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Abstract

Post-translational modifications (PTMs) of alpha-synuclein (a-syn) can alter protein aggregation
propensity to affect a-syn oligomer and fibril formation. The inflammatory response in Parkinson’s disease
(PD) is mediated by microglia, astrocytes, T cells, B cells, macrophages, and neutrophils, which respond to
a-syn aggregates in an attempt to clear synucleinopathy and restore brain homeostasis. This review focuses
on the effects of PTMs on a-syn aggregation and cell-specific immune responses to a-syn aggregates in the
context of PD.
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Introduction

Parkinson’s disease (PD) is a neurodegenerative disease mainly characterized by the death of dopaminergic
neurons in the substantia nigra pars compacta, which results in motor symptoms such as tremors,
bradykinesia, and rigidity, as well as non-motor symptoms such as constipation, hypotension, anxiety, and
sleep disorders. In PD, a neuronal protein called alpha-synuclein (a-syn) aggregates in neurons to form
Lewy bodies, though it is generally expressed in the presynaptic membrane at the axon terminal [1, 2].

In healthy conditions, a-syn plays a role in lipid packaging and transport, vesicle trafficking, dopamine
synthesis and secretion, and neurotransmitter release, though the entirety of its functions is not yet
understood. Homeostatic a-syn exists in its monomeric form and does not form aggregates. The misfolding
of a-syn leads to oligomer and fibril formation, which ultimately leads to a-syn aggregation. The propensity
of a-syn to aggregate can change as a result of genetic modifications; for example, the A53T mutation in the
SNCA gene increases a-syn aggregation. a-syn aggregation is also influenced by post-translational
modifications (PTMs)—the effects of which will be expanded upon in this review [1, 3].
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a-syn aggregates have been shown to induce neuroinflammation, which is another central feature of
PD pathology. While inflammation is a protective mechanism meant to regenerate and repair tissue or to
remove damaged cells, toxins, and pathogens from the body [4], in PD, chronic inflammation in response to
neurodegeneration leads to the progression of the disease [5, 6]. It is mediated by microglia, astrocytes, T
cells, B cells, macrophages, and neutrophils, which interact with each other to generate an immune
response to a-syn [7]. This review describes how various forms of a-syn activate immune cells, which work
synergistically to generate an inflammatory response in PD patients.

Common PTMs of a-syn and their roles in protein aggregation

PTMs are changes to a protein which occur after amino acid translation and synthesis of the primary
protein structure. PTMs are divided into subtypes based on the functional groups that are added to the
protein, with common functional groups including polypeptide chains, amino acids, or complex molecules
[8]. The propensity of a-syn to aggregate is affected by the category and site of modification [8, 9].

Phosphorylation is a common PTM, characterized by the addition of a phosphate group to an amino
acid in a polypeptide chain, and is highly implicated in a-syn aggregation. Phosphorylation at Tyr125,
Tyr133, Tyr136, and Ser87 has been shown to reduce the aggregation of a-syn, while phosphorylation at
Tyr39 has been shown to enhance a-syn aggregation [9]. Interestingly, Tyr125 phosphorylation has been
shown to decrease with aging in humans [10]. Phosphorylation at Ser87 and Ser129 are both upregulated
in PD brains [11], but phospho-Ser87 (pSer87) is found in significantly lower amounts than a-syn
phosphorylated at Ser129 [12] which is consistently upregulated in PD patients—with 90% of a-syn
containing phospho-Ser129 (pSer129) in PD patient brains compared to less than 5% in non-patient brains.
Studies have failed to reach a consensus on its consequences, as there is conflicting evidence for Ser129
phosphorylation to both reduce and enhance the propensity for a-syn to aggregate [9, 13]. The mechanisms
underlying these effects are yet to be understood.

Another common PTM is ubiquitination, which plays a role in protein degradation. Ubiquitinated a-syn
is primarily found on phosphorylated a-syn in Lewy bodies [11]. This pathway has three steps in its
catalysis and the last step which involves E3 ubiquitin ligases, also has varied results in whether
ubiquitination leads to an increase or decrease in aggregation. One ubiquitin ligase for a-syn, neuronally-
expressed developmentally down-regulated gene 4 (NEDD4), reduces aggregation of a-syn, promoting its
degradation [14]. The involvement of NEDD4 extends to its interactions with p21-activated kinase 4 (PAK4)
where NEDD4 presence is necessary for upregulation of PAK4 to reduce a-syn aggregation [15]. Carboxyl
terminus of Hsp70-interacting protein (CHIP) is another E3 ligase which reduces a-syn oligomerization
[16-18]. It further reduces a-syn aggregation through its interactions with ubiquitin A-52 residue
ribosomal protein fusion product 1 (UBA52) [19]. On the other hand, some E3 ligases like seven in absentia
homolog (SIAH) can increase a-syn aggregation [20, 21]. Overall, the effect of ubiquitination on a-syn
aggregation varies.

Similar to ubiquitination, truncation, the shortening of a polypeptide chain, does not have a consistent
effect on a-syn aggregation. In «a-syn, it has been shown that truncation at the C-terminal promotes
aggregation in most cases [8, 9], with amino acids 1-87,1-97, 1-102, 1-103, 1-110, 1-114, 1-119, 1-120,
and 1-122 making up the most common occurrences of truncated polypeptide chains in aggregated a-syn
proteins [9]. In Lewy bodies, a-syn truncated at amino acids 115, 119, or 122 were found to be present.
However, a-syn truncated at Asp119 is also found outside Lewy bodies, indicating that it is a normal
metabolite of a-syn [11]. Although C-terminally truncated a-syn itself is more prone to aggregation, some
studies also found that it can reduce aggregation by preventing the fibrillization of full-length a-syn [22].
N-terminally truncated a-syn exhibits reduced aggregation, showing that the section of a-syn which causes
aggregation is found near the N-terminal [8, 22].

Acetylation, the binding of an acetyl group onto amino acid residues [8], catalyzed by N-
acetyltransferase enzymatic complexes [23], is also a PTM which reduces aggregation and is found in Lewy
bodies [11]. Acetylation of the N-terminal, which most commonly occurs at Lys6 and Lys10 [8], does not
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change the properties of monomeric a-syn, retaining its ability to bind with lipid membranes and its
solubility [24, 25]. The presence of lipids has been shown to induce the aggregation of a-syn [26, 27].
Acetylation reduces a-syn aggregation and reduces the rate of fibril elongation in the presence of lipids [18]
but does cause the elongation of fibrils in other conditions [28]. However, acetylation increases the
formation of toxic a-syn oligomers [25, 27, 28]. Furthermore, although the a-syn fibrils formed from
acetylated monomers modified the secondary structure of the a-syn fibrils, it did not affect their stability or
their cytotoxicity [25, 28].

Glycosylation, or more specifically O-linked [3-N-acetylglucosaminylation in the case of a-syn, most
commonly affects Ser and Thr residues [9]. Glycosylation does not affect the function of monomeric a-syn,
similarly to acetylation, and inhibits a-syn aggregation [29-32]. When mixed with unmodified a-syn in a
one-to-one ratio, glycosylated a-syn slowed the formation of fibrils the most, also preventing the elongation
of fibrils which were already present. This reduction in fibril formation causes an increase in formation of
toxic oligomers at Thr81 and Ser87 [29] but not at Thr72 [31]. Though glycosylation is associated more
with Alzheimer’s disease than PD, its role in preventing aggregation of a-syn is being investigated as a
possible treatment for Lewy body disorders [31].

Nitration is the binding of a nitro group onto a polypeptide chain and is another PTM which is
upregulated in PD through the upregulation of inducible nitric oxide synthase [33]. In a-syn, Tyr39, Tyr125,
Tyr133, and Tyr136 can all be subject to nitration [23]. The effect of nitration on a-syn aggregation, rather
than being dependent on modification site, is dependent on factors such as protein concentration and
molecular weight. For example, nitrated a-syn is unable to aggregate on its own, which may be why
oligomers of high molecular mass inhibit aggregation. However, when present in low concentrations,
nitrated monomers and dimers are incorporated into fibrils of unmodified a-syn and increase the rate of
fibril formation [34].

The covalent attachment of a small ubiquitin-like modifier (SUMO) onto a Lys residue is called
SUMOylation and is also upregulated in PD patient brains [35]. SUMOylation occurs mainly on Lys96 and
Lys102 in wildtype a-syn [23] but can affect many other Lys residues of a-syn as well in diseased
conditions. While SUMOylation has been reported to promote the formation of a-syn aggregates through
prevention of ubiquitin linkage by competing for Lys residues and by increasing a-syn hydrophobicity [35,
36], SUMOylation has also been shown to reduce aggregation in some circumstances, with Lys96 and
Lys102 SUMOylation increasing a-syn solubility to limit protein fibrillation [37, 38]. A summary of the

amino acids in the a-syn protein which commonly undergo the PTMs discussed above is provided as
Figure 1.

Lys6 Tyr39 Lys97 Glu114 Tyr125 Tyr136

l ll Ser87 Lys102 Pro120

N-terminal C-terminal
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Truncation SUMOylation
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Figure 1. Common PTMs of a-syn. The key shows which PTM corresponds with the color-coded arrows which show the
location of the labeled amino acids. The double arrows of different colors with the same label show where two PTMs occur on
the same amino acid. Phosphorylation occurs at Tyr39, Tyr125, Tyr133, Tyr136, and Ser87. Truncation occurs at Ser87, Lys97,
Lys102, Asn103, Glu110, Glu114, Asp119, Pro120, and Asn122. Acetylation occurs at Lys6 and Lys10. Nitration occurs at
Tyr39, Tyr125, Tyr133, and Tyr136. SUMOylation occurs at Lys96 and Lys102. Figure created with Biorender.com

Explor Neuroprot Ther. 2023;3:281-98 | https://doi.org/10.37349/ent.2023.00052 Page 283


https://www.biorender.com/

Activation of immune cells
Resident immune cells of the central nervous system

Microglia are resident immune cells in the central nervous system (CNS) which exist in a homeostatic state,
patrolling for pathogens, dying neurons, and inflammatory signals under healthy conditions. When exposed
to acute danger signals, they are activated and produce pro-inflammatory cytokines. Activated microglia
can become overwhelmed under chronic pathological states, contributing to disease progression [39].

Microglial activation can be triggered by monomeric, oligomeric, and fibrillar a-syn binding to cell
membrane receptors, with misfolded, oligomeric, and fibrillar a-syn yielding greater pro-inflammatory
responses than monomeric forms [7, 40]. The extent of microglial activation and its downstream functions
vary based on a-syn form. For instance, monomeric a-syn does not activate microglia but does promote
microglia-mediated phagocytosis [41].

Toll-like receptors (TLRs) are transmembrane receptors found in innate immune cells (as well as some
non-immune cells) that bind to extracellular ligands and recognize pathogen-associated molecular patterns
(PAMPs) [42]. TLRs are sensitive to protein confirmation, with some TLRs binding to some, but not all
conformations of a-syn. For example, TLR2 cannot be activated by fibrillar a-syn but can be activated by
a-syn monomers and oligomers. TLR2 knockout studies have shown that TLR2 is necessary for the
activation of the nucleotide-binding oligomerization domain-like receptor pyrin domain containing 3
(NLRP3) inflammasome [43], which leads to increased cytokine production, impaired clearance of
intracellular a-syn, and can exacerbate neurodegeneration [43-47]. The role of TLR2 in synucleinopathy is
further emphasized by its upregulation in PD-affected regions of the brain and its correlation with a-syn
levels, as well as its involvement in Lewy body formation [44].

TLR4 is more sensitive to a-syn oligomers than TLR2 at low oligomer concentrations, which suggests
that it may be the more significant receptor in physiological conditions. It has a role in the response of TLR2
as activation of TLR4 causes an upregulation of TLR2. TLR4 has also been found to be necessary for
oligomer-induced cytotoxicity in microglia [48-50]. TLR4 is upregulated in microglia in response to
neuronal a-syn, which is released and engulfed by microglia. This leads to downstream activation of the
nuclear factor-kappaB (NF-kB) pathway and upregulation of autophagy receptor p62, ultimately allowing
for microglial autophagy of a-syn released from neurons [51]. TLR4 is also necessary for astrogliosis, which
contributes to a neuroinflammatory environment [49, 52].

Cell membrane receptors are responsible for the internalization of a-syn as well. Lymphocyte
activation gene 3 (LAG3) is a part of the immunoglobin superfamily and binds preferentially with a-syn
fibrils and the C-terminal of a-syn. LAG3 binding of a-syn, which is strengthened by PD-related PTMs such
as pSer129, can lead to a-syn internalization and seeding. LAG3 depletion has been shown to reduce a-syn
aggregation and pSer129 and subsequent glial activation in human a-syn A53T transgenic (hA53T) mice
[53, 54]. However, the pathological role of LAG3 is not completely supported as other studies have also
shown that overexpression or knockout of LAG3 showed no effect on the uptake of a-syn in murine cells
[53], suggesting that LAG3 does not affect a-syn-related inflammation [55].

Another cell membrane receptor implicated in synucleinopathy is metabotropic Glu receptor 5
(mGluR5), a G-protein coupled receptor usually found in neurons but also present in microglia. Activation
of mGIuR5 has been shown to significantly inhibit the microglial inflammatory response through limiting
inflammatory signaling caused by a-syn. mGluR5 activation reduced cytokine secretion and inhibited
neurotoxicity. However, only N-terminally truncated a-syn binds with mGluR5 [56], and its expression does
not change with the progression of PD [57].

N-methyl-d-aspartate receptors (NMDARs) are membrane receptors which respond to Glu to allow the
influx of calcium ions (Ca?*). Ca?*-mediated events are important for both neurotransmission and neural
cell function but can induce excitotoxicity in excess [58]. Although a-syn oligomers do not directly activate
NMDARSs, a-syn oligomers induce the release of Glu from astrocytes, which promotes NMDAR activation.
Activation of NMDARs has been shown to lead to synaptic loss, highlighting the potential influence of a-syn
oligomers on neuronal excitotoxicity and synaptic integrity [59].
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Triggering receptor expressed on myeloid cells 2 (TREM2) is a transmembrane receptor found on the
surface of microglia and other myeloid cells. TREM2 binds to extracellular ligands to trigger downstream
signals that regulate inflammation, microglial activation, phagocytosis, and cell survival [60]. TREM2 has
been shown to reduce inflammation and neurodegeneration in PD through negative regulation of the
mitogen-activated protein kinase (MAPK) and NF-«B signaling pathways, which are upregulated with TLR4
signaling [61]. TREM2 inhibition aggravates neurodegeneration and the inflammatory responses of
microglia and astrocytes, while TREM2 overexpression causes a downregulation in the expression of
inflammatory TLRs [60, 62].

The receptor for advanced glycation end products (RAGE) is a pattern recognition receptor (PRR) of
microglia which, like LAG3, is part of the immunoglobin superfamily. RAGE has been found to bind the
C-terminal of a-syn with high affinity, more so with fibrillar a-syn than monomeric a-syn. Although RAGE
has a role in the a-syn fibril-induced activation of microglia, its absence does not completely block
microglial activation [63].

Proinflammatory microglia can release proinflammatory cytokines to activate astrocytes and induce a
secondary inflammatory response. These astrocytes are neural cells that aid in the inflammatory response
and help remove and degrade debris, as well as damaged organelles and toxic proteinaceous accumulations
at the synapse. Microglia induce reactive astrocytes by producing cytokines such as interleukin (IL)-1a,
tumor necrosis factor-alpha (TNFa), and complement 1q (C1q) [46, 64-66]. After activation, astrocytes
surround, take up, and degrade a-syn as microglia do, engaging in phagocytic activity in cases of microglial
dysfunction or exhaustion [40, 67-70].

a-syn aggregates are stored in multiple astrocytic organelles, shown by Rostami et al. [69] to be the
trans-Golgi network (TGN), endoplasmic reticulum (ER), and mitochondria (Figure 2). In mitochondria,
a-syn aggregates cause an increase in the production of reactive oxygen species (ROS) through the
inhibition of complex-I dependent respiration, the impairment of ATP production, and depolarization of the
mitochondrial membrane [71]. In the ER, a-syn accumulation leads to ER stress [72] and can also cause ROS
production [73]. This oxidative environment causes further oligomerization of a-syn monomers, which
induces a positive feedback loop where the oligomer invokes ROS production to further increase
aggregation [71]. In the TGN, accumulation of a-syn can lead to Golgi fragmentation and apoptosis [72, 74].

accumulation in or
around organelles

fragmentation

healthy astrocyte
surrounded by a-syn
oligomers

activated astrocyte

Figure 2. Effects of a-syn accumulation in astrocytes. When a-syn accumulates in an astrocyte, it aggregates in or around
organelles within the cytoplasm, such as mitochondria, the Golgi apparatus, and the endoplasmic reticulum. Aggregation of
a-syn in mitochondria and the ER leads to the production of ROS, while a-syn aggregation in the TGN leads to Golgi
fragmentation. These byproducts lead to greater activation of astrocytes. Figure created with Biorender.com
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As mentioned above, ROS production and mitochondrial damage resulting from a-syn aggregation, as
well as aggregated, fibrillar, or monomeric a-syn can activate the NLRP3 inflammasome through activation
of TLRs [75-79]. The NLRP3 inflammasome regulates inflammatory signaling and the innate immune
response to a-syn by initiating microglial production and secretion of proinflammatory cytokines IL-18 and
IL-18[77, 80].

Activation of NLRP3 has been shown to have a neurotoxic effect: Fyn kinase which regulates a-syn
uptake and NLRP3 activation in microglia has been shown to contribute to microgliosis [75]; the 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-mediated NLRP3 activation results in neuronal cell death
[81]; and inhibition of NLRP3 has neuroprotective effects [82-84]. NLRP3 activation compromises the
ability of microglia to clear a-syn, further contributing to its neurotoxic effects [43].

Nonresident immune cells of the CNS

Although the resident immune cells in the CNS play a significant role in neuroinflammation in PD, non-
resident immune cells like lymphocytes, neutrophils, and monocytes can infiltrate into the CNS through the
blood-brain barrier (BBB) and react to synucleinopathy as well.

T cells have been shown to infiltrate into the CNS in response to a-syn expression [85, 86] and
recognize o-syn peptides, specifically at the Y39 amino acid [87]. Lymphocytes that recognize and respond
to a-syn primarily produce interferon-gamma (IFN-y) [85]. Compared to wildtype mice,
immunocompromised mice exhibited an 8-fold increase in phosphorylated a-syn in response to
intrastriatal a-syn injection. This increased synucleinopathy was rescued with T cell reconstitution,
suggesting the role of T cells in a-syn clearance, possibly through sustained activation of microglia [88].
However, T cell reactivity to a-syn may also be detrimental to PD pathology; for example, the drainage of
nitrated a-syn into the lymphatic system can activate and recruit T cells and macrophages to the CNS,
further contributing to the pathogenesis of PD by increasing death of dopaminergic neurons [86].

CD4 (helper) T cells are known to worsen neurodegeneration as their absence in CD4-deficient mice
ameliorates a-syn-induced neurodegeneration [85]. The T cell response to a-syn also depends on the form
of a-syn the T cells are exposed to. In a study of mouse inoculation with human a-syn, Olesen et al. [89]
found that nitrated a-syn increased the total number of T cells, while monomeric a-syn and fibrillar a-syn
caused a change in the ratio between helper and non-helper T cells [89]. Fibrillar a-syn caused a
compromise in the survival and activation of helper T cells and led to the production of antibodies while
monomeric a-syn, fibrillar a-syn, and nitrated a-syn all led to infiltration of peripheral CD4 T cells into the
brain parenchyma [90]. Monomeric a-syn and nitrated a-syn promote inflammation by increasing
expression of dopamine receptor (DR)-D3 and decreasing expression of DR-D2, which alters the availability
of dopamine [90, 91]. The effect of a-syn on CD4 T cells is further shown by the vaccination of mice with
a-syn . Nitrated a-syn upregulated retinoic acid receptor-related orphan nuclear receptor gamma t (RORyt)
protein [91], which protects against autoimmune diseases [89].

The role of CD4 cells in a-syn-mediated neurodegeneration is further corroborated through studies of
Lewy body dementia (LBD) patients. C-X-C motif chemokine receptor 4 (CXCR4) is upregulated on T cells
circulating through LBD patient cerebrospinal fluid (CSF). Increased CXCR4 expression was associated with
greater CD4 T cell activation and cytokine signaling, as well as a greater degree of neurodegeneration.
pSer129 a-syn can also activate and induce clonal expansion of human T cells, further endorsing the
likelihood of an antigen-dependent helper T cell response to synucleinopathy [92].

CD8 cells, however, are not integral to neurodegeneration induced by a-syn [85]. When exposed to
common blood antigens from PD patients, CD8 T cells from PD patients and healthy controls showed no
difference in inflammatory cytokine expression [93]. In a longitudinal case study [94], a-syn T cell reactivity
was detected in patients prior to PD diagnosis and the onset of motor symptoms, followed by a decline in T
cell reactivity. Lindestam Arlehamn et al. [95] speculated that T cell reactivity may have initiated the spread
of inflammation and confirmed an association between a-syn specific T cells and PD.
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Although little evidence has been found of the involvement of B cells compared to that of T cells, B cell
presence has been confirmed in the CNS of PD patients [96]. Studies have also found that PD patients have
reduced B cell populations [97] and leukocytes of women with PD express lower levels of B cell-related
genes [94]. Autoantibodies, which can aid in the clearance of pathological a-syn, have also been shown to be
diminished in PD, indicating a protective role for B cells in the context of PD [96, 98].

In addition to B cell presence in the brains of PD patients, immunoglobulin G (IgG) expression has also
been observed near dopaminergic neurons and Lewy bodies in PD patients [99] along with a general
upregulation of IgA and IgG when compared to healthy controls [100]. However, there is a lack of consistent
findings for differences in plasma concentrations of naturally occurring anti-a-syn autoantibodies between
PD patients and healthy controls [98]. Additionally, PD patients have a higher proportion of TNFa-
producing B cells, suggesting that B cells may play more of a regulatory role in PD as opposed to conferring
an adaptive immune response via antibody production [101].

Major histocompatibility complex of class II (MHCII) is responsible for antigen presentation to CD4 T
cells and has been shown to have a protective role in the spread of a-syn. Their absence in mice seeded with
a-syn preformed fibrils (PFFs) led to a reduced lifespan and accelerated seeding of a-syn [102]. However,
although MHCII molecules have been shown to have a significant role in the spread of a-syn, it has also been
shown that absence of mature lymphocytes does not affect survival of mice seeded with PFFs [102], putting
in question the protective role of T cell immunity against synucleinopathy.

Monocyte derived macrophages are also recruited to the brain in response to a-syn aggregation. In
both murine and human macrophages, a-syn fibrils have been shown to induce leucine-rich repeat kinase 2
(LRRK2) expression as well as Rab10 phosphorylation, which contrasts with the limited effect of a-syn on
LRRK2 expression in microglia. These LRRK2 monocytes infiltrate into the brain following intracranial
injection of a-syn fibrils. Injections of monomeric a-syn did not lead to the recruitment of peripheral
immune cells into the brain. LRRK2 inhibition prevented macrophage responses to a-syn fibrils, showing
that LRRK2 is necessary for macrophage recruitment in synucleinopathy [103].

Macrophages take up a-syn in different ways depending on protein form. Fibrillar a-syn was shown to
be taken up by endocytosis while monomeric a-syn was shown to be able to pass through the cell
membrane without an actin rearranging process. After taking up a-syn, macrophages were able to degrade
a-syn via both the lysosomal and proteasomal pathways [104], but phagocytosis was compromised by
a-syn inside the cells [104, 105]. Additionally, monocytic activation increases in the late stages of PD,
further supporting the role of monocytes and macrophages in the immune response and PD progression
[106].

Although the mechanisms of neutrophil contributions to synucleinopathy are not entirely understood,
neutrophils play a significant role in the progression of PD, as shown by the increase in neutrophils across
PD patients when compared to healthy controls [107]. When activated, neutrophils release neutrophil
extracellular traps (NETSs), which entangle pathogens. Neutrophils have been shown to release NETs in
response to a-syn and engulf a-syn aggregates for phagocytosis [108].

Additionally, BBB permeability has been shown to be increased in PD patients [109], which may lead to
further immune cell infiltration into the brain and increased neuroinflammation. Inflammation may be
exacerbated by the potential damage to the BBB caused by pathological a-syn, which activates endothelial
cells and astrocytes that line the BBB [110]. Peripheral immune cells may cross the BBB more easily due to
the damage caused by pathological a-syn accumulation, further contributing to neuroinflammatory
processes in PD pathology.

How immune cells in PD interact with each other to alter PD progression

In both microglia and astrocytes, the lysosomal machinery fails to degrade a-syn oligomers, causing
mitochondrial damage and reduced cell viability [40, 67-69], as a-syn oligomers are toxic [111, 112]. This
cytotoxicity can be attributed to their ability to affect membrane permeability. The presence of these
oligomers reduces cell viability significantly [113, 114], especially in dopaminergic neurons [115].
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Therefore, the accumulation of this neurotoxic species leads to astrocytes and microglia leads them to form
tunneling nanotubes (TNTs) to uniformly distribute a-syn and reduce aggregate burden. TNTs are thin
connections of plasma membranes between remote cells and aid the intercellular transfer of a-syn
aggregates [40, 116, 117].

In microglia, the accumulation of a-syn fibrils can lead to the formation of TNTs with short and thick
membranes or longer, thinner membranes, the latter of which transfers a-syn at a faster rate [116]. In
astrocytes, a-syn accumulates upon failure to degrade ingested oligomers. Astrocytes show similar
variation in the membrane protrusions to microglia, with long TNTs transferring smaller aggregates and
shorter protrusions directly connecting cells for faster a-syn transfer [40].

In both astrocytes and microglia, the formation of TNTs facilitates the transfer of a-syn between
acceptor and donor cells [40, 116, 118]. Although vesicular a-syn transportation causes aggregation of the
soluble a-syn present in acceptor cells, the exchange of a-syn between astrocytes and microglia is especially
effective in reducing inflammation, as microglia are able to degrade a-syn more efficiently through even
distribution of protein aggregations across cells [116-119]. Glial cells also interact with peripheral immune
cells in response to a-syn. Accumulation of a-syn in glia leads to the release of proinflammatory cytokines
and chemokines that attract peripheral immune cells [120, 121]. For example, fibrillar a-syn causes the
activation of stimulator of interferon genes (STING) in microglia and astrocytes, which triggers the release
of interferons and proinflammatory cytokines [122, 123]. This inflammatory response is accompanied by
an upregulation of chemokines such as C-X-C motif chemokine ligand 10 (CXCL10) and C-C motif chemokine
ligand 5 (CCL5), which increase peripheral immune cell infiltration into the brain parenchyma. STING
expression is positively correlated with levels of pSer129 a-syn, indicating its role in synucleinopathy
[122]. a-syn fibrils also induce upregulation of MHCII molecules, which recruit peripheral monocytes and
macrophages to parts of the brain where a-syn fibrils are present [121].

Recruitment of CD4 and CD8 T cells has been shown to exacerbate a-syn aggregation [85, 121]. The
detrimental outcomes of T cell presence may be due to their influence on microglial function, as microglia
showed greater phagocytosis of a-syn in the absence of lymphocytes and reduced phagocytosis in the
presence of lymphocytes [85, 124].

An alternative explanation for this exacerbation of a-syn aggregation may be attributed to its function
in the immune system. Viral infections, bacterial infections, and general immune responses have been
shown to induce production of a-syn [125-128]. a-syn production leads to an immune response which then
inversely induces a-syn production leading to a cyclic relationship with would exacerbate both aspects of
the cycle and is a suspect trigger of PD [129].

Discussion

The progression of PD is affected by a wide variety of factors—some of which involve immune responses to
a-syn summarized in Figure 3. Immune cell activation and downstream functions depend on a-syn protein
modifications and structure, with phosphorylated, nitrated, oligomeric, and fibrillar a-syn inducing the
most inflammatory responses.

PTMs can change the propensity of a-syn to aggregate and form oligomers. PTMs such as
phosphorylation at Tyr39 or SUMOylation at Lys96 and Lys102 can increase a-syn aggregation, while other
PTMs such as phosphorylation near the C-terminal and glycosylation can reduce a-syn aggregation. These
post-translationally modified forms of a-syn can activate immune cells in the CNS such as microglia, which
are triggered by pathological forms of a-syn. TLR signaling and NLRP3 inflammasome activation in
microglia can propagate an innate immune response in the CNS through the release of inflammatory
cytokines, ROS production, and a-syn intercellular transfer. Microglia can also upregulate MHCII molecules
in response to a-syn exposure, resulting in recruitment and activation of peripheral monocytes,
macrophages, and adaptive immune cells such as T cells, which can further exacerbate neuroinflammation.
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Figure 3. Interactions between immune cells in response to pathological a-syn. PTMs of monomeric a-syn can enhance a-syn
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There are currently no treatments capable of preventing, slowing, or stopping PD onset or progression.
Although PD diagnosis has been historically difficult due to a lack of reliable biomarkers, CSF levels and
aggregation propensity of a-syn have recently been shown to accurately diagnose 87-89% of PD [130],
encouraging the development of drugs that can reduce a-syn aggregation to prevent or slow PD
progression. Research studying PTMs of a-syn that increase monomer fibrillation and are commonly
observed in human Lewy bodies is especially useful, as it pinpoints PTMs and regions of a-syn to target to
prevent a-syn aggregation. Mechanistic studies of a-syn activation of immune cells in the CNS and
periphery also shed light on inflammatory pathways that are activated in response to a-syn aggregates,
highlighting ways to alter the immune response to increase a-syn clearance or reduce excessive
neuroinflammation in PD [131-133].

Additionally, antibody-based therapies seem promising despite the lack of antibody involvement in the
PD immune response. This is especially true for treatments making use of passive immunization against
a-syn, as active immunization may not be entirely effective in elderly PD patients with diminished immune
responses [132]. The use of monoclonal antibodies to target a-syn has already been shown to be effective in
reducing a-syn aggregation [133] and could increase the involvement of phagocytic immune cells in the
inflammatory response to PD, aiding the clearance of a-syn. Another promising option to prevent a-syn
aggregation is using antibodies to target protofibrils, the oligomeric form of a-syn which is on its way to
forming a fibril [131]. This alleviates the toxicity of a-syn oligomers as opposed to the less toxic fibrils [111]
while also preventing the protofibrils from developing into fibrils.

At this time, most research on the effects of PTMs on a-syn aggregation is focused on singular PTMs in
vitro. The effects of a-syn PTMs in vivo and the interplay between multiple PTMs present in the same
environment or even on the same protein have yet to be elucidated. PTMs such as SUMOylation and
phosphorylation have been shown to interact synergistically to protect against the formation of a-syn
inclusions in in vitro systems [134], while SUMOylation has also been reported to decrease ubiquitination to
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enhance a-syn aggregation [35]. Nitration can also prevent phosphorylation at Ser129 which enhances
a-syn aggregation [135]. Whether these interactions hold true under physiological conditions has yet to be
validated.

There is also a lack of research on the effects of specific a-syn PTMs on cell-specific immune responses
to monomeric a-syn. Although there is some existing data that suggests nitrated a-syn correlated with
increased T lymphocytes in comparison to monomeric and fibrillar a-syn [86, 89, 136, 137], very little is
known about the effects of other a-syn PTMs on a-syn immunoreactivity and PD pathology.

Conclusions

In conclusion, the tendency of a-syn to be inflammatory is dependent on its form. Aggregated o-syn fibrils
are the most inflammatory, and certain PTMs can increase the aggregation propensity of a-syn. The
activation of immune cells in response to a-syn is dependent on protein structure and exposure to
proinflammatory cytokines secreted from other immune cells. The elucidation of a-syn PTMs that increase
a-syn aggregation and immune activation will allow for the development of novel PD therapeutics that
target aggregation-prone a-syn forms and chronic neuroinflammation commonly observed in PD patients
makes directing a-syn (PTMs) and the use of antibodies seems promising in treatment.

Abbreviations

a-syn: alpha-synuclein

BBB: blood-brain barrier

CNS: central nervous system

ER: endoplasmic reticulum

[gG: immunoglobulin G

IL: interleukin

LRRK?2: leucine-rich repeat kinase 2

mGIluR5: metabotropic Glu receptor 5

MHCII: major histocompatibility complex of class Il

NEDD4: neuronally-expressed developmentally down-regulated gene 4
NLRP3: nucleotide-binding oligomerization domain-like receptor pyrin domain containing 3
NMDARSs: N-methyl-d-aspartate receptors

PD: Parkinson’s disease

pSer129: phospho-Ser129

PTMs: post-translational modifications

RAGE: receptor for advanced glycation end products

ROS: reactive oxygen species

SUMOylation: the covalent attachment of a small ubiquitin-like modifier onto a Lys residue
TGN: trans-Golgi network

TLRs: toll-like receptors

TNTs: tunneling nanotubes

TREM2: triggering receptor expressed on myeloid cells 2

Explor Neuroprot Ther. 2023;3:281-98 | https://doi.org/10.37349/ent.2023.00052 Page 290



Declarations

Author contributions

ZK: Conceptualization, Writing—original draft, Writing—review & editing, Visualization. Y]: Supervision,

Writing—review & editing.

Conflicts of interest

The authors declare that they have no conflicts of interest.

Ethical approval

Not applicable.

Consent to participate

Not applicable.

Consent to publication

Not applicable.

Availability of data and materials

Not applicable.

Funding

Not applicable.

Copyright
© The Author(s) 2023.

References

1. Jankovic ], Tan EK. Parkinson’s disease: etiopathogenesis and treatment. ] Neurol Neurosurg
Psychiatry. 2020;91:795-808.

2. Tan LY, Tang KH, Lim LYY, Ong JX, Park H, Jung S. a-synuclein at the presynaptic axon terminal as a
double-edged sword. Biomolecules. 2022;12:507.

3. Burré ], Sharma M, Siidhof TC. Cell biology and pathophysiology of a-synuclein. Cold Spring Harb
Perspect Med. 2018;8:a024091.

4, Kulkarni OP, Lichtnekert J, Anders HJ], Mulay SR. The immune system in tissue environments
regaining homeostasis after injury: Is “inflammation” always inflammation? Mediators Inflamm.
2016;2016:2856213.

5. Chen WW, Zhang X, Huang WJ. Role of neuroinflammation in neurodegenerative diseases (review).
Mol Med Rep. 2016;13:3391-6.

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

7. Harms AS, Ferreira SA, Romero-Ramos M. Periphery and brain, innate and adaptive immunity in
Parkinson’s disease. Acta Neuropathol. 2021;141:527-45.

8. Gupta R, Sahu M, Srivastava D, Tiwari S, Ambasta RK, Kumar P. Post-translational modifications:
regulators of neurodegenerative proteinopathies. Ageing Res Rev. 2021;68:101336.

9. Yoo H, Lee ], Kim B, Moon H, Jeong H, Lee K, et al. Role of post-translational modifications on the

alpha-synuclein aggregation-related pathogenesis of Parkinson’s disease. BMB Rep. 2022;55:
323-35.

Explor Neuroprot Ther. 2023;3:281-98 | https://doi.org/10.37349/ent.2023.00052 Page 291



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Chen L, Periquet M, Wang X, Negro A, McLean PJ, Hyman BT, et al. Tyrosine and serine
phosphorylation of a-synuclein have opposing effects on neurotoxicity and soluble oligomer
formation. ] Clin Invest. 2009;119:3257-65.

Anderson JP, Walker DE, Goldstein JM, de Laat R, Banducci K, Caccavello R], et al. Phosphorylation of
Ser-129 is the dominant pathological modification of a-synuclein in familial and sporadic Lewy body
disease. ] Biol Chem. 2006;281:29739-52.

Waxman EA, Giasson BI. Specificity and regulation of casein kinase/mediated phosphorylation of
a-synuclein. ] Neuropathol Exp Neurol. 2008;67:402-16.

Samuel F, Flavin WP, Igbal S, Pacelli C, Sri Renganathan SD, Trudeau LE, et al. Effects of serine 129
phosphorylation on a-synuclein aggregation, membrane association, and internalization. ] Biol
Chem. 2016;291:4374-85.

Davies SE, Hallett PJ, Moens T, Smith G, Mangano E, Kim HT, et al. Enhanced ubiquitin-dependent
degradation by Nedd4 protects against a-synuclein accumulation and toxicity in animal models of
Parkinson’s disease. Neurobiol Dis. 2014;64:79-87.

Won SY, Park JJ, You ST, Hyeun JA, Kim HK, Jin BK, et al. p21-activated kinase 4 controls the
aggregation of a-synuclein by reducing the monomeric and aggregated forms of a-synuclein:
involvement of the E3 ubiquitin ligase NEDD4-1. Cell Death Dis. 2022;13:575.

Tetzlaff JE, Putcha P, Outeiro TF, Ivanov A, Berezovska O, Hyman BT, et al. CHIP targets toxic
a-synuclein oligomers for degradation. ] Biol Chem. 2008;283:17962-8.

Dimant H, Zhu L, Kibuuka LN, Fan Z, Hyman BT, McLean PJ. Direct visualization of CHIP-mediated
degradation of alpha-synuclein in vivo: implications for PD therapeutics. PLoS One. 2014;9:e92098.
Bendifallah M, Redeker V, Monsellier E, Bousset L, Bellande T, Melki R. Interaction of the chaperones
alpha B-crystallin and CHIP with fibrillar alpha-synuclein: effects on internalization by cells and
identification of interacting interfaces. Biochem Biophys Res Commun. 2020;527:760-9.

Tiwari S, Singh A, Gupta P, Singh S. UBA52 is crucial in HSP90 ubiquitylation and neurodegenerative
signaling during early phase of Parkinson’s disease. Cells. 2022;11:3770.

Cai ZL, Xu |, Xue SR, Liu YY, Zhang Y], Zhang XZ, et al. The E3 ubiquitin ligase seven in absentia
homolog 1 may be a potential new therapeutic target for Parkinson’s disease. Neural Regen Res.
2015;10:1286-91.

Xu ], Zhang XZ, Zhang Y], Li XM, Cai ZL, Li XM. Silencing of SIAH1 in SH-SY5Y affects a-synuclein
degradation pathway. Int J Clin Exp Pathol. 2015;8:12885-92.

Mishizen-Eberz AJ], Norris EH, Giasson BI, Hodara R, Ischiropoulos H, Lee VMY, et al. Cleavage of
a-synuclein by calpain: potential role in degradation of fibrillized and nitrated species of a-synuclein.
Biochemistry. 2005;44:7818-29.

Gadhavi ], Patel M, Bhatia D, Gupta S. Neurotoxic or neuroprotective: post-translational
modifications of a-synuclein at the cross-roads of functions. Biochimie. 2022;192:38-50.

Runfola M, De Simone A, Vendruscolo M, Dobson CM, Fusco G. The N-terminal acetylation of
a-synuclein changes the affinity for lipid membranes but not the structural properties of the bound
state. Sci Rep. 2020;10:204.

Bell R, Thrush R], Castellana-Cruz M, Oeller M, Staats R, Nene A, et al. N-terminal acetylation of
a-synuclein slows down its aggregation process and alters the morphology of the resulting
aggregates. Biochemistry. 2022;61:1743-56.

Galvagnion C, Buell AK, Meisl G, Michaels TCT, Vendruscolo M, Knowles TP], et al. Lipid vesicles
trigger a-synuclein aggregation by stimulating primary nucleation. Nat Chem Biol. 2015;11:229-34.
Ruzafa D, Hernandez-Gomez YS, Bisello G, Broersen K, Morel B, Conejero-Lara F. The influence of
N-terminal acetylation on micelle-induced conformational changes and aggregation of a-synuclein.
PLoS One. 2017;12:e0178576.

Explor Neuroprot Ther. 2023;3:281-98 | https://doi.org/10.37349/ent.2023.00052 Page 292



28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Bell R, Castellana-Cruz M, Nene A, Thrush R], Xu CK, Kumita JR, et al. Effects of N-terminal acetylation
on the aggregation of disease-related a-synuclein variants. ] Mol Biol. 2023;435:167825.

Levine PM, Galesic A, Balana AT, Mahul-Mellier AL, Navarro MX, De Leon CA, et al. a-synuclein
0-GIcNAcylation alters aggregation and toxicity, revealing certain residues as potential inhibitors of
Parkinson’s disease. Proc Natl Acad Sci US A. 2019;116:1511-9.

Lewis YE, Galesic A, Levine PM, De Leon CA, Lamiri N, Brennan CK, et al. O-GlcNAcylation of
a-synuclein at serine 87 reduces aggregation without affecting membrane binding. ACS Chem Biol.
2017;12:1020-7.

Marotta NP, Lin YH, Lewis YE, Ambroso MR, Zaro BW, Roth MT, et al. 0-GlcNAc modification blocks
the aggregation and toxicity of the protein a-synuclein associated with Parkinson’s disease. Nat
Chem. 2015;7:913-20.

Galesic A, Rakshit A, Cutolo G, Pacheco RP, Balana AT, Moon SP, et al. Comparison of N-acetyl-
glucosamine to other monosaccharides reveals structural differences for the inhibition of
a-synuclein aggregation. ACS Chem Biol. 2021;16:14-9.

Stone DK, Kiyota T, Mosley RL, Gendelman HE. A model of nitric oxide induced a-synuclein
misfolding in Parkinson’s disease. Neurosci Lett. 2012;523:167-73.

Hodara R, Norris EH, Giasson BI, Mishizen-Eberz A], Lynch DR, Lee VMY, et al. Functional
consequences of a-synuclein tyrosine nitration: diminished binding to lipid vesicles and increased
fibril formation. ] Biol Chem. 2004;279:47746-53.

Rott R, Szargel R, Shani V, Hamza H, Savyon M, Abd Elghani F, et al. SUMOylation and ubiquitination
reciprocally regulate a-synuclein degradation and pathological aggregation. Proc Natl Acad Sci U S A.
2017;114:13176-81.

Kim YM, Jang WH, Quezado MM, Oh Y, Chung KC, Junn E, et al. Proteasome inhibition induces
a-synuclein SUMOylation and aggregate formation. ] Neurol Sci. 2011;307:157-61.

Hassanzadeh K, Morrone C, Akhtari K, Gerhardt E, Zaccagnini L, Outeiro TF, et al. Non-SUMOylated
alternative spliced isoforms of alpha-synuclein are more aggregation-prone and toxic. Mech Ageing
Dev. 2023;209:111759.

Krumova P, Meulmeester E, Garrido M, Tirard M, Hsiao HH, Bossis G, et al. Sumoylation inhibits
a-synuclein aggregation and toxicity. ] Cell Biol. 2011;194:49-60.

Deyell JS, Sriparna M, Ying M, Mao X. The interplay between a-synuclein and microglia in a-synuclein
opathies. Int ] Mol Sci. 2023;24:2477.

Scheiblich H, Dansokho C, Mercan D, Schmidt SV, Bousset L, Wischhof L, et al. Microglia jointly
degrade fibrillar alpha-synuclein cargo by distribution through tunneling nanotubes. Cell. 2021;184:
5089-106.

Chavarria C, Ivagnes R, Souza JM. Extracellular alpha-synuclein: mechanisms for glial cell
internalization and activation. Biomolecules. 2022;12:655.

Kawasaki T, Kawai T. Toll-like receptor signaling pathways. Front Immunol. 2014;5:461.

Scheiblich H, Bousset L, Schwartz S, Griep A, Latz E, Melki R, et al. Microglial NLRP3 inflammasome
activation upon TLR2 and TLRS5 ligation by distinct a-synuclein assemblies. ] Immunol. 2021;207:
2143-54.

Dzamko N, Gysbers A, Perera G, Bahar A, Shankar A, Gao ], et al. Toll-like receptor 2 is increased in
neurons in Parkinson’s disease brain and may contribute to alpha-synuclein pathology. Acta
Neuropathol. 2017;133:303-19.

Chedid ], Labrador-Garrido A, Zhong S, Gao ], Zhao Y, Perera G, et al. A small molecule toll-like
receptor antagonist rescues a-synuclein fibril pathology. ] Biol Chem. 2022;298:102260.

Chung LYR, Lin YT, Liu C, Tai YC, Lin HY, Lin CH, et al. Neuroinflammation upregulated neuronal
toll-like receptors 2 and 4 to drive synucleinopathy in neurodegeneration. Front Pharmacol. 2022;
13:845930.

Explor Neuroprot Ther. 2023;3:281-98 | https://doi.org/10.37349/ent.2023.00052 Page 293



47.

48.

49,

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Kim C, Spencer B, Rockenstein E, Yamakado H, Mante M, Adame A, et al. Imnmunotherapy targeting
toll-like receptor 2 alleviates neurodegeneration in models of synucleinopathy by modulating
a-synuclein transmission and neuroinflammation. Mol Neurodegener. 2018;13:43.

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. 2019;137:103-20.

Shao QH, Chen Y, Li FF, Wang S, Zhang XL, Yuan YH, et al. TLR4 deficiency has a protective effect in
the MPTP /probenecid mouse model of Parkinson'’s disease. Acta Pharmacol Sin. 2019;40:1503-12.
Venezia S, Kaufmann WA, Wenning GK, Stefanova N. Toll-like receptor 4 deficiency facilitates
a-synuclein propagation and neurodegeneration in a mouse model of prodromal Parkinson’s
disease. Parkinsonism Relat Disord. 2021;91:59-65.

Choi I, Zhang Y, Seegobin SP, Pruvost M, Wang Q, Purtell K, et al. Microglia clear neuron-released
a-synuclein via selective autophagy and prevent neurodegeneration. Nat Commun. 2020;11:1386.
Rannikko EH, Weber SS, Kahle P]. Exogenous a-synuclein induces toll-like receptor 4 dependent
inflammatory responses in astrocytes. BMC Neurosci. 2015;16:57.

Zhang S, Liu YQ, Jia C, Lim Y], Feng G, Xu E, et al. Mechanistic basis for receptor-mediated
pathological a-synuclein fibril cell-to-cell transmission in Parkinson’s disease. Proc Natl Acad Sci U S
A.2021;118:e2011196118.

Gu H, Yang X, Mao X, Xu E, Qi C, Wang H, et al. Lymphocyte activation gene 3 (Lag3) contributes to
a-synucleinopathy in a-synuclein transgenic mice. Front Cell Neurosci. 2021;15:656426.
Garcia-Martin E, Pastor P, Gomez-Tabales ], Alonso-Navarro H, Alvarez I, Buongiorno M, et al.
Association between LAG3/CD4 gene variants and risk of Parkinson’s disease. Eur ] Clin Invest. 2022;
52:e13847.

Zhang YN, Fan JK, Gu L, Yang HM, Zhan SQ, Zhang H. Metabotropic glutamate receptor 5 inhibits a-
synuclein-induced microglia inflammation to protect from neurotoxicity in Parkinson’s disease. ]
Neuroinflammation. 2021;18:23.

Yamasaki T, Fujinaga M, Kawamura K, Furutsuka K, Nengaki N, Shimoda Y, et al. Dynamic changes in
striatal mGluR1 but not mGIuR5 during pathological progression of Parkinson’s disease in human
alpha-synuclein A53T transgenic rats: a multi-PET imaging study. ] Neurosci. 2016;36:375-84.
Franco R, Aguinaga D, Reyes I, Canela EI, Lillo ], Tarutani A, et al. N-methyl-D-aspartate receptor link
to the MAP kinase pathway in cortical and hippocampal neurons and microglia is dependent on
calcium sensors and is blocked by a-synuclein, Tau, and phospho-Tau in non-transgenic and
transgenic APP;,, ,mice. Front Mol Neurosci. 2018;11:273.

Trudler D, Sanz-Blasco S, Eisele YS, Ghatak S, Bodhinathan K, Akhtar MW, et al. a-synuclein
oligomers induce glutamate release from astrocytes and excessive extrasynaptic NMDAR activity in
neurons, thus contributing to synapse loss. ] Neurosci. 2021;41:2264-73.

Guo Y, Wei X, Yan H, Qin Y, Yan S, Liu |, et al. TREM?2 deficiency aggravates a-synuclein-induced
neurodegeneration and neuroinflammation in Parkinson’s disease models. FASEB ]. 2019;33:
12164-74.

Ren M, Guo Y, Wei X, Yan S, Qin Y, Zhang X, et al. TREM2 overexpression attenuates
neuroinflammation and protects dopaminergic neurons in experimental models of Parkinson’s
disease. Exp Neurol. 2018;302:205-13.

Long H, Zhong G, Wang C, Zhang ], Zhang Y, Luo ], et al. TREM2 attenuates AB1-42-mediated
neuroinflammation in BV-2 cells by downregulating TLR signaling. Neurochem Res. 2019;44:
1830-9.

Long H, Zhang S, Zeng S, Tong Y, Liu J, Liu C, et al. Interaction of RAGE with a-synuclein fibrils
mediates inflammatory response of microglia. Cell Rep. 2022;40:111401.

Explor Neuroprot Ther. 2023;3:281-98 | https://doi.org/10.37349/ent.2023.00052 Page 294



64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Kwon HS, Koh SH. Neuroinflammation in neurodegenerative disorders: the roles of microglia and
astrocytes. Transl Neurodegener. 2020;9:42.

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.

Rojanathammanee L, Murphy EJ], Combs CK. Expression of mutant alpha-synuclein modulates
microglial phenotype in vitro. ] Neuroinflammation. 2011;8:44.

Myers A], Brahimi A, Jenkins IJ, Koob AO. The synucleins and the astrocyte. Biology (Basel). 2023;12:
155.

Park JH, Burgess |D, Faroqi AH, DeMeo NN, Fiesel FC, Springer W, et al. Alpha-synuclein-induced
mitochondrial dysfunction is mediated via a sirtuin 3-dependent pathway. Mol Neurodegener. 2020;
15:5.

Rostami ], Holmqvist S, Lindstrém V, Sigvardson ], Westermark GT, Ingelsson M, et al. Human
astrocytes transfer aggregated alpha-synuclein via tunneling nanotubes. ] Neurosci. 2017;37:
11835-53.

Konishi H, Okamoto T, Hara Y, Komine O, Tamada H, Maeda M, et al. Astrocytic phagocytosis is a
compensatory mechanism for microglial dysfunction. EMBO ]. 2020;39:e104464.

Choi ML, Chappard A, Singh BP, Maclachlan C, Rodrigues M, Fedotova E], et al. Pathological structural
conversion of a-synuclein at the mitochondria induces neuronal toxicity. Nat Neurosci. 2022;25:
1134-48.

Liu M, Qin L, Wang L, Tan ], Zhang H, Tang ], et al. a-synuclein induces apoptosis of astrocytes by
causing dysfunction of the endoplasmic reticulum-Golgi compartment. Mol Med Rep. 2018;18:
322-32.

Wang B, Su C], Liu TT, Zhou Y, Feng Y, Huang Y, et al. The neuroprotection of low-dose morphine in
cellular and animal models of Parkinson’s disease through ameliorating endoplasmic reticulum (ER)
stress and activating autophagy. Front Mol Neurosci. 2018;11:120.

Gosavi N, Lee HJ, Lee JS, Patel S, Lee S]. Golgi fragmentation occurs in the cells with prefibrillar
a-synuclein aggregates and precedes the formation of fibrillar inclusion. ] Biol Chem. 2002;277:
48984-92.

Panicker N, Sarkar S, Harischandra DS, Neal M, Kam T], Jin H, et al. Fyn kinase regulates misfolded
a-synuclein uptake and NLRP3 inflammasome activation in microglia. ] Exp Med. 2019;216:1411-30.
Pike AF, Varanita T, Herrebout MAC, Plug BC, Kole ], Musters R]JP, et al. a-synuclein evokes NLRP3
inflammasome-mediated IL-1f secretion from primary human microglia. Glia. 2021;69:1413-28.
Trudler D, Nazor KL, Eisele YS, Grabauskas T, Dolatabadi N, Parker ], et al. Soluble a-synuclein-
antibody complexes activate the NLRP3 inflammasome in hiPSC-derived microglia. Proc Natl Acad
SciUSA.2021;118:e2025847118.

Sarkar S, Malovic E, Harishchandra DS, Ghaisas S, Panicker N, Charli A, et al. Mitochondrial
impairment in microglia amplifies NLRP3 inflammasome proinflammatory signaling in cell culture
and animal models of Parkinson’s disease. NP] Parkinsons Dis. 2017;3:30.

Zhou Y, Lu M, Du RH, Qiao C, Jiang CY, Zhang KZ, et al. MicroRNA-7 targets nod-like receptor protein
3 inflammasome to modulate neuroinflammation in the pathogenesis of Parkinson’s disease. Mol
Neurodegener. 2016;11:28.

Blevins HM, Xu Y, Biby S, Zhang S. The NLRP3 inflammasome pathway: a review of mechanisms and
inhibitors for the treatment of inflammatory diseases. Front Aging Neurosci. 2022;14:879021.

Lee E, Hwang I, Park S, Hong S, Hwang B, Cho Y, et al. MPTP-driven NLRP3 inflammasome activation
in microglia plays a central role in dopaminergic neurodegeneration. Cell Death Differ. 2019;26:
213-28.

Zhang X, Zhang Y, Li R, Zhu L, Fu B, Yan T. Salidroside ameliorates Parkinson’s disease by inhibiting
NLRP3-dependent pyroptosis. Aging (Albany NY). 2020;12:9405-26.

Explor Neuroprot Ther. 2023;3:281-98 | https://doi.org/10.37349/ent.2023.00052 Page 295



83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Zhang C, Zhao M, Wang B, Su Z, Guo B, Qin L, et al. The Nrf2-NLRP3-caspase-1 axis mediates the
neuroprotective effects of celastrol in Parkinson’s disease. Redox Biol. 2021;47:102134.

Que R, Zheng ], Chang Z, Zhang W, Li H, Xie Z, et al. DI-3-n-butylphthalide rescues dopaminergic
neurons in Parkinson’s disease models by inhibiting the NLRP3 inflammasome and ameliorating
mitochondrial impairment. Front Immunol. 2021;12:794770.

Williams GP, Schonhoff 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.

Benner EJ, Banerjee R, Reynolds AD, Sherman S, Pisarev VM, Tsiperson V, et al. Nitrated a-synuclein
immunity accelerates degeneration of nigral dopaminergic neurons. PLoS One. 2008;3:e1376.

Sulzer D, Alcalay RN, Garretti F, Cote L, Kanter E, Agin-Liebes ], et al. T cells from patients with
Parkinson’s disease recognize a-synuclein peptides. Nature. 2017;546:656-61.

George S, Tyson T, Rey NL, Sheridan R, Peelaerts W, Becker K, et al. T cells limit accumulation of
aggregate pathology following intrastriatal injection of a-synuclein fibrils. ] Parkinsons Dis. 2021;11:
585-603.

Olesen MN, Christiansen JR, Petersen SV, Jensen PH, Paslawski W, Romero-Ramos M, et al. CD4 T
cells react to local increase of a-synuclein in a pathology-associated variant-dependent manner and
modify brain microglia in absence of brain pathology. Heliyon. 2018;4:e00513.

Ma S, Patel SA, Abe Y, Chen N, Patel PR, Cho BS, et al. RORyt phosphorylation protects against T
cell-mediated inflammation. Cell Rep. 2022;38:110520.

Christiansen JR, Olesen MN, Otzen DE, Romero-Ramos M, Sanchez-Guajardo V. a-synuclein
vaccination modulates regulatory T cell activation and microglia in the absence of brain pathology. ]
Neuroinflammation. 2016;13:74.

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.

Williams GP, Muskat K, Frazier A, Xu Y, Mateus ], Grifoni A, et al. Unaltered T cell responses to
common antigens in individuals with Parkinson’s disease. ] Neurol Sci. 2023;444:120510.

Kedmi M, Bar-Shira A, Gurevich T, Giladi N, Orr-Urtreger A. Decreased expression of B cell related
genes in leukocytes of women with Parkinson’s disease. Mol Neurodegener. 2011;6:66.

Lindestam Arlehamn CS, Dhanwani R, Pham ], Kuan R, Frazier A, Rezende Dutra ], et al. a-synuclein-
specific T cell reactivity is associated with preclinical and early Parkinson’s disease. Nat Commun.
2020;11:1875.

Besong-Agbo D, Wolf E, Jessen F, Oechsner M, Hametner E, Poewe W, et al. Naturally occurring
a-synuclein autoantibody levels are lower in patients with Parkinson disease. Neurology. 2013;80:
169-75.

Li R, Tropea TF, Baratta LR, Zuroff L, Diaz-Ortiz ME, Zhang B, et al. Abnormal B-cell and Tfh-cell
profiles in patients with Parkinson disease: a cross-sectional study. Neurol Neuroimmunol
Neuroinflamm. 2021;9:e1125.

Brudek T, Winge K, Folke ], Christensen S, Fog K, Pakkenberg B, et al. Autoimmune antibody decline
in Parkinson’s disease and Multiple System Atrophy; a step towards immunotherapeutic strategies.
Mol Neurodegener. 2017;12:44.

Orr CF, Rowe DB, Mizuno Y, Mori H, Halliday GM. A possible role for humoral immunity in the
pathogenesis of Parkinson’s disease. Brain. 2005;128:2665-74.

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. ] Clin Invest. 2009;119:182-92.

Wang P, Luo M, Zhou W, Jin X, Xu Z, Yan S, et al. Global characterization of peripheral B cells in
Parkinson’s disease by single-cell RNA and BCR sequencing. Front Immunol. 2022;13:814239.

Explor Neuroprot Ther. 2023;3:281-98 | https://doi.org/10.37349/ent.2023.00052 Page 296



102.

103.

104.

105.

106.

107.

108.

1009.

110.

111.

112.

113.

114.

115.

116.

117.

118.

1109.

Gonzalez De La Cruz E, Vo Q, Moon K, McFarland KN, Weinrich M, Williams T, et al. MhclI regulates
transmission of a-synuclein-seeded pathology in mice. Int ] Mol Sci. 2022;23:8175.

Xu E, Boddu R, Abdelmotilib HA, Sokratian A, Kelly K, Liu Z, et al. Pathological a-synuclein recruits
LRRK2 expressing pro-inflammatory monocytes to the brain. Mol Neurodegener. 2022;17:7.
Haenseler W, Zambon F, Lee H, Vowles ], Rinaldi F, Duggal G, et al. Excess a-synuclein compromises
phagocytosis in iPSC-derived macrophages. Sci Rep. 2017;7:9003.

Gardai SJ, Mao W, Schiile B, Babcock M, Schoebel S, Lorenzana C, et al. Elevated alpha-synuclein
impairs innate immune cell function and provides a potential peripheral biomarker for Parkinson’s
disease. PLoS One. 2013;8:e71634.

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.

Liu Z, Fan Q, Wu S, Wan Y, Lei Y. Compared with the monocyte to high-density lipoprotein ratio
(MHR) and the neutrophil to lymphocyte ratio (NLR), the neutrophil to high-density lipoprotein
ratio (NHR) is more valuable for assessing the inflammatory process in Parkinson’s disease. Lipids
Health Dis. 2021;20:35.

Azevedo EPC, Guimardes-Costa AB, Torezani GS, Braga CA, Palhano FL, Kelly JW, et al. Amyloid fibrils
trigger the release of neutrophil extracellular traps (NETs), causing fibril fragmentation by
NET-associated elastase. ] Biol Chem. 2012;287:37206-18.

Al-Bachari S, Naish JH, Parker GJM, Emsley HCA, Parkes LM. Blood-brain barrier leakage is increased
in Parkinson’s disease. Front Physiol. 2020;11:593026.

Bogale TA, Faustini G, Longhena F, Mitola S, Pizzi M, Bellucci A. Alpha-synuclein in the regulation of
brain endothelial and perivascular cells: gaps and future perspectives. Front Immunol. 2021;12:
611761.

Sekiya H, Tsuji A, Hashimoto Y, Takata M, Koga S, Nishida K, et al. Discrepancy between distribution
of alpha-synuclein oligomers and Lewy-related pathology in Parkinson’s disease. Acta Neuropathol
Commun. 2022;10:133.

Palmas MF, Etzi M, Pisanu A, Camoglio C, Sagheddu C, Santoni M, et al. The intranigral infusion of
human-alpha synuclein oligomers induces a cognitive impairment in rats associated with changes in
neuronal firing and neuroinflammation in the anterior cingulate cortex. Cells. 2022;11:2628.

Fusco G, Chen SW, Williamson PTF, Cascella R, Perni M, Jarvis JA, et al. Structural basis of membrane
disruption and cellular toxicity by a-synuclein oligomers. Science. 2017;358:1440-3.

Pirhaghi M, Frank SA, Alam P, Nielsen ], Sereikaite V, Gupta A, et al. A penetratin-derived peptide
reduces the membrane permeabilization and cell toxicity of a-synuclein oligomers. ] Biol Chem.
2022;298:102688.

Froula JM, Castellana-Cruz M, Anabtawi NM, Camino JD, Chen SW, Thrasher DR, et al. Defining
a-synuclein species responsible for Parkinson’s disease phenotypes in mice. ] Biol Chem. 2019;294:
10392-406.

Rostami ], Mothes T, Kolahdouzan M, Eriksson O, Moslem M, Bergstrom ], et al. Crosstalk between
astrocytes and microglia results in increased degradation of a-synuclein and amyloid-f3 aggregates. ]
Neuroinflammation. 2021;18:124.

Abounit S, Bousset L, Loria F, Zhu S, de Chaumont F, Pieri L, et al. Tunneling nanotubes spread
fibrillar a-synuclein by intercellular trafficking of lysosomes. EMBO ]. 2016;35:2120-38.

Dilsizoglu Senol A, Samarani M, Syan S, Guardia CM, Nonaka T, Liv N, et al. a-synuclein fibrils subvert
lysosome structure and function for the propagation of protein misfolding between cells through
tunneling nanotubes. PLoS Biol. 2021;19:e3001287.

Liddelow SA, Marsh SE, Stevens B. Microglia and astrocytes in disease: dynamic duo or partners in
crime? Trends Immunol. 2020;41:820-35.

Explor Neuroprot Ther. 2023;3:281-98 | https://doi.org/10.37349/ent.2023.00052 Page 297



120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Bido S, Muggeo S, Massimino L, Marzi M], Giannelli SG, Melacini E, et al. Microglia-specific
overexpression of a-synuclein leads to severe dopaminergic neurodegeneration by phagocytic
exhaustion and oxidative toxicity. Nat Commun. 2021;12:6237.

Harms AS, Delic V, Thome AD, Bryant N, Liu Z, Chandra §, et al. a-synuclein fibrils recruit peripheral
immune cells in the rat brain prior to neurodegeneration. Acta Neuropathol Commun. 2017;5:85.
Hinkle JT, Patel ], Panicker N, Karuppagounder SS, Biswas D, Belingon B, et al. STING mediates
neurodegeneration and neuroinflammation in nigrostriatal a-synucleinopathy. Proc Natl Acad Sci U
SA.2022;119:e2118819119.

Zhang H, You QD, Xu XL. Targeting stimulator of interferon genes (STING): a medicinal chemistry
perspective. ] Med Chem. 2020;63:3785-816.

Sommer A, Fadler T, Dorfmeister E, Hoffmann AC, Xiang W, Winner B, et al. Infiltrating T
lymphocytes reduce myeloid phagocytosis activity in synucleinopathy model. ] Neuroinflammation.
2016;13:174.

Beatman EL, Massey A, Shives KD, Burrack KS, Chamanian M, Morrison TE, et al. Alpha-synuclein
expression restricts RNA viral infections in the brain. ] Virol. 2016;90:2767-82.

Marreiros R, Miiller-Schiffmann A, Trossbach SV, Prikulis I, Hinsch S, Weidtkamp-Peters S, et al.
Disruption of cellular proteostasis by HIN1 influenza A virus causes a-synuclein aggregation. Proc
Natl Acad Sci U S A. 2020;117:6741-51.

Stolzenberg E, Berry D, Yang D, Lee EY, Kroemer A, Kaufman S, et al. A role for neuronal alpha-
synuclein in gastrointestinal immunity. ] Innate Immun. 2017;9:456-63.

Alam MM, Yang D, Li XQ, Liu J, Back TC, Trivett A, et al. Alpha synuclein, the culprit in Parkinson
disease, is required for normal immune function. Cell Rep. 2022;38:110090.

Kasen A, Houck C, Burmeister AR, Sha Q, Brundin L, Brundin P. Upregulation of a-synuclein following
immune activation: possible trigger of Parkinson’s disease. Neurobiol Dis. 2022;166:105654.
Poggiolini [, Gupta V, Lawton M, Lee S, El-Turabi A, Querejeta-Coma A, et al. Diagnostic value of
cerebrospinal fluid alpha-synuclein seed quantification in synucleinopathies. Brain. 2022;145:
584-95.

Lindstrom V, Fagerqvist T, Nordstrom E, Eriksson F, Lord A, Tucker S, et al. Imnmunotherapy
targeting a-synuclein protofibrils reduced pathology in (Thy-1)-h[A30P] a-synuclein mice.
Neurobiol Dis. 2014;69:134-43.

Zimmermann P, Curtis N. Factors that influence the immune response to vaccination. Clin Microbiol
Rev. 2019;32:e00084-18.

Castonguay AM, Gravel C, Lévesque M. Treating Parkinson’s disease with antibodies: previous
studies and future directions. ] Parkinsons Dis. 2021;11:71-92.

Shahpasandzadeh H, Popova B, Kleinknecht A, Fraser PE, Outeiro TF, Braus GH. Interplay between
sumoylation and phosphorylation for protection against a-synuclein inclusions. ] Biol Chem. 2014;
289:31224-40.

Kleinknecht A, Popova B, Lazaro DF, Pinho R, Valerius O, Outeiro TF, et al. C-terminal tyrosine
residue modifications modulate the protective phosphorylation of serine 129 of a-synuclein in a
yeast model of Parkinson’s disease. PLoS Genet. 2016;12:e1006098.

Reynolds AD, Stone DK, Hutter JAL, Benner E], Mosley RL, Gendelman HE. Regulatory T cells
attenuate Th17 cell-mediated nigrostriatal dopaminergic neurodegeneration in a model of
Parkinson’s disease. ] Immunol. 2010;184:2261-71.

Reynolds AD, Stone DK, Mosley RL, Gendelman HE. Nitrated a-synuclein-induced alterations in
microglial immunity are regulated by CD4" T cell subsets. ] Immunol. 2009;182:4137-49.

Explor Neuroprot Ther. 2023;3:281-98 | https://doi.org/10.37349/ent.2023.00052 Page 298



	Abstract
	Keywords
	Introduction
	Common PTMs of α-syn and their roles in protein aggregation
	Activation of immune cells
	Resident immune cells of the central nervous system
	Nonresident immune cells of the CNS

	How immune cells in PD interact with each other to alter PD progression
	Discussion
	Conclusions
	Abbreviations
	Declarations
	Author contributions
	Conflicts of interest
	Ethical approval
	Consent to participate
	Consent to publication
	Availability of data and materials
	Funding
	Copyright

	References

