Role of peripheral immune cells and LRRK2 in Parkinson’s disease.

ABSTRACT

Parkinson’s disease (PD) is partially characterized by the loss of dopaminergic (DA) neurons in the substantia
nigra, which may be caused by the accumulation of aggregated a-synuclein in neurons and the activation of
myeloid cells in the affected brain regions. Recent genetic and whole-transcriptomic studies have suggested a
significant role for cells functioning in the innate immune system in disease risk and progression. Monocytes in
blood circulation exhibit pro-inflammatory responses in a-synuclein-associated disease, including infiltration of
the brain parenchyma. Monocytes also contain higher concentrations of the PD-linked enzyme, leucine-rich
repeat kinase 2 (LRRK2), compared to brain-resident cells, indicating a potentially crucial contribution of
monocytes to disease pathology. | hypothesize that the infiltration of monocytes exacerbates DA neuron loss
and that LRRK2 protein activity regulates the inflammatory response of peripheral immune cells to pathogenic
a-synuclein. To test these hypotheses, | propose utilizing bone-marrow transplantation models to examine the
effects of infiltrating peripheral immune cells into the central nervous system (CNS) on a-synuclein-associated
DA neuron loss. Using this system, | will characterize infiltration-driven modulation of the damage-associated
states of microglia and astrocytes. Furthermore, | will investigate the role of LRRK2 expression and activity in
peripheral immune cell infiltration and DA neuron loss associated with pathogenic a-synuclein. The proposed
experiments will advance our understanding of peripheral immune cell infiltration and the role of LRRK2 protein
in immune-related neuronal loss. The results may inform future therapeutic targeting strategies that intervene
in peripheral immune cell responses of PD.
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SPECIFIC AIMS

Parkinson’s disease (PD) is a prevalent neurodegenerative movement disorder characterized by the
loss of dopaminergic (DA) neurons in the substantia nigra pars compacta (SNpc) and the accumulation of
a-synuclein protein in some remaining neurons [1]. Although the complex interplay between genetic and
environmental factors is thought to contribute to the development of PD, the exact mechanisms involved in the
disease’s pathogenesis are not yet fully understood. Inflammation in the central nervous system (CNS) has
been identified as a potential contributor to neurodegeneration in PD, and studies in both human patients and
animal models (such as the AAV-A53T model) have demonstrated the involvement of innate immune
responses, particularly those mediated by monocytes. Interestingly, global knockout of CCR2, a key chemokine
receptor in infiltration of peripheral immune cells, provides protection in the AAV-a-synuclein model, although
the underlying mechanisms are not clear [2,3]. The infiltration of monocytes into the brain parenchyma of PD
patients and animal models may be driven by a-synuclein interactions with resident brain cells like microglia
[4]. However, the role of the infiltration of peripheral immune cells in driving DA neurodegeneration and in
dysregulating glia remain unknown. In this proposal, | will assess the effect of preventing immune cell
infiltration on reducing DA neuron loss and modulating glial states.

Recent studies have identified Leucine-Rich Repeat Kinase 2 (LRRK2) gene as a potential mediator of
inflammatory responses in PD [5,6]. LRRKZ2 is highly expressed in monocytes, poorly expressed in brain
resident cells, and has been linked to inflammatory diseases. The most commonly known genetic cause of PD
are pathogenic missense mutations in LRRK2 that lead to kinase hyperactivity, with the R1441C mutation
being the most penetrant. Evidence suggests that LRRK2 may function in monocyte-like myeloid cells to direct
their chemotaxis in response to a-synuclein, and damaging pro-inflammatory responses in the brain. However,
the exact contribution of LRRK2 in peripheral immune cells to direct CNS infiltration and DA neurodegeneration
are still not fully understood. In my proposed thesis research project, I hypothesize that peripheral immune
cells drive PD-linked neurodegeneration through CNS infiltration and through their intrinsic expression
and activity of LRRK2.

Aim 1: Investigate the role of peripheral immune cell infiltration in modulating the loss of DA neurons
and the disease-associated glial responses in a murine PD model.

The presence of activated immune cells in the CNS, possibly of peripheral origin, may underlie pathological
hallmarks of PD. Therefore, to test whether peripheral immune cells impact PD pathology, | propose using the
AAV-A53T murine model with CCR2 conditional knockout; because CCR2 is required for monocyte
extravasation, CNS infiltration will be blocked [2,3]. | anticipate that preventing immune cell infiltration will
reduce DA neuron loss and resolve damage-associated glial states. DA neuron loss will be assessed via
immunohistochemistry (IHC), and glia and related immune responses will be characterized through 10X
genomic sequencing. These studies will allow me to identify to what extent infiltration of peripheral immune
cells drives DA neuron loss and informs CNS-resident glia-cell responses to pathogenic a-synuclein.

Aim 2: Char rize the eff f LRRK2 kin
and DA neuron loss in a murine PD model.
Global loss of LRRK2 expression is broadly protective in a-synuclein AAV models [7-9], while pathogenic
LRRK2 worsens disease phenotypes [10-12]. LRRK2 expression in the mouse immune cell compartment
appears restricted to monocytes and monocyte-derived macrophages according to recent single cell analyses
[13,14]. To investigate the contribution of LRRK2 kinase activity in peripheral immune cells to PD pathology, |
propose to create mosaic mouse strains either expressing the pathogenic LRRK2 R1441C mutation or with
LRRK2 KO only in bone marrow-derived cells. Using the AAV-A53T model, | will identify brain-infiltrating cell
populations via flow cytometry, and | will assess DA neuron loss and a-synuclein aggregation via IHC. |
hypothesize that the pathogenic R1441C mutation will act through peripherally-originating immune cells to
exacerbate infiltration and drive DA neuron loss relative to WT controls, in contrast with the LRRK2 KO. These
studies will allow me to identify whether LRRK2 protein or pathogenic LRRK2 in peripheral immune cells is
necessary and sufficient for a-synuclein-associated disease pathogenesis.

Overall, the proposed research aims to better elucidate the contribution of peripheral immune cells and LRRK2
kinase activity in these cells to PD pathology, which may inform new therapeutic strategies for targeting
disease.
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SIGNIFICANCE

In Parkinson’s disease (PD) and other Lewy body diseases, a-synuclein protein converts from a
monomeric form to an insoluble fibrillated form that deposits in neurons throughout the progression of disease
and is observed in remaining neurons upon post-mortem examination [1]. However, our understanding of how
inflammation is involved in Lewy body diseases, such as PD, has been limited. Recent studies examining the
prefrontal cortices and cerebro-spinal fluid (CSF) of both healthy individuals and PD patients found that PD
patients have increased levels of both classical monocytes, which exhibit phagocytic behavior, and
non-classical monocytes, which carry out inflammatory signaling [15,16]. This indicates that peripheral immune
cells might penetrate the deep brain parenchyma during PD progression, but this remains a contentious and
difficult question to study. Homeostatic genes used to identify microglia, such as TMEM119 or Iba1, are either
shared by other myeloid cell types or are differentially expressed depending on the activation state, making it
challenging to differentiate between central and peripheral immune responses in models of neurodegeneration.
Moreover, monocytes are dynamic and demonstrate rapid tissue-specific differentiation to other types of
macrophages; homeostatic gene signatures that might separate monocytes from other myeloid cells have
shown to be lost quickly after exiting from circulation [17].

a-Synuclein in PD: a-Synuclein, a protein implicated in PD, can aggregate through several known
mechanisms. In hereditary PD, this can occur through the multiplication of the SNCA gene (overexpression) or
through PD-linked genetic mutations including A53T [18,19]. A transgenic mouse model carrying the A53T
mutation has been developed, which recapitulates progressive motor dysfunction, neuronal a-synuclein
aggregates, and the loss of neurons observed in PD patients [20]. Recently, an AAV-A53T-a-synuclein
overexpression murine model has been developed, which can be applied to a wide variety of mouse strains,
and has enabled investigations into the immune response related to pathogenic a-synuclein, including
anti-inflammatory interventions [21,22]. This valuable tool will enable further investigations into the
mechanisms regulating the immune response to pathogenic a-synuclein.

Strides have been made in understanding a-synuclein-induced immune activation. In vitro studies
showed that human peripheral monocytes were robustly stimulated through exposures to trace quantities of
aggregated a-synuclein [23,24]. In addition to exogenously introduced aggregates, blood extracellular vesicles
containing pathogenic a-synuclein also activated monocytes derived from PD patients [23,25]. Specifically,
classical phagocytic monocytes from PD patients had decreased release of pro-inflammatory cytokines, TNF-a
and IL-6, when stimulated by pathological a-synuclein, in comparison to healthy controls [26]. However, it is
unclear whether peripheral immune cells are trained in serum, from the Gl, or from CNS-resident cells.

In murine models, a-synuclein inclusions in neurons induce the expression of MHCII in nearby myeloid
cells [27,28], which is important for antigen presentation and CD4+ T-cell activation. Additional evidence for
a-synuclein-stimulated monocytes in PD comes from transgenic mouse strains overexpressing a-synuclein
[23,24,29]. These studies suggest aggregated a-synuclein itself may cross the blood brain barrier [30], or
co-localize with monocytes in the CSF [31]. To further complicate the molecular dynamics at play, another
study demonstrated that LPS-primed peripheral monocytes internalized and shuttled a-synuclein aggregates
from the periphery to the brain parenchyma [32]. Brain-resident myeloid cells and pericytes responding to
a-synuclein accumulation may release potent chemokines like CCL2 and CCLS5 that direct peripheral monocyte
chemotaxis [33]. Harms et al. demonstrated that, in a virally-delivered a-synuclein overexpression model,
peripheral immune cells (monocytes and CD4+ T-cells) require CCR2 to infiltrate the brain parenchyma [2,3].
The finding regarding infiltration in the AAV model may lend some insight to the mechanism underlying PD.

LRRK2 in PD: Through familial genetic studies and Genome-Wide Association Studies (GWAS),
LRRK2 has been implicated in PD risk and susceptibility from the identification of large-effect mutations and
low-effect single nucleotide polymorphisms (SNPs), respectively [11,12,34]. Additionally, LRRK2 is highly
expressed in mature classical and non-classical monocyte populations, has been linked to inflammatory
diseases, and may cause monocytes to elicit a stronger pro-inflammatory response compared to healthy
individuals [5,6,12,35]. The induction of LRRK2 in monocytes has been replicated in whole proteome and
transcriptome studies of human immune cells, and is a potential biomarker for PD risk [5,36,37]. LRRK2
expression is upregulated in monocytes following their maturation or through differentiation induced by
interferon-gamma (IFNy) [35,38—40]. In PD, researchers have utilized flow cytometry to isolate monocytes from
PD patients (without pathogenic LRRK2 mutations) and demonstrated elevated total LRRK2 protein in two
independent studies [41,42]. Peripheral blood monocytes from patients with idiopathic PD showed increased
LRRK2 levels and IFNy stimulation-dependent enzymatic activity, measured by Rab10 phosphorylation [43]. In
monocytes isolated from the mouse brain, exposure to aggregated a-synuclein induced LRRK2 expression and
kinase activity [5]. Though scRNA databases that achieve the sequencing depths needed to study rare myeloid
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cell compositions remain in their infancy in PD research, a new study found an upregulation of LRRK2 mRNA
in some subsets of presumed microglia in the control (non-PD) brain associated with the main LRRK2 PD
GWAS variant [44]. In consideration of these studies, LRRK2 in monocytes is dynamic and upregulated with
inflammation, leading to the question of LRRK2 function in these cells.

LRRK2 is the main known protein kinase that phosphorylates Rab proteins on vesicles and may impact
signaling endosomes and chemotactic responses in myeloid cells [5,45]. In a study of pathogenic LRRK2
genetic variants, the R1441C mutation increases LRRK2 kinase activity between 3- to 4-fold [36]. Furthermore,
it was uncovered that mice expressing R1441C globally have increased numbers of infiltrating
pro-inflammatory monocytes in acute response to a-synuclein fibrils [5]. From mechanistic studies, our lab
demonstrated that kinase inhibition of LRRK2 impaired chemotactic responses of macrophages and microglia,
both in vitro and in vivo [5,46]. Using transgenic mice, Kozina et al. concluded that pathogenic LRRK2
mutations can specifically alter type Il interferon responses in peripheral monocytes to exacerbate
dopaminergic (DA) neuron loss [47]. Earlier work as well as work from our lab demonstrates that LRRK2
activation regulates myeloid functions, such as autophagy, processes associated with the clearance of
aggregate proteins, chemotaxis, and cytokine mRNA levels, both in vitro and in vivo [5,6,48,49]. Because prior
studies have suggested LRRK2 may impact a multitude of monocyte and macrophage functions, the current
challenge in the field is to understand whether there can be a plausible singular mechanism that links such
diverse responses. Research is needed to decipher two hypotheses for monocyte function: (1) monocytes
principally exert effect in disease risk and progression in the periphery, or (2) monocytes engraft in the brain to
mediate local inflammatory responses with other myeloid or adaptive immune cell populations.

Proposal Overview: As illustrated in Figure 1, the objective of Aim 1 is to identify the role of
peripheral immune cell infiltration in driving DA neuron loss and in regulating the disease-associated states of
glia in a-synuclein-related diseases, an overlooked, potentially integral aspect of PD. In addition, the
experiments in Aim 2 seek to understand whether LRRK2 expression and kinase activity in peripheral immune
cells regulates DA neuron loss and infiltration of peripheral immune cells. While the approach of introducing
LRRK2 R1441C and KO are complementary in furthering our understanding of LRRK2 gain- or loss-of-function
in circulating immune cells, these two experiments are not codependent. LRRK2 mutations may introduce
function not typically associated with WT LRRK2. Meanwhile, the LRRK2 KO will reflect the biology of inhibiting
normal LRRK2 function, and therefore be relevant to therapeutic approaches in humans as most PD patients
do not have pathogenic LRRK2 mutations. The completion of the proposed aims will further our understanding
of PD pathogenesis. First, it will delineate the contribution of the peripheral immune response to
a-synuclein-associated disease. Second, it will differentiate between the contributions of WT LRRK2 and
pathogenic LRRK2 mutations in how peripheral immune cells respond. As LRRK2-targeting therapeutics enter
clinical trials this work will help
inform our understanding of the
peripheral immune system in
CNS neurodegeneration and will
direct the development of
compartment-specific
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knock-in congenic mice and viral Figure 1. Thesis proposal outline. Aim 1 utilizes CCR2 KO to investigate the role of
tools, that can be used for peripheral immune cell infiltration on dopaminergic neuron loss and transcriptomic
investigating mechanisms  of changes in microglia and astrocytes. Aim 2 characterizes the effects of LRRK2
neurodegeneration in PD (Figure expression and kinase activity in peripheral immune cells on dopaminergic neurcn loss
2). Our lab has previously and peripheral immune cell extravasation into the brain parenchyma.
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more adaptable to novel experimental questions and technologies.

The major conceptual innovation of this study overcomes the inability of recent investigations to
differentiate the role of microglia and peripheral immune cells in a-synuclein-associated disease. This is due, in
part, to the limitations of conditional models which rely on gene-editing technologies that require cell-specific
promoters, which have not been identified between myeloid progenitors and microglia. Additionally, modeling
PD in mice is typically a progressive, long-term model, limiting acute interventions. Another limitation is that the
well-characterized humanized a-synuclein mouse models are on a mixed background, preventing successful
transplants or requiring the development of transgenic lines that already exist in more accessible backgrounds.
Our model provides the advantage of utilizing a model for a-synuclein-associated neurodegeneration in
tandem with previously characterized transgenic models and with advancements in experimental technologies.

APPROACH

Specific Aim 1: Investigate the role of peripheral immune cell infiltration in modulating the loss of DA
neurons and the disease-associated glial responses in a murine PD model.

Rationale: The recruitment of pro-inflammatory myeloid cells often occurs in response to chemokine signaling
following injury or infection. In PD patients, as neurons die off and new a-synuclein aggregates propagate in
other neurons, robust myeloid cell activation in these affected brain regions appears to be a permanent
pathological contribution to staging [52]. It has been demonstrated that brain microglia, astrocytes, and
pericytes, which line capillary walls, release strong levels of chemokines known to direct monocyte chemotaxis
[33]. Therefore, brain-resident cells responding to a-synuclein accumulation may stimulate potent chemokines
like CCL2 and CCL5 that recruit peripheral monocytes. The discovery that ablation of CCR2 provided
protection in at least one model of PD [2] stands in agreement with other disease models (e.g., stroke,
traumatic brain injury) where CCR2 knockout was protective [563,54]. However, one limitation of the global
CCR2 KO is that microglia, which express CCR2, have shown to have altered activation in TBI [54,55].
Therefore, | aim to ablate CCR2 in bone-marrow derived cells to block monocyte infiltration of the brain
parenchyma. These studies will enable a better understanding of whether peripheral immune cells might
mediate local (CNS) inflammatory responses to exert effects in disease risk and progression.

Aim 1.a: Measure the loss of DA neurons in the substantia nigra.

Bone-marrow transplant (BMT) mice for the experimental approaches in this proposal will all be on a congenic,
backcrossed C57BL6/J background (Jackson Laboratories) in order for the successful reconstitution of the
hematopoietic stem cell pool. The donor and recipient mice will have distinct isoforms of CD45 for cell origin
identification via flow cytometry (CD45.1 and CD45.2 specifically, Figure 5). The recipient mice will receive a
split dose of lethal, whole-body x-ray irradiation with lead shielding of the head to deplete peripheral bone
marrow. Cronk et al. has shown that the partial depletion of brain-resident microglia from irradiation can lead to
the engraftment of macrophages that are transcriptionally distinct from microglia [56]. | have been able to show
minimal engraftment of macrophages (<5% TMEM119-) while achieving reconstitution efficiencies nearing 80%
with lead shielding of the head (Figure 5). The irradiated mice will receive a tail-vein injection of at least 5
million cells harvested from the donor mice and will be kept on acidified, antibiotic water for four weeks. Cohort
information is detailed in Table 1.
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The BMT mice will undergo a stereotactic injection of AAV1/2-CMV/CBA-human-A53T-alpha-synuclein-
WPRE-BGH-polyA (AAV-A53T, Figure 2). | have confirmed that the viral construct expresses human
a-synuclein in neurons, as demonstrated through immunohistochemical (IHC) approaches. Furthermore, my
preliminary research has demonstrated the AAV-A53T virus causes the infiltration of CD3+ lymphocytes and
CD163+ phagocytic myeloid cells (Figure 3), and the activation of microglia and astrocytes. It should be noted
that the control virus, AAV-Empty Vector, which does not contain a-synuclein expression, does not elicit
immune infiltration (Figure 3), and does not activate microglia and astrocytes.

To block CNS infiltration the BMT mice will be reconstituted with CCR2 KO bone marrow (CD45.2+),
and will receive a unilateral injection of the AAV-A53T virus. As a control, wildtype (WT) CD45.2 mice will be
used. A total of four to five sections encompassing the rostro-caudal extent of the SNpc, both ipsilateral and
contralateral to the injection site will be assessed for each mouse using the aiforia software for the
quantification and analysis of neurons in the IHC experiments (Figure 4). Each experiment group will include
10 mice, with BMT between WT mice as a control group. Experiments will be repeated for both male and
female mice. Data will be analyzed using an unpaired t-test. | anticipate that the number of TH+ neurons in the
SNpc will be significantly higher after 12 weeks in the CCR2 KO transplanted mice than the WT mice. This will
confirm that blocking the infiltration of peripheral immune cells is sufficient for protecting DA neurons.

Aim 1.b: Characterize the states of microglia and astrocyte populations.
Using the chimeric mouse models from Aim 1.a, | will perform bilateral stereotactic injections in the SNpc with
the AAV-A53T virus to create a uniform response across both hemispheres. These mouse cohorts will undergo
fluorescence-activated cell sorting (FACS) to enrich midbrain homogenates with microglia and astrocytes, and
then be profiled using 10X genomic sequencing. The generation of single-cell RNA transcription profiles will
advance our understanding of how the infiltration of peripheral immune cells transforms the phenotypes and
behaviors of glial cells responding to pathogenic a-synuclein. In the absence of peripheral immune cells (CCR2
KO), | anticipate that these cells will lack the upregulation of activated profiles more similar to cells responding
to damage or pathogen-associated molecular patterns. This information will identify the changes to glial
transcription profiles driven by infiltrating immune cells. These novel insights can be interrogated as possible
deleterious mechanisms for patients with CNS inflammation and can inform how to potentially protect or
reprogram microglia and astrocytes.

Each experiment will use a total of 10 mice per group. For each experiment, BMT between WT mice
will be conducted as a control group. Experiments will be repeated for both male and female mice. Sequencing

AAV-A53T

Contralateral Ipsilateral

Figure 3. Confocal images of the substantia nigra. TH, CD3, and CD163 were |labeled with immunoflucrescence.
AAV-AS3T injected (left columns), contralateral and ipsilateral. AAV-EY injected (right columns), contralateral and
ipsilateral, demonstrate no immune infiltration.



data will be analyzed using DESeq2, which employs an empirical Bayes approach to integrate the dispersion
and fold change estimates and tests the gene differential expression using the Wald test.

Potential problems and alternative approaches: If blocking the infiltration of peripheral immune cells fails to
ameliorate a-synuclein-associated neurodegeneration, | will administer peripherally-restricted anti-inflammatory
drugs to WT mice treated with the AAV-A53T virus. This approach will test whether peripheral pro-inflammatory
signaling is sufficient for driving DA neuron loss and altering the state of brain-resident cells in the PD model.

A possible drawback of lead shielding during the bone marrow ablation protocol is the protected
hematopoietic stem cells in the skull can supply the brain meninges with myeloid cells during an immune
challenge [57]. Since this approach does not require the successful reconstitution of the bone marrow, an
alternative method could be to employ cyclophosphamide, a chemotherapy drug, for bone-marrow ablation.
While this drug crosses the BBB and might elicit acute toxicity, it may ensure the complete ablation of
hematopoietic stem cell pools.

Specific Aim 2: Characterize the effects of LRRK2 kinase activity in peripheral immune cells on CNS
infiltrati | DA I - ine PD el

Rationale: Genetic mutations in LRRK2, which often result in LRRK2 hyper-kinase activity, have been
identified in familial genetic studies [58-60]. In addition, GWAS have identified single nucleotide
polymorphisms (SNPs) in or nearby LRRK2 that particularly activate expression in peripheral monocytes
[61,62]. It has been demonstrated that the expression of pathogenic LRRK2 worsens disease phenotypes and
might introduce atypical functions of LRRK2 [10-12]. Therefore, there is a need to investigate the link between
LRRK2 activity in peripheral immune cells and disease pathology. Work by others has shown that LRRK2 KO
or treatment with LRRK2 kinase inhibitors is broadly protective of the dopaminergic system in a-synuclein AAV
models [7-9]. Specifically, our group and others have demonstrated that kinase inhibition of LRRK2 impairs
chemotactic responses of macrophages and microglia both in vitro and in vivo [5,48]. Since monocytes are
both a source of high LRRK2 expression and are recruited to the CNS in response to pathogenic a-synuclein
[56,52], | propose to focus on the effects of LRRK2 and its pathogenic mutations in bone-marrow-derived
immune cells on the loss of DA neurons and the CNS infiltration of peripheral immune cells.

Aim 2.a: Measure the loss of DA neurons in the substantia nigra.

BMT mice, as detailed in Aim 1.a, will be reconstituted with either LRRK2 R1441C or LRRK2 KO bone
marrow, and will receive a unilateral injection of the AAV-A53T virus. WT mice (CD45.2) will be used as a
control for normal LRRK2 function. | will measure the loss of DA neurons with IHC, as in Figure 2 and Aim 1.a.
| anticipate that the number of TH+ neurons in the SNpc will be significantly lower after 12 weeks in the
R1441C transplanted mice than in the LRRK2 KO mice. This will confirm that LRRK2 R1441C in peripheral
immune cells is sufficient for exacerbating DA neuron loss; LRRK2 KO results will demonstrate whether
LRRK2 expression in peripheral immune cells is necessary.

Aim 2.b: Characterize immune cell populations infiltrating the substantia nigra.

In order to assess the role of pathogenic LRRK2 mutations in the CNS infiltration of peripheral immune
cells in PD, | will apply the bilateral injection of AAV-A53T virus to the LRRK2 R1441C BMT model described in
Aim 2.a. Four weeks post-injection, the midbrain tissue will be homogenized for flow cytometry. | will identify
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Figure 4. Quantification of TH+ neurons in the ipsi- and contralateral SMNpe (A-B). Quantification of TH+ fibers in the dorsal
striatum (C-D). Images courtesy of Hastings et. al 2022 [55].
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populations of cells that are either CD45.1+ or CD45.2+ as previously demonstrated (Figure 5), and then
further categorize each cell population depending on the labeling profile. | anticipate that during early
a-synuclein overexpression there will be an increase in peripheral immune cells (monocytes, CD4+ T-cells) in
the midbrain parenchyma of the LRRK2 R1441C BMT mice.

For the quantification and analysis, a section of midbrain will be quantified for each mouse. Each
experiment group will include 10 mice. Additionally, BMTs with LRRK2 WT mice will be conducted as a control
group. Experiments will be repeated for males and females. Data will be analyzed using an unpaired t-test.

Potential problems and alternative approaches: If introducing the R1441C mutation or LRRK2 KO in
peripheral immune cells does not exacerbate or slow a-synuclein-associated neurodegeneration, respectively, |
propose to utilize counter-bone-marrow swaps to test the counter-hypothesis; LRRK2 KO or expression of the
R1441C mutation in all cells except bone-marrow-derived cells exacerbates dopamine cell loss. This approach
will indicate whether LRRK2 or its pathogenic mutations in brain-resident cells responding to A53T-a-synuclein
is sufficient for disease pathogenesis.

As a potential pitfall described in Aim 1, skull hematopoietic stem cells can supply the brain meninges
with myeloid cells during an immune challenge [57]. In order to avoid this pitfall, aged Thy1 Synuclein mice will
be used as a model. This alternative model of a-synuclein overexpression will avoid the immune-activating
procedures of irradiation and intracranial injection. The animals will be placed on a diet containing PF-360, a
LRRK2 inhibitor which phenocopies aspects of the LRRK2 KO rodent model [63]. This model may uncover
whether inhibition of LRRK2 function in peripheral immune cells is sufficient to protect DA neurons.

FUTURE DIRECTIONS Following the completion of these proposed projects, | anticipate that whether
a-synuclein-induced neurodegeneration is regulated by the infiltration of peripheral immune cells or their
LRRK2 expression/activity, there will be two main areas to address: (1) There is mounting evidence that
associates LRRK2 mutations in glial cells with the underlying pathological mechanisms of PD and the
formation of pathological a-synuclein aggregates [64]. Collaborating with glial cell experts, we can take an
approach which harnesses the scale of APEX2 proteomics with the functional detail of cell physiology and
interactions. This novel information will allow investigators to identify new therapeutic targets, from immune
factors and their glial receptors, to pathways that might be activated during neuroinflammation.

(2) Recent studies have identified that LRRK2 functions within the endolysosomal compartment to
phosphorylate small GTPase Rab proteins which, for example, alters CCR5-loaded vesicles in AKT-mediated
activation pathways in macrophages [45,65]. In vitro assays will reveal the mechanisms by which LRRK2
regulates immune cell chemotaxis and cytokine secretion. Both follow-up projects will provide insight into how
pathogenic LRRK2 mutations in peripheral immune cells influence the landscape of cell functions and
interactions in the development and progression of a-synuclein-associated neurodegeneration.

CD 45.2/ Ly 5.2+ CD 45.2/ Ly 5.2+ CD 452/ Ly 52+ CD 452/ Ly 52+ CD45hi CD11b+Ly6C+ cells
- Bl CD 451/ Ly 5.1+ B CD 45.1/Ly 5.1+ B CD451/Ly 5.1+ Bl CD451/Ly 5.1+
o 100 100 _ 100 _ 100 0.0298
= 2T g = -5 90 =% o0
B =8 g 2% 15 23 #0 SF w0
o = 70 c= s 10 s 10 0.0357
= Eg 60 e gs 90 cs 60
x 5w £z = Eg o g s
o EE 40 e b= g2
- = 2 30 é 2 25 E E 3 = Z 0.0361
= >S5 20 > £ > £ 20 Sz o2 _
= ®E 10 = £2 1o =2 10 200 |
0 0 e e
() Doner CD45.1 BM Donor CD45.1 BM Donor CD45.1 BM Donor CD45.1 BM
O » 150
2
O 5
-
) S 1004 .
CD 45.2/ Ly 5.2+ CD 452/ Ly 5.2+ CD 452/ Ly 5.2+ CD 45.2/Ly 5.2+ —
- B CD451/Ly 51+ W CDA451/Ly51+ B CD 451/ Ly51+ W CD451/Ly51+ 7]
o 100 100 — _. 100 p— __ 100 — o 504
= @ g0l T - 90 =% 9 =% 9%
8 =8 g S 80 ER S% 80
8 = o =E D ez IO =z
L R £ 60 £ 60 E 60
T Ea 60 E E + E & 0__* T T
: BB £z s ¥
= E g 40 ES EZ E i o .\\% _s(‘ .S'Q
= = 30 =2 30 =ZE 30 =% 3 & & S {
5% 3 CE 2 St 20 Sz 20 & @ 4 ¥
=E 10 = 10 F2 10 Fx 10 ‘30 %
0 0 =~ 0 T o Yv A
Donor CD45.1 BM Donor CD45.1 BM Donor CD45.1 BM Donor CD45.1 BM g‘

Figure 5. Bone-marrow transplantation efficiency (left). Quantified reconstituted blood immune cells with distinct CD45
protein isoforms from mice that received lethal irradiation with or without lead shielding of the head. Quantified immune
cell subtypes (right). Measurements were completed via flow cytometry and the FlowJo software,
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Aim | Donor Recipient | Viral Injection | n (SD) Studying

1.a | CCR2KO [CD45.1 Unilateral 10 (x25%) | Peripheral immune cell infiltration on TH+ cell
loss in SNpc.

1.b | CCR2KO [CD45.1 Bilateral 6 (x10%) | Peripheral immune cell infiltration on the
transcription profiles of microglia and
astrocytes.

2.a | R1441C CD451 Unilateral 10 (¥25%) | LRRK2 expression and kinase activity in

LRRK2 KO peripheral immune cells on TH+ cell loss in
SNpc.
2b | R1441C CD451 Bilateral 6 (x10%) | LRRK2 expression and kinase activity in
LRRK2 KO peripheral immune cells on CNS-infiltration.

Table 1. Chimeric cohort details. Primary bone-marrow transplant model for each sub-Aim, and the appropriate
intracranial injection strategy (bilateral or unilateral). Expected cohort size (n) and published standard deviations (SD).
Short description highlighting the Objective of each cohort,
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