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Abstract: Following Alzheimer’s, Parkinson’s disease (PD) is the second-most common neurode-
generative disorder, sharing an unclear pathophysiology, a multifactorial profile, and massive social
costs worldwide. Despite this, no disease-modifying therapy is available. PD is tightly associated
with a-synuclein (x-Syn) deposits, which become organised into insoluble, amyloid fibrils. As a
typical intrinsically disordered protein, «-Syn adopts a monomeric, random coil conformation in an
aqueous solution, while its interaction with lipid membranes drives the transition of the molecule
part into an «-helical structure. The central unstructured region of x-Syn is involved in fibril forma-
tion by converting to well-defined, 3-sheet rich secondary structures. Presently, most therapeutic
strategies against PD are focused on designing small molecules, peptides, and peptidomimetics that
can directly target a-Syn and its aggregation pathway. Other approaches include gene silencing, cell
transplantation, stimulation of intracellular clearance with autophagy promoters, and degradation
pathways based on immunotherapy of amyloid fibrils. In the present review, we sum marise the
current advances related to x-Syn aggregation/neurotoxicity. These findings present a valuable
arsenal for the further development of efficient, nontoxic, and non-invasive therapeutic protocols for
disease-modifying therapy that tackles disease onset and progression in the future.

Keywords: «-synuclein oligomers and fibrils; disaggregators; high throughput anti-aggregation drug
screening; intrinsically disordered proteins; protein misfolding; rationally designed peptidomimetics;
structure/function relationship; synucleinopathies

1. Introduction

Parkinson’s disease (PD) is progressive and the second-most prevalent neurodegener-
ative disorder after Alzheimer’s, sharing unclear pathophysiology and huge social costs.
PD is tightly associated with the presence of x-synuclein (x-Syn) oligomers, organised into
insoluble amyloid fibrils. Their neurotoxicity is related to membrane integrity loss and
prion-like ‘neuron-to-neuron’ disease spreading. Despite a huge body of scientific data
and investments over decades, the cure for this disease has not yet been found. At present,
most developing strategies against PD are focused either on identifying small molecules,
peptides, and peptidomimetics that could directly target «-Syn and its aggregation path-
way [1], or on indirect approaches such as the stimulation of intracellular clearance with
autophagy promoters [2], degradation pathways based on immunotherapy [3], receptor
blocking strategies to inhibit «-Syn spread, or gene silencing [4].

Here we review the current advances in «-Syn-centric treatments for this devastating
disease, focusing on those related to a-Syn aggregation inhibition. Therapeutic devel-
opment requires a deep understanding of the structural properties of x-Syn monomers,
oligomers, and fibrils in vitro and in vivo. Revealing the structure/function relationship of
native and mutated «-Syn is essential to better comprehend its neurotoxicity.
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2. Parkinson’s Disease

Parkinson’s disease is a progressive neurodegenerative disorder that mostly affects
the elderly [5,6]. More than ten million people worldwide live with PD, and this number
is expected to rise along with increased life expectancy (https://www.parkinson.org/
Understanding-Parkinsons/Statistics, accessed on 14 April 2022). The Global Burden of
Disease (GBD) reported that PD caused 60,160 deaths and affected 1.4 million people in
Europe in 2016 [7]. Today, more than one million Europeans have been diagnosed with
PD [8]. This number is forecast to double by 2030 [9]. The number of confirmed PD cases
doubled from the last decade of the twentieth century to 2016, with widespread unequal
distribution at the world level, which indicates its multifactorial profile [7,10].

PD includes various motor (rigidity, slow imprecise movements—bradykinesia, dif-
ficulty walking, and tremors at rest) and nonmotor symptoms (gastrointestinal and neu-
ropsychiatric). Gastrointestinal (GIT) dysfunction (obstipation, dysphagia, bloating, and
reduced peristalsis) was documented in over 80% of patients and can precede the onset of
motor symptoms in PD patients by decades [11-13]. Neuropsychiatric symptoms (anosmia,
sleep disorders, cognitive defects, autonomic dysfunction, hallucinations, and depression)
occur at later disease stages [14-17].

The economic impact of the disease is huge. Both the direct (consultations, medication,
and hospitalisation) and the indirect costs (reduced working hours and institutionalisation)
are serious causes for concern. The annual European cost is estimated at EUR 13.9 billion,
while in the US the total economic burden for 2017 was USD 51.9 billion and will tend
to grow as the population ages [18]. The World Health Organisation announced that PD,
together with other neurodegenerative disorders, will surpass cancer as the most common
group of severe medical conditions by 2040 [19].

Familial PD is genetically inherited in either an autosomal dominant or recessive
manner, while sporadic (idiopathic) PD is dependent on gene-environment interactions [8].
The major cause of PD is dopamine deficiency in the striatum, induced by degeneration of
neurons originating from substantia nigra pars compacta, located in the basal ganglia [20].
Basal ganglia are a key brain hub for movement coordination and muscle contraction
control, which explains the origin of PD motor symptoms. Similar to a broad range of other
neurodegenerative disorders, PD shares an unclear physiopathology, tightly associated
with abnormal protein/peptide aggregation into insoluble, amyloid fibrils [6]. Intracellular
protein aggregates mostly composed of «-Syn found in Lewy bodies (LBs) or enlarged
neurites (Lewy neurites, LNs) within dopaminergic neurons in the substantia nigra are PD’s
pathological hallmark [16,21,22]. However, a-Syn aggregates have also been attributed
to Alzheimer’s disease [23]. In addition, «-Syn aggregates were related to numerous
neurodegenerative disorders, collectively termed “synucleinopathies”, such as dementia
with LBs, multiple system atrophy, pantothenate kinase-associated neurodegeneration,
frontotemporal dementia, diffuse LB disease, amyotrophic lateral sclerosis (ALS), Parkin-
sonism dementia complex of Guam, pure autonomic failure, progressive supranuclear
palsy, corticobasal degeneration, and Krabbe disease (reviewed in [24,25]).

2.1. Genetic Factors Triggering PD

The first evidence of the x-Syn/PD relationship was reported in 1997 when Poly-
meropoulos et al. [26] demonstrated point mutation in the SNCA gene (also known as
PARK1) encoding «-Syn in a large Italian and three Greek families (that are not genetically
related). In the same year, this protein was detected as the main LB constituent and factor
in neuron degeneration processes resulting in LN formation [21].

To date, seven missense mutations in the x-Syn-encoding gene SNCA (A30P, E46K,
H50Q, G51D, A53V, A53T, and A53E) have been linked with autosomal dominant PD [24].
In addition, polymorphisms in the promoter region and a distal enhancer element of the
SNCA gene affect «-Syn translation and increase PD development risk [27,28]. Moreover,
gene locus multiplications, duplications, or triplications have been confirmed to have
an important role in the context of inheritance type, symptom development onset, and
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severity [29-32]. Besides, mutations in genes encoding leucine-rich repeat serine/threonine
kinase 2, LRRK?2; vascular protein sorting 35, VPS35; ubiquitin carboxyl-terminal hydrolase
isozyme L1, UCHLI1; glucocerebrosidase, GBA; parkin RBR E3 ubiquitin-protein ligase,
PARK?2; phosphatase and tensing homolog (PTEN)-induced kinase 1, PINK1; Parkinson
protein 7, PARK7; and Daisuke-Junko-1 protein, DJ1 are involved in the development of
autosomal and recessive inheritance of PD [6,33].

2.2. Environmental Factors Triggering PD

Familial PD cases account for about 5-10% of subjects, while most of the cases
are sporadic and more likely caused by interactions of environmental and genetic fac-
tors that remain poorly defined [16,34]. Reduced epigenetic SNCA silencing has been
found in the brains of patients with sporadic PD [35]. Numerous single-nucleotide
polymorphisms in SNCA have been identified as PD susceptibility variants in several
independent genome-wide association studies and meta-analyses, as reviewed in Grosso
Jasutkar et al. [25]. Thereby, the regulatory SNCA gene regions participate in the develop-
ment of sporadic PD.

Serious brain injuries, cancer history (melanoma), hormonal changes (postmenopausal
hormone distribution), and some autoimmune diseases have been associated with increased
PD incidences [36]. Demographic factors including age, gender, and ethnicity may also im-
pact PD susceptibility. PD affects 0.5-1% of the population between 65-69 years, increasing
to 1-3% of people over 80 years [14,37]. In addition, PD incidence among men is higher
than in women. White Western populations show higher PD prevalence than Asian and
Black nations [8]. This can be explained by the higher levels of melanin and neuromelanin
in the substantia nigra, which may have a neuroprotective effect, but also by socioeconomic
state and industrialization level. Environmental risk factors, especially early-life exposure
to persistent organic pollutants (POPs), namely organochlorine pesticides, that increase
PD prevalence [34,38-40]. The link between pesticide toxicity (e.g., dieldrin) and cellu-
lar pathology processes in PD (x-Syn aggregation, damage, and death of dopaminergic
neurons) has been confirmed [39,41,42]. For example, two decades ago it was shown that
accelerated mitochondrial reactive oxygen species (ROS) production caused by rotenone
and paraquat led to x-Syn overexpression (more likely for ROS scavenging) that resulted
in «-Syn aggregation [43,44]. Besides induction of oxidative modification of monomers,
pesticides can stabilise the amyloidogenic partially folded «-Syn conformation [45]. Thus,
cellular damage caused by oxidative stress induced by pesticide exposure in combination
with genetic background increases the risk for PD [42,46]. Moreover, early-life exposure to
pesticides induces a stronger toxic effect than repeated exposure as an adult [34].

In addition to organochlorine compounds, some recent studies connect air pollution,
heavy metals, and other pollutants (e.g., 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine)
with PD onset. Chronic exposure of young people to traffic air pollution was positively
correlated with symptom appearance [47]. Postmortem analysis of brain tissue samples
from young people who lived in contaminated areas revealed accumulated «-Syn de-
posits [48]. The same author further indicated a connection between PD and exposure
to NO, originating from burning fuels [49]. However, the opposite results and a weak
connection between air pollution and PD development were also reported [50]. In addition,
the increased PD incidences might be associated with the consumption of illicit drugs, such
as amphetamine-like stimulants and heroin [40].

Numerous early epidemiological studies correlated exposure to heavy metals (Hg, Pb,
Cu, Mn, Al, Fe, Mg, Zn, Bi, and T1) as well as their synergistic and cumulative effect on PD
development (reviewed in Bjorkund et al. [51] and Breydo et al. [52]). While metal ions can
cause brain damage directly, their effect on PD is based on ROS-inducing effects and direct
influence on x-Syn aggregation [53]. Notorious hydroxyl radicals can be produced from
hydrogen peroxide in the presence of redox-active metals in trace amounts, such as Fe?*
and Cu* via the Fenton’s and Haber-Weiss reactions [54]. Generated ROS can directly or
indirectly cause a-Syn misfolding due to oxidative modifications of amino acid side chains.
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Some metal ions such as Cu?* can directly bind to and promote «-Syn aggregation [55].
Besides, exposure to high metal concentrations was correlated with DNA methylation, Ca2*
homeostasis, mitochondrial dysfunction, dopamine synthesis impairment, etc. [56]. Copper
can also bind to cysteine residues of enzymes and receptors (D2 dopamine receptors)
and alter their activity [54]. In addition, occupational long-term exposure to copper, iron,
lead, manganese, etc., alone or in combination, has been associated with an enhanced
risk of PD development [57]. Although mercury is known as a neurotoxin, researchers
are still conflicted regarding its participation in PD pathogenesis [8]. On the other hand,
Wei et al. [56] indicated that some metals could have both neuroprotective and neurotoxic
effects depending on concentration and individual metabolic profile (in the case of Cu and
Ce) and redox state (in the case of Fe?").

Besides the discussed environmental risk factors, certain lifestyles and habits are posi-
tively correlated with this neurodegenerative disease [58]. Cigarette smoking, consumption
of coffee and beverages containing high levels of antioxidants, such as black and green tea,
non-steroidal anti-inflammatory (e.g., ibuprofen) drug uptake, physical activity, and a diet
based on fruits, vegetables, and fish have a protective action against PD [36]. Phytocannabi-
noids, which interact with the endocannabinoid system, may play a neuroprotective role in
PD [40].

Although most PD cases have an unknown etiology, is it certain that the interplay
between genetics, previous medical anamnesis, and environmental factors increases PD
incidence [35,37,40].

3. Alpha-Synuclein
3.1. Structure and Function of Native a-Syn Monomer

Much evidence suggests that the chief PD pathological markers are «-Syn oligomers
and amyloid fibrils, which are also found in other synucleinopathies linked with LBs [25,59].
Therefore, we will first consider its structural and biophysical properties, which are likely
to be a key to its normal and abnormal function.

The protein «-Syn is small, consisting of 140 amino acids, and lacks both cysteine and
tryptophan residues. It is a relatively polar protein (Gravy index = —0.403) composed of
29% charged residues and pl = 4.67. The N-terminus of «-Syn is positively charged and
rich in lysine residues (Gravy index for residues 1-60 = —1.883). It is composed of 11-mer
imperfect repeats with an XKTKEGVXXXX consensus sequence that can adopt the amphi-
pathic «-helical structure and interact with lipid membranes and vesicles (Figure 1) [60,61].
A central hydrophobic, non-amyloid component (NAC) region (residues 61-95;
Gravy index: +0.726), particularly residues 71-82, exhibits a propensity for folding into
-sheets, which is essential for the misfolding and aggregation into fibrils [6]. The highly
acidic and proline-rich C-terminus of o-Syn (residues 96-140; Gravy = —1.567) contains a
highly flexible intrinsically disordered (ID) region (Figure 1) [62].
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Figure 1. Structural diversity of «-Syn. Helical conformation of x-Syn bound to a membrane and
intrinsically disordered «-Syn in solution are presented in the middle. Positively charged amino acid
residues are given in blue, and negative ones in red. Secondary structure propensity was obtained by
predictor FELLS [63]. Helical projections of N-terminal x-helices (a total of 60 amino acid residues
and the first twenty) are generated using the HeliQuest web server [64]. The arrow shows the
helical hydrophobic moment. The protein structure was predicted using AlfaFold2 [65]. The 3D
protein structure was visualised in PyMOL v2 (available at: https://pymol.org/2/; accessed on 16
April 2022).

A common trait of ID proteins (IDPs) is the lack of stable, well-defined 3D structure
in the absence of a partner or a ligand under physiological pH and ionic strength [66,67].
Related to that, it is not surprising that «-Syn adopts a monomeric, random coil con-
formation in an aqueous medium, while its interaction with lipid membranes drives the
transition of the protein part (N-terminus and NAC region) into defined «-helical structures
(Figure 1) [60,62]. The dynamic C-terminal part is involved in interactions with ligands
(ions, polyanions, and polycations), protein partners, and membrane binding [24,68].
Within the C-terminal domain, residues 120-130 were shown to interact with residues
105-115, while positively charged N-terminal residues can interact with negatively charged
C-terminal residues, forming a closed x-Syn conformational state [69]. The existence of
these long-range interactions was suggested to inhibit spontaneous o-Syn oligomerization
and aggregation. On the other hand, lowering the pH (pH 3.0) and increasing buffer
temperature induces the folding of unstructured «-Syn into a more ordered secondary
structure [52].

The «-Syn protein normally exists in a dynamic equilibrium of the disordered monomer
and statistically disfavoured helical oligomers, i.e., tetramers [70]. Membrane-bound
a-Syn adopts two extended surface-bound o-helices separated by a non-helical linker
(Figure 1) [61]. An extended x-Syn helical form can form homotetramers that might be
more resistant to aggregation [71,72]. Moreover, these tetramers may participate in a nor-
mal function of x-Syn in vesicle trafficking [73]. Nevertheless, the o-helical form is not
considered pathogenic [70].

Although it was discovered 30 years ago, the precise physiological function of native,
monomeric x-Syn is still incompletely revealed. It is located in the brain, mostly in neuronal
presynaptic terminals, bound to synaptic vesicle membranes [74]. In addition, x-Syn was
detected in the nucleus, endoplasmic reticulum (ER), Golgi apparatus, and endolysosomal
system of neurons [75-80].
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The proposed function of &-Syn in neuron-to-neuron interaction is related to presynap-
tic homeostasis and neurotransmitter exocytosis on axon terminals [80,81]. It was shown
that «-Syn has a role in synaptic vesicle recycling [82-84] via inhibition of their release
and alteration of N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE)
complex-mediated lipid membrane fusion [85]. On the other hand, o-Syn oligomers
(tetramers, octamers) facilitate SNARE complex formation and vesicle fusion under phys-
iological conditions [86]. This indicates a potential x-Syn role in modulating dopamine
release [6]. Moreover, x-Syn can interact with synaptic proteins, such as phospholipase
D2 [87], synphilin-1 [52], synaptobrevin-2 [88], and Rab small GTPases [89]. Further-
more, x-Syn may be involved in synaptic plasticity and vesicle trafficking, brain lipid
metabolism, membrane remodelling, membrane channel formation, and modification of
their activity [90].

Besides the central nervous system, x-Syn has been found in hematopoietic lineages,
and low levels of the relevant transcript have been reported in other tissues and fluids
(bloodstream, cerebrospinal fluid, CSF) [91-93]. Besides the central nervous system, x-Syn
is a normal constituent of the enteric nervous system, participating in synaptic vesicle
trafficking and exocytosis [94]. However, a-Syn’s physiological role in healthy people’s
enteric nervous system is not yet clear [95]. In addition, under specific conditions, x-Syn
can even bind to DNA and directly regulate gene expression [77,96].

3.2. Neurotoxicity of a-Syn

The central position of x-Syn in PD inheritance, development, and progression has
been confirmed by numerous studies [16,25,34,80]. «-Syn presents a spectrum of various
species, including monomers (differing in their posttranslational modifications and even-
tual point mutations), oligomers (exhibiting great variety and heterogeneity), and fibrils
(several polymorphs), exhibiting different neurotoxic properties [97]. Analysis of LBs in PD
subjects revealed the presence of x-Syn amyloid fibrils rich in 3-sheets (Figure 2) [98,99].
Besides the brain, cytotoxic «-Syn oligomers have been found in other tissues and fluids of
PD patients [100,101].

a-Syn oligomer

‘fuzzy’ C-
terminal
coat

B-sheet-rich core

) B-sheet-rich core

Figure 2. Three-dimensional models of x-Syn monomers (membrane-bound and unstructured in
an aqueous solution) and oligomer (PDB ID: 2NOA; frontal and side view). Amino acid residues
involved in the intermolecular interactions in oligomers, forming [3-sheet rich core are shown in
blue. N-terminal regions of monomers are denoted in blue, while C-termini are denoted in red. The
monomer structures were predicted using AlfaFold2 [65]. The 3D protein structure was visualised in
PyMOL v2 (available at: https://pymol.org/2/; accessed on 16 April 2022).

It is clear that a-Syn toxicity is connected with its structure, abundance, and aggrega-
tion propensity, although the precise relationship between structure and toxicity remains
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debatable [97]. The a-Syn aggregation propensity depends on specific cellular microen-
vironment conditions (pH, temperature, ionic strength), macromolecular crowding, and
the presence of other ligands/partners (amyloidogenic proteins, metal ions, intermedi-
ary toxic species, membranes, and specific lipid molecules) [90,102]. In addition, PTMs
induce changes in «x-Syn size, charge, structure, and/or conformation, modulating its
membrane binding, aggregation, and toxicity [25]. More than 300 different PTMs of o-
Syn, including proteolysis, phosphorylation, nitration, glycosylation, O-GlcNAcylation,
lipidation, oxidation, acylation, ubiquitination, SUMOylation, and N-terminal acetylation,
have been described [52,103,104]. The x-Syn C-terminal ID region contains one serine
(129) and three tyrosine residues (125, 133, and 135) that can be phosphorylated, alter-
ing its toxicity [28]. Surprisingly, 90% of «-Syn found in LBs contain phosphorylated
serine 129 [105], suggesting the necessity of this modification in LB formation [106]. On
the other hand, phosphorylation at tyrosine 125 does not affect x-Syn fibrillization [107],
while the effect of phosphorylation at tyrosine 133 and tyrosine 135 on «-Syn remains
unknown [108]. On the other hand, phosphorylation of tyrosine 39 at a-Syn’s N-terminus
provokes its aggregation and directly impairs the «-Syn interactions with chaperones,
increasing its neurotoxicity [109]. Phosphorylated o-Syn species present target proteins
for ubiquitination in various synucleinopathies [108]. Besides phosphorylation, 10 to 30%
of a-Syn in LBs is truncated in the N- or C-termini [23]. In addition, markedly elevated
SUMOylated «-Syn (conjugates of small ubiquitin-like modifier, SUMO and lysine residues)
was found in LBs [110]. Several comprehensive in vitro studies reported site-specific ef-
fects of SUMOyylation on a-Syn aggregation propensity [108]. SUMOylation promotes
a-Syn aggregation directly and by blockage its degradation [110], whereas SUMOylation
of other lysine residues inhibits the x-Syn aggregation pathway [111,112]. Alternatively,
O-GlcNAcylation of several threonine residues found in vivo in mice and humans does not
increase «-Syn toxicity [108]. Moreover, several specifically synthesised and enzymatically
O-GlcNAcylated threonine residues inhibit full-length x-Syn fibrillization [108,111], while
some reduce the toxicity of extracellular «-Syn fibrils involved in PD’s spreading [113].
Besides the mentioned PTMs, non-enzymatic oxidative modification (e.g., methionine
oxidation, nitration, and oxidative tyrosine dimerization) and modification by oxidative
dopamine adducts impact «-Syn’s aggregation propensity [52]. Both nitration and oxida-
tion of x-Syn have been suggested as possible mechanisms responsible for dimerisation
and oligomerisation through dityrosine crosslinking [104]. In x-Syn isolated from human
LBs four tyrosine residues were found nitrated [103].

Aggregation of x-Syn in vitro shows a sigmoidal profile, indicating a nucleation-
polymerization mechanism. This means that soluble x-Syn monomers form intermediate,
transient oligomeric structures and then assemble into more structurally ordered insoluble
fibrillar aggregates. In addition, x-Syn monomers follow a nucleation process by further
monomer addition to form 3-sheet-rich amyloid fibrils [90]. In this process, a rate-limiting
step is the spontaneous formation of small metastable oligomeric intermediates, also
known as fibril nuclei [52]. Therefore, «-Syn aggregation is highly cooperative, and even
a small amount of modified /misfolded x-Syn could have a large impact on kinetics and
aggregate dispersal.

The «-Syn protein builds fibrils by converting either all or part of the previously
unstructured polypeptide into well-defined, 3-sheet-rich secondary structures (Figure 2).
In accord, «-Syn oligomers exhibited high structural diversity, i.e., some are (-sheet-
rich (Figure 2), while others are disordered [114]. As mentioned earlier, seven point
mutations—A30P, E46K, H50Q, G51D, and A53E/T/V—found in PD patients provoke
a-Syn aggregation and further accumulation, suggesting the importance of these regions
in o-Syn misfolding. Although detailed structural analyses revealed that the PD-related
point mutations do not influence the «-Syn 3D structure, A30P decreases x-helical propen-
sity, while E46K mutation enhanced the contacts between N- and C-termini [52]. Fi-
nally, the A30P mutation favours «-Syn oligomerisation, while A53T and E46K mutations
promote fibrillation.
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In the last decade, advanced crystallography, cryoelectron microscopy (cryo-EM), and
nuclear magnetic resonance (NMR) techniques revealed that residues 45-57 of «-Syn are
key for the 3-strand/3-strand interactions required for toxic fibril formation [6]. By using
solid-state NMR (ssNMR), Madine et al. [115] identified residues ;;VAQKTVg, as the key
region for «-Syn self-aggregation. In addition, Mirecka et al. [116] showed that residues
a-Syn 37 VLYVGSKys (B 1) and 4 VVHGVATSs, ($2) adopt a 3-hairpin connected by a 3-turn
formed by 14 TKEGyy residues (Figure 2). In addition, the high-quality cryo-EM density
map showed that the core of the acetylated wildtype «-Syn fibril consists of residues 37-99,
while N- and C-termini remain flexible [117]. Nevertheless, the NAC-region residues
form a rigid 3-sheet core with solvent-exposed hydrophobic clusters, while the flexible
N- and C-terminal solvent-accessible regions form a dynamic ‘fuzzy coat” around the
fibril core [100,118,119]. The fibrillar 3-sheet arrangement adopts a serpentine Greek key
topology stabilised by electrostatic and additional interactions between the NAC region
and the N-terminus [117,120]. The already mentioned phosphorylated tyrosine 39 is in the
centre of the fibril core and forms an electrostatic interaction network with eight charged
residues in the «-Syn N-terminal region [121]. Finally, four distinct types of full-length
a-Syn fibrils were identified by cryo-EM: type la ‘rod’, type 1b ‘twister’, type 2a, and
type 2b polymorphs [122-124]. Taken together, all x-Syn fibril polymorphs consist of
several protofilaments containing a cross-§ structure in which surface-exposed (3-strands
are arranged in a parallel pattern (Figure 2).

Besides the NAC region, flexible N- and C-termini are shown to be actively involved
in the «-Sin aggregation mechanism [125]. A recent NMR study emphasised the role
of the N-terminal region in fibril elongation [119]. The first 11 N-terminal acetylated
residues on the o-Sin monomer interact with ID regions (C-terminal tails) of preformed
acetylated fibrils.

The exact function of a-Syn in PD etiology, as well as the molecular mechanism
that underlies dopaminergic neuron degeneration, is not completely comprehended. It
is unknown which species of the «-Syn aggregation pathway (including which fibril
polymorph(s)) is/are causing neuronal death. More importantly, the mechanism of how
a-Syn aggregates induce neuronal death is yet not clear [126]. The cellular pathological
consequences of these processes are related to oxidative stress, mitochondrial dysfunction,
impairment of ER-Golgi and synaptic vesicle trafficking, membrane integrity loss, alteration
of the ubiquitin—proteasome system, impairment of the immune system associated with
inflammation, cell aging, epigenetic changes, and synaptic dysfunction [16,24,25,80,127].
The abnormal accumulation of nuclear «-Syn has been connected to DNA damage and
neurotoxicity [128,129].

The putative neurotoxicity caused by x-Syn oligomers and aggregates has been cor-
related with impaired membrane permeability and their cell-to-cell transfer [22,97,130].
Fusco et al. [100] suggested that x-Syn oligomers can strongly interact with membranes
through a highly hydrophobic region at the surface and via a rigid core rich in 3-sheets that
can be inserted into the lipid bilayer and perturb membrane integrity in vitro. Increased
membrane permeability leads to enhanced ROS accumulation and increased levels of basal
intracellular Ca?*, causing cell death [131,132]. On the other hand, A30P and G51D mis-
sense mutations, found in familial PD cases, exhibited lower membrane affinity and might
be toxic in the form of soluble oligomers [133]. Pertinent to that, unfolded x-Syn monomers
can bend and stabilise vesicle membranes in vitro [134], which may in turn inhibit mem-
brane fusion events during exocytosis [73]. Mutations that abrogate tetramer formations
become insoluble, highly phosphorylated, C-terminally truncated proteins and further
accumulate within lipid vesicles [70]. Higher accessibility of C-terminal tails of x-Syn fibrils
is responsible for binding to the proteasome and blocking proteolytic activity [135].

Cell-to-cell transfer mediated by receptors, or the so-called ‘prion-like” hypothesis,
suggests that «-Syn oligomers can migrate between neurons [6]. Moreover, the acidic
a-Syn C-terminus interacts with alkaline patches on the cell surface receptors, such as
lymphocyte activation gene 3 (LAG3) and amyloid precursor-like protein 1 [68]. Amyloid
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fibril formation dramatically enhances (>200 times) binding to receptors due to the more
accessible C-terminus that is shielded in the monomer. Moreover, serine 129 phosphoryla-
tion additionally strengthens the electrostatic interactions between «-Syn and the receptors,
accelerating the PD-like pathology in mice [68]. It has also been shown that heparan
sulphate proteoglycans on the cell surfaces participate in the uptake of x-Syn amyloid
fibrils through endocytosis [136]. In addition, microglial x-Syn uptake is species-specific.
For example, only [3-sheet-enriched oligomers can be internalized via Toll-like receptor 2
(TLR2) found in neurons and glial cells [137]. In this way, oligomers spread and propagate
LB formation throughout the substantia nigra and into extranigral regions. Propagation of
a-Syn in mice following injection of toxic a-Syn forms into the brain has been confirmed
(reviewed in [25]). In humans, evidence of cell-to-cell transfer of toxic x-Syn species is
still scarce.

Extracellular «-Syn oligomers can exhibit neurotoxic and neuroinflammatory activ-
ity [138]. Immune system impairment in PD is connected to «-Syn overaccumulation in
microglia, which leads to stronger activation of adaptive immunity [139]. Namely, ab-
normal o-Syn recognized as an autoimmune antigen leads to T cell activation, resulting
in inflammation and triggering neurotoxic cellular pathways, leading to faster disease
progression [140]. The interaction of neuron-released x-Syn uptaken by the glial cells
results in cellular stress that can induce inflammatory responses as well [141,142].

Neurotoxicity and neuroinflammation processes related to the central nervous sys-
tem have been extensively studied, while data related to the enteric nervous system are
scarce. Native or phosphorylated «-Syn forms, as well as proteinase-K-resistant «-Syn
aggregates, have been observed in intestinal samples of PD patients [143]. At the moment,
the toxicity mechanism of o-Syn species in the GIT is not clear, but recent studies indicated
a positive correlation between intestinal inflammation and increased x-Syn expression
and accumulation [144,145]. Moreover, monomeric and oligomeric «-Syn species can
act as chemoattractants for immune cells [144]. Increasing evidence indicates that x-Syn
pathology could start in the enteric nervous system and then spread to the brain, inducing
pathogenesis and progression of PD and related disorders [91]. In addition, x-Syn toxicity
spreading via the vagal nerve has been shown in animal models [146,147]. Therefore, PD
pathology can propagate between GIT and the brain in both directions [148,149]. Revealing
the interaction of GIT dysfunction with «-Syn accumulation, aggregation, and spreading is
crucial for understanding PD etiopathogenesis [13].

Taken together, PD and other synucleinopathies” pathogeneses are influenced not
only by «-Syn oligomerisation and aggregation, but also by numerous factors, including
genetic predisposition, toxic insults, chaperone system failure, proteasomal misfunction,
rare, early-onset cases of autosomal origin, and oxidative damage [52].

4. Therapies and Strategies against PD Related to x-Syn

Effective strategies for preventing or slowing down -Syn aggregation and neurotoxic-
ity are urgently needed to address the exponential increase in PD. Early detection is a key to
its prevention and treatment. Currently, PD diagnosis is based on the recognition of clinical
symptoms via medical examination and anamnesis, at which point neurodegeneration is
already advanced. Dopamine transporter single-photon emission computed tomography
helps confirm the diagnosis [15]. In the last years, new diagnostic tools for early diagnosis
of synucleinopathies, with a special interest in PD, have emerged. The diagnostic value
of «-Syn as a PD biomarker has been broadly studied since its aggregation is an early
event that precedes the onset of clinical symptoms [150]. Although recently developed,
protein-misfolding cyclic amplification (PMCA) and real-time quaking-induced conversion
(RT-QuIC) based on the amplification of misfolded proteins present in biological fluids or
tissue samples are ultrasensitive; only a few studies have been performed to test their accu-
racy as diagnostic tools [90]. Considering prodromal GIT symptoms and the occurrence of
toxic a-Syn species, GIT samples containing enteric neurons might be a valuable source in
PD diagnostics and monitoring its progression from clinical and biochemical aspects [151].
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On the other hand, the implementation of genetic testing in PD diagnosis is at the research
and/or clinical levels at the moment. Reasons for this are high expense, ethical concerns,
and, most importantly, the complex profile of PD progress, requiring comprehensive result
interpretation. The genetic approach to diagnosis has a bright future, taking into account
novel data related to spinal muscular atrophy and familial amyloidosis [152]. Further
development of early-stage diagnosis tools is still needed to standardize operating proce-
dures and would certainly require the strengthening of the partnership between researchers
and clinicians.

4.1. Current PD Treatments

Present approaches in PD therapy include motor and nonmotor symptom treatment.
No standardised therapy addressing the disease causes and primary development and
slowing its progression is available. One of the biggest challenges in efficient PD therapy
development is the lack of reliable and sensitive disease progression biomarkers [17,150].

Neurological PD symptoms, depression, and anxiety are treated by selective serotonin
reuptake inhibitors, while dementia is treated with cholinesterase inhibitors [15]. Motor
dysfunction in PD is managed with symptomatic therapy, such as dopamine precursor
levodopa for dopamine replacement. L-3,4-dihydroxyphenylalanine (L-DOPA) can cross
the blood-brain barrier (BBB) and is converted into dopamine through decarboxylation in
pre-synaptic terminals [153]. Dopamine-mimicking medications (pramipexole, apomor-
phine, or ropinirole), as well as inhibitors of enzymes involved in dopamine catabolism
(catechol-O-methyltransferase and monoamine oxidase type B), are presently used [154,155].
The application of levodopa—carbidopa intestinal gel or enteral suspension was officially
introduced as a therapy for advanced PD stages in 2004 in the EU and in 2015 in the
USA [156,157].

As the disease progresses, treatment resistance and side effects emerge, and non-motor
symptoms worsen. Continual application of dopamine-related PD drugs is linked with a
wearing-off phenomenon (end-of-dose failure), dyskinesia, and other negative side effects
on mental health [158].

Glucagon-like peptide-1 receptor (GLP-1R) agonists, commonly used in Type 2 di-
abetes mellitus treatment, have recently been considered potential candidates for PD
treatment [58]. Reported studies confirmed their neuroprotective and anti-inflammatory
activity [159,160]. This approach targets chronic inflammation in microglia and stimulates
immune modulators. Proposed GLP-1R agonists mobilise cellular protective mechanisms,
including neurotrophic factor production and recovery of brain insulin sensitivity [160].
Neurotrophic factors are important for the development and homeostasis of the nervous
system, as well as for regeneration and remyelination processes. However, this approach is
still not adapted and accepted as a regular PD treatment.

Besides medication therapy, several surgical procedures have been developed. Deep
brain stimulation is a treatment recommended for patients with inadequate response to
drugs, while focused ultrasound is a treatment intended for patients with tremors as the
main motor symptom and gait pattern issues [58]. However, this procedure enhances
the risk of infections and only offers transient motor symptom relief. Additionally, ex-
tensive research in the field of cell transplantation and gene therapy in PD treatment is
ongoing [161-164].

To overcome the existing treatment limitations related to PD onset and modulation of
its progression, novel treatment approaches mostly target the underlying o-Syn aggregation
mechanisms [165]. Monomers, oligomers, and x-Syn fibrils are one of the leading and the
most persuasive targets for PD modification therapy today [59]. Intrinsically disordered
a-Syn is an undruggable target and a real challenge for the design of therapeutics based
on molecular recognition. To date, several approaches targeting the x-Syn aggregation
pathway and proteostasis mechanisms are at different levels of clinical trials.
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4.2. a-Syn-Targeted Therapies

Looking for the first disease-modifying therapy for PD, researchers and pharmaceuti-
cal companies are developing x-Syn-targeted agents in proof-of-concept clinical trials [59].
Potential strategies related to x-Syn involve a wide range of actions: transcription and
translation blockage, inhibition of aggregation plus degradation of formed oligomers, stim-
ulation of intracellular clearance with autophagy promoters, and the inhibition of the toxic
form spreading, mostly based on immunotherapy (Figure 3) [2,3,25,58,158]. In addition,
the propensity for x-Syn aggregation can be decreased by preventing some PTMs that
promote its self-assembly. For example, specific SUMOylation blockers might be used
as therapeutics to prevent intracellular «-Syn aggregation [110]. However, it should be
emphasised that x-Syn can have multiple different PTMs concurrently in vivo, while the
majority of the related studies investigate a single PTM individually [108]. The fact that
o-Syn is IDP and that it constantly changes the structure in time makes the strategies based
on molecular recognition more difficult. Besides acting on o-Syn aggregation directly, an
interesting approach targeting lipid in the presynaptic plasma membrane regions has also
been proposed. Glycosphingolipid glucosylceramide can interact with o-Syn and promote
its aggregation. Related to that, the application of brain-penetrant glucosylceramide syn-
thase inhibitors reduces x-Syn aggregate accumulation and improves cognitive function in
the a-Syn-mutant mouse PD model [36].
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Figure 3. Five major developing «-Syn-targeting therapeutic strategies. They include reducing
a-Syn transcription (1) and translation (2), inhibiting «-Syn aggregation by disaggregators involving

low-molecular-weight compounds identified by high-throughput screening and rationally designed
peptides or peptidomimetics (3), enhancing a-Syn clearance and degradation through autophagy
and the ubiquitin-proteasome system (4), and capturing the toxic a-Syn forms in the extracellular
space and blocking their transcellular spreading via immunotherapies (5).

4.2.1. Reduction of «-Syn Expression and Synthesis

Since SNCA gene locus multiplication is one of the dominantly inherited PD causes, re-
ducing x-Syn expression is expected to have therapeutic value (Figure 3). SNCA expression
is regulated by a noncoding distal enhancer element [166]. Expression control by far re-
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gions can include complex chromatin loops and epigenetic modifications. Small molecules,
proteins, RNA derivates, oligonucleotides, 32-adrenergic receptor (32AR) agonists, and
ribozymes are selected as potential candidates to decrease «-Syn accumulation [25,167].

Among proposed solutions that target transcription, one of the most extensively stud-
ied is a group of BBB-penetrant f2AR agonists [168,169]. p2AR agonists are commonly
applied in asthma treatment. The present approach is based on SNCA expression regula-
tion by 2AR ligands through histone 3 acetylation of SNCA promoters and enhancers.
However, the reported data on the effect of 2AR agonists on SNCA expression is still not
uniform in the context of the desirable effect [170,171].

To downregulate the SNCA gene, ongoing studies rely on small interfering RNA
(siRNA), short hairpin RNA (shRNA), microRNA (miRNA), and antisense oligonucleotides
(ASOs) [165]. MicroRNA and ribozymes downregulated x-Syn expression in cell cultures
and rats, respectively, but the updated outputs are not available [25,172,173]. Several
studies on animal models, cell cultures (i.e., cultured human neuroblastoma SH-SY5Y
cells), and primary neurons related to siRNA, shRNA, and ASOs showed promising results
related to «-Syn expression reduction without negative effects on dopamine metabolism
and immune response [174-176]. ASO application in SNCA downregulation is inspired by
previous data on other neurodegenerative diseases sharing similar pathophysiology (single
protein/peptide dysfunction and aggregation) [177,178]. Cole et al. [179] demonstrated
that ASOs reduce a-Syn biosynthesis, decrease the number of its aggregates, and preserve
dopaminergic function (keeping tyrosine hydroxylase activity) in the central nervous
system and CSF of PD patients in a dose-dependent manner. The authors recommended
this approach in future drug development as more adequate than immunotherapy since it
targets intracellular RNA instead of already misfolded «-Syn in the extracellular space [179].

The described protocols succeeded in reducing x-Syn expression. However, they cre-
ated long-termed side effects in the experimental animals, resulting in the loss of dopamin-
ergic neurons [180,181]. Given that x-Syn’s physiological role is tightly linked with synaptic
functions [82], it is expected that chronic SNCA downregulation can have adverse effects.
Several studies emphasised the critical range of SNCA expression levels required for
maintaining dopaminergic neuron function [165]. Indeed, x-Syn suppression initiates a
neuronal-mediated inflammatory cascade, involving both the innate and adaptive immune
systems, that ultimately results in neuronal death [182]. Thus, further genetic-based ther-
apies should provide a partial reduction of x-Syn biosynthesis and careful regulation of
SNCA expression to preserve dopaminergic neuron function and avoid neurotoxic side
effects. To date, protocols based on silencing SNCA in vivo have not been advanced enough
to reach clinical studies. Moreover, the challenge of genetic material delivery and crossing
the BBB has yet to be overcome (reviewed in Teil et al. [165]).

To resolve the issue of precise SNCA expression regulation, stem cell transplantation
in combination with CRISPR/Cas9 technology has been suggested. This approach pro-
vided a precise, genetically controlled experimental system for developing an efficient
PD treatment [28]. Moreover, patient-induced pluripotent stem cells (pIPSC) present a
valuable source for cell replacement therapy, circumventing immune rejection issues [183].
Soldner et al. [28] described a novel strategy to functionally dissect the cis-acting SNCA
allele-specific regulatory elements (distal enhancers) by combining genome-wide epigenetic
information with CRISPR/Cas9-mediated deletion and insertion/exchange in pIPSC. In
this way, PD-associated risk allele variants in noncoding distal enhancers were identified.
Moreover, brain-specific transcription factors, i.e., EMX2 and NKX6-1, specifically bind to
these enhancers in a sequence-dependent manner, finally regulating SNCA expression [28].

The missense mutation of SNCA and LRRK2 genes were corrected in vitro by another
gene-editing approach based on zinc-finger nucleases (ZFNs) [166,184]. Through ZFN
genome editing, the reporter gene sequence was introduced in-frame downstream of the
SNCA gene in order to preserve the native SNCA expression level [166]. This ensured full
retention of known and unknown upstream and downstream genetic elements controlling
SNCA expression.
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Besides, several small molecules have been recently tested for «-Syn reduction at
the translational level [92,185,186]. Two designed molecules were extensively studied:
synucleozid and posiphen. Synucleozid targets the x-Syn translation regulatory element
iron-responsive element (IRE) structure and inhibits SNCA translation in SH-SY5Y cells [68].
At low Fe concentrations, iron regulatory protein (IRP) is bound to IRE, while at high Fe
levels, IRP binds Fe, releasing the SNCA mRNA to undergo translation [187]. Binding
synucleozid to IRE stabilises the IRP/SNCA mRNA complex and represses translation [68].
Posiphen increases IRP affinity to IRE, thus preventing the association of SNCA mRNA with
the ribosome and inhibiting translation [188]. Similarly, posiphen suppresses the translation
of amyloid-f3 precursor protein that is involved in Alzheimer’s disease pathogenesis [189].
Posiphen exhibited a protective effect on motor activity in transgenic mice expressing
mutant x-Syn forms, and at the moment is under clinical trial [92].

4.2.2. Direct Inhibition of x-Syn Aggregation by Small Molecules

Given the range of the societal and economic burden caused by PD, enormous efforts
have led to an increased number of clinical and preclinical trials regarding «-Syn aggrega-
tion inhibition [16,58,88]. At the moment, dozens of potential candidates, including small
molecules and peptides that inhibit x-Syn aggregation, are under some level of preclinical
or clinical trials [165,190-192]. These molecules are also known as disaggregators (Figure 3).
Based on their mechanism of action, they can be classified into the following groups:
(i) oligomer formation modulators; (ii) inhibitors of amyloid fibril formation; (iii) inhibitors
of oligomerisation targeting the NAC region; (iv) molecules displacing «-Syn from the
membrane; and (v) compounds that direct misfolded or aggregated o-Syn to the protea-
some [25]. Despite numerous studies, in most cases the nature of the interactions between
disaggregators and «-Syn has still not been explained properly [126].

Phenolics are suitable «-Syn disaggregators (Figure 3), having (i) the aromatic moi-
eties that allow non-covalent interaction with hydrophobic 3-sheet-rich regions of x-Syn
oligomers, and (ii) hydroxyl groups, responsible for aggregation disturbance and destabi-
lization of oligomer structures [193]. An additional x-Syn anti-aggregation mechanism of
polyphenolics is based on the chelation of metal ions that favour the x-Syn aggregation
process [194]. Pertinent to this, the x-Syn anti-aggregation potentials of various natural and
synthetic polyphenolic compounds have been tested. Naturally occurring tannic, nordi-
hydroguaiaretic, and rosmarinic acids, as well as curcumin and myricetin, altered x-Syn
misfolding in vitro and inhibited its oligomerisation and propagation in vivo [195-198].
Masuda et al. [199] performed an extensive in vitro screening of 79 different low-molecular-
weight compounds with diverse chemical structures to select those with «-Syn anti-
aggregation properties. They identified several polyphenol compounds, baicalein, del-
phinidin, dopamine chloride, epigallocatechin gallate, and gallocatechin, that turned out to
be potent inhibitors in vitro [199,200]. These compounds induced lower toxicity of a-Syn
soluble monomers and oligomers in cell cultures, as well. More precisely, flavone baicalein
acts as an «-Syn disaggregator by stabilising the native protein conformation [201].

Derivatives of dietary polyphenols originating from gut microbiota-based metabolism
(3-hydroxybenzoic acid, 3,4-dihydroxybenzoic acid, and 3-hydroxyphenylacetic acid) exhib-
ited therapeutic potential. These compounds inhibited «-Syn oligomer formation in vitro
and reduced their cytotoxic effect in cell-based systems [202]. In addition, they delayed
motor symptom development in other neurodegenerative disorders sharing the similar
pathophysiology of proteinaceous inclusion formation.

Alternatively, some natural steroid compounds have been reported to be useful x-Syn
fibril disaggregators. Squalamine, steroid polyamine, and similar metabolites obtained from
sharks were originally applied as anticancer and antibacterial agents [203], as well as in
obesity treatment and tissue regeneration [204]. Squalamine’s proposed action mechanism
relies on the displacement of x-Syn toxic forms at the plasma membrane. Squalamine
and its derivatives can inhibit the lipid-induced initiation step in the x-Syn aggregation
process [205]. A year later, Perni et al. [206] showed that another related aminosterol,
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trodusquemine, inhibited the fibril-dependent secondary «-Syn aggregation pathway [206].
Trodusquemine dramatically lowered the number of «-Syn inclusions and consequently
abolished muscle paralysis and prolonged the lifespan in the Caenorhabditis elegans PD
model. Oral application of trodusquemine was beneficial against x-Syn aggregation and
paralysis symptoms, while the synthetic squalamine salt ENT-01 is a subject of an ongoing
clinical trial [25]. Given their BBB penetrability, the mentioned aminosterols should be
considered therapeutic candidates for PD and related synucleinopathies.

Several a-Syn conformational modulators have been proposed to be used as therapeu-
tics [207]. These molecules target specific, conserved a-Syn conformations, acting more
selectively. For example, binding polycationic polyamines such as spermine to acidic x-Syn
C-terminus accelerates its aggregation [208] through the conformational transition from
closed to an open form [69]. As mentioned above, C- and N-termini of monomeric x-Syn
can bind via electrostatic interactions and form a closed conformational state [69]. The
C-terminal-tail-binding spermine causes a release of the N-terminus, followed by opening
of the a-Syn structure.

Based on systematic high-throughput screening of a large database (20,000 drug-like
compounds) and medical chemistry optimisation, promising results were obtained for
oligomer modulator anle138b (3-(1,3-benzodioxol-5-y1)-5-(3-bromophenyl)-1H-pyrazole) [209].
Anlel38b specifically inhibited «-Syn oligomer formation in vitro and in human cell line
HEK293 [200]. It exhibited a protective capacity against rotenone toxicity and motor
dysfunction development in A30P «-Syn transgenic mice, slowing disease progression [210].
Further, the first-in-human, placebo-controlled, double-blind, randomized trial assessing
anle138b safety, tolerability, and pharmacokinetics in healthy volunteers was conducted in
2020 [165]. Additional anle138b-related clinical studies are ongoing [25].

Following a similar screening method, synthetic compound BIOD303 was selected
from the Maybridge Ro3 fragment library for its ability to inhibit x-Syn conformational
change upon spermine addition [207]. BIOD303 binds specifically to a-Syn monomers,
causing conformational change followed by significantly reduced «-Syn aggregation
in neurons.

By a recently established fast, high-throughput x-Syn anti-aggregation screening
method, Pujols et al. [211] screened 14,400 compounds from the Maybridge HitFinder
Collection, seeking putative x-Syn aggregation inhibitors. They identified a small aromatic
molecule, SynuClean-D (2-hydroxy-5- nitro-6-(3-nitrophenyl)-4-(trifluoromethyl)nicotinonitril),
that targets the NAC region within the x-Syn fibril core (detected by molecular docking
and simulations) [190,212]. NMR studies confirmed no interaction between SynuClean-D
and monomeric «-Syn. SynuClean-D inhibited wildtype a-Syn aggregation as well as the
familiar A30P and H50Q variants in a substoichiometric molar ratio in vitro [190]. More-
over, SynuClean-D inhibited «-Syn aggregation in muscle, resulting in motility recovery in
two C. elegans PD models, which express «-Syn either in muscle or in dopaminergic neu-
rons. At the same time, based on its potential to disassemble amyloid fibrils, SynuClean-D
exhibited protective and nontoxic effects on dopaminergic neurons and in C. elegans [211].
Very recently, SynuClean-D has shown disaggregation activity on different ¢-Syn amyloid
polymorphs found in different synucleinopathies and disease progression stages [212].
Furthermore, SynuClean-D’s activity is based on conformation-dependent interactions.
Taken together, SynuClean-D has been suggested as a very promising therapeutic for PD
and other synucleinopathies.

The so-called “molecular tweezers” represent the first class of artificial receptor
supramolecule designed to host a drug candidate and have had promising results in
animal tests. These U-shaped molecules consisted of aromatic side walls, forming a rigid,
concave cavity that contains anionic groups that should enable capturing of cationic drug
candidates [213]. Regarding the development of PD therapeutics, “molecular tweezers”
were designed to inhibit key interactions in «-Syn oligomerisation via interaction with
a-Syn lysine residues and disrupting hydrophobic and electrostatic interactions at the
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monomers’ interface [214,215]. Emerged supramolecule CLR01 disaggregated formed
fibrils [216] and inhibited x-Syn aggregation in cell cultures and zebrafish embryos [214].

For inhibition-based studies, high-throughput screening has identified several promis-
ing «-Syn aggregation inhibitors [211,217]. Being a dynamic target, disordered x-Syn
impedes structure-based drug design [67,218]. Therefore, multiple contact points organ-
ised over a large surface area are required for the specific binding of other molecules to
a-Syn [126]. The additional challenge in finding potential therapeutic molecules that can
specifically interact with «-Syn amyloid fibrils (formed from recombinant «-Syn) in vitro is
that they conformationally differ from those observed in patients’ brains [219]. Moreover,
synthetic x-Syn fibrils formed under given conditions exhibit different seeding activity and
neurotoxicity in cells and when inoculated in rat brains [220,221]. Current inhibition-based
studies primarily target the rigid «-Syn fibril core. However, most small molecules that di-
rectly bind «-Syn also bind various biomolecules and cause numerous side effects. The lack
of sensitivity and specificity of the identified candidates does not satisfy the requirements
for clinical drugs [100].

4.2.3. Direct Inhibition of «-Syn Aggregation by Short Peptides and Peptidomimetics

The issue related to the lack of selectivity of small molecules that can bind disordered
a-Syn monomers and oligomers can be circumvented by peptide-based strategies. In-
deed, biomolecules such as peptides, nucleic acids, and oligosaccharides are more suitable
for these purposes, providing needed selectivity and affinity. The highly selective and
reversible interactions of peptides decrease side effects and toxicity [222]. Pertinent to
this, in silico-designed mimetics of «-helices, 3-strands, and 3-sheets containing surfaces
complementary to those of x-Syn monomers, oligomers, or preformed fibrils can be prevent
x-Syn aggregation (Figure 3) [223,224]. Rationally designed molecules for the recognition
of (i) the a-Syn region responsible for assembly, known as the self-recognition element,
(ii) the «-Syn region required for the interactions with membranes, and (iii) specific native
a-Syn conformational states have become prevalent as a result.

To block a-Syn oligomerisation, two peptidomimetics that can interfere with the mem-
branes and disable aggregation were designed: NPT100-18a and NPT200-11.
Wrasidlo et al. [225] developed NPT100-18a, a cyclic peptidomimetic analogous to the
96 KKDQLGKj; sequence of x-Syn that most frequently binds to another «-Syn molecule
during oligomerisation. In addition, NPT100-18a disabled interactions between x-Syn and
plasma membranes. However, this peptidomimetic showed limited oral bioavailability,
relatively poor BBB penetration, and other liabilities that disallowed their advancement as
therapeutic candidates [226]. To overcome these limitations, NPT200-11 designed for oral
administration (UCB and Neuropore Therapies) reduced «-Syn pathology in the cortex
of line 61 transgenic mouse model overexpressing human native «-Syn [226]. NPT200-11
interacts with part of the a-Syn C-terminus, diminishing «-Syn aggregation, neurodegener-
ation, and neuroinflammation in transgenic mice overexpressing wildtype «-Syn or x-Syn
coupled with GFP [59,226]. NPT200-11 successfully completed safety trials in healthy
volunteers, and further phase I testing was performed. Fusion protein NPT088 (Proclara
Biosciences), derived from an active part of g3p (bacteriophage M13 capsid protein) and
human recombinant IgG1-Fc protein, has also been shown to impair «-Syn amyloidal [227].
NPTO088 was tested against the amyloid- protein in Alzheimer’s disease and demon-
strated good safety and tolerability, while its pharmacokinetics in PD patients still has to
be estimated.

Very recently, Bavinton et al. [126] intended to stabilise the x-Syn a-helical conforma-
tion in the presence of a lipid bilayer through the complementary surfaces of rationally
designed peptidomimetics. Ten oligobenzamides with the potential to form helix-mimic
interactions analogous to that of the helixhelix scaffold were selected and tested for o-Syn
anti-aggregation activity. Oligobenzamides targeting E20, Q24, and E28, as well as those
targeting E46, H50, and A53 of o-Syn stabilised its monomeric form and inhibited x-Syn
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aggregation, as demonstrated by the thioflavin-T assay, EM, and circular dichroism in the
presence of liposomes/vesicles [126].

Finding that the NAC region is mainly involved in «-Syn/a-Syn interactions and
further fibrilisation by forming -hairpins, short peptides that can bind to self-recognition
elements in x-Syn monomers were rationally designed. These so-called 3-sheet breakers
required [3-sheet-breaking amino acid substitutions, i.e., the addition of N- and C-terminal
blocking groups, replacement of amide bonds with ester linkages, and introduction of R-
disubstituted amino acids such as R-aminobutyric acid [115]. In order to disable hydrogen-
bond forming on one side, N-methylated backbone amide groups were involved. N-
methylated peptides are designed to provide high water solubility, proteolysis resistance,
and diffusion through membranes [228,229].

Following these principles and focusing on y7VAQKTVjg, involved in forming or-
dered (-hairpin conformation in the fibrils, Madine et al. [115] synthesized four peptides:
mVTGVTA, VIGmVTA, VmAQKTYV, and VAQKTmYV. Only VAQKTmYV was effective in
preventing «-Syn from forming large, insoluble fibrillar species in vitro.

Synthetic heptapeptide RKVmPYT has the potential to inhibit amyloid-f peptide ag-
gregation [230]. Similarly, this peptide could bind to «-Syn as well [231]. To assess how the
conformational flexibility of this heptapeptide influences the interactions with disordered
a-Syn, partially constrained mPhe was substituted with its D-analogue, D-mPhe, less prone
to proteolysis, as well as with the conformationally restricted tetrahydroisoquinolinecar-
boxylic acid (Tic) and unconstrained Ala and Phe [231]. All peptides could interact with
«-Syn, although the highest activity was observed for the more flexible peptide backbone
(Ala instead of mPhe), suggesting an important role of the phenylalanine side chain in
x-Syn recognition. In addition, the binding of these peptides to -Syn did not induce
any ordered conformation in monomeric o-Syn. Moreover, instead of inhibiting «-Syn
aggregation, these peptides accelerated its aggregation [231].

To stabilize partially structured «-Syn monomers, engineered proteins such as 3-wrapin
AS69, which binds to the «-Syn N-terminus with high affinity, were employed [97,232].
[3-Wrapins are proteins that can bind to «-Syn, generated by random mutagenesis in the
gene encoding ZA 33, a homodimer linked via the S-S bridge that can bind to the amyloid-
3 peptide. The sequestration of a 3-hairpin in the x-Syn (31 region (37-54) by binding
to AS69 inhibits x-Syn aggregation [116]. The substoichiometric inhibition implies that
AS69 does not bind to «-Syn monomers. Instead, it is more likely that a small percentage
of AS69 binds to a-Syn oligomers, impeding the following conformational transition to
ordered amyloid fibrils, or that AS69 binds with high affinity to fibril ends, abolishing fibril
elongation. Moreover, the viability of SH-SY5Y cells was recovered when a-Syn samples
were incubated in the presence of AS69, providing a promissing agent for early interference
with the pathogenesis of synucleinopathies [116].

Following these emerging trends in protein engineering, the SLS-007 peptide fam-
ily targeting the a-Syn NAC domain (residues 68-78) was designed [233,234]. The pro-
posed mechanism of their activity is related to the seeding pathways of x-Syn and other
aggregation-prone proteins. The structures of two SLS-007 peptide family peptides, S62 and
571, are complementary to the a-Syn fibril core. In combination with the adeno-associated
virus as a vector delivery system, these peptides were subjected to a preclinical trial [234].

To prevent x-Syn aggregation and elongation of its fibrils, Ventura’s team [101] recently
searched for a peptide complementary to the highly exposed hydrophobic x-Syn core and
negative charges concentrated at the C-terminal tails of “fuzzy coat” present in two types of
a-Syn oligomers. Using a structure-guided approach and high throughput screening, they
identified a human peptide, PSM«3, expressed in the brain and the gastrointestinal tract
containing 22 amino acids and bearing a short, stable, amphipathic, and cationic helical
conformation [101,130]. PSMa3 exhibited negligible anti-aggregative activity towards o-
Syn. However, it bound «-Syn toxic oligomers and fibrils with nanomolar affinity, causing
substoichiometric inhibition of «-Syn aggregation and cancelling the oligomer-induced
damage in neuronal cell models. PSM«3 showed stronger «-Syn amyloid aggregation
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inhibitory potential than the above-mentioned SynuClean-D, previously discovered by the
same team [190].

In the panel of disease-modifying therapies, the application of small peptides to control
a-Syn oligomerization has been on the rise [235]. Moreover, the interest in peptides as thera-
peutic agents in neurodegenerative diseases linked with amyloidopathies is increasing due
to improvements in delivery strategies, manufacture of large peptide libraries, synthetic
viability, and high-throughput screening [222]. Taken together, protein engineering and
selecting endogenous peptides showing analogous binding, anti-aggregation, and detoxi-
fying properties towards «-Syn monomers and oligomers opens previously unexplored
space for PD diagnosis and/or therapies.

4.2.4. Clearance and Degradation of Toxic a-Syn Aggregates

Besides biosynthesis, folding, and PTMs, «-Syn amount depends on its degradation
and clearance via autophagy (dominant-type lysosome) and the proteasome /ubiquitin
system (Figure 3). The «-Syn monomer is normally degraded by lysosomes through
chaperone-mediated autophagy, while wildtype and mutated x-Syn aggregates exhibiting
a longer half-life are degraded by macroautophagy. Among mutated genes related to PD de-
velopment, nineteen are associated with mitophagy, macroautophagy, chaperone-mediated
autophagy, and lysosomes [158]. Particularly, mutations in genes encoding lysosomal
hydrolases and their delivery (e.g., GBAI encoding acid-3-glucosidase, glucocerebrosi-
dase), lysosome acidification (e.g., ATP6AP2 encoding ATPase H* transporting accessory
protein 2 and ATP13A2 encoding ATPase 13A2 cation transporting), and lysosomal ion
channels or transporters (TMEM175 encoding lysosomal K* channel) are associated with
PD development [236-238]. Additionally, disturbance within the multifaceted cellular clear-
ance mechanisms and correlated transport processes leads to the spreading of the toxic -
Syn forms through the synaptic space to adjacent neurons and glial cells [239]. Furthermore,
misfolded «-Syn causes clearance impairment through the overload of chaperone-mediated
autophagy and reduced lysosomal enzyme activity [240,241]. Autophagy impairment has
also been observed in various neurodegenerative conditions with similar pathophysiology
of proteinaceous inclusion formation.

One of the emerging PD therapy approaches is based on boosting toxic x-Syn species
clearance and degradation [25,58]. Reducing aggregation can be accomplished by hindering
x-Syn multimerisation through molecular chaperones. These proteins assist with proper
protein folding and the clearance of misfolded proteins and toxic aggregates. Two molecular
chaperones have been used to block amyloid-f fibril ends and the fibril surfaces of amyloid-
f protein in Alzheimer’s disease [242]. Results showed that both molecular chaperones
exhibited nucleation inhibition, but at different steps of the process, indicating the fine-
tuning of these reparation pathways.

Interestingly, several heat shock proteins (HSPs, members of the chaperone protein
family group) such as HSP104, HSP70, and HSP40 co-localise with «-Syn in LBs. HSP104
can inhibit «-Syn aggregation and disassemble «-Syn oligomers and fibrils in vitro [52].
HSP70 together with HSP40 participate in the ubiquitination and proteasomal degradation
of «-Syn [243]. Overexpression of HSP70 showed beneficial effects in Drosophila and trans-
genic mouse PD model systems [52]. HSP70 inhibited «-Syn aggregation by binding to the
oligomer’s hydrophobic core and stabilizing its non-toxic-disordered conformation [244].
On the other side, HSP90 stabilises proteins and prevents their ubiquitination. Pertinent to
this, one successful therapeutic approach was based on tight x-Syn proteostasis regulation
by HSP90 activity inhibition or/and by HSP70 activity stimulation resulting in increased
a-Syn degradation [245,246]. Despite these encouraging results, we need to better un-
derstand their interaction with other proteins involved in PD pathology (especially with
PINK1, Parkin, and DJ-1) that are related to oxidative stress and proteostasis [247]. The
additional challenges of this approach are related to HSP overexpression, specific HSP
selection, and their interaction (especially regarding HSP27, HSP 70, and HSP 104), as
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well as their degradation capacity and limitations regarding the level of abnormal x-Syn
accumulation [248-250].

Regarding, the autophagy-lysosomal system, aspartic-protease cathepsin D is the
major protease involved in «-Syn degradation. The x-Syn aggregates were observed in
cathepsin D-deficient mice, whereas in transgenic mice overexpressing cathepsin D, x-Syn
aggregate accumulation was diminished, protecting dopaminergic neuronal cells from
damage [251]. Besides hydrolases, pH is the most critical variable that can dramatically
influence the activity of soluble lysosomal hydrolases (including cathepsin D) as well
as lysosomal membrane proteins that are critical for lysosome activity [252]. A multi-
meric, ATP-driven proton pump, v-ATPase, is responsible for controlling the endosomal
and lysosomal pH [236]. In addition to H*, some lysosomal enzymes require a specific
amount of Ca?t, Fe?*, and Zn?*, regulated by various cation channels, including tran-
sient receptor potential mucolipin channels 1/3 (TRPML1/3), and transporters, such as
Zn?* transporters 2 and 4, and ATP13A2, also known as PARKY [237]. High lysosomal
pH leads to aberrant Ca?* efflux from lysosomal TRPML1 channels, causing a lysosomal
acidification deficit [236]. Thereby, it is not surprising that various specific agonists or
antagonists of autophagic activity targeting these factors have already been identified (e.g.,
by high-throughput screening) as candidates for development and clinical studies, and
some have even reached the market. These candidates include lysosomal acidification in-
hibitors (chloroquine, hydroxychloroquine), cathepsin D inhibitors (pepstatin A), v-ATPase
inhibitors (bafilomycin A1, saliphenylhalamide), TRPML1/3 agonists, and lysosomal acti-
vators (lonafarnib) [237]. In addition, previously described «-Syn natural disaggregators
such as curcumin, baicalein, kaempferol, spermidine, trehalose, terpenoids paeoniflorin,
celastrol, and onjisaponin B are also among the candidates that might stimulate clearance
and degradation of toxic «-Syn forms [158].

Opposite to previously described studies related to intracellular clearance of different
a-Syn species, several studies have focused on mechanisms of extracellular «-Syn oligomer
degradation (reviewed in Stefanis et al. [253]). As mentioned, extracellular x-Syn aggre-
gates can exhibit neurotoxic and neuroinflammatory activity as well as neuron-to-neuron
spreading pathology [138]. Degradation of extracellular «-Syn forms can be based on
cell-mediated degradation involving endocytosis and autophagosome-related degradation,
and on extracellular enzyme-based hydrolysis. Among identified proteases involved in
extracellular «-Syn hydrolysis, serine proteases neurosin and plasmin, and matrix metallo-
proteinases (induced by oxidative damage) are studied the most [253]. To be considered
in drug development for PD, the role of these proteases in various cellular pathways and
their interactome needs to be better understood.

4.2.5. Capturing Toxic a-Syn Aggregates and Blocking Transcellular Spreading

Toxic forms of a-Syn can be captured by therapeutic antibodies against «-Syn N-
and C-terminal regions in the presynaptic space or extracellularly (Figure 3) [59]. Given
the neuron-to-neuron transfer of the «-Syn toxic forms and their transient presence in
extracellular space, the odds of binding to a specific antibody increase.

Monoclonal antibodies are mainly directed against the C-terminus, but some target
the epitope near the N-terminus of the «-Syn monomer, as well as the protein oligomers
and protofibrils [25]. The most extensively studied is prasinezumab humanized IgG1
monoclonal antibody directed against epitopes near the C-terminus (Hoffmann-La Roche-
Prothen). Prasinezumab showed dose-dependent lowering of the monomeric x-Syn
amount in the serum and good safety and tolerance [254,255]. In preclinical studies,
prasinezumab reduced neurodegeneration, as evidenced by decreased x-Syn aggrega-
tion and spreading in the «-Syn-transgenic mouse PD model [256]. Currently, the sec-
ond phase of the clinical trials is ongoing, aiming to investigate the efficacy of this anti-
body in 300 patients with early-stage PD who have not received levodopa (NCT03100149,
NCT04777331) [25]. Furthermore, human-derived x-Syn antibody BIIB054 (Biogen) pre-
vented toxic x-Syn aggregate transmission in mice [257] and is further directed to a clinical
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trial phase. At the moment, there are four more candidates for passive immunization in
different stages of clinical and preclinical trials [25]. These early trials have demonstrated
good tolerability, though antibody distribution in plasma was higher than in CSF, lowering
their efficiency [33].

The main challenges in neuro-immunotherapies are related to smidgen amounts of
intracellular «-Syn, as well as poor BBB penetrability, mostly due to a high molecular
weight of antibodies. To overcome this obstacle, an interesting emerging research av-
enue relies on gene-engineered antibodies, called intrabodies [88]. Intrabodies are small,
14-30 kDa proteins that are generated from antibody fragments of Fv variable regions,
designed to act at the intracellular level [168]. There are several intrabody types depending
on combinations of heavy and light immunoglobulin chains. Structures based on small,
heavy-chain fragments of immunoglobulins are called nanobodies [258]. Two recent studies
reported promising results regarding intrabodies targeting the «-Syn NAC and C-terminal
regions [259,260]. Their beneficial effect is based on impeding «-Syn aggregation and the
ability to decrease proteasomal stress, decreasing «-Syn accumulation [168]. The provided
data indicate promising potential for immunization to support PD treatment, particularly
considering the progress in bioinformatic and gene therapy, as well as improvements in
diagnostics [258].

Considering the shortcomings of passive immunization, there is a need to develop
active immunotherapy and to involve humoral immune response. At the moment, three vac-
cines, PD01A, PD03A, and UB-132 (Affiris), are being evaluated clinically due to their neuro-
protective impact and positive safety response [139,261,262]. PD01A is directed at the o-Syn
C-terminus, while PD0O3A targets 12 amino acid residues near the C-terminus [261,263].
PDO1A exhibited a positive effect on the reduction of x-Syn aggregation, as well as on
cognitive and motor symptoms, satisfying safety and tolerance requirements. PD03A
showed a response similar to that of PD01A. UB-132-produced antibodies bind «-Syn
oligomers and fibrils in guinea pigs, while research related to its neurophysiological role
is ongoing [25,261]. Innovation in vaccine design requires simultaneous nanotechnology
application to develop novel delivery systems. These approaches involve merging both
immune system aspects in order to achieve the optimal response and neuroprotection [264].
Although both neuro-immunotherapy types present elegant tools to inhibit the pathogenic
spread of extracellular aggregated «-Syn, the associated risks, such as systemic side reac-
tions, need to be fully explored [88].

The use of receptor-neutralising strategies to inhibit x-Syn internalization and tran-
scellular propagation would be an interesting therapeutic avenue. As mentioned, toxic
a-Syn forms can escape the original neuron and transfer to the synaptic space, followed by
receptor-mediated endocytosis of the adjacent cell, resulting in the advancement of Lewy
pathology. Since interaction between the «-Syn C-terminus and LAG3 receptor facilitate its
cellular uptake, by blocking this interaction, «-Syn transmission would cease. Expectedly,
the application of LAG3-directed antibodies significantly reduces misfolded a-Syn-induced
toxicity and spreading [265]. In addition, TLR2-neutralizing by the anti-TLR2 antibody
blocks neuron-to-neuron and neuron-to-astrocyte x-Syn transmission in vitro and alleviates
neuroinflammation, neurodegeneration, and behavioural deficits in an x-Syn transgenic
mouse PD model [266]. On the other hand, disruptors of heparan sulphate proteoglycans
reduced endocytic x-Syn uptake [136]. Further experiments should be conducted in animal
models to identify specific inhibitors of heparan sulphate proteoglycans that can slow the
pathology propagation cycle without interfering with essential cellular processes.

5. Conclusions and Further Perspectives

PD affects ~1-2% of people over 65 years of age, with a slight effect based on
sex/gender and socioeconomic status. Despite numerous studies, the cure for PD has not
yet been found. Current therapies alleviate early motor symptoms, but they are not helpful
as the pathology progresses. This highlights the urgency of discovering new approaches
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for earlier diagnosis, treatment, and especially prevention or slowing of neurodegeneration
associated with PD and related synucleinopathies.

The multifactorial nature of PD and other synucleinopathies and the partial under-
standing of key molecular events and neurotoxic species that accumulate during x-Syn
misfolding and aggregation are among the major obstacles to finding a cure. Currently, the
molecular mechanisms and factors modulating o-Syn aggregation remain obscure, high-
lighting the need for further studies. According to the National Institute of Neurological
Disorders and Stroke [267], a better understanding of the normal and abnormal functions
of -Syn is a key step in the promotion of novel disease-modulating therapeutic strategies.

Although much has been revealed regarding structure, function, misfunction, and ag-
gregation, the complete puzzle is still not solved. Innovative studies targeting x-Syn and its
oligomers and fibrils are gaining momentum. The intrinsically disordered nature of -Syn
and its dynamic behaviour and conformational plasticity, together with the wide spec-
trum of interactions, present the main challenge in developing a-Syn-centric approaches,
particularly those based on molecular recognition and identifying compounds with «-
Syn anti-aggregation potential. Thus, in our opinion, the most promising PD therapeutic
strategies rely on the rational design of peptides and/or peptidomimetics. Despite the
benefits associated with peptides, namely high affinity and selectivity among biomolecules,
their poor serum stability and low BBB permeability threatens their application. These
hindrances can be overcome by chemical modifications, such as glycoside addition and the
replacement of relevant amino acids with D-analogues.

Regarding the specific candidates that can directly alter the «-Syn aggregation pathway,
it is important to answer the following questions:

1.  Which species in the x-Syn aggregation pathway (monomer, oligomers, preformed
fibrils) is the best target?

2. Could selected disaggregators be used in combination with other ongoing approaches
(gene silencing, immunotherapy, clearance stimulation) to achieve better efficiency in
disease progress modification?

Selected candidates have to accumulate in the right concentration and location to
efficiently prevent x-Syn misfolding. Obviously, the stability, susceptibility to proteolysis,
immunogenicity, and cell toxicityof the proposed candidates have to be validated. To fulfil
these requirements, we suggest potential peptides that can stabilise native o-Syn’s structure
and membranes should be searched within naturally existing peptides/proteins that are
known to protect cellular biomolecules under adverse conditions. Peptides/peptidomimetics
that effectively prevent or significantly reduce «-Syn aggregation should represent proof-
of-concept molecules for future studies aimed at improving their scaffolds to cross the BBB
and for intracellular targeting.
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