? frontiers ‘ Frontiers in Immunology

@ Check for updates

OPEN ACCESS

EDITED BY

Monica Neagu,

Victor Babes National Institute of Pathology
(INCDVB), Romania

REVIEWED BY
Asa Andersson,

Halmstad University, Sweden
Veselin Grozdanov,
University of Ulm, Germany

*CORRESPONDENCE
Cecilia S. Lindestam Arlehamn
cecilia@lji.org

These authors have contributed equally to
this work

RECEIVED 13 May 2024
ACCEPTED 15 August 2024
PUBLISHED 30 August 2024

CITATION

Freuchet A, Pingon A, Sette A and

Lindestam Arlehamn CS (2024) Inflammation
and heterogeneity in synucleinopathies.
Front. Immunol. 15:1432342.

doi: 10.3389/fimmu.2024.1432342

COPYRIGHT

© 2024 Freuchet, Pincon, Sette and Lindestam
Arlehamn. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Immunology

TYPE Review
PUBLISHED 30 August 2024
po110.3389/fimmu.2024.1432342

Inflammation and heterogeneity
In synucleinopathies

Antoine Freuchet"*, Anaélle Pincon™*', Alessandro Sette™**

and Cecilia S. Lindestam Arlehamn™?

tCenter for Autoimmunity and Inflammation, La Jolla Institute for Immunology, San Diego,

CA, United States, ?Aligning Science Across Parkinson’s (ASAP) Collaborative Research Network,
Chevy Chase, MD, United States, *Master de Biologie, Ecole Normale Superieure de Lyon, University
of Lyon, Lyon, France, “Department of Medicine, University of California, San Diego, San Diego,

CA, United States

Neurodegenerative diseases represent a huge healthcare challenge which is
predicted to increase with an aging population. Synucleinopathies, including
Parkinson's disease (PD), dementia with Lewy bodies (DLB), and multiple system
atrophy (MSA), present complex challenges in understanding their onset and
progression. They are characterized by the abnormal aggregation of a-synuclein
in the brain leading to neurodegeneration. Accumulating evidence supports the
existence of distinct subtypes based on the site of a-synuclein aggregation
initiation, genetics, and, more recently, neuroinflammation. Mediated by both
central nervous system-resident cells, peripheral immune cells, and gut dysbiosis,
neuroinflammation appears as a key process in the onset and progression
of neuronal loss. Sex-based differences add another layer of complexity
to synucleinopathies, influencing disease prevalence - with a known higher
incidence of PD in males compared to females — as well as phenotype and
immune responses. Biological sex affects neuroinflammatory pathways and the
immune response, suggesting the need for sex-specific therapeutic strategies and
biomarker identification. Here, we review the heterogeneity of synucleinopathies,
describing the etiology, the mechanisms by which the inflammatory processes
contribute to the pathology, and the consideration of sex-based differences to
highlight the need for personalized therapeutics.
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neuroinflammation, neurodegeneration, Parkinson’s disease, dementia with Lewy
bodies, multiple system atrophy, immunity, sex-based differences

1 Introduction

In this review, we discuss the roles of inflammation mediated by central nervous system
(CNS)-resident cells, gut dysbiosis, and peripheral T and B cells in synucleinopathies. We
also highlight the importance of considering sex-based differences in future studies, and
discuss potential therapeutic approaches.

The incidence of neurodegenerative diseases, such as Alzheimer’s and Parkinson’s
disease (PD), is increasing in the US as life expectancy and the elderly population rise
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(1). Constituting the second most common neurodegenerative
disease in the elderly population after Alzheimer’s disease, PD
affects more than 10 million individuals, a number expected to
double over the next 30 years (2, 3). These disorders are typically
characterized by the abnormal aggregation of misfolded proteins
in the central nervous system, namely accumulation
of hyperphosphorylated tau and beta-amyloid (AB) plaques
in Alzheimer’s disease and o-synuclein (o-syn) in
synucleinopathies like PD (4). Lewy body diseases such as PD
and DLB, are characterized by o-syn aggregation in Lewy bodies
(LBs) and Lewy neurites (LNs) in neuronal cells. In contrast, in
MSA o-syn first accumulates in glial cytoplasmic inclusions
(GClIs) in oligodendrocytes, interfering with oligodendrocyte
survival and neuronal support (5).

While the precise functions of o.-syn are not yet entirely known,
its pre-synaptic localization and association with synaptic vesicles,
indicates a likely role in regulating neurotransmitter release, synaptic
function, plasticity (6, 7) and its ability to bind to lipid membrane (8).
Misfolded and aggregated o-syn in neuronal and glial cells, is
associated with the development of synucleinopathies, such as PD,
Dementia with Lewy Bodies (DLB), and multiple system atrophy
(MSA), and thus understanding the transition from normal to
abnormal o-syn is crucial for our understanding the development
of synucleinopathies. Incidence increases sharply with age, and men
are more affected than women (9, 10). Given the heterogeneity
observed and described across studies within synucleinopathies,
ongoing efforts are focusing on stratifying patients. Recent evidence
suggests sex-based differences in immune responses both at steady
state and in autoimmune diseases (11), though studies on sex
differences in synucleinopathies are limited (12, 13) despite known
sex bias, clinical, and symptomatic differences, as observed in PD
(14). Thus, taking biological sex as a subdividing variable has the
potential to highlight crucial differences and hint towards new
therapeutic approaches.

Although synucleinopathies all involve o-syn aggregation and
neuronal loss, they exhibit differences in clinical and pathological
characteristics. PD typically manifests with a long non-motor
prodromal phase followed by motor parkinsonism, including
rigidity, bradykinesia, and resting tremor (15). During the
prodromal phase, PD patients often experience gastrointestinal
disturbances, consistent with the emerging gut-brain theory
suggesting that o-syn pathology initiates in the gut before
spreading to the brain (16). Rapid eye movement (REM) sleep
behavior disorder (RBD) is also a common prodromal non-motor
symptom across synucleinopathies, occurring in 30-70% of PD
patients, 70-80% of DLB patients, and 70-90% of MSA patients (17).
In later stages, most PD patients develop dementia, progressing to
Parkinson’s disease dementia (PDD). DLB shares clinical
characteristics with PD, but typically dementia presents itself
either preceding or within a year of parkinsonism symptoms (18).
Conversely, MSA does not involve dementia and is primarily
characterized by autonomic nervous system dysfunction,
including urinary incontinence, in addition to cerebellar ataxia
and parkinsonism (19). MSA is notably the most aggressive
synucleinopathy and is associated with a more acute
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inflammatory response, suggesting that enhanced inflammation
contributes to a more aggressive clinical course.

Neuroinflammation is a common feature of neurodegenerative
diseases (20). In a physiological context, the inflammatory response,
primarily mediated by microglia and astrocytes within the CNS, is
essential for maintaining homeostasis by promoting tissue repair
and clearing cellular debris. However, neuroinflammation also plays
a critical role in disease pathogenesis (21). In synucleinopathies,
activation of CNS-resident microglia and astrocytes leads to the
expression of pro-inflammatory cytokines, which can directly
induce neurotoxicity, disrupt the blood-brain barrier (BBB) (22),
or recruit immune cells from the periphery to the CNS through the
secretion of chemokines (23). Chronic inflammatory responses,
characteristic of neurodegenerative diseases like synucleinopathies,
exacerbate neuronal loss, leading to further neuroinflammation in a
vicious cycle (21). The emerging gut-brain theory invokes a
peripheral origin of inflammation, with intestinal dysbiosis
initiating early ai-syn aggregation and inflammation in the gut
before spreading to the brain in PD (24).

Mediated by both CNS-resident cells and the periphery,
inflammation appears to be a key process in the onset and
progression of neurodegeneration in synucleinopathies.
Understanding how inflammatory responses are induced within
the CNS and how these responses contribute to neurodegeneration
will aid in developing new therapies targeting inflammation to
reverse or slow disease progression.

2 Etiology of synucleinopathies

Although a comprehensive understanding of the onset of
synucleinopathies remains elusive, accumulating evidence
indicates the existence of at least two disease subtypes based on
the site of o-syn aggregation initiation: brain-first or body-first. In
both subtypes, misfolded o-syn propagates from cell to cell in a
prion-like manner (25), facilitating disease progression (26). Thus,
o-syn aggregation represents a hallmark of synucleinopathies
depending on where inclusions are found. In PD and DLB, o.-syn
spreads from neuron to neuron (i.e., Lewy bodies and Lewy
neurites) and also involves astroglial cells (27) whereas in MSA,
o-syn primarily accumulates in oligodendrocytes (i.e., glial
cytoplasmic inclusions) (5). Inflammation has been found mainly
in PD, with fewer studies in MSA and DLB (20). It could suggest a
role of the immune system in the initiation of the disease, although
it can be a consequence as well. The differences in initiation sites
and underlying mechanisms contribute to variations in the kinetics
of symptom development, emphasizing the importance of
distinguishing between these subtypes to gain deeper insights into
the underlying biology and to develop targeted therapies.

2.1 Body-first

Neurodegenerative diseases have traditionally been investigated
within the CNS, but there is mounting evidence suggesting the

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1432342
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Freuchet et al.

involvement of the enteric nervous system (ENS) as the initiator of
CNS diseases, particularly in the body-first subtype. Braak et al.
proposed that o-syn diseases could originate in the periphery,
spreading from the gut to the brain via the vagus nerve in a
prion-like fashion (28), through a disease progression pattern of
several stages of increasing severity. During the early prodromal
phase, the vagus nerve and the olfactory bulb are affected,
correlating with the early presence of gastrointestinal disturbances
such as constipation and olfactory loss. The body-first disease
subtype is strongly associated with RBD, with studies showing
that almost all RBD patients develop synucleinopathies (PD, DLB,
or MSA) (17, 29, 30). The progression to later stages affects
dopaminergic neurons of the substantia nigra, correlating with
motor symptoms, and further spread of pathology affects cortical
structures, leading to dementia.

The hypothesis is that abnormal microbiota results in increased
gut permeability and accumulation of aggregated o.-syn in the gut,
which then spreads through the vagus nerve to the brain. Increasing
data support this gut-brain theory; o-syn aggregates are detected
early in the ENS of PD patients (31), and inoculation of o.-syn fibrils
into the gut of aged mice induces CNS pathology (32). Intestinal -
syn aggregation is attributed to changes in gut microbial
composition, particularly microbial dysbiosis associated with
aging or a poor diet (33). Most PD patients exhibit altered
microbiota, characterized by decreased anti-inflammatory short-
chain fatty acid (SCFA)-producing bacteria and increased gut layer-
degrading bacteria (34, 35). A meta-analysis confirmed gut
microbiome alterations in PD, potentially leading to increased
pro-inflammatory status and gastrointestinal symptoms (36). This
results in local inflammatory reactions and increased intestinal
permeability, exposing the intestinal neural plexus to toxins like
pesticides or lipopolysaccharide (LPS), which promote abnormal o-
syn aggregation. In the presence of LPS, a-syn accumulates in a
specific fibrillar form that can self-propagate and spread between
interconnected neurons of the vagus nerve in a prion-like manner
(26). Increased intestinal permeability also leads to leakage of
inflammatory factors from the gut, causing systemic
inflammatory responses that impair the BBB and facilitate
inflammatory mediator uptake into the brain. Consequently, o-
syn accumulation in the gut may trigger pro-inflammatory glial
responses and CNS neuroinflammation.

Recently, the functional link between gut microbiota and
neuroinflaimmation was demonstrated in a murine model of PD
overexpressing 0-syn. Colonization of these mice with microbiota
from PD patients induced o-syn aggregation, microglial activation,
and motor deficits, unlike in germ-free mice (37). In line with those
results, a prebiotic treatment in a murine model of PD reduces the
severity of the disease (38). A study by Garretti et al. demonstrated that
immunization with a specific a-syn epitope (31-45) in a transgenic
mice model carrying the HLA allele DRB1*15:01 can trigger gut
inflammation in a CD4 T cell-dependent manner (39). Overall, this
data supports the notion that microbial dysbiosis in PD may initiate the
inflammatory process and underlying neurodegeneration.

Several lines of evidence suggest that the body-first model might
be applicable to MSA as well. Studies have linked pro-inflammatory
microbiota to increased gut permeability in MSA patients,
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supporting a gut-brain interaction (40, 41). However, it remains
uncertain whether this model might apply to DLB, as dementia
precedes motor symptoms, contradicting the Braak model.

2.2 Brain-first

The concept of a brain-first subtype emerged from several
studies highlighting neuropathological events not conforming to
the proposed Braak staging (42-44). It has been proposed that o-
syn pathology might primarily originate within the CNS, likely
rostral to the substantia nigra pars compacta, before spreading to
affect the autonomic nervous system (45). Moreover, RBD in PD
patients has been suggested as a discriminative marker between
body-first and brain-first. A comprehensive study employing
multimodal imaging revealed distinct patterns: PD patients with
RBD initially exhibit cardiac '**I-metaiodobenzylguanidine (MIBG;
measuring cardiac innervation), and ''C-colonic donepezil
(measuring colon innervation) signal loss, followed by a decrease
in putaminal FDOPA (measuring nigrostriatal dopamine storage
capacity) uptake, indicative of a body-first subtype. Conversely, PD
patients without RBD display a different sequence: primary
putaminal FDOPA uptake loss followed by secondary cardiac
MIBG and ''C-donepezil signal loss, suggesting a brain-first
subtype (46). Other differences associated with the presence of
RBD include varied motor symptom patterns, more frequent and
severe constipation, potential urinary symptom increases, and
heightened olfactory dysfunction (47). These findings confirm the
existence of at least two PD subtypes and underscore the potential
utility of pre-motor RBD as a diagnostic marker.

Interestingly, genetic variants may be associated with either
brain- or body-first trajectories. The LRRK2 variant, for instance, is
associated with lower RBD prevalence across studies and nearly
normal cardiac MIBG signal, resembling the brain-first subtype.
Conversely, the SNCA variant exhibits a slightly higher RBD
incidence, indicative of a body-first subtype similar to the
pathogenic GBA variant (47). It is now widely recognized that PD
patients constitute a highly heterogeneous population, and
identifying different synucleinopathy initiation sites can aid in
subtype discrimination.

3 Resident cells of the CNS as players
of the inflammation

3.1 Complex role of microglia

Microglia are the most abundant cells involved in innate
immune responses within the CNS. Recent advancements from
transcriptomic, morphological, metabolomic, epigenetic, and
proteomic studies have revealed the heterogeneity of microglia
under steady-state conditions and in disease states (48). Microglia
serve as critical sensors in the CNS, responding to various stimuli
such as presence of apoptotic cells, debris, and toxic proteins.
Extensive microgliosis, characterized by highly activated
microglia, has been observed in post-mortem brains in regions
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containing o.-syn Lewy bodies in PD (49) and regions with o-syn
glial cytoplasmic inclusions in MSA (50). While initially beneficial
for phagocytosing o-syn aggregates, microglia-mediated
inflammatory responses have also been shown to contribute to
neurodegeneration. Aggregated o.-syn activates toll-like receptors
(TLRs) TLR2 and TLR4 on microglia, triggering a pro-
inflammatory signaling cascade mediated by NFkB and p38
MAPK pathways. This cascade leads to the secretion of pro-
inflammatory cytokines TNF-o., 3, IL-1f, IL-6, and IL-10, known
to exert neurotoxic effects (51, 52). Additionally, TLR activation by
o-syn induces the release of reactive oxygen species (ROS) and
nitric oxide (NO), causing neuronal mitochondrial dysfunction,
DNA damage, and subsequent neurotoxicity (53). Thus, o-syn
acts as a pathogen-associated molecular pattern (PAMP) or a
damage-associated molecular pattern (DAMP), promoting
microglia-mediated inflammation that chronically supports
neurodegeneration. Furthermore, activated microglia contribute
to increased BBB permeability by releasing cytokines,
upregulating adhesion molecules, and phagocytizing astrocyte
end-feet, which normally maintain BBB integrity. This facilitates
the invasion of peripheral immune cells into the CNS, amplifying
neuroinflammation (54). Additionally, as antigen-presenting cells
(APCs), activated microglia play a pivotal role in initiating T cell-
mediated immune responses.

Accumulating evidence suggests that microglia play a crucial
role in disease initiation: o-syn aggregation induces reactive
microgliosis months before neuronal cell death in PD, implying
that microglia may not only exacerbate but also initiate
neurodegeneration (55). In contrast, there is no substantial
evidence supporting significant microglial activation in DLB:
post-mortem brain analyses have failed to demonstrate
microgliosis, suggesting that inflammation may be limited, at least
at the end-stage of the disease (56, 57).

3.2 Emerging inflammatory role
of astrocytes

Astrocytes, the most abundant resident glial cells in the CNS,
perform crucial homeostatic functions including synaptic and BBB
maintenance, elimination of excess synaptic connections, and
supplying neurons with vital metabolites (58). While microglia have
long been considered the primary immune effector cells of the CNS, it
is now recognized that astrocytes also play crucial roles in innate
immunity, and are implicated in neuroinflammation associated with
neurodegenerative processes (59). Elevated astrogliosis, characterized
by the activation and accumulation of astrocytes, is observed in
response to neurodegeneration in the CNS (50).

Reactive astrocytes encompass two distinct types, termed Al
and A2 (60). Al astrocytes lose typical astrocyte functions and
acquire neurotoxic properties, while A2 astrocytes express
neurotrophic factors and confer neuroprotection (61). In
synucleinopathies, ci-syn aggregates trigger astrocyte activation
and differentiation into an Al phenotype. Indeed, postmortem
brains from human neurodegenerative diseases, including PD,
exhibit Al astrocytes expressing Glial Fibrillary Acidic Protein
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(GFAP+) (62). Additionally, GFAP+ astrocytes colocalize with
GClIs in models of MSA (63), although their presence in DLB has
been reported in only one study to date (64).

The o-syn-mediated activation of astrocytes, akin to microglia,
is facilitated by TLR2 and TLR4 (52, 65). This activation initiates
downstream signaling cascades, resulting in the release of pro-
inflammatory cytokines (IL-1f3, IL-la, TNF-o) and NO,
contributing to neurotoxicity (60). The classical complement
component Clq enhances synaptic degeneration, while CCL5/
CX3CLI chemokines recruit reactive microglia (65). It has been
demonstrated that microglia can induce Al neurotoxic reactive
astrocytes, and blocking this microglial-mediated conversion is
neuroprotective. Furthermore, Al astrocytes may secrete soluble
neurotoxins such as D-serine, which rapidly kills neurons (66).
Although controversial, recent studies suggest that astrocytes may
act as APCs, implicating them in initiating adaptive T cell immunity
(67). Normally, astrocytes contribute to BBB integrity through their
end-feet and production of supportive molecules for endothelial
cells (68). However, microglial phagocytosis of end-feet and the
presence of a-syn aggregates impair astrocyte functions,
contributing to BBB leakage and facilitating immune cell
infiltration and inflammatory molecule entry from the periphery,
further amplifying neuroinflammation (68, 69).

In summary, CNS-resident cells, microglia and astrocytes, play
critical roles in initiating and amplifying the inflammatory process
in synucleinopathies. This leads to the production of neurotoxic
mediators, neuronal degeneration, recruitment of peripheral
immune cells, and potentiation of CNS inflammation,
contributing to disease progression (Figure 1).

4 Involvement of peripheral immune
cells in synucleinopathies

The debate surrounding whether immune cells from the
periphery can traverse the BBB has persisted for years.
Traditionally, the brain was viewed as an immunologically
privileged organ. However, recent insights into the breakdown of
the BBB during acute or chronic inflammation, which permits
peripheral molecules and immune cells to access the CNS (22),
along with the discovery of a lymphatic system within the CNS (70),
have nuanced this perspective. Consequently, while studies have
primarily focused on inflammation mediated by CNS-resident cells,
emerging research highlights the crucial roles of inflammation
mediated by T and B cells (Figure 2), and myeloid cells
in synucleinopathies.

41T cells

The first indications of T cell involvement in synucleinopathies
stem from the high expression of major histocompatibility complex II
(MHC-II) in the CNS on microglia and astrocytes, and cytokine
production by CNS-resident cells implicated in T cell differentiation
and recruitment (67, 71, 72). MHC-I], a cell surface protein on APCs,
binds peptides derived from antigens like abnormal a-syn and presents
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Brain resident cells in synucleinopathies and neuroinflammation. In synucleinopathies, a.-syn abnormally accumulates in Lewy bodies (LBs) or Lewy

neurites (LNs) for Lewy body diseases DLB and PD or in glial cytoplasmic

inclusions (GCls) for MSA. a-syn aggregates are released by damaged

neurons and oligodendrocytes and recognized by resident astrocytes and microglia via Toll-like receptor 2 (TLR2) and Toll-like receptor 4 (TLR4).
Activation of TLRs by a-syn leads to the differentiation of activated pro-inflammatory Al astrocytes and activated microglia. Through a pro-
inflammatory signaling cascade mediated by NFkB and p38 MAPK, Al astrocytes and activated microglia express several chemokines, cytokines,
neurotoxins, reactive oxygen species (ROS), and nitric oxide (NO). This pro-inflammatory milieu contributes to neuronal loss. Additionally, with the
action of activated microglia phagocytizing astrocytes, the integrity of the blood-brain barrier (BBB) is compromised, allowing the invasion of
peripheral mediators and immune cells. Among them, T cells can be activated via the recognition of a specific major histocompatibility complex
(MHC)-peptide presented by astrocytes, microglia, or infiltrating monocytes, ultimately leading to neuronal loss. o.-syn, a-synuclein; DLB, dementia
with Lewy bodies; PD, Parkinson’s disease; MSA, multiple sclerosis atrophy; LBs, Lewy bodies; LNs, Lewy neurites; GCls, Glial cytoplasmic inclusions;
TLRs (2-4), toll-like receptors; ROS, reactive oxygen species; NO, nitric oxide; BBB, blood-brain-barrier.

them to CD4 T cells, facilitating their differentiation and infiltration to
the CNS. Notably, elevated MHC-II expression has been observed on
CNS microglia and astrocytes in postmortem brains of individuals with
PD and MSA, which may provide a link with adaptive T cell immunity
(67, 71). Elevated levels of IL-6—a pivotal cytokine involved in CD4 T
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cell differentiation into pro-inflammatory Th17 effector cells—have
been detected in DLB patients (73). These clues pointing to T cell
involvement in synucleinopathies are further supported by the
presence of T cell infiltrates surrounding o.-synuclein LBs or GCls in
the substantia nigra of postmortem PD and MSA tissues (71, 74), as
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Adaptative immune cells contribute to neurodegeneration in synucleinopathies. Pathogenic o.-syn aggregates in neurons (PD, DLB) or in oligodendrocytes
(MSA) are released and captured by antigen-presenting cells (APCs) such as microglia, astrocytes, and infiltrating monocytes. These APCs process and
present o.-syn peptides on their major histocompatibility complex (MHC) molecules. Alternatively, neurons can directly present o.-syn peptides on their MHC
class | molecule. Upon TCR triggering, CD8+ T cells secrete IFNy or cytotoxic granules (Granzymes, perforin), inducing neuronal death. B cells recognize o-
syn through their BCR and, with the aid of T helper cells, mature into plasma cells producing o.-syn autoantibodies, potentially contributing to neuronal
damage. B cells also release pro-inflammatory cytokines such as TNFa and IL-6, promoting T cell differentiation into Thl and Th17 cells, thereby contributing
to T cell-mediated inflammation. Following MHC-II/TCR interaction, CD4+ T cells further differentiate into Th17 cells, producing IL-17 that directly promotes
neuronal loss via neuronal IL-17 receptors. CD4+ T cells can also differentiate into Thl or Th2 cells, secreting IFN-y and IL-5, respectively, further activating
CNS-resident microglia and astrocytes, thereby promoting a deleterious inflammatory environment. Regulatory T cells in synucleinopathies exhibit impaired
suppressive functions, failing to counteract T cell-mediated inflammation. Lastly, the BBB is compromised in patients, allowing the migration of immune cells
and mediators into the brain, perpetuating the pro-inflammatory loop. a.-syn, a-synuclein; DLB, dementia with Lewy bodies; PD, Parkinson's disease; MSA,
multiple sclerosis atrophy; MHCI-II, major histocompatibility complexes I-II; TCR, T-cell receptor; APCs, antigen-presenting cells; BCR, B-cell receptor; BBB,

Blood brain barrier; CNS, central nervous system.

well as in cortical areas surrounding LBs in postmortem DLB tissues
(57). Studies have demonstrated that T cells can recognize a specific set
of peptides derived from a.-syn, driving helper CD4 and cytotoxic CD8
T cell responses in PD patients (75-79). Consequently, CD4 T cells
recognize oi-syn antigens presented by MHC-II on APCs, while CD8 T
cells recognize o-syn derived peptides presented by MHC-I, potentially
by neurons (80) which remains to be proven. This T cell activation may
mediate both direct and indirect neuronal damage (81).

The involvement of CD4 T cells in neurodegeneration is
supported by both in vivo studies and in vitro culture systems.

Frontiers in Immunology

Deficiency in CD4 T cells results in a significant attenuation of
neurodegeneration (74). Pro-inflammatory Th1/Th2 CD4 T cells
may contribute to neuronal loss by secreting cytokines such as IFNy
and IL-5, activating CNS resident cells, and mediating
neuroinflammation and tissue damage (71, 76, 82). Moreover,
Th17 CD4 T cells can directly damage neurons by secreting IL-
17, which is neurotoxic when recognized by IL-17R on neurons
(83). At the level of alterations in CD4 T cell subpopulations (84),
some studies pointed out a decreased frequency of CD4 T cells (85),
Th2 or Th17 (86) in PD treated compared to healthy controls (HC),
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others an increase (87, 88) or no difference (89, 90). Looking at
antigen-specific T cells, we have shown the existence of a-syn
reactive T cells in the blood, which exhibit a higher magnitude of
response in PD than HC (75, 76). Additionally, we demonstrated a
higher T cell reactivity to a-syn within 10 years since diagnosis (76),
demonstrating that antigen-specific T cells can be used as a
biomarker in PD.

Aligned with the gut-brain theory in PD, it has been proposed
that the development of o-syn-specific T cell responses initially
occurs in the gut before extending to the brain. Local antigen-
presenting cells, such as mucosal dendritic cells, recognize o-syn
aggregates, migrate to the mesenteric lymph node, and present o-syn
antigens to CD4 T cells via MHC-II, triggering differentiation into pro-
inflammatory o.-syn-specific CD4 T cells Th1 and Th17. Subsequently,
these pro-inflammatory T cells migrate to the brain, promoting
neuroinflammation, years after o-syn has reached the brain (91).

Discordant results regarding regulatory T cells (Tregs)
frequency compared to healthy controls are found in the
literature. Some studies report an increase, decrease, or no change
in Treg frequency (72, 92). As Tregs primarily suppress T cell
proliferation and cytokine production, impaired function leads to
immune system dysregulation and inflammation (93, 94). Tregs
from PD patients exhibit decreased suppressive ability over T cell
proliferation, and CD4 T cells from patients produce heightened
levels of IFNy and TNF in response to polyclonal stimulation
compared to HC, complicating immune response regulation (86).
Other regulatory cell populations, such as Trl cells, IL-10-
producing CD8 Tregs, and tolerogenic dendritic cells, show
decreased frequency in PD patients (90). Overall, the regulatory
compartment in PD patients appears altered, suggesting the
potential development of therapies focusing on restoring
regulatory functions. Indeed, ex vivo expansion of Tregs from PD
patients enhances suppressive function and demonstrates a stronger
Treg gene signature (94), while intra-striatal co-transplantation of
Treg cells with human-induced pluripotent stem cell-derived
midbrain dopaminergic neurons protects grafted cells and
improves therapeutic outcomes in rodent PD models (95).

The role of CD8 T cells remains unclear, with studies showing
their potential to induce neuronal death in an IFNy-dependent
manner (96) or via cytotoxic functions (77, 97), yet genetic
knockout of CD8 does not impact CNS myeloid activation (98).
Contflicting results regarding their frequency in peripheral blood
from PD have also been reported (72, 84). A neuropathological
study on PD and DLB post-mortem brains demonstrated an early
infiltration of CD8 T cells, but not CD4 T cells, in the SNpc.
Interestingly, the recruitment of CD8 T cells precedes a-syn
aggregation (96), which is in contrast to what was observed in
multiple sclerosis (99) or Type 1 diabetes (100). Further work is
thus needed to better characterize CD8 T cells to understand their
part in synucleinopathies.

4.2 B cells

Cell-mediated immunity orchestrated by T cells has been
extensively studied in synucleinopathies, less attention has been
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given to humoral immunity mediated by B cells. However, B cells
play crucial roles beyond antibody production, including antigen
presentation to T cells and cytokine secretion, contributing
significantly to neuroinflammation.

Upon antigen recognition by their B-cell receptor (BCR), B cells
differentiate into plasma cells and secrete specific antibodies, which
have been detected in the serum and CSF of patients with
synucleinopathies (101). Notably, o-syn-specific autoantibodies
are localized in Lewy bodies in postmortem analyses of PD
patients, underscoring their specificity for o-syn (102). Moreover,
microglia in PD patients exhibit abnormally high expression of Fc
gamma receptors (FcyRs) (101), suggesting that the infiltration of
these autoantibodies into the CNS contributes significantly to
neuroinflammation, although the exact roles of o-syn-specific
autoantibodies remain to be fully elucidated (101).

In addition to antibody production, B cells modulate immune
responses through antibody-independent functions, such as
cytokine secretion. Recent evidence indicates that pro-
inflammatory B cells producing TNFa and IL-6 are increased,
while anti-inflammatory IL-10-producing B cells are decreased in
PD patients, reflecting a pro-inflammatory shift in B-cell cytokine
responses (103). These pro-inflammatory B cells can activate Thl
and Thl7 cells, further contributing to T-cell-mediated
inflammation (104) Moreover, B cells can act as APCs to CD4 T
cells via MHC-II, enhancing T cell activation. Consistent with this,
up-regulation of MHC-II genes has been observed in B cells of PD
patients, indicating enhanced antigen presentation capacity (105).
Conversely, a decrease in MHC-II expression on B cells has been
reported in DLB, suggesting reduced B cell activation and
potentially diminished humoral adaptive immunity in this disease
(73). Despite the need for further clarification regarding the diverse
roles of B cells, their involvement in inflammation and

neurodegeneration in synucleinopathies is evident.

4.3 Myeloid cells

The investigation of myeloid cells (except for microglia) in
synucleinopathies has been mainly focused in PD. However, in a
MSA mice model, the depletion of myeloid cells using CSFIR
inhibitor (PLX5622) surprisingly improved overall survival with a
delayed onset and reduced inflammation, but animals presented
severe impaired motor functions, synaptic signaling, and neuronal
circuitries (106). In a follow-up investigation, it has been shown that
the PLX5622-induced impaired motor functions were potentially
linked to a shift in the neuronal balance with an increased inhibitory
connectivity (107). As PLX5622 acts on all CSF1R expressing cells,
its action is not restricted to microglia, thus the dual result can be
due to the depletion of monocytes or Border Associated
Macrophages (BAM).

Monocytes can in the context of PD enter the CNS through the
expression of CCR2 (108), differentiate into macrophages with
different functions from microglia (109, 110). A study has shown
the ability of mouse CD11c" cells activated by a-syn to circulate
from the brain to the gut providing new insight on the disease
propagation (111). The entry of monocytes into the CNS in a mice
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model of PD is associated with inflammation and
neurodegeneration (108) showing the promise of therapeutic
target. In addition, myeloid cells can act as APC and activate T
cells, further participating in the disease progression. In this
context, Schonhoff et al. have demonstrated that BAM are
increased by o-syn in a mice model. Furthermore, BAM, but not
microglia as initially thought, are responsible for CD3" T cells
activation with evidence of interactions in the perivascular space of
PD brains (112). At the transcriptome level, blood monocytes from
early diagnosed PD have specific signatures compared to HC.
Interestingly, differences were stronger when focusing on females
with genes enriched in pro-inflammatory pathways such as Natural
killer cell cytotoxic and Antigen processing and presentation (113).
This was confirmed in a study part of The Myeloid cells in
Neurodegenerative Diseases (MyND) initiative. BulkRNA-seq and
Single-cell RNAseq on CD14" monocytes from PD blood supported
transcriptomic alterations, specifically in the mitochondrial and
proteasome with a higher pro-inflammatory signature in
CD14'CD16" intermediate monocytes (110).

CD163, restricted to the monocytes and macrophages lineage,
has been investigated in several studies as its expression has been
found in PD brains (114), on peripheral blood monocytes of early
diagnosed PD (115) as well as RBD patients (prodromal patients)
(116). Its expression is sought to be protective especially in women.
Indeed, female CD163KO mice present increased dopaminergic
neuronal loss, whereas in male mice, its deletion leads to similar T
cell activation without SN loss (117). Similarly, investigation of
soluble CD163 (sCD163) highlighted a sex specific difference in
females compared to males. Serum levels were only higher in PD
females compared to HC, and in CSF sCD163 levels correlated with

TABLE 1 Sex-based differences in synucleinopathies.

Synucleinopathy Female
Higher mortality
PD Earli fessional hel]
Epidemiology arlier professional help
MSA/DLB
Higher pain
PD More prone to postural instability
More complications by levodopa medication
Motor
symptoms MSA More prone to present motor symptoms
at onset
DLB
More severe: fatigue, depression, restless legs,

PD constipation, pain, loss of taste or smell,
Non- weight changes, and excessive sweating
motor Protective role of estrogens in the brain

symptoms
DLB More prone to hallucinations
Higher neuropsychiatric inventory
PD Regulated microglia
Inflammation Anti-inflammatory astrocytes
MSA/DLB

Conflicting results

Not thoroughly studied

Not thoroughly studied

10.3389/fimmu.2024.1432342

immune system activation markers and inversely with cognitive
scores. The authors stated that a-syn activates macrophages which
induces CD163 shedding and increases o.-syn clearance (118). Thus,
sCD163 represents a potential biomarker of PD in females.

Altogether, the diverse functions, heterogeneity, and complexity
of myeloid cells in synucleinopathies represent a challenge currently
being tackled, but holds the promise of effective therapies to limit
the disease progression and T cell activation.

5 Sex-based differences further
stratify synucleinopathies

The focus on sex-based differences in diseases, especially those
with an autoimmune component, has intensified in recent years. Sex
differences are evident in synucleinopathies (Table 1), particularly in
PD, where men show a higher prevalence and incidence, while women
experience greater mortality and require earlier professional help (119,
120). In PD, the phenotype, including the onset of symptoms, type of
motor and non-motor symptoms, and levodopa bioavailability, differs
between males and females. For instance, motor symptoms, kinetics,
and severity follow distinct patterns. In comparison to men, women
typically exhibit delayed clinical signs, less rigidity, and tremor as the
initial symptom. They are more prone to postural instability and
motor complications induced by levodopa medication. Non-motor
symptoms are also more severe in women, encompassing fatigue,
depression, restless legs, constipation, pain, loss of taste or smell,
weight changes, and excessive sweating (121-125). Various factors
such as socioeconomic status, genetics, environment, or gender bias
may contribute to these sex-based differences.

Male Comments

Higher prevalence
Higher incidence

Socioeconomic status,
Genetics,
Gender bias not studied

Earlier clinical signal
More prone to rigidity
More prone to tremor

More prone to orthostatic intolerance

More prone to early catheterization Not fully overviewed

More severe cognition impairment
Higher expression of PINKI, SNCA in SN¢
neurons Slightly higher rates of RBD

More prone to severe dementia Higher
rates of antipsychotic use
Sex-specific T cell reactivity

Pro-inflammatory astrocytes
Y ot not studied

Summary of sex-based differences in Parkinson's disease (PD), Multiple system atrophy (MSA) and Dementia with Lewy bodies (DLB) divided by epidemiology, motor and non-motor symptoms
and inflammation. RBD, REM sleep behavior disorder; PINK1, PTEN-induced kinase 1; SCNA, Synuclein Alpha; SN¢, Substantia nigra compacta.
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Sex differences have been less explored in DLB and MSA, where
the prevalence and incidence in men have shown conflicting results
across studies. However, a few studies have identified different
symptoms between males and females. For example, hallucinations
are more prevalent in women with DLB, associated with older age
and high neuropsychiatric inventory, whereas men present more
severe dementia and higher rates of antipsychotic use (13, 126).
In MSA, women are more likely to present motor symptoms at onset,
while men exhibit a higher likelihood of orthostatic intolerance and
early catheterization, contributing to a poorer survival rate (120).
Further research focusing on sex differences in DLB and MSA is
necessary to clearly define each subtype and identify biomarkers.

From a biological standpoint, early analyses have shown a
correlation between the age of PD onset and the duration of fertile
life, implicating a potential hormonal influence (127, 128). Estrogens
play a protective role in PD, as the incidence in men and post-
menopausal women is similar (129). The brain itself is influenced by
biological sex, with anatomopathological differences observed
between males and females with PD. Additionally, PD males tend
to perform worse than females in global cognition, immediate verbal
recall, and mental processing speed, while females exhibit less
visuospatial function (130). The transcriptome of SNc¢ dopamine
neurons from males is associated with PD pathogenesis (SNCA and
PINKI), whereas females show upregulation of genes involved in
signal transduction and neuronal maturation (12, 131, 132).

Neuroinflammation is a significant component in synucleinopathies.
Sex differences in the innate and adaptive responses in the periphery have
been reviewed elsewhere (11). In the brain, estrogens play a protective
role by modulating microglia responses to proinflammatory stimuli,
while astrocytes from men upregulate proinflammatory cytokines
compared to those from women, who express more anti-inflammatory
cytokines (133, 134). Few studies focused on sex-based differences in
inflammation in synucleinopathies. Among them, Mitra et al. observed
in a rotenone-induced PD mouse model that males and females have
different resident cell proportions in the SN. Males showed a decreased
level of microglia and increased level of astrocytes compared to females
(135). More recently, it has been shown that peripheral blood monocytes
are differently activated in men and women PD patients, with a higher
inflammatory profile and gene enrichment associated to IFNg
stimulation in females (113). In addition, sCD163 serum and CSF
levels is also specific to PD female (117, 118). Thus, segregating
women and men when studying immune response to ¢.-syn remains
to be investigated in PD.

A recent systematic review highlighting sex-based differences in
synucleinopathies emphasized the necessity of designing future studies
that subdivide males and females (120). Altogether, biological sex is an
important factor to consider in stratifying synucleinopathies, offering
new insights and potentially leading to more effective treatments.

6 Therapeutic perspectives to
treat inflammation

It is now recognized that synucleinopathies are associated with an
inflammatory component, prompting significant efforts towards
developing inflammation-targeting strategies spanning from diagnosis
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to disease-modifying therapies. Postmortem analysis of brains from PD
patients reveals a substantial decrease in SN neurons within the initial
four years post-diagnosis (50-90% decrease), rendering symptomatic
treatments less effective at the diagnosed disease stage (136). The
identification of immunologic biomarkers holds promise for early
disease detection and thus, enabling earlier and presumably more
effective interventions. An interesting epidemiological study revealed
that individuals with pre-existing Inflammatory Bowel Disease (IBD)
have a higher risk of developing PD. However, exposure to anti-TNF
therapy conferred protection against PD (137), providing further proof
of an immune component in PD, and strongly suggest possibilities to
identify and treat high-risk patients very early. Additionally, we recently
demonstrated in a longitudinal case study that o-syn specific T cells
were present more than a decade before the occurrence of PD
symptoms, suggesting avenues in potential early diagnosis (76). Early
diagnosis could also be based on the identification of markers of disease-
associated gut dysbiosis. In fact, gut dysbiosis may occur years before
motor symptoms in PD and MSA, suggesting that specific microbiota
signatures may yield predictive biomarkers for early diagnosis (41). An
important consideration to identify robust marker(s) is to take into
account the biological sex, as we have reviewed here, many differences
are specific to males or females.

Targeting inflammation to delay, halt or reverse the immune
response represents a promising strategy, drawing from extensive
research in other autoimmune/inflammatory contexts. Clinical trials
testing drugs aimed at reducing microglial activation and inflammation,
such as verdiperstat (BHV-3241), are underway in MSA patients
(NCT04616456). Cell-based approaches, like intravenous allogeneic
bone marrow-derived mesenchymal stem cell (MSC) therapy,
demonstrate neuroprotective effects through anti-inflammatory actions
mediated by microglial activation modulation (138), though long-term
safety and clinical benefits require further investigation. Myeloid cells such
as monocytes, macrophages and BAM can also be targeted. However,
drugs need to be specific as in MSA, the use of an CSFIR inhibitor
showed dual results both beneficial on the lifespan but deleterious on
motor symptoms (106, 107). Blocking the entry of monocytes into the
CNS via targeting CCL2 (113) represents a potential area.

Several clinical trials aim to modulate the immune response
through lymphocytes and their mediators (139). For instance, anti-
CD3 monoclonal antibodies (mAbs) therapies trigger apoptosis in
activated T cells and spares Tregs, thus preventing the exacerbated T-
cell mediated inflammation. However, while some trials have shown
promising results in other diseases, others have raised safety concerns
(140). Another therapeutic strategy could be based on B cell depletion
therapies like rituximab and ocrelizumab, which target CD20-
expressing B cells and have been found to be successful in other
CNS diseases such as multiple sclerosis (141). Therefore, anti-CD20
therapies could offer an interesting therapeutic perspective to prevent
B-cell mediated inflammation in synucleinopathies. However, B cells
depleting therapies are not yet supported by the literature as the role
of B cells in synucleinopathies is still not fully understood.

Furthermore, in view of the emerging gut-brain theory, clinical trials
also try to target inflammation in the gut. Among them, a clinical trial
ongoing assess the efficiency of fecal microbiota transplantation to restore
gut homeostasis and reduce inflammation on PD patients
(NCT03808389), in line with in vivo transplantation experiments (37).
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Additional resources are also available for further information on clinical
trials, including those not specifically targeting inflammation (142).

7 Conclusion

The understanding of synucleinopathies has evolved significantly,
shedding light on the complexities of disease initiation, progression,
and the pivotal role of inflammation in the pathogenesis. The body-first
and brain-first subtypes offer distinct trajectories in disease onset and
progression, emphasizing the need for targeted therapeutic approaches.
The body-first hypothesis implicates the enteric nervous system and
gut-brain axis, highlighting the role of microbial dysbiosis and
inflammatory responses in oi-syn aggregation and propagation. The
gut being the largest interface with the environment, it is highly
thought to be the pathway to environmental stressors. Indeed,
numerous by-products of the industrial revolution, including specific
pesticides and heavy metals, have been linked to increased cases of PD
(143). Recent studies showed that adherence to Mediterranean diet was
associated with a lower risk of Alzheimer’s disease and PD
development thanks to a beneficial microbial composition that
reduces the risk of inflammation (144). Conversely, the brain-first
hypothesis suggests a primary CNS origin of pathology, with
differential involvement of resident cells such as microglia and
astrocytes in initiating and perpetuating neuroinflammation.

Microglia and astrocytes, traditionally recognized for their
homeostatic roles, are now acknowledged as key players in
neuroinflammation. Microglia-mediated inflammatory responses,
triggered by o-syn aggregates, contribute to neuronal degeneration,
facilitating peripheral immune cell infiltration. Astrocytes transit into a
neurotoxic Al phenotype in response to o-syn, exacerbating
inflammation and synaptic degeneration. The involvement of
peripheral immune cells, particularly T and B cells, further complicates
the inflammatory landscape of synucleinopathies, with implications for
both adaptive and innate immunity. Sex-based differences add another
layer of complexity to synucleinopathies, influencing disease prevalence,
phenotype, and immune responses. Biological sex affects
neuroinflammatory pathways and the immune response, suggesting
the need for sex-specific therapeutic strategies and biomarker
identification. However, the involvement of the immune system, the
autoimmune component and sex-based differences provide new
promising therapeutic avenues. Indeed, those strategies and differences
have been more intensively studied and developed in other diseases
(145), eventually helping us to better understand and design therapies.

Unraveling the intricate interplay between inflammation,
immune responses, and disease progression in synucleinopathies

References

1. Burden of neurological conditions - PAHO/WHO | Pan american health
organization. Available online at: https://www.paho.org/en/enlace/burden-
neurological-conditions (Accessed November 12, 2022).

2. Dorsey ER, Sherer T, Okun MS, Bloem BR. The emerging evidence of the
parkinson pandemic. J Park Dis. (2018) 8:S3-8. doi: 10.3233/JPD-181474

3. Statistics | Parkinson’s foundation. Available online at: https://www.parkinson.
org/understanding-parkinsons/statistics (Accessed April 29, 2024).

Frontiers in Immunology

10

10.3389/fimmu.2024.1432342

holds immense promise for developing effective treatments and
advancing personalized medicine approaches tailored to the distinct
subtypes and individual characteristics of patients.

Author contributions

AF: Writing - review & editing, Writing - original draft. AP:
Writing - review & editing, Writing - original draft. AS: Writing -
review & editing. CL: Writing — review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by Aligning Science Across Parkinson’s (ASAP-
000375 to CL) through the Michael J. Fox Foundation for
Parkinson’s Research (MJFF), by La Jolla Institute for Immunology
(LJI) / Kyowa Kirin Inc. (KKNA) Interactive Fund and by Wowen's
Health Access Matters (WHAM) Investigator's fund. For open access,
the authors have applied a CC-BY public copyright license to all
Author Accepted Manuscripts arising from this submission. The
funders had no role in study design, data collection, analysis,
publication decision, or manuscript preparation.

Acknowledgments

Figures were created with BioRender.com.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

4. Soto C. Unfolding the role of protein misfolding in neurodegenerative diseases.
Nat Rev Neurosci. (2003) 4:49-60. doi: 10.1038/nrn1007

5. Goedert M, Spillantini MG. Lewy body diseases and multiple system atrophy as o.-
synucleinopathies. Mol Psychiatry. (1998) 3:462-5. doi: 10.1038/sj.mp.4000458

6. Lashuel HA, Overk CR, Oueslati A, Masliah E. The many faces of o.-synuclein:
from structure and toxicity to therapeutic target. Nat Rev Neurosci. (2013) 14:38-48.
doi: 10.1038/nrn3406

frontiersin.org


https://www.biorender.com
https://www.paho.org/en/enlace/burden-neurological-conditions
https://www.paho.org/en/enlace/burden-neurological-conditions
https://doi.org/10.3233/JPD-181474
https://www.parkinson.org/understanding-parkinsons/statistics
https://www.parkinson.org/understanding-parkinsons/statistics
https://doi.org/10.1038/nrn1007
https://doi.org/10.1038/sj.mp.4000458
https://doi.org/10.1038/nrn3406
https://doi.org/10.3389/fimmu.2024.1432342
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Freuchet et al.

7. Sulzer D, Edwards RH. The physiological role of a-synuclein and its relationship
to Parkinson’s Disease. ] Neurochem. (2019) 150:475-86. doi: 10.1111/jnc.14810

8. George JM, Yang M-L. o-synuclein physiology and membrane binding.,” Madame
curie bioscience database [Internet] (2013). Landes Bioscience. Available online at:
https://www.ncbi.nlm.nih.gov/books/NBK6143/ (Accessed July 24, 2024).

9. Savica R, Grossardt BR, Bower JH, Ahlskog JE, Rocca WA. Incidence and
pathology of synucleinopathies and tauopathies related to parkinsonism. JAMA
Neurol. (2013) 70:859-66. doi: 10.1001/jamaneurol.2013.114

10. Van Den Eeden SK, Tanner CM, Bernstein AL, Fross RD, Leimpeter A, Bloch
DA, et al. Incidence of parkinson’s disease: variation by age, gender, and race/ethnicity.
Am ] Epidemiol. (2003) 157:1015-22. doi: 10.1093/aje/kwg068

11. Klein SL, Flanagan KL. Sex differences in immune responses. Nat Rev Immunol.
(2016) 16:626-38. doi: 10.1038/nri.2016.90

12. Lopez-Cerdan A, Andreu Z, Hidalgo MR, Grillo-Risco R, Catala-Senent JF,
Soler-Saez I, et al. Unveiling sex-based differences in Parkinson’s disease: a
comprehensive meta-analysis of transcriptomic studies. Biol Sex Differ. (2022) 13:68.
doi: 10.1186/513293-022-00477-5

13. Chiu SY, Wyman-Chick KA, Ferman TJ, Bayram E, Holden SK, Choudhury P,
et al. Sex differences in dementia with Lewy bodies: Focused review of available
evidence and future directions. Parkinsonism Relat Disord. (2023) 107:105285.
doi: 10.1016/j.parkreldis.2023.105285

14. Cerri S, Mus L, Blandini F. Parkinson’s disease in women and men: what’s the
difference? J Park Dis. (2019) 9:501-15. doi: 10.3233/JPD-191683

15. Jankovic J. Parkinson’s disease: clinical features and diagnosis. J Neurol
Neurosurg Psychiatry. (2008) 79:368-76. doi: 10.1136/jnnp.2007.131045

16. Gershanik OS. Does Parkinson’s disease start in the gut? Arq Neuropsiquiatr.
(2018) 76:67-70. doi: 10.1590/0004-282X20170188

17. Postuma RB. Neuroprotective trials in REM sleep behavior disorder: the way forward
becomes clearer. Neurology. (2022) 99:19-25. doi: 10.1212/WNL.0000000000200235

18. Chin KS, Teodorczuk A, Watson R. Dementia with Lewy bodies: Challenges in
the diagnosis and management. Aust N Z ] Psychiatry. (2019) 53:291-303. doi: 10.1177/
0004867419835029

19. Gilman S, Wenning GK, Low PA, Brooks DJ, Mathias CJ, Trojanowski JQ, et al.
Second consensus statement on the diagnosis of multiple system atrophy. Neurology.
(2008) 71:670-6. doi: 10.1212/01.wnl.0000324625.00404.15

20. Stephenson J, Nutma E, van der Valk P, Amor S. Inflammation in CNS
neurodegenerative diseases. Immunology. (2018) 154:204-19. doi: 10.1111/imm.12922

21. Kempuraj D, Thangavel R, Natteru PA, Selvakumar GP, Saeed D, Zahoor H,
et al. Neuroinflammation induces neurodegeneration. ] Neurol Neurosurg Spine. (2016)
1:1003.

22. Galea I. The blood-brain barrier in systemic infection and inflammation. Cell
Mol Immunol. (2021) 18:2489-501. doi: 10.1038/s41423-021-00757-x

23. Wang Q, Zheng J, Pettersson S, Reynolds R, Tan E-K. The link between
neuroinflammation and the neurovascular unit in synucleinopathies. Sci Adv. (2023)
9:eabq1141. doi: 10.1126/sciadv.abq1141

24. Bostick JW, Schonhoff AM, Mazmanian SK. Gut microbiome-mediated
regulation of neuroinflammation. Curr Opin Immunol. (2022) 76:102177.
doi: 10.1016/j.01.2022.102177

25. Luk KC, Kehm V, Carroll J, Zhang B, O’Brien P, Trojanowski JQ, et al.
Pathological o-synuclein transmission initiates Parkinson-like neurodegeneration in
nontransgenic mice. Science. (2012) 338:949-53. doi: 10.1126/science.1227157

26. Jan A, Gongalves NP, Vaegter CB, Jensen PH, Ferreira N. The prion-like
spreading of alpha-synuclein in parkinson’s disease: update on models and
hypotheses. Int ] Mol Sci. (2021) 22:8338. doi: 10.3390/ijms22158338

27. Sorrentino ZA, Giasson BI, Chakrabarty P. o-Synuclein and astrocytes: tracing
the pathways from homeostasis to neurodegeneration in Lewy body disease. Acta
Neuropathol (Berl). (2019) 138:1-21. doi: 10.1007/s00401-019-01977-2

28. Braak H, Del Tredici K, Riib U, de Vos RAI, Jansen Steur ENH, Braak E. Staging
of brain pathology related to sporadic Parkinson’s disease. Neurobiol Aging. (2003)
24:197-211. doi: 10.1016/s0197-4580(02)00065-9

29. Iranzo A, Tolosa E, Gelpi E, Molinuevo JL, Valldeoriola F, Serradell M, et al.
Neurodegenerative disease status and post-mortem pathology in idiopathic rapid-eye-
movement sleep behaviour disorder: an observational cohort study. Lancet Neurol.
(2013) 12:443-53. doi: 10.1016/S1474-4422(13)70056-5

30. Hogl B, Stefani A, Videnovic A. Idiopathic REM sleep behaviour disorder and
neurodegeneration — an update. Nat Rev Neurol. (2018) 14:40-55. doi: 10.1038/
nrneurol.2017.157

31. Shannon KM, Keshavarzian A, Dodiya HB, Jakate S, Kordower JH. Is alpha-
synuclein in the colon a biomarker for premotor Parkinson’s disease? Evidence from 3
cases. Mov Disord Off ] Mov Disord Soc. (2012) 27:716-9. doi: 10.1002/mds.25020

32. Challis C, Hori A, Sampson TR, Yoo BB, Challis RC, Hamilton AM, et al. Gut-
seeded 0-synuclein fibrils promote gut dysfunction and brain pathology specifically in
aged mice. Nat Neurosci. (2020) 23:327-36. doi: 10.1038/s41593-020-0589-7

33. Anis E, Xie A, Brundin L, Brundin P. Digesting recent findings: gut alpha-
synuclein, microbiome changes in Parkinson’s disease. Trends Endocrinol Metab TEM.
(2022) 33:147-57. doi: 10.1016/j.tem.2021.11.005

Frontiers in Immunology

11

10.3389/fimmu.2024.1432342

34. Hirayama M, Ohno K. Parkinson’s disease and gut microbiota. Ann Nutr Metab.
(2021) 77 Suppl 2:28-35. doi: 10.1159/000518147

35. Boktor JC, Sharon G, Verhagen Metman LA, Hall DA, Engen PA, Zreloft Z, et al.
Integrated multi-cohort analysis of the parkinson’s disease gut metagenome. Mov
Disord Off ] Mov Disord Soc. (2023) 38:399-409. doi: 10.1002/mds.29300

36. Romano S, Savva GM, Bedarf JR, Charles IG, Hildebrand F, Narbad A. Meta-
analysis of the Parkinson’s disease gut microbiome suggests alterations linked to
intestinal inflammation. NPJ Park Dis. (2021) 7:1-13. doi: 10.1038/s41531-021-
00156-z

37. Sampson TR, Debelius JW, Thron T, Janssen S, Shastri GG, Ilhan ZE, et al. Gut
microbiota regulate motor deficits and neuroinflammation in a model of parkinson’s
disease. Cell. (2016) 167:1469-1480.e12. doi: 10.1016/j.cell.2016.11.018

38. Abdel-Haq R, Schlachetzki JCM, Boktor JC, Cantu-Jungles TM, Thron T, Zhang
M, et al. A prebiotic diet modulates microglial states and motor deficits in o-synuclein
overexpressing mice. eLife. (2022) 11:e81453. doi: 10.7554/eLife.81453

39. Garretti F, Monahan C, Sloan N, Bergen J, Shahriar S, Kim SW, et al. Interaction
of an o.-synuclein epitope with HLA-DRB1x*15:01 triggers enteric features in mice
reminiscent of prodromal Parkinson’s disease. Neuron. (2023) 111:3397-3413.e5.
doi: 10.1016/j.neuron.2023.07.015

40. Engen PA, Dodiya HB, Nagib A, Forsyth CB, Green SJ, Voigt RM, et al. The
potential role of gut-derived inflammation in multiple system atrophy. J Park Dis.
(2017) 7:331-46. doi: 10.3233/JPD-160991

41. Vidal-Martinez G, Chin B, Camarillo C, Herrera GV, Yang B, Sarosiek I, et al. A
pilot microbiota study in parkinson’s disease patients versus control subjects, and
effects of FTY720 and FTY720-mitoxy therapies in parkinsonian and multiple system
atrophy mouse models. J Park Dis. (2020) 10:185-92. doi: 10.3233/JPD-191693

42. Zaccai ], Brayne C, McKeith I, Matthews F, Ince PG. MRC Cognitive Function,
Ageing Neuropathology Study. Patterns and stages of alpha-synucleinopathy:
Relevance in a population-based cohort. Neurology. (2008) 70:1042-8. doi: 10.1212/
01.wnl.0000306697.48738.b6

43. Parkkinen L, Pirttilda T, Alafuzoff I. Applicability of current staging/
categorization of alpha-synuclein pathology and their clinical relevance. Acta
Neuropathol (Berl). (2008) 115:399-407. doi: 10.1007/s00401-008-0346-6

44. Attems J, Jellinger KA. The dorsal motor nucleus of the vagus is not an
obligatory trigger site of Parkinson’s disease. Neuropathol Appl Neurobiol. (2008)
34:466-7. doi: 10.1111/j.1365-2990.2008.00937.x

45. Borghammer P, Van Den Berge N. Brain-first versus gut-first parkinson’s
disease: A hypothesis. J Park Dis. (2019) 9:5281-95. doi: 10.3233/JPD-191721

46. Horsager ], Andersen KB, Knudsen K, Skjerbzk C, Fedorova TD, Okkels N,
et al. Brain-first versus body-first Parkinson’s disease: a multimodal imaging case-
control study. Brain ] Neurol. (2020) 143:3077-88. doi: 10.1093/brain/awaa238

47. Horsager J, Knudsen K, Sommerauer M. Clinical and imaging evidence of brain-
first and body-first Parkinson’s disease. Neurobiol Dis. (2022) 164:105626. doi: 10.1016/
j.nbd.2022.105626

48. Paolicelli RC, Sierra A, Stevens B, Tremblay M-E, Aguzzi A, Ajami B, et al.
Microglia states and nomenclature: A field at its crossroads. Neuron. (2022) 110:3458—
83. doi: 10.1016/j.neuron.2022.10.020

49. Bras IC, Dominguez-Meijide A, Gerhardt E, Koss D, Lazaro DF, Santos PI, et al.
Synucleinopathies: Where we are and where we need to go. J Neurochem. (2020)
153:433-54. doi: 10.1111/jnc.14965

50. Salvesen L, Winge K, Brudek T, Agander TK, Lokkegaard A, Pakkenberg B.
Neocortical neuronal loss in patients with multiple system atrophy: A stereological
study. Cereb Cortex N Y N 1991. (2017) 27:400-10. doi: 10.1093/cercor/bhv228

51. Kim C, Ho D-H, Suk J-E, You S, Michael S, Kang J, et al. Neuron-released
oligomeric a-synuclein is an endogenous agonist of TLR2 for paracrine activation of
microglia. Nat Commun. (2013) 4:1562. doi: 10.1038/ncomms2534

52. Hughes CD, Choi ML, Ryten M, Hopkins L, Drews A, Botia JA, et al. Picomolar
concentrations of oligomeric alpha-synuclein sensitizes TLR4 to play an initiating role
in Parkinson’s disease pathogenesis. Acta Neuropathol (Berl). (2019) 137:103-20.
doi: 10.1007/500401-018-1907-y

53. Tewari D, Sah AN, Bawari S, Nabavi SF, Dehpour AR, Shirooie S, et al. Role of
nitric oxide in neurodegeneration: function, regulation, and inhibition. Curr
Neuropharmacol. (2021) 19:114-26. doi: 10.2174/1570159X18666200429001549

54. Haruwaka K, Ikegami A, Tachibana Y, Ohno N, Konishi H, Hashimoto A,
et al. Dual microglia effects on blood brain barrier permeability induced by
systemic inflammation. Nat Commun. (2019) 10:5816. doi: 10.1038/s41467-019-
13812-z

55. Duffy MF, Collier TJ, Patterson JR, Kemp CJ, Luk KC, Tansey MG, et al. Lewy
body-like alpha-synuclein inclusions trigger reactive microgliosis prior to nigral
degeneration. ] Neuroinflamm. (2018) 15:129. doi: 10.1186/s12974-018-1171-z

56. Rajkumar AP, Bidkhori G, Shoaie S, Clarke E, Morrin H, Hye A, et al.
Postmortem cortical transcriptomics of lewy body dementia reveal mitochondrial
dysfunction and lack of neuroinflammation. Am J Geriatr Psychiatry Off ] Am Assoc
Geriatr Psychiatry. (2020) 28:75-86. doi: 10.1016/j.jagp.2019.06.007

57. Amin ], Holmes C, Dorey RB, Tommasino E, Casal YR, Williams DM, et al.
Neuroinflammation in dementia with Lewy bodies: a human post-mortem study.
Transl Psychiatry. (2020) 10:267. doi: 10.1038/s41398-020-00954-8

frontiersin.org


https://doi.org/10.1111/jnc.14810
https://www.ncbi.nlm.nih.gov/books/NBK6143/
https://doi.org/10.1001/jamaneurol.2013.114
https://doi.org/10.1093/aje/kwg068
https://doi.org/10.1038/nri.2016.90
https://doi.org/10.1186/s13293-022-00477-5
https://doi.org/10.1016/j.parkreldis.2023.105285
https://doi.org/10.3233/JPD-191683
https://doi.org/10.1136/jnnp.2007.131045
https://doi.org/10.1590/0004-282X20170188
https://doi.org/10.1212/WNL.0000000000200235
https://doi.org/10.1177/0004867419835029
https://doi.org/10.1177/0004867419835029
https://doi.org/10.1212/01.wnl.0000324625.00404.15
https://doi.org/10.1111/imm.12922
https://doi.org/10.1038/s41423-021-00757-x
https://doi.org/10.1126/sciadv.abq1141
https://doi.org/10.1016/j.coi.2022.102177
https://doi.org/10.1126/science.1227157
https://doi.org/10.3390/ijms22158338
https://doi.org/10.1007/s00401-019-01977-2
https://doi.org/10.1016/s0197-4580(02)00065-9
https://doi.org/10.1016/S1474-4422(13)70056-5
https://doi.org/10.1038/nrneurol.2017.157
https://doi.org/10.1038/nrneurol.2017.157
https://doi.org/10.1002/mds.25020
https://doi.org/10.1038/s41593-020-0589-7
https://doi.org/10.1016/j.tem.2021.11.005
https://doi.org/10.1159/000518147
https://doi.org/10.1002/mds.29300
https://doi.org/10.1038/s41531-021-00156-z
https://doi.org/10.1038/s41531-021-00156-z
https://doi.org/10.1016/j.cell.2016.11.018
https://doi.org/10.7554/eLife.81453
https://doi.org/10.1016/j.neuron.2023.07.015
https://doi.org/10.3233/JPD-160991
https://doi.org/10.3233/JPD-191693
https://doi.org/10.1212/01.wnl.0000306697.48738.b6
https://doi.org/10.1212/01.wnl.0000306697.48738.b6
https://doi.org/10.1007/s00401-008-0346-6
https://doi.org/10.1111/j.1365-2990.2008.00937.x
https://doi.org/10.3233/JPD-191721
https://doi.org/10.1093/brain/awaa238
https://doi.org/10.1016/j.nbd.2022.105626
https://doi.org/10.1016/j.nbd.2022.105626
https://doi.org/10.1016/j.neuron.2022.10.020
https://doi.org/10.1111/jnc.14965
https://doi.org/10.1093/cercor/bhv228
https://doi.org/10.1038/ncomms2534
https://doi.org/10.1007/s00401-018-1907-y
https://doi.org/10.2174/1570159X18666200429001549
https://doi.org/10.1038/s41467-019-13812-z
https://doi.org/10.1038/s41467-019-13812-z
https://doi.org/10.1186/s12974-018-1171-z
https://doi.org/10.1016/j.jagp.2019.06.007
https://doi.org/10.1038/s41398-020-00954-8
https://doi.org/10.3389/fimmu.2024.1432342
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Freuchet et al.

58. Bonvento G, Bolafios JP. Astrocyte-neuron metabolic cooperation shapes brain
activity. Cell Metab. (2021) 33:1546-64. doi: 10.1016/j.cmet.2021.07.006

59. Giovannoni F, Quintana FJ. The role of astrocytes in CNS inflammation. Trends
Immunol. (2020) 41:805-19. doi: 10.1016/}.it.2020.07.007

60. Liddelow SA, Barres BA. Reactive astrocytes: production, function, and
therapeutic potential. Immunity. (2017) 46:957-67. doi: 10.1016/j.immuni.2017.06.006

61. Cunningham C, Dunne A, Lopez-Rodriguez AB. Astrocytes: heterogeneous and
dynamic phenotypes in neurodegeneration and innate immunity. Neurosci Rev ] Bringing
Neurobiol Neurol Psychiatry. (2019) 25:455-74. doi: 10.1177/1073858418809941

62. Liddelow SA, Guttenplan KA, Clarke LE, Bennett FC, Bohlen CJ, Schirmer L,
et al. Neurotoxic reactive astrocytes are induced by activated microglia. Nature. (2017)
541:481-7. doi: 10.1038/nature21029

63. Abati E, Di Fonzo A, Corti S. In vitro models of multiple system atrophy from
primary cells to induced pluripotent stem cells. ] Cell Mol Med. (2018) 22:2536-46.
doi: 10.1111/jcmm.13563

64. Erskine D, Ding J, Thomas AJ, Kaganovich A, Khundakar AA, Hanson PS, et al.
Molecular changes in the absence of severe pathology in the pulvinar in dementia with
Lewy bodies. Mov Disord Off ] Mov Disord Soc. (2018) 33:982-91. doi: 10.1002/mds.27333

65. Kim C, Spencer B, Rockenstein E, Yamakado H, Mante M, Adame A, et al.
Immunotherapy targeting toll-like receptor 2 alleviates neurodegeneration in models of
synucleinopathy by modulating a-synuclein transmission and neuroinflammation. Mol
Neurodegener. (2018) 13:43. doi: 10.1186/s13024-018-0276-2

66. Li S, Uno Y, Rudolph U, Cobb J, Liu J, Anderson T, et al. Astrocytes in primary
cultures express serine racemase, synthesize d-serine and acquire A1 reactive astrocyte
features. Biochem Pharmacol. (2018) 151:245-51. doi: 10.1016/j.bcp.2017.12.023

67. Rostami J, Fotaki G, Sirois J, Mzezewa R, Bergstrom J, Essand M, et al. Astrocytes
have the capacity to act as antigen-presenting cells in the Parkinson’s disease brain. |
Neuroinflamm. (2020) 17:119. doi: 10.1186/s12974-020-01776-7

68. Sofroniew MV. Astrocyte barriers to neurotoxic inflammation. Nat Rev Neurosci.
(2015) 16:249-63. doi: 10.1038/nrn3898

69. Rappold PM, Tieu K. Astrocytes and therapeutics for Parkinson’s disease.
Neurother ] Am Soc Exp Neurother. (2010) 7:413-23. doi: 10.1016/j.nurt.2010.07.001

70. Louveau A, Smirnov I, Keyes TJ, Eccles JD, Rouhani SJ, Peske JD, et al. Structural
and functional features of central nervous system lymphatic vessels. Nature. (2015)
523:337-41. doi: 10.1038/nature14432

71. Williams GP, Marmion DJ, Schonhoff AM, Jurkuvenaite A, Won W-J, Standaert
DG, et al. T cell infiltration in both human multiple system atrophy and a novel mouse
model of the disease. Acta Neuropathol (Berl). (2020) 139:855-74. doi: 10.1007/s00401-
020-02126-w

72. Williams GP, Schonhoff AM, Sette A, Lindestam Arlehamn CS. Central and
peripheral inflammation: connecting the immune responses of parkinson’s disease. J
Park Dis. (2022) 12:5129-36. doi: 10.3233/JPD-223241

73. Amin J, Boche D, Clough Z, Teeling J, Williams A, Gao Y, et al. Peripheral
immunophenotype in dementia with Lewy bodies and Alzheimer’s disease: an
observational clinical study. J Neurol Neurosurg Psychiatry. (2020) 91:1219-26.
doi: 10.1136/jnnp-2020-323603

74. Brochard V, Combadiére B, Prigent A, Laouar Y, Perrin A, Beray-Berthat V,
et al. Infiltration of CD4+ lymphocytes into the brain contributes to neurodegeneration
in a mouse model of Parkinson disease. J Clin Invest. (2009) 119:182-92. doi: 10.1172/
JCI36470

75. Sulzer D, Alcalay RN, Garretti F, Cote L, Kanter E, Agin-Liebes J, et al. T cells
from patients with Parkinson’s disease recognize o-synuclein peptides. Nature. (2017)
546:656-61. doi: 10.1038/nature22815

76. Lindestam Arlehamn CS, Dhanwani R, Pham ], Kuan R, Frazier A, Rezende
Dutra J, et al. a-Synuclein-specific T cell reactivity is associated with preclinical and
early Parkinson’s disease. Nat Commun. (2020) 11:1875. doi: 10.1038/s41467-020-
15626-w

77. Wang P, Yao L, Luo M, Zhou W, Jin X, Xu Z, et al. Single-cell transcriptome and
TCR profiling reveal activated and expanded T cell populations in Parkinson’s disease.
Cell Discovery. (2021) 7:1-16. doi: 10.1038/s41421-021-00280-3

78. Lodygin D, Hermann M, Schweingruber N, Fliigel-Koch C, Watanabe T,
Schlosser C, et al. B-Synuclein-reactive T cells induce autoimmune CNS grey matter
degeneration. Nature. (2019) 566:503-8. doi: 10.1038/s41586-019-0964-2

79. Gate D, Tapp E, Leventhal O, Shahid M, Nonninger TJ, Yang AC, et al. CD4+ T
cells contribute to neurodegeneration in Lewy body dementia. Science. (2021) 374:868-
74. doi: 10.1126/science.abf7266

80. Cebrian C, Zucca FA, Mauri P, Steinbeck JA, Studer L, Scherzer CR, et al. MHC-I
expression renders catecholaminergic neurons susceptible to T-cell-mediated
degeneration. Nat Commun. (2014) 5:3633. doi: 10.1038/ncomms4633

81. Karikari AA, McFleder RL, Ribechini E, Blum R, Bruttel V, Knorr S, et al.
Neurodegeneration by a-synuclein-specific T cells in AAV-A53T-a-synuclein
Parkinson’s disease mice. Brain Behav Immun. (2022) 101:194-210. doi: 10.1016/
j.bbi.2022.01.007

82. Corbin-Stein NJ, Childers GM, Webster JM, Zane A, Yang Y-T, Mudium N,
et al. IFNy drives neuroinflammation, demyelination, and neurodegeneration in a
mouse model of multiple system atrophy. Acta Neuropathol Commun. (2024) 12:11.
doi: 10.1186/s40478-023-01710-x

Frontiers in Immunology

12

10.3389/fimmu.2024.1432342

83. Sommer A, Marxreiter F, Krach F, Fadler T, Grosch J, Maroni M, et al. Th17
lymphocytes induce neuronal cell death in a human iPSC-based model of parkinson’s
disease. Cell Stem Cell. (2018) 23:123-131.¢6. doi: 10.1016/j.stem.2018.06.015

84. Contaldi E, Magistrelli L, Comi C. (2022) T lymphocytes in parkinson’s disease. |
Park Dis. 12:565-74. doi: 10.3233/JPD-223152

85. Sun H, Fan Z, Gingras AR, Lopez-Ramirez MA, Ginsberg MH, Ley K. Frontline
Science: A flexible kink in the transmembrane domain impairs B2 integrin extension
and cell arrest from rolling. J Leukoc Biol. (2020) 107:175-83. doi: 10.1002/
JLB.1HI0219-073RR

86. Kustrimovic N, Comi C, Magistrelli L, Rasini E, Legnaro M, Bombelli R, et al.
Parkinson’s disease patients have a complex phenotypic and functional Th1 bias: cross-
sectional studies of CD4+ Th1/Th2/T17 and Treg in drug-naive and drug-treated
patients. ] Neuroinflamm. (2018) 15:205. doi: 10.1186/s12974-018-1248-8

87. Chen X, Feng W, Ou R, Liu J, Yang J, FuJ, et al. Evidence for peripheral immune
activation in parkinson’s disease. Front Aging Neurosci. (2021) 13:617370. doi: 10.3389/
fnagi.2021.617370

88. Yan Z, Yang W, Wei H, Dean MN, Standaert DG, Cutter GR, et al.
Dysregulation of the adaptive immune system in patients with early-stage parkinson
disease. Neurol Neuroimmunol Neuroinflamm. (2021) 8:1036. doi: 10.1212/
NXI.0000000000001036

89. Schroder JB, Pawlowski M, Meyer zu Hérste G, Gross CC, Wiendl H, Meuth SG,
et al. Immune cell activation in the cerebrospinal fluid of patients with parkinson’s
disease. Front Neurol. (2018) 9:1081. doi: 10.3389/fneur.2018.01081

90. Alvarez-Luquin DD, Arce-Sillas A, Leyva-Hernandez J, Sevilla-Reyes E, Boll MC,
Montes-Moratilla E, et al. Regulatory impairment in untreated Parkinson’s disease is
not restricted to Tregs: other regulatory populations are also involved. ] Neuroinflamm.
(2019) 16:212. doi: 10.1186/s12974-019-1606-1

91. Campos-Acuna J, Elgueta D, Pacheco R. T-cell-driven inflammation as a
mediator of the gut-brain axis involved in parkinson’s disease. Front Immunol.
(2019) 10:239. doi: 10.3389/fimmu.2019.00239

92. Garretti F, Agalliu D, Lindestam Arlehamn CS, Sette A, Sulzer D. Autoimmunity
in parkinson’s disease: the role of o.-synuclein-specific T cells. Front Immunol. (2019)
10:303. doi: 10.3389/fimmu.2019.00303

93. Saunders JAH, Estes KA, Kosloski LM, Allen HE, Dempsey KM, Torres-
Russotto DR, et al. CD4+ Regulatory and effector/memory T cell subsets profile
motor dysfunction in parkinson’s disease. ] Neuroimmune Pharmacol. (2012) 7:927-
38. doi: 10.1007/s11481-012-9402-z

94. Thome AD, Atassi F, Wang ], Faridar A, Zhao W, Thonhoft JR, et al. Ex vivo
expansion of dysfunctional regulatory T lymphocytes restores suppressive function in
Parkinson’s disease. NPJ Park Dis. (2021) 7:41. doi: 10.1038/s41531-021-00188-5

95. Park T-Y, Jeon J, Lee N, Kim J, Song B, Kim J-H, et al. Co-transplantation of
autologous Treg cells in a cell therapy for Parkinson’s disease. Nature. (2023) 619:606—
15. doi: 10.1038/541586-023-06300-4

96. Galiano-Landeira J, Torra A, Vila M, Bové J. CD8 T cell nigral infiltration
precedes synucleinopathy in early stages of Parkinson’s disease. Brain | Neurol. (2020)
143:3717-33. doi: 10.1093/brain/awaa269

97. Capelle CM, Ciré S, Hedin F, Hansen M, Pavelka L, Grzyb K, et al. Early-to-mid
stage idiopathic Parkinson’s disease shows enhanced cytotoxicity and differentiation in
CD8 T-cells in females. Nat Commun. (2023) 14:7461. doi: 10.1038/s41467-023-43053-
0

98. Williams GP, Schonhoft AM, Jurkuvenaite A, Gallups NJ, Standaert DG, Harms
AS. CD4 T cells mediate brain inflammation and neurodegeneration in a mouse model
of Parkinson’s disease. Brain. (2021) 144:2047-59. doi: 10.1093/brain/awab103

99. Salou M, Nicol B, Garcia A, Laplaud D-A. Involvement of CD8+ T cells in
multiple sclerosis. Front Immunol. (2015) 6:604. doi: 10.3389/fimmu.2015.00604

100. Burrack AL, Martinov T, Fife BT. T cell-mediated beta cell destruction:
autoimmunity and alloimmunity in the context of type 1 diabetes. Front Endocrinol.
(2017) 8:343. doi: 10.3389/fendo.2017.00343

101. Pandey MK. The role of alpha-synuclein autoantibodies in the induction of
brain inflammation and neurodegeneration in aged humans. Front Aging Neurosci.
(2022) 14:902191. doi: 10.3389/fnagi.2022.902191

102. Orr CF, Rowe DB, Mizuno Y, Mori H, Halliday GM. A possible role for

humoral immunity in the pathogenesis of Parkinson’s disease. Brain J Neurol. (2005)
128:2665-74. doi: 10.1093/brain/awh625

103. LiR, Tropea TF, Baratta LR, Zuroff L, Diaz-Ortiz ME, Zhang B, et al. Abnormal B-
cell and tth-cell profiles in patients with parkinson disease: A cross-sectional study. Neurol
Neuroimmunol Neuroinflamm. (2022) 9:e1125. doi: 10.1212/NXL.0000000000001125

104. Bar-Or A, Fawaz L, Fan B, Darlington PJ, Rieger A, Ghorayeb C, et al
Abnormal B-cell cytokine responses a trigger of T-cell-mediated disease in MS? Ann
Neurol. (2010) 67:452-61. doi: 10.1002/ana.21939

105. Wang P, Luo M, Zhou W, Jin X, Xu Z, Yan §, et al. Global characterization of
peripheral B cells in parkinson’s disease by single-cell RNA and BCR sequencing. Front
Immunol. (2022) 13:814239. doi: 10.3389/fimmu.2022.814239

106. Battis K, Florio JB, Mante M, Lana A, Naumann I, Gauer C, et al. CSF1R-
mediated myeloid cell depletion prolongs lifespan but aggravates distinct motor

symptoms in a model of multiple system atrophy. J Neurosci. (2022) 42:7673-88.
doi: 10.1523/JNEUROSCI.0417-22.2022

frontiersin.org


https://doi.org/10.1016/j.cmet.2021.07.006
https://doi.org/10.1016/j.it.2020.07.007
https://doi.org/10.1016/j.immuni.2017.06.006
https://doi.org/10.1177/1073858418809941
https://doi.org/10.1038/nature21029
https://doi.org/10.1111/jcmm.13563
https://doi.org/10.1002/mds.27333
https://doi.org/10.1186/s13024-018-0276-2
https://doi.org/10.1016/j.bcp.2017.12.023
https://doi.org/10.1186/s12974-020-01776-7
https://doi.org/10.1038/nrn3898
https://doi.org/10.1016/j.nurt.2010.07.001
https://doi.org/10.1038/nature14432
https://doi.org/10.1007/s00401-020-02126-w
https://doi.org/10.1007/s00401-020-02126-w
https://doi.org/10.3233/JPD-223241
https://doi.org/10.1136/jnnp-2020-323603
https://doi.org/10.1172/JCI36470
https://doi.org/10.1172/JCI36470
https://doi.org/10.1038/nature22815
https://doi.org/10.1038/s41467-020-15626-w
https://doi.org/10.1038/s41467-020-15626-w
https://doi.org/10.1038/s41421-021-00280-3
https://doi.org/10.1038/s41586-019-0964-2
https://doi.org/10.1126/science.abf7266
https://doi.org/10.1038/ncomms4633
https://doi.org/10.1016/j.bbi.2022.01.007
https://doi.org/10.1016/j.bbi.2022.01.007
https://doi.org/10.1186/s40478-023-01710-x
https://doi.org/10.1016/j.stem.2018.06.015
https://doi.org/10.3233/JPD-223152
https://doi.org/10.1002/JLB.1HI0219-073RR
https://doi.org/10.1002/JLB.1HI0219-073RR
https://doi.org/10.1186/s12974-018-1248-8
https://doi.org/10.3389/fnagi.2021.617370
https://doi.org/10.3389/fnagi.2021.617370
https://doi.org/10.1212/NXI.0000000000001036
https://doi.org/10.1212/NXI.0000000000001036
https://doi.org/10.3389/fneur.2018.01081
https://doi.org/10.1186/s12974-019-1606-1
https://doi.org/10.3389/fimmu.2019.00239
https://doi.org/10.3389/fimmu.2019.00303
https://doi.org/10.1007/s11481-012-9402-z
https://doi.org/10.1038/s41531-021-00188-5
https://doi.org/10.1038/s41586-023-06300-4
https://doi.org/10.1093/brain/awaa269
https://doi.org/10.1038/s41467-023-43053-0
https://doi.org/10.1038/s41467-023-43053-0
https://doi.org/10.1093/brain/awab103
https://doi.org/10.3389/fimmu.2015.00604
https://doi.org/10.3389/fendo.2017.00343
https://doi.org/10.3389/fnagi.2022.902191
https://doi.org/10.1093/brain/awh625
https://doi.org/10.1212/NXI.0000000000001125
https://doi.org/10.1002/ana.21939
https://doi.org/10.3389/fimmu.2022.814239
https://doi.org/10.1523/JNEUROSCI.0417-22.2022
https://doi.org/10.3389/fimmu.2024.1432342
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Freuchet et al.

107. Gauer C, Battis K, Schneider Y, Florio JB, Mante M, Kim HY, et al. CSF1R-
mediated myeloid cell depletion shifts the ratio of motor cortical excitatory to
inhibitory neurons in a multiple system atrophy model. Exp Neurol. (2024)
374:114706. doi: 10.1016/j.expneurol.2024.114706

108. Harms AS, Thome AD, Yan Z, Schonhoff AM, Williams GP, Li X, et al.
Peripheral monocyte entry is required for alpha-Synuclein induced inflammation and
Neurodegeneration in a model of Parkinson disease. Exp Neurol. (2018) 300:179-87.
doi: 10.1016/j.expneurol.2017.11.010

109. Ransohoff RM, Cardona AE. The myeloid cells of the central nervous system
parenchyma. Nature. (2010) 468:253-62. doi: 10.1038/nature09615

110. Navarro E, Udine E, Lopes KDP, Parks M, Riboldi G, Schilder BM, et al.
Dysregulation of mitochondrial and proteolysosomal genes in Parkinson’s disease
myeloid cells. Nat Aging. (2021) 1:850-63. doi: 10.1038/s43587-021-00110-x

111. McFleder RL, Makhotkina A, Groh J, Keber U, Imdahl F, Pefia Mosca J, et al.
Brain-to-gut trafficking of alpha-synuclein by CD11c+ cells in a mouse model of
Parkinson’s disease. Nat Commun. (2023) 14:7529. doi: 10.1038/s41467-023-43224-z

112. Schonhoff AM, Figge DA, Williams GP, Jurkuvenaite A, Gallups NJ, Childers
GM, et al. Border-associated macrophages mediate the neuroinflammatory response in
an alpha-synuclein model of Parkinson disease. Nat Commun. (2023) 14:3754.
doi: 10.1038/s41467-023-39060-w

113. Carlisle SM, Qin H, Hendrickson RC, Muwanguzi JE, Lefkowitz EJ, Kennedy
RE, et al. Sex-based differences in the activation of peripheral blood monocytes in early
Parkinson disease. NPJ Park Dis. (2021) 7:1-10. doi: 10.1038/s41531-021-00180-z

114. Pey P, Pearce RKB, Kalaitzakis ME, Griffin WST, Gentleman SM. Phenotypic
profile of alternative activation marker CD163 is different in Alzheimer’s and
Parkinson’s disease. Acta Neuropathol Commun. (2014) 2:21. doi: 10.1186/2051-
5960-2-21

115. Konstantin Nissen S, Farmen K, Carstensen M, Schulte C, Goldeck D,
Brockmann K, et al. Changes in CD163+, CD11b+, and CCR2+ peripheral
monocytes relate to Parkinson’s disease and cognition. Brain Behav Immun. (2022)
101:182-93. doi: 10.1016/j.bbi.2022.01.005

116. Farmen K, Nissen SK, Stokholm MG, Iranzo A, Ostergaard K, Serradell M, et al.
Monocyte markers correlate with immune and neuronal brain changes in REM sleep
behavior disorder. Proc Natl Acad Sci. (2021) 118:€2020858118. doi: 10.1073/
pnas.2020858118

117. Ferreira SA, Li C, Klestrup IH, Vitic Z, Rasmussen RK, Kirkegaard A, et al. Sex-
dimorphic neuroprotective effect of CD163 in an o-synuclein mouse model of
Parkinson’s disease. NPJ Park Dis. (2023) 9:164. doi: 10.1038/s41531-023-00606-w

118. Nissen SK, Ferreira SA, Nielsen MC, Schulte C, Shrivastava K, Hennig D, et al.
Soluble CD163 changes indicate monocyte association with cognitive deficits in
parkinson’s disease. Mov Disord. (2021) 36:963-76. doi: 10.1002/mds.28424

119. Dahodwala N, Pei Q, Schmidt P. Sex differences in the clinical progression of
parkinson’s disease. ] Obstet Gynecol Neonatal Nurs. (2016) 45:749-56. doi: 10.1016/
1jogn.2016.05.002

120. Raheel K, Deegan G, Di Giulio I, Cash D, Ilic K, Gnoni V, et al. Sex differences
in alpha-synucleinopathies: a systematic review. Front Neurol. (2023) 14:1204104.
doi: 10.3389/fneur.2023.1204104

121. Jurado-Coronel JC, Cabezas R, Avila Rodriguez MF, Echeverria V, Garcia-
Segura LM, Barreto GE. Sex differences in Parkinson’s disease: Features on clinical
symptoms, treatment outcome, sexual hormones and genetics. Front Neuroendocrinol.
(2018) 50:18-30. doi: 10.1016/j.yfrne.2017.09.002

122. Baba Y, Putzke JD, Whaley NR, Wszolek ZK, Uitti R]. Gender and the Parkinson’s
disease phenotype. J Neurol. (2005) 252:1201-5. doi: 10.1007/s00415-005-0835-7

123. Haaxma CA, Bloem BR, Borm GF, Oyen WJG, Leenders KL, Eshuis S, et al.
Gender differences in Parkinson’s disease. ] Neurol Neurosurg Amp Psychiatry. (2007)
78:819-24. doi: 10.1136/jnnp.2006.103788

124. Colombo D, Abbruzzese G, Antonini A, Barone P, Bellia G, Franconi F, et al.
The “gender factor” in wearing-off among patients with Parkinson’s disease: a post hoc
analysis of DEEP study. ScientificWorldJournal. (2015) 2015:787451. doi: 10.1155/
2015/787451

125. Martinez-Martin P, Falup Pecurariu C, Odin P, van Hilten JJ, Antonini A,
Rojo-Abuin JM, et al. Gender-related differences in the burden of non-motor

Frontiers in Immunology

13

10.3389/fimmu.2024.1432342

symptoms in Parkinson’s disease. J Neurol. (2012) 259:1639-47. doi: 10.1007/s00415-
011-6392-3

126. Choudhury P, Graff-Radford J, Aakre JA, Wurtz L, Knopman DS, Graff-
Radford NR, et al. The temporal onset of the core features in dementia with Lewy
bodies. Alzheimers Dement. (2022) 18:591-601. doi: 10.1002/alz.12411

127. Ragonese P, D’amelio M, Savettieri G. Implications for estrogens in parkinson’s
disease. Ann N Y Acad Sci. (2006) 1089:373-82. doi: 10.1196/annals.1386.004

128. Rocca WA, Bower JH, Maraganore DM, Ahlskog JE, Grossardt BR, de AM,
et al. Increased risk of parkinsonism in women who underwent oophorectomy before
menopause. Neurology. (2008) 70:200-9. doi: 10.1212/01.wnl.0000280573.30975.6a

129. Lee YH, Cha J, Chung SJ, Yoo HS, Sohn YH, Ye BS, et al. Beneficial effect of
estrogen on nigrostriatal dopaminergic neurons in drug-naive postmenopausal
Parkinson’s disease. Sci Rep. (2019) 9:10531. doi: 10.1038/s41598-019-47026-6

130. Oltra ], Uribe C, Campabadal A, Inguanzo A, Monté-Rubio GC, Marti MJ, et al.
Sex Differences in Brain and Cognition in de novo Parkinson’s Disease. Front Aging
Neurosci. (2022) 13:791532. doi: 10.3389/fnagi.2021.791532

131. Cantuti-Castelvetri I, Keller-McGandy C, Bouzou B, Asteris G, Clark TW,
Frosch MP, et al. Effects of gender on nigral gene expression and parkinson disease.
Neurobiol Dis. (2007) 26:606-14. doi: 10.1016/j.nbd.2007.02.009

132. Simunovic F, Yi M, Wang Y, Stephens R, Sonntag KC. Evidence for gender-
specific transcriptional profiles of nigral dopamine neurons in Parkinson disease. PloS
One. (2010) 5:¢8856. doi: 10.1371/journal.pone.0008856

133. Villa A, Gelosa P, Castiglioni L, Cimino M, Rizzi N, Pepe G, et al. Sex-specific
features of microglia from adult mice. Cell Rep. (2018) 23:3501-11. doi: 10.1016/
j.celrep.2018.05.048

134. Santos-Galindo M, Acaz-Fonseca E, Bellini MJ, Garcia-Segura LM. Sex
differences in the inflammatory response of primary astrocytes to lipopolysaccharide.
Biol Sex Differ. (2011) 2:7. doi: 10.1186/2042-6410-2-7

135. Mitra S, Chakrabarti N, Dutta SS, Ray S, Bhattacharya P, Sinha P, et al. Gender-
specific brain regional variation of neurons, endogenous estrogen, neuroinflammation
and glial cells during rotenone-induced mouse model of Parkinson’s disease.
Neuroscience. (2015) 292:46-70. doi: 10.1016/j.neuroscience.2014.12.052

136. Kordower JH, Olanow CW, Dodiya HB, Chu Y, Beach TG, Adler CH, et al.
Disease duration and the integrity of the nigrostriatal system in Parkinson’s disease.
Brain ] Neurol. (2013) 136:2419-31. doi: 10.1093/brain/awt192

137. Peter I, Dubinsky M, Bressman S, Park A, Lu C, Chen N, et al. Anti-tumor
necrosis factor therapy and incidence of parkinson disease among patients with
inflammatory bowel disease. JAMA Neurol. (2018) 75:939-46. doi: 10.1001/
jamaneurol.2018.0605

138. Kim Y-J, Park H-J, Lee G, Bang OY, Ahn YH, Joe E, et al. Neuroprotective
effects of human mesenchymal stem cells on dopaminergic neurons through anti-
inflammatory action. Glia. (2009) 57:13-23. doi: 10.1002/glia.20731

139. Saleh M, Markovic M, Olson KE, Gendelman HE, Mosley RL. (2022)
Therapeutic strategies for immune transformation in parkinson’s disease. J Park Dis.
12:5201-22. doi: 10.3233/JPD-223278

140. Schwab AD, Thurston MJ, Machhi J, Olson KE, Namminga KL, Gendelman
HE, et al. Immunotherapy for parkinson’s disease. Neurobiol Dis. (2020) 137:104760.
doi: 10.1016/j.nbd.2020.104760

141. Ahn]JJ, Abu-Rub M, Miller RH. B cells in neuroinflammation: new perspectives
and mechanistic insights. Cells. (2021) 10:1605. doi: 10.3390/cells10071605

142. McFarthing K, Buft S, Rafaloft G, Fiske B, Mursaleen L, Fuest R, et al.
Parkinson’s disease drug therapies in the clinical trial pipeline: 2023 update. J Park
Dis. (2023) 13:427-39. doi: 10.3233/JPD-239901

143. Goldman SM. Environmental toxins and Parkinson’s disease. Annu Rev
Pharmacol Toxicol. (2014) 54:141-64. doi: 10.1146/annurev-pharmtox-011613-135937

144. Solch RJ, Aigbogun JO, Voyiadjis AG, Talkington GM, Darensbourg RM,
O’Connell S, et al. Mediterranean diet adherence, gut microbiota, and Alzheimer’s or
Parkinson’s disease risk: A systematic review. J Neurol Sci. (2022) 434:120166.
doi: 10.1016/j.jns.2022.120166

145. Wraith DC. The future of immunotherapy: A 20-year perspective. Front
Immunol. (2017) 8:1668. doi: 10.3389/fimmu.2017.01668

frontiersin.org


https://doi.org/10.1016/j.expneurol.2024.114706
https://doi.org/10.1016/j.expneurol.2017.11.010
https://doi.org/10.1038/nature09615
https://doi.org/10.1038/s43587-021-00110-x
https://doi.org/10.1038/s41467-023-43224-z
https://doi.org/10.1038/s41467-023-39060-w
https://doi.org/10.1038/s41531-021-00180-z
https://doi.org/10.1186/2051-5960-2-21
https://doi.org/10.1186/2051-5960-2-21
https://doi.org/10.1016/j.bbi.2022.01.005
https://doi.org/10.1073/pnas.2020858118
https://doi.org/10.1073/pnas.2020858118
https://doi.org/10.1038/s41531-023-00606-w
https://doi.org/10.1002/mds.28424
https://doi.org/10.1016/j.jogn.2016.05.002
https://doi.org/10.1016/j.jogn.2016.05.002
https://doi.org/10.3389/fneur.2023.1204104
https://doi.org/10.1016/j.yfrne.2017.09.002
https://doi.org/10.1007/s00415-005-0835-7
https://doi.org/10.1136/jnnp.2006.103788
https://doi.org/10.1155/2015/787451
https://doi.org/10.1155/2015/787451
https://doi.org/10.1007/s00415-011-6392-3
https://doi.org/10.1007/s00415-011-6392-3
https://doi.org/10.1002/alz.12411
https://doi.org/10.1196/annals.1386.004
https://doi.org/10.1212/01.wnl.0000280573.30975.6a
https://doi.org/10.1038/s41598-019-47026-6
https://doi.org/10.3389/fnagi.2021.791532
https://doi.org/10.1016/j.nbd.2007.02.009
https://doi.org/10.1371/journal.pone.0008856
https://doi.org/10.1016/j.celrep.2018.05.048
https://doi.org/10.1016/j.celrep.2018.05.048
https://doi.org/10.1186/2042-6410-2-7
https://doi.org/10.1016/j.neuroscience.2014.12.052
https://doi.org/10.1093/brain/awt192
https://doi.org/10.1001/jamaneurol.2018.0605
https://doi.org/10.1001/jamaneurol.2018.0605
https://doi.org/10.1002/glia.20731
https://doi.org/10.3233/JPD-223278
https://doi.org/10.1016/j.nbd.2020.104760
https://doi.org/10.3390/cells10071605
https://doi.org/10.3233/JPD-239901
https://doi.org/10.1146/annurev-pharmtox-011613-135937
https://doi.org/10.1016/j.jns.2022.120166
https://doi.org/10.3389/fimmu.2017.01668
https://doi.org/10.3389/fimmu.2024.1432342
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Inflammation and heterogeneity in synucleinopathies
	1 Introduction
	2 Etiology of synucleinopathies
	2.1 Body-first
	2.2 Brain-first

	3 Resident cells of the CNS as players of the inflammation
	3.1 Complex role of microglia
	3.2 Emerging inflammatory role of astrocytes

	4 Involvement of peripheral immune cells in synucleinopathies
	4.1 T cells
	4.2 B cells
	4.3 Myeloid cells

	5 Sex-based differences further stratify synucleinopathies
	6 Therapeutic perspectives to treat inflammation
	7 Conclusion
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


