), anti-nitrotyrosine (96918, Cell Signalling), and anti-total tau
a.a.210-241 (MAB361, EMD Millipore). All Western blots were imaged using BioRad ChemiDoc

Imager and densitometric based signal quantification was done using Image Lab (version 6.1.0)
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(2020 BioRad Labratories, Inc.). For Western blotting of nitrotyrosination, 75ug protein samples
were prepared and run under non-reducing conditions. These were imaged using film and
densitometric analyses was done via ImagelJ. Nitrotyrosine blots were normalized to Ponceau S

staining for total protein.

Quantification of Reactive Oxygen Species

For H»O, quantification in tissues, Amplex® red hydrogen peroxide/peroxidase assay kit
(Invitrogen, A22188) was used to monitor endogenous production of H,O>. Hemibrain were lysed
in PBS, as described above. Homogenate samples were then diluted in assay reaction buffer 1:10.
A serial dilution of the H,O, standard provided was prepared (20, 10, 2 and 0 puM). 50 pL of
standards and samples were plated in a 96 well black plate with clear flat bottom. The reaction was
started by the addition of 50uL working solution which consist of 1x reaction buffer, Amplex®
red and horseradish peroxidase. The plate was incubated at room temperature for 30 minutes
protected from light. A microplate reader was used to measure absorbance at 560 nm. The obtained

H>0: levels (uM) were normalized to the tissue weight (g).

Statistical Analyses
All statistical analyses were performed using GraphPad Prism version 8 (GraphPad Software, San

Diego, CA, USA, www.graphpad.com). Differences between groups in survival assays were

assessed using the log- rank (Mantel-Cox) test. Differences between groups of three or more were
assessed using one-way ANOVA with Tukey’s post-hoc tests. Differences between two groups

were assessed using unpaired student t-test. Data are shown as mean + SEM where applicable and
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as described in the figure legends. Data are displayed with P values represented as *P <0.05,

**¥P<0.01, ***P<0.001.

Results
Lrrk2 p.G2019S female mice are worse off following a neurotropic VSV infection, but not as a
result of a pneumotropic HINI infection.
To better understand the role of Lrrk2 in host responses against viral infections, we sought to
identify the effects of two distinct RNA viruses on disease outcomes in a Lrrk2 p.G2019S mouse.
We first employed VSV, a neurotropic virus, which causes fatal encephalitis as the cause of death
(Fig. 3.1). Adult mice aged 8-10 weeks were nasally infected with a previously established LDso
dose (3x103 PFU) in wild-type mice in a cohort of combined sexes. Survival and weight (as a
proxy of disease severity) were measured daily for 14dpi, in both female (Fig. 3.1a, b) and male
(Fig. 3.1¢c, d) mice. We identified a significant survival difference in female mice, whereby Lrrk2
p-G2019S homozygous mice had higher mortality than both heterozygous and wild-type mice (P
<0.05). No difference in survival rates was identified in male Lrrk2 p.G2019S mice. We observed
an overall sex bias in survival following VSV infection, male wild-type mice showed a survival
rate of ~50% at this dose whereas female wild-type mice showed an increased survival rate of
~80%; which is consistent with other findings in our lab (Lunn, Hake-Volling, in prep).
Interestingly, Lrrk2 p.G2019S homozygous female mice had the same survival rate as all male
mice, suggesting that at least one wild-type allele in female mice may confer protection against
VSV infection.

We next measured viral titre in the brain, to identify whether the increased mortality in

female Lrrk2 p.G2019S mice was linked to a higher viral burden during the timepoint of peak
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sickness, 6dpi (Fig. 3.1e). There was no difference in viral titre between any groups, therefore
suggesting that viral titre alone is not linked to the increased mortality seen in the Lrrk2 p.G2019S
female mice. Next, we measured viral titre in whole brains collected from moribund mice to
investigate whether the viral titre required at time of death differed between genotypes (Fig. 3.1f).
We did not identify any significant differences between groups; however, there was increased
variance in the viral titre at time of death (based on moribund state) in carriers of the Lrrk2
p-G2019S allele than in wild-type mice.

To study the role of Lrrk2 principally in the periphery, we next employed a non-neurotropic
virus in Lrrk2 p.G2019S mice (Fig. 3.2). Influenza A virus, serotype HIN1 has lung tropism and
can cause fatal pneumonitis in mice at specific doses. Notably, Lrrk2 is highly expressed in the
lungs (Shutinoski et al., 2019; Herzig et al., 2011). Adult mice aged 4-6 weeks were nasally
infected with a previously established LDso dose (2x10? PFU), and survival and weight were
measured for 14dpi in female (Fig. 3.2a, b) and male (Fig 3.2¢, d) mice. In contrast to the VSV
infection, we did not identify any differences between genotypes in the survival rates of these mice.
However, female mice had overall higher mortality than male mice, which is consistent with
previous reports for this mouse strain (Sabikunnahar et al., 2022). Similarly, there were no
significant differences between genotypes in initial weight loss or subsequent weight gain across
genotypes. To further probe the acute outcomes of HINI infection, we measured the viral titre in

the lungs at the peak of viral infection, 3dpi (Fig. 3.2e), and saw no differences between genotypes.
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Fig. 3.1: Homozygous Female Lrrk2 p.G2019S Knock-in Mice Lose Sex-Specific Survival
Benefit from Encephalitis Following Nasal Inoculation with Vesicular Stomatitis Virus.
Adult mice (8-10 weeks) were nasally inoculated with a dose of 3x103 PFU of vesicular stomatitis
virus (VSV) and monitored daily for a predetermined moribund state to measure survival,
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including weight (a-d) or sacrificed at 6 days post inoculation (p.i.) to measure viral titres in the
brain (e). Survival is displayed as percent survival against days p.i. (a, ¢); weights are shown in
percent of initial body weight against days p.i. (b, d). All data sets are separated for female mice
(a, b) and male mice (¢, d). Number of animals for each genotype in survival analyses is as
indicated. Viral titres were measured in the brain at 3dpi (e) or in brains collected at time of humane
endpoint (f) via plaque assay, where each symbol represents one animal. Error bars represent mean
+ SEM. Statistical tests used: log rank (Mantel-Cox) test for survival curves; one-way ANOVA
for viral titre analysis. P-value <0.05 (*).
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Fig. 3.2: Expression of Lrrk2 p.G2019S Knock-in Alleles Does Not Alter Survival, Weight
Change, or Viral Titres in the Lungs of Mice Nasally Inoculated with Influenza Virus, HIN1.
Adult mice (5-7 weeks) were nasally inoculated with a dose of 2x103 PFU of influenza A virus
(serotype HIN1) and monitored for a predetermined moribund state to measure survival and
weight (a-d) or sacrificed at 2 days post inoculation (p.i.) to measure viral titres in the lungs (e).
Survival is graphically displayed as percent survival against days p.i. (a, ¢), and weights are shown
as percent of initial body weight against days p.i. (b, d). All data sets are separated for female mice
(a, b) and male mice (¢, d). Number of animals for each genotype in survival analyses is as
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indicated. Viral titres were measured in the lung (e) at 2dpi via plaque assay, where each symbol
represents one animal. Error bars represent mean + SEM. Statistical tests used: log rank (Mantel-
Cox) test for survival curves; one-way ANOVA for viral titre. No significant differences were
found.
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Wild-type Lrrk2 kinase activity is not required for host defences against VSV or HINI infection.
Given that the Lrrk2 hyper-kinase mutant, p.G2019S, caused homozygous female mice to be worse
off in the context of VSV infection, we next employed this infection model in mice harboring the
Lrrk2 kinase-dead mutation, p.D1994S; this, to test whether the observed phenotype was Lrrk2
kinase-specific (Fig. 3.3). We found that both male and female Lrrk2 p.D1994S homozygous and
heterozygous mice had the same survival rate as wild-type mice following VSV infection (Fig.
3.3a-d). Similarly, loss of Lrrk2 kinase activity did not alter survival outcomes following HIN1
infection (Fig. 3.3e-h). These data suggested that wild-type Lirk2 kinase activity was not essential
in host responses against VSV or HINI infections and suggested a (toxic) gain-of-function role

for the Lrrk2 p.G2019S hyper-kinase mutation to underlie the lesser VSV survival response.
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Fig. 3.3: Mice Expressing Kinase-Dead Lrrk2 p.D1994S-Knock-in Alleles Show the Same
Survival Rates as Wild-type Mice After Nasal Inoculation with VSV or HIN1. Adult mice
were nasally inoculated with either a dose of 3x10° PFU of VSV (a-d) or a dose of 2x10° PFU of
influenza A virus (serotype HINI1) (e-h), as in Figs. 1 and 2, and monitored daily for a pre-
determined moribund state. Survival is graphically displayed in percent survival against days post
inoculation (p.i.) with VSV (a, ¢) or with HINI (e, g); weights are displayed as percent of initial
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body weight against days p.i. for VSV (b, d) and HIN1 (f, h). All data sets are separated for female
mice (a, b, e, f) and male mice (¢, d, g, h). Sample sizes for each genotype are as indicated. Error
bars represent mean + SEM. Statistical test used: log rank (Mantel-Cox) test for survival curves.
No significant differences were found.
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Lrrk2 p.G2019S mice have the same cytokine and chemokine profile as wild-type mice following
VSV infection.

As we observed a significant detrimental effect of the Lrrk2 p.G2019S mutation on survival
outcomes following nasal VSV infection in female mice, we next investigated several potential
underlying causes. We posited that an altered inflammatory response may be contributing to the
survival phenotype. Hence, we measured the abundance of 44 cytokines and chemokines using
multiplex ELISA in the sera and brain homogenates of VSV-infected mice at 6dpi. Four cytokines
of interest are presented in Fig. 3.4, constituting three pro-inflammatory cytokines (IL-6, TNF-a,
IL-1B) and one anti-inflammatory cytokine (IL-10). The remainder of the analyzed cytokines can
be found in Suppl. Fig. 3.1 (data from brain homogenates) and in Suppl. Fig. 3.2 (data from sera).
In both brain homogenates (Fig. 3.4a) and sera (Fig. 3.4b), we did not identify any significant
differences between wild-type and Lrrk2 p.G2019S heterozygous or homozygous mice, in male or
female mice. However, we did identify a significant sex difference in IL-6, whereby male Lrrk2
p-G2019S mice had significantly higher levels of the pro-inflammatory marker in their sera than
female Lrrk2 p.G2019S mice (P = 0.0471).

We next asked whether Lrrk2 p.G2019S female mice had more severe neuronal damage
due to the CNS infection than their wild-type littermates. We therefore quantified neurofilament
light chain (NfL) in the sera of mock-inoculated and VSV-infected mice at 6dpi (Fig. 3.4¢). NfL
is a cytoskeletal component that is found exclusively in the axons of neurons, and therefore, the
presence of NfL in peripheral sera is an indicator of neuroaxonal damage (Dietmann et al., 2023).
We did not identify any significant infection- or genotype-dependent differences, even when
pooling all mock samples and all VSV-infected samples independent of genotype, indicating that

NfL did not appear at detectable levels yet in sera in response to VSV infection at 6dpi (data not
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shown). Taken together, these data suggested the NfL-linked neuronal damage was not a driver

for the observed survival differences in VSV-induced encephalitis.
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Fig. 3.4: Lrrk2 p.G2019S Knock-In Allele-Expressing Mice Do Not Show Altered Cytokine
Signalling in the Brain or Serum or Detectable Neurofilament Difference in the Serum When
Compared to Wild-type Mice Following VSV Infection. Adult mice (8-10 weeks) were nasally
inoculated with a dose of 3x10° PFU of VSV and sacrificed at 6 days post inoculation. Multiplex
ELISA was used to measure an array of cytokines and chemokines from brain homogenates (a)
and sera (b). Four cytokines of interest are presented here (for other cytokine / chemokine results,
see Suppl. Data). Neurofilament light chain (Nfl) protein abundance was measured via ELISA in
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sera (¢). Data are presented separately for female mice (9) and male mice (). Each data point
represents one biological replicate. Error bars represent mean + SEM. Statistical test used: one-
way ANOVA with Tukey’s post hoc tests. P-value <0.05 (*).
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Female Lrrk2 p.G2019S mice show reduced microglial responses to VSV infection in the
olfactory bulb.

As we observed no significant changes in the previous readouts in the brains of female Lrrk2
mutant, VSV-infected mice at 6dpi, we next investigated the brains and cellular responses using
immunohistochemical analyses. With a sample size of n=7-9 per genotypic group, we first
measured the level of microglial activation state in these samples using the well-established
microglial marker, Ibal (Fig. 3.5, 3.6, 3.7). From Ibal-stained brain slides, we quantified three
properties of microglial morphology across four different brain regions: their average size (Fig.
3.6a, d), percent area positive for Ibal (Fig. 3.6b, e), and microglia perimeter (Fig. 3.6c¢, f); these
parameters were measured in the olfactory bulb (OB) (Fig. 3.5, 3.6), the hypothalamus (Fig. 3.7a),
the hippocampus (Fig. 3.8b), and the occipital lobe of the cortex (Fig. 3¢) in each mouse. These
four regions were chosen as we identified positive Ibal- and VSV-staining in these regions at this
time point in our previous studies (data not shown).

Ibal immunoreactivity was most prominent in the OB (Fig. 3.5); therefore, we probed the
quantification dataset further for sex differences (Fig. 3.6). We first pooled genotypes for mock-
and VSV-infected samples, where we identified a significant infection-dependent rise in microglial
activation in all readouts, as expected (P < 0.01; Fig. 3.6a-c). Notably, the infection-dependent
increase in all three readouts was significant in male Lrrk2 p.G2019S mice (P < 0.05) and trended
towards increase in both male and female wild-type mice. In contrast, female Lrrk2 p.G2019S
mice had the least amount of microgliosis following VSV infection in their OBs, as indicated by
a lack of increase in the VSV-infected mice in each of the parameters quantified.

When quantifying Ibal immunoreactivity in the remaining brain regions of interest, we did

not identify significant differences across the genotype or treatment groups in size of the microglia,
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percent area occupied of Ibal staining, or perimeter in the hypothalamus (Fig. 3.7a), the
hippocampus (Fig. 3.7b), or the occipital lobe of the cortex (Fig. 3.7¢). However, we observed a
slight trend towards an infection-dependent rise in the percent area that was positive for Ibal
signalling in all three regions.

Next, we measured cleaved caspase-3 (CC3) (Fig. 3.8) in the OB as a marker of
programmed apoptosis and a strong indicator of cell death induction. We observed a VSV
infection-dependent effect on CC3 immunoreactivity in infected samples and lack of staining in
mock-treated animals, as expected (Fig. 3.8a-h). The percent area of positive CC3 staining was
quantified and analyzed. Pooling samples based on mock- or VSV-infection independent of
genotype or sex identified a significant increase in CC3 reactivity upon VSV infection (P <0.001;
Fig 3.8i). We separated the data based on genotypes into female (Fig. 3.8j) and male mice (Fig.
3.8k) and found that the VSV-dependent increase in CC3 was significantly increased in male Lrrk2

p-G2019S mutant animals, but not in female mutants (P < 0.001).
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Fig. 3.5: Microscopic Analyses of Microglial Response in Olfactory Bulbs from Mock- and
VSV-Infected Wild-type and Homozygous Lrrk2 p.G2019S Knock-in Mice. Adult mice 8-10
weeks) were infected with either 3x10° PFU VSV (VSV) or PBS (MOCK) nasally and sacrificed
at 6 days post inoculation. Hemibrains were collected, cut along the sagittal plane, and stained for
histological analyses, including with anti-Ibal and counterstained with hematoxylin. All images
shown are from the olfactory bulb at the glomerular layer at 20X magnification. Representative
images from mock- (a-d) and VSV-infected (e-h) mice are shown, for both male and female
animals, as indicated. Sample sizes are n=7-9 per genotypic group. Scale bars: length, 100 um.
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Fig. 3.6: Quantitative Analysis of Microglial Density and Morphology in Mock- and VSV-
Infected Olfactory Bulbs of Wild-type and Homozygous Lrrk2 p.G2019S Knock-in Mice.
Adult mice (8-10 weeks) were inoculated with either 3x103 PFU VSV (VSV) or PBS (MOCK)
nasally and sacrificed at 6 days post inoculation. Hemibrains were collected, serially sectioned,
and stained for histology, including with anti-Ibal. Microscopic image densities of olfactory bulbs
were quantified using ImageJ. Data are presented as: (a, d) average size of microglia expressed in
pixels squared; (b, ) by percentage area occupied by microglia within the analyzed region; and
(c, ) by perimeter of microglial cells measured in arbitrary units. (a-c) Both genotypes (wild-type
and Lrrk2 p.G2019S mice) were pooled to plot infection-dependent effect. (d-f) Data were then
separated based on genotype and presented as female samples only () and male samples only
(). Each data point represents one biological replicate. Sample sizes are n=7-9 per genotype.
Statistical analyses used: unpaired student t-test (a-¢c) and ANOVA with Tukey post-hoc tests for
(d-f). Error bars represent mean = SEM. P-value <0.05 (*), P-value <0.01 (**).
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Fig. 3.7: Quantitative Analysis of Microglial Density and Morphology in Mock- and VSV-
Infected Brain Regions Other Than the Olfactory Bulb of Wild-type and Homozygous Lrrk2
p-G2019S Knock-in Mice. Adult mice (8-10 weeks) were inoculated with either 3x10° PFU VSV
(VSV) or PBS (MOCK) nasally and sacrificed at 6 days post inoculation. Hemibrains were
collected, serially sectioned, and stained for histology, including with anti-Ibal. Microscopic
image densities of indicated regions were quantified using ImageJ. Quantification is demonstrated
in the (a) hypothalamus, (b) hippocampus, and (¢) the occipital lobe of the cortex. Data are
presented for each as: average size of microglia expressed in pixels squared (first column),
percentage area occupied by microglia within the analyzed region (second column), and the
perimeter of microglia measured in arbitrary units (third column). Data presented included female
and male mice combined. Each data point represents one biological replicate. Sample sizes are
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n=7-9 per genotype. Statistical analysis: ANOVA with Tukey post-hoc tests. Error bars represent
mean = SEM. No statistically significant differences were identified between genotypic groups.
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Fig. 3.8: Microscopic Analyses of Cleaved Caspase-3 Reactivity in Olfactory Bulbs from
Mock- and VSV-Infected Wild-type and Homozygous Lrrk2 p.G2019S Knock-in Mice. Adult
mice (8-10 weeks) were inoculated with either 3x10° PFU VSV (VSV) or PBS (mock) nasally and
sacrificed at 6 days post inoculation. Hemibrains were collected, serially sectioned, and stained for
histology, including with anti-cleaved caspase-3. All images shown are from the glomerular layer
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of the olfactory bulb at 20X magnification. Representative images from mock- (a-d) and VSV-
infected (e-h) mice are presented for both sexes, as indicated. Scale bars: 100 um. Images were
quantified using ImageJ. Data are presented as percentage area occupied by positive cleaved
caspase-3 staining with all genotypes pooled (i) and when separated based on genotype and sex in
female mice (j) and male mice (k). Each data point represents one biological replicate. Sample
sizes are n=7-9 per genotypic group. Statistical analyses: unpaired student t-test (i) and ANOVA
with Tukey post-hoc tests for (j, k). Error bars represent mean + SEM. P-value <0.05 (*), P-value
<0.01 (**), P-value<0.001 (***).
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Infections with neurotropic VSV or non-neurotropic HINI lead to sustained elevated oxidative
stress in adult mice six weeks post inoculation.

We next explored the long-term impact of both viruses on the brains of surviving mice and any
potential consequence of Lrrk2 p.G2019S mutation on chronic outcomes. To study this, all mice
that survived either the VSV or HINT infection (survival being determined as living to 14dpi) were
aged for four additional weeks, to a total of 6wpi.

We first measured the levels of oxidative stress in the brain (Fig. 3.9a-e). The abundance
of H2O; in brain homogenates from VSV- or HIN1-infected surviving mice was quantified using
the Amplex® Red assay. In VSV-infected mice, there was a significant, infection-dependent
increase in H>O; abundance in the brain when comparing all genotypes pooled (P < 0.05; Fig.
3.9a). When we separated these data based on genotype, the Lirk2 p.G2019S mice showed
significantly higher levels than their mock-treated littermates (P < 0.05; Fig. 3.9b). Of note, when
separating these data based on sex, the power for significance was lost.

Notably, when measuring H>O> abundance in the brains of H1N1-infected mice, we
continued to see a significant infection-dependent rise (P <0.001; Fig. 3.9¢, d), even though HIN1
does not infect the brain directly. While the increase of H>O levels following HIN1-infection was
only significant in wild-type mice, a strong trend in Lrrk2 p.G2019S mice persisted (P <0.05; Fig.
3.9d). Lastly, we measured levels of H>O; in HIN1-infected Lirk2 kinase-dead p.D1994S mice at
6wpi (Fig. 3.9¢). Again, we found again that H>O> was significantly elevated in wild-type animals
following HIN1-infection, but not in Lrrk2 p.D1994S mutant mice (P < 0.05).

As a secondary measurement of oxidative stress, we investigated protein nitrotyrosination
in protein extracts from the brains of 6wpi VSV- or HIN1-infected brains (Fig. 3.9f-k). In contrast

to H>O2 abundance, which is a reversible form of oxidative stress, protein nitrotyrosination is a
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measurement of irreversible oxidative stress (Bandookwala and Sengupta 2020). Using Western
blotting and densitometric analyses, we first measured protein nitrotyrosination in female (Fig.
3.9g) and male (Fig. 3.9h) mice inoculated with either PBS (mock) or VSV. Surprisingly, female
wild-type mice had a significant decrease in the amount of protein nitrotyrosination following
infection, which was not seen in Lrrk2 p.G2019S female mice or in male mice infected with VSV
(P < 0.05; Fig. 3.9g, h). Of note, we did not observe any significant difference in protein
nitrotyrosination following VSV infection when pooling all genotypes (Fig. 3.9f). In contrast, in
brain protein extracts from mice infected with HINI, we identified a significant infection-
dependent increase in protein nitrotyrosination when pooling all genotypes (P < 0.001; Fig. 3.9i).
When the data were separated based on genotypes, we found the significant increase in protein
nitrotyrosination occurred in male Lrrk2 p.G2019S mice specifically (P <0.05; Fig. 3.9k); further,
a strong trend for increase in protein nitrotyrosination following infection was seen in both wild-
type and Lrrk2 p.G2019S mutant female mice (Fig. 3.9j). We concluded from these results that
viral infections may have variable effects on chronic oxidative stress markers in the brain, which

are influenced by the sex and genotype of the host.

a-Synuclein protein levels are decreased following VSV infection in Lrrk2 p.G2019S mice; but
increased following HINI infection in all mice.

We next examined whether these viral infections could also alter the levels of a-synuclein in adult
animals (Fig. 3.91-p), as we had previously seen a Lrrk2 p.G2019S-dependent increase in a-
synuclein concentration in the brains of nasally-reovirus T3D-infected, newborn mice (Shutinoski
et al., 2019). Unexpectedly, we found that the concentrations of both soluble and insoluble a-

synuclein proteins were significantly decreased in the brain at 6wpi following VSV-infection (P <
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0.001; Fig 3.91) vs. mock-treated mice, as measured in both fractions by an established sandwich
ELISA (Fig. 3.9m, n). When these data were separated based on sex, significance remained in
male mice, but not in female mice (P < 0.05; male data presented in Fig. 3.90; non-significant
female data not shown).

In contrast and unexpectedly, we detected a significant increase in total, soluble o-
synuclein in the brains of mice that had survived an HIN1 infection to 6wpi, when all genotypes
were pooled (P < 0.05; Fig. 3.9p). This significance was lost when we separated the data based on
individual genotypes, or by sex (Fig. 3.9q; data not shown). These data suggested that CNS-based

and peripheral infections can dynamically affect steady-states of a-synuclein in surviving animals.
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Fig. 3.9: Adult Mice that Survived a VSV or HIN1 Infection Show Changes in Oxidative
Stress Markers and a-Synuclein Abundance at 6 Weeks Post Inoculation. Mice were either
nasally inoculated with 3x10° PFU vesicular stomatitis virus (VSV; a, b, f-h, 1-0) or 2x10° PFU of
influenza A virus (serotype HIN1; c-e, i-k, p, q) and monitored for a predetermined moribund
state. Mice that survived past 14 days post inoculation were aged for an additional 4 weeks. Brains
were then collected for biochemical analyses. Brain homogenates were tested with Amplex® Red
assay to measure H,O» levels (a-e). Data are presented as a ratio of concentration of H,O» to the
tissue weight, where each symbol represents one animal for VSV-infected mice with genotypes
pooled (a) or separated by genotype, i.e., WT vs. homozygous Lrrk2 p.G2019S knock-in mutant
(b), HINI-infected mice with genotypes pooled (¢), or separated by genotype (d), and HINI-
infected mice that included homozygous Lrrk2 p.D1994S mutant animals (e). Total protein
nitrotyrosination in hemibrains was measured on non-reducing Western blots and quantified by
ImagelJ (f-k). Total protein nitrotyrosination was normalized to Ponceau S and presented for VSV-
infected mice with genotypes pooled (f) or separated by genotype and sex (g, h), as well as for
HINT1-infected mice with genotypes pooled (i) or separated by genotype and sex (j, k). a-
Synuclein protein concentrations were measured in brain samples via ELISA in 1% Triton X
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extracts (I, m, 0, p, q) and their pellets (2% SDS; n). Data are presented for TXS-extracted samples
from VSV-infected mice with genotypes pooled (1) or separated based on genotype (m) as well as
in SDS-extracted samples from VSV-infected mice separated by genotype (n). TXS-extracted
VSV-infected samples for males only is displayed (0). TXS-extracted samples from HIN1-infected
mice are shown with genotypes pooled (p) or separated by genotype (q). Each symbol represents
one animal. Data sets are separated by female (9) and male () samples, as indicated. For every
panel, all data are normalized to wild-type mock arms. Statistical analysis: ANOVA with Tukey
post-hoc tests. Error bars represent mean + SEM. P-value <0.05 (*), P-value<0.001 (***).
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Viral infections with either VSV or HIN1 lead to increased tau phosphorylation in murine brain
at 6 weeks post inoculation.

The observed brain pathology in Lrrk2-linked cases of Parkinson’s disease is variable and includes
both hallmark a-synuclein aggregates, phospho-tau-linked pathology, a paucity of inclusions, or
mixed pathologies respectively (Kalia et al., 2015; Henderson et al., 2019). In this context, we next
measured the abundance of total tau protein and phosphorylated tau protein (Ser202, Thr205: AT8)
in murine brains of 6wpi surviving mice after either VSV or HINI infections (Fig. 3.10), using a
combination of Western blotting and ELISA-based assays. There, we found that phosphorylated
tau (p-Tau) protein was increased in VSV-infected brain tissue compared to mock-treated
specimens (P < 0.001; Fig. 3.10a, b); this rise was significant in Lrrk2 p.G2019S mice (P < 0.01;
Fig. 3.10c¢). A total tau ELISA was performed, which revealed no differences between treatment
groups in the abundance of total tau protein; therefore, the rise in p-Tau following infection was
not attributed to a rise in total tau protein (Fig. 3.10d). Of note, when these data (p-Tau and total
tau levels) were separated based on sex, the power for significance was lost.

Compellingly, this rise in p-Tau in the brain at 6wpi was also observed in HIN1-infected
animals (Fig. 3.10e-h), despite the influenza HIN1 virus not directly infecting the brain (Hosseinni
et al., 2018). Increased levels of p-Tau protein reached significance following HIN1-infection
when genotypes were pooled (P < 0.05; Fig. 3.10f), but not when data was separated by genotype
(Fig. 3.10g). Again, we confirmed via ELISA that the levels of total tau remained consistent across
genotypes and treatment groups, suggesting that the rise in p-Tau was independent of a rise in total
tau protein (Fig. 3.10h). This HIN1 infection-induced trend appeared absent in Lrrk2 p.D1994S

kinase-dead mice examined at the timepoint (Fig. 3.104, j).
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Given that p-Tau is highly abundant following infection at 6wpi, we next measured
whether p-Tau was also abundant during the acute time point of VSV encephalitis (i.e., 6 days post
inoculation) vs. at the time of death when animals succumbed to the infection (i.e., moribund mice)
(Fig. 3.10k, 1). Brain samples from moribund mice showed significantly more p-Tau than infected

brains collected at 6dpi and 6wpi (P <0.0001).
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Fig. 3.10: Abundance of Phosphorylated Tau is Increased in the Brains of Adult Mice
Infected by VSV or HIN1-Virus Without a Detectable Lrrk2 Mutation Effect. Mice were
either nasally inoculated with 3x103 PFU vesicular stomatitis virus (a-d, k-1) or 2x10° PFU of
influenza A virus (serotype HIN1; e-h, i-j) and monitored for a predetermined moribund state.
Mice that survived past 2 weeks post inoculation (wpi) were aged for an additional 4 weeks and
their brains were collected. Proteins were extracted using 1% Triton-X. Collected at 6wpi, VSV-
(a) and HIN1-infected samples (e) were run on Western blots and probed for phosphorylated tau
(Ser202, Thr205; antibody: AT8). Genotypes were pooled to identify VSV- (b) and HIN1- (f)
dependent effects. Densitometry was measured and samples were normalized to loading control
(c, g). Total tau protein concentration was measured by ELISA in VSV- (d) and H1N1-infected
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samples (h). Brains from HINI-infected, homozygous Lrrk2 p.D1994S mice were collected at
6wpi and phospho-tau was probed for by Western blotting (i) and quantified (j). Protein extracts
from VSV-infected brains collected at either 6 days post inoculation, or at humane endpoint
(moribund), or at 6wpi were probed for phosphorylated tau (k) and quantified densitometrically,
independent of genotype (). Each data point represents one animal. Data sets are presented as
sexes pooled. Statistical analyses: ANOVA with Tukey post-hoc tests, p < 0.05. Error bars
represent mean = SEM. P-value <0.05 (*), P-value <0.01 (**), P-value <0.001 (***), P-value
<0.0001 (*#**).
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Discussion

In the present study, we have shown that resolved viral infections in adult mice could lead
to sustained neuropathology-linked changes in the brain. Namely, two distinct viruses, neurotropic
VSV and pneumotropic HINI, both led to significantly increased oxidative stress, altered o-
synuclein protein concentrations, and tau hyperphosphorylation in the adult brain, six weeks post
inoculation, i.e., at a timepoint when all mice were phenotypically healthy. Furthermore, the
common Lrrk2 hyper-kinase mutation, p.G2019S, perturbed the course of illness in a pathogen-,
organ-, and sex-dependent manner. Female Lrrk2 p.G2019S mice showed decreased survival rates
from VSV infection, but not HIN1 infection.

Our data demonstrate that the Lrrk2 p.G2019S mutation did not confer a benefit or a risk
against a peripheral, viral HIN1 infection, but did confer risk against a viral, encephalitic infection,
specifically in female mice. In previous studies, Lrrk2 p.G2019S was protective against a bacterial,
peripheral Salmonella typhimurium infection (Shutinoski et al., 2019; Liu et al., 2017) but worse
off against an encephalitic reovirus T3D viral infection (Shutinoski et al., 2019). These data could
support the concept that the Lrrk2 p.G2019S mutation confers increased protection against
infections outside the brain, but that it confers greater risk when an infection reaches the brain.

In this study, in the context of both VSV and HINI1 infections, wild-type Lrrk2 function
was not kinase-dependent, as kinase-dead Lrrk2 p.D1994S mice had no risk or benefit against
either of these viral infections, though an increased sample size may uncover slight differences.
These data suggest that the risk following VSV infection conferred in female Lrrk2 p.G2019S
mutants is possibly caused by (toxic) gain-of-function kinase activity.

We had hypothesized that the Lrrk2 p.G2019S female mice may have a pro-inflammatory

cytokine profile in sera and/or brain tissue, which has been previously reported (reviewed in: Yao
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et al., 2024), although here, we did not identify major differences between groups. Importantly,
cytokines from sera and whole brain homogenates were measured only at 6dpi (the time of peak
weight loss and sickness from VSV); therefore, further regional- and time-dependent changes in
cytokines may not have been captured in this study. However, we did identify a significant
difference in IL-6, whereby male Lrrk2 p.G2019S mice had significantly more IL-6 in the serum
than female Lirk2 p.G2019S mice. This is of interest, as IL-6 has been linked to Lrrk2 p.G2019S
in multiple reports (Pons-Espinal et al., 2024; Kim et al., 2012). Of great interest, Kozina et al.
(2022) recently identified that LPS could induce dopaminergic neuron degeneration in Lrrk2
mutant mice, which was prevented when peripheral IL-6 was neutralized via specific antibodies.
Our data supports a link between mutant Lrrk2 and IL-6 levels following infection, specifically
with a possible Lirk2 sex bias, which we consistently observed.

Intriguingly and unexpectedly, we observed decreased microgliosis specifically in Lrrk2
p-G2019S female mice following VSV infection, as measured with Ibal staining in the olfactory
bulb. This was evident in all parameters measured: average size, which indicates the cellular body
of the microglia, with larger and more amoeboid-shaped microglia being indicative of an activated
state; percent area occupied indicating an increase in infiltration of microglia and possibly
macrophages; and perimeter, which is defined as the length of a geometric line including the cell
body and its processes. Female Lrrk2 p.G2019S mice had almost absent induction of microglial
recruitment (percent area) and activation (size), contrary to Lrrk2 p.G2019S male mice, where we
identified a significant increase in microglial activation and infiltration. The lack of microgliosis
(and likely decreased phagocytosis) observed in the female Lrrk2 p.G2019S mice following

infection did not correspond with an increase in viral titre. However, importantly, microgliosis was
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measured in the olfactory bulb and viral titre was measured in whole hemibrain homogenates, and
therefore regional specificities may not be represented.

The present results were surprising, as many previous reports suggested that the Lrrk2
p-G2019S mutation confers a pro-inflammatory phenotype in microglia (Zhang et al., 2022;
Pajarillo et al., 2023). To probe this further, we also investigated the apoptotic marker, cleaved
caspase-3 (CC3). Herein, we did not identify a deficit in CC3 abundance in Lrrk2 p.G2019S female
mice specifically; although, similar to Ibal staining, a significant induction of CC3 staining was
only found in Lrrk2 p.G2019S male mice. It is well-described that VSV infection leads to caspase-
3 activation and is likely an important apoptotic host response to VSV infection (Hobbs et al.,
2003; Lin et al., 2022). Research into the relationship between Lrrk2 p.G2019S and caspase-3
signalling indicates that this mutation consistently leads to increased caspase-3 expression, as was
seen in the present study, when comparing male wild-type mice to male mutant mice (Iaccarino et
al., 2007; Chen et al., 2012; Kim et al., 2019; Morrison et al., 2023).

This present study did not fully elucidate the reason behind the risk conferred by Lrrk2
p-G2019S mutation in female mice against VSV infection. The decreased microgliosis did not
translate to increased viral titre; however, it is possible that Lrrk2 p.G2019S female mice had
increased infiltration of peripheral myeloid cells (which contribute to viral control). This is
supported by our previous data whereby Lrrk2 p.G2019S mice also had decreased Ibal reactivity
in the brain following reovirus T3D-induced encephalitis but was coupled with increased
peripheral myeloid cell infiltration to the brain (Shutinoski et al., 2019). We are currently
performing single nucleus RNA-sequencing (snRNA-seq) on olfactory bulbs collected from VSV-
infected mice. These data will provide critical insights on sex- and genotype-dependent changes

following VSV infection at the transcriptional and cellular level. This will include a non-biased
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validation of the decreased microgliosis in female Lrrk2 p.G2019S mice, as well as detail which
other cell populations are present in the bulb at this time (including infiltrating peripheral immune
cells).

Our overarching theory is that PD is a complex disease, requiring both genetic
predisposition and environmental exposure (which we posit are inflammatory/infectious in nature)
to onset disease. To investigate the effects of both viral infections and the Lrrk2 p.G2019S variant
on brain health, we measured multiple neurodegeneration-linked biochemical changes in the brains
of these mice following nasal, viral exposures. Importantly, we measured these changes in
surviving mice six weeks after initial infection; therefore, we selected for the subset of mice that
overcame the initial infection. In this way we aimed to model whether non-fatal viral infections
and post-acute illness can increase the risk of Parkinson’s disease onset.

Oxidative stress is a common component of the pathogenesis of PD. The vulnerable
dopaminergic neurons are highly susceptible to oxidative stress, which has been implicated in their
death (reviewed in: He et al., 2020). Herein, we report a significant infection-dependent increase
in H2O7 abundance in the brain following both VSV and HINI1 infection. Because HIN1 does not
directly infect the brain, this leads us to hypothesize that the inflammatory response initiated in the
periphery is reaching and affecting the brain, which remains to be tested.

Perplexingly, we identified a decrease in a-synuclein protein abundance in the brain of
VSV-infected mice in both TXS- (soluble) and SDS- (insoluble) extracted proteins samples.
Importantly, when measuring the degree of change between mock to VSV-infected state within
genotypes, only Lrrk2 p.G2019S brains had a significant decrease of a-synuclein in both soluble
and insoluble protein extracts, suggesting a Lrrk2 p.G2019S-dependent effect on a-synuclein

concentration following viral infection. Notably, we did not identify a significant difference
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between wild-type and Lrrk2 p.G2019S brains at baseline or in the infected state. The VSV-related
data contrast what we have previously reported, whereby the encephalitis-causing virus, reovirus
T3D, led to a significant increase in a-synuclein at the peak time of viral replication in neonatal
mouse pups (Shutinoski et al., 2019). Whether these changes (both the increase or decrease
following infection) occur at the transcriptional, translational, and/or post-translational levels
remains to be determined. Answers towards this will be gained from the snRNA-seq dataset.
Remarkably, we identified a consistent and strong infection-dependent increase in tau
phosphorylation at least six weeks post viral inoculation and four weeks from any signs of disease.
Tau hyperphosphorylation was significantly increased in the brain following neurotropic VSV
infection and non-neurotropic HIN1 infection, which does not directly penetrate the brain.
Notably, tau phosphorylation has been reported in mice following multiple viral infections
including SARS-CoV-2 (Di Primio et al., 2023), herpes simplex virus (Powell-Doherty et al.,
2020), and mouse hepatitis virus (MHV) (Sy et al., 2011). Moreover, in humans, it is well
established that phosphorylated tau tangles accumulate in subacute sclerosing panencephalitis
induced by measles virus infection (Corselli, 1951; Malamud et al., 1950; Mandybur et al., 1977;
Wisniewski et al., 1991). Herein, phosphorylated tau was absent in almost all mock-infected
samples, and relatively low during the acute phase of disease, 6dpi, compared to 6wpi. The highest
abundance of p-Tau was in the brains of moribund mice collected at humane endpoint. It remains
unclear whether this phosphorylation is a physiological host response against the stress (similar to
what is observed following hypothermia and hibernation) (Bretteville et al., 2012; Su et al., 2008),
or whether this is a detrimental consequence of the infection. These data warrant further
investigation, importantly: how long this phosphorylation of tau persists beyond 6 weeks post

inoculation; and whether the high abundance of p-Tau in the brains of the surviving mice is linked
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to any neurobehavioural phenotypes or any degree of neurodegeneration, and if these potential
phenotypes are genotype-dependent.

In human LRRK?2-linked Parkinson’s disease patients, disease neuropathology at autopsy
is variable. Specifically, the p.G2019S mutation and the p.R1441C/G mutations have been linked
to tau misprocessing in the brain, in addition to synucleinopathy in other cases (reviewed in
Kawakami and Ichikawa, 2015). Specifically following the neurotropic VSV infection, we
identified a possible Lrrk2 p.G2019S effect in exacerbating the induction of tau
hyperphosphorylation, as the increase in tau phosphorylation between the mock- and VSV-infected
brains of Lrrk2 p.G2019S mice was higher than the same increase measured in wild-type mice.
Physiologically, numerous in vitro studies have illustrated a potential role for Lrrk2 in promoting
phosphorylation of tau (Hamm et al., 2015; Kawakami et al., 2014), with one study showing the
ability of Lrrk2 to phosphorylate tau directly in vitro (Bailey et al., 2013). Castro-Sanchez et al.
(2020) have previously demonstrated that treatment with a Lrrk2 inhibitor could decrease tau
hyperphosphorylation, further supporting a role for Lrrk2 kinase in this process. Notably, in the
present study we also observed a lesser degree of tau phosphorylation in Lrrk2 kinase-dead
p-D1994S mice following HIN1 infection, compared to wild-type and Lrrk2 p.G2019S mice.

Overall, changes in tau phosphorylation could result from increased activity of tau-specific
kinases, decreased activity of tau-specific phosphatases, or decreased autophagic processing of
hyperphosphorylated tau aggregates. Notably, Sy et al. (2011) attributed increased tau
phosphorylation following MHYV infection in mice to increased GSK3-f activity. Future studies
will address the mechanism behind virally induced tau phosphorylation in our studies, and how

this may be modulated by Lrrk2 p.G2019S in vivo.
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It is an important consideration in the present study that we did not identify a prominent
effect of the Lrrk2 p.G2019S variant over the wild-type genotype for the parameters measured
here (i.e., oxidative stress, a-synuclein, or p-Tau protein) at baseline or in the infected state. The
most prominent and strongest effects were infection-dependent (both VSV and HIN1) and were
evident in both wild-type and Lrrk2 p.G2019S mice. These results suggest that the effect sizes are
relatively small and with respect to the development of PD in humans may only become more
prominent when combined with the factors of ageing, other allelic variants, or subsequent exposure
to additional (or recurrent) environmental exposures.

Taken together, our results implicate a role for Lrrk2 in immune response(s), demonstrating
its ability to modulate disease outcomes following viral infections in adult mice in both the
periphery and the brain, and doing so with a female sex bias. Viral infections, even those that are
not neurotropic, can affect the levels of phosphorylated tau, oxidative stress, and total a-synuclein
in the brain as late as six weeks after the acute infection. Our findings in adult mice raised under
controlled environmental conditions unequivocally demonstrate a link between nasally acquired
RNA viruses and brain pathologies that are associated with LRRK2-PD and may point to a role
for infections (even those occurring peripherally) in subsequent brain health, and thus, as potential

risk factors for a host of neurodegenerative disorders.
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Supplemental Fig. 3.1: Additional Results for Cytokine and Chemokine Analyses in
Hemibrain Homogenates from Wild-Type and Lrrk2 p.G2019S Mutant Mice Following VSV
Infection. Adult mice aged 8-10 weeks were nasally inoculated with a dose of 3x10° PFU of
vesicular stomatitis virus (VSV), sacrificed at 6dpi, and hemibrains were collected and
homogenized in PBS. Multiplex ELISA was used to measure an array of cytokines and chemokines
in each animal. One point represents one biological replicate. Error bars represent mean + SEM.
Statistical tests used: one-way ANOVA with Tukey’s post-hoc tests. P-value <0.05 (*).
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Supplemental Fig. 3.2: Additional Results for Cytokine and Chemokine Analyses in Sera
from Wild-Type and Lrrk2 p.G2019S Mutant Mice Following VSV Infection. Adult mice aged
8-10 weeks were nasally inoculated with a dose of 3x103 PFU of vesicular stomatitis virus (VSV),
sacrificed at 6dpi, and sera were collected by cardiac puncture. Multiplex ELISA was used to
measure an array of serum cytokines and chemokines in each animal. One point represents one
biological replicate. Error bars represent mean = SEM. Statistical tests used: one-way ANOVA
with Tukey’s post-hoc tests. No significant differences were found.
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Abstract

Typical, late-onset Parkinson’s disease (PD) is a complex disorder arising from interactions
between genetic risk, environmental exposure(s), and lasting effects from their interactions; these
are modified by biological sex and ageing. We previously published that Lr7k2 and Snca alleles
play roles in host responses to microbial infections. Mutations in the GBA/ gene, which encodes
the lysosomal enzyme glucocerebrosidase (GCase), represent the commonest risk factor for the
development of PD and dementia with Lewy bodies. Here, we explored the role of murine GCase
in host responses to select viruses and bacteria. We tested this in four specific models: mice
carrying one or two Gbal p.D409V knock-in alleles did not show an altered course of illness in
response to nasal inoculation by Influenza A virus (serotype HIN1); intravenous inoculation to
the bacterium Salmonella typhimurium (subtype SL13344); or serial infection by these two
pathogens. In response to nasal inoculation with vesicular stomatitis virus (VSV; Indiana strain),
which causes pneumonitis followed by encephalitis, Gbal p.D409V-expressing male mice
survived infection at a significantly higher rate than wild-type animals. Intriguingly, female
heterozygous -but not homozygous- Gbal p.D409V mice also had lower viral titres in their lungs
after VSV infection. Select cytokine responses and GCase activities measured in vitro were found
to be altered in VSV-infected Gbal p.D409V mice in a sex-and organ-dependent manner,
revealing at times opposing trends between one vs. two mutant alleles. In the early stages of VSV
infection, the levels of a-synuclein, tau, phospho-tau, and Lrrk2 were not altered in the brain.
Taken together, our results identify a modulatory role for GCase in host survival during one of
four infection models tested. Further, in the context of GBA /-focused studies our findings highlight
a complex interplay of biological sex and organ-specific responses when exploring the impact of

environmental pathogens.
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Introduction

Parkinson’s disease (PD) is a neurodegenerative disorder with heterogenous symptoms,
signs, and disease progression. Braak and Del Tredici have proposed a “dual-hit hypothesis™ for
PD initiation, based on their finding that disease pathology begins in the gastrointestinal tract
and/or the olfactory system. Building on this, we and others have hypothesized that this was in
response to an environmental trigger in genetically susceptible individuals (Hawkes et al., 2007,
Kitada et al., 2012). In this context, teams including ours have investigated the roles of multiple
PD-linked disease genes in the context of a dual-hit, complex disease model, employing genetic
models against multiple environmental triggers.

Mutations in GBAI are the commonest genetic risk factor for PD (Sidransky et al., 2009).
Homozygous GBAI mutations cause Gaucher disease (GD), a lipid storage disorder. It was then
identified that obligate carriers of GBA/ mutations among relatives of GD patients had a higher
incidence rate of PD (Goker-Alpan 2004; Lwin et al., 2004; Aharon-Peretz et al., 2004). It is now
estimated that up to 9% of the general PD population carry a mutation in GBA/ (Avenali et al.,
2020). Symptomatically, GBA-linked cases are phenotypically similar to idiopathic PD, although
with a more severe disease course and earlier onset (Mullin et al., 2019; Thaler et al., 2017).
Furthermore, mutations in the same gene have also been strongly linked to another
‘synucleinopathy’, dementia with Lewy bodies (DLB); as high as 28% of DLB patients carried a
GBAI mutation in one cohort (Clark et al., 2009). Like PD, GBAI carriers present with a more
malignant form of DLB, with earlier age of onset and more severe cognitive and motor deficits
(Gaubert et al., 2022).

The GBAI gene encodes the lysosomal acid hydrolase glucocerebrosidase (GCase), which

is responsible for hydrolyzing the sphingolipid glucosylceramide (GlcCer) into glucose and
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ceramide (Migdalska-Richards and Shapira et al., 2016). GlcCer is then converted to
glucosylsphingosine (GlcSph) by acid ceramidase (Boer et al., 2020). As such, in cases of defective
GCase, higher accumulation of both GlcCer and GlcSph is observed (Rocha et al., 2015).
Furthermore, GCase has been shown to catalyze the glucosylation of cholesterol (Boer et al.,
2020). In GD, the GCase enzymatic activity is markedly reduced (less than 15%) (Hugues and
Pastores, 2018). Decreased GCase activity has been identified in both GBA1-PD and idiopathic
PD, though to a much lesser extent than in GD (Gegg et al., 2012; Rocha et al., 2015). These
decreased levels of GCase activity have been associated with an identified rise in GlcCer and
GlcSph in human GBA1-PD patients (Marano et al., 2024). In the context of PD pathogenesis, the
role of lipid metabolism and network interactions remains understudied, despite the substantial
effect lipids play in cellular homeostasis (Alecu and Bennett, 2019).

We hypothesize that gene-environment interactions play a critical role in the development of
PD. Specifically, that PD-associated genes modulate host responses to environmental insults,
leading to subsequent pathological outcomes (Schlossmacher et al., 2017). GBA1-PD lends itself
well to this hypothesis, as mutations in GBA [ have relatively low penetrance rate, despite the high
prevalence of mutations (Alcalay et al., 2014). This may highlight a need for an environmental
trigger to onset disease in GBA /-susceptible individuals. It has been established that another PD-
linked disease gene, LRRK?2, also with a low penetrance rate, can alter disease outcomes following
multiple inflammatory triggers, including those pathogenic (e.g., LPS, viral infections) and
chemical (e.g., pesticides, MPTP) in nature (Shutinoski et al., 2019; Ahmadi Rastegar et al., 2022;
Rudyk et al., 2019; Arbez et al., 2020; Lunn et al., in prep;).

As such, we hypothesized that the most common PD risk gene, GBA 1, may also play a role

in host defences against pathogenic insults. Importantly, GBA! is highly expressed in cells of the
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mononuclear phagocyte lineage (Deleidi and Gasser, 2013). Further, GD patients show altered
inflammation, likely in large part due to the pathological hallmark of GD, the accumulation of
lipid-laden macrophages (Sidransky and Lopez 2012). Moreover, granulocytes and mononuclear
phagocytes from GD patients were found to have lesser control of Staphylococcus aureus growth
ex vivo (Marddi et al., 1995). Contrarily, GBA1 knockout HEK293 cells were able to inhibit
infection of Influenza HIN1 (PRS strain) (Drews et al., 2019). These studies highlight a capacity
for GCase activity in pathogen response.

To investigate a role for GCase in host responses against infections with live pathogens, we
tested a range of microbial pathogens in adult Gbal p.D409V mutant mice. Though not a mutation
found in human PD cases, this is a highly characterized mouse model and exhibits a loss of GCase
activity in both the heterozygous and homozygous states (Xu et al., 2003; Clarke et al., 2019;
Polinski et al., 2021). We hypothesized that disease-relevant mutations in Gbhal would lead to
altered disease outcomes (as measured by survival rate and/or viral/bacterial titres) following a
nasal, microbial infection. We utilized infections of: neurotropic vesicular stomatitis virus (VSV);
non-neurotropic lung-directed influenza A virus serotype HINT1 (herein referred to as HIN1);
peripherally restricted bacterial Salmonella typhimurium (ST); as well as a serial infection of the
latter two, to investigate either anti-microbial properties or higher pathogen susceptibility in
mutant Gbal mice. Herein, we show that Gbal p.D409V mice were protected against VSV
infection with a sex bias, but not against HIN1 or ST infection. Further, GCase activity was altered
in VSV-infected Gbal p.D409V mice in a sex-and organ-dependent manner. Taken together, this
study identifies a possible role for GCase in host response to an acute neurotropic infection and

highlights the importance of exploring sex-dependent outcomes in Gbal-focused studies.
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Methods

Mouse Colonies

Mice with a knock-in Gbhal p.D409V mutation were initially obtained by Dr. Gregory Grabowski
and are described in Xu et al. (2003). They were backcrossed and subsequently maintained on a
C57BL/6J background. Colonies were maintained with heterozygous breeding pairs. 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 pathogenic infections were done in a containment level 2 biohazard animal

facility. Both female and male mice were used in this study and are indicated within each figure.

Nasal Infection with Mouse-Adapted Influenza A HIN1

Mouse-adapted Influenza A HIN1 (A/Fort Monmouth/1/1947) was obtained from Dr. Earl Brown
(University of Ottawa) (Brown, 1990). Adult mice aged 6-9 weeks were anesthetized with 3%
isoflurane in O at 1L/m for 1 minute. 2x10% plaque forming units (PFU) of Influenza A HINI
diluted in 50puL PBS were administered to the nostrils of anesthetized mice. Mice were observed
twice daily and monitored for weight loss, sickness, and survival from 4 to 14 days post inoculation
(dpi). Mice were considered endpoint upon respiratory distress or a loss of 30% body weight, even

in absence of other symptoms.

Intraperitoneal Infection with Salmonella typhimurium and Measurement of CFUs
Salmonella typhimurium strain SL1344 was used for bacterial inoculations. Wild-type,
heterozygous, and homozygous Gbal p.D409V littermates were intraperitoneally inoculated with

200 colony forming units (CFUs) of ST in 100uL of PBS. Mice were euthanized 5dpi and spleens
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were collected in 10mL of RPMI serum-free media (Gibco). Spleens were homogenized and
serially diluted (10-fold, v:v). 100uL of homogenate was spread on sterile agar culture plates.
Plates were incubated at 37°C for 24 hours. Colonies were counted and bacterial load was

measured as colonies per spleen.

Serial Infection with Salmonella typhimurium in HIN1 Survivors

Survivors of the HINT1 infection that had regained 100% of their starting weight were infected
with Salmonella typhimurium 4 weeks after the initial HIN1 infection (two weeks after the end of
the 14-day HIN1 infection course) (see Fig. 4.2a). 200 CFU of ST diluted in 100pL of PBS were
administered intraperitoneally. Mice were euthanized and spleens were harvested 5 days after ST

infection.

Nasal Infection with Vesicular Stomatitis Virus

Wild-type Indiana strain Vesicular Stomatitis virus was obtained from Dr. Earl Brown (University
of Ottawa) (Stojdl et al, 2003). Mice aged 6-10 weeks were anesthetized with 3% isoflurane in O»
at 1 L/m for 1 minute and 3x10° PFU VSV (Indiana strain) diluted in 50uL PBS were administered
to the nostrils of anesthetized mice. Mice were observed for 14 days post inoculation for survival
studies. Mice were weighed from 4-14 dpi and monitored twice daily. Mice were considered
endpoint as a result of encephalitis, characterized by moribund state, hind limb paralysis, and

inability to walk or a loss of 30% body weight regardless of lack of other symptoms.
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Vesicular Stomatitis Virus Plaque Assay

Mice nasally infected with 3x10° PFU of VSV were sacrificed at 2dpi and hemibrains, olfactory
bulbs, and lungs were dissected and snap frozen. For viral titre analysis, frozen hemibrains were
lysed in PBS (3:1, ul PBS:mg tissue), lungs (3:1), and olfactory bulbs (6:1) using metal beads and
Magna Lyser machine (Roche) at maximum speed for 10 seconds. Samples were then put through
one freeze-thaw cycle to lyse the cells. Vero cells were plated in 12-well culture plates to 90%
confluency. Homogenate samples were centrifuged at 5,000RPM and supernatants were serial
diluted (10-fold, v:v) in serum-free DMEM media (Millipore Sigma) and 250uL was overlayed
per well. Cells overlayed with viral suspensions were incubated at 37°C at 5% CO. for one hour,
with rocking every 15 minutes to ensure even distribution among cells. After one hour, cells were
overlayed with 2mL of a 1:1 mixture of 1% agarose and 2xDMEM (Gibco, Thermo Fisher
Scientific) supplemented with 10% FBS. Cells were incubated at 37°C at 5% CO- for 24 hours.
The next day, cells were stained with ImL of fixative Carnoy’s reagent (methanol:acetic acid 3:1)
and incubated for one hour at room temperature. Cell overlay was removed by gentle lifting and
cells were stained with Coomassie blue solution (0.1% Coomassie Brilliant Blue, 20% methanol,
and 10% acetic acid) and incubated for 30 minutes at room temperature with gentle rocking.
Coomassie stain was removed, and plaques were counted manually. Viral titre was reported as

plaque forming units (PFU) per gram of tissue.

Measuring Lysosomal GCase Activity from Mouse Tissue In Vitro
Snap frozen tissue was lysed in citric acid buffer containing 176mM K>HPO4, 5S0mM citric acid,
10mM sodium taurocholate, and 0.01% Tween-20 at pH 5.9 as previously published (Fishbein et

al., 2014). Tissues were homogenized using metal beads and Magna Lyser (Roche) at maximum
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speed for 10 seconds. Homogenized tissue was centrifuged at 14,000 rpm for 10 minutes at 4°C
and supernatant was collected and frozen. Tissue lysates were measured for concentration using
Pierce bicinchoninic acid (BCA) assay (Thermo Fisher Scientific) and all samples were diluted to
a final concentration of 0.625mg/ml. Samples were assayed in black flat-bottom 96-well plates.
Forty uL of tissue lysate was measured in duplicate with or without the presence of Sul of 20mM
CBE (Millipore Sigma), a selective GCase inhibitor for 30 minutes at 37°C. Samples were then
incubated with 40uL of 10mM 4-Methylumbelliferyl B-D-glucopyranoside substrate (Millipore
Sigma) for one hour at 37°C. Standard curve using 4-methylumbelliferone (Millipore Sigma) was
run in parallel. After one hour, 40uL of glycine stop solution (1M glycine, 1M NaOH, pH 10.6)
was added. Samples were subsequently measured for fluorescence at excitation and emission
wavelengths of 365nm and 450nm, respectively. Relative fluorescent units were converted to pmol

of substrate using the standard curve.

Cytokine and Chemokine Measurements

Mice nasally infected with 3x103 PFU of VSV (or 50uL of PBS for mock infection) were sacrificed
at 2dpi and blood was collected via cardiac puncture using an uncoated syringe. Blood was
incubated at room temperature for 30 minutes and then centrifuged at 14,800 RPM for 10 minutes
to collect serum. Serum was measured for cytokine and chemokine abundance using the discovery
assay Mouse Cytokine Array / Chemokine Array -Plex (MD32) from EVE Technologies (Calgary,

AB, Canada).

Protein Extraction

Hemibrains were homogenized in PBS as described above and used for protein extraction.
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Aliquots of homogenates were treated with 1% Triton- X100, 2X protease inhibitors, and 2X
phosphatase inhibitors and centrifuged at 14,800 RPM for 30 minutes at 4°C. Protein

concentrations were determined using a BCA assay kit (Thermo Fisher Scientific).

ELISA Quantification of a-Synuclein
Lysates were measured for total a-synuclein using sandwich ELISA as described previously
(Shutinoski et. al., 2019; Mollenhauer et al., 2008). Protein concentration was quantified by

Bradford protein assay (Bio-Rad) and standardized at a concentration of Smg/mL.

Western Blotting

Protein samples (40pg) were combined with 1X NuPAGE™ LDS Sample Buffer (NP0007,
Thermo Fisher Scientific), boiled for 5 minutes at 95-100°C, and then electrophoresed under
reducing (5% PB-mercaptoethanol) conditions on 4-12% gradient SDS gels in MES 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; 1:500 in
5% milk), anti-phospho-tau (Ser202, Thr205) monoclonal antibody (AT8) (MN1020, Thermo
Fisher Scientific, 1:500 in 5% milk), anti-total tau a.a. 210-241 (MAB361 EMD Millipore, 1:1000
in 5% milk), anti-LRRK2 (MJFF2 c41-2, ab133474, AbCam, 1:1000 in 5% BSA), and anti-p-
LRRK2-S935 (UDD2 10(12), ab133450, AbCam, 1:1000 in 5% BSA). All Western blots were
imaged using BioRad ChemiDoc Imager. Image Lab (version 6.1.0) (2020 BioRad Laboratories,

Inc.) was used for densitometric analysis of Western blots.
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Statistical Analyses
All statistical analyses were performed using GraphPad Prism version 9 (GraphPad Software, San

Diego, CA, USA, www.graphpad.com). Differences between groups in survival assays was

assessed using the log- rank (Mantel-Cox) test. Differences between groups of three or more was
assessed using one-way ANOVA with Tukey’s post-hoc tests (unless otherwise stated in figure
legend). Differences between two groups was assessed using unpaired student t-test. Data are
demonstrated as mean + SEM where applicable and as described in the figure legends. Data are

displayed with P values represented as *P < 0.05, **P<0.01, ***P<0.001.

Results

The p.D409V Gbal mutation does not alter survival outcomes of HINI infection in nasally
inoculated adult mice.
To first probe for any role in host defences for wild-type Gbal or the p.D409V mutant, we nasally
inoculated wild-type, heterozygous, and homozygous mutant mice with influenza A virus serotype
HINI. It has previously been shown that GBA 1 knockout cells could alter the response to Influenza
A virus infection in vitro (Drews et al., 2019). Herein, adult mice, aged 6-9 weeks were nasally
inoculated with a dose of 2x103 PFU of HIN1 virus. Mice were monitored and weighed up to
14dpi. As we have observed a strong sex bias in our viral infection studies involving the PD-linked
gene, Lrrk2, we consistently analyzed the present data in both sexes (Shutinoski et al., 2019; Lunn
et al. in prep).

When analyzing the data for female mice alone (Fig. 4.1a, b), and male mice alone (Fig.
4.1¢c, d), no differences in survival rates were identified across groups. Indeed, there was a very

low mortality rate across the groups in response to the HIN1 infection. Mice did become sick, as
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indicated by their drop in weight (Fig. 4.1b, d), but using weight as a sickness score, there was no

difference across genotypes.
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Fig. 4.1: Gbal p.D409V Alleles Do Not Alter Survival or Weight Loss in Mice Following
Inoculation with Influenza A Virus. Wild-type (WT/WT), heterozygous (WT/D409V), and
homozygous (D409V/D409V) Gbal p.D409V knock-in littermates were inoculated at 6-9 weeks
of age with a dose of 2x10° PFU of influenza A virus (serotype HIN1) and monitored for a
predetermined moribund state to measure survival (a, ¢) and their daily weight (b, d) for 14 days.
Data are presented as female mice only (9) (a, b), and as male mice only (J) (¢, d). Survival is
graphically displayed as percent survival against days post inoculation, and weights are displayed
as percent of initial body weight against days pays post inoculation. Sample sizes for each genotype
are as indicated in the legends. Error bars represent mean = SEM. Statistical test used: log rank
(Mantel-Cox) test for survival rates. One-Way ANOVA with Tukey post hoc-test was used between
genotypes on each individual day for weight changes. No statistically significant differences were

observed.
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HINI infection-surviving Gbal p.D409V mice have the same Salmonella typhimurium
bacterial burden in the spleen as wild-type mice in a serial infection paradigm.

As we observed a high survival rate in all mice in our HIN1-infected cohort, we employed a serial
infection model. A second, bacterial exposure was added to examine whether a pre-existing viral
infection could alter the response to a super-infection in Gbal p.D409V mice. Two-weeks
following the completion of the 14-day experimental period of HIN1, mice were infected with ST
by intraperitoneal injection (Fig. 4.2a). Spleens were collected at 5dpi following ST inoculation,
and bacterial burden via CFU analysis was measured. No significant differences were found across
genotypes in female (Fig. 4.2b) or male mice (Fig. 4.2¢). Importantly, in a separate cohort of mice,
wild-type, heterozygous, and homozygous Gbal p.D409V mice were infected with ST only and
bacterial burden in the spleens were measured at 5dpi. As seen in the serial infection paradigm,
there were no differences in the ST bacterial burden-only scenario between genotypes in female

(Fig. 4.2d) or male mice (Fig. 4.2e).
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Fig. 4.2: Gbal p.D409V Alleles Do Not Alter Salmonella Typhimurium Bacterial Load in Mice
With or Without Preceding Influenza A Virus HIN1 Infection. (a-c) Mice that regained a
minimum of 100% of original body weight 4 weeks after initial HIN1 infection (as in Fig. 4.1)
were inoculated intraperitoneally with 200 colony forming units (CFU) of Salmonella typhimurium
(subtype SL.1344) as outlined in (a). Bacterial load at 5 days post inoculation is shown as CFU per
spleen in female mice (9) (b), and in male mice () (¢). Each data point represents one biological
replicate. (d, e) Adult mice without preceeding viral infection were infected intraperitoneally with
200 CFU of Salmonella typhimurium SL1344 at 6 months of age. Animals were euthanized on 5
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days post inoculation and processed as above. Bacterial load is compared in female mice (%) (d),
and in male mice (J) (e). Error bars represent mean = SEM. Data were tested with One-Way
ANOVA with Tukey post-hoc tests. No statistically significant differences were observed.
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Male, but not female, Gbal p.D409V mutant mice are relatively protected against vesicular
stomatitis virus nasal infection.

The low lethality in the pneumotropic HIN1 viral infection model led us to test a second viral
infection model. Also an RNA viral pathogen, VSV is neurotropic and causes encephalitis as the
cause of death at lethal doses. Adult mice aged 6-10 weeks were nasally inoculated with a dose of
3x10° PFU of VSV and monitored to 14dpi (what we consider ‘survival’ in this experimental
model). Male mice overall had significantly higher mortality in response to VSV infection than
female mice which has been previously reported (Barna et al., 1996; Lunn et al., in prep). When
examining the survival rate of both sexes combined, wild-type mice had a significantly lower
survival rate than both homozygous and heterozygous mice (P < 0.05; Fig. 4.3a). Curiously, when
analyzing the data separated by sex, we observed a trend in female mice to suggest that
heterozygous Gbal p.D409V mice had a survival advantage over both wild-type and homozygous
littermates (Fig. 4.3¢); but male homozygous Gbal p.D409V mice had a significantly higher
survival rate compared to wild-type littermates, and a higher, though not statistically significant,
survival rate than heterozygous littermates (P < 0.05; Fig. 4.3e). Body weight was measured
throughout the survival assay (Fig. 4.3b, d, f) as a proxy measurement of illness. All mice lost
weight over the course of the study, indicative of sickness, although there were no significant
differences between genotypes; however, in general male mice showed more weight loss than

female mice, consistent with their differences in survival rate.
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Fig. 4.3: Female Sex and Gbal p.D409V Knock-in Alleles Confer Survival Benefits in Mice
During Infection by Vesicular Stomatitis Virus. Wild-type (WT/WT), heterozygous
(WT/D409V), and homozygous (D409V/D409V) Gbal p.D409V knock-in littermates aged 6-10
weeks were nasally inoculated with a dose of 3x10° PFU of vesicular stomatitis virus (VSV) and
monitored for a pre-determined moribund state and their daily weight for 14 days post inoculation.
Data are presented as sexes pooled (?27) (a, b), female mice only (Q) (¢, d), and as male mice
only (&) (e, f). Survival is graphically displayed as percent survival against days post inoculation
(a, ¢, e), and weights are displayed as percent of initial body weight against days pays post
inoculation (b, d, f). Statistical methods used: log-rank (Mantel-Cox) test was used to analyze
survival rates. One-Way ANOVA with Tukey post hoc-test was used between genotypes on each
individual day for weight changes. P-value <0.05 (*).
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VSV viral load is decreased in the lungs of female heterozygous Gbal p.D409V mice.

To investigate the significant protection observed in survival following VSV infection in male
Gbal p.D409V mice, we measured titres of VSV in the olfactory bulb (OB) (Fig. 4.4a), the brain
without the OB (Fig. 4.4b), and the lungs (Fig. 4.4¢) at 2dpi in female and male mice. Each of
these tissues have been shown to have viral titres of VSV at this time point (Nair et al., 2014).
Furthermore, the OB is the first site of infection upon nasal inoculation, and the brain and lungs
are the main sites of the disease process (i.e., encephalitis and pneumonitis, respectively).
Examining these tissues from male mice, we did not observe any differences in viral titres between
genotypes that could be linked to the heightened survival in homozygous Gbal p.D409V male
mice (Fig. 4.3a-c; J graphs). Surprisingly, we did identify a significant difference in viral titre in
the lungs (but not OB or brain) of female mice (P < 0.05; Fig. 4.4a-c; § graphs), where female
heterozygous mice had significantly lower VSV titres in the lungs than did homozygous and wild-
type female mice. This is consistent with the trend observed of female Gbal p.D409V

heterozygous mice having increased survival (Fig. 4.3a).
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Fig. 4.4: Organ Tropism, Sex and Gbal Genotype Determine Viral Loads in Adult Mice
During Acute Infection with Vesicular Stomatitis Virus. Adult wild-type (WT/WT),
heterozygous (WT/D409V), and homozygous (D409V/D409V) Gbal p.D409V knock-in mutant
littermates were nasally inoculated with a dose of 3x10° PFU of vesicular stomatitis virus (VSV;
as in Fig. 4.3) and sacrificed at 2 days post inoculation. Titres are shown as PFU/g of tissue.
Olfactory bulbs (OB) in isolation (a), brains without olfactory bulbs (b), and lungs (¢) were
examined. Genotypes are compared for female mice alone (left panels, ¢), and male mice alone
(right panels, @). Each point represents one animal. Error bars represent mean + SEM. Statistical
analysis included one-Way ANOVA with Tukey post-hoc tests. P-value <0.05 (*).
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In vitro glucocerebrosidase activity is altered following VSV infection in a sex- and organ-
dependent manner.

The changes in viral responses (observed as survival and titres) in mice carrying a mutation in
Gbal next led to us ask what impact the infection itself had on GCase activity across the three
genotypes. We measured GCase activity in the OB, the brain without the OB, and the lungs in both
mock- and VSV-infected animals at 2dpi (Fig. 4.5). The levels of GCase activity in mock- and
VSV-infected animals are displayed for female and male mice of wild-type, heterozygous, and
homozygous genotypes in the OB (Fig. 4.5a), the brain without the OB (Fig. 4.5d), and the lungs
(Fig. 4.5g). An unpaired student t-test was performed to identify any significance in the change
from mock- to infected-state within pairs of the same sex and genotype. A significant difference
was only identified in the OB of female homozygous Gbal p.D409V mice, where GCase activity
was significantly decreased following VSV infection (P < 0.01). As expected, GCase activities
were markedly decreased in all homozygous Gbal p.D409V tissues, and also decreased in
heterozygous p.D409V tissues, to a lesser extent. These data can be found compiled in
Supplemental Table 4.1.

To probe for further, possibly subtle genotypic effects in GCase activity in response to VSV
infection, GCase activity data are further plotted as a ratio of activity in infected tissue relative to
mock-infected tissue and then normalized to this ratio in wild-type mice. These data represent
GCase activity changes in response to infection within each genotype, compared to the change
observed in wild-type mice (Fig. 4.5b, ¢, e, f, h, i). In female mice, there were no genotypic
differences in GCase activity from mock-to-infection in the brain (Fig. 4.5¢); however, female
wild-type mice had a significantly higher mock-to-infection increase in GCase activity than female

homozygous Gbal p.D409V mice in both the OB and the lungs (P < 0.05; Fig. 4.5b, h). In male
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mice, there were no genotypic differences in GCase activity following infection in the OB or the
lungs (Fig. 4.5¢, i); however, in the brain, heterozygous Gbal D.409V male mice had significantly

higher GCase activity following infection than wild-type mice (P < 0.01; Fig. 4.5f).
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Fig. 4.5: GCase Activity Measured In Vitro is Altered in Gbal p.D409V Knock-in Mice in a
Sex-and Organ-Specific Manner During Acute Infection with Vesicular Stomatitis Virus.
Wild-type (WT/WT), heterozygous (HET; WT/D409V), and homozygous (KI; D409V/D409V)
Gbal p.D409V knock-in littermates were nasally inoculated with 50 pL of PBS (mock) or a dose
of 3x103 PFU of vesicular stomatitis virus (VSV) (as in Fig. 4.3). GCase activity was measured in
organs collected at 2dpi via standardized in vitro GCase assay. Activity values from the three
genotypes, male and female mice, and mock- and VSV-infected mice is displayed from olfactory
bulbs in isolation (a), brains without the olfactory bulb (d), and the lungs (g). Data are also shown
as aratio of VSV-inoculated vs. mock-treated samples and normalized to wild-type (WT/WT) (i.e.,
[value at infection] / [average value at mock] with WT/WT normalized to = 1.0) for olfactory bulbs
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(b), brains (e), and the lungs (h) in both female mice (9) and male mice (). Error bars represent
mean + SEM. Statistical significance was determined in (a, d, g) only between mock- and infected-
within the same sex and genotype using unpaired t-test. Statistical significance was determined in
(b, e, h) using one-way ANOVA with Dunnett post-comparison. P-value <0.05 (*), P-value <0.01
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Gbal p.D409V heterozygous and homozygous mutations alter cytokine and chemokine levels
following VSV infection in a sex-dependent manner.

To further investigate the response to VSV infection and a possible reason for the increased
survival rate seen in homozygous Gbal p.D409V males, we next measured the protein abundance
of an array of cytokines and chemokines in the serum of 2dpi mock- and VSV-infected mice. Of
the 32 cytokines and chemokines analyzed, Fig. 4.6 shows six cytokines/chemokines of interest in
sera from female (Fig. 4.6a-f) and male (Fig. 4.6g-1) mice. These six cytokines/chemokines were
chosen because their levels have either been linked to GD in humans (Michelakakis et al., 1996;
Allen et al., 1997) or, we have previously identified changes in these markers associated with a
neurotropic infection in vitro (Shutinoski et al., 2019; Sanyal et al., 2020). For each
cytokine/chemokine, only comparisons within genotypes between mock- and infected-levels
(shown in black) and between genotypes of the same treatment groups (shown in red) were made.
The remainder of the analyzed cyto-/chemokines can be found in Supplemental Fig. 4.1. For
female mice, each group had n=4-6 animals, and for male mice each group had n=3-9 animals.

In both male and female mice, all infected mice had a significant induction of IL-6 from
mock to VSV infection, as expected (P <0.001; Fig. 4.6a, g). However, interestingly, female VSV-
infected homozygous Gbal p.D409V mice had significantly more IL-6 than infected heterozygous
littermates (P < 0.001; Fig. 4.6a).

For TNFaq, in female mice, only infected Gbal p.D409V heterozygous mice differed
significantly from their mock-infected counterparts, though the other genotypes trended strongly
(P <0.01; Fig. 4.6b). All infected male mice had significantly more TNFa than each of the mock-
infected mice, except Gbal homozygous males, which had generally lower levels of TNFa after

infection (P < 0.001; Fig. 4.6h).
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The chemokine RANTES was significantly higher in infected samples than in mock
samples for all male mice, but not in female mice (P <0.001; Fig. 4.6c¢, i). There is also an infection
effect on the macrophage growth factor, M-CSF, in male and female mice, but this was strongest
and only significant in female Gbal p.D409V heterozygous mice (P < 0.05; Fig. 4.6d, j). The
chemokine IP-10 was significantly higher in all VSV-infected samples than mock samples in both
male and female samples (P < 0.001; Fig. 4.6e, k).

Finally, in measurements of the chemokine KC, both wild-type and homozygous Gbal
p.D409V female VSV-infected samples were significantly higher than all mock samples; however,
heterozygous Gbal p.D409V female infected samples were not significantly higher than any
mock-infected samples (P < 0.001; Fig. 4.6f). Indeed, KC abundance was significantly higher in
homozygous mutant infected female mice than in their heterozygous infected littermates (P < 0.05;
Fig. 4.6f). In males, Gbal p.D409V heterozygous infected mice had significantly higher KC levels

than their mock-infected counterparts (P < 0.01; Fig. 4.61).

161



a b c
( ) IL-6 ( ) TNFa ( ) RANTES
. —1
300 *kk 15+ 500
ok o WT/WT
400 o = WT/D409V
200 D409V/D490V
a 300
£
g 200
100
100
() 0- 04
g MOCK VsV
()
L ()
1000
o WTWT
800 = WT/D409V
600 D409V/D490V
400
200
o —
(i ) ek
200+ wkk 15+ 1 300+ j
o WT/WT
150- * . = WT/D409V
200 - D409V/D490V
-
£ ] n
£ 100+ "5 M
g 1 " H I i‘
1001 l I
50 - Il
y I I
2 I
0- |
(O] MOCK
© MOCK = MOCK VsV VsV
() M-CSF (k) IP-10 (L KC
150 600 - 1500
- o WT/WT
| *%k
= WT/D409V
L 1007 4007 . n 1000 . D409V/D490V
£ ° Al
S . m Ml °
- [ R
50 — 2004 it 500 L
if b
i
|
|
0 __M_l? ! | 0-
MOCK VsV MOCK VsV MOCK VSV

162



Fig. 4.6: Gbal p.D409V Knock-in Alleles Modify Select Cytokines/Chemokines in an
Infection- and Sex-Dependent Manner Following Inoculation with Vesicular Stomatitis
Virus. Adult wild-type (WT/WT), heterozygous (WT/D409V), and homozygous (D409V/D409V)
mice aged 11-13 weeks were nasally inoculated with 50 uLL of PBS (mock) or a dose of 3x10° PFU
of vesicular stomatitis virus (VSV), sacrificed at 2dpi, and sera were collected by cardiac puncture.
Multiplex ELISA was used to measure an array of serum cytokines and chemokines in each animal.
Six cytokines and chemokines are presented here: IL-6 (a, g), TNFa (b, h), RANTES (¢, i), M-
CSF (d, j), IP-10 (e, k), and KC (f, ). For remainder, see Suppl. Fig. 4.1. Data are separated into
graphs for female mice (a-f) and male mice (g-1). Statistical bars in black identify those values that
are significantly different as a result of infection; bars in red denote those that differ significantly
due to genotype within a treatment group. Error bars represent mean + SEM. Statistical tests used:
one-way ANOVA with Tukey’s post-hoc tests. P-value <0.05 (*), P-value <0.01 (**), P-value
<0.001 (***).
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a-Synuclein, phosphorylated tau protein, and Lrrk2 levels are unchanged following VSV-
infection in Gbal p.D409V mice at 2dpi.

We have previously identified a role for two other PD-linked genes in host defence: Snca (encoding
a-synuclein) (Tomlinson et al., 2017) and Lrrk2 (Shutinoski et al., 2019, Lunn et al., in prep) and
we and others have shown increased protein levels of both a-synuclein and Lrrk2, as well as
increased tau phosphorylation in response to infections in vivo (Tomlinson et al., 2017; Alam et
al., 2022; Beatman et al., 2016; Shutinoski et al., 2019; Gardet et al., 2010; Hakimi et al., 2011;
Sy et al., 2011; Lunn et al., in prep). We therefore next investigated whether abundances of these
proteins were altered in the infected OBs of Gbhal mutant mice at 2dpi, which is the timepoint of
highest viral load in this tissue. a-Synuclein protein concentration was measured via sandwich
ELISA in both mock- and VSV-infected olfactory bulbs at 2dpi, and we saw no infection- or
genotype-dependent differences at this timepoint (Fig. 4.7a-c).

Next, we assayed the neuropathology-associated protein, phosphorylated tau (p-Tau;
Ser202, Thr205; AT8). We have previously found a strong, significant infection-dependent
increase in p-Tau following VSV infection at 6 weeks post infection in wild-type mice, and to a
lesser degree at 6dpi (Lunn et al., in prep). Therefore, we measured p-Tau by Western blot in
hemibrain (+OB) protein extracts. While total tau was present in all samples, p-Tau was
undetectable at 2dpi in the OB, including mock and infected tissues (Fig. 4.7d); as such
densitometry-based quantification was not possible. Male and female mice were both used for
analyses of p-Tau and total tau, as indicated on the blot, and no differences were observed between
sexes.

Lastly, we measured pSer935-Lrrk2 (pLrrk2) and total Lrrk2 protein abundance via

Western blotting (Fig. 4.7e-g). Phosphorylation at this site depends on autophosphorylation and
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thus routinely used as an indirect measure of Lrrk2 kinase activity (Steger et al., 2016). We did not
uncover any differences across genotypes or treatments (mock vs. VSV) in pLrrk2 or Lrrk2 protein
abundance following densitometric analysis (n=4 per group, per sex) (Fig. 4.7f, g). We also did
not observe any significant differences between sexes regarding pLrrk2 or Lrrk2 protein

abundance.
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Fig. 4.7: Total a-Synuclein, p-Tau, and Lrrk2 Levels are Unchanged During Acute Vesicular
Stomatitis Virus Infection in Gbal p.D409V Mutant Mice. Adult (11-13 week-old) wild-type
(WT/WT), heterozygous (HET; WT/D409V), and homozygous (KIP*®V; D409V/D409V) Gbal
p.D409V knock-in littermates were nasally inoculated with 50 pL of PBS (mock) or a dose of
3x103 PFU of vesicular stomatitis virus (VSV) and sacrificed at 2dpi. Brain extracts were prepared
by using 1% Triton-X-containing buffer. a-Synuclein was measured by sandwich ELISA (a, b, ¢).
Samples from mock- (a) and VSV- (b) inoculated samples are shown as a-synuclein concentration
in ng/pl. Ratios for VSV:mock values, normalized to wild-type (WT/WT) are shown in (c). Each
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point represents one animal. Brain extracts were also used to measure phosphorylated tau (pTau;
at Ser202, Thr205) and total tau by Western blotting and representative blots for pTau and tau are
shown (the same samples were run for each). [The positive pTau control is a VSV-infected Lrrk2
p.G2019S mutant brain sample at 6 weeks post inoculation] (d). (e-g) Brain proteome was also
used to measure phosphophorylated Lrrk2 (Ser935) and total Lrrk2 by Western blotting and a
representative blot is displayed (e). Individual protein abundances were measured via densitometry
(n=4 per group per sex). All samples were normalized to actin loading control, and to an internal
blot control (Lrrk2 p.G2019S) to combine samples from multiple Western blots. A Lrrk2 p.D1994S
sample is used as a negative control for pLrrk2. Quantification shows data sets for sexes combined
(f, g). Error bars represent mean + SEM. Statistical methods included one-way ANOVA with Tukey
post-hoc comparison. No statistically significant differences were found.
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Discussion

Herein, we have demonstrated that the p.D409V knock-in mutation of Gbal, which causes
decreased GCase enzymatic activity, confers a degree of protection against nasally acquired, VSV-
induced encephalitis in adult mice with a male sex bias. Furthermore, we identified a heterozygous
Gbal p.D409V allele-dependent effect on viral titres in the lungs of female mice and a VSV
exposure-dependent effect on GCase activity for homozygous mice in the tissues that are first
infected, namely the olfactory bulb and lungs, also in a female sex-dependent manner.
Interestingly, we did not identify any significant, Ghal p.D409V-mediated effects on HIN1- or
ST-induced disease outcomes, suggesting that the Gbal p.D409V variant may exhibit anti-
microbial effects in a pathogen- and organ-dependent manner. These results suggest a role for the
PD-linked gene GBAI in host defences against an acute, neurotropic, RNA virus-based infection.
These findings, together with a role for Lrrk2 and Snca also protecting mice against neurotropic
viral infections (Shutinoski et al., 2019; Tomlinson et al., 2017; Lunn et al., in prep), support a
model in which dysregulated or altered immune response to microbial insults, either during an
isolated event or encountered over a lifetime could contribute to disease risk and onset in PD.
Potential mediators of lasting effects could entail reactive oxygen species-based molecules, as we
have observed in Lrrk2 studies, and chronically dysregulated pro-inflammatory lipids, which will
be addressed in future studies (Shutinoski et al., 2019).

We studied three pathogens with target organs where GCase activity is relatively high in
wild-type mice: the lungs (HINT1), the spleen (ST), and the brain (VSV) (Liou et al., 2019). When
measuring GCase activity levels in vitro in each of these organs in the Gbal p.D409V mouse
model, we observed that homozygous Gbal p.D409V mice had ~1% of wild-type GCase activity

in the lung, ~2% in the spleen, and ~15% in the brain. Heterozygous Gbal p.D409V mice had
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~50% of wild-type GCase activity in both the lung and the spleen, and ~75% in the brain (data not
shown). First, we employed the lung-directed HINT1 infection in adult mice. Importantly, Braak
and Del Tredici posit that a critical point of initiation for the aggregation of misfolded a-synuclein
is the olfactory system, and as such each of our viruses were administered via nasal inoculation to
primarily infect the nasal cavity and olfactory epithelium.

In the HIN1 paradigm, we did not find any differences in survival between wild-type and
Gbal p.D409V mutant mice, which was surprising, given that GBA I knockout, as well as knockout
of the opposing enzyme to GCase, glucosylceramide synthase, was shown to limit HIN1 infection
in vitro (Drews et al., 2019, Soudani et al., 2019; Vitner et al., 2021; Drews et al., 2020). The
authors of the latter study concluded that any disturbance in GCase-related lipid homeostasis, in
either direction, may impact viral infectivity (Drews et al., 2020). Our present data suggest that at
the whole organism level, perturbations in GCase (as a result of the Gbhal p.D409V mutation) did
not translate to altered survival outcomes following nasal HIN1 infection. We have not yet
assessed what impact this mutation has on lipid homeostasis in these mice. Of note, we recorded
over 90% survival in all mice following HIN1 infection and therefore, this may also reflect a lack
of sensitivity in this assay.

This high survival rate following a viral HIN1 infection model lent itself to a serial infection
paradigm, specifically with a bacterial pathogen exposure as a second hit. This serial infection
model is well-established, as the engagement of the interferon response in the primary viral
infection renders organisms more highly susceptible to a secondary bacterial infection (reviewed
in: Rynda-Apple et al., 2015). We hypothesized that the Gbal mutant mice may have an altered
immune and inflammatory response during the first viral infection, which could lead to altered

health outcomes following a subsequent infection with ST. However, in this case, HIN1 pre-
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infection was insufficient in eliciting genotypic differences in splenic bacterial load, which may in
part be due to the extended period (four weeks) between the two infections. Consistent with this,
we saw no Gbal-dependent difference in outcomes following an isolated ST infection. Of note,
ST infection is uniformly lethal, hence why we chose to collect spleens for bacterial burden
analysis at 5dpi. However, a time-to-death experiment may have uncovered differences in time-
to-death intervals between genotypes, especially given the extremely high expression of Gbal in
the spleen, which is highly targeted during ST-induced sepsis.

We next investigated the outcomes of a virus with direct effects on brain health. As such, we
employed a neurotropic virus (VSV) that first infects olfactory sensory neurons of which axons
project to glomeruli in the olfactory bulb (Nair et al., 2014). We found that heterozygous and
homozygous Gbal p.D409V mice survived significantly better than wild-type mice. When
separating these data based on sex, we found that heterozygous female mice had a non-significant
survival advantage, whereas male homozygous mice had a significant survival advantage against
VSV compared to wild-type mice. These data suggest that that at least one Gbal p.D409V knock-
in allele may confer a protective function in response to VSV infection. Given the established role
for lipid species in host defences, it is conceivable that GCase (and mutations within) could
influence host defences against viral infections (Mazzon and Mercer, 2014; Heaton and Randall,
2011). The observed survival benefit conferred by the Gbal p.D409V variant against neurotropic
VSV-induced encephalitis but not against two peripherally restricted infections (HIN1 and ST)
likely speaks to pathogen- and organ-specificity in a role for GCase-linked activity in pathogen
response.

The lack of differences in viral load in the brains of these mice did not correlate with the

trends observed in survival rates. This suggests that Gbal mutations might not affect the control
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of viral spread and replication but may instead be involved in mechanisms that reduce neuronal
cell death in response to VSV infection, which is similar to what has been reported in a GD mouse
model following neurotropic Sindbis infection (Melamed et al., 2020). Heterozygous female mice
exhibited lower viral loads in the lungs in our infection model using VSV, which was consistent
with the observed survival trends.

We hypothesized that the survival benefit against VSV-induced encephalitis in Gbal
p.-D409V male mice may be due to an alteration in the number of peripheral inflammatory
mediators that enter the brain. As such, we measured cytokine and chemokine abundance in sera
from venous blood. Although we did find alterations in cytokine signalling that were both sex- and
infection-, as well as genotype-dependent, we did not find a definitive perturbation in these
circulating inflammatory mediators that could have explained the survival benefit observed. Of
note, IL-6, TNFa, and M-CSF have all be linked to GD in human serum, at increased levels
(Michelakakis et al., 1996; Allen et al., 1997). Contrarily, a recent study demonstrated that both
homozygous and heterozygous Gbal p.D409V knock-in astrocytes had markedly decreased IL-6,
TNFa, and IP-10 than wild-type mice in naive and LPS-induced states (Sanyal et al., 2020).

Not only did the Gbal p.D409V variant affect disease outcomes of VSV infection, but we
also found altered GCase activity downstream of VSV infection. To assess genotype-dependent
differences in GCase activity after infection, a ratio of infected-to-mock activity change was
calculated and subsequently normalized to wild-type activity, as a measure of relative increases or
decreases in mutant mice following infection compared to changes in wild-type mice. In the brain
without the OB, the ratio of infected-to-mock of GCase activity was significantly higher in male
heterozygous animals, with male homozygous mice following a similar, yet insignificant, trend

compared to male wild-type animals. Female wild-type mice had a significantly higher ratio of
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GCase activity from infected-to-mock than female homozygous Gbal p.D409V mice in both the
lungs and the OB (but not the whole brain). Importantly, when considering raw values, only the
olfactory bulbs of homozygous mutant female mice had a significantly different GCase activity in
infected samples compared to mock samples. These changes likely affect downstream lipid
metabolism which is currently being pursued.

Our team and others have highlighted a role for both a-synuclein (Snca) and Lrrk2 in host
defences against encephalitic viral infections (Tomlinson et al., 2017; Shutinoski et al., 2019; Lunn
et al., in prep) and have now demonstrated a role for Gbhal. To probe for connections between
these three PD-linked genes, we investigated levels of both a-synuclein and Lrrk2 following VSV
infection in the Gbal mutant mice. We did not identify any changes in Lrrk2 abundance or level
of auto-phosphorylation (indicative of its kinase activity) dependent on VSV infection nor
dependent on the Gbal p.D409V variant. There are reports that Lrrk2 and GCase interact in
inflammatory responses. Sanyal et al. (2020) demonstrated that a pharmacological Lrrk2 kinase
inhibitor could rescue cytokine deficits following LPS insult in mutant Gbal p.D409V astrocytes.
Our results suggest that mutant GCase does not affect levels of Lrrk2 or pLrrk2 following a VSV
infection at 2dpi, which supports that instead Lrrk2 activity is likely upstream of GCase (Kedariti
et al.,, 2022; Sanyal et al., 2020). Similarly, levels of a-synuclein were not changed at this
timepoint, despite a demonstrated link between GCase dysfunction and a-synuclein misprocessing
and reports of an age-associated change in a-synuclein in Gbal p.D409V mice (Mazzulli et al.,
2011, Cullen et al., 2011; Sardi et al., 2011; Clarke et al., 2019). It is possible that the long half-
life of a-synuclein (over one week) meant that the interval between infection and tissue collection
(48 hours) was too short to measure detectable changes in a-synuclein (in either direction)

(Mollenhauer et al., 2008).
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In parallel work, we have shown that VSV infection can lead to sustained tau
hyperphosphorylation (Lunn et al., in prep). In the present study, we did not detect p-Tau at 2dpi
in VSV-infected mice. Together with the aforementioned study, in which p-Tau was detectable at
low levels at 6dpi and significantly increased at 6 weeks post-VSV infection, these data suggest
that tau phosphorylation may not be part of an acute response to VSV invasion and replication, but
may occur secondary to cell injury and potentially persist well beyond the acute replication phase
of the virus (Lunn et al., in prep). Similar to a-synuclein, tau protein has a very long half-life in
the brain, and therefore the short time interval between infection and tissue collection may not
have yet unmasked changes in the protein (Hier et al., 2022).

Important future steps of this project will be to understand the mechanistic and downstream
effects of the Gbal p.D409V variant on lipid metabolism following VSV infection. As such, we
have collected plasma from VSV-infected mice at 2dpi for lipid species analysis. This will allow
us to examine whether the lipidome is altered and/or involved in the initial immune response
during the acute time of infection, and if the Gbal p.D409V genotype has an impact. This may
inform indirect anti-viral properties of GCase, namely its involvement in cholesterol metabolism,
as infectivity of both influenza A virus and VSV are impacted by modulations in cholesterol (Li et
al., 2022; Wang et al., 2009). Secondly, future studies will investigate cellular mechanisms using
primary cell cultures i.e., isolation of resident macrophages from the lung and brain to understand
how GCase activity changes in response to infection and how manipulation of GCase activity and
protein folding (e.g., through pharmacological agents) can affect VSV replication and cell death.

The study presented here has highlighted a potential role for GCase in host response to
neurotropic infections. In mice, mutations in Gbal perturbed the course of illness in an acute VSV

infection model. Additionally, in vitro levels of GCase activity, cytokine and chemokine response,
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and viral titre all had sex-dependent outcomes following VSV infection in mutant Gbal mice. This
work now demonstrates the ability of another PD-linked gene (Gbal) to affect disease outcomes
following a neurotropic virus, adding to our previously published work on Snca and Lrrk2
(Tomlinson et al., 2017; Shutinoski et al., 2019; Lunn et al., in prep). Together, these data highlight
a possible relationship between PD risk genes (i.e., Gbal) and altered immune responses to viral

infections, which may contribute to disease risk.
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Supplementary Materials

Supplemental Table 4.1: GCase Activity in Mock- and VSV-Infected Olfactory Bulbs, Brains
Without Olfactory Bulbs, and Lungs from Wild-Type (WT/WT), Heterozygous
(WT/D409V), And Homozygous (D409V/D409V) Gbal p.D409V Knock-In Mice At 2dpi.
Data corresponds to that presented in Fig. 4.5 (a, d, g). Statistical significance was determined
only between mock- and infected-samples of the same sex and genotype using unpaired t-test,
where P-value <0.05 (*), P-value <0.01 (**). SEM: standard error of the mean.

Org S . S D Groups
n.s

Mock 175.2 3.434 4

Female WT/WT VSV 166.7 6.516 5
Mock 195.2 3.146 5 n.s

Male WT/WT VSV 189.7 5.33 4
Mock 113.2 4.084 6 n.s.

Oltactory Bulb Female WT/D409V VSV 110 3.097 8
Mock 132.2 3.678 5 n.s

Male WT/D409V VSV 137.7 5.999 7
Mock 21.02  0.9741 5 *

Female D409V/D409V VSV 16.49  0.4557 7
Mock 20.81 1.361 6 n.s

Male D409V/D409V VSV 18.6 1.313 5
Mock 88.31 2.726 4 n.s.

Female WT/WT VSV 98.66 8.868 5
Mock 96.6591 5.178 5 n.s

Male WT/WT VSV 81.259 6.459 4
Mock 61.11 2.189 6 n.s.

o Female WT/D409V VSV 59.86 2.102 10
Mock 60.59 4.065 6 n.s

Male WT/D409V VSV 69.58 2.414 8
Mock 10.1  0.8371 5 n.s.

Female D409V/D409V VSV 9.717 1.219 8
Mock 9.103  0.5611 6 n.s

Male D409V/D409V VSV 9.347 0.5776 5
Mock 145.7 16 4 n.s.

Female WT/WT VSV 153.4 16.5 5
Mock 165.2 13.93 5 n.s

Male WT/WT VSV 140.2 14.57 4
Mock 73.98 4.93 6 n.s.

Lungs Female WT/D409V VSV 73.08 4.935 10
Mock 93.29 4.268 6 n.s

Male WT/D409V VSV 82.19 9.556 8
Mock 3.099 0.4738 5 n.s.

Female D409V/D409V VSV 2.118  0.2564 8
Mock 2.757  0.4789 6 n.s

Male D409V/D40SV VSV 3.116  0.5094 5
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Supplemental Fig. 4.1: Additional Results for Cytokine and Chemokine Analyses in Gbal
p.D409V Mutant Mice Following VSV Infection. Adult wild-type (WT/WT), heterozygous
(WT/D409V), and homozygous (D409V/D409V) mice aged 11-13 weeks were nasally inoculated
with 50 uL of PBS (mock) or a dose of 3x10° PFU of vesicular stomatitis virus (VSV), sacrificed
at 2dpi, and sera were collected by cardiac puncture. Multiplex ELISA was used to measure an
array of serum cytokines and chemokines in each animal. Error bars represent mean + SEM.
Statistical tests used: one-way ANOVA with Tukey’s post-hoc tests. P-value <0.05 (*), P-value
<0.01 (**), P-value <0.001 (**%*).
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Chapter 5: General Discussion
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1. Summary

Parkinson’s disease is a complex disease, with heterogenous symptomatology and disease
presentation. The disease can be subdivided into familial (i.e., genetic) and idiopathic (i.e.,
sporadic) forms. Many disease genes have been linked to PD causality and/or risk and many
environmental risk factors have been positively correlated to PD (Schlossmacher et al., 2017; Li
et al., 2022). Hawkes, Braak, and Del Tredici proposed a dual-hit model of PD initiation, whereby
an environmental factor can trigger PD onset a-synuclein propagation in two sites: the olfactory
bulb and the gastrointestinal tract, two sites that interface with the external environment (Braak et
al., 2003; Hawkes et al., 2007; Hawkes et al., 2009). In light of this, we posited that environmental
triggers (possibly microbial in nature) could onset PD in a genetically susceptible individual
(Kitada et al., 2012).

In epidemiological studies, viral exposures have been linked to PD risk in multiple cohorts
(reviewed in: Smeyne et al., 2021; Leta et al., 2022). Furthermore, many pathogens (i.e., bacterial,
viral, fungi, mimics) have been employed in multiple genetic mouse models of PD and these
pathogens were able to illicit PD-linked genotype-specific outcomes following infection including
dopaminergic neurodegeneration in some instances (Dwyer et al., 2020; Bobyn et al., 2012; Jang
et al., 2009; Smeyne et al., 2022; Bantle et al., 2019; Bantle et al., 2021; Pisa et al., 2020).

This thesis was motivated largely by this dual-hit hypothesis and the possibility of viral
exposures as risk factors for PD (Hakwes et al., 2007; Hawkes et al., 2009; Kitada et al., 2012). To
investigate PD as a complex disease requiring genetic susceptibility and environmental trigger(s)
to onset disease, we employed three mouse models linked to three PD-linked genes: Snca, Lrrk2,
and Gbal. Herein, we have employed three different viruses as well a serial viral and bacterial

infection paradigm to model pathogenic environmental triggers.
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We have previously shown that Snca knockout and two variants of Lrrk2 in neonatal mice
could perturb the course of illness of nasally acquired reovirus T3D-induced encephalitis
(Tomlinson et al., 2017; Shutinoski et al., 2019). Specifically, Snca knockout mice had higher
mortality against the infection, suggesting that endogenous a-synuclein expression plays a role in
host defences against reovirus T3D-induced encephalitis in pups (Tomlinson et al., 2017). Further,
the PD-linked hyper-kinase mutation of Lrrk2, p.G2019S, led to better control of the virus in both
the brain and lung, but higher mortality specifically in female mice. Kinase-dead Lrrk2 p.D1994S
mutant mice had increased survival against reovirus-T3D induced encephalitis in pups (Shutinoski
et al., 2019). Altogether, these data suggest that both endogenous Snca expression and allelic
variants of Lrrk2 play a role in host defences against reovirus T3D-induced encephalitis as
measured by survival rate and viral titres in target organs. Importantly, nasal inoculation was used
in this model, meaning that the virus first infected the olfactory epithelium within the nasal cavity,
and the lungs, before viral titres peak in the brain leading to encephalitis. This model involves full
engagement of peripheral innate immunity prior to peak involvement of the CNS-specific immune
system.

Given that much research has studied both a-synuclein and Lirk2 in CNS-specific roles,
we wished to delineate the role of each of these proteins in the peripheral- vs. brain-specific
immune response in response to reovirus T3D. To do this, we employed the same viral strain in
the same mouse models mentioned above instead now using a direct-brain, intracerebral
inoculation model. In doing so, we aimed to minimize (though cannot complete exclude) the role
of the peripheral immune system and its effects on the brain and aimed to target the CNS-specific
immune response. By performing parallel experiments in Chapter 2 as was done in Tomlinson et

al. (2017) and Shutinoski et al. (2019), and comparing the outcomes of the parallel paradigms, we
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have begun to parse the relative contribution of both a-synuclein and Lrrk2 in the periphery vs. in
the brain as it relates to the host defence against reovirus T3D infection and death due to
encephalitis.

As we have established a role for Lrrk2 in host response against a neurotropic virus in
Chapter 2 and in Shutinoski et al. (2019) in neonatal mouse pups, we next wished to investigate
the role of allelic variants in Lrrk2 against viral infections in adult mice. As such, we employed
two distinct types of single-stranded RNA viruses. We first employed vesicular stomatitis virus
(VSV) which has neurotropism and causes meningoencephalitis in adult mice. Next, we employed
the non-neurotropic, pneumotropic influenza A virus, serotype HIN1, which causes pneumonitis.
We chose these two viruses for their differing tropism (i.e., periphery- vs. brain-directed). VSV
models a second neurotropic, encephalitic virus, akin to reovirus T3D; but, in adult mice.
Furthermore, influenza infections have been epidemiologically linked to PD in numerous reports
and is therefore a PD-relevant virus (Jordan, 1927; Martyn, 1997; Cocoros et al., 2021). We studied
both the hyper-kinase Lrrk2 p.G2019S and the kinase-dead Lrrk2 p.D1994S mutations in response
to each of these pathogens.

Beyond a role for Lirk2 in perturbing the course of illness following viral infections
acutely, we also wished to investigate the downstream outcomes and long-term sequelae of viral
infections on brain health. As such, we measured multiple neurodegeneration-linked biochemical
markers in the brains of mice that survived the original infections. We aged these mice to a total
of six weeks post inoculation (wpi), a timepoint when all mice were phenotypically healthy. We
measured three main markers that are linked to neurodegeneration: a-synuclein protein
concentration, levels of oxidative stress, and phosphorylated tau protein abundance. By looking at

the effect of viral infections on brain health in surviving mice (both wild-type and mutant), we
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began to investigate whether, and if so, how viral infections may act as risk factors to promote
neurodegeneration over the course of one’s lifetime and over the culmination of multiple
exposures.

Finally, in Chapter 4, we investigated the role of a third PD risk gene, Gbal (encoding
GCase), in response to both VSV and HIN1. GBA/! is the commonest genetic risk factor for PD
and therefore insights into the physiology of GBA I will greatly inform PD pathogenesis. Unlike
Lrrk2, research into the role of GCase in host response to pathogens has been limited. We were
motivated by our positive results showing that both a-synuclein and Lrrk2 could perturb disease
outcomes following multiple pathogens, and that GCase is highly expressed in macrophages
suggesting a potential role in immune function(s). Furthermore, there are reports that GCase can
affect viral infectivity in vitro (Marodi et al., 1995; Drews et al., 2019, Soudani et al., 2019; Vitner
et al.,, 2021; Drews et al., 2020; Sanyal et al., 2020). We employed four pathogenic infection
models in mutant Gbal mice: neurotropic VSV, non-neurotropic HINI, bacterial Salmonella
typhimurium, and a serial infection of the latter two. We investigated disease outcomes (survival
rate and/or pathogenic titre) in wild-type, heterozygous, and homozygous Gbal p.D409V mice in
each of these models. Importantly, homozygous mutations in GBA/ in humans cause Gaucher
disease, whereas both heterozygous and homozygous GBA I mutations confer risk for PD at a mean
penetrance rate of 33% (Anheim et al., 2012). As such, both heterozygous and homozygous mice
are biologically relevant in this study. We also investigated GCase enzymatic activity downstream
of infection in each genotype.

This thesis aimed to further implicate viral infections (and the ensuing inflammation) as a
risk factor for PD and to further demonstrate an ability for multiple PD-linked genes to alter the

course of illness following multiple viral infections in mice. In uncovering the chronic effects of
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viral infections on brain health, we aimed to highlight that viral infections (even those that do not
directly infect the brain, i.e., non-neurotropic HIN1) can lead to pathology-associated changes in
the brain in mice that survive the infection. By extension, this may highlight the importance of
regular vaccinations against viral infections and possibly anti-inflammatory medications as
preventative measures for PD risk (likely in genetically susceptible individuals) (Gao et al., 2011).

In demonstrating a role for PD-linked genes in host defences against infections, we will
further uncover both the physiology and pathophysiology of these proteins. By understanding these
functions, we can begin to parse the disease mechanisms behind these proteins, which will allow

an avenue for cause-directed therapeutics in these disease pathways.

2. Principal Findings

In this thesis, together with our previous publications, we have shown that variants of three
PD-linked genes, Snca, Lrrk2, and Gbal, could all perturb the course of illness (i.e., survival rate)
in response to a neurotropic, encephalitic virus (Snca: reovirus T3D; Lrrk2: reovirus T3D and
VSV; Gbal: VSV). Furthermore, both neurotropic VSV and non-neurotropic HIN1 could lead to
changes in multiple neurodegeneration-linked biochemical markers in the brains of surviving wild-
type and Lrrk2 mutant mice, as late as six weeks after inoculation. These data demonstrate a
reciprocal relationship of viruses and PD disease genes/pathologies: PD-linked genes can function
upstream of infections to alter the course of illness, and downstream effects of viral infections
include lasting and marked changes in neurodegenerative disease hallmarks, including a-synuclein
protein concentration and tau hyperphosphorylation, in the brains of otherwise healthy mice who

survived a viral infection.

183



In Chapter 2, we sought to understand the peripheral- vs. CNS-specific contribution of
Lrrk2 and Snca in response to reovirus T3D-induced encephalitis. When we administered the virus
in neonatal mouse pups via a direct-brain intracerebral injection, we found that Lrrk2 p.G2019S
mice had the same time-to-death interval as wild-type mice. This, even though when the same
virus was administered nasally (and therefore fully engaged the periphery), these same mice had a
decreased survival rate compared to wild-type littermates (Shutinoski et al., 2019). Similarly,
kinase-dead Lrrk2 p.D1994S mutant pups were relatively protected against a nasal inoculation of
reovirus T3D compared to wild-type littermates but had the same time-to-death as wild-type mice
when the virus was administered intracerebrally. Importantly, our previous work held a consistent
female sex bias when regarding reovirus T3D and Lrrk2 variants, and as such we separated all data
based on sex but did not uncover any further differences in the intracerebral delivery model. Taken
together with Shutinoski et al. (2019), these data suggest that in the context of reovirus-T3D-
induced encephalitis, allelic variants of Lrrk2 contribute to the host response primarily in
peripheral tissues to protect the brain, rather than specifically in the CNS. It remains to be tested
which cells are driving this phenotype in the periphery, but our previous data suggest it may be
driven by macrophages and neutrophils (Shutinoski et al., 2019). How they then alter brain-related
outcomes in this model requires further investigation; however, as shown in Chapter 3 and as
published in Shutinoski et al., (2019), infections in the periphery can lead to increased ROS
production in the brain and this is exacerbated by the Lrrk2 p.G2019S genotype.

We also investigated the levels of two LRRK2-PD-linked disease proteins: a-synuclein and
phosphorylated-tau protein. This was motivated by our findings that nasal inoculation of reovirus
T3D could lead to an increase in a-synuclein in Lrrk2 p.G2019S mice, as well as parallel studies

in Chapter 3 demonstrating that viral infection consistently led to increased tau phosphorylation.

184



We did not find a difference in a-synuclein concentration following intracerebral infection of
reovirus T3D. Strikingly, we found a significant increase in phosphorylated tau protein at 8 days
post inoculation (dpi) that was both infection- and Lrrk2 p.G2019S-dependent, which we observed
in both male and female mice. These data present a relationship between the Lrrk2 p.G2019S
mutation, an encephalitic viral infection, and the level of tau phosphorylation at an acute time point
of disease in neonatal mouse pups.

Finally, we did not observe any differences in the time-to-death interval of Snca knockout
mice following intracerebral inoculation of reovirus T3D, despite finding that these mice had
higher mortality following nasal inoculation of reovirus T3D (Tomlinson et al., 2017). This
suggests that endogenous a-synuclein protects against reovirus T3D-induced encephalitis
primarily in the periphery rather than the CNS. Importantly, in both inoculation methods of
reovirus T3D, the time-to-death (i.e., 5-10dpi) and disease presentation was the same.

In Chapter 3, we investigated the role of variants in Lrrk2 in adult mice in response to two
distinct viruses: neurotropic VSV and non-neurotropic, lung-directed HIN1. In Chapter 3, both
viruses were administered nasally and therefore represented systemic infections with both
peripheral and CNS-specific immune involvement in their respective disease courses. By
administering viruses with two different tropisms, we hoped to further investigate the pathogen-
and organ-specific roles of Lrrk2.

We found that homozygous Lrrk2 p.G2019S female -but not male- mice had a decreased
survival rate compared to both wild-type and heterozygous mice against VSV-induced
encephalitis. This female sex bias is consistent with our previous studies involving pathogenic
infections and the Lrrk2 p.G2019S mutation. Interestingly, this phenotype was not found in

response to the lung-directed HINT1 infection. In this case, all female mice and all male mice had
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similar survival rates to their respective genotypes. These data further suggest the pathogen- and
organ-specificity of Lrrk2, and beyond this suggest that the Lrrk2 p.G2019S mutation may worsen
disease outcomes (i.e., survival rate) in the context of a brain-based pathological process (and
related inflammation) but does not worse disease outcomes in infections that are restricted to the
periphery in their disease course. This is supported by previous data that demonstrated that Lrrk2
p-G2019S mice were protected against a peripheral Salmonella typhimurium infection (Shutinoski
etal., 2019; Liu et al., 2017).

We investigated, but did not find, the mechanisms behind the decreased survival rate found
in Lrrk2 p.G2019S female mice. However, using immunohistochemical analyses, we did identify
that Lrrk2 p.G2019S female, but not male, mice had decreased microgliosis following VSV
infection in the olfactory bulb at 6dpi. Female wild-type, male wild-type, and male Lrrk2
p-G2019S mice all had a clear increase of microglial size and quantity after VSV infection that
was not evident in female Lrrk2 p.G2019S mice, possibly indicating that they did not mount a
sufficient immune response. An important aspect of the disease induced by VSV is severe
meningitis (together with encephalitis) which we have not histologically captured with brain slides.
In ongoing parallel work investigating the effects of VSV in wild-type mice, we have employed
whole skull mounts to investigate immune cell infiltration and inflammation in the meninges
(Tomlinson et al., 2017; Zahr Eddin et al., unpublished). The degree of meningitis could underlie
the higher death rates observed in female Lrrk2 p.G2019S mice, which is support by an observed
trend of more hind limb paralysis in female Lrrk2 p.G2019S mice specifically. Future data will
employ histological analysis of whole skull mounts in this model.

As a secondary objective of Chapter 3, we explored the effects of viral infections on brain

health in mice that survived the infection. In both models (VSV and HIN1) all mice that survived
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the initial infection were aged to a total of six weeks post inoculation and the brains were collected.
We found that a-synuclein concentration, levels of oxidative stress and phosphorylated tau protein
in the brain were all altered by both viral infections — meaning that even HIN1, which does not
directly infect the brain and causes a peripheral disease course, could lead to measurable changes
in neurodegeneration-linked proteins in the brain six weeks from infection. Importantly, each of
these findings were found in both wild-type and Lrrk2 p.G2019S mice, meaning that a
neurodegenerative disease gene is not required for these changes to occur post-viral infection.

Specifically, we found that both viruses led to changes in two oxidative markers:
concentrations of reversible H2O2 and levels of irreversible protein nitrotyrosination (a post-
translational protein modification that occurs secondary to oxidative stress). Surprisingly, we
found an opposite effect of the two viruses on a-synuclein concentration: VSV led to a significant
decrease in the protein, and HINT1 led to a trend towards increase of the protein in the brain. These
data show that two distinct viral infections could both lead to changes in the levels of two PD-
linked hallmarks in healthy mice who survived a viral infection.

Most excitingly, we found a consistent and marked increase in the level of phosphorylated-
tau (p-Tau) protein in response to both viral infections at six weeks post infection in adult animals;
p-Tau was absent in almost all mock-infected samples, but notably and reproducibly identified at
six weeks post inoculation following both VSV and HINI1 infection. Of note, p-Tau has also been
identified in mice following SARS-CoV-2 (Di Primio et al., 2023), herpes simplex virus (Powell-
Doherty et al., 2020), and mouse hepatitis virus (MHV) (Sy et al., 2011). We found markedly less
p-Tau in mice all sacrificed at six days post inoculation of VSV infection (compared to at 6wpi),

suggesting that p-Tau may be a consequence of lingering infection rather than an immediate
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response. Remarkably, the highest abundance of p-Tau protein was identified in brains collected
from moribund (humane endpoint) mice of VSV infection.

We did not observe a Lrrk2 p.G2019S-dependent effect on tau phosphorylation at 6wpi,
though in the context of VSV infection we did see a stronger induction between mock- and infected
samples in Lrrk2 p.G2019S brains than in wild-type brains, possibly suggesting an ability for Lrrk2
p-G2019S to exacerbate (but not drive) this phenotype. Interestingly, it has been shown that Lrrk2
kinase inhibitors could limit tau hyperphosphorylation in an AD mouse model (Castro-Sanchez et
al., 2020) and herein, we observed that Lrrk2 kinase-dead p.D1994S mice had a lower level of p-
Tau protein abundance after HIN1 infection compared to wild-type and Lrrk2 p.G2019S mice,
which requires further validation, but may support these data.

Although we observed increased tau phosphorylation following resolved viral infections,
we cannot conclude that these also include and/or will lead to neurofibrillary tau tangles. Tau
tangles are the hallmark of numerous tauopathies, including Alzheimer’s disease (AD), progressive
supranuclear palsy (PSP), and corticobasal degeneration (CBD). In humans, the presence of tau
phosphorylation can appear long before the presence of tau tangles. Therefore, it remains to be
examined whether these infections can also lead to misfolded neurofibrillary tau tangles in mice.

A graphic summary of all results measured at 6 weeks post inoculation of both VSV or

HINT1 can be found below (Fig. 5.1).
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Fig. 5.1: Summary of Biochemical Changes Observed Following VSV or HIN1 Infection in
Wild-Type, Lrrk2 p.G2019S, And Lrrk2 p.D1994S Mice at 6 Weeks Post Inoculation. Adult
mice were inoculated with a dose of 3x10° PFU of VSV or a dose of 2x10° PFU of HIN1, and any
mice that survived the infection were aged to a total of 6 weeks post inoculation. In the brains of
sacrificed mice, three parameters were then measured: levels of phosphorylated tau protein (p-
Tau) via Western blot; concentrations of a-synuclein (aSyn) via sandwich ELISA; and
concentration of H>O; via Amplex® Red assay. Arrows and equal signs within each box refer to
comparisons between mock- and virus-infected samples within one genotype, with sexes pooled.
Stars denote significance between groups as measured by ANOVA with Tukey post-hoc tests. P-
value <0.05 (*), P-value <0.01 (**). TBD (to be determined) indicates an experiment that was not
completed.
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In Chapter 4, we investigated a possible role for a third PD-linked gene, Gbal, in host
defences against pathogenic infections. We used the Gbal p.D409V mouse model, in which the
homozygous genotype leads to a marked decrease in GCase activity, and a partial reduction in the
heterozygous genotype (Xu et al., 2003; Clarke et al., 2019; Polinski et al., 2021). Indeed, GCase
levels are as low as 1% of wild-type activity in the lungs and spleen of Gbal p.D409V homozygous
mice, and ~15% in the brain. In heterozygous Gbal p.D409V mice, GCase activity is ~50% of
wild-type activity in the lungs and spleen, and ~75% in the brain. We did not find an effect of these
genotypes on survival outcomes of HIN1-induced pneumonitis, Salmonella typhimurium-induced
sepsis, or a serial infection model of the two.

Interestingly, we did observe a Gbal p.D409V effect on VSV survival rates. When we
pooled the sexes, both homozygous and heterozygous Gbal p.D409V mice had significantly
higher survival rates than wild-type mice. When we separated these data based on sex (motivated
by the Lrrk2-dependent sex bias observed in Chapter 3), we found that homozygous Gbal
p-D409V male mice were significantly protected against VSV infection, and we observed a trend
in female mice whereby heterozygous, but not homozygous, mice were protected against VSV
compared to wild-type mice. In female mice, this survival trend was associated with a significant
decrease in viral titre in the lungs at 2dpi.

We also measured GCase enzymatic activity at 2dpi to examine the downstream effects of
VSV viral infection on GCase enzymatic activity. When comparing levels at baseline (mock)
compared to in VSV-infected tissue within the same genotype and sex, GCase activity was only
significantly altered in female homozygous Gbal p.D409V mice, in the olfactory bulb. It is

possible that subtle changes were only uncovered in samples with overall low levels of GCase

190



activity. These data suggest that viral infections could affect GCase activity levels, but in a tissue-
, sex-, and genotype-specific manner.

Finally, building on our data from Chapter 3, we measured p-Tau protein abundance in our
VSV tissue collected at 2dpi. Unlike at 6wpi, p-Tau was completely absent in all tissues at 2dpi.
Taken together with our investigations into p-Tau in this thesis, these data suggest that
phosphorylation of tau following viral infections is a long-term effect (possibly a consequence) in
healthy, surviving mice and not an immediate response to infection during the initial phase of
disease. However, as moribund mice had the highest levels of p-Tau compared to all other
timepoints measured, these data also suggest that tau becomes heavily phosphorylated when
sickness becomes so severe that it causes fatality.

Altogether, Chapter 4 demonstrated an effect for variants in Gbal on disease outcomes
stemming from VSV-induced encephalitis, but not HIN1 or ST infection, these results suggest
that, akin to Lirk2, GCase is involved in host response(s) to infection in a pathogen- and organ-
specific manner. These data also demonstrate in multiple assays (i.e., survival outcomes, cytokine

signalling, GCase activity) the importance of considering sex as factor in Gbal studies.

3. Future Directions

This thesis has begun to illustrate a role for three key Parkinson’s disease-linked genes in
perturbing the course of illness of multiple viral infections. Furthermore, it has demonstrated that
viruses can lead to biochemical neurodegeneration-linked changes in the brains of healthy mice
who survived a viral infection. However, much remains to be elucidated and there are many

avenues of research to continue regarding the present thesis.
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One, we did not succinctly elucidate the mechanism behind Lirk2 p.G2019S female mice
having decreased survival rates against nasal VSV infection; this will be pursued in future studies.
During the period of this thesis, olfactory bulbs were collected from a full cohort of mock- and
VSV-infected wild-type and Lrrk2 p.G2019S mice at 2dpi for single nuclei RNA-sequencing, the
analysis of which is ongoing. The olfactory bulb was chosen as the tissue of interest given our
interest in the OB as a potential first site of aSyn pathology initiation, motivated by the high
incidence of hyposmia in the prodromal phase of PD (i.e., Braak et al., 2003; Hawkes et al., 2007;
Li et al., 2022). Upon nasal inoculation, the OB can become directly infected (i.e., bypass the
periphery) by virions entering the CNS via aSyn-rich olfactory sensory neurons. Therefore, we
believe the OB to be relevant in PD pathogenesis and as such differences in the transcriptome
between wild-type and Lrrk2 p.G2019S mutant mice following VSV infection may be uncovered
here. Furthermore, VSV viral titres peak in the olfactory bulb at 2dpi. This study will provide
insights into transcriptional changes between genotypes, sexes, and treatment groups during the
acute phase of VSV infection. This experiment will be an unbiased approach at uncovering
mechanistic changes between groups at the transcriptional level.

Furthermore, this data set will validate and inform our perplexing finding gained by
immunohistochemical analyses that Lrrk2 p.G2019S female mice appear to have less microgliosis
in the olfactory bulb upon infection compared to all other mice. Specifically, the snRNA-seq
dataset will uncover microglia-specific transcripts which will inform microglial activation state
and heterogeneity of the microglia cell populations in the olfactory bulb between groups.

Moreover, akin to these findings, we have previously observed a decreased survival rate in
Lrrk2 p.G2019S female mice following the encephalitic virus, reovirus T3D, in neonatal mouse

pups (Shutinoski et al., 2019). In those studies, we found this phenotype was associated with
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increased peripheral myeloid cell infiltration to the brain, as measured by flow cytometry. By using
snRNA-seq in our present dataset, we can identify cell populations in the olfactory bulb at this
time of infection, and therefore we can address whether there is also an increase of infiltrating
myeloid cells in Lrrk2 p.G2019S mice following VSV infection.

More extensive mechanistic and cellular studies into the observed phenotype of decreased
survival rate in Lrrk2 p.G2019S mice, which we have now shown in the context of two encephalitic
viruses, must be done in order to fully inform Lrrk2 biology. This can be done further by employing
in vitro studies for comprehensive pathway analysis with primary cell cultures including bone
marrow-derived macrophages, or continuous cell lines such as RAW macrophages or BV-2
microglia (given Lrrk2’s high expression in phagocytes).

Two, as detailed below, further infection paradigms should be performed to inform: 1) the
antiviral capacities of these PD-linked genes (namely Lrrk2), and 2) whether a combination of
viruses and/or varying time(s) of inoculation can further exacerbate the neurodegeneration-linked
changes we identified following VSV/HINI; and moreover, whether there is dopaminergic
neurodegeneration in the SNpc of these mice.

Firstly, in our present study we did not investigate whether our observed biochemical
changes (i.e., oxidative stress, a-synuclein concentration, and p-Tau levels) persisted beyond 6
weeks post inoculation, which should be investigated, including histological based analyses of
these parameters (i.e., a-synuclein, p-Tau) to identify site-specific localization. Furthermore, it it
should be investigated histologically whether there is any dopaminergic neuronal death in the
SNpc. If the death of dopaminergic neurons is identified, it remains conceptually debated in the
field whether neurodegeneration stems from cell-to-cell transmission of pathogenic components

(such as seeds, i.e., prion hypothesis); or from signalling mediators (possibly from the periphery)
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that eventually reach cell populations that are innately vulnerable (i.e., dopaminergic neurons).
The data presented herein, namely the identification of increased quantities of ROS, a-synuclein,
and p-Tau in the brain at 6wpi following a non-neurotropic, peripheral HIN1 infection course may
provide evidence for the latter, though we have yet to identify neurodegeneration in these samples.
Importantly, in complex human disease it is likely a mixture of both factors that leads to
neurodegeneration.

Beyond this, a chronic viral model which is non-fatal but where the virus persists in the
host for a longer period would investigate whether a chronic (vs. acute) infection could exacerbate
(or diminish) the pathology-linked phenotypes we have observed herein. A possible model for this
would be the chronic lymphocytic choriomeningitis virus infection model. This is a well-
established chronic viral murine model, where infections via peripheral inoculation (i.e.,
intraperitoneal) are often non-lethal but the virus remains in the host for a chronic period
(Bocharov et al., 2015).

Next, we employed a serial infection model of HIN1 and Salmonella typhimurium in
Chapter 4 but did not investigate these brains at an aged time point for the same biochemical
changes as in Chapter 3. It is of high interest to employ a serial infection model, even in wild-type
mice, such as in a pilot study, to measure the impact of multiple infections on the biochemical
changes we measured herein (p-Tau protein abundance, a-synuclein concentration, and oxidative
stress levels) but also to investigate the cell health of dopaminergic neurons in the SNpc in the
brain of recovered mice. A potentially attractive model would be to use pneumonitis-causing HIN1
followed by a pneumonia-inducing bacteria, as this type of superinfection is commonly seen in
humans and would highly engage the immune system. In our studies, we have not yet investigated

whether a bacterial infection can also induce tau hyperphosphorylation; though previous studies
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have shown an ability of LPS treatment (bacterial mimic) to do so (Kitazawa et al., 2005; Sy et al.,
2011).

Herein, we have investigated three RNA viruses in the context of PD-linked genes, but we
have yet to investigate the effects of a DNA virus. It will be highly informative to employ DNA
viruses in these paradigms and investigate the effects of Lrrk2, Snca, and Gbal following a range
of distinct viral types. DNA viruses including herpes zoster virus, hepatitis B virus, and Epstein-
Barr virus have been well linked to PD risk (Carmacho-Soto et al., 2020; Lai et al., 2017; Choi et
al., 2020; Pakpoor et al., 2017; Hseih et al., 2022; Zhang et al., 2021; Tiwari et al., 2022).

Finally, in Chapter 2, a major limitation of the study is the possibility that intracerebral
inoculation of reovirus T3D is too severe and fulminant to uncover differences in time-to-death
between genotypes. Although we performed some preliminary studies to address this, and other
researchers have successfully used this model to identify genotype-dependent outcomes on
survival (specifically, knockout of the caspase-3-encoding gene) (Beckham et al., 2011), we must
validate our interpretation of these findings using a less severe infection paradigm. Specifically,
by employing VSV intracerebrally in adult mice to mirror what we have already completed with
nasal inoculation in Chapter 3, we may validate our findings in Chapter 2. This would allow us to
conclude on the relative contribution of Lrrk2 in the peripheral- vs. brain-specific immune
response to an encephalitic virus, this time in adult mice. Furthermore, both CNS-penetrant and
CNS-impenetrable (i.e., cannot readily pass the BBB) Lrrk2 kinase inhibitors are readily available,
and could be used as an alternative approach to investigate the role of Lrrk2 kinase activity (i.e.,
in the wild-type and Lrrk2 p.G2019S hyper-kinase state) restricted to the periphery vs. with full

CNS inhibition.
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Three, much remains to be investigated regarding the mechanisms behind the high level
of tau phosphorylation in the brain following viral infections.

Firstly, how long does tau remain phosphorylated after VSV or HIN1 infection? The
furthest we have investigated is 6wpi. It would be informative to measure p-Tau levels at 2wpi
(what we consider the end of the ‘survival’ experimental period), at three months post inoculation,
and even a year from initial inoculation. Is this a permanent effect or transient? If transient, how
long does it last? Does it progress to tau tangle pathologies and possible neurodegeneration?

Importantly, it remains to be concluded whether the phosphorylation of tau during these
acute infection models is protective or detrimental. It is possible that tau phosphorylation plays a
role as a stress response protein against the infection (akin to hypothermia and hibernation)
(Bretteville et al., 2012; Su et al., 2008). It has been reported that phosphorylation of tau may be a
physiological response to stressors which facilitates neuronal healing and neuroplasticity
(reviewed in Rissman, 2010); furthermore, it has been found that neurons expressing
hyperphosphorylated tau were resistant to apoptosis in vitro (Zhang et al., 2009). Conversely, it
may be that tau phosphorylation is a detrimental, and possibly lethal, side effect of viral infection.

Firstly, it should be investigated whether there are any phenotypic, neurobehavioural
effects of this high level of tau phosphorylation on these mice. Future studies will involve
performing cognitive and motor behavioural tests of surviving mice aged to (at least) 6wpi, to
investigate whether this level of tau phosphorylation manifests as a detectable phenotype and how
this might progress over time.

Next, mechanistic studies will inform the (patho-) physiology of this tau phosphorylation.
There are multiple potential underlying mechanisms: a downregulation of tau phosphatases; an

upregulation of tau kinases; or a decrease in autophagic clearance of phosphorylated tau. Notably,
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Sy et al. (2011) have attributed their observed increase in p-Tau protein following mouse hepatitis
virus specifically to GSK-3p activity. In our future studies, we could utilize the GSK-3p inhibitor,
lithium, to investigate if tau phosphorylation occurring in our studies is GSK-3B-dependent.
Importantly, this should be implemented in both the adult (i.e., HIN1/VSV) and neonatal mouse
pup (i.e., reovirus T3D) model, as it is possible that the mechanisms in each are not the same, as
tau is heavily phosphorylated during the neonatal period and therefore reovirus T3D infection may
be perturbing an alternate mechanism.

If a link between this tau phosphorylation and GSK-3 is identified, the effects of lithium
treatment on survival rates, as well as on the neurobehavioural phenotype of surviving mice,
following VSV or HINI1 infection would be revealing as to whether this tau phosphorylation leads
to neuroprotection (i.e., physiological) or neuronal vulnerability (i.e., pathogenic). If mice that
receive lithium treatment have a higher survival rate following viral infection, this would imply
that the tau phosphorylation was contributing negatively to the mouse’s health during infection;
conversely, if lithium treatment leads to more mortality in these mice, it would imply that tau
phosphorylation was an important, protective infection response of the host. Further, measuring
the level of neurodegeneration in aged, surviving mice with or without lithium treatment would
inform whether tau phosphorylation following infection is protective or harmful to neuronal health,
long-term.

Interestingly, epidemiologically, patients with bipolar disorder (BD), who have used
lithium as a treatment for many years, are at lower risk of developing dementia (Mauer et al., 2014;
Moon et al., 2022). Another study showed that lithium treatment in human patients with mild
cognitive impairment had lower concentrations of p-Tau in their CSF compared to those who were

untreated (Forlenza et al., 2011).
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Though we did not find a Lrrk2-specific effect on tau phosphorylation following VSV or
HINI infection, we did identify a Lrrk2 p.G2019S-specific effect following reovirus T3D.
Therefore, both wild-type and Lrrk2 p.G2019S mice should continue to be included in future
studies.

Four, in the present thesis we utilized the kinase-dead Lrrk2 p.D1994S mutant to
investigate which phenotypes were dependent on the wild-type kinase activity of Lirk2. Much
research has been done on a protective effect of inhibiting Lirk2 kinase activity on multiple
phenotypes, including under inflammatory conditions (Mutti et al., 2023; Ilieva et al., 2024; Rocha
etal., 2020; Bu et al., 2023). Future studies building on Chapter 3 should investigate whether Lrrk2
kinase inhibition, both genetic and pharmacological, can prevent the observed biochemical
changes in the brain associated with viral infections. For example, we have preliminary (yet
inconclusive) data presented in Chapter 3 suggesting that the kinase-dead Lirk2 mutant mice may
have less tau hyperphosphorylation. This should be pursued further to determine if there may be a
rescue effect, as has been suggested by other authors (Castro-Sanchez et al., 2020; Lubben et al.,
2023). In these studies, both the kinase-dead genetic mouse model and readily available
pharmacological Lrrk2 kinase inhibitors (which are biologically relevant to what is currently in
clinical trials as use for PD patients) should be used.

Five, in Chapter 4, we have initiated studies into a role for GCase in host defenses against
the neurotropic virus VSV. However, it is imperative to investigate the downstream effects of viral
infections on lipidomic homeostasis, and whether this can be perturbed by the Gbal p.D409V
mutation. As such, we have collected plasma at 2dpi from mock- and VSV-infected wild-type,
Gbal p.D409V heterozygous, and homozygous male and female mice. This will investigate what

changes occur in the lipidome during the acute phase of VSV viral infection. Furthermore: how
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does the lipidome differ between genotypes in the mock vs. the infected state? Could this inform
the observed survival benefit in Gbal p.D409V homozygous male mice? By extension then: does
the lipidome play an active role in immune response against VSV viral infection at this time point?
Importantly, both HIN1 and VSV utilize cholesterol, a direct substrate of GCase, in their
infectivity. It is therefore conceivable that perturbations in GCase activity-linked cholesterol
metabolism could be contributing to the relative protection observed with the Gbal p.D409V allele
in VSV infection. As it stands, this research is being actively pursued by us together with our

lipidomics colleagues.

4. Conclusion

The results of this thesis provide insight into the effects of viral infections on multiple
markers linked to neurodegenerative disease. Furthermore, three PD-linked genes, Snca, Lrrk2,
and Gbal, each could alter survival rates of encephalitic viral infections. These data firstly
contribute to the growing evidence that viral infections are likely risk factors for neurodegenerative
diseases, including PD. Secondly, by demonstrating a relationship between PD-disease genes and
viral infections, it supports the original dual-hit hypothesis that PD onset in genetically susceptibly
individuals requires an environmental (possibly viral) trigger (Hawkes et al., 2007; Hawkes et al.,
2009; Kitada et al., 2012).

This is supported by our key finding that resolved viral infection in adult mice led to varied
biochemical changes in the brain, in a virus-dependent manner. The measured changes represent
numerous distinct neuropathological hallmarks which are linked to multiple distinct

neurodegenerative proteinopathies including PD, DLB, AD, PSP, and CBD. This model further
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raises the importance of environmental triggers meeting genetic susceptibility in onset of
neurodegenerative diseases (Schlossmacher et al., 2017).

These data highlight the importance of regular vaccinations, including annually against
influenza virus and those in unique scenarios such as during the SARS-CoV-2 pandemic, not only
as preventative measures against viral infections; but also, to protect the brain from potential, long-
term effects that may predispose adults to the development of a sporadic, neurodegenerative
disease. Moreover, further mechanistic studies into the relationship between viral infections and
Snca, Lrrk2, and Gbal will inform the pathobiology of mutant allele-encoded proteins, and ideally

inform therapeutics for numerous diseases associated with these genes.
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