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Abstract

The accumulation of aggregated a.-synuclein in susceptible neurons in the brain, together with
robust activation of nearby myeloid cells, are pathological hallmarks of Parkinson’s disease (PD).
While microglia represent the dominant type of myeloid cell in the brain, recent genetic and
whole-transcriptomic studies have implicated another type of myeloid cell, bone-marrow derived
monocytes, in disease risk and progression. Monocytes in circulation harbor high concentrations
of the PD-linked enzyme leucine-rich repeat kinase 2 (LRRK2) and respond to both intracellular
and extracellular aggregated a.-synuclein with a variety of strong pro-inflammatory responses.
This review highlights recent findings from studies that functionally characterize monocytes in
PD patients, monocytes that infiltrate into cerebrospinal fluid, and emerging analyses of whole
myeloid cell populations in the PD-affected brain that include monocyte populations. Central
controversies discussed include the relative contribution of monocytes acting in the periphery from
those that might engraft in the brain to modify disease risk and progression. We conclude that
further investigation into monocyte pathways and responses in PD, especially the discovery of
additional markers, transcriptomic signatures, and functional classifications, that better distinguish
monocyte lineages and responses in the brain from other types of myeloid cells may reveal points
for therapeutic intervention, as well as a better understanding of ongoing inflammation associated
with PD.

Introduction

Parkinson’s disease (PD), a prevalent neurodegenerative movement disorder, is thought

to arise from a complexity of genetic risks, aging, and environmental exposures [1].
Pathologically, PD is characterized by the loss of dopaminergic neurons in the substantia
nigra pars compacta, together with the intracellular accumulation insoluble, proteinaceous
aggregates containing a-synuclein in some remaining neurons [2]. Extracellular misfolded
a-synuclein is detected in seeding amplification assays [3], as well as increases observed in
extracellular vesicles in circulation in the periphery [4]. A substantial loss of dopaminergic
neurons precedes clinically apparent motor impairments such as bradykinesia and resting
tremors. Though the brain was once thought to be largely privileged from peripheral
immune cells, tissue damage and neurodegeneration are both processes well known to elicit
both innate and adaptive immunological responses, some thought to arise from the periphery
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[5]. With respect to innate immune signaling in chronic diseases like PD, deleterious pro-
inflammatory signals can be countered by anti-inflammatory responses that could be the
difference between resolution of ongoing inflammation or the continuance of damaging
responses [6].

Monocytes are an innate immune cell-type originating from the bone marrow and are
involved in a multitude of responses, both pro-inflammatory and anti-inflammatory. Their
primary activated phenotypes include a robust phagocytic capacity and inflammatory
signaling that can control local oxidative responses as well as a potent activation of T-cell
subsets. Abundant in peripheral circulation, monocytes respond to infection, injury, and a
host of other complex disease responses. In systemic sclerosis, rheumatoid arthritis, irritable
bowel syndrome, and other inflammatory diseases, highly motile monocytes efficiently
infiltrate diseased tissue and often manifest a pro-inflammatory state, at least initially

[7]. As discussed in this mini-review, recent studies in PD suggest the possibility that

PD pathogenesis and progression may have more in common with these diseases of
inflammation with respect to monocyte function than previously thought. The objective
here is to summarize evidence published in the last few years that links monocytes to PD,
and how genes linked to PD, SNNCA encoding a-synuclein protein, and /eucine-rich repeat
kinase 2 (LRRKZ2), may alter typical monocyte responses in a manner that promotes disease
risk and progression.

Genetic and transcriptomic studies implicate monocytes in PD risk

Genetic studies provide a unique vantage into underlying contributors of disease risk
through the nomination of heritable functional modifiers in large and diverse clinical
populations. Early genome-wide genetic association studies (GWAS) in late-onset PD
identified PD-associated loci near the Auman leukocyte antigen (HLA) genes; major-
histocompatibility 11 (MHCII) components typically expressed in innate immune cells
like microglia and monocytes [8]. Follow up studies demonstrated that these original
associations were primarily driven by idiopathic PD (iPD) cases (e.g., not familial) [9],
and variants in other HLA genes in newer GWAS studies have since been linked to PD
risk or protection. Beyond HLA genes, with the caveat that most genes nominated as
PD GWAS studies have not yet been validated as an actual gene conferring true PD

risk, initial pathway and enrichment strategies demonstrated that PD GWAS loci and
associated genes are enriched in monocyte activation genes [10]. Raj et al. noticed that
PD-linked genetic variants tended to alter the expression of these associated genes (e.g.,
LRRKZ2and Rab29) in classical monocytes, especially CD14+ cells typically associated
with phagocytosis phenotypes, but not in lymphocytes or other cells [11]. In addition,
studies identified single nucleotide polymorphisms (SNPs) in or nearby PD GWAS loci
and associated nearby genes as particularly active in expression in peripheral monocytes
[12,13]. A meta-analysis approach of GWAS loci and their currently associated genes
demonstrated multiple sclerosis (MS), Alzheimer’s disease, and PD, share some of the
same enrichment profiles of genes principally expressed in immune cells, especially
monocytes [14]. Employing a conjunction false discovery rate method, PD GWAS loci
and their associated genes significantly overlapped with disease-associated genes in several
autoimmune diseases including type 1 diabetes, Crohn’s disease, and rheumatoid arthritis,
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although the directionality of the association for each particular locus (i.e., conferring risk,
or protection) was not always the same [15,16]. For example, a GWAS locus nearby a
gene expressed in monocytes (e.g., HLA-DR) may protect from PD but may predispose

to rheumatoid arthritis risk. From the beginning, these studies highlight the intrinsic
complexity of different inflammatory responses, with both risk and protection possible,
and do not necessarily exclude the function of transcriptionally and mechanistically related
innate immune cells (e.g., microglia).

While microglia are difficult to directly study in PD owing to the lack of tissue availability
until post-mortem analysis, blood monocytes are readily accessible in all phases of disease,
as summarized in Table 1. The application of unbiased transcriptomics and differential

gene expression analyses have largely affirmed the presence of dysregulated expression
profiles in monocytes from PD patients. In comparison to healthy controls, monocytes
isolated and enriched from patients categorized in early stages of PD (i.e. Hoehn and

Yahr stages 1 and 2) had some monocyte activation genes differentially expressed early in
disease [17]. Additional comparisons between PD patients and healthy controls identified
differentially expressed genes that were assigned to several different monocyte inflammatory
response pathways [18,19]. Riboldi et al. compared transcriptomic data between PD
patients, with and without 3-glucocerebrosidase | (GBAI) variants, to identify dysregulated
genes defined to each PD subtype [20]. Genes thought to be involved in a-synuclein
degradation, aging, and amyloid processing were especially dysregulated in PD patients
with GBAI mutations, compared to non-mutation carriers. Other recent single-cell RNA
(scRNA) and proteomic analyses of monocytes from PD patients with intermediate stages
of disease (motor symptoms > 3 years, Hoehn and Yahr stage ~4) identified genes

enriched in antioxidant, anti-inflammatory, and autophagy responses [21]. As the technology
for scRNA and proteomic profiling continues to improve, we can anticipate that the
aforementioned observations from both GWAS and bulk transcriptomic studies will be
parsed down into individual monocyte subtypes to further understand how PD-isolated
monocytes might functionally differ from healthy individuals. As yet, there is no consistent
panel of proteins or transcripts that reliably demarcate monocytes in PD versus healthy
controls, suggesting heterogeneity of disease between patients, heterogeneity during disease
progression, and potentially insufficient resolution to resolve dynamic cell state changes in
different monocyte subpopulations.

numbers of peripheral monocytes in PD

While monocyte subtype compositions are undoubtedly important in disease and incredibly
complex, the total numbers of monocytes in blood can vary considerably from subject

to subject in health and disease, and apparently within PD, as summarized in Table 1.

Initial efforts to phenotype monocytes in PD demonstrated increased monocyte precursors

in PD, suggesting to the authors’ a broader underlying systemic response [22]. Principal
component analysis in PD cells revealed differential white-blood cell counts (WBCs) that
correlated between monocyte and lymphocyte, eosinophil, or neutrophil ratios. The ratios
appeared associated with PD risk but not necessarily disease severity [23]. Other studies
suggest ratios of different leukocyte subtypes to total leukocyte counts might better associate
with patient-specific characteristics; for example, olfaction and body-mass index (BMI) had
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positive associations with lymphocyte-to-monocyte ratio (LMR), where there is a general
lower number of monocytes relative to lymphocytes [24]. As the variables that affect
monocyte counts and subpopulations are identified in patient populations, their effects
might be controlled for in future studies that compare PD cases and controls. Nevertheless,
Tian et al. found that activated monocytes were overall increased in PD, while CD8+ T
cells and natural killer (NK) cells were decreased [25]. Other leukocyte counts in PD
focused on the neutrophil-to-high density lipoprotein ratio (NHR), an indicator of systemic
inflammation, to implicate an effect with disease duration. Specifically, Liu et al. found that
disease less than 10 years had a mean NHR of 3.3 (2.45 ~ 4.14, 95% CI), whereas patients
with greater than 10 years of disease had a ratio of 2.07 (1.96 ~ 2.96, 95% CI). Liu et

al. also determined that the monocyte-to-high density lipoprotein ratio (MHR), a marker

of peripheral inflammation and oxidative stress, was positively correlated with disease
severity (early stage=0.27; advanced stage=0.35 [26]). Like PD, patients with multiple
system atrophy (MSA), a rare neurodegenerative disorder with aggregated a- synuclein,
had elevated differential WBC ratios including MHR [27]. Overall, these studies suggest an
upregulation or expansion of the monocyte compartment in PD, especially in established
disease, but it is not clear when this might occur in disease and how different subtypes

of monocytes might be associated with disease progression and severity. Indeed, Jensen

et al. concluded that lower lymphocyte and monocyte counts prior to PD diagnosis may

be associated with PD risk [28]. Future studies that help functionally parse monocyte
subtypes with respect to the inherent heterogeneity of disease progression may be revealing
to better understand the cell subsets associated with disease risk or protection. One study
identified the peripheral immune system is dynamically altered in PD stages and directly
related to both symptoms and sex; migratory (CCR2 and CD11b) and phagocytic (CD163)
markers were elevated in early PD and associated with cognitive deficits, while TLR2
expression was correlated with motor severity [29,30]. In addition to the TLR-driven
monocyte activation, /n vitro a-synuclein induced transcriptional programs associated with
differentiation of monocytes towards macrophages via non-canonical NF-xB signaling,
serving as a potential mechanism in which monocytes contribute to peripheral inflammation
in PD [31]. Longitudinal studies that follow patient monocyte responses over time will be
especially informative in this regard.

If there is a systemic monocyte dysregulation early in PD, what are some of the earliest
driving factors? Recent studies have linked different gut microbiome compositions with
PD risk, and some comorbidities and risks associated with PD manifest in the form of
gastrointestinal (GI) inflammatory complications such as Crohn’s disease, irritable bowel
syndrome, and ulcerative colitis [32-34]. A pervasive, emerging hypothesis supposes that
circulating monocytes and other immune cells may be primed for function by interactions
in the gut, for example with pathogens or toxicants, that may influence blood monocyte
subtype compositions and their responses to other inflammatory stimuli in the body. Gut
microbiota might signal through the enteric nervous system to the CNS, possibly driving
disease progression or initiation [35]. In an assessment of microbiota-associated epitopes,
thirteen were indicators of inflammation and associated with increased monocyte counts in
the blood [36]. Given the apparent heterogeneity in PD, not only with respect to different
risk factors and complications like microbiome and Gl disturbances, larger studies that are
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powered to stratify PD populations based on clinical subtypes, blood leukocyte counts, and
ratios with other immune cells may help clarify these interactions.

Mutations in glucocerebrosidase (GBAL) are linked to an increased risk of PD. These
mutations impact the activity of the lysosomal lipid metabolism enzyme (GCase).
Interestingly, this GCase activity is reduced in PD monocytes and correlates with plasma
ceramide levels, a measure of inflammation [37]. Macrophages of Gaucher disease,

caused by the deficiency of lysosomal glucocerebrosidase, have increased IL-1p and

IL-6, activated inflammasomes, and impaired autophagy, likely involving elevated levels

of p62 that prevents delivery of inflammasomes to autophagosomes [38]. This link

between the regulation of lysosomes, autophagy, and inflammation may be relevant to

PD. GCase activity has been found reduced in cryopreserved PD patient monocytes and
inversely correlates with motor severity [39]. Better understanding the connections between
inflammation and function at the lysosome may provide a better mechanistic understanding
to interpret some of the aforementioned state and functional changes attributed to monocytes
in PD patients.

Brain-infiltrating monocytes in PD

Can circulating monocytes, disrupted in PD, access the deep brain parenchyma, for example
the substantia nigra, to affect local glial and adaptive immune responses in the most
vulnerable brain nuclei? While the answer is not yet clear to our knowledge, both classical
and non-classical monocytes, characterized by either phagocytic or inflammatory functions,
have been shown to increase in CSF of PD patients in comparison to controls [40].

Through their robust phagocytic capacity, monocytes are thought to cross the blood-CSF
barrier in response to chemokines and other chemical gradients when debris presents from
damaged cells, for example from hemorrhage or demyelination [41]. However, despite the
presence of monocytes in PD CSF, whether or not they invade the deep brain parenchyma
at some point in PD remains a contentious and difficult question to study. In the deep

brain parenchyma, monocytes can be expected to readily respond to the microenvironment
milieus and differentiate to macrophage phenotypes that may closely resemble other resident
myeloid cells, and respond in unique ways to disease.

As in other diseases like Alzheimer’s disease [42], myeloid cell populations in PD brains
analyzed by single-cell analysis have not yet been spatially localized down to cellular
resolutions to determine positioning in the brain parenchyma or vasculature. In a recent
postmortem study, gene expression data demonstrated that prefrontal cortices affected by
PD exhibited higher numbers of monocytes in comparison to healthy controls [43]. Of

the 21 immune subtypes assigned in that study, monocytes were the only population to
show a higher relative abundance. As monocytes are dynamic and demonstrate rapid tissue-
specific differentiation to other types of macrophages, homeostatic gene signatures that
might demarcate monocytes from other myeloid cells have shown to be lost quickly after
exiting from circulation [44]. Transcriptomic signatures, which may be highly dynamic

in the individual cells, may also vary considerably depending on the region of the brain
where the cells reside. Indeed, the process of monocyte maturation in tissues is further
complicated with possible disease-specific changes that would obviate any clear informatic
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way to impute data from healthy control brain tissues. However, recent studies have
demonstrated that peripheral immune cells, namely adaptive immune cells, do infiltrate in
PD brain tissue. As opposed to myeloid cells, T-cells bear distinct immunohistochemical and
transcriptional profiles from any abundant brain-resident cell, and the infiltration of T-cells
into the brain parenchyma is now well established in both PD and AD [45]. In some PD
models, typically involving acute overexpression of a-synuclein or exposure to a toxicant,
which may temporarily disrupt brain-CSF barriers, monocytes can abundantly infiltrate
into the mouse midbrain [46-50]. Knockout of CCR2, a chemokine receptor for monocyte
chemotaxis, was also protective in an adeno-associated viral based a.-synuclein model of
PD [51]. How well these models and mouse innate immune responses mimic processes in
the human brain is difficult to know. While the analysis of myeloid cell populations in PD
brain is still in a relatively naive stage, the application of emerging SCRNA profiles in other
diseases known for their robust monocyte infiltration to the brain, for example in stroke or
MS, may help resolve the lineages and functions of myeloid cells found in future studies in
PD brain tissue.

Several studies have identified CD200R, a receptor that regulates the expression of TNFa,
IFNy, and iNOS as a pathway dysregulated in PD. Monocytes of PD patients lack induction
of CD200R expression, which reduces serum pro-inflammatory cytokines (TNFa, IL-1p),
TLR4 expression on peripheral blood mononuclear cells (PBMs), microglia activation,

and inversely correlates with onset age of PD [52-54]. The significance of this signaling
pathway was highlighted by the finding that CD200-CD200R protects DA neuronal loss
resulting from peripheral LPS administration [55]. However, a recent study found that PD
patients have higher CD200 and CD200R mRNA in brain tissue, and higher CD200 in iPSC
DA neurons [56]. It should be noted that high mMRNA expression does not always translate
to higher protein levels. But, further mechanistic studies should be conducted to investigate
why this beneficial CD200-CD200R signaling pathway is not occurring in PD patients.

Monocyte responses to pathogenic a-synuclein in the brain.

Through a process not fully understood, a-synuclein protein converts from a typically
low-molecular weight soluble form to a high-molecular weight typically insoluble form that
collects in many types of neurons and in the extracellular matrix through disease progression
in PD. Catecholaminergic neurons in the substantia nigra pars compacta, and locus
coeruleus, seem particularly vulnerable to this process, and degenerate in disease. PD and
other Lewy body diseases are characterized by the presence of these a-synuclein aggregates
in remaining neurons and in the brain parenchyma upon post-mortem examination [2].

In common nomenclature,a-synuclein protein is considered pathogenic in humans when

it bears a Mendelian missense variant (e.g., A53T or A30P), over-expressed as through a
genomic multiplication, or when it is present in a fibrillated form associated with inclusions
and positively measured with diagnostic seeding aggregation assays (e.g., RT-QUIC, or
PMCA). Whereas these cellular inclusions may wax and wane in disease as neurons die

off and new aggregates form in other neurons, robust myeloid cell activation in these
affected areas appears a permanent pathological contribution to pathological staging [57].
Inflammation appears to not resolve for unknown reasons. Though many older studies often
presume the whole myeloid cell composition found in the brain as microglia, the markers so
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far utilized in the larger histopathological studies (e.g., antibodies to CD68, Ibal, or MHCII)
do not typically differentiate microglia from other types of innate immune cells that might
include many types of border macrophages and bone-marrow derived monocytes.

Mouse models of PD, that can include selective and robust degeneration of dopaminergic
neurons in the substantia nigra, may provide some insights into myeloid populations
responding to a-synuclein accumulation. In mouse models, a-synuclein inclusions in
neurons induce the expression of MHCII in nearby myeloid cells [58,59]. MHCII induction
is important for both antigen presentation and CD4 T-cell activation. /n vitro, human
peripheral monocytes were robustly stimulated through exposures to trace quantities

of extracellular aggregated a-synuclein [60]. However, a caveat remains that most
recombinant a-synuclein proteins used to stimulate monocytes in experimental settings

are purified from gram-negative bacteria, and therefore contains, to some extent, bacterial
cell-wall components like lipopolysaccharides (LPS) that also stimulate robust responses

in monocytes. Apart from recombinant a-synuclein, blood extracellular vesicles containing
pathogenic a-synuclein also activated PD patient-derived monocytes [60,61]. Specifically,
classical phagocytic monocytes from PD patients had decreased TNF-a and IL-6 release
when stimulated by a-synuclein in comparison to healthy controls [62]. Additional evidence
for a-synuclein-stimulated monocytes in PD comes from overexpression transgenic a.-
synuclein mouse strains [60,63,64]. These studies suggest extracellular aggregated a-
synuclein itself may cross the blood brain barrier [65-67], or co-localize with monocytes in
the CSF [65,66]. Pericytes that line capillary walls also release strong levels of chemokines
known to direct monocyte chemotaxis [65]. Therefore, local resident myeloid cell responses
in the brain to a-synuclein accumulation may stimulate potent chemokines like CCL2 and
CCLS5 that recruit peripheral monocytes. Potentially adding another layer of complexity, one
study demonstrated LPS-primed peripheral monocytes internalized and shuttled a.-synuclein
aggregates from the periphery to the brain parenchyma [68].

Together, these studies suggest an active interaction between aggregated a-synuclein

and monocytes. The discovery that ablation of the CCR2 chemokine receptor provided
protection in at least one model of PD [58] stands in agreement with other disease models
(e.g., in stroke, TBI) where CCR2 knockout was protective [69,70]. Reports in an AD mouse
model suggested CCR2 knockout impaired microglial clearance of amyloid-p plagues to
exacerbate disease phenotypes [71,72]. The difference between the PD and AD models
with respect to the differential role of monocytes in the CCR2 knockout mice may lie

in how extracellular debris might drive phenotype, that is, extracellular plaques versus
primarily intracellular a-synuclein. Further studies are needed to help understand whether
monocytes might principally exert effect in disease risk and progression in the periphery,

or whether monocytes might be responding to the secretion of chemokines and other debris
from brain resident cells in engrafting in the brain to mediate local inflammatory responses
in concert with other myeloid and adaptive immune cell populations. Such experiments
might be facilitated with newer conditional genetic approaches that can target microglia
(but not monocytes), or with traditional bone-marrow transplantations or adoptive transfer
technology to affect mostly bone-marrow derived cells while leaving microglial populations
relatively intact.
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Role of LRRK2 in PD monocytes

In a broad division of cells in peripheral blood mononuclear cell (PBMC) pellets, Thevenet
et al. noticed that LRRK2 protein expression in healthy individuals was confined to mature
classical and non-classical monocyte populations [73]. This finding has been replicated in
whole proteome and transcriptome studies of human immune cells [74,75]. In PD, flow
cytometry approaches of isolated monocytes from PD patients (without pathogenic LRRK?2
mutations) demonstrated elevated total LRRK2 protein in two independent studies [76,77].
Pathogenic LRRK2 is linked to PD susceptibility both through rare pathogenic Mendelian
missense variants, R1441C and G2019S, as well through common non-coding variants in
GWAS [78,79]. LRRK2 expression is upregulated in monocytes following their maturation
or through differentiation induced by interferon-gamma (IFN-y) [73,80-82]. Because of
the inducible nature of LRRK2 as well as dynamic states associated with monocytes

and macrophages, many factors that affect monocyte maturation might be anticipated

to affect LRRK2 activity, and potentially vice-versa. The pathogenic G2019S LRRK?2
mutation in induced pluripotent stem cell (iPSC) -derived monocytes are pro-inflammatory
and have reduced migratory capacity when stimulated with LPS [83]. In another study

of pathogenic LRRK2 genetic variants, the R1441C mutation increases LRRK2 kinase
activity 3—4 fold [84]. Mice expressing R1441C globally have increased numbers of
infiltrating pro-inflammatory monocytes in acute response to a-synuclein fibrils [85]. In
monocytes isolated from the mouse brain, exposure to extracellular aggregated a-synuclein
induced LRRK2 expression [74]. Following activation of PD patient-derived monocytes

in vitro with GM-CSF, scRNA sequencing and proteomics identified LRRK2 protein as a
potential biomarker for PD [21]. Peripheral blood monocytes from patients with iPD showed
increased LRRK2 levels and IFNvy stimulation-dependent enzymatic activity, measured

by Rab10 phosphorylation [86]. Though scRNA databases that include sequencing depths
needed to study rare myeloid cell compositions remain in their infancy in PD research,

a new study found an upregulation of LRRK2 mRNA in some subsets of microglia in

the control (non-PD) brain associated with the main LRRK2 PD genetic variant [87]. In
consideration of these studies, LRRK2 is not a homeostatic gene in monocytes, but dynamic
and upregulated with inflammation, leading to the question of LRRK2 function in these
cells.

Using transgenic mice, Kozina et al. concluded that pathogenic LRRK2 mutations can
specifically alter type Il interferon responses in peripheral monocytes to exacerbate
dopaminergic neuron loss [88]. Earlier work suggested that toll-like receptor four (TLR4)
activation induced autophagy driven by membrane-bound LRRK2 [89]. Knock-down of
LRRK2 with shRNA impaired autophagy and clearance of extracellular aggregate proteins
by myeloid cells [89]. Furthering the link between LRRK2 activity and endolysosomal
pathway function, LRRK2 kinase inhibition nominally impaired levels of IL-1p, IL-6,
and TNFa mRNA in response to extracellular vesicles harboring pathogenic a-synuclein
[90]. In other studies, kinase inhibition of LRRK2 impaired chemotactic responses of
macrophages and microglia both in vitro and in vivo [74,91]. The multitude of pathways
in monocytes or macrophages currently thought to be affected by LRRK2 expression or
activity begs the question of whether or not there can exist a plausible singular mechanism
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that links together such diverse responses. As previously mentioned, it is difficult to
decouple dynamic monocyte and macrophage activation states from inducible LRRK2
expression and activity, with one probably affecting the other to issue a whole host of
functional differences.

Nevertheless, with LRRK2 activity in these cells, perhaps a PD-relevant link resides within
the enzymatic capacity of LRRK2 to phosphorylate other proteins. In this regard, recent
work to validate authentic LRRK2 kinase substrates in myeloid cells may provide clues
how LRRK2 expression and activity modifies other critical pathways in inflammatory
signaling. The upregulation of the endolysosomal compartment and phagocytic capacity
is a known critical component of monocyte function and response to different stimuli [92—
94]. Mechanistic data suggests LRRK2 functions within the endolysosomal compartment
to phosphorylate a subset of small GTPase Rab proteins including Rab35 which may

be involved in phagocytosis [95], Rab10 which may be involved in bulk-fluid phase
endocytosis and recycling of signaling endosomes [96], Rab8a which may be involved

in centrosome maintenance and lipid storage [97], Rab12 which may be involved in
ciliogenesis [98], and Rab29 which may be involved in endolysosomal and Golgi-vesicle
transport and recycling [99]. LRRK2 phosphorylation of any of these GTP-bound Rab
substrates is predicted to alter critical interactions based on the modification of critical
interacting loops in the GTPase that serve as scaffolds for effector proteins. For example,
a recent study suggested that LRRK?2 phosphorylation of Rab10 altered the maturation

of CCR5-loaded vesicles in AKT-mediated activation pathways, when macrophages were
fed CCL5 [96]. Though this is just one example, several experimental paradigms could

be contrived that differentially depend on Rab8a, Rab10, Rab12, Rab29, or Rab35,

in effecting a monocyte-dependent response. Therefore, depending on the cargo and
composition of LRRK2-phosphorylated Rab proteins, a host of monocyte responses could
be envisaged depending on the stimulus and experimental constraints. The stimulus used
to experimentally elicit a response in monocytes or macrophages, and how relevant this
stimulus might be to PD pathogenesis, could be critical factors that help resolve LRRK2
function in pathways.

Concluding Remarks

The role of neuroinflammation has been difficult to understand in PD, ever since the
discovery of robust abundant activated immune cells in the brain more than three

decades ago. GWAS studies, transcriptomic studies, emerging proteomic studies, and other
approaches show that monocytes are disrupted in PD and play some role in disease risk.
On a functional level, experiments in both patient populations and PD models indicate
monocytes are highly responsive both to PD-associated changes in a-synuclein as well as
pathogenic mutations in LRRK2. Emerging data also suggest a role for mutations in GBAI
in monocytes. Not surprisingly, monocyte populations are found to be highly dynamic in
disease progression, and studies at different stages of disease appear somewhat contradictory
at this time. Owing to the dynamic nature of monocytes and plasticity with respect to
differential states that can mimic other resident myeloid cells in different tissues, little is
yet known whether monocytes might principally exert effects on risk and progression in
the periphery or in the brain. While larger longitudinal studies of monocytes in PD and
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at-risk populations should be the focus moving forward, the novel discovery of LRRK2
phosphorylation of Rab proteins that are highly expressed in monocytes provides an
opportunity to mechanistically explore the interactions between LRRK2 and a-synuclein
as they occur in the periphery as well as in the brain. Through a better understanding of
these interactions and pathways, new therapeutic interventions that slow or halt disease
progression may reveal themselves and help us to better understand neuroinflammation
responses in PD.
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Perspectives

. PD is the second most common neurodegenerative disease. Monocytes are
dysregulated early in disease, remain altered throughout disease progression,
and harbor known genetic risks for PD.

. Model systems in PD suggest that monocytes that are recruited to the brain
parenchyma in response to PD-associated stimuli, especially abnormal a-
synuclein, may be deleterious and pro-inflammatory in nature, through the
possible release of damaging cytokines and other oxidative responses.

. Future efforts might focus on understanding how genetic variants contribute
to monocyte dysregulation, how changes correlate with disease progression,
and the relative contribution of peripheral and infiltrating cells throughout the
disease process
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Figure 1.
An overview of the cellular processes intrinsic to monocytes associated with PD. Intra- and

extracellular a-synuclein aggregates serve principally as a stimulus of monocyte activation,
whereas LRRK2 expression and Rab phosphorylation may modify signaling pathways and
other monocyte responses.
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Table 1.

Characteristics of selected monocyte-focused studies in PD patients and controls.
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PD/GBA (n=23)

CTRL/GBA (n=13)

PD Cases Controls Conclusion Reference

Early PD (n=8) HC (n=10) Monocyte activation genes correlate with disease severity and early | Schlachetzki 2018
Intermediate PD (n=2) B PD [17]

PD (n=72) HC (n=22) cDolri?rr:)(I:; mRNA and IncRNAs in circulating leukocytes in PD vs. Fan 2019 [18]

- _ _ Transcriptomes of monocytes are distinct from microglia in PD:

iPD (n=135) HC (n=95) Mitochondria and proteasome Navarro 2021 [19]
PD (n=56) HC (n=23) Genes in O-synuclein degradation, aging, and amyloid processing

were dysregulated in PD/GBA patients compared to PD patients.

Riboldi 2022 [20]

Monocytes in PD patients are enriched in antioxidant,

PD (n=5) N/A inflammatory, and autophagy responses. Abdelmoaty 2022 [21]
iPD (n=25) HC (n=54) LRRK2+ and - PD have higher production of monocyte and early Funk 2013 [22]
LRRK2 PD (n=10) granulocyte precursors.
Decreased lymphocyte ratio, lymphocyte count, mean platelet
PD (n=453) HC (n=436) volume, and plateletcrit values. Increased neutrophil-lymphocyte Wang 2021 [23]
ratio values which correlated with PD severity.
“mild” PD (n=123) N/A Differential leukocyte count associated with clinical PD Umehara 2020 [24]

phenotypes.

Early-onset PD (n=10)
Late-onset PD (n=12)

Young HC (n=10)
Elder HC (n=8)

Low effector CD8+ T-cells, cytotoxic natural killer cells, and high
activated monocytes in PD. Ratio of inactivated monocytes is lower
in early PD.

Tian 2022 [25]

Early-stage PD
(n=44)
Advanced PD (n=54)

HC (n=98)

Neutrophil and monocyte high-density lipoprotein ratio correlates
with PD duration and severity, respectively.

Liu 2021 [26]

Lower lymphocyte and monocyte counts prior to diagnosis

Late iPD (n=39)

PD (n=465) HC (n=312125) associated with PD risk. “Jensen 2021 [28]
Serum:
E:{L)Q;,FI’JD(QZ%:;’) ae(;u(r:iM) Soluble CD163 is elevated in blood serum of female patients.
CSE: - CSE: - Soluble CD163 is increased in the CSF of late-stage iPD patients Nissen 2021 [29]
Early iPD (n=57) HC (n=16) and is inversely correlated with cognitive scores.
Late iPD (n=49)
Early iPD (n=39) Migratory and phagocytic monocyte markers were elevated in early
Y a HC (n=28) iPD and associated with cognitive deficits. TLR2 expression was Konstantin 2022 [30]

correlated with motor severity.

*
indicates a meta-analysis of patient records.
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