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Abstract

Neuroinflammation has become a well-accepted pathologic hallmark of Parkinson’s disease
(PD). However, it remains unclear whether inflammation, triggered by a-syn aggregation and/or
degeneration, contributes to the progression of the disease. Studies examining neuroinflammation
in PD are unable to distinguish between Lewy body-associated inflammation and degeneration-
associated inflammation, as both pathologies are present simultaneously. Intrastriatal and
intranigral injections of alpha-synuclein (a-syn) preformed fibrils (PFFs) results in two distinct
pathologic phases: Phase 1: The accumulation and peak formation of a-syn inclusions in
nigrostriatal system and, Phase 2: Protracted dopaminergic neuron degeneration. In this review
we summarize the current understanding of neuroinflammation in the a-syn PFF model,
leveraging the distinct Phase 1 aggregation phase and Phase 2 degeneration phase to guide

our interpretations. Studies consistently demonstrate an association between pathologic a-syn
aggregation in the substantia nigra (SN) and activation of the innate immune system. Further,
major histocompatibility complex-11 (MHC-II) antigen presentation is proportionate to inclusion
load. The a-syn aggregation phase is also associated with peripheral and adaptive immune cell
infiltration to the SN. These findings suggest that a-syn like aggregates are immunogenic and thus
have the potential to contribute to the degenerative process. Studies examining neuroinflammation
during the neurodegenerative phase reveal elevated innate, adaptive, and peripheral immune cell
markers, however limitations of single time point experimental design hinder interpretations

as to whether this neuroinflammation preceded, or was triggered by, nigral degeneration.
Longitudinal studies across both the aggregation and degeneration phases of the model suggest
that microglial activation (MHC-11) is greater in magnitude during the aggregation phase that
precedes degeneration. Overall, the consistency between neuroinflammatory markers in the
parkinsonian brain and in the a-syn PFF model, combined with the distinct aggregation and
degenerative phases, establishes the utility of this model platform to yield insights into pathologic
events that contribute to neuroinflammation and disease progression in PD.
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Introduction:

Parkinson’s disease (PD) is the second most common neurodegenerative disorder in the
United States (US), with motor symptoms that include tremor at rest, bradykinesia, rigidity,
and postural instability. Nearly one million people in the US are living with PD and 60,000
people are diagnosed each year, with these numbers expected to rise to 1.2 million by 2030
(Marras et al., 2018). The yearly economic burden of PD is an estimated $51.9 billion
(Yang et al., 2020). The hallmark pathology of PD is characterized by the presence of
proteinaceous intraneuronal inclusions (Lewy bodies) and degeneration of dopaminergic
neurons of the substantia nigra (SN) with axonopathy of striatal dopaminergic terminals
preceding the degeneration of the soma (Kordower et al., 2013). In addition, loss of neurons
in the pedunculopontine nucleus, locus coeruleus, dorsal motor nucleus of the vagus, and
the nucleus basalis of Meynert is observed (Gigueére et al., 2018) . Further, positron emission
tomography (PET) imaging in early PD subjects or asymptomatic carriers of leucine-rich
repeat kinase 2 (LRRK?2) exhibit normal DA synthesis and storage, however DA turnover

is increased and dopamine transporter (DAT) and vesicular monoamine transporter type 2
(VMAT?2) are reduced (Adams et al., 2005; Sossi et al., 2002, 2010).

Lewy bodies are primarily composed of the misfolded, phosphorylated protein alpha-
synuclein (a-syn). a-syn is abundantly expressed in neurons where it exists normally in

its monomeric, soluble form, however this inherently disordered protein has a propensity to
misfold into secondary and tertiary structures (Bisi et al., 2021). Misfolded a-syn exposes
serine 129, allowing for its phosphorylation, however it is unclear whether this facilitates or
inhibits aggregation (Fujiwara et al., 2002; Paleologou et al., 2008; Tenreiro et al., 2014).
Within the parkinsonian brain, Lewy bodies are widespread in numerous regions including
areas in which neurodegeneration is observed, such as the SN pars compacta (SNpc).

Neuroinflammation in PD

Neuroinflammation is increasingly appreciated as being associated with PD. Research
examining microglial reactivity in PD has focused on markers of microglial activation and
measurements of microglial-associated inflammatory cytokines in PD brain, cerebrospinal
fluid (CSF) and blood. Increases in cells immunoreactive for ionized calcium binding
adaptor molecule 1 (Ibal), a macrophage marker which is highly expressed in microglia,

are observed in the PD SN, as are increases in CD68 positive ameboid microglia (Croisier
et al., 2005; Doorn et al., 2014). Further, increased expression of human leukocyte antigen
related-D (HLA-DR, human analog for major histocompatibility complex-I1, MHC-II) is
observed in the PD SN and striatum (Imamura et al., 2003; McGeer et al., 1993; Mcgeer et
al., 1988a, 1988b). HLA-DR is a cell surface protein found on antigen presenting cells (e.g.
microglia) that interact with T-cells and the adaptive immune system (Schetters et al., 2018).
Increased risk of PD is associated with HLA-DR variants that confer overactivity (Kannarkat
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etal., 2015). The SN and striatum of PD brains possess elevated cytokines produced by
microglia and immune cells, including interleukin-6 (IL-6), interleukin-1-beta I (IL-1R),
interleukin-2 (IL-2), interleukin-4 (IL-4) and tumor necrosis factor-alpha (TNF-a) (Mogi et
al., 1994a, 1994b; Nagatsu et al., 2000). Furthermore, PD CSF contains elevated levels of
IL-1R, IL-6 and transforming growth factor-beta 1 (TGF-1) (Chen et al., 2018). Analysis
of blood levels in PD subjects reveals increased IL-6, TNF-a, IL-1R, IL-2, interleukin-10
(IL-10), C reactive protein and regulated upon activation, normal T cell expressed and
presumably secreted (RANTES) (Qin et al., 2016). Positron emission tomography (PET)
imaging of microglial activation reveals widespread neuroinflammation not only in the SN,
but in brain regions associated with further PD progression (Gerhard et al., 2006; Ouchi

et al., 2005). While most studies examining innate immune activation in the PD brain

have focused on the response of microglia, astrocytes are, in fact, the most abundant glial
cell type of the brain (Matejuk & Ransohoff, 2020). Microglia can convert astrocytes to a
toxic proinflammatory Al astrocyte and Al astrocytes have been observed in the PD SN
(Liddelow et al., 2017). Additionally, genetic forms of PD have been shown to involve genes
expressed by astrocytes with implications in astrocyte biology (e.g. GBA, LRRKZ2, PINK1I)
(Booth et al., 2017). Collectively, the evidence of heightened innate immune activity in the
parkinsonian brain is abundant.

Whereas the aforementioned studies have focused on understanding the response of the
innate immune system in PD, the observed increase in MHC-II, neuronal MHC-1 expression
(Cebrian et al., 2014) as well as the presence of immunoglobulin G on dopaminergic
neurons in PD brains (Orr et al., 2005) suggests an additional role for the adaptive immune
system in PD. In 2009, Brochard et al. reported T-cell infiltration (Both CD4+ and CD8+)
in postmortem PD brains. Additionally, T cells from PD subjects, and not control subjects,
recognize different forms of a-syn peptides (Lindestam Arlehamn et al., 2020; Sulzer et al.,
2017). Ongoing investigations continue to characterize the response of the innate immune
system in PD.

Lewy Bodies as a Potential Immunogenic Signal

The overwhelming majority of studies characterizing neuroinflammation in PD are unable
to distinguish between Lewy body-associated inflammation and degeneration-associated
inflammation, as both pathologies are present simultaneously. It is widely accepted that
the formation of Lewy bodies precedes neurodegeneration, and that the formation of Lewy
bodies is ultimately associated with pathogenic consequences (Braak et al., 2003; Miller
et al., 2021a). Some studies provide evidence to suggest immunogenicity of Lewy bodies
specifically, prior to degeneration; specifically, MHC-I1I class receptor expression (HLA-
DQA1, HLA-DRA, HLA-DRBI) is upregulated in premotor PD SN (Braak stage 1-2)
compared with controls, but not in other stages of the pathological progression (Dijkstra et
al., 2015). Further, studies that examine the relationship between abundance of Lewy body
pathology and neuroinflammation report a positive association. MHC-Il immunoreactivity
is observed coincident with Lewy body pathology in PD (Imamura et al., 2003; McGeer et
al., 1993; McGeer et al., 1988a, 1988b; Rostami et al., 2020) with a significant correlation
observed between the level of MHC-I11 expression and Lewy body deposition (Croisier

et al., 2005; Rostami et al., 2020). Understanding whether Lewy bodies initiate specific
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immunogenic signals that contribute to neurodegeneration will be required to develop
effective neuroprotective strategies in PD.

Leveraging the a-syn Preformed Fibril Model to Understand

Neuroinflammation in PD

Limitations of Preclinical PD Models

The a-syn

Animal models can serve as platforms to investigate the role of neuroinflammation in PD.
Many studies have investigated the neuroinflammatory consequences of nigral degeneration
and/or a.-syn aggregation using neurotoxicant models (Cicchetti et al., 2002; Forno et al.,
1993; Koprich et al., 2008; Kurkowska-Jastrze et al., 1999); transgenic overexpression
models of human wild type or mutated asyn (A53T, A30P) (Gao et al., 2011; Gomez-

Isla et al., 2003); and/or viral vector mediated a.-syn overexpression models (Koprich

et al., 2008; Sanchez-Guajardo et al., 2010). However, while these models are useful,

they are limited in their ability to capture a prolonged interval of a-syn aggregation

that culminates in dopaminergic neuron loss. Neurotoxicant models result in nigrostriatal
neurodegeneration with little to no a-syn pathology. Transgenic a-syn overexpression
models, despite widespread a-syn pathology, rarely show significant degeneration. A viral
vector based a-syn overexpression approach produces robust neuroinflammation prior to
degeneration (Fischer et al., 2016; Sanchez-Guajardo et al., 2010), but the accelerated
aggregation and toxicity observed in this model confounds examination of distinct disease
stages. Further, the contribution to the inflammatory response of supraphysiological a-syn
levels, or the species difference of the a-syn overexpressed, is unclear. Importantly, in
idiopathic PD total a.-syn levels are not increased (Su et al., 2017; Zhou et al., 2011), rather
phosphorylation of a-syn, and the ratio of soluble to insoluble a-syn, increases (Zhou et al.,
2011). As such, models based on the overexpression of a-syn are not likely to accurately
recapitulate the pathological state of idiopathic PD. Indeed, this raises the possibility that
supraphysiological a-syn expression may drive pathophysiological mechanisms that are not
relevant to idiopathic PD. A model in which a-syn inclusions are triggered to form within
the context of normal a-syn expression levels likely represents a more faithful animal model
of idiopathic PD.

Preformed Fibril Model

In the a-syn preformed fibril (PFF) model, widespread a-syn aggregation can be triggered
to form within the context of normal levels of endogenous a-syn. This phenomenon was
first developed in vitro using primary neuronal cultures (Volpicelli-Daley et al., 2011), in
which recombinant a-syn fibrils are introduced to cell culture and taken up by neurons,
which leads to the templating of the endogenous a.-syn into accumulation of insoluble a-syn
aggregates comprised of phosphorylated a-syn (Luk et al., 2009; Volpicelli-Daley et al.,
2011, 2014) followed by neuronal dysfunction and degeneration. This toxicity is not due
to the initial PFFs per se, but instead can be directly tied to the recruitment of endogenous
a-syn into inclusions, as evidenced by the fact that PFFs do not induce toxicity when
applied to a-syn™~ neurons (Volpicelli-Daley et al., 2011). Similarly, intraparenchymal
injections of a-syn PFFs into mice, rats, marmosets and monkeys results in the templating,
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accumulation, and phosphorylation of endogenous a-syn (Abdelmotilib et al., 2017; Chu et
al., 2019; Creed & Goldberg, 2020; Duffy et al., 2018; Henderson et al., 2019; Luk et al.,
2012a, 2012b; Negrini et al., 2022; Patterson et al., 2019; Paumier et al., 2015; Shimozawa
etal., 2017; Stoyka et al., 2020; Thakur et al., 2017). The observed a-syn inclusions share
multiple features with Lewy bodies, including immunoreactivity for a-syn phosphorylated
at serine 129 (pSyn), p62, and ubiquitin, and are also thioflavin-S positive and proteinase-K
resistant (Duffy et al., 2018; Patterson et al., 2019; Paumier et al., 2015).

pSyn immunoreactivity labels multiple stages of a-syn aggregation, ranging from oligomers
to fibrils (Duffy et al., 2018; Patterson et al., 2019). It is unclear what role, if any, early
forms of pathological a-syn (dimers, trimers, oligomers) (Bengoa-Vergniory et al., 2017;
Garcia et al., 2022; Wan & Chung, 2012; Winner et al., 2011) or end stage Lewy body-like
inclusions directly play in toxicity and immunogenicity. In addition, the process of Lewy
body-like inclusion formation may interfere with multiple cellular functions (Mahul-Mellier
et al., 2020) and/or the depletion of monomeric a-syn (Kanaan & Manfredsson, 2012) may
also have detrimental consequences. The presence of pSyn inclusions is associated with all
of these potential contributors to pathogenesis.

The pattern of pSyn accumulation in the PFF model following intracerebral injection
appears dictated by the connectivity of the injection site. For example, following intrastriatal
PFF injection aggregates are observed in neurons located in brain regions with abundant
innervation to the striatum (Wall et al., 2013) including multiple cortical regions, SN,
ventral pallidum and amygdala with pSyn eventually accumulating within striatal neurons
surrounding the injection site (Duffy et al., 2018; Guo et al., 2020; Luk et al., 2012a, 2012b;
Patterson et al., 2019; Paumier et al., 2015; Thomsen et al., 2021)

The experimental parameters that determine the magnitude of a-syn inclusion formation

in the a-syn PFF model can be grouped into four main categories: species of fibrils

used; quantity of fibrils injected; amount of endogenous a-syn; and post injection interval.
Regarding fibril species, comparisons of seeding efficiencies of different fibril types have
been investigated in both rats and mice (Luk et al., 2016; Howe et al., 2021). Injections into
WT mice of either mouse PFFs (mPFFs) or human PFFs (huPFFs) demonstrate that mPFFs
possess a higher seeding efficiency, leading to more rapid peak aggregation accumulation
than that observed following huPFF injection (Luk et al., 2016; Masuda-Suzukake et al.,
2013; Sorrentino et al., 2017). Studies in rats comparing injections of mPFFs to rat PFFs
(rPFFs) reveal superior seeding efficiency using mPFFs (Howe et al., 2021). Furthermore,
seeding efficiency can also be influenced by the type of synuclein strain used (Peelaerts et
al., 2015; Peng et al., 2018; Rey et al., 2016; Van der Perren et al., 2020). For the purposes
of this paper we will focus on studies that utilize recombinant mouse, rat, and/or human
fibrils.

Regarding levels of endogenous a-syn, it is well-established that the presence of
endogenous a-syn is required for templating PFFs after internalization by neurons (Luk et
al., 2012a, 2012b; Volpicelli-Daley et al., 2011). Further, the relative levels of intraneuronal
a-syn also can influence the magnitude/rate of a-syn inclusion formation. Courte et al.
(2020) demonstrated in vitro that neuronal cell types with lower a-syn expression levels
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(striatum) showed less efficient inclusion formation compared to neuronal cell types with
higher levels of a-syn expression (cortex, hippocampus), despite an equivalent uptake of
PFFs. In transgenic mice that exhibit a-syn overexpression (M20, M83, and A30P), a-syn
inclusion formation is also more efficient compared with wild type (WT) mice (Gentzel et
al., 2021; Sorrentino et al., 2017). Regarding the quantity of PFFs, it has been shown in rats
that an increase in the quantity of mPFFs injected (8 pg versus 16 pg) results in increased
a-syn inclusion formation as well as an increase in the subsequent magnitude of nigral
degeneration (Patterson et al., 2019).

All the aforementioned factors contribute to the time course and magnitude of a-syn
inclusion formation following injection of PFFs, resulting in a pathological cascade of
events that can be understood in two main phases: Phase 1: The accumulation and peak
formation of a-syn inclusions in nigrostriatal system and, Phase 2: Protracted dopaminergic
neuron degeneration. In Phase 1, in WT mice or rats, intrastriatal or intranigral injection of
mPFFs has an observed peak of a-syn aggregation in the SN at 1-3 months post injection
(Duffy et al., 2018; Harms et al., 2017; Izco et al., 2021; Patterson et al., 2019) whereas
injection of huPFFs into the striatum of WT mice delays this peak to approximately 4-6
months post injection (Earls et al., 2019; Sorrentino et al., 2017). The use of transgenic
mice with higher levels of a-syn expression offsets the liability of using less efficient
huPFFs, allowing for peak nigral a-syn inclusion formation at approximately 1-2 months
post injection (Earls et al., 2020; Gentzel et al., 2021; Luk et al., 2012a). Importantly,

a-syn inclusion formation in striatal neurons, despite direct injections to this location, is
significantly delayed following injections of PFFs into WT rats and mice, likely due to lower
levels of endogenous a-syn in this cell population (Courte et al., 2020). In WT mice and
rats robust intraneuronal pSyn inclusion formation is not observed in the striatum until 5-6
months following intrastriatal mPFF injection, and pSyn observed in the striatum at earlier
time points is generally localized to terminals of inclusion-bearing neurons of the SN and
cortex (Duffy et al., 2018; Luk et al., 2012b; Patterson et al., 2019).

pSyn inclusions ultimately lead to neuronal dysfunction and degeneration (Osterberg et al.,
2015; Volpicelli-Daley et al., 2011). In long term in vivo studies, data strongly suggest that
the SN neurons that form pathological a-syn inclusions during Phase 1 are the same SN
neurons that ultimately degenerate in Phase 2; for example, in WT mice and rats injected
intrastriatally with mPFFs, the peak pSyn inclusion formation observed in the SN at two
months is followed by a progressive reduction of nigral a-syn inclusions, in parallel to

the loss of tyrosine hydroxylase (TH) and dopamine transporter (DAT) expression over

the course of a six-month post injection interval (Duffy et al., 2018; Luk et al., 2012a;
Patterson et al., 2019; Paumier et al., 2015). However, overt neuronal death (in contrast

to loss of dopaminergic phenotype) is not observed until 5-6 months (Duffy et al., 2018;
Luk et al., 2012a; Patterson et al., 2019; Thomsen et al., 2021) corresponding to the time
point when the lowest numbers of pSyn containing nigral neurons are observed. Collectively,
this pattern of observations suggests that in WT rats and mice nigral neurons survive

with a-syn inclusions for a 3-month interval (Phase 1) after which undefined pathological
sequelae lead to neuronal dysfunction and ultimately degeneration (Phase 2). Furthermore,
the pattern of striatal terminal degeneration in the PFF model shares similarities with

that observed in early-stage PD subjects (Adams et al., 2005; Sossi et al., 2002, 2010).
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Specifically, PET imaging in mPFF injected rats demonstrates that DA synthesis and storage
is relatively preserved in the ipsilateral striatum at early time points, whereas loss of
dopamine transporter (DAT) occurs earlier and progresses over time (Sossi et al., 2022).
Reduction in vesicular monoamine transporter type 2 (VMAT?2) is also observed in the
ipsilateral striatum prior to overt nigral degeneration (Thomsen et al., 2021). Overall, the
pattern of nigrostriatal degeneration observed following intrastriatal PFF injection to rats and
mice is one of early nigrostriatal terminal dysfunction and loss of dopaminergic phenotype
(Phase 1) followed by overt nigral degeneration (Phase 2) with the magnitude of these events
dependent upon the efficiency of initial a-syn inclusion formation.

It should be noted that in some studies in which mPFFs are unilaterally injected into

the striatum of WT rats, degeneration of both the ipsilateral and contralateral SN can

be observed (Duffy et al., 2018; Patterson et al., 2019; Paumier et al., 2015), although

not consistently (Sossi et al., 2022; Thomsen et al., 2021). When contralateral SN
degeneration does occur it is of a lesser magnitude than the ipsilateral SN degeneration,
and is independent of pSyn inclusion formation which remains exclusively ipsilateral to the
injected striatal hemisphere (Duffy et al., 2018; Patterson et al., 2019; Paumier et al., 2015).
Loss of contralateral nigral TH immunoreactivity and ultimately neuronal loss proceeds on
a delayed time course relative to the ipsilateral degeneration, suggesting that an imbalance
in striatal DA may participate in this phenomenon (Patterson et al., 2019). We speculate
that the contralateral intact striatum may increase DA synthesis/release in response to loss
of striatal DA in the PFF injected hemisphere (Paumier et al., 2015), perhaps resulting

in toxic levels of reactive oxygen species that impact the survival of contralateral nigral
neurons. Ultimately, the specific PFF model parameters eliciting bilateral degeneration and
the mechanism of this phenomenon remain to be determined.

An appreciation of the timing of the pathological events, and the factors that contribute to
them, provides a framework to interpret results of studies examining neuroinflammation

in the a-syn PFF model. Specifically, to characterize a-syn inclusion-associated
immunogenicity it is necessary to know whether significant inclusion formation is present in
the region examined at the time of analyses (Phase 1). Conversely, immunogenic signals that
are associated with nigral degeneration can be appreciated by examining nigrostriatal tissue
at later intervals (Phase 2), ideally with parallel analyses that confirm neurodegeneration.

In the following section we summarize the current understanding of neuroinflammatory
observations in the a-syn PFF model, leveraging the distinct Phase 1 aggregation phase and
Phase 2 degeneration phase to guide our interpretations.

a-syn Inclusion Associated Neuroinflammation

Considerations of Experimental Parameters

Intraparenchymal injections of a-syn PFFs result in a relatively synchronous wave of
inclusion formation and accumulation in the SNpc (Phase 1) followed by dopaminergic
phenotype loss and nigrostriatal degeneration (Phase 2). For the purposes of this review,
we will define the Phase 1 aggregation as the interval during which abundant intraneuronal
pSyn immunoreactive inclusions form and accumulate in the SNpc. Of note, studies have
examined the neuroinflammatory response to PFF injections, in mice and rats, within 1-3
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days following injection, prior to the formation of pSyn inclusions, and have observed
increases in Ibal and MHC-1I immunoreactivity (Harms et al., 2017; Karampetsou et al.,
2017). This preaggregation phase represents an acute inflammatory response to the PFFs
themselves, and not an inflammatory response to inclusion-bearing neurons. In support of
this, in vitro studies using microglial cell lines (Sarkar et al., 2020) or isolated primary
microglia (Harm et al., 2013; Hoenen et al., 2016) demonstrate an inflammatory response to
the addition of a-syn PFFs, in the absence of inclusion formation. Further, when examining
neuroinflammatory responses in the PFF model careful comparisons, ideally to monomer-
injected, or vehicle-injected controls, are necessary to differentiate between the effect of
inclusions and the effect of surgical injection. Although inflammation associated with
surgical injection is expected to be particularly pronounced within days of PFF injection

at the injection site (e.g. analysis of striatum following intrastriatal PFF injection), we have
observed a significant neuroinflammatory response in the distal SN for up to 1 month
following control intrastriatal injections in rats (Duffy et al., 2018). Further, analysis of
neuroinflammation in the striatum in Phase 1, in both rats and mice, is less than ideal for
identification of a-syn inclusion-associated neuroinflammation since pSyn accumulation at
this phase is limited to the terminals of inclusion-bearing neurons in the SN and cortex
(Duffy et al., 2018; Luk et al., 2012a; Patterson et al., 2019). Inflammasome activation

has been identified in the striatum one month following intrastriatal injections of mPFFs in
WT mice (Gordon et al., 2018), however the inclusion burden in the striatum was likely
not significant at this time point. To identify the strongest evidence of neuroinflammation
associated with the accumulation of pathological a-syn inclusions specifically, we highlight
and summarize the results from studies examining neuroinflammation in the SN in which
the experimental design facilitates interpretations in light of these potentially confounding
factors.

Nigral a-syn Inclusions Are Associated with Increased Innate Immune System Markers

Multiple studies have revealed that the presence of pathological a-syn inclusions in

the SNpc is associated with changes in the innate immune system, as assessed by
immunohistological markers of microglial and/or astrocytic activation and increased
expression of inflammatory cytokines. Changes in microglial shape, size and an increase

in number have been reported in the SN of a-syn overexpressing mice, WT mice, and WT
rats, in studies in which mouse or human a-syn PFF experimental conditions generated
pSyn pathology in the SNpc (Duffy et al., 2018; Earls et al., 2019, 2020; Garcia et al., 2022;
Gentzel et al., 2021; Guo et al.,2020; Izco et al., 2021). Similarly, studies in WT rats (Duffy
et al., 2018; Harms et al., 2017; Miller et al., 2021b; Thomsen et al., 2021) and one study in
WT mice (Earls et al., 2019a) reveal increased MHC-I1 expression in the SN in association
with robust nigral pSyn pathology. Of note, when longer experimental intervals allow for
analysis of the relationship between nigral pSyn burden and number of MHC-I11 presenting
cells in the SNpc of rats, a strong positive correlation is observed (Duffy et al., 2018).

Although the main focus to date has been to examine microglial alterations in association
with the formation of intraneuronal nigral inclusions, it is possible that microglia directly
contribute to a-syn aggregation or spread. Microglia experimentally induced to form pSyn
inclusions are capable of releasing a-syn-containing exosomes that, in turn, can induce
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the formation of pSyn inclusions in neurons both in vitro and in vivo (Guo et al., 2020).
Further, microglial/macrophage-derived exosomes derived from PD patient CSF contain
a-syn oligomers and can similarly induce aggregation of a-syn in neuronal cultures (Guo
et al., 2020). Further study will be required to determine whether microglia significantly
impact the accumulation of pathological a-syn in the brain.

Analysis of the astrocytic inflammatory response to nigral pSyn pathology resulting from
mouse and human PFF injections to WT mice and WT rats provides evidence of increased
astrocytic branching and glial fibrillary acidic protein (GFAP) immunoreactivity (Earls et
al., 2019; Garcia et al., 2022; 1zco et al., 2021; Miller et al., 2021a), with a positive
association observed between pSyn and GFAP immunoreactivity (Miller et al., 2021b).
Beyond immunohistochemical approaches, nigral pSyn pathology also is associated with
increased mRNA expression of the proinflammatory cytokines TNF-a and IL-1R (lzco et
al., 2021) in studies using mPFF injections into WT mice. Additionally, transcriptomic
analysis in WT mice following a mPFF striatal injection also has shown an enrichment of
innate inflammatory pathways in response to a-syn aggregation (e.g. cytokine regulation,
production and secretion, regulation of ROS production, and regulation of phagocytosis and
endocytosis) (Garcia et al., 2022).

Nigral a-syn Inclusions are Associated with Peripheral and Adaptive Cell Infiltration

Although fewer studies have examined peripheral and adaptive immune involvement in

the a-syn PFF model, three reports provide evidence of infiltration of lymphocytes and
macrophages in WT mice and rats, and natural killer (NK) cells in a-syn overexpressing
mice during the pathological a-syn aggregation phase. Peripheral cell infiltration, comprised
of increased percentages of B lymphocytes (CD19+), T-helper lymphocytes (CD4+), T-
cytotoxic lymphocytes (CD8+), activated myeloid cells (CD11b+/CD45 high) and natural
killer cells (TCRR -/MK1.1+), is observed in the CNS parenchyma during the pSyn
aggregation phase following intrastriatal hPFF injections to WT mice, as well as a decrease
in the percentage of resting myeloid cells (CD11b+/CD45 low) (Earls et al., 2019). The
infiltration of monocytes/macrophages (CD11b+/CD45 high and CD163+) and T-helper
lymphocytes (CD4+), within pSyn inclusion-bearing nigral tissue specifically, has also been
observed following intranigral injection of mPFFs into rats (Harms et al., 2017). In a-syn
overexpressing mice given an intrastriatal injection of hPFFs , pSyn accumulation in the
SNpc was accompanied by a 5-fold increase in infiltration of natural killer (NK) cells (Earls
et al., 2020), a type of cytotoxic lymphocyte that can inhibit proinflammatory microglia
(Earls & Lee, 2020). Additionally, transcriptomic analysis in the mouse striatum following
a mPFF striatal injection also has shown an enrichment of peripheral inflammatory response
in response to a-syn aggregation (e.g. Ptprc (CD45) and CD4 antigen) (Garcia et al., 2022).
Collectively, these studies implicate multiple peripheral and adaptive immune cell types
associated with the accumulation of pathological a-syn aggregates following PFF injection.

Conclusions: a-syn Inclusion Associated Neuroinflammation

Numerous studies consistently demonstrate that pathological a-syn aggregation in the
SN is associated with activation of the innate immune system, supported by findings of
multiple markers of microgliosis and astrogliosis. Although the present summary focuses
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on PFF-induced pSyn accumulation in the SN, support for the relationship between a.-

syn aggregation, microgliosis and astrogliosis also comes from studies in which mouse
and human PFFs are used to induce pSyn aggregates in other brain regions, including

the olfactory bulb and hippocampus (Luk, et al., 2012; Rey et al., 2016; Sacino et al.,
2014; Uemura et al., 2021). Strong evidence also demonstrates that pSyn accumulation is
associated with MHC-I1 immunoreactivity, which is proportionate to inclusion load. Our
evolving understanding of the neuroinflammatory response to a-syn aggregation in the SN
also suggests a role for the involvement of peripheral and adaptive immune cell infiltration.
Importantly, the defined stages of the a-syn PFF model, with prolonged aggregation
preceding degeneration, provides evidence that intraneuronal, Lewy-body like aggregates
are immunogenic, and that a-syn inclusion associated neuroinflammation may contribute to
the degenerative process.

Nigral Degeneration-Associated Neuroinflammation

Considerations of Experimental Parameters

Following the a-syn inclusion formation and accumulation observed in the SNpc in Phase 1,
protracted dopaminergic phenotype loss and nigrostriatal degeneration occurs during Phase
2 over the course of several months. For the purposes of this review, we will define the
Phase 2 as the interval during which pSyn immunoreactive inclusions are decreasing as
nigral dopamine neurons degenerate, confirmed histologically using stereologic assessments
of nigral TH immunoreactive neurons, ideally including additional stereological assessments
to confirm overt neurodegeneration (Duffy et al., 2018; Ma et al., 2021; Patterson et al.,
2019; Paumier et al., 2015; Thomsen et al., 2021). In some cases, neurodegeneration has
been presumed in the studies detailed below based on predictions informed by the specific
experimental parameters used and the timing of the assessments.

Nigral degeneration Increases Innate Immune System Markers

Intrastriatal MPFF injections into WT mice results in increased Ibal immunoreactivity and
Ibal immunoreactive microglia at a time when nigral dopamine neurons have undergone
significant degeneration (Yun et al., 2018). Under identical nigral degeneration conditions,
MRNA expression levels of TNF-a, interleukin-1 alpha (IL-1 a) and complement
component 1 Q subcomponent alpha (C1qa) are elevated in the SN compared with
controls (Yun et al., 2018). Three studies to date, conducted using either intrastriatal or
intranigral injections of mPFFs into WT rats, have examined the longitudinal microglial
response in the SN during both the aggregation and dopamine neuron degeneration phases
of the model (Duffy et al., 2018; Harms et al., 2017; Thomsen et al., 2021). Results

of all three are in agreement: that inclusion-triggered nigral degeneration observed 5-6
months following PFF injection is associated with increased MHC-I1 immunoreactivity
compared with control rats (Duffy et al., 2018; Harms et al., 2017; Thomsen et al., 2021),
with some studies indicating that the magnitude of MHC-11 immunoreactivity observed
during the degenerative phase is considerably less than that observed previously during
the aggregation phase (Duffy et al., 2018; Thomsen et al., 2021). Markers indicative

of nucleotide-binding oligomerization domain, leucine-rich repeat-containing protein 3
(NLRP3) inflammasome activation, associated with a proinflammatory microglial response,
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are significantly increased following nigral degeneration (Gordon et al., 2018). Specifically,
protein levels of NLRP3 and apoptosis-associated speck-like protein containing a CARD
(ASC) are significantly increased in the SN 8 months after intrastriatal mPFF injections into
mice (Gordon et al., 2018).

The response of astrocytes also has been investigated during the nigral degeneration phase
of the PFF model, specifically examining components of the complement system, associated
with both Al proinflammatory astrocytes and activated microglia. Components of the
complement system label neurons, tagging them for phagocytosis (Liddelow et al., 2017;
Zamanian et al., 2012). In WT mice injected with intrastriatal mPFF, GFAP protein and
complement component 3d (C3d) are increased in the SN in association with significant
nigral degeneration, as is the percentage of GFAP+ astrocytes expressing C3d and many
elevated transcripts associated with the Al astrocytic phenotype (Yun et al., 2018). Further
evidence of a role for the complement system during the degenerative phase of the SN
following intrastriatal mPFF injections in mice comes from a comprehensive analysis of the
proteome (Ma et al., 2021).

Nigral Degeneration is Associated with Peripheral Cell Infiltration

To our knowledge, only one study to date reports on peripheral immune cell markers in

the SN during the degenerative phase induced by PFF injections. Six months following
mPFF intranigral injections in rats, the infiltration of monocytes/macrophages (CD163+) is
observed, indicating the earlier increase first observed during the aggregation phase was
sustained long term (Harms et al., 2017).

Conclusions: Nigral Degeneration Associated Neuroinflammation

Studies demonstrate that the nigral degenerative phase induced in the a-syn PFF model is
associated with activation of the innate immune system supported by findings of multiple
markers of microgliosis and astrogliosis. However, studies in which a single time point
during the degenerative phase is examined cannot rule out if neurcinflammation preceded,
or was triggered by, nigral degeneration. Interestingly, the few reports that compare the
neuroinflammatory response in the SN across both the aggregation and degeneration phases
suggest that microglial activation, as assessed by MHC-II immunoreactivity, is greater in
magnitude in the aggregation phase preceding degeneration. Relatively little is known about
involvement of the peripheral and adaptive immune system during the degenerative phase of
the a-syn PFF model.

Overall Conclusions and Future Directions

The a-syn PFF model provides an experimental platform that allows for investigation

of the neuroinflammatory consequences of the progression of pathological a-syn to
neurodegeneration ( Figure 1). The concordance between the neuroinflammatory events
documented in the parkinsonian brain and those observed in the a-syn PFF model
(microgliosis, association of MHC-1I immunoreactivity with a-syn inclusions, cytokine
expression, astrogliosis, and T-cell infiltration) suggests that this model platform can prove
useful for design of anti-inflammatory neurotherapeutics. However, there is much that we
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still need to learn about neuroinflammation in this model and whether it fully recapitulates
neuroinflammation in PD. For example, proinflammatory cytokines and chemokines are
elevated in the blood (IL-6, TNF-a, IL-1RB, IL-2, IL-10, C reactive protein, RANTES) and
CSF (IL-1RB, IL-6, TGF-1) (Chen et al., 2018; Qin et al., 2016) of PD subjects. It is
presently unknown whether a similar elevation is observed in the a-syn PFF model. The
observation that any of these factors are increased during the a-syn aggregation phase may
support their use as a biomarker in prodromal PD. Further, whereas CD68, MHC-II, and
C3d expression has been observed in the parkinsonian SN (Croisier et al., 2005; Doorn

et al., 2014; Garcia et al., 2022; Liddelow et al., 2017; Rostami et al., 2020), our overall
understanding of the microglial and astroglial phenotype in response to a-syn inclusions
and/or degeneration is in its infancy. The a-syn PFF model could be harnessed to fully
characterize the neuroinflammatory response of microglia and astrocytes and, if ultimately
validated in PD brains, this approach may yield insight into the design of novel targeted
therapeutics.

Regarding the role of the adaptive and peripheral immune system, in general, relatively
little is known about the time course and pattern of its involvement across the progressive
stages of pathology in PD. Although infiltration by T and B lymphocytes, macrophages and
natural killer cells has been identified during the a-syn aggregation phase of the PFF model
(Earls et al., 2019, 2020; Harms et al., 2017), it remains unclear whether all these cell types
persist and if the magnitude of their involvement is altered during the degenerative phase.
Additional investigation of the temporal pattern of adaptive and peripheral immune cell
infiltration using longitudinal analysis in the PFF model is warranted. Another area worthy
of investigation is whether cytotoxic T cells isolated from brains of PFF model animals are
able to recognize different epitopes of pathological a-syn when presented by MHCII, as has
been shown with cytotoxic T cells isolated from PD brains (Sulzer et al., 2017).

Neuroinflammation has become a well-accepted pathological hallmark of PD. However,
whether inflammation triggered by either a-syn aggregation and/or degeneration contributes
to the progression of the disease remains one of the most critical questions facing the

field. By leveraging the relatively synchronous wave of a-syn aggregation followed by

the relatively synchronous wave of degeneration of the SNpc of the a-syn PFF model,
numerous studies have identified a significant and early neuroinflammatory response of the
innate, adaptive, and peripheral immune systems that is associated with the formation of
pathological a-syn aggregates in the SN. These findings put the neuroinflammation suspect
at the scene of the crime, prior to degeneration. Further investigation will be required
ultimately to reveal how, and if, this early inflammation participates in PD progression.
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Highlights:

. Lewy bodies, degeneration, or both, may contribute to neuroinflammation in
PD.

. The a-syn PFF model produces distinct phases of aggregation and
degeneration.

. This model can be leveraged to understand specific contributors to
neuroinflammation.

. PFF model aggregates may be immunogenic and thus may contribute to
degeneration.

. Similar neuroinflammatory markers are observed in both PD and in the PFF

model.
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PHASE 1: AGGREGATION PHASE PHASE 2: NEURODEGENERATION PHASE
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Figure 1: Inflammation markers identified in the substantia nigra during the aggregation or
degeneration phases of the alpha-synuclein (a.-syn) preformed fibril (PFF) model.

Aggregation Phase: a-syn Inclusions. pSyn accumulates and the number of pSyn
immunoreactive neurons peaks. DA Neurons. No significant loss of DA neurons is
observed. Microglia: Microglial immunoreactivity (Ibal), microglial soma size and

MHC-I1 immunoreactivity is significantly elevated relative to control animals without

pSyn inclusions. A positive association between MHC-I1+ microglia and number of

pSyn+ neurons is observed. Astrocytes. Astrocytic immunoreactivity (GFAP), length and
branching of processes increases relative to control animals without pSyn inclusions. A
positive association between GFAP immunoreactivity and number of pSyn+ neurons is
observed. Natural Killer (NK) Cells. Infiltrating NK cells are increased relative to control
animals without pSyn inclusions. Macrophages. Infiltrating macrophages (CD11b+/CD45+,
CD163+) are increased relative to control animals without pSyn inclusions. 7 Lymphocytes:
CD4+ and CD8+ T Lymphocytes are increased relative to control animals without pSyn
inclusions. B lymphocytes: B Lymphocytes are increased relative to control animals without
pSyn inclusions. Cytokines.: TNF-a and IL-18 mRNA is increased relative to control
animals without pSyn inclusions. NLRP3 Inflammasome and Complement: Unknown.
Degeneration Phase: a-syn Inclusions.: Neurons in which pSyn inclusion previously
formed have degenerated, pSyn inclusions are nearly absent. Nigral Dopamine Neurons.
Significant loss of DA neurons has occurred. Microglia. MHC-11+ positive microglia are
increased relative to controls without degeneration but decreased relative to the number

of MHC-I1+ microglia observed during the aggregation phase. NLRP3 Inflammasome:
NLRP3 inflammasome activation (NLRP3, ASC protein) is increased relative to control
animals without degeneration. Astrocytes: Astrocytic immunoreactivity (GFAP) is increased
relative to control animals without degeneration. Complement: Complement component 3d
(C3d), GFAP+/C3d+ astrocytes and transcripts associated with the Al astrocytic phenotype
are increased relative to control animals without degeneration. Natural Killer Cells: Not
observed in the degeneration phase. Macrophages: Infiltrating macrophages (CD163+) are
increased relative to control animals without degeneration. Cyfokines: TNF-a, IL-1R and
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IL-1 a mRNA is increased relative to control animals without degeneration. 7 and B
Lymphocytes: Unknown.

pSyn = a-syn phosphorylated at serine 129; DA = dopamine; Ibal = ionized calcium
binding adaptor molecule 1; MHC-II = major histocompatibility complex-Il; GFAP =

glial fibrillary acidic protein; NLRP3 = nucleotide-binding oligomerization domain, leucine-
rich repeat-containing protein 3; ASC = apoptosis-associated speck-like protein containing
a CARD; TNF-a = tumor necrosis factor-alpha; IL-1 = interleukin 1-beta; IL-1 a =
interleukin 1-alpha
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