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Parkinson’s disease (PD), multiple system atrophy (MSA) and Dementia with Lewy
bodies (DLB) represent pathologically similar, progressive neurodegenerative disorders
characterized by the pathological aggregation of the neuronal protein a-synuclein.
PD and DLB are characterized by the abnormal accumulation and aggregation of a-
synuclein in proteinaceous inclusions within neurons named Lewy bodies (LBs) and
Lewy neurites (LNs), whereas in MSA a-synuclein inclusions are mainly detected
within oligodendrocytes named glial cytoplasmic inclusions (GCls). The presence
of pathologically aggregated a-synuclein along with components of the protein
degradation machinery, such as ubiquitin and p62, in LBs and GCls is considered to
underlie the pathogenic cascade that eventually leads to the severe neurodegeneration
and neuroinflammation that characterizes these diseases. Importantly, a-synuclein is
proposed to undergo pathogenic misfolding and oligomerization into higher-order
structures, revealing self-templating conformations, and to exert the ability of “prion-
like” spreading between cells. Therefore, the manner in which the protein is produced,
is modified within neural cells and is degraded, represents a major focus of current
research efforts in the field. Given that a-synuclein protein load is critical to disease
pathogenesis, the identification of means to limit intracellular protein burden and halt a-
synuclein propagation represents an obvious therapeutic approach in synucleinopathies.
However, up to date the development of effective therapeutic strategies to prevent
degeneration in synucleinopathies is limited, due to the lack of knowledge regarding
the precise mechanisms underlying the observed pathology. This review critically
summarizes the recent developed strategies to counteract a-synuclein toxicity, including
those aimed to increase protein degradation, to prevent protein aggregation and cell-
to-cell propagation, or to engage antibodies against a-synuclein and discuss open
questions and unknowns for future therapeutic approaches.
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INTRODUCTION

a-synuclein is a neuronal presynaptic protein, which physiologically regulates neurotransmitter
release, whereas its pathological accumulation is the key histopathological hallmark of certain
neurodegenerative disorders with similar clinical phenotypes, designated as synucleinopathies
(Spillantini and Goedert, 2000). Specifically, in Parkinson’s disease (PD) and dementia with Lewy
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bodies (DLB), a-synuclein mostly accumulates in Lewy bodies
(LBs) and Lewy neurites (LNs) in neurons (Spillantini et al., 1997,
1998), whereas in multiple system atrophy (MSA) a-synuclein
deposits mostly within the cytoplasm of oligodendrocytes
forming glial cytoplasmic inclusions (GCls) (Wakabayashi et al.,
1998a,b; Nakamura et al.,, 2015). It is widely accepted that PD,
DLB and MSA pathogenesis is the result of complex molecular
events and that common pathogenic mechanisms may lead to a-
synuclein deposition in these disorders. However, the diversity
of a-synuclein pathology observed in a-synucleinopathies is
attributed to various events, such as the presence of more than
one a-synuclein strain, the intracellular milieu, the interaction
of a-synuclein with multiple molecular partners, and the
propagation of a-synuclein within different brain regions (Peng
et al, 2018b; Longhena et al, 2019). The precise genetic
and/or environmental trigger for a-synuclein misfolding still
remains unknown; however, genetic mutations, mitochondrial
dysfunction, proteolytic systems failure and neuroinflammation
have been proposed to facilitate a-synuclein spread in the
diseased brain (Polymeropoulos et al., 1997; Bose and Beal, 2016;
Rocha et al.,, 2018). Under physiological conditions, neuronal -
synuclein is found either in the cytosol in a soluble and natively
unfolded monomeric or tetrameric form (Weinreb et al., 1996;
Bartels et al., 2011; Wang et al., 2011; Fauvet et al,, 2012) or in
a membrane-bound or vesicle-associated state (Pirc and Ulrih,
2015; Gustafsson et al., 2018; Lautenschlager et al., 2018). On the
other hand, pathological a-synuclein in oligomeric, pre-fibrillar
and fibrillar form can spread within the diseased brain via various
cell-to-cell transmission mechanisms, which are responsible
either for its release from neurons or its uptake by neighboring
cells. The tendency of a-synuclein to form aggregates lies in the
core of its neurotoxic potential and strategies seeking to alleviate
the total protein load represent an obvious therapeutic approach.

Current therapeutic approaches for PD and related
synucleinopathies can provide only palliative treatment, aiming
to control the motor symptoms and delay disease progression.
The lack of reliable in vivo markers and appropriate animal
models to recapitulate the symptoms of these diseases challenge
therapy development; however numerous studies have suggested
various therapeutic efforts to counteract a-synuclein-related
pathology. In the current review, we summarize advances in
understanding the pivotal role of a-synuclein in the pathogenesis
of synucleinopathies and critically discuss the potential of current
therapeutic approaches favoring pathology amelioration with the
pros and cons of each strategy.

THE STRUCTURE, FUNCTION AND
AGGREGATION OF «-SYNUCLEIN

The synuclein protein was originally identified through several
and independent lines of investigation. In 1985, a neuron-specific
protein of 143 amino acids (aa) was identified in Torpedo
californica cholinergic synaptic vesicles (Maroteaux et al., 1988).
Later studies in amyloid plaques from an Alzheimer’s disease
(AD) brain discovered two unknown peptides, in addition to the
major amyloid beta fragment, which were named NAC (non-A

beta component of AD amyloid) peptide and its precursor, NACP
(Ueda et al., 1993) and identified two proteins of 140 and 134
aa, which were highly expressed in the human brain (Jakes et al.,
1994). These results revealed the existence of a new protein family
expressed predominantly in presynaptic nerve terminals. The 140
aa protein was named a-synuclein, while the 134 aa protein B-
synuclein (Jakes et al., 1994). The third and last protein of the
family, y-synuclein, was found to be highly expressed in ovarian
and breast carcinomas (Ji et al., 1997; Bruening et al., 2000).

Structurally, a-synuclein encoded by the SNCA gene, lacks a
single stable 3D structure in aqueous solutions, transmembrane
domain or lipid anchor, concluding that it may behave as a
peripheral membrane protein (Weinreb et al., 1996). a-synuclein
is composed of three distinct domains namely N-terminal lipid-
binding domain, amyloid-binding central region (NAC) and
C-terminal binding domain (Figure 1). The N-terminal domain
is a positively charged lysine-rich region characterized by the
presence of a series of seven imperfect amphipathic 11 aa repeats
containing a highly conserved KTKEGV hexameric motif, which
enable the protein to acquire alpha-helical structure, thus
reducing the tendency to form f3-structure and modulating the
interactions with membranes (Chandra et al., 2003; Ulmer et al.,
2005; Sode et al., 2006). The central NAC region is composed of
nonpolar side-chains and assembles cross b-structures, which are
involved in fibril formation and aggregation. Based on that, it has
been proven that the deletion of specific residues (74-84) within
the core region can abolish a-synuclein aggregation (Giasson
etal., 2001; Rodriguez et al., 2015). Lastly, the C-terminal domain
is a highly acidic tail reported to interact with metals, small
molecules, proteins and other a-synuclein domains (Kim et al,,
2002; Ly and Julian, 2008).

Even though a-synuclein is considered a natively unfolded,
intrinsically disordered amyloid protein, it can adopt an a-helical
conformation in the presence of membranes enriched with
acidic phospholipid headgroups and high curvature (Davidson
et al., 1998; Pirc and Ulrih, 2015) and form fibrillar assembles
by converting soluble monomers into B-sheet-like secondary
structures. The existence of the protein above a crucial
concentration, along with its thermodynamically unstable innate
behavior, favors the aggregation and accumulation process, which
is closely related to its neurotoxic potential (Ferreon and Deniz,
2007; Afitska et al, 2019). Up to date the native state of a-
synuclein remains controversial. Although some studies have
reported that a-synuclein purified from human cells is a helically
folded dynamic tetramer (Bartels et al., 2011; Wang et al., 2011;
Gould et al.,, 2014) that resists aggregation (Bartels et al., 2011),
other studies suggested that o-synuclein exists predominantly
as an unfolded monomer (Fauvet et al., 2012). Interestingly, it
was suggested that the PD-linked mutations A53T and E46K
shift native tetramers to monomers and this underlies the
disease initiation (Dettmer et al., 2015). Nonetheless, it is widely
accepted that a-synuclein in the cellular milieu exists in various
conformations and oligomeric states in a dynamic equilibrium,
which can be affected by factors that alter the aggregation process
(Cremades et al., 2012). Which particular species of a-synuclein
are toxic has been debated, since some consider the amyloid-like
insoluble fibrils as the mediators of a-synuclein-induced toxicity
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FIGURE 1 | Structure of a-synuclein. The N-terminal domain of a-synuclein is characterized by the presence of repeated lipid-binding sequences and contains the
mutation sites linked with familial PD. The central NAC domain is mainly hydrophobic and favors the aggregation process of the protein. The C-terminal acidic tail

carries the majority of a-synuclein phosphorylation sites.
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(Conway et al., 1998), whereas others suggest that oligomers or
protofibrils are the toxic ones (Danzer et al., 2007; Karpinar et al.,
2009; Winner et al., 2011).

Slight alterations in the physicochemical features of
a-synuclein  via post-translational modifications (PTMs),
truncations and solution condition modifications could favor
the aggregation process (Uversky et al., 2001). Interestingly,
the majority of PTMs occur in the acidic tail of the protein
(Figure 1) and the serine (Ser) and tyrosine phosphorylation
are the most extensively studied ones. Experiments utilizing
ESI-MS (electrospray ionization mass spectrometry) technology
revealed several modifications of a-synuclein in PD brains,
such as N- or C-terminal truncations and phosphorylation
at Ser129 (Kellie et al., 2014). In healthy brain, only a small
proportion of a-synuclein is phosphorylated (Gonzalez et al.,
2019), whereas under pathological conditions phosphorylated
a-synuclein -mostly at Ser129- is increased in the majority of
pathological inclusions, including LBs in PD and DLB, GCIs
in MSA and LB-type inclusions of AD (Fujiwara et al., 2002;
Saito et al., 2003; Nishie et al., 2004; Waxman et al., 2009). Even
though initially phosphorylation of a-synuclein was considered
to act prophylactically to protein aggregation, it is now widely
accepted that it precedes fibril formation (Shahpasandzadeh
et al, 2014; Tenreiro et al., 2014; Oueslati, 2016). Another
common phosphorylation site is at Ser87, which is also found
to be increased in synucleinopathies (Paleologou et al., 2010).

Tyrosine phosphorylation of a-synuclein (Y39) seems to have
both prophylactic and harmful effects (Mahul-Mellier et al.,
2014; Brahmachari et al., 2016) and phosphorylation at Y125 and
Y133 has been suggested to be protective against a-synuclein
toxicity (Kleinknecht et al., 2016; El Turk et al., 2018). Beyond
phosphorylation, other posttranslational modifications have
been shown to affect the aggregation process of a-synuclein,
such as nitration, oxidation, acetylation and SUMOylation,
but possibly with a protective manner (Krumova et al,, 2011;
Dikiy and Eliezer, 2014; Vinueza-Gavilanes et al., 2020).
Regarding truncation, it is known that truncated forms of a-
synuclein account for 10-30% of total protein in patient-derived
LB inclusions. In comparison with the full-length protein,
C-truncated a-synuclein forms fibrils more rapidly, with distinct
coil structures than the linear fibrils formed by the full-length
protein. Additionally, a-synuclein can be oxidized through
interaction with dopamine, generating dopamine-modified
a-synuclein adducts, leading to a decrease in fibril formation and
a subsequent increase in protofibril accumulation (Conway et al.,
2001), which may enhance toxicity (Norris et al., 2003). Up to
date, the physiological or pathological significance of a-synuclein
cleavage remains unclear.

The physiological role of a-synuclein is still poorly understood
and only its contribution to certain cellular functions is known
so far. The presence of a-synuclein in the presynaptic terminals
denotes a potential role of the protein in synaptic function
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and vesicle trafficking (Jensen et al., 1998). The ability of -
synuclein to promote, as well as to sense, membrane curvature
immediately suggested a possible relationship of the protein with
the synaptic vesicle cycle. Overexpression of human a-synuclein
was found to induce loss of synaptic vesicles and expansion
of the plasma membrane through inhibition of both slow and
fast vesicle endocytosis (Busch et al., 2014; Xu et al., 2016)
and to promote dilation of the fusion pore, thereby accelerating
the discharge of cargo (Logan et al, 2017). Importantly, o-
synuclein interacts with the soluble N-ethylmaleimide-sensitive
factor attachment protein receptor (SNARE) complex, while
the loss or overexpression of the protein causes reduction or
redistribution of the complex, respectively (Burre et al., 2010,
2014; Garcia-Reitbock et al., 2010) a-synuclein was also reported
to promote vesicle clustering through its interaction with vesicle
associated membrane protein 2 (VAMP2)/ synaptobrevin-2 and
phospholipids (Diao et al., 2013).

Through its predominant role in vesicle trafficking a-
synuclein can affect neurotransmitter release and particularly
dopamine neurotransmission (Butler et al, 2017), via
regulation of dopamine biosynthesis and trafficking of
dopamine transporter (DAT), as well as, via modulation of
DAT-mediated dopamine efflux (Butler et al., 2017). More
specifically, a-synuclein was found to down-regulate indirectly
the activity of tyrosine hydroxylase (TH) via inhibition of PP2A
phosphatase, thus modulating dopamine production (Peng et al.,
2005). However, the main effect of a-synuclein involves the
regulation of DAT, where overexpressed a-synuclein enhances
its interaction with DAT, altering the ionic conductance of the
transporter and influencing the action potential-independent
dopamine release, thus resulting in overall decrease of dopamine
uptake (Swant et al, 2011; Butler et al, 2015). a-Synuclein
also develops physical and functional interactions with other
monoamine transporters (MATs), such as NET and SERT. In
both cases, a-synuclein has been shown to negatively modulate
the cell-surface expression and uptake activity of the transporters
in a NAC-domain dependent manner (Wersinger et al., 2006a,b;
Jeannotte and Sidhu, 2007). This finding indicates that o-
synuclein may exert a homeostatic role, thus supporting that
normal MAT expression may depend upon a certain baseline
level of a-synuclein-MAT interaction. However, the mechanism
by which a-synuclein expression alters MAT distribution
should be further investigated. An opposite reported effect of
a-synuclein on the dopaminergic pathway is the suppression of
apoptosis of dopaminergic neurons (Jin et al., 2011). Supportive
of a protective role of a-synuclein at the synapse are also findings
showing a cooperative function of the protein with the synaptic
vesicle protein cysteine-string protein-alpha (CSPalpha) and
SNARE proteins, resulting in protection of nerve terminals
against injury (Chandra et al., 2005).

Furthermore, «-synuclein can also act as a molecular
chaperone, due to its high homology and interaction with the
14-3-3 proteins and their ligands, such as molecules of the Ras
signaling pathway (Xu et al., 2013), thus possibly contributing to
neuronal differentiation (Fu et al., 2000). Moreover, a-synuclein
is part of a chaperone complex containing the Hsc70/Hsp70
chaperones, participating in the efficient neurotransmitter release

(Witt, 2013). The chaperone activity of a-synuclein operates via
its N-terminal interaction with the substrate protein, whereas
the C-terminal region is responsible for the solubilization of the
chaperone complex (Park et al., 2002).

a-SYNUCLEIN AS THE PRIMARY
CULPRIT FOR SYNUCLEINOPATHIES

Substantial genetic, neuropathological and biochemical evidence
implicates a-synuclein in the pathogenesis of PD and related
synucleinopathies. Copy number variations, such as duplication
or triplications of the SNCA gene encoding for a-synuclein, as
well as point mutations and single nucleotide polymorphisms
(SNPs) cause PD and DLB or increase the risk of developing
the disease (Singleton et al., 2003; Chartier-Harlin et al., 2004;
Zarranz et al., 2004; Nalls et al., 2014; Orme et al., 2018). Up to
date six missense mutations in the SNCA gene are associated with
autosomal dominant PD (Figure 1): Ala53Thr (A53T), Ala30Pro
(A30P), Glu46Lys (E46K), His50GIn (H50Q), Gly51Asp (G51D),
and Ala53Glu4 (A53E) (Polymeropoulos et al., 1997; Kruger
et al., 1998; Zarranz et al., 2004; Kiely et al., 2013; Proukakis
et al., 2013; Pasanen et al., 2014). The PD-linked mutations
identified so far are located in the N-terminus of a-synuclein
further underscoring the contribution of this region to protein
aggregation. Most of them are described to cause early onset PD
with rapid disease progression and additional clinical features,
such as hallucinations, dementia, pyramidal tract impairment,
and autonomic failure. Both mutant A53T and A30P a-synuclein
mutations are disordered in dilute solution (like the wild-type
protein). However, at higher concentrations, LB-like fibrils and
discrete spherical assemblies are formed most rapidly by the
A53T mutant (Conway et al., 1998). The A53T mutation has a
moderate effect in a small region around the site of mutation,
resulting in a local structural tendency for oligomerization
(Conway et al., 2000; Bussell and Eliezer, 2001). On the other
hand, the A30P mutation is associated with reduced formation of
LB inclusions and it seems to promote formation of oligomers,
rather than fibrils (Conway et al., 2000; Lazaro et al., 2014).
The E46K mutation, through its conformational changes in
the monomeric protein enhances the contacts between N- and
C-terminus of the protein and promotes fibrillization with an
increased tendency to inclusion formation (Fredenburg et al.,
2007; Rospigliosi et al., 2009; Lazaro et al., 2014). The H50Q
point mutation was discovered at the same year with the G51D
and was linked with a late-onset phenotype of PD. H50Q was
directly associated with increased a-synuclein aggregation and
toxicity (Khalaf et al., 2014). Some of the families harboring these
rare mutations have clinical manifestations or neuropathological
features of both PD and MSA (Fanciulli and Wenning, 2015;
Kiely et al., 2015). In particular, the A53T, A53E and G51D
mutations, as well as the SNCA gene triplications are associated
with a more aggressive MSA-like clinical and pathological
phenotype (Kiely et al., 2015).

The genetic link between mutations and copy number
variations of the SNCA locus and MSA is still controversial, given
that common variation in the SNCA gene was first identified
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as a risk factor for MSA in 2009 (Scholz et al., 2009), but
this association was not confirmed in subsequent genome-wide
association studies (GWAS) (Chen et al.,, 2015; Sailer et al.,
2016). It is interesting to note that the G51D and A53E a-
synuclein mutations seem to play an essential role in the inclusion
formation in both neuronal and oligodendroglial cells (Pasanen
et al., 2014; Whittaker et al., 2017). During the last decade,
GWAS of risk in idiopathic PD revealed that SNCA is the major
contributor (Satake et al., 2009). However, variability in LRRK2
(leucine-rich repeat kinase 2), GAK (cyclin G-associated kinase)
and MAPT (microtubule-associated protein tau) has been also
implicated, with variants in SNCA and MAPT found to represent
also risk factors for MSA (Scholz et al., 2009; Simon-Sanchez
etal,, 2009; Vilarino-Guell et al., 2011). Overall, it is apparent that
all point mutations of a-synuclein alter its secondary structure,
indicating that a single mutation in the SNCA gene is adequate
for the development of a PD-like phenotype.

a-synuclein is the main component of the proteinaceous
inclusions that represent the main histopathological hallmark of
synucleinopathies, designated as LBs and LNs in PD and DLB
(Spillantini et al., 1997, 1998) and GCIs in MSA (Wakabayashi
et al., 1998a,b). Moreover, in vitro and in vivo overexpression of
wild-type or mutant a-synuclein in neurons results in protein
aggregation and toxicity, thus leading to phenotypes resembling
PD (Giasson et al., 2002; Kirik et al., 2002; Lo Bianco et al.,
2002; Vekrellis et al., 2009). Similarly, overexpression of human
wild-type a-synuclein in oligodendroglial cell lines (Stefanova
et al.,, 2005; Kragh et al., 2009) or in vivo (Kahle et al., 2002;
Shults et al., 2005; Yazawa et al., 2005; Stemberger et al., 2010)
results in the formation of fibrillar a-synuclein forms, which
may cause toxicity in oligodendrocytes and/or in neurons (in
the animal models) or increase cell susceptibility to oxidative
stress, thus recapitulating many features of MSA. Such data
clearly demonstrate that the total protein load and aggregation
of a-synuclein is a critical determinant of its neurotoxic
potential, giving rise to the “a-synuclein burden hypothesis”
which pinpoints a critical role of the protein in idiopathic
PD pathogenesis, either through enhanced transcription or
through impaired degradation (Vekrellis and Stefanis, 2012).
There are conflicting results regarding the mRNA levels of -
synuclein in PD and MSA brains, probably due to the difficulty
to maintain a proper RNA integrity in tissues undergone
extensive neurodegeneration. Even though the factors controlling
SNCA transcription in vivo remain largely unknown, a number
of regulatory transcriptional elements have been identified in
neuronal cells, such as the GATA-1 and -2 transcription factors
that enhance SNCA transcription through binding in the Intron
1 region of SNCA gene (Scherzer et al, 2008). Subsequent
studies surmised that a signal transduction pathway involving
the MAPK 3 and PI3K pathways could be important for
controlling SNCA transcription (Clough and Stefanis, 2007)
and that the transcription factor ZSCAN21 (Ziprol) could play
a significant role (Clough et al, 2009; Brenner et al., 2015;
Dermentzaki et al., 2016; Lassot et al., 2018). Recently, the
CCAAT/enhancer binding protein (C/EBP) 8 was identified as
a novel repressor of a-synuclein transcription, following its
binding to the SNCA genomic region in both mice and humans

(Valente et al., 2020). Post-transcriptional regulation through
microRNAs (Junn et al., 2009; Doxakis, 2010; Surgucheva et al.,
2013; Choi D.C.et al., 2018; Kim et al., 2018) or IncRNAs (Lin
D.et al., 2018; Elkouris et al., 2019; Zou et al., 2020) has also been
reported to alter SNCA mRNA levels.

The pathological effects of misfolded a-synuclein involve,
amongst others, dysregulation of mitochondrial activity
and endoplasmic reticulum (ER)-Golgi trafficking, plasma
membrane integrity, synaptic vesicle trafficking and function of
the ubiquitin-proteasome (UPS) and the autophagy-lysosome
pathway (ALP) (Vekrellis et al., 2011). Overexpression of
a-synuclein causes mitochondrial fragmentation (Kamp et al,
2010), event that is associated with an increase in mitochondrial
fission rather than a fusion deficiency (Nakamura et al., 2011).
Recently, it was reported that a-synuclein is normally localized at
mitochondrial-associated membranes, while under pathological
conditions a-synuclein dislocates from its sites and affects
mitochondrial morphology (Guardia-Laguarta et al, 2014).
Another study showed that under pathological conditions and
in contrast with the native monomeric a-synuclein, aggregated
forms of the protein preferentially bind to mitochondria, leading
to mitochondrial dysfunction and cellular respiration limitation
(Wang et al, 2019). Moreover, aggregated a-synuclein alters
the membrane fusion and fission processes of mitochondria,
resulting in fragmentation of the organelle and mitophagy
inhibition (Chen and Chan, 2009). This mitochondrial damage
is followed by a series of events, such as reactive oxygen species
(ROS) production, electron leakage and caspase activation
leading eventually to neuronal death (Ganjam et al., 2019). It
has also been proposed that ROS production leads to a LRKK2-
mediated impairment of endosomal and lysosomal function,
resulting in pSer129 a-synuclein accumulation (Di Maio et al,,
2018). Since pSer129 a-synuclein is considered an inhibitor
of mitochondrial protein import, its aggregation is directly
linked to mitochondrial senescence and ROS production, thus
creating a positive feedback loop (Di Maio et al., 2018). Along
with the mitochondrial dysfunction, a-synuclein aggregation
also affects the activity of the ER, inducing protein-folding
abnormalities, impaired ER-Golgi transport and calcium leakage,
which ultimately lead to further aggregation of the protein
(Volles and Lansbury, 2002; Thayanidhi et al., 2010; Colla et al.,
2012; Colla, 2019). However, one of the main mechanisms
through which a-synuclein causes neurotoxicity is the abnormal
interaction of various protein assemblies with membranes,
causing membrane disruption, lipid bilayer thinning and vesicle
trafficking dysregulation (Hellstrand et al., 2013; Wang and
Hay, 2015; Fusco et al., 2017). In the healthy brain, monomeric
a-synuclein plays an important role in synaptic function;
however, in pathological conditions, a-synuclein aggregation
impairs the SNARE complex assembly, through its abnormal
interaction with essential proteins for the synaptic vesicle cycle
function (Dalfo et al., 2004; Gitler et al., 2008; Choi et al., 2013).
It has been also shown that fibrillar a-synuclein may induce
synaptic vesicle endocytosis and blockage of vesicle recycling,
further contributing to the development of synaptopathy,
which characterizes PD and related synucleinopathies (Nemani
et al., 2010; Busch et al., 2014; Xu et al.,, 2016). Formation of
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aberrant a-synuclein species has been widely shown to impair the
function of the UPS and the ALP pathway, as discussed below.
Similar effects are observed in MSA where the pathological
accumulation of a-synuclein in oligodendrocytes causes severe
disruption of most cellular functions, with the myelination
process being a major target of the protein’s aberrant effects. The
demyelination, along with the reduction of trophic factors, leads
to a secondary neuronal cell loss (Shults et al., 2005; Ubhi et al.,
20105 Stefanova and Wenning, 2016).

Emerging evidence also suggest that activation of the
inflammatory process due to the presence of abnormal «-
synuclein species plays a central role in the development
of synucleinopathies. Postmortem brain examination, brain
imaging and animal studies converged that both the innate
and adaptive immune systems are activated in PD contributing
to disease progression (Tansey and Romero-Ramos, 2019).
Activated microglia, which are considered the most efficient
scavengers of extracellular a-synuclein aggregates (Lee et al.,
2008b), increase the production of pro-inflammatory cytokines
and induce an oxidative stress response (Klegeris et al., 2008;
Su et al, 2008; Couch et al, 2011) even in the absence
of neuronal loss (Sanchez-Guajardo et al., 2010; Barkholt
et al., 2012; Watson et al., 2012). Increased pro-inflammatory
mediators such as tumor necrosis factor alpha (TNF-a),
interleukin-1-p (IL-1B), interleukin-6 (IL-6) have been shown
in the cerebral spinal fluid (CSF) and in the striatum of
human PD brains (Mogi et al., 1994a,b; Vawter et al.,, 1996;
Nagatsu et al.,, 2000), supporting a chronic pro-inflammatory
milieu in the brain of PD patients. Apart from a-synuclein
mediated activation of microglia in the CNS, a more complex
relationship between gut microbial-induced inflammation and
a-synuclein expression and aggregation has been proposed to
occur in the periphery (Chen S.G.et al., 2016; Choi J.G.et al,
2018). Clinical, epidemiological and animal studies suggest a
complex cross-talk between intestinal inflammation and PD
pathology initiation and progression (Houser and Tansey, 2017;
Chen et al, 2019). Similarly, a-synuclein-evoked microglial
activation is commonly detectable in the brains of MSA patients
(Ishizawa et al., 2004) and MSA experimental models (Stefanova
et al., 2007; Vieira et al,, 2015; Monzio Compagnoni and Di
Fonzo, 2019). Even though the activation of the inflammatory
cascade in synucleinopathies may not represent a primary
event but a secondary in response to other phenomena,
it definitely contributes to the neuronal degeneration that
characterizes these diseases.

«-SYNUCLEIN AND
PROTEIN-DEGRADATION PATHWAYS: A
COMPLICATED RELATIONSHIP

Unraveling the pathway involved in the degradation of
a-synuclein is crucial in understanding the pathogenetic
mechanisms underlying its aberrant accumulation in
synucleinopathies. Both the UPS and the ALP have been
proposed to clear a-synuclein (Figure 2); however to a different
extent and in a cell-, conformation- and tissue- specific manner

(Bennett et al., 1999; Webb et al., 2003; Vogiatzi et al., 2008).
Initial studies in purified systems and in neuronal cells, have
demonstrated that a-synuclein can undergo both ubiquitin-
dependent (Rott et al, 2011; Haj-Yahya et al, 2013) and
ubiquitin-independent (Tofaris et al., 2001; Liu et al, 2003)
degradation via the 26S/20S proteasome. Additional studies
performed in PC12, HEK293 and primary mesencephalic cells
failed to detect significant a-synuclein accumulation following
pharmacological proteasomal inhibition (Rideout et al., 2001;
Rideout and Stefanis, 2002; Vogiatzi et al., 2008). Others have
found that only a small proportion of soluble-cell-derived
intermediate a-synuclein oligomers, not including monomeric
a-synuclein, are targeted to the 26S proteasome for degradation
(Emmanouilidou et al.,, 2010b). In an elegant in vivo study it
was shown that the UPS is the main degradation pathway for
a-synuclein under normal conditions, while with increased
a-synuclein burden the ALP is recruited (Ebrahimi-Fakhari
et al,, 2011). We and others have shown that only the wild-type
a-synuclein and not the PD-linked A53T and A30P forms,
the phosphorylated or the dopamine-modified a-synuclein,
is degraded via the selective process of chaperone-mediated
autophagy (CMA) (Cuervo et al., 2004; Martinez-Vicente et al.,
2008; Vogiatzi et al., 2008; Mak et al., 2010). CMA can degrade
only monomeric or dimeric forms of the protein, whereas
macroautophagy is the only process that can clear oligomeric
a-synuclein (Xilouri et al., 2013b). Not only mutations but
also post-translational modifications such as phosphorylation,
sumoylation and ubiquitination may also alter the partitioning
of a-synuclein to proteasomal or lysosomal degradation
(Xilouri et al., 2016b).

The UPS and the ALP not only degrade a-synuclein but can
also be a direct target of the protein’s aberrant effects (Xilouri
et al., 2016b; Zondler et al., 2017). Initial studies indicated
that overexpression of the A30P and A53T mutants make cells
more vulnerable to proteasomal inhibition-mediated cell death
compared to cells overexpressing the wild-type protein (Tanaka
et al., 2001). Additional evidence suggested that overexpression
of mutant a-synuclein variants inhibits the activity of the 20S/26S
proteasome leading to UPS failure thus, contributing to a-
synuclein aggregation (Stefanis et al., 2001), although another
study showed that overexpression of wild-type or mutant (A30P,
A53T) a-synuclein in PC12 cells or in transgenic mice did not
significantly affect proteasomal function (Martin-Clemente et al.,
2004). More recently, it was shown that the function of the 20S
proteasome was not affected upon administration of recombinant
a-synuclein oligomers and fibrils or upon transient expression of
wild-type or mutant a-synuclein (Zondler et al., 2017).

Studies in human post-mortem material also indicate that
proteasome function is impaired in the substantia nigra of PD
patients (Bentea et al., 2017), further cementing a role of a proper
UPS function in PD pathogenesis. Beyond the UPS, increased
a-synuclein has been reported to impair macroautophagy both
in vitro and in vivo (Winslow et al., 2010), possibly through
its interaction with Rabla, which causes the mislocalization of
Atg9, an autophagosome formation-related protein (Winslow
et al, 2010). Similarly, Atg9 mislocalization and impaired
autophagosome formation has been observed in cells expressing
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FIGURE 2 | a-synuclein degradation pathways and reported therapeutic approaches to enhance protein clearance. A schematic representation of the main
proteolytic pathways implicated in a-synuclein clearance and the proposed targets for potential therapeutic interventions (highlighted in dark grey and green). Wild
type and mutant a-synuclein can undergo both ubiquitin-dependent (A) and ubiquitin-independent (B) degradation via the 20S/26S proteasome. Monomeric
wild-type a-synuclein is degraded via CMA, following its binding to the CMA-specific receptor, LAMP2A (C). Molecular upregulation of LAMP2A expression or
chemical enhancement of CMA through retinoic acid receptor alpha (RARa) antagonists has been proven successful in alleviating a-synuclein-associated toxicity.

Macroautophagy has been also proposed to degrade mutant and aggregated forms of a-synuclein (D). Boosting macroautophagy via mTOR-dependent (rapamycin)
or mTOR-independent pharmacological and nutritional modulators (Metformin, Nilotinib, AICAR, Trehalose, Resveratrol, Pomegranate, C1) enhance autophagosome
formation, lysosome biogenesis, and lysosome function thus promoting a-synuclein clearance (E). Molecular modulation of macroautophagy via Atg7, Beclin1 or

TFEB overexpression is also reported to exert beneficial effects on a-synuclein-related toxicity (E). Lastly, restoration of proper enzymatic activity of GCase has been

shown to improve lysosomal function and lessen a-synuclein levels (F).

the PD-linked mutant form of the retromer protein VPS35
(Zavodszky et al., 2014). There is also evidence suggesting that
the PD-linked a-synuclein mutations could have a different
impact on macroautophagy machinery. In particular, the E46K
a-synuclein mutation impairs autophagy at an early stage of
autophagosome formation via dysregulation of the JNK1/Bcl2,
an mTOR-independent pathway (Yan et al, 2014). Also, the
A30P mutant a-synuclein inhibits autophagosome formation via
activation of the autophagy transcriptional repressor ZKSCAN3
in a JNK-dependent manner (Lei et al., 2019). Furthermore,
the A53T mutation has been shown to dysregulate mitophagy
(Choubey et al, 2011), resulting in massive mitochondrial

removal accompanied by bioenergetics deficits and neuronal
degeneration. However, another study in A53T a-synuclein
transgenic mice showed that a-synuclein accumulation leads
to activation of the p38 MAPK pathway, which in turn
directly phosphorylates Parkin thus inhibiting Parkin-mediated
mitophagy (Chen et al, 2018). Several independent studies
have proposed that autophagy is controlled by the GTP-ase-
p38 MAPK signaling (Obergasteiger et al., 2018), a pathway
that may be disturbed in PD. Additionally, mutations in
the GBAI gene, which encodes for the lysosomal enzyme f-
glucocerebrosidase (GCase) and cause Gaucher’s disease (GD),
are among the most common known genetic risk factors for
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PD and DLB (Mataetal, 2008; Clark et al., 2009). Various
studies in cell culture and animal models and in human post-
mortem material suggest an inverse relationship between o-
synuclein accumulation and GCase protein levels and activity
where reduced GCase activity coincides with increased levels of
a-synuclein (Mazzulli et al., 2011; Osellame et al., 2013; Sardi
et al., 2013; Murphy et al., 2014; Du et al.,, 2015; Liu et al., 2015;
Rocha et al., 2015; Chen M.et al., 2016).

The first connection between CMA and PD was established
in 2004, where monomeric and dimeric wild-type a-synuclein
species were shown to be CMA substrates, whereas the A30P
and A53T PD-linked mutant a-synuclein forms bound more
tightly to LAMP2A, CMA’s specific receptor, but were not up
taken and degraded within lysosomes, thus becoming toxic by
inhibiting the CMA-mediated degradation of other cytosolic
substrate proteins (Cuervo et al., 2004). Subsequently, it was
shown that post-translational modifications of wild-type «-
synuclein, such as oxidation and nitration of the protein, alter its
binding and uptake into lysosomes, while phosphorylation and
dopamine-modification almost completely prevents its CMA-
dependent degradation (Martinez-Vicente et al., 2008; Xilouri
et al,, 2009). Reciprocally, CMA inhibition is reported to lead to
the formation of detergent-insoluble or high molecular weight
oligomeric a-synuclein conformations in vitro (Vogiatzi et al.,
2008; Xilouri et al., 2009), or to increased intracellular o-
synuclein accumulation in nigral neurons in vivo (Xilouri et al.,
2016b). Furthermore, the protein levels of the two key CMA
markers LAMP2A and HSC70, were reported to be decreased in
the human substantia nigra and amygdala of PD brains compared
to controls (Alvarez-Erviti et al., 2010), while, more recently,
decreased protein levels of LAMP2A correlated with increased
a-synuclein accumulation were found in PD brain regions
harboring a-synuclein pathology (anterior cingulate cortex) and
not in other regions that are spared (occipital cortex) (Murphy
et al., 2014). Importantly, these decreases correlated directly to
CMA activity, since the protein levels of the other two LAMP2
isoforms (2B and 2C) that do not participate in CMA, were
found unaltered between PD and control brains (Murphy et al.,
2015). Macroautophagy alterations have also been found in nigral
neurons of PD brains (Anglade et al., 1997).

Beyond PD, evidence from human postmortem material
from MSA brains suggests the possibility of macroautophagic
alterations linked to a-synuclein accumulation in GCIs. More
particularly, the detection of SQSTM1/p62 and, in some
cases, of LC3 (but not of more mature lysosomal markers)
and of the autophagic adaptor protein NBRI1 within GCIs
together with a-synuclein suggests a possible initial induction
of macroautophagy and a subsequent defect in macroautophagy
maturation in MSA brains (Chiba et al., 2012; Odagiri et al.,
2012; Schwarz et al, 2012; Tanji et al., 2013). In addition,
the FBXO27 gene, which encodes a protein associated with
ubiquitination and protein degradation, was identified in a
recent GWAS as a potential risk factor for MSA (Sailer et al,
2016). These neuropathological studies have also suggested the
possibility of impaired proteasomal function as a driving force
for GCI formation. Studies in oligodendroglial cells showed that,
upon pharmacological proteasomal inhibition, p62 and LC3

accumulate in forming aggregates, in an apparent compensatory
response of macroautophagy activation (Schwarz et al., 2012).
In addition, dysfunctional macroautophagy evoked through
mitochondrial impairment or macroautophagy inhibition
resulted in the accumulation of a-synuclein in oligodendroglial
cells (Pukass et al., 2015), whereas more recently it was reported
that macroautophagy block through genetic or pharmacological
inhibition of autophagy was inefficient to increase intracellular
accumulation of o-synuclein in oligodendrocytes exposed
to monomeric or fibrillar a-synuclein (Fellner et al., 2018).
Nonetheless, additional work is needed to elucidate the precise
role of UPS and ALP dysfunction in the accumulation of
a-synuclein-rich GCIs in MSA brains.

CELL-TO-CELL PROPAGATION OF
«-SYNUCLEIN PATHOLOGY IN
SYNUCLEINOPATHIES: THE STRAIN
HYPOTHESIS

According to Braak staging, Lewy pathology manifested by
positive a-synuclein inclusions spreads throughout the brain
as PD progresses, primarily affecting the brainstem and
olfactory system, thereafter gradually invading the neocortex
(Braak et al, 2003). Amongst numerous studies that have
tested this hypothesis (Braak et al, 2006; Lebouvier et al,
2010; Pouclet et al., 2012; Grathwohl et al., 2013; Paillusson
et al., 2013; Holmqvist et al, 2014), recently it was shown
that a-synuclein pre-formed fibrils (PFFs) injected into the
duodenal and pyloric muscularis layer evoked a spread of
pathologic Ser129 phosphorylated a-synuclein in various brain
regions. Interestingly, truncal vagotomy prevented the gut-to-
brain transmission of a-synuclein pathology, supporting the
Braak hypothesis of a prion-like templating mechanism (Kim
et al., 2019). Similarly, a cohort study of vagotomized patients
supported that the vagus nerve is involved in the development
of PD (Svensson et al., 2015). Recently, a-synuclein inclusions
were detected in stomach and heart of a bacterial artificial
chromosome (BAC) transgenic rat model injected into the gut
wall of the pylorus and duodenum with a-synuclein PFFs. Their
findings suggest a secondary anterograde (Dorsal Motor nucleus
of the Vagus [DMV]-to-stomach) spreading of a-synuclein
pathology, followed by a primary retrograde (duodenum-to-
DMV) spreading (Van Den Berge et al., 2019).

However, there are studies presenting controversial results,
suggesting that a-synuclein transmission from a peripheral
injection site reaches the dorsal nucleus of vagus nerve, but
does not further spread in the CNS (Manfredsson et al., 2018;
Uemura et al,, 2018). The hypothesis of a-synuclein prion-like
propagation has gained attention in the recent years, since it has
been shown that transplantation of healthy fetal mesencephalic
neurons in PD patients led to the formation of LB-like inclusions,
indicating the direct transfer of pathogenic a-synuclein from host
brain to grafted neurons (Kordower et al., 2008; Li et al., 2008).
Similar studies have verified that neurons inside the grafts were
positive for LB-like a-synuclein aggregates (Li et al., 2008, 2010;
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Kordower et al, 2011; Kurowska et al., 2011). Moreover,
inoculation of brain extracts from PD and DLB patients into the
striatum and substantia nigra of mice (Masuda-Suzukake et al.,
2013) and non-human primates induced a-synuclein aggregation
and neurodegeneration (Recasens et al., 2014).

The first clinical evidence to support a-synuclein spread
throughout the nervous system was the detection of the protein
in human CSF, indicating that a-synuclein can be released into
the extracellular space (EI-Agnaf et al., 2003). Subsequent studies
verified the secretion of a-synuclein from neuronal cells, in part
via vesicle- and exosomal-related trafficking (Lee et al., 2005;
Emmanouilidou et al.,, 2010a; Jang et al.,, 2010; Danzer et al,
2012). On the other hand, conventional endocytosis (Sung et al.,
2001; Lee et al., 2008a; Desplats et al., 2009; Hansen et al., 2011;
Angot et al.,, 2012), exosomal transport (Emmanouilidou et al.,
2010a; Delenclos et al., 2017), receptor-mediated internalization
(Shrivastava et al., 2015; Mao et al., 2016; Thse et al., 2017),
passive diffusion (Ahn et al., 2006), or even direct penetration of
the plasma membrane (Kayed et al., 2004; Jao et al., 2008; Lee
et al., 2008a; Tsigelny et al., 2012) have been proposed as the
main pathways for a-synuclein uptake (Figure 3). Amongst the
receptors that have been proposed to mediate the uptake of the
protein by neurons is the FcyRIIB inhibitory Fc receptor, which
has been shown to be responsible for fibrillar a-synuclein cell-
to-cell transmission mediated by the FcgRIIB-SHP-1/2 signaling
(Choi Y.Reet al, 2018) and the LAG3 receptor reported to
interact with fibrillar but not monomeric a-synuclein (Mao et al.,
2016). Moreover, heparan sulfate proteoglycans (HSPGs) seem
to regulate a-synuclein uptake via macropinocytosis in neurons,
whereas GM1 ganglioside is responsible for a-synuclein entry in
microglial cells (Park et al., 2009; Holmes et al., 2013). Fibrillar
a-synuclein has been shown to interact in vitro with HSPGs
via specific sequence motifs and thus be effectively endocytosed
(Zhang et al., 2020). Recent data revealed that N-linked glycans
on the cell surface of neurons interact with acetylated a-synuclein
and mediate its internalization and subsequent pathological
aggregation (Birol et al., 2019).

It has also been reported that neurons can take up
naked a-synuclein following it'’s binding to specific membrane
proteins, which are then partially localized within the lysosomal
compartment (Lee et al, 2008a; Karpowicz et al, 2017).
Disruption of the lysosomal function has been shown to play
an important role in the transmission of a-synuclein pathology
and the subsequent neurodegeneration (Xilouri et al., 2016a;
Jiang et al, 2017; Klein and Mazzulli, 2018; Minakaki et al,,
2018). Importantly, in cases of compromised cell proteolytic
machineries, vesicle-associated a-synuclein release seems to be
enhanced (Jang et al., 2010; Alvarez-Erviti et al., 2011; Danzer
et al., 2012; Lee et al., 2013; Fussi et al., 2018). However, cell-to-
cell spread of a-synuclein pathology does not necessarily require
cell contacts, since tunneling nanotubes may also represent a
possible transmission mechanism (Abounit et al., 2016; Figure 3).
Exogenous a-synuclein, once taken up by neuronal or glial cells
is directed to their cytosol where it recruits the aggregation of the
endogenous a-synuclein into the formation of aberrant species,
via an up-to-date unknown mechanism (Volpicelli-Daley et al.,
2014; Rey et al., 2016; Karampetsou et al., 2017; Karpowicz et al,,

2017; Kaji et al., 2018; Luna et al., 2018; Mavroeidi et al., 2019).
Many in vitro and in vivo studies have proposed that exogenously
added human a-synuclein PFFs are used as a template and
recruit the endogenous soluble monomeric a-synuclein into
the formation of insoluble LB-like inclusions (Luk et al., 2009,
2012a; Volpicelli-Daley et al., 2011; Masuda-Suzukake et al., 2013;
Sacino et al., 2013a, 2014a,b; Wu et al., 2019). Similar results were
obtained in vivo when PD brain- or symptomatic a-synuclein
transgenic mice-derived homogenates were delivered in the living
brains of mice and monkeys (Mougenot et al., 2012; Recasens
et al., 2014; Schweighauser et al., 2015).

Two seeding processes have been demonstrated to govern
the aggregation of the endogenous a-synuclein: homotypic (or
self-seeding) and heterotypic seeding. The term “homotypic
seeding” is referred to the sequence-specific templating of a-
synuclein that requires the presence of the hydrophobic NAC
region (El-Agnaf et al, 1998; Giasson et al,, 2001). On the
other hand, heterotypic seeding is a process that involves other
proteins (such as tau, huntingtin and Af) in the initiation of
a-synuclein recruitment and fibrillization (Charles et al., 2000;
Masliah et al, 2001; Giasson et al, 2003; Pletnikova et al,
2005; Badiola et al.,, 2011; Tomas-Zapico et al., 2012). Many
studies utilizing the a-synuclein PFF-brain inoculation as a PD
model, suggest the “connectomic” transmission of pathological a-
synuclein from the injection site to various interconnected brain
regions (Luk et al.,, 2012a; Masuda-Suzukake et al., 2013, 2014;
Paumier et al., 2015; Peelaerts et al., 2015; Ulusoy et al., 2015;
Rey et al., 2016) and that this a-synuclein spread based on the
anatomical connections between brain areas (Luk et al., 2012b;
Rey et al., 2013, 2016; Peelaerts et al., 2015), party occurs via
gap junction channels composed of connexins, formed between
adjacent cells (Diaz et al., 2019; Reyes et al., 2019). Finally, a
recent study pinpoints 14-3-3 proteins as potential regulators of
a-synuclein transmission, proposing that they normally prevent
a-synuclein oligomerization and resultant toxicity, whereas 14-3-
3 protein dysfunction mediates a-synuclein oligomerization and
seeding, that govern PD pathology (Wang et al., 2018). Numerous
in vitro and in vivo studies utilizing a-synuclein PFFs as seeds,
have proposed an induction in the endogenous neuronal a-
synuclein aggregation, thus favoring the prion-like hypothesis of
a-synuclein spread (Luk et al., 2009, 2012a; Volpicelli-Daley et al.,
2011; Masuda-Suzukake et al., 2013; Sacino et al., 2014b; Paumier
et al.,, 2015; Peelaerts et al., 2015; Abdelmotilib et al., 2017).
Interestingly, not only PFFs but also isolated exosomes from the
CSF of PD and DLB patients, containing pathological species of
a-synuclein, were able to transfer the disease pathology when
applied in human H4 neuroglioma cells (Stuendl et al., 2016).

Beyond PD, the self-propagation of a-synuclein resulting
in the formation of insoluble aggregates within the cytoplasm
of oligodendrocytes termed MSA also as a prion-like disease.
Prusiner et al. originally reported that TgM83*/~ mice
expressing human A53T a-synuclein when inoculated with MSA,
but not PD, brain homogenates developed neurodegeneration,
suggesting that a distinct strain of a-synuclein displays prion
characteristics during the development of MSA (Watts et al.,
2013; Prusiner et al., 2015). Accordingly, treatment of HEK293T
cells stably expressing fluorescently-tagged o-synuclein with
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FIGURE 3 | Proposed mechanisms of a-synuclein cell-to-cell propagation and application of candidate therapeutic strategies. A schematic representation of
extracellular a-synuclein and mediate its internalization via endocytosis. Antibodies against these receptors effectively inhibit a-synuclein propagation. (B)

direct penetration of their plasma membrane. (D) Clathrin- or dynamin- mediated endocytosis is responsible for a-synuclein internalization in neurons and
oligodendrocytes. Inhibitors targeting these endocytic pathways have been effectively used. (E) Heparan Sulfate ProteoGlycans (HSPGs) regulate a-synuclein uptake
via macropinocytosis in neurons and oligodendrocytes. Disruption of HSPGs by chemical molecules (heparin or chloral hydrate) inhibits a-synuclein uptake by cells.
(F) Tunneling nanotubes (thin membranous bridges) have been also proposed as a possible cell-to-cell transmission mechanism of a-synuclein. (G) siRNAs (small
interfere RNAs) designed against a-synuclein mRNA are used for the reduction of a-synuclein production as an effective therapeutic strategy. (H) a-synuclein

aberrant protein species. Various antibodies targeting the NAC or the C-terminal region of a-synuclein and chemical molecules and compounds (i.e., NPT200-11,
NPT100-18A, NPT088 etc.) inhibiting a-synuclein aggregation have been used to prevent a-synuclein misfolding.

a various mechanisms: (A) Neuronal receptors (i.e., LAG3) interact with

or oligodendrocytes. (C) a-synuclein is taken-up by cells via passive diffusion or

pread of a-synuclein pathology (seeding), finally leading to the formation of

either healthy-control brain extracts or brain samples derived
from PD or MSA patients, revealed that only in the case of
MSA-added material, cells developed a-synuclein accumulation
(Woerman et al, 2015). The prion-like transmission of o-
synuclein pathology was further supported by intrastriatal

delivery of MSA homogenates in the brain of human-wild type
a-synuclein-expressing mice and detection of pathological o-
synuclein aggregates formed in many brain regions (Bernis et al.,
2015). Two possible scenarios have been proposed to explain the
origin of a-synuclein in oligodendrocytes and the mechanisms
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underlying a-synuclein accumulation in GCIs present in MSA
brains: either oligodendrocytes pathologically overexpress o-
synuclein in the context of MSA (Asi et al., 2014) or they take
up neuronally derived protein from their environment (Kisos
et al.,, 2012; Konno et al,, 2012; Rockenstein et al., 2012; Ettle
et al.,, 2014; Pukass and Richter-Landsberg, 2014; Reyes et al,,
2014; Pukass et al., 2015; Kaji et al., 2018). We have recently
suggested that the presence of endogenous oligodendroglial o-
synuclein, however minute in amount, is a critical factor for the
generation of pathological GCI-like a-synuclein structures within
oligodendrocytes and myelin dysregulation evoked by PFF-
administration both in vitro and in vivo (Mavroeidi et al., 2019).

Furthermore, as already mentioned, neuroinflammation is
a key mediator of a-synuclein-related toxicity, since microglia
and astroglia activation, gliosis and increased secretion of pro-
inflammatory factors are often observed in synucleinopathies
(Nagatsu and Sawada, 2005; Politis et al., 2012; Tufekci et al.,
2012; Fellner and Stefanova, 2013; Kaufman et al., 2013). Many
studies focused on a-synuclein transfer between neurons and
glial cells (Lee et al., 2010; Sacino et al., 2013b; Reyes et al,
2014). It has been proposed that a-synuclein attracts and activates
microglia; however these cells fail to clear a-synuclein, thus
leading to an excessive pro-inflammatory response via Toll-
like receptor (TLR) and finally to neurodegeneration (Stefanova
et al, 2011; Kim et al, 2013; Roodveldt et al, 2013; Tang
and Le, 2016). A recent study suggests that the differential
activation state of microglial cells plays a crucial role in neuron-
to-neuron a-synuclein spread and that IL-4-activated microglia
seems to engulf extracellular a-synuclein, thus reducing neuron-
to-neuron o-synuclein transmission (George et al., 2019). Others
have suggested that pathological a-synuclein spreads through
tunneling nanotubes in macrophages and possibly in microglial
cells as well (Onfelt et al, 2004). The neuron-to-astrocyte
and astrocyte-to-astrocyte transmission of a-synuclein has been
shown both in in vitro and ex vivo experiments, however o-
synuclein aggregates are preferably formed within neurons rather
than in astrocytes (Lee et al., 2010; Loria et al., 2017). This fact
could be attributed to the protective role of astrocytes against
a-synuclein aggregation, via enhanced proteolytic processing of
exogenously added PFFs (Loria et al., 2017).

Interestingly, it has been proposed that a-synuclein joins
into distinct polymorphisms possibly responsible for the variety
of disease phenotypes giving rise to the strain hypothesis,
underlying the pathogenesis of synucleinopathies. Based on this
scenario, the central idea is that a-synuclein fibrils behave as
strains with discrete biochemical and structural characteristics,
into distinct brain regions and cell types (Cremades et al., 2012;
Bousset et al., 2013; Kim et al., 2016; Ma et al., 2016; Pieri et al,,
2016; Lau et al., 2020). Supportive of this hypothesis are findings
showing that pathological a-synuclein in PD and MSA inclusions
is conformationally and biologically distinct and different -
synuclein strains are generated in discrete intracellular milieus
(Peng et al., 2018a). We have also shown that the pathology-
related S129 a-synuclein phosphorylation in primary cultures
and human post-mortem brain material might involve different
a-synuclein strains present in oligodendroglial and neuronal
synucleinopathies (Mavroeidi et al., 2019).

Most importantly, it is reported that a-synuclein fibrils
amplified from the brains (Strohaker et al., 2019) or CSF
(Shahnawaz et al., 2020) of PD patients are structurally
different than those from MSA, further suggesting that distinct
conformational strains of a-synuclein may underlie the different
pathology detected in two synucleinopathies. Therefore, it
is surmised that based on the diversity of the human
strains and via the protein misfolding cyclic amplification
(PMCA) technique, we can discriminate between PD and
MSA pathology in patient-derived CSF samples with high
sensitivity (Shahnawaz et al., 2020). These strains can recruit
and seed endogenous a-synuclein, and also propagate by
imprinting their unique structural properties on its non-
pathogenic counterpart (Bousset et al., 2013; Peelaerts et al.,
2015; Mavroeidi et al., 2019). Through their neurotoxic behavior
as oligomeric or fibrillar assemblies, a-synuclein strains are
the crucial pathogens responsible for the induction of o-
synuclein - and tau-specific disease phenotypes (Guo et al,
2013; Peelaerts et al., 2015; Candelise et al., 2019). In addition,
it has been recently reported that MSA strains show several
similarities with PD strains, but are significantly more potent
in inducing motor deficits, nigrostriatal neurodegeneration, o-
synuclein pathology, spreading, and inflammation, reflecting
the aggressive nature of this disease (Van der Perren et al,
2020). In contrast, DLB-amplified strains displayed very modest
neuropathological features.

THERAPEUTIC APPROACHES TO HALT
«-SYNUCLEINOPATHY

Unfortunately, up-to-date no disease-modifying therapies exist
for a-synucleinopathies only symptomatic therapies to relief
motor impairment, including dopamine replacement, deep
brain stimulation and pharmacological treatment of non-motor
symptoms (Aarsland et al., 2002; Fahn et al., 2004; Ravina et al,,
2005; Burn et al., 2006; Okun, 2012). Given the critical role of a-
synuclein levels to disease pathogenesis, one obvious approach
is to curtail total protein levels, either by reducing protein
production or by enhancing protein degradation. Another
approach would be to inhibit protein aggregation and misfolding
or to alter a-synuclein post-translational modifications such as
phosphorylation, which are suggested to affect the aggregation
process and the development of toxic species. Targeting the
extracellular levels of the protein with antibodies and intervening
in the proposed mechanisms of uptake is also an attractive
approach, since this may combat a-synuclein propagation and
disease progression.

REDUCING «-SYNUCLEIN PRODUCTION

Decreasing the production and the cytoplasmic levels of
a-synuclein with the use of RNA interference (RNAI)
technology represents an attractive approach for therapy in
synucleinopathies (Figure 3). Specifically, there are in vivo
studies showing that delivery of either naked small interfering
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RNAs (siRNAs) or lentiviral-mediated RNAi for SNCA silencing
in the rodent brain, can effectively reduce a-synuclein levels
(Sapru et al., 2006; Lewis et al, 2008). Accordingly, similar
siRNA delivery in the substantia nigra of squirrel monkeys
led to a significant suppression of a-synuclein expression with
no toxic effects in the animal physiology (McCormack et al.,
2010). Another study also suggested a non-toxic but rather a
neuroprotective role of a-synuclein reduction in rats injected
with shRNAs against SNCA via adeno-associated virus (AAV)
(Zharikov et al., 2015).

In vitro and in vivo experiments using an amido-bridged
nucleic acid (AmNA)-modified antisense oligonucleotide (ASO)
resulted in decreased mRNA and protein levels of a-synuclein
and improved motor deficits in a PD mouse model (Uehara
et al,, 2019). In addition, AAV-mediated delivery of an anti- a-
synuclein ribozyme (rAAV-SynRz) prevented the death of the
nigral dopaminergic neurons in the rat MPTP intoxication model
(Hayashita-Kinoh et al., 2006). The rescue of dopaminergic cells
loss via gene silencing has also been studied using an AAV
harboring a short-hairpin (sh)RNA targeting human SNCA in the
rat striatum, previously injected with AAV-hSNCA for human
a-synuclein overexpression (Khodr et al., 2011). In vitro studies
from the same group revealed that the miR-30-embedded shRNA
silencing vector successfully decreased o-synuclein levels (Han
et al,, 2011); yet delivery of AAV-mir30-hSNCA in the rat brain
did not produce encouraging results towards a potential PD
therapy (Khodr et al., 2014).

However, there are controversial studies that present
degenerative outcomes following a reduction of a-synuclein
levels in the substantia nigra of rats and non-human primates
(Gorbatyuk et al., 2010; Kanaan and Manfredsson, 2012;
Collier et al, 2016; Teki and Griffiths, 2016; Benskey et al,
2018). siRNA-mediated reduction of a-synuclein has been also
shown to regulate dopamine release in SH-SY5Y cells and to
be used as a protective mechanism against MPP*-induced
neurotoxicity (Fountaine and Wade-Martins, 2007). Moreover,
exosomal-associated siRNA intravenous-delivery targeting
a-synuclein mRNA in both wild type and a-synuclein transgenic
mice, prevented protein aggregation (Cooper et al, 2014).
Additionally, a-synuclein knockdown in the brain of wild-type
mice, using siRNAs and an anti-sense oligonucleotide molecule
(ASO), did not display any harmful effects on neuronal function
(Alarcon-Aris et al, 2018). Finally, beta-2-adrenoreceptor
(beta-2AR) ligands were shown to modulate SNCA transcription
through histone 3 lysine 27 acetylation of SNCA promoter and
enhancers. Beta-2AR agonists (clenbuterol and salbutamol)
when used in various cellular and in vivo models, led to
the reduction of a-synuclein expression, whereas beta-2AR
antagonist propranolol increased SNCA transcription and
a-synuclein production (Mittal et al., 2017).

ENHANCING «-SYNUCLEIN
DEGRADATION

Given the well-recognized role of ALP in a-synuclein degradation
(Figure 2) the mammalian target of rapamycin (mTOR) has

emerged as a therapeutic target for PD. Towards this direction,
rapamycin, an inhibitor of mTOR, was shown to reduce a-
synuclein accumulation in WT, A30P and A53T a-synuclein-
overexpressing PC12 cells (Webb et al,, 2003), to attenuate
dopaminergic degeneration in neurotoxin-induced (Dehay et al.,
2010; Malagelada et al., 2010; Liu et al., 2013) and a-synuclein-
overexpressing PD models (Crews et al., 2010) and to improve
motor function in A53T a-synuclein transgenic mice (Bai et al,,
2015). However, a considerable limitation of rapamycin is
that it interferes with numerous other autophagy independent
pathways, including immunosuppression (Staats et al., 2013)
and that prolonged exposure to rapamycin inhibits mTORC2
(Schreiber et al., 2015), thus leading to the stimulation of other
important cellular pathways. To overcome these unwanted side
effects, studies focused on TFEB, a down-stream target of mTOR,
and showed that TFEB overexpression promoted the clearance
of pathologic a-synuclein and restored neurodegeneration in
PD animal models (Dehay et al, 2010; Decressac et al,
2013). Similarly, oligodendroglial-targeted TFEB overexpression
efficiently prevented a-synuclein accumulation and rescued
nigrostriatal neurodegeneration in the PLP-a-synuclein MSA
mouse model (Arotcarena et al., 2019).

Moreover, several compounds associated with the activation
of the AMP-activated protein kinase (AMPK)-dependent
autophagy, such as metformin (Dulovic et al., 2014; Patil
et al., 2014; Lu et al., 2016), or nilotinib (Hebron et al., 2013;
Karuppagounder et al., 2014; Mahul-Mellier et al., 2014), have
been reported to inhibit a-synuclein accumulation and to exert
neuroprotection in several PD models. The tyrosine-kinase
inhibitor nilotinib -a medication widely used for the treatment
of chronic myelogenous leukemia- has now been repurposed
for the treatment of PD and a Phase 1 clinical trial in 11 PD
and DLB patients showed cognitive and motor improvement
following nilotinib administration (NCT02281474). A larger
Phase 2 clinic trial including 75 PD patients is currently being
conducted with so far promising results (NCT02954978).
Comparable findings have been reported upon application of
5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) (a
drug used for the treatment of acute lymphoblastic leukemia)
in various PD models (Ng et al., 2012; Dulovic et al., 2014).
Trehalose, also leads to an AMPK-dependent and mTOR-
independent induction of autophagosome biogenesis and has
been also shown to exert beneficial effects on cell survival and
autophagy-dependent a-synuclein clearance in cellular (Sarkar
et al., 2007; Casarejos et al., 2011; Lan et al., 2012) and animal
PD models (Sarkar et al., 2014; Tanji et al., 2015; Wu et al., 2015;
He et al,, 2016). Collectively, given the pleiotropic actions and
the limited specificity of these agents for the autophagic process,
it’s challenging to determine whether the observed beneficial
effects are mediated by AMPK activation or are a result of other
off-target effects, which limit their potential therapeutic utility
in synucleinopathies.

In search of non-chemical methods to modulate autophagy,
experimental evidence shows that the natural inducer of
autophagy curcumin, counteracted the accumulation of the A53T
a-synuclein through down-regulation of the mTOR/p70S6K
signaling pathway in SH-SY5Y cells (Pandey et al, 2008;
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Jiang et al., 2013) and conferred neuroprotection in rotenone-
treated dopaminergic neurons (Satish Bollimpelli and Kondapi,
2015). A curcumin analog, Cl, has been recently identified
as a novel mTOR-independent activator of TFEB (Song et al.,
2016), resulting in enhanced autophagy and increased lysosome
biogenesis in the rat brain (Song et al, 2016). Likewise, the
natural compound pomegranate has been shown to enhance
TFEB activity and activate mTOR-independent autophagy and
mitophagy (Tan etal., 2019). The natural plant phenol resveratrol,
possibly following the interaction with its direct target SIRT1,
was also shown to induce an AMPK-dependent autophagy and
exert beneficial effects in several in vitro and in vivo PD models
(Wu Y. et al, 2011; Ferretta et al., 2014; Lin et al., 2014;
Guo et al, 2016; Ur Rasheed et al, 2016). A major concern
of broad macroautophagy enhancement is the multifunctional
role and status of activation in different cell types and tissues
and the fact that excessive stimulation of macroautophagy
under specific circumstances can exert detrimental effects (Yang
et al., 2007; Choi et al., 2010; Xu et al., 2014). We have
previously shown that CMA inhibition conferred by aberrant
a-synuclein overexpression in neuronal cells resulted to a
compensatory induction of macroautophagy and subsequent
death, whereas pharmacological and molecular macroautophagy
inhibition exerted a protective effect (Xilouri et al., 2009).
Furthermore, the activation of mitophagy in primary cortical
neurons overexpressing A53T a-synuclein caused mitochondrial
destruction and neuronal degeneration that could be rescued by
inhibition of macroautophagy (Choubey et al., 2011).

Another promising approach implicates the restoration
of proper GCase activity as means to facilitate a-synuclein
degradation. In vivo studies demonstrated that enhancing GCase
activity (either pharmacologically or molecularly) could prevent
or diminish formation of toxic a-synuclein species and related
toxicity (Sardi et al., 2011, 2013). Enzyme-replacement therapies
for GD showed that GCase does not cross the blood-brain barrier
(BBB), therefore, recent strategies focused on the development
of small-molecule chaperones to correct the folding of GCase,
enhance GCase activity and restore lysosomal function to
facilitate a-synuclein clearance (Schapira and Gegg, 2013; Blanz
and Saftig, 2016). Ambroxol is a drug commonly used as an
anti-mucolytic respiratory agent (Malerba and Ragnoli, 2008)
and has been shown to restore lysosomal function and reduce
oxidative stress in GBAI mutant fibroblasts (McNeill et al.,
2014; Ambrosi et al., 2015). More recently, ambroxol treatment
was found to increase GCase levels, improve autophagy and
decrease a-synuclein levels in neural crest stem cell-derived
dopaminergic neurons from GBAI mutation patients (Yang
et al, 2017) and a-synuclein transgenic mice (Migdalska-
Richards et al., 2016). The same group reported that oral
administration of ambroxol increased GCase activity in the non-
human primate brain indicating that ambroxol represents a
promising novel disease modifying therapy for the treatment
of PD and neuropathic GD (Migdalska-Richards et al., 2017).
A phase 2 clinical trial assessing the safety and efficacy of
ambroxol to improve motor and cognitive features of PD-
GD patients has been recently completed (NCT02914366)
(Silveira et al., 2019). Moreover, another clinical trial of PD

patients (with or without GBA1 mutations) treated with up
to 420 mg/day of ambroxol at 5 intra-dose escalations over
the course of 6 months, confirmed the safety, tolerability and
CSF penetration of this drug (NCT02941822) (Mullin et al,
2020). Furthermore, treatment with LTI-29, another activator
of GCase activity, has been shown to reduce glucosylceramide
levels in vivo' and the safety and tolerability of this therapeutic
candidate are being tested in a phase 1 clinical trial in GBA-
PD patients (NTR6960, EudraCT2017 004086 27). Finally, new
glucosylceramide synthase inhibitors capable of crossing the BBB
and prevent the substrate buildup in mouse models have arisen
as another strategy for intervention (Sardi et al., 2017, 2018).
Toward this direction, a phase 1 clinical trial assessing the safety
and tolerability of the glycosylsynthase inhibitor Venglustat
(GZ/SAR402671) in GBA-PD patients has successfully been
completed (NCT02906020) and this therapeutic approach is
currently into phase 2 (Judith Peterschmitt et al., 2019).

Restoration of CMA activity could also provide therapeutic
benefit in synucleinopathies, by not only promoting the clearance
of a-synuclein, but also by mitigating its detrimental effects
on lysosomal function. To this end, we have shown that
overexpression of LAMP2A, CMAS rate-limiting step in human
neuroblastoma SH-SY5Y cells, rat primary cortical neurons
and nigral dopaminergic neurons in vivo, was capable of
alleviating a-synuclein-related toxicity (Xilouri et al., 2013a).
Similarly, LAMP2A overexpression promoted autophagic flux
and prevented a-synuclein-induced PD-like symptoms in the
Drosophila brain (Issa et al., 2018). Moreover, pharmacological
manipulation of the CMA pathway using AR7, a retinoic acid
receptor alpha (RARa) antagonist, in LRRK2RM“41G mutant
mouse fibroblasts restored the impaired lysosomal function and
attenuated the progressive accumulation of both intracellular
and extracellular a-synuclein oligomers, surmising that CMA
activation could successfully prevent the accumulation of such
species (Ho et al., 2020). Based on the findings supporting
that pathogenic forms of a-synuclein lead to abnormal
LAMP2A binding and disruption of the receptor’s assembly
(Cuervo et al., 2004; Martinez-Vicente et al., 2008) modulation
of LAMP2A dynamics at the lysosomal membrane may
also represent a fruitful strategy. CMA activity is regulated
by the lysosomal mTORC2/PHLPP1/Akt axis (Arias et al,
2015), suggesting that available drugs acting as inhibitors
of mTORC2 or Akt, or as activators of PHLPPI that can
modulate the assembly/disassembly rate of the LAMP2A
translocation complex could become attractive targets for
selective modulation of CMA.

INHIBITING «-SYNUCLEIN
AGGREGATION

Prevention of a-synuclein aggregation and misfolding is a key
player in disease confronting (Figure 3). The selective specificity
of intrabodies/nanobodies allows them to bind to specific regions
of different a-synuclein species (monomers, oligomers, fibrils)

'https://1ti- staging.squarespace.com/our-science/#1ti-291
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and modulate aggregation, therefore attenuating the disease
pathology (Bhatt et al., 2013). The nanobodies VH14*PEST and
NbSyn87*PEST target the NAC and the C-terminal regions of -
synuclein, respectively, and have been efficiently used against the
formation of pathological pSer129 a-synuclein species following
their delivery using viral vectors in the rat substantia nigra
(Chatterjee et al., 2018). Three small molecules, NPT200-11,
NPT100-18A and NPTO088 have been reported as inhibitors
of either oligomeric or proteinase K-resistant o-synuclein
aggregates, both in vitro and in vivo (Krishnan et al., 2014;
Wrasidlo et al., 2016; Price et al., 2018). Moreover, an emerging
number of compounds tested in cellular and mouse models
of PD exerted a protective role against a-synuclein pathology.
Specifically, polyphenol (-)-epi-gallocatechin-3-gallate (EGCG) is
used in both AD and PD cases and acts as an inhibitor of a-
synuclein and amyloid beta fibril-maturation, by converting large
amyloid fibrils into smaller non-toxic aggregates (Bieschke et al.,
2010). Anle138b [3-(1,3-benzodioxol-5-yl)-5-(3-bromophenyl)-
1H-pyrazole] is an oligomer modulator shown to prevent the
formation of pathological aggregates in vitro and in vivo of
both prion protein PrP(Sc) and a-synuclein (Wagner et al,
2013; Levin et al, 2014). Behavioral and histological analysis
of the PLP-a-synuclein transgenic mice treated with anle138b
revealed that this aggregation inhibitor effectively attenuated
the progression of the MSA-like pathology (Fellner et al., 2016;
Heras-Garvin et al, 2019). Interestingly, this compound has
gained attention as a promising fluorescent biomarker for the
detection of aggregation-related epitopes (Deeg et al., 2015).

CLRO1, another aggregation-inhibitor, prevented the
formation of B-sheet-rich fibrils and had beneficial effects on
the health and survival of a zebrafish model of a-synuclein
toxicity (Prabhudesai et al., 2012). Moreover, when PLP- or
Thyl-a-synuclein transgenic mice received treatment with
CLROI, they displayed amelioration of the a-synuclein-related
brain pathology and behavioral deficits (Richter et al., 2017;
Herrera-Vaquero et al., 2019). Furthermore, KYP-2047, a
prolyl oligopeptidase inhibitor, has also been -effectively
used against o-synuclein aggregation in both cellular and
mouse models of PD (Myohanen et al, 2012), whereas
porphyrin phthalocyanine tetrasulfonate, an inhibitor of
protein aggregation through binding to vesicle-associated
a-synuclein, is suggested to modulate a-synuclein misfolding
and toxicity (Fonseca-Ornelas et al, 2014). There are also
numerous chemical compounds belonging to polyphenols,
phenothiazines, polyene macrolides, porphyrins, rifamycins,
Congo red (and its derivatives) and terpenoids, that have been
shown to decrease a-synuclein fibrillization (Masuda et al.,
2006). Baicalein (flavone), delphinidin (anthocyanidin) and
methylthioninium (monoamine oxidase inhibitor) are chemical
molecules with inhibitory properties against a-synuclein filament
formation (Zhu et al., 2004; Hung et al., 2016; Schwab et al.,
2017; Javed et al., 2018) as proposed by in vitro and in vivo
experiments. Similarly, mannitol, catechol-o-methyltransferase
inhibitors, cinnamon extract, and ring-fused pyridones have
anti-aggregatory properties and provide protection against
a-synuclein toxicity (Di Giovanni et al., 2010; Shaltiel-Karyo
etal., 2012, 2013; Horvath et al., 2013).

Synthetic peptides are also another therapeutic approach
developed for B-sheet structure disruption and inhibition of
a-synuclein accumulation (El-Agnaf et al, 2004; Kim et al,
2009; Shaltiel-Karyo et al., 2010). Moreover, the antibiotic
rifampicin has been used as a destabilizer of a-synuclein fibrils
(Li et al, 2004) and a reduction in monomeric, oligomeric
and pathological pSer129 a-synuclein has been reported in a
rifampicin-treated transgenic MSA mouse model (Ubhi et al,
2008). Rifampicin has been also tested in a clinical trial where
50 participants received a 12-month treatment with rifampicin
(600 mg/day), with however, negative results (Low et al., 2014).
Another anti-aggregation therapeutic strategy in the context
of MSA would be the inhibition of B-III tubulin and the
oligodendroglial-specific phosphoprotein TPPP/p25a, since both
proteins are implicated in a-synuclein accumulation (Lindersson
et al., 2005; Nakayama et al., 2012; Mavroeidi et al., 2019).
Nocodazole, a synthetic tubulin-binding agent that inhibits
tubulin polymerization, prevented a-synuclein accumulation in
primary neuronal and glial cultures, pinpointing the crucial role
of B-III tubulin/a-synuclein interaction in MSA pathogenesis
(Nakayama et al., 2012). Unfortunately, up-to-date there are no
available p25a inhibitors, although such an approach may exert
beneficial effects against MSA.

TARGETING «-SYNUCLEIN
POST-TRANSLATIONAL
MODIFICATIONS

Taking into account that post-translational modifications
of a-synuclein, such as phosphorylation, truncation or
oxidation/nitration, are tightly associated with the development
of neuropathology (Oueslati et al., 2010; Barrett and Timothy
Greenamyre, 2015), modulating these modifications is another
viable approach. Although the majority of studies link pSer129-
a-synuclein with neuropathology (Smith et al, 2005; Chau
et al.,, 2009; Ma et al., 2016; Grassi et al., 2018), others support
that a-synuclein phosphorylation and the subsequent inclusion
formation protects cells from toxicity (Chen and Feany, 2005;
Paleologou et al., 2008; Wu B.et al., 2011; Kuwahara et al,
2012). Therefore, regulation of the expression and/or activity of
kinases and phosphatases responsible for phosphorylation and
de-phosphorylation of a-synuclein at Ser129 represent a main
target. Specifically, overexpression of G-protein-coupled receptor
kinase 6 (GRK6) proposed to phosphorylate a-synuclein via
AAVs in the rat substantia nigra, led to extensive degeneration
of dopaminergic neurons (Sato et al., 2011). Towards the same
direction, mutation of Ser129 to alanine inhibited the G protein-
coupled receptor kinase 2 (Gprk2)-mediated phosphorylation
of a-synuclein and attenuated a-synuclein toxicity in a PD
transgenic fly model (Chen and Feany, 2005). Moreover, in vitro
and in vivo enhancement of a-synuclein de-phosphorylation via
the phosphoprotein phosphatase-2A (PP2A) protected neurons
against a-synuclein pathology (Lee et al., 2011).

Many studies have also proposed that both C- and
N-terminal truncations of a-synuclein facilitate a-synuclein
aggregation and misfolding and exhibit pathological properties
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(Ulusoy et al,, 2010; Hall et al, 2015; Wang et al, 2016;
Iyer etal., 2017; Ma et al., 2018; Terada et al., 2018). Monoclonal
antibodies against the C-terminal truncation (1H7, 5CI, and
5D12) have been tested in a PD mouse model and the results
showed reduced aggregation of a-synuclein and improved
neurotoxic and behavioral deficits upon immunotherapy (Games
et al, 2014). Other studies focused on calpain targeting by
using specific calpain inhibitors in vivo, a strategy that resulted
in amelioration of a-synuclein pathology (Diepenbroek et al.,
2014; Hassen et al., 2018). However, enhancement of calpain
activity did not result in the expected exacerbation of a-synuclein
pathology (Diepenbroek et al., 2014).

REDUCING UPTAKE AND
CELL-TO-CELL TRANSMISSION OF
«-SYNUCLEIN

As mentioned above, one proposed mechanism for a-synuclein
uptake is endocytosis and inhibiting the protein endocytosis
represents another strategy against a-synuclein propagation and
spread (Figure 3). For example, experiments in o-synuclein-
treated cells have shown that deletion of LAG3 or use of
antibodies raised against this neuronal receptor effectively
inhibits a-synuclein cell-to-cell transfer (Anderson et al., 2016;
Mao et al,, 2016). Moreover, heparin or chloral hydrate can
also act as a-synuclein fibril uptake inhibitors, via disruption
of heparan sulphate proteoglycans that normally bind amyloid
proteins (Holmes et al., 2013; Karpowicz et al., 2017). Taking into
consideration the fact that prion protein (PrPC) is suggested to
be implicated in amyloid a-synuclein uptake and neurotoxicity,
genetic knockout of PrPC in primary neurons and mice
effectively reduced the uptake and aggregation of a-synuclein
(Aulic et al., 2017; Ferreira et al., 2017).

Another therapeutic approach to combat a-synuclein cell-to-
cell transmission is to target the signaling pathway downstream
of the receptor responsible for a-synuclein uptake. For example,
the inflammatory response of microglial cells to pathological a-
synuclein via TLR signaling can be ameliorated by using TLR4
signaling inhibitors, such as resatorvid (TAK242) (i et al., 2006;
Kawamoto et al., 2008). In another study, treatment of cells
with TAK242 or RSLA (another TLR4 inhibitor) resulted in
reduction of TNFa secretion from microglial cells and protection
of neuronal cells against a-synuclein neurotoxicity (Hughes
et al., 2019). However, when TAK242 was tested in a clinical
trial, it failed to reduce serum cytokine levels in patients with
severe sepsis and shock or respiratory failure (Rice et al., 2010).
Finally, CU-CPT22 (another selective inhibitor for TLR1/2) also
reduced TNFa production in primary microglia cells treated with
oligomeric a-synuclein and blocked NF-kB nuclear translocation
(Daniele et al., 2015). Although most of the existing therapeutic
approaches target PD, one of the most promising strategies
against MSA is the use of sertraline, a second-generation selective
serotonin reuptake inhibitor (SSRI). Sertraline inhibits dynamin
1 and 2 thus blocking the endocytic pathway and it has been
shown to inhibit a-synuclein uptake by oligodendrocytes and
to prevent pathological a-synuclein spread (Konno et al., 2012).

Another SSRI, paroxetine, has already been clinically tested
at doses of 30 mg for 2 weeks in 20 patients with MSA
and resulted into statistically significant motor improvement
(Friess et al., 2006).

IMMUNOTHERAPY

The role of the immune system and neuroinflammation in
the pathophysiology of PD and related synucleinopathies,
along with the specificity of antigen-antibody binding, render
immunotherapy (active and passive) one of the most promising
therapeutic approaches (Figure 4). The first study of active
immunization against o-synuclein utilized full-length «-
synuclein vaccination in the PDGF transgenic a-synuclein mice
and resulted in decreased a-synuclein accumulation in neuronal
cell bodies and synapses (Masliah et al., 2005). Active vaccination
of the PDGF and the Thyl transgenic a-synuclein mice with
the PDO1A and PDO03A vaccines (also known as AFFITOPE)
reduced a-synuclein oligomers in axons and synapses, decreased
caudo-putamen nucleus degeneration and memory deficits in
both mouse models (Mandler et al., 2014). The same results,
along with reduced demyelination were observed in an MSA
transgenic mouse model (Mandler et al., 2015). Recently, the
AFFITOPE was tested and successfully passed into the Phase
1 clinical trial in MSA patients, whereas the clinical trial for
PD patients is ongoing’. More recently, it was shown that a
novel vaccination modality combining an antigen-presenting
cell-targeting glucan particle (GP) vaccine delivery system with
encapsulated antigen (a-synuclein) plus rapamycin induced both
strong anti-a-synuclein antibody titers and neuroprotective T
regulatory (Tregs) responses in synucleinopathy models, being
more effective than the humoral or cellular immunization alone
(Rockenstein et al., 2018). In the same concept, prophylactic
vaccinations with full-length recombinant a-synuclein in rats,
which subsequent receive AAV-a-synuclein, prevented the
accumulation of a-synuclein through the induction of Tregs and
microglia activation (Christiansen et al., 2016).

Passive immunization with monoclonal antibodies targeting
mostly the C- and N-terminal region of a-synuclein have been
also used as means to sequester the extracellular protein, thus
inhibiting the propagation of the disease (Masliah et al., 2011;
Games et al., 2014; Tran et al,, 2014; Shahaduzzaman et al,
2015). The first passive immunotherapy using the PRX002 or 9E4
antibody was tested in 2011, in the PDGF-a-synuclein transgenic
mice, and resulted in reduced a-synuclein accumulation in axons
and synapses, enhanced lysosomal degradation and improved
behavioral and motor defects (Masliah et al., 2011). The
promising preclinical results of two antibodies, the PRX002 and
the BIIB054 (Weihofen et al, 2019), led to their testing in
clinical trials where both of them were found safe and effective
in preventing a-synuclein spread. Specifically, PRX002 (PRX002,
initially developed by Perrigo, Allegan, MI, United States; patent
number US7910333; NCT02157714 and NCT02095171) is a
humanized IgG1l monoclonal antibody that resulted in 96.5%

Zhttp://sympath-project.eu/wp-content/uploads/PR_AFF009_V1.pdf
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activity and, by that, prevent a-synuclein pathology progression.

FIGURE 4 | Immunotherapy approaches against a-synuclein. (A) Thermodynamically unstable monomers of a-synuclein misfold and aggregate into pathological
species. The release of oligomeric and fibrillar a-synuclein into the extracellular space triggers a-synuclein propagation into non-affected cells, microglial activation
and neuroinflammation. (B) Active or passive immunization mainly aims to lower the extracellular a-synuclein by microglial-mediated degradation and to prevent
pathology propagation via antibody binding on receptors facilitating a-synuclein endocytosis. (C) The effective targeting of intracellular a-synuclein is achieved by
antibody fragments paired with signaling peptides for endocytosis, or viral vector-derived antibody constructs, which are expressed within the cells. (D) The
engineered intrabodies bind to a-synuclein toxic species and lead them to degradation through proteasomal or autophagic pathways. (E ) Antibodies against
immune system activation is another immunotherapy approach, which aims to reduce pro-inflammatory cytokine release, enhance anti-inflammatory microglial
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decrease of free serum a-synuclein in phase la clinical trial
(Schenk et al., 2017) and 97% decrease following a single
intravenous infusion of the highest dose (60 mg/kg) in phase
1b and these findings prompted the design of an ongoing phase
2 clinical trial (NCT03100149) (Jankovic et al., 2018). BIIB054
(licensed by Biogen) is a fully human-derived monoclonal
antibody specifically raised against aggregated and fibrillar -
synuclein that displayed beneficial effects regarding a-synuclein
aggregation in the PFF-inoculated PD mouse model (Weihofen
et al.,, 2019). The results from phase 1 clinical trial in PD and
healthy patients revealed that BIIB054 is safe and tolerable and
have allowed the initiation of phase 2 trial (NCT03318523)
(Brys et al., 2019). Finally, other monoclonal antibodies raised
against misfolded a-synuclein (Syn211 and Syn303) have been
efficiently used in vivo and inhibited a-synuclein uptake and
pathology transmission (Tran et al., 2014). Other C-terminal
targeting a-synuclein antibodies, such as 1H7, 5C1, A1-A6 and
ab274 antibodies, were efficiently shown to decrease protein

aggregation and exert neuroprotective effects (Bae et al., 2012;
Games et al., 2014; Sahin et al., 2017).

The first reported N-terminal targeting antibody, ABI,
prevented dopaminergic neuron loss and microgliosis in an
AAV-a-synuclein rat model of PD (Shahaduzzaman et al,
2015). Subsequently, the aggregate-selective BIIB054 human «-
synuclein antibody was reported to attenuate the spreading of a-
synuclein pathology, to rescue motor impairments and to reduce
the loss of dopamine transporter density in the nigrostriatal
terminals in three different PFF-inoculated mouse models
(Weihofen et al., 2019). BIIB054 was originally licensed by Biogen
in 2010 and it was first tested in healthy volunteers in 2015.
Since then, BIIB054 successfully passed through Phase 1 clinical
testing for safety and tolerability and a Phase 2 clinical trial in
311 PD patients is ongoing’ (Brys et al., 2019). The aggregated
forms of a-synuclein are also the target of the monoclonal

3https://www.alzforum.org/therapeutics/biib054
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antibodies Syn211 and Syn303, with promising reported results
in cellular and animal a-synuclein PFF-models (Tran et al., 2014).
Antibody targeting of the NAC region is another approach.
As such, administration of the NAC32 antibody decreased
formation of aberrant species and mitigated a-synuclein-related
toxicity by 75% in an A53T mutant a-synuclein neuronal cell
line. Importantly, the NAC32 established the prime basis of
intrabodies manufacture, and open up new opportunities for
intracellular a-synuclein targeting (Lynch et al.,, 2008). Direct
targeting of oligomers is another way to inhibit further the
aggregation process and promote the clearance of pathological a-
synuclein assemblies. In vitro [D5 antibody, (Emadi et al., 2007)]
and in vivo [Syn-10H antibody, (Emadi et al., 2009)] studies
using such oligomer-specific antibodies reported promising anti-
aggregation effects. In addition, the D5 antibody paired with
the LDL receptor-binding domain of apolipoprotein B resulted
in increased penetration of the construct intrabody through
the endosomal sorting complex required for transport (ESCRT)
and resulted in enhanced a-synuclein oligomer degradation
in vivo (Spencer et al., 2014). Based on this, the combined
administration of a CD5-D5 single-chain antibody prevented
astrogliosis, microgliosis and a-synuclein aggregation in a mouse
model of MSA (Valera et al., 2017).

Likewise, in the PLP-a-synuclein MSA mouse model,
administration of the Rec47 antibody led to enhanced «-
synuclein clearance, reduced intracellular seeding of the
protein and limited microglial activation (Kallab et al,
2018). Furthermore, the oligomer-specific mAb47 antibody
successfully prevented a-synuclein assembly formation in
murine co-cultures of astrocytes, oligodendrocytes and neurons
and, interestingly, protected astroglia from an oligomeric
a-synuclein-mediated mitochondrial dysfunction (Gustafsson
et al., 2017). Moreover, MEDI1341, a high affinity a-synuclein
antibody that crosses the BBB and binds monomeric and
aggregated a-synuclein, prevented cell-to-cell transmission
of a-synuclein in PFF-treated neuronal cells and is currently
tested in a Phase 1 clinical trial for a-synucleinopathies
(ClinicalTrials.gov identifier NCT03272165) (Schofield et al,
2019). A phase 1 clinical study with the monoclonal antibody
ABBV-0805 (or BANO0805) that selectively targets oligomeric
and protofibrilar forms of a-synuclein has initiated, however
no results have been published yet. A variety of antibodies
against oligomeric and fibrillar forms of a-synuclein were
recently reported. Syn-Ol, Syn-O2 and Syn-O4 target
oligomers and Syn-F1 and Syn-F2 recognize the fibrillar
assemblies. Syn-O1, Syn-O4 and Syn-F1 antibodies limited
a-synuclein aggregation with higher efficacy than the other
constructs when tested in the PDGF a-synuclein mouse model
(El-Agnaf et al., 2017).

Finally, many current immunotherapeutic approaches aim to
modulate the immune system imbalance evoked by misfolded
a-synuclein accumulation by promoting anti-inflammatory and
neuroprotective conditions (Reynolds et al., 2010). Therapies,
including administration of the granulocyte macrophage-colony
stimulating factor (GM-CSF) and the vasoactive intestinal
peptide (VIP), avert the inflammatory role of effector T cells
(Teff) by inducing T regulatory cells (Tregs), which are severely

diminished in PD patients (Saunders et al., 2012). The GM-
CSF stimulating factor, sargramostim, is already in clinical trial
phase 1 for PD providing promising results in motor defects
improvement (Gendelman et al., 2017). Unfortunately, VIP is
rapidly metabolized; hence a VIPR2 agonist, LBT3627, has been
designed and used in a-synuclein overexpression rats and MPTP-
intoxicated mice with beneficial results (Olson et al., 2015, 2016;
Mosley et al., 2019). Therefore, its promising outcome in animal
models renders VIP agonist as a therapeutic candidate for clinical
testing in the future.

TARGETING THE GUT

a-synuclein spread via the gut-brain axis has gained attention
in the last years as a potential therapeutic target against a-
synucleinopathies (Holmqvist et al, 2014; Lee et al, 2018;
Manfredsson et al., 2018). Many studies have focused on
gut microbiota as a regulator of a-synuclein misfolding and
transmission towards the brain via the vagus nerve (Sampson
et al,, 2016; Bhattacharyya et al., 2019; Chiang and Lin, 2019)
and results have revealed differences in gut microbiota between
PD patients and healthy controls suggesting a role of the
gut microbiome in PD pathogenesis (Scheperjans et al., 2015;
Unger et al, 2016; Lin A.et al, 2018). To this end, the
generation of a germfree a-synuclein PD mouse model resulted
in decreased o-synuclein toxicity and neuroinflammation;
however when the same mice received gut microbiota from
PD patients, they exhibited motor impairment (Sampson et al.,
2016). Gastrointestinal dysfunction is connected to PD and
several approaches have been developed to alleviate a-synuclein
pathological effects, such as therapeutic strategies to stimulate
gastric motility (Moore et al., 2018), use of antibiotics and
microbiota replacement (Fasano et al., 2015; Felice et al., 2016).

CONCLUDING REMARKS AND FUTURE
PERSPECTIVES

Undoubtedly, a-synuclein plays a crucial role in the initiation
and progression of the neurodegenerative cascade characterizing
PD and related synucleinopathies. Candidate attractive options
for therapy aim to reduce protein production or enhance protein
degradation, to inhibit protein aggregation and misfolding, to
alter a-synuclein post-translational modifications or to target
the extracellular levels of the protein with antibodies, thus
intervening in the protein uptake and cell-cell propagation
mechanisms. All approaches should be handled with caution,
since uncontrolled manipulation of the global a-synuclein
levels may lead to neurotoxicity, due to the prevailing role
of the protein in synaptic neurotransmission. Regarding the
degradation strategies, experimental findings surmise that
such strategies imply extensive knowledge about dosage and
timing of application, a fact that may limit their current
therapeutic applicability. Others and we have found that under
specific circumstances induction of macroautophagy can have
detrimental effects, thus the therapeutic utility of chemical

Frontiers in Cell and Developmental Biology | www.frontiersin.org

September 2020 | Volume 8 | Article 559791


https://clinicaltrials.gov
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Fouka et al.

Therapeutic Strategies Against a-Synuclein

modulators of macroautophagy or even CMA should be
examined with caution given that they may be involved in
diverse range of processes. Our experience in regards to CMA
enhancement showed that this approach represents a fruitful
strategy for synucleinopathies, at least in rodent cellular and
animal models. This therapeutic modality is currently being
tested in a non-human primate model of a-synucleinopathy and
if proven successful it may pave the way for its possible clinical
utility for the treatment of PD and related synucleinopathies.
In regards to the approaches targeting extracellular a-synuclein,
they seem to represent a compelling strategy to slow or halt
disease progression, by interfering to the cell-cell transmission
mechanisms. However, it still remains to be elucidated whether
this transmission involves only the neuronal connectome and,
most importantly, which species or strains of the protein are the
main culprits for the pathology transmission.

In addition, a growing body of evidence suggests that
an underlying cause of the heterogeneity characterizing
synucleinopathies is the presence of distinct a-synuclein strains
in patient samples. As such, PD- and MSA- derived patient
a-synuclein strains exhibit different biophysical/biochemical
properties and evoke different responses in cultured cells and
animal models. Furthermore, the cellular milieu seems to
affect the pathogenetic properties of the engendered strains,
suggesting that other co-factors may alter disease initiation and
progression. Hence, the aforementioned therapeutic strategies
targeting the degradation, modification, secretion and seeding
of the distinct strains may result in different outcomes in
neurons and oligodendrocytes, raising the possibility of the
application of a precision medicine in synucleinopathies in
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