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Abstract: Like many neurodegenerative diseases, Parkinson’s disease (PD) is characterized by the for-
mation of proteinaceous aggregates in brain cells. In PD, those proteinaceous aggregates are formed
by the x-synuclein («Syn) and are considered the trademark of this neurodegenerative disease. In
addition to PD, «Syn pathological aggregation is also detected in atypical Parkinsonism, including
Dementia with Lewy Bodies (DLB), Multiple System Atrophy (MSA), as well as neurodegeneration
with brain iron accumulation, some cases of traumatic brain injuries, and variants of Alzheimer’s
disease. Collectively, these (and other) disorders are referred to as synucleinopathies, highlighting the
relation between disease type and protein misfolding/aggregation. Despite these pathological rela-
tionships, however, synucleinopathies cover a wide range of pathologies, present with a multiplicity
of symptoms, and arise from dysfunctions in different neuroanatomical regions and cell populations.
Strikingly, «Syn deposition occurs in different types of cells, with oligodendrocytes being mainly
affected in MSA, while aggregates are found in neurons in PD. If multiple factors contribute to the
development of a pathology, especially in the cases of slow-developing neurodegenerative disorders,
the common presence of aSyn aggregation, as both a marker and potential driver of disease, is
puzzling. In this review, we will focus on comparing PD, DLB, and MSA, from symptomatology to
molecular description, highlighting the role and contribution of aSyn aggregates in each disorder.
We will particularly present recent evidence for the involvement of conformational strains of xSyn
aggregates and discuss the reciprocal relationship between «Syn strains and the cellular milieu.
Moreover, we will highlight the need for effective methodologies for the strainotyping of aggregates
to ameliorate diagnosing capabilities and therapeutic treatments.

Keywords: «-synuclein; amyloid fibrils; Parkinson’s disease; dementia with Lewy bodies; multiple
system atrophy; strain

1. Introduction
1.1. Parkinson’s Disease, Multiple System Atrophy, and Dementia with Lewy Bodies

Parkinson’s disease (PD), Dementia with Lewy Bodies (DLB) and Multiple System
Atrophy (MSA) are adult-onset neurodegenerative disorders that result in the progressive
loss of motor and/or cognitive functions and are linked to neuronal degradation, accompa-
nied by deposition of proteinaceous aggregates, including a-synuclein («Syn). MSA, DLB
and PD are frequently diagnosed with the apparition of motor symptoms [1].

PD patients develop the typical motor symptoms associated with Parkinsonism (rest-
ing tremor, rigidity, bradykinesia, freezing of gait) and present a range of non-motor
symptoms such as constipation, depression, or sleep disorder. The disease can, in some
cases, advance to include mild cognitive impairment, psychosis, or dementia at the late
stage. In DLB, on the contrary, variations in cognitive function and fluctuations are a core di-
agnostic feature [2]. DLB patients present with a wide range of cognitive, neuropsychiatric,
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sleep, motor, and autonomic impairments [2]. Visuoperceptual functions are dispropor-
tionately affected, and visual hallucinations are an early symptom of DLB. MSA patients
can exhibit parkinsonism (MSA-P) or cerebellar ataxia (MSA-C). MSA is accompanied by
severe autonomic dysfunction (e.g., urinary incontinence, orthostatic hypotension) and
pyramidal symptoms.

A key differentiation between synucleinopathies [3] is the rate of disease progression.
Life expectancy is slightly reduced in PD patients compared to the general population, with
a worse prognosis for patients presenting mild cognitive impairment. By contrast, median
survival after diagnosis of MSA or DLB is short; 6-9 years and 5-8 years, respectively [4].
Disease progression is also faster, with MSA patients suffering earlier on from severe gener-
alized autonomic failure and accelerated loss of ambulation (MSA-P). In DLB, cognitive
symptoms develop before or shortly after the motor symptoms, whereas these symptoms
arise years after diagnosis in PD cases [4].

Further distinguishing features between diseases include variable responses to treat-
ment. For example, MSA-P patients respond less to levodopa treatment than PD patients.
Only 30% of MSA-P patients see improvements with levodopa treatment, and the observed
effects are often modest. Deep brain stimulation is also ineffective in MSA [1,3]. The motor
symptoms of DLB patients can be relieved with levodopa, but treatment may worsen the
neuropsychiatric symptoms. This is also true for other PD medications, such as dopamine
agonists or MAO-B (monoamine oxidase B) inhibitors that may induce psychosis [5].

The striking differences in the development of the diseases arise from targeting differ-
ent brain regions [6]. Indeed, the presence of xSyn inclusions and cell death appear with
different spatial patterns in the different synucleinopathies. Aggregated «Syn is found
mainly in the midbrain of PD patients, more precisely in the substantia nigra pars compacta,
with the limbic and cortical regions potentially becoming affected at advanced stages of
disease progression. In DLB patients, the cerebral cortex is affected early, as well as the
limbic system and hippocampus. In MSA patients aSyn aggregation is detected in the
olivopontocerebellar, nigrostriatal and autonomic systems. aSyn inclusions are also found
in different cell types, with Lewy bodies (LBs) and Lewy neurites (LNs) existing mostly in
the cytoplasm and axons of neurons in PD and DLB, and glial cytoplasmic inclusions (GCls)
or Papp-Lantos bodies present in the cytoplasm of oligodendrocytes in MSA [7]. LBs and
GClIs have different morphologies and probably different compositions; LBs are rounder
and more compact than GClIs in general [8]. Nevertheless, aSyn is the main constituent
of both LBs and GClIs in PD, DLB, and MSA, respectively. Given the clear divergences in
clinical and pathological phenotypes between synucleinopathies, one may wonder how
and why the aggregation of aSyn differs across pathologies and, therefore, uniquely affects
different cell types. Before reviewing these differences between aggregates and investigat-
ing whether intrinsic or extrinsic factors are at play, let us briefly introduce the underlined
protein and its ability to aggregate.

1.2. Alpha-Synuclein: From Abundant Neuronal Protein to Major Neurodegenerative Culprit

aSyn is a small 140 amino-acid protein expressed throughout the brain and peripheral
nerves as well as in other tissues at varying levels [9]. As shown in Figure 1, «Syn is
composed of (1) a N-terminal amphipathic helix (aa 1-60) that is thought to mediate
aSyn interactions with a lipid membrane and hypothesized to dictate fibril formation [10],
(2) a central core region (aa 61-95) known as the non-amyloid-3 component (NAC) that
drives aggregation and amyloid formation, and (3) an acidic, proline-rich C-terminal tail
(aa 96-140) that is negatively charged, predominantly remains disordered, and is thought to
mediate protein-protein interactions [9,11]. The truncation of said carboxy-terminal regions
results in increased filament formation [9]. Additionally, the N-terminal region has been
shown to possess familial mutations [12] and, more recently, established a juvenile-onset
synucleinopathy insertion in the same region [13].
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Figure 1. (A) Top: Human «Syn amino acid sequence with familial mutations (A30P, E46K, H50Q,
G51D, A53E/T/V) [12] and recently discovered juvenile onset synucleinopathy (JOS) insertion [13].
Bottom: The thick connecting lines with arrowheads indicate the presence of (3-strands. The N-
terminal domain (residues 1-60) is presented in orange, with the NAC region (residues 61-95) in
green and the C-terminal region (residues 96-140) in blue. (B) The atomic model of aSyn Lewy fold
based on Cryo-EM density map. The filament core extends from G31-L100 (PDB 8A9L). Created with
BioRender.com (accessed on 25 June 2023).

Physiologically, full-length aSyn exists mainly as an unfolded monomer and is often
seen as a model of intrinsically disordered protein. Its function has been described else-
where [14]. Its most studied role is as a pre-synaptic protein that can regulate exocytosis
and neurotransmitter release directly (by interacting with vesicles) and indirectly (as a
molecular chaperone to the SNARE complex). Most of the focus on «Syn is linked to its
role in synucleinopathies as, despite its abundance (1% of cytosolic proteins), knock-out
of «Syn only leads to mild phenotypes [15]. Further links between «Syn and PD were
established when missense mutations and later duplications and triplications in the SNCA
gene were identified in cases of hereditary PD [9,16]. Despite these links, the involve-
ment of «Syn in PD progression remained indeterminate due to the lack of a convincing
association between «Syn deposition and neuronal death [17]. The discovery that aSyn
aggregates could propagate between individual cells to different regions of the brain in a
prion-like manner strengthened the case for a causal link between «Syn aggregation and
PD progression [17]. Additionally, smaller oligomers of «Syn were found to be toxic to the
cells, further involving aSyn in mediating neuronal death [11]. Finally, the development
in recent years of amplification assays to detect the presence of xSyn aggregates in brains
and biofluids proved that xSyn aggregation could be used as a long-awaited biomarker for
the detection of PD and other syneucleinopathies [18,19]. Progress in the understanding of
the pathological role of «Syn aggregation has been paralleled and supported by a strong
biochemical and biophysical characterization of the aggregation process [11,20,21]. As
stated, aSyn mainly exists as an unfolded monomer both in the cell and in vitro. When
incubated at high concentration (high uM-low mM) in the presence of interfaces (e.g., shak-
ing or presence of beads), aSyn first forms a variety of oligomers that slowly transform to
contain parallel 3-sheet structures [11]. These oligomers become elongation-competent and
can grow by recruiting and converting monomers at an accelerated rate, forming amyloid
fibrils with a distinctive cross-f structure [11].

1.3. Synuclein Aggregation as a Diagnostic Biomarker

The discovery of biomarkers that can be used to establish a diagnosis in the early pro-
gression of a disease is undoubtebly valuable for most pathologies but becomes absolutely
critical for presently irreversible neurodegenerative disorders. In vitro, amplification of
aSyn aggregates by real-time quaking-induced conversion (RT-QulC), or protein misfold-
ing cyclic amplification (PMCA), has provided a breakthrough in the long-awaited ability
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to detect PD [19,22]. Using either technique, different groups have been able to differentiate
PD patients from healthy controls, but also Alzheimer’s disease patients, by analyzing the
seeding propensity of their biofluids [23,24]. Macroscopically, «Syn aggregation, as visual-
ized by the fluorescence of the dye Thioflavin T, presents a lag period before fibrillating
in an exponential fashion. The lag time is dramatically shortened by the introduction of
previously formed nuclei, a property that diagnostic seed amplification assays (SAA) take
advantage of [19]. The principle of the SAA is described in Figure 2. These assays allow for
the potential to differentiate people with synucleinopathies earlier from healthy controls.
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Figure 2. Aggregation of aSyn. (A) aSyn aggregates can be amplified by two mechanisms—de novo
aggregation in green and amplification in red. Monomeric «Syn can become misfolded and form
oligomers that elongate into protofibril and eventually mature fibrils. When fibrils are added to a
solution with a new monomer, they can amplify. Fibrils can then be fragmented into seeds which can
be elongated by recruiting monomeric «Syn. Secondary nucleation can occur where new fibrils grow
at the surface of existing mature fibrils. Amplification is a cyclic process. (B) This process is leveraged
in seed amplification assays (SAA)—The graph above is a kinetics representation of the fibrillation
of aSyn by amplification. With the increased amount of seeds, fibrillation occurs faster. De novo
Aggregation (represented in green) also produces mature fibrils, although at a slower overall rate
than amplification. Created with BioRender.com (accessed on 25 June 2023).

In a very recent study from Siderowf et al., the well-characterized multicenter Parkin-
son’s Progression Markers Initiative (PPMI) cohort was used to further assess the diagnostic
performance and capabilities of xSyn SAA [25]. This study represented the largest single
analysis for «Syn SAA in the history of the field and provided a broad understanding of
both the sensitivity and specificity of SAA in Parkinsonism diagnosis. Over the 9 years the
analysis was conducted, 1123 participants were studied [25]. Of these patients, 545 were
positive for PD, 163 were healthy controls, 54 were participants with scans without evidence
of dopaminergic deficit, 51 were prodromal participants, and 310 were non-manifesting
carriers. Sensitivity for PD detection in these assays was found to be 87.7%, while speci-
ficity for healthy controls was 96.3%. The sensitivity of the aSyn SAA in sporadic PD
with the typical olfactory deficit was 98.6%, comparatively [25]. The proportion of positive
aSyn SAA was lower in subgroups, including Leucine-rich repeat kinase 2 (LRRK2) PD at
67.5% positivity and participants with sporadic PD without olfactory deficit at 78.3% posi-
tivity [25]. Participants with the LRRK2 variant and normal olfaction had an even lower
aSyn SAA positivity rate sitting at only 34.7% detection positivity. Among prodromal and
at-risk groups, 44 of 51 (86%) of participants with idiopathic Rapid eye movement sleep
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behavior disorder (RBD) or hyposmia had positive aSyn SAA (16 of 18 with hyposmia,
and 28 of 33 with RBD) [25]. Although this study provides a detailed look into the current
practices of SAA, several limitations restrict current seed amplification assays from being
the be-all-end-all synucleinopathy diagnostic tool. Among sample size limitations and
difficulty in establishing accurate results with varying genetic forms of PD [25], the main
determining limitation is that the assay is not yet sufficiently quantitative. To perform a
SAA, the original aggregated seed must undergo several rounds of amplification to produce
a conclusive positive or negative result. With those multiple rounds of amplification, it
is difficult to assess the original number of aggregates, which removes the capability to
monitor active disease progression throughout the patient’s diagnosis. Longitudinal re-
search remains key in investigating the prognostic value of «Syn SAA and whether changes
in quantitative measures of «Syn aggregation could indicate progressive pathology over
time [25].

Iranzo and colleagues [26] applied RT-QuIC to samples from patients with idiopathic
rapid eye movement sleep behavior disorder (iRBD) at a possible prodromal stage of
synucleinopathies. Disease-positive outcomes were partially related to the follow-up
diagnosis of PD or DLB, validating the method for early diagnosis [26,27]. Systematic
analysis of two experimental cohorts showed promising results in the identification of
probable DLB in patients with mild cognitive impairment [28]. So far, cerebrospinal
fluid has proven to be the best medium for both sensitivity and selectivity, but ongoing
investigations show that more accessible samples [29] (including olfactory mucosa [27,30]
or skin biopsies [31]) can be used.

Serial propagation or the ability to imprint a conformational strain on newly formed
fibrils can be exploited to amplify pathological «Syn aggregates [32]. Indeed, multiple
rounds of in vitro amplification, using monomeric recombinant «Syn as substrate and brain
homogenates or CSF as templates, successfully produced recombinant fibrils “imprinted”
by the pathogenic strains [32]. Multiple generations of fibrils showed similar structural
profiles based on secondary structure assessment and protease resistance, although the
extent of the structural fidelity at the atomic level is still unclear [32].

Amyloid fibrils are a common fold in nature [33]. Importantly, other proteins involved
in neurodegeneration, such as amyloid 3, Tau, and the prion PrPC have been shown
to form such fibrils [34]. Studies of prion diseases have established that the amyloid
fibrils of PrPSc, containing multiple filaments, do, in fact, exist in different conformations.
These conformations or strains possess different structural, biophysical, and biochemical
properties and lead to markedly different pathologies. Likewise, the concept of different
strains mediating dissimilar pathologies is emerging in tauopathies [35], Alzheimer’s
disease [36] and, as reviewed here, synucleinopathies.

2. Distinct xSyn Strains Lie at the Core of PD, MSA & DLB
2.1. MSA and PD aSyn Fibrils Are Structurally Different

As introduced before, aSyn aggregates present in PD, DLB, and MSA appear in
different cellular contexts (glial cells or neurons) and form different types of inclusions
(GClIs or LBs) [16]. Both GClIs and LBs are composed of fibrillated aSyn, often highly
phosphorylated, acetylated and variously truncated. They are both reactive to ubiquitin and
were found to contain lipids, organelles and a variety of proteins. Their gross morphologies
are different, with LBs appearing as dense, round inclusions (brainstem LBs in particular),
while GClIs appear as triangular, sickle, or conical forms, suggesting compositional and
organizational differences. This is also demonstrated by the distinct response to staining
where GCls are reactive to both the Campbell-Switzer and Gallyas-Braak methods, while
LBs are only poorly visualized using the latter [37]. Analysis of the secondary structure of
the inclusions in tissues also pointed to a difference in the 3-sheet content of the aggregates,
with LBs presenting a higher proportion of 3-sheet structure compared to GCls [38]. Such
a difference could arise from a different composition of the inclusions (i.e., a variable
percentage of aSyn) or structural differences in the fibrils. Furthermore, multiple groups
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have shown that «Syn filaments isolated from LBs and GCls have distinct responses to
proteolysis and reactivity to conformational antibodies.

Recently, Schweighauser et al. obtained the structures of aSyn filaments isolated from
the brains of MSA patients [39]. Cryo-EM revealed two types of filaments, both composed
of two protofilaments, with atomic resolution (2.6-3.1 A). In both cases, asymmetrical
packing of the two protofilaments and the presence of a central cavity incorporating non-
proteinaceous molecules were noted [39]. These conformations depart significantly from
previously solved structures of «Syn fibrils that had been generated in vitro. Tellingly,
attempts by the authors to solve the structure of aSyn filaments isolated from DLB patients’
brains initially failed due to the lack of features. Indeed, DLB filaments were found
to be thinner and did not appear to twist, further suggesting the existence of different
conformations or strains between DLB and MSA. This was proven 2 years later when Yang
et al. managed to solve the structure of a sub-population of twisted DLB filaments [9].
The structure obtained in this case was indeed dramatically different from the previously
solved structures. Strikingly, the “Lewy fold” observed in DLB and PD in this study only
contains one protofilament compared to two in the MSA folds, as outlined in Figure 3. The
presence of an extra-density coordinated by four lysines is still present, but the amino acids
involved are different. The authors also noted the presence of peptidic “islands” that pack
against the fibrils” core [9]. These densities were not observed in the MSA folds.

)

i N N

(v

MSA Type | MSA Type Il ‘
(6XY0) (6xvP)

G o

DLB aSyn PD/DLB
(8FPT) Fibril (8A9L)

i S

aSyn Fibril Polymorph 2a aSyn Fibril Polymorph 2b ‘
(6RT0) (6RTE)

.
p
\\“
\ s
\.
-
3
‘\r\ f,//'/
ST
\,
=
\.
L

Figure 3. Structure of the fibrils associated with varying synucleinopathies and their respective
overlay. MSA Type I (6XYO, 2.60 A) and MSA Type II (6XYP, 3.29 A), represented in green, were
solved by Cryo-EM. DLB (8FPT) PD/DLB (8A9L, 2.20 A) represented in blue were solved by NMR
and Cryo-EM, respectively, with 8FPT and half of 8A9L overlayed. Synthetic Syn Fibril polymorph
2a (6RTO, 3.10 A) and «Syn Fibril Polymorph 2b (6RTB, 3.46 A) represented in red and orange,
respectively were solved by Cryo-EM. Created with BioRender.com (accessed on 25 June 2023).
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The difference in twisting has also been observed on fibrils amplified from patients.
Using recombinant fibrils obtained by amplification of seeds from cerebrospinal fluid
(CSF) of PD and MSA patients, Shahnawaz et al. [40] showed different conformations,
noting in particular that MSA filaments had shorter twists (65.2 nm average) compared
to PD filaments (108.5 nm). Other groups have since studied the structures of the «Syn
filaments post-amplification [41-43]. These studies revealed a variety of folds. Whether
this is reflective of true heterogeneity between patients or experimental bias will require
further investigation. It has been reported that amplification does not always replicate the
properties of the seeds. The variation could be linked to different amplification protocols.
Alternatively, this may reflect changes in seed properties in different tissues (brain vs.
cerebrospinal fluid) or at different clinical phases. Nevertheless, studies where samples
amplified from MSA and PD patients were simultaneously observed validated the view that
PD and MSA «Syn fibrils were structurally different. Frieg et al. [41] noted that although
the structure of the individual protofilaments was similar, the quaternary arrangements
were dissimilar, as was also shown by Burger et al. [43]. Note, however, that the resulting
structures from those studies did not overlap.

These recent discoveries prove that structural differences exist between «Syn filaments
linked to different pathologies, reinforcing the idea that «Syn aggregation is a central
feature in the pathogenesis of synucleinopathies. This could suggest that heterogeneity
exists within each disease group and maybe even in each patient.

2.2. PD, MSA and DLB-Derived Fibrils Induce Different Pathologies

The observed variety of conformations between synucleinopathies is paralleled with
varying pathological properties. The concept that «Syn aggregation can propagate between
cells and different regions of the brain through neuroanatomical connections—in a prion-
like manner—has gained increasing support over the years [17]. Contrary to the true prion,
though, propagation of «Syn pathologies between individuals remains controversial [17].
Nevertheless, it is now accepted that injection of xSyn aggregates from biological or
synthetic origins can lead to the development of symptoms and neurodegeneration in
transgenic, non-transgenic mice, and non-human primates [44].

Work by the group of Prusiner, Nobel Prize laureate for the discovery of prions,
showed that injection of human MSA brain homogenates to transgenic mice expressing the
AS53T mutant human oSyn led to neurodegeneration accompanied by deposition of aSyn
in neurons [44]. They also demonstrated serial propagation of infectivity, a critical trait of
prions [45]. This led to the proposition that MSA should be treated as a prion disease [44].
Notably, these studies found that PD brain homogenates failed to produce a phenotype,
suggesting the involvement of two separate strains. Further studies also showed that
MSA aggregates are more potent than aggregates isolated from PD and DLB patients to
induce neurodegeneration [46]. Similarly, Peng et al. [46] found that GCI-purified «Syn
was a more potent seed compared to LB-«Syn, in vitro and in vivo. They also showed
that neither strain was cell-specific. Recent work from the Goedert laboratory further
refined this observation [47]. Using ultracentrifugation on brain homogenates, the authors
showed that only fractions enriched in Sarkosyl-insoluble «Syn aggregates were seeding-
competent, with MSA fractions being 100 times more potent than PD homogenates to
induce aggregation in a cell model. It should be noted, though, that in these studies, MSA-
related «Syn fibrils injection did not faithfully recapitulate the MSA pathology, affecting
primarily neurons [48]. This is not true for non-human primates, where injections of GCI
induce an MSA-like pathology with loss of oligodendrocytes and gliosis [49].

Brain-derived aggregates were also used as seeds for amplification, and the end
products could be used for in vivo studies. These samples provided “cleaner” models
for inoculation studies, as external factors are diluted, and only the conformation of the
assembly should be maintained. Using such tools, Van der Perren et al. [50] obtained
fibrils amplified from PD, MSA, and DLB patients and found a striking difference between
MSA /PD fibrils and DLB fibrils (note that the finer structural details that distinguished
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MSA from PD fibrils were not obtained). DLB fibrils were unable to promote xSyn spread-
ing or trigger neurodegeneration upon the nigral inoculation of rats and did not lead to the
development of symptoms [50]. By contrast, both MSA and PD fibrils induced dopaminer-
gic neuron degeneration, but only MSA fibrils led to spreading and immune response. This
data reveals that at least some of the phenotypic traits of the different synucleinopathies
are supported by the structural properties of different aSyn strains [50]. Interestingly,
in a follow-up study by Peng et al., the group of Virginia Lee found that LB-amplified
fibrils were more potent in inducing «Syn pathology than the original brain extracts in
transgenic mice [51]. LBD-derived amplified fibrils also induced 5-50 times more neuronal
inclusions than recombinant pre-formed fibrils (PFFs) and induced strikingly different
pathologies [52].

Experimental results on the seeding propensity of different species are, at times, contra-
dictory due to the variations in seed preparations and/or the selected models. Nevertheless,
a consensus emerges [53] that MSA seeds are better suited to repeatedly induce pathology
in animal models than PD and DLB seeds. Lastly, synthetic recombinant «Syn fibrils can
induce aggregation in cells but do not induce pathology in mice models [54].

2.3. Structurally Different Recombinant aSyn Strains Lead to Distinct Pathologies

Additional intriguing observations support the idea that PD, DLB and MSA can be
induced by different aSyn strains. The production of synthetic «Syn PFFs from recombinant
monomeric aSyn generates a multiplicity of polymorphs upon variation of experimental
conditions [11] (see Table 1).

Table 1. Summary of «Syn ribbon, fibril, and polymorph aggregates produced under varying
conditions across multiple studies. The «Syn Strain, constituent protein, growth conditions and
references to each study are included.

aSyn Strain Protein Conditions References

“ribbons” WT 5 mM Tris-HCl pH 7.5 Peelaerts et al. [54]
(50 mM Tris-HCI, pH 7.5, 150 mM KCl) at 37 °C under

“fibrils” WT continuous shaking in an Eppendorf Thermomixer setat  Liu et al. [55]
600 r.p.m.

“ribbons” WT 30 mM Tris-HC1, pH 7.5 Suzuki et al. [56]
30 mM Tris-HCl, pH 7.5, containing 150 mM KCI and

s o1 NNy ol concenaton o ome L The . 5
20 rpm for 7 days.

F-65 WT 50 mM MES pH 6.5, 150 mM NaCl Rey et al. [57]

F-91 WT 25 mM Na,PO, pH 9.1 Rey et al. [57]

F-110 ‘C/Z\{rtreiﬁiij }cfl)mca ted 40 mM TrisHCI pH 7.5, 150 mM KCL Rey et al. [57]

Low Salt “NS” A53T 20 mM Tris-HC1, pH 7.4 Lau et al. [58]

High Salt “S” A53T 20 mM Tris-HCl, pH 7.4 and 100 mM NaCl Lau et al. [58]

Biophysicists identified multiple structural arrangements in not only fibrils but also
oligomers. These xSyn oligomers exist as various assemblies (annular, round, tubular, etc.),
differentially enriched in secondary structure («x-helix or 3-sheet). External factors, such
as small molecules or cations, were found to strongly impact the polymorphism of said
aSyn oligomers. Not all structural variants are able to convert into fibrils, and importantly,
they exert variable toxicity when applied to cells. Indeed, Danzer et al. [59] showed,
for example, that annular, but not spherical or globular oligomers, were able to trigger
Ca?* influx and cell death in vitro. Conversely, only spherical and globular oligomers
seeded «Syn aggregation in cells. Although oligomers may initially seem responsible
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for the concentrated toxicity of aSyn, it was mainly the fibrils that induced phenotypic
responses. Recasens et al. [60] could induce pathology in wild-type mice upon cerebral
inoculation with LB-derived insoluble fibrils but not using non-LB fractions that contain
soluble oligomers. This must be nuanced, though by a recent study by Bourdenx et al. [61];
the authors showed that small soluble aSyn aggregates did not induce pathology in mice
as expected, but in non-human primates, both LB-derived fibrils and non-LB oligomers
had an effect. Nevertheless, Thomsen et al. demonstrated that striatal injections of xSyn
PFF induced progressive pathological synaptic dysfunction prior to cell death that can be
detected in vivo via PET (positron emission tomography) [62]. Upon intrastriatal injection
of aSyn PFFs, a progressive aSyn pathology was observed from the PFFs, rather than
the monomeric aSyn [62], with loss of dopaminergic and synaptic function accompanied
by neuroinflammation. This was also the observation of Luk et al. [63] and many follow-
up studies.

Recently, several groups have started investigating the effect of different polymorphs
on pathology development. Peelaerts et al. [54] used structurally characterized polymorphs
of aSyn aggregates, termed “ribbons” and “fibrils” [64] and investigated their effect after
intracerebral inoculation of rats. Structurally, ribbons appear relatively flat and twisted
compared to fibrils that contain no twists and are cylindrical in form [50]. Although rib-
bons produced LB/LN-like inclusions more efficiently, it was found that the fibrils led to
increased cellular death in the striatonigral pathway. Suzuki et al. [56] also injected these
two synthetic fibrils into WT mice and observed increased endogenous «Syn phosphory-
lation and ubiquitination with the low salt preparation (obtained in the same conditions
as the ribbon strain). To apply this experiment to an MSA model, the same strains were
injected into transgenic mice expressing aSyn in oligodendrocytes [65]. Again, the two
strains behaved differently, with fibrils promoting high toxicity with severe myelin loss and
neurodegeneration, while ribbons were less toxic but induced more xSyn deposition in as-
trocytes. This study has also been extended to other polymorphs. In Rey et al. [57], ribbons
and fibrils, along with two types of aggregates, were injected into the olfactory bulb of mice.
The observed data recapitulate in part the previous observations that ribbons spread more
efficiently than fibrils, although another polymorph (called F-91) was the most efficient.
Importantly, they also showed a variable ability to propagate along neuronal routes and
cross synaptic relays. Fayard et al. [66] performed a similar experiment in non-human
primates. Intra-putaminal injection of either ribbons or fibrils led to strain-specific patterns
of aSyn-induced pathology measured by endogenous aggregation, phosphorylation at 5129
and amplification propensity. In parallel, Lau et al. [58] used recombinant fibrils of the A53T
mutant of Syn formed upon incubation in high salt (“S fibrils”) or no NaCl (“NS fibrils”)
that presented different biochemical profiles. Upon intracerebral injection in transgenic
mice expressing human A53T «Syn, S fibrils led to a reduced incubation period before the
development of motor symptoms [58]. The clinical signs also differed with S fibrils caus-
ing hind-limb paralysis and bradykinesia and NS fibrils leading to a shaking phenotype.
Phospho-aSyn deposits were observed in varying brain regions, with the NS-injected fibrils
exclusively developing inclusions in the olfactory bulb and hippocampus. Notably, those
strains affected different cell types and led to different morphologies of the inclusions. S fib-
rils produced ring-like deposits reminiscent of neuronal cytoplasmic inclusions, specifically
in neurons, whereas NS fibrils drove the formation of LB-like deposits in not only neurons
but astrocytes as well [58]. Interestingly, the authors concurrently treated mice with brain
homogenates from MSA and DLB patients or spontaneously ill homozygote mice (M83*/*).
The phenotypes and inclusion morphologies induced by MSA-derived strains resembled
those produced by S fibrils, while symptoms of NS-fibrils mirrored those generated by
M83*/*-brain injections. MSA-derived aggregates and S fibrils were both found to be less
conformationally stable than their counterparts (M83*/* and DLB-derived fibrils and NS
fibrils, respectively), suggesting an inverse relationship between conformational stability
and strain propagation. Note that further structural details were not obtained [58].
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Liu et al. [55] also generated recombinant «Syn fibrils formed under different exper-
imental conditions and investigated their propagation propensity. Fibrils were formed
under high and low salt conditions at neutral pH and in low pH conditions. Reinforcing
the results from previous studies, aSyn PFFs formed at a lower salt concentration induced
proficient aSyn aggregation compared to the high salt strain, as measured by phosphory-
lation of «xSyn at the injection site. Further, xSyn aggregation propagated into vast brain
regions upon inoculation with the low salt PFFs compared to high salt PFFs. This parallels
the previous observations with ribbons, formed at low ionic strength, and fibrils, obtained
at physiologically salted conditions [64]. Interestingly, «Syn aggregates obtained at low pH
produced the strongest phenotype, including increased seeding, propagation ability, and
amplified induction of motor neuron degeneration and cerebral inflammation. Strikingly,
in low pH conditions, «Syn primarily forms amorphous aggregates, raising an important
question concerning structural imprinting in this case.

Long et al. [67] recently validated that structural imprinting does indeed support
the pathological potential of xSyn aggregates. In a recent study, they used a E46K «Syn
mutant associated with familial, early-onset PD [68] to examine the link between structure
and pathology. They generated PFFs from E46K aSyn, WT «Syn and PFFs termed hWTcs
(for human WT cross-seeded), obtained from WT «Syn seeded by E46K fibrils. First, the
structures of the fibrils were assessed by EM; both E46K and hWTcs PFFs presented a
distinctive right-hand twist, while WT fibrils bore left-handed twists. Higher-resolution
structural characterization by cryo-EM validated that hWTcs fibrils closely resembled the
E46K fibrils and not the WT assemblies. When these PFFs were inoculated to mice, the
pathology induced by hWTcs was also closer to the one arising from E46K PFF inoculation,
with impaired motor function and exacerbated aSyn aggregation compared to WT fibrils.
These results led the authors to conclude that hWTcs had “inherited” the pathological
properties of the seeding E46K strain rather than the intrinsic properties of WT «Syn [68].

Taken together, these observations suggest that MSA and PD produce different xSyn
strains that are “imprinting” the pathology while conjunctively revealing that the structural
arrangements of «Syn fibrils encode enough information to lead to the development of
distinct pathologies, as seen in Figure 4. Therefore, evidence arises for a strong correlation
between pathologies and conformational strains, as in the case of the prion. This then raises
the question of which comes first: the pathology creating the strain or inversely?

~
= Dementiaw/ Lewy Bodies (DLB)

PD Fibrils — Parkinson's

son's Disease (P0)
—— Muftiple System Atrophy (MS54)

ThT Fluorescence

Incubation Time

Figure 4. Different synucleinopathies represented in varying brain regions sequestered by contrasting
fibril structures. PD, DLB, and MSA are represented in red, blue, and green, respectively. PD
is observed in the amygdala, DLB in the cerebral cortex, and MSA in the hippocampus. Each
synucleinopathy is associated with a different strain of «Syn fibrils, each with unique biophysical
and biochemical properties. In the right-most panel, the varied response to seed amplification assay
based on ThT fluorescence is detailed from the differing fibrils associated with each disease. Created
with BioRender.com (accessed on 25 June 2023).
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3. Strains and Pathology: The Role of the Environment
3.1. The Strain-to-Cell Connection

As described, pathological aSyn strains only affect certain types of cells. In most
studies, «Syn deposition in neurons vs. astrocytes, for example, clearly delineates the
ability of various strains to induce pathologies. Induced cellular death also differs and
rarely correlates with the presence of inclusions. Selective response of cells might arise
from various factors, including the cellular content in «Syn, the possibility of uptake, and
induced toxicity through loss/gain-of-function.

Regardless of the strain, emerging evidence associates «Syn expression level and «Syn
accumulation. Intracellular «Syn concentration affects the cell’s response to PFFs. Courte
et al. treated neurons isolated from diverse parts of the brains with PFFs and found that
the levels of phospho-aSyn accumulation were significantly different. In this case, the
neurons from the hippocampus presented the most inclusions [69]. This was despite a
similar intake with no observable effect on cell death. The amount of aggregation correlated
with the endogenous expression level of aSyn when WT mice were used; reduction in
«Syn deposition could be observed when neurons from heterozygous SNCA*/~ mice,
with lower aSyn expression, were used. It was also observed that isogenic correction
of aSyn levels in human induced pluripotent cells-derived dopaminergic neurons from
SNCA triplication patients reduced intracellular xSyn aggregation and cell death after
exogenous addition of PFFs or PD-/MSA-derived fibrils [70]. This is also in line with some
observations of familial cases of synucleinopathies. SNCA copy number variations (CNVs),
duplications [71], and triplications [72] have all been linked to familial forms of the disease.
A clear dosage effect was reported, with the severity and rapidity of disease progression
increasing with the copy number [73,74]. It is noteworthy that although CNVs primarily
lead to LB pathology, duplications affect the brainstem region more frequently compared
to triplication cases that tend to develop dementia, mimicking the differential spread of
synucleinopathies. Yet, the substantia nigra that is mainly affected by PD is not the highest
aSyn expressing region of the brain, and more strikingly, oligodendrocytes do not present
high endogenous levels of aSyn, to the point where it was long thought that they did not
express aSyn at all. Therefore, a higher endogenous concentration of ®Syn in a cell may
facilitate aggregation, but other factors are certainly at play.

Variable susceptibility between different cell types may also be partially explained
by how efficiently «Syn seeds enter the target cells. «Syn aggregates have been shown
to diffuse through the cellular membrane or be taken up by macropinocytosis [75,76] or
phagocytosis in the case of microglia [77]. In addition to these non-specific mechanisms,
aSyn is also actively transported by receptor-mediated cellular uptake [78], which can be
cell-type specific [76,79]. An important finding by Mao et al. [80] was the identification of a
membrane-receptor, lymphocyte-activation gene 3 (LAG3), with increased affinity for aSyn
aggregates that mediates the transmission of the xSyn pathology [81]. However, LAG3 may
only be one of the receptors involved in «Syn internalization [82]. Previously, heparan sul-
fate proteoglycans (HSPGs) [83], and particularly syndecan 3 [84], have been shown to bind
and mediate the uptake of aSyn aggregates. Syndecans have also been suggested to play a
role in mediating fibril formation of not only «Syn [85] but also Tau [84] and A fibrils [86].
This internalization route seems important for oligodendrocyte uptake but is dispensable
for microglial or astrocyte uptake, offering an example of selectivity. Interestingly, HSPGs
mediate the uptake of a variety of misfolded protein aggregates [83], and specific uptake
can be fine-tuned by varying length and sulfation patterns of the receptors [87]. Binding
to and clustering of different membrane proteins by aSyn aggregates has been studied
and shown to correlate with seeding propensity [88]. As immune cells, microglia and, to a
lesser extent, astrocytes expose other classes of membrane receptors compared to neurons
or oligodendrocytes. Toll-like receptors (TLRs), a class of pattern recognition receptors that
probe for molecular patterns associated with pathogens or danger, can bind to or uptake
aSyn aggregates. TLR2 [89] and TLR4 [90] bind to «Syn aggregates, triggering both their
uptake and pro-inflammatory signalling [91]. Polymorphism creates differences in the
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exposed binding surfaces that target specific receptors. a3 unit of the Na*/K* ATPase
(x3-NKA) has been proposed to play a significant role in mediating the uptake and toxicity
of aSyn aggregates [88]. Importantly, polymorphs have differential binding affinities for
a3-NKA and other membrane proteins, providing a possible explanation for strain-specific
cell susceptibility [92]. Besides the receptor- or endocytosis-mediated entry, «Syn fibrils can
propagate between cells by other mechanisms, including direct membrane penetration or
tunneling nanotubes [93]. Of particular interest is the presence of synuclein in extracellular
vesicles (EVs). EVs are emerging key players in cell-to-cell communication in the brain and
as biomarkers in neurodegenerative disorders [94]. So far, little is known about the link
between strains and their presence in EVs; however, the compositions of EVs differentiate
PD and atypical parkinsonism [95]. Further, the internalization and cellular processing
of EVs appear to be cell-type dependent [95], which could partially explain the cellular
selectivity of some disorders.

The modulation of interactions between «Syn aggregates and other proteins extends
beyond cellular uptake and may contribute to differences in seeding and toxicity. Indeed,
through binding to distinct partners, aSyn strains could differentially impact cellular pro-
cesses, modulating the induced toxicity, as seen with membrane receptors. «Syn has been
shown to interact with multiple partners due to its intrinsically disordered nature and apti-
tude to self-organize [96]. The structure of the fibril is directly linked to the selectivity of the
interactome in that each strain uniquely exposes residues principally at the N- or C-termini,
thus modulating the accessibility to protein-protein interactions. Stephens et al. recently
determined that the more exposed the N-terminus and the beginning of the NAC region
of aSyn are, the more aggregation-prone monomeric «Syn conformations become [97]. It
was found that solvent exposure of the N-terminus occurs upon release of C-terminus
interactions when calcium binds, but the level of exposure and «Syn’s aggregation propen-
sity is sequence and post-translational modification dependent [97]. Landureau et al. [98]
examined the solvent accessibility of the above-mentioned ribbons and fibrils [64], resulting
from the in vitro aggregation of WT oSyn in different salt conditions. They found that the
N-terminus of fibrils was exposed to solvent, but the same sequences were inaccessible in
ribbons. This feature and differences in the C-terminal region probably contribute to the
selective binding and inhibition of the proteasome by ribbon-like aggregates observed by
Suzuki et al. [56].

aSyn aggregation has been found to be disrupting the autophagy pathway [99]. Phys-
ical interactions between aSyn and autophagy-related proteins from the GABARAP [100]
(Gamma-aminobutyric acid receptor-associated protein) and LC3 [99] (Microtubule-associated
protein 1A /1B-light chain 3) families only occurred with aggregated forms of «Syn. Of par-
ticular pathological relevance are interactions with molecular chaperones [101]. Heat-shock
proteins (HSP) are charged with the ability to recognize, stabilize, refold, or tag misfolded
proteins for degradation, therefore, play a prominent role in neurodegenerative diseases.
aSyn aggregates have been found to bind to different members of the molecular chaperone
family (including HSP90, HSC70, DNAJB6, CLU, CRYAB, BAG, etc.), impacting cellular
uptake and aggregation kinetics. Post-translational modifications rely on the recognition
and binding of kinases to their substrates; therefore, the detection of xSyn by FYN [102],
GRKS5 [103], or Abl [104] per se could substantially vary depending on conformations. A
recent finding by Burmann et al. [105] presents a fascinating interplay between the two
processes, showing that the phosphorylation pattern does influence chaperone selection.

We would be remiss to not briefly mention that «Syn is not the only protein to
aggregate in PD, MSA, or DLB. Tau (Tubulin-associated unit) is a highly soluble protein and,
like «Syn, is intrinsically disordered [106]. The microtubule-associated protein contributes
to the stability of axonal microtubules in the brain and, in this role, is involved in the
regulation of axonal outgrowth and transport [106]. The binding of Tau to microtubules is
regulated by post-translational modification mainly via phosphorylation [106] and has been
detected in some synucleinopathies. Both aSyn and Tau proteins are found in LBs, and the
presence of neurofibrillary tangles is frequently noted [107]. The two disordered proteins
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have been found to co-aggregate [108], and «Syn fibrils can seed Tau aggregation [109].
Guo et al. [110] showed that repeated seeded fibrillation in vitro led to the creation of a new
strain of «Syn, with an enhanced ability to induce «Syn and Tau aggregation in neurons,
compared to the initial fibrils. Mixed «Syn/Tau fibrils have increased seeding activity in
cells and in vivo [111]. This study further suggests that conformational strains of xSyn
could partially explain the heterogeneity observed in the spectrum of synucleinopathies.
Although Tau is not the main constituent protein in PD, MSA, or DLB as established, the
emerging data on the presence of structurally different aggregates of Tau [35,110] is worth
noting as it reiterates the importance in considering all aspects of synucleinopathy strainotyping.

3.2. Cell-to-Strain Imprinting

As described above, multiple factors can explain why specific strains target different
cell types. Moving forward, we will explore how the reciprocal relationship in which the
cellular environment can, in turn, construct conformational strains.

Intuitively, one would expect the cell environment to have a significant impact on the
ab nihilo aggregation of aSyn. Peng et al. [46] showed that incubating monomeric xSyn in
either oligodendrocytes or neuron lysates led to the creation of strains with different proper-
ties. In particular, oligodendrocytic strains led to increased development of a phospho-aSyn
phenotype in vitro, similar to treatment with GCI-purified aggregates [46]. Identifying ex-
actly which cellular factors affect strain selection is yet to be strictly determined as multiple
parameters can influence «Syn conformation.

The cellular environment strongly influencing strain polymorphism is evidenced by
the structures of the filaments themselves. As described above, «Syn aggregates isolated
from GCls are composed of two protofilaments arranged around a central cavity [39]. In
this space, coordinated by multiple lysines, are unidentified non-proteinaceous molecules
originating from the cell that would influence the packing of said protofilaments. Addi-
tional factors may also affect strain conformation, such as post-translational modifications
and truncations, which have been shown to significantly modify aggregation kinetics and
would presumably lead to the formation of various polymorphs. The previously men-
tioned study by Rey et al. [57] includes fibrils formed by C-terminally truncated «Syn,
which have more spreading potential and a different distribution pattern compared to the
corresponding fibrils made from full-length proteins. This evidence reinforces the notion
that it would not be surprising that different patterns of post-translational modifications
would generate unique strains. Similarly, molecular chaperones have also been shown to
affect fibrillation, with different efficiencies depending on the kinetics of aggregation [112].
Polymorphs could be differentially repressed based on the prevailing chaperones leading to
the selection of specific strains; however, it is still unknown at what stage of the aggregation
process the conformational selection occurs.

Because aSyn is intrinsically disordered and folds upon binding to its partners, the
selection of conformations is largely influenced by the environment [113], and it is possible
that non-physiological interactions trigger conformational changes that put «Syn on the
path of aggregation towards a specific strain. This seems to be the case with the interaction
between aSyn and p25«, for example. p25« is a constituent of myelin, possesses a strong
affinity for myelin basic protein (MBP), and is commonly located in oligodendrocytes. No-
tably, in MSA brain tissues, however, p25ux re-localizes from the myelin to the cytosol [114].
p25« colocalizes with aSyn aggregates in cells and induces «Syn aggregation. In vitro,
the aggregation of WT aSyn in the presence of sub-stochiometric amounts of p25« leads
to the creation of structurally different fibrils compared to WT alone [115]. It was also
determined that treatment of neurons with these aSyn/p25« fibrils led to the creation of
larger cell inclusions, while intramuscular injection of the same PFFs reduced the life span
of A53T «Syn transgenic (M83) mice and induced increased motor degenerative symptoms
compared to WT PFFs [115].
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In continuing with non-physiological interactions influencing aSyn aggregation, the
cellular milieu has also recently been noted to play a key role in amplification potential.
Although the serial propagation of a strain via in vitro amplified, fibrils achieved the same
conformation as the seeds as previously noted [45,50], not all environments may be so
permissive. It has been established that MSA strains propagate in cell lines expressing either
WT or A53T human aSyn [53] but fail to induce aggregation in E46K «Syn-expressing cell
lines. Other interesting observations by Peng et al. [46] suggest that the cellular milieu
can either propagate or modify aSyn strains depending on cell type. First, synthetic aSyn
PFFs, when passaged in cellular cultures of oligodendrocytes, neurons, or cortical neurons,
acquired distinctive features depending on the cell type. Fibrils passaged in oligodendro-
cytes showed a superior ability to induce cellular aSyn aggregation, similar to GCl-isolated
aSyn aggregates. Then, when the authors propagated LB-isolated «Syn aggregates in
transgenic mice that only expressed aSyn in oligodendrocytes, the subsequently isolated
aggregates behaved like MSA strains in terms of potency and spreading pattern upon in-
tracerebral injection. The reverse, however, was not true and GCl-isolated strains retained
their structural and functional characteristics upon passaging in neuronal cultures.

This idea can be taken one step further, and one could consider that the entry point of
the aSyn aggregates, provided they did not arise spontaneously in the brain, could impact
the ensuing pathology. The idea that PD, and potentially other synucleinopathies, originate
in the periphery remains controversial. First formulated as the ‘dual hit” hypothesis by
Hawkes et al. [116], the assumption postulates that external factors such as infection
or inflammation could induce the aggregation of «Syn in other parts of the body, in
particular the olfactory bulb and the gut. This is supported by the presence of LBs in those
regions in PD patients. The “gut-to-brain axis” hypothesis gained strong support from
observations that severing the vagal nerve prevented the propagation of «Syn pathology
in mice models treated with PFFs [117]. Vagotomy [118] and appendectomy [119] could
potentially protect against PD development in retrospective cohort analysis, although
results remain contentious [120,121]. Despite the controversy, multiple routes of entry
have been tested—PFFs spread efficiently upon intravenous injection [54], injection in
the duodenum [122,123] or the olfactory bulb [57], for example, but not upon intravitreal
injection [124]. In those cases, the induced pathology mainly mirrors PD. New data from
Wang et al. [125] demonstrated that the accumulation of «Syn aggregates in the detrusor and
external urethral sphincter nerves arises not in PD patients but in MSA patients exclusively.
They also show in a transgenic mice model that PFF injection in the lower urogenital tract
led to the development of xSyn inclusions in the brain—a pattern overlapping the «Syn
spread observed in MSA [125]. Symptoms, including ataxia and paralysis, were also more
consistent with MSA than PD. This suggests that PD and MSA might have different origins;
the gut for PD and the urogenital tract for MSA. Furthermore, the evidence could also
suggest that synthetic PFFs acquire their strain specificity upon cell propagation and that
the variations in peripheral neurons influence which strain is ultimately created [126], as
demonstrated in Figure 5.
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Figure 5. Representation of the cellular ability to influence strain selection. When a cell is in the
presence of two different strains (“strain A” in blue and “strain B” in red), it possesses the ability to
influence strain propagation. The cell could preferentially degrade strain A while simultaneously
amplifying strain B. Further, the cell can modify strain B to generate a new subtype exemplified by
strain B1 in striped yellow. Upon cellular degradation, strains are released that can re-infect a different
cell. Overall, multiple cell passages can dramatically alter the landscape of strain representation, as
shown in the right panel. Created with BioRender.com (accessed on 25 June 2023).

4. Perspective: The Future of Strainotyping

The fact that aSyn aggregates exist as distinctly structured filaments, combined with
autonomous biochemical and biophysical characteristics, alongside unique pathological
effects, alludes to a tempting hypothesis that could open new doors in the fundamental
understanding of synucleinopathies. In turn, the development of methodologies for the
rapid and simple assessment of fibril polymorphism, or “strainotyping”, will ameliorate
diagnosing capabilities and therapeutic treatments. Currently, strainotyping is primarily
conducted by analyzing the biophysical properties of the fibrils via protease resistance
testing, examining the cellular/organismal effect of xSyn aggregation, and/or determining
the assembly’s structures through electron microscopy. These methods present severe
limitations that would preclude their general use in the community, including lack of
sensitivity (protease resistance analysis would be difficult to perform on mixed species)
or being time-consuming and/or expensive. However, recent studies give clues that
easy strainotyping may be achievable in the near future. Structural differences between
strains [98,127] can be used to generate conformational antibodies [110,128] to achieve a
straightforward recognition of subtypes in the future. This would require existing and
newly created antibodies to be thoroughly tested against well-defined polymorphs to
avoid cross-reactivity [129]. Multiple groups have also shown that the kinetics of in vitro
amplification varied significantly when MSA, DLB or PD-derived «Syn preparations were
used [23,40,130-132]. Further, the amplified fibrils had different affinities for specific
dyes [58,133,134], which would also create a unique signature for each strain.

4.1. Reproducibility and Quality Control

Understanding the cellular aggregation, cell-to-cell propagation, or the overall pro-
gression of aSyn pathology relies strongly on observing the effects of adding/injecting
synthetic aSyn fibrils [135]. As amply described, it is well established that xSyn strains or
polymorphs may induce dramatically different effects on cells and tissues [136]. Therefore,
it is plausible that disparities between reports arise partially from slight variations in the
preparation and handling of the «Syn PFFs. To ensure the reproducibility of biological
data, the first step would be to ensure that the PFFs are adequately controlled. The field
has long advocated for the necessity to establish unanimous standards regarding both
the biological models and reagents, and there is no reason strainotyping would not be an
intrinsic addition to said criteria.
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4.2. Diagnosis and Patients Stratification

Interestingly, the seed amplification assays also react differently to the various syneu-
cleinopathies [23]. DLB samples provide the fastest response [131], while MSA samples,
in general, reach a lower signal at saturation [40]. Soto’s group [40] has recently demon-
strated that their assay could successfully discriminate between PD and MSA with high
sensitivity (95.4%), leveraging differences in kinetics and dye reactivity. Furthermore, it
was recently studied that PD-, MSA-, and DLB-positive brain homogenates derived from
patient samples underwent SAA and revealed disease-specific differences in the shape of
the fibrils [50]. From TEM and Proteinase K SDS-PAGE analysis, it was found that PD and
MSA patient-derived aSyn fibrils obtained by SAA exhibited a relatively flat and twisted
appearance, significantly resembling the fibrillar polymorph “Ribbons” compared to those
derived from DLB patients, which exhibited no twists, were cylindrical, and otherwise in-
distinguishable from the fibrillar polymorph “Fibrils”. PD and MSA «Syn fibrils exhibited
similar digestion profiles that also differed from DLB patients [50]. Notably, the DLB group
also demonstrated the most intracellular inclusions, followed by the MSA patients, and
then the PD group when each respective aSyn strain was exposed to H4 cells quantified
by the number of YFP* puncta per H4 cell nuclei [50]. As strainotyping expands, one can
expect distinct synucleinopathy diagnoses to become more common. Given the fact that
synucleinopathies can be viewed as a wide spectrum of diseases rather than well-defined
pathologies, strainotyping could also provide a refined molecular diagnosis.

4.3. Drug Development

From a therapeutic aspect, it is established that not all synucleinopathies respond to
the same therapies. For example, MSA is known to be far less responsive, if at all, to L-
Dopa treatment compared to PD [1]. Currently, the main axes to treat PD, and by extension
synucleinopathies, by preventing «Syn aggregation, inhibiting cell-to-cell propagation,
and/or promoting the degradation of aSyn aggregates [137]. These targeted aspects are
indeed highly variable between strains, and as therapies evolve from treating the symptoms
to addressing the root causes of each disease, it is expected that these biochemical strain
variations will strongly impact both the response and efficiency of prospective therapeutic
drugs. One hurdle future therapeutics will have to circumvent is the idea that aggregation
inhibitors will be impacted by the difference in kinetics observed [23], with rapid nucleation
or elongation increasing the risk of therapeutic escape. Another is the use of different entry
receptors and overall conformational modifications that would affect the efficiency of both
small molecules (targeting the receptor), and antibodies (targeting the fibril), designed
to interfere with cellular propagation. Finally, some strains may facilitate degradation
avoidance if molecular recognition by the actors of the pathway is affected [56,99]. Overall,
this points to the need to test future drugs on different strain models early in the drug
development pathway to anticipate the therapeutic effect and select patients. Again, this
goes hand in hand with the ability to provide a precise molecular diagnosis, not only
between synucleinopathies but within pathologies as well.

5. Conclusions

New evidence strongly supports the existence of xSyn strains at the core of the varying
synucleinopathies. Strain-specific pathologies could provide a unifying theory and explain
the observed phenotypic disparities between diseases, all while recognizing the predom-
inant role of the intrinsically disordered, self-organizing aSyn protein. This perspective
reinforces the need for the definitions and standards that will ultimately improve the fun-
damental understanding of aSyn propagation at the cellular level. Furthermore, the need
for further structural, biochemical, and biophysical characterization of synucleinopathy
strains is well established, while effective assays for the rapid strainotyping of aggregates
are urgently required to advance our understanding of these complex pathologies. Once
established, these assays hold the power to facilitate drug development and discovery
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while pushing therapeutic advancements forward to ultimately ameliorate the lives of
patients with Parkinson’s Disease, multiple system atrophy, or dementia with Lewy bodies.

Author Contributions: Conceptualization, N.J.G., Y.G. and E.S.; writing—original draft preparation,
N.J.G,, E.S.; writing—review and editing, N.J.G., Y.G. and E.S.; visualization, N.J.G.; supervision, E.S.;
project administration, E.S. and Y.G.; funding acquisition, E.S. and Y.G. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by grant MJFF-010267 from the Michael J. Fox Foundation for
Parkinson’s Research and Shake it Up! Australia (to E.S. and Y.G.), grant MJFF-021286 from the
Michael J. Fox Foundation for Parkinson’s Research (to E.S and Y.G), and a Cooperative Research
Centres Project (CRCPXI000191) from the Australian Government (to E.S and Y.G).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.
17.

Watanabe, H.; Riku, Y.; Hara, K.; Kawabata, K.; Nakamura, T.; Ito, M.; Hirayama, M.; Yoshida, M.; Katsuno, M.; Sobue, G. Clinical
and Imaging Features of Multiple System Atrophy: Challenges for an Early and Clinically Definitive Diagnosis. J. Mov. Disord.
2018, 11, 107-120. [CrossRef] [PubMed]

Taylor, ].P.; McKeith, 1.G.; Burn, D.J.; Boeve, B.E.; Weintraub, D.; Bamford, C.; Allan, L.M.; Thomas, A.].; O’Brien, ]J.T. New
Evidence on the Management of Lewy Body Dementia. Lancet Neurol. 2020, 19, 157-169. [CrossRef] [PubMed]

Kon, T.; Tomiyama, M.; Wakabayashi, K. Neuropathology of Lewy Body Disease: Clinicopathological Crosstalk between Typical
and Atypical Cases. Neuropathology 2020, 40, 30-39. [CrossRef]

Savica, R.; Grossardt, B.R.; Bower, ]. H.; Ahlskog, J.E.; Boeve, B.F,; Graff-Radford, J.; Rocca, W.A.; Mielke, M.M. Survival and
Causes of Death among People with Clinically Diagnosed Synucleinopathies with Parkinsonism: A Population-Based Study.
JAMA Neurol. 2017, 74, 839-846. [CrossRef] [PubMed]

Zahodne, L.B.; Fernandez, H.H. Parkinson’s Psychosis. Curr. Treat. Options Neurol. 2010, 12, 200-211. [CrossRef] [PubMed]
Dickson, D.W. Parkinson’s Disease and Parkinsonism: Neuropathology. Cold Spring Harb. Perspect. Med. 2012, 2, a009258.
[CrossRef] [PubMed]

Malfertheiner, K.; Stefanova, N.; Heras-Garvin, A. The Concept of x-Synuclein Strains and How Different Conformations May
Explain Distinct Neurodegenerative Disorders. Front. Neurol. 2021, 12, 737195. [CrossRef]

Peelaerts, W.; Bousset, L.; Baekelandt, V.; Melki, R. -Synuclein Strains and Seeding in Parkinson’s Disease, Incidental Lewy
Body Disease, Dementia with Lewy Bodies and Multiple System Atrophy: Similarities and Differences. Cell Tissue Res. 2018, 373,
195-212. [CrossRef]

Yang, Y.; Shi, Y.; Schweighauser, M.; Zhang, X.; Kotecha, A.; Murzin, A.G.; Garringer, H.J.; Cullinane, PW.; Saito, Y.; Foroud, T.;
et al. Structures of x-Synuclein Filaments from Human Brains with Lewy Pathology. Nature 2022, 610, 791-795. [CrossRef]
McGlinchey, R.P; Ni, X.; Shadish, J.A ; Jiang, J.; Lee, J.C. The N Terminus of a-Synuclein Dictates Fibril Formation. Proc. Natl.
Acad. Sci. USA 2021, 118, €2023487118. [CrossRef]

Gracia, P.; Camino, J.D.; Volpicelli-Daley, L.; Cremades, N. Multiplicity of a-Synuclein Aggregated Species and Their Possible
Roles in Disease. Int. J. Mol. Sci. 2020, 21, 8043. [CrossRef] [PubMed]

Lima, V.D.A.; Do Nascimento, L.A.; Eliezer, D.; Follmer, C. Role of Parkinson’s Disease-Linked Mutations and N-Terminal
Acetylation on the Oligomerization of x-Synuclein Induced by 3,4-Dihydroxyphenylacetaldehyde. ACS Chem. Neurosci. 2019, 10,
690-703. [CrossRef] [PubMed]

Yang, Y.; Garringer, H.J.; Shi, Y.; Lovestam, S.; Peak-Chew, S.; Zhang, X.; Kotecha, A.; Bacioglu, M.; Koto, A.; Takao, M.; et al.
New SNCA Mutation and Structures of x-Synuclein Filaments from Juvenile-Onset Synucleinopathy. Acta Neuropathol. 2023, 145,
561-572. [CrossRef]

Burré, J.; Sharma, M.; Stidhof, T.C. Cell Biology and Pathophysiology of x-Synuclein. Cold Spring Harb. Perspect. Med. 2018,
8, a024091. [CrossRef]

Abeliovich, A.; Schmitz, Y.; Farifi, I.; Choi-Lundberg, D.; Ho, W.-H.; Castillo, P.E.; Shinsky, N.; Manuel, J.; Verdugo, G.; Armanini,
M.; et al. Mice Lacking A-Synuclein Display Functional in the Nigrostriatal Dopamine System. Neuron 2000, 25, 239-252.
[CrossRef]

Goedert, M.; Jakes, R.; Spillantini, M.G. The Synucleinopathies: Twenty Years On. J. Park. Dis. 2017, 7, S53-S71. [CrossRef]

Ma, J.; Gao, J.; Wang, ].; Xie, A. Prion-like Mechanisms in Parkinson’s Disease. Front. Neurosci. 2019, 13, 552. [CrossRef]


https://doi.org/10.14802/jmd.18020
https://www.ncbi.nlm.nih.gov/pubmed/30086614
https://doi.org/10.1016/S1474-4422(19)30153-X
https://www.ncbi.nlm.nih.gov/pubmed/31519472
https://doi.org/10.1111/neup.12597
https://doi.org/10.1001/jamaneurol.2017.0603
https://www.ncbi.nlm.nih.gov/pubmed/28505261
https://doi.org/10.1007/s11940-010-0072-y
https://www.ncbi.nlm.nih.gov/pubmed/20842582
https://doi.org/10.1101/cshperspect.a009258
https://www.ncbi.nlm.nih.gov/pubmed/22908195
https://doi.org/10.3389/fneur.2021.737195
https://doi.org/10.1007/s00441-018-2839-5
https://doi.org/10.1038/s41586-022-05319-3
https://doi.org/10.1073/pnas.2023487118
https://doi.org/10.3390/ijms21218043
https://www.ncbi.nlm.nih.gov/pubmed/33126694
https://doi.org/10.1021/acschemneuro.8b00498
https://www.ncbi.nlm.nih.gov/pubmed/30352158
https://doi.org/10.1007/s00401-023-02550-8
https://doi.org/10.1101/cshperspect.a024091
https://doi.org/10.1016/S0896-6273(00)80886-7
https://doi.org/10.3233/JPD-179005
https://doi.org/10.3389/fnins.2019.00552

Int. . Mol. Sci. 2023, 24, 12134 18 of 23

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Atik, A ; Stewart, T.; Zhang, J. Alpha-Synuclein as a Biomarker for Parkinson’s Disease. In Brain Pathology; Blackwell Publishing
Ltd.: Hoboken, NJ, USA, 2016; Volume 26, pp. 410-418. [CrossRef]

Paciotti, S.; Bellomo, G.; Gatticchi, L.; Parnetti, L. Are We Ready for Detecting «-Synuclein Prone to Aggregation in Patients? The
Case of “Protein-Misfolding Cyclic Amplification” and “Real-Time Quaking-Induced Conversion” as Diagnostic Tools. Front.
Neurol. 2018, 9, 415. [CrossRef]

Fink, A.L. The Aggregation and Fibrillation of x-Synuclein. Acc. Chem. Res. 2006, 39, 628-634. [CrossRef]

Alam, P; Bousset, L.; Melki, R.; Otzen, D.E. x-Synuclein Oligomers and Fibrils: A Spectrum of Species, a Spectrum of Toxicities.
J. Neurochem. 2019, 150, 522-534. [CrossRef] [PubMed]

Candelise, N.; Baiardi, S.; Franceschini, A.; Rossi, M.; Parchi, P. Towards an Improved Early Diagnosis of Neurodegenerative
Diseases: The Emerging Role of in Vitro Conversion Assays for Protein Amyloids. Acta Neuropathol. Commun. 2020, 8, 1-16.
[CrossRef]

Candelise, N.; Schmitz, M.; Llorens, F; Villar-Piqué, A.; Cramm, M.; Thom, T.; da Silva Correia, S.M.; da Cunha, J.E.G.; Mobius,
W.; Outeiro, T.F; et al. Seeding Variability of Different Alpha Synuclein Strains in Synucleinopathies. Ann. Neurol. 2019, 85,
691-703. [CrossRef]

Kang, U.].; Boehme, A K,; Fairfoul, G.; Shahnawaz, M.; Ma, T.C.; Hutten, S.J.; Green, A.; Soto, C. Comparative Study of
Cerebrospinal Fluid x-Synuclein Seeding Aggregation Assays for Diagnosis of Parkinson’s Disease. |. Mov. Disord. 2019, 34,
536-544. [CrossRef] [PubMed]

Siderowf, A.; Concha-Marambio, L.; Lafontant, D.E.; Farris, C.M.; Ma, Y.; Urenia, PA.; Nguyen, H.; Alcalay, R.N.; Chahine, L.M,;
Foroud, T.; et al. Assessment of Heterogeneity among Participants in the Parkinson’s Progression Markers Initiative Cohort Using
a-Synuclein Seed Amplification: A Cross-Sectional Study. Lancet Neurol. 2023, 22, 407-417. [CrossRef] [PubMed]

Iranzo, A.; Fairfoul, G.; Ayudhaya, A.C.N.; Serradell, M.; Gelpi, E.; Vilaseca, I.; Sanchez-Valle, R.; Gaig, C.; Santamaria, J.; Tolosa,
E.; et al. Detection of x-Synuclein in CSF by RT-QuIC in Patients with Isolated Rapid-Eye-Movement Sleep Behaviour Disorder:
A Longitudinal Observational Study. Lancet Neurol. 2021, 20, 203-212. [CrossRef]

Stefani, A.; Iranzo, A.; Holzknecht, E.; Perra, D.; Bongianni, M.; Gaig, C.; Heim, B.; Serradell, M.; Sacchetto, L.; Garrido, A.; et al.
Alpha-Synuclein Seeds in Olfactory Mucosa of Patients with Isolated REM Sleep Behaviour Disorder. Brain 2021, 144, 1118-1126.
[CrossRef] [PubMed]

Rossi, M.; Baiardi, S.; Teunissen, C.E.; Quadalti, C.; van de Beek, M.; Mammana, A.; Stanzani-Maserati, M.; Van der Flier, WM.;
Sambati, L.; Zenesini, C.; et al. Diagnostic Value of the CSF «-Synuclein Real-Time Quaking-Induced Conversion Assay at the
Prodromal MCI Stage of Dementia with Lewy Bodies. Neurology 2021, 97, €930-e940. [CrossRef] [PubMed]

Bargar, C.; Wang, W.; Gunzler, S.A.; LeFevre, A.; Wang, Z.; Lerner, AJ,; Singh, N.; Tatsuoka, C.; Appleby, B.; Zhu, X.; et al.
Streamlined Alpha-Synuclein RT-QuIC Assay for Various Biospecimens in Parkinson’s Disease and Dementia with Lewy Bodies.
Acta Neuropathol. Commun. 2021, 9, 1-13. [CrossRef] [PubMed]

De Luca, CM.G,; Elia, A.E.; Portaleone, S.M.; Cazzaniga, F.A.; Rossi, M.; Bistaffa, E.; De Cecco, E.; Narkiewicz, J.; Salzano, G.;
Carletta, O.; et al. Efficient RT-QuIC Seeding Activity for a-Synuclein in Olfactory Mucosa Samples of Patients with Parkinson’s
Disease and Multiple System Atrophy. Transl. Neurodegener. 2019, 8, 24. [CrossRef]

Mammana, A.; Baiardi, S.; Quadalti, C.; Rossi, M.; Donadio, V.; Capellari, S.; Liguori, R.; Parchi, P. RT-QulC Detection of
Pathological «-Synuclein in Skin Punches of Patients with Lewy Body Disease. ]. Mov. Disord. 2021, 36, 2173-2177. [CrossRef]
Jung, B.C.; Lim, Y].; Bae, E.J.; Lee, ].S.; Choi, M.S.; Lee, M.K,; Lee, H.].; Kim, Y.S.; Lee, S.J. Amplification of Distinct x-Synuclein
Fibril Conformers through Protein Misfolding Cyclic Amplification. Exp. Mol. Med. 2017, 49, e314. [CrossRef] [PubMed]
Sunde, M.; Serpell, L.C.; Bartlam, M.; Fraser, P.E.; Pepys, M.B.; Blake, C.C.F. Common Core Structure of Amyloid Fibrils by
Synchrotron X-Ray Diffraction. J. Mol. Biol. 1997, 273, 729-739. [CrossRef] [PubMed]

Ke, P.C.; Zhou, R.; Serpell, L.C.; Riek, R.; Knowles, T.PJ.; Lashuel, H.A.; Gazit, E.; Hamley, LW.; Davis, T.P.; Fandrich, M.; et al.
Half a Century of Amyloids: Past, Present and Future. Chem. Soc. Rev. 2020, 49, 5473-5509. [CrossRef] [PubMed]

Narasimhan, S.; Guo, J.L.; Changolkar, L.; Stieber, A.; McBride, ].D,; Silva, L.V.; He, Z.; Zhang, B.; Gathagan, R.].; Trojanowski,
J.Q.; et al. Pathological Tau Strains from Human Brains Recapitulate the Diversity of Tauopathies in Nontransgenic Mouse Brain.
J. Neurosci. 2017, 37, 11406-11423. [CrossRef]

Lau, HH.C.; Ingelsson, M.; Watts, ].C. The Existence of A3 Strains and Their Potential for Driving Phenotypic Heterogeneity in
Alzheimer’s Disease. Acta Neuropathol. 2021, 142, 17-39. [CrossRef]

Lavenir, I.; Passarella, D.; Masuda-Suzukake, M.; Curry, A.; Holton, ].L.; Ghetti, B.; Goedert, M. Silver Staining (Campbell-Switzer)
of Neuronal x-Synuclein Assemblies Induced by Multiple System Atrophy and Parkinson’s Disease Brain Extracts in Transgenic
Mice. Acta Neuropathol. Commun. 2019, 7, 148. [CrossRef]

Araki, K.; Yagi, N.; Ikemoto, Y.; Hayakawa, H.; Fujimura, H.; Moriwaki, T.; Nagai, Y.; Murayama, S.; Mochizuki, H. The
Secondary Structural Difference between Lewy Body and Glial Cytoplasmic Inclusion in Autopsy Brain with Synchrotron FTIR
Micro-Spectroscopy. Sci. Rep. 2020, 10, 19423. [CrossRef]

Schweighauser, M.; Shi, Y.; Tarutani, A.; Kametani, F.; Murzin, A.G.; Ghetti, B.; Matsubara, T.; Tomita, T.; Ando, T.; Hasegawa, K,;
et al. Structures of x-Synuclein Filaments from Multiple System Atrophy. Nature 2020, 585, 464-469. [CrossRef]

Shahnawaz, M.; Mukherjee, A.; Pritzkow, S.; Mendez, N.; Rabadia, P.; Liu, X.; Hu, B.; Schmeichel, A.; Singer, W.; Wu, G.; et al.
Discriminating o-Synuclein Strains in Parkinson’s Disease and Multiple System Atrophy. Nature 2020, 578, 273-277. [CrossRef]


https://doi.org/10.1111/bpa.12370
https://doi.org/10.3389/fneur.2018.00415
https://doi.org/10.1021/ar050073t
https://doi.org/10.1111/jnc.14808
https://www.ncbi.nlm.nih.gov/pubmed/31254394
https://doi.org/10.1186/s40478-020-00990-x
https://doi.org/10.1002/ana.25446
https://doi.org/10.1002/mds.27646
https://www.ncbi.nlm.nih.gov/pubmed/30840785
https://doi.org/10.1016/S1474-4422(23)00109-6
https://www.ncbi.nlm.nih.gov/pubmed/37059509
https://doi.org/10.1016/S1474-4422(20)30449-X
https://doi.org/10.1093/brain/awab005
https://www.ncbi.nlm.nih.gov/pubmed/33855335
https://doi.org/10.1212/WNL.0000000000012438
https://www.ncbi.nlm.nih.gov/pubmed/34210822
https://doi.org/10.1186/s40478-021-01175-w
https://www.ncbi.nlm.nih.gov/pubmed/33827706
https://doi.org/10.1186/s40035-019-0164-x
https://doi.org/10.1002/mds.28651
https://doi.org/10.1038/emm.2017.1
https://www.ncbi.nlm.nih.gov/pubmed/28386127
https://doi.org/10.1006/jmbi.1997.1348
https://www.ncbi.nlm.nih.gov/pubmed/9356260
https://doi.org/10.1039/C9CS00199A
https://www.ncbi.nlm.nih.gov/pubmed/32632432
https://doi.org/10.1523/JNEUROSCI.1230-17.2017
https://doi.org/10.1007/s00401-020-02201-2
https://doi.org/10.1186/s40478-019-0804-5
https://doi.org/10.1038/s41598-020-76565-6
https://doi.org/10.1038/s41586-020-2317-6
https://doi.org/10.1038/s41586-020-1984-7

Int. . Mol. Sci. 2023, 24, 12134 19 of 23

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Frieg, B.; Antonschmidt, L.; Dienemann, C.; Geraets, ].A.; Najbauer, E.E.; Matthes, D.; de Groot, B.L.; Andreas, L.B.; Becker, S.;
Griesinger, C.; et al. The 3D Structure of Lipidic Fibrils of «-Synuclein. Nat. Commun. 2022, 13, 6810. [CrossRef]

Fan, Y;; Sun, Y,; Yu, W,; Tao, Y,; Xia, W.; Liu, Y.; Zhao, Q.; Tang, Y.; Sun, Y.; Liu, E; et al. Conformational Change of x-Synuclein
Fibrils in Cerebrospinal Fluid from Different Clinical Phases of Parkinson’s Disease. Structure 2023, 31, 78-87.e5. [CrossRef]
[PubMed]

Burger, D.; Fenyi, A.; Bousset, L.; Stahlberg, H.; Melki, R. Cryo-EM Structure of Alpha-Synuclein Fibrils Amplified by PMCA
from PD and MSA Patient Brains. bioRxiv 2021. [CrossRef]

Prusiner, S.B.; Woerman, A.L.; Mordes, D.A.; Watts, ].C.; Rampersaud, R.; Berry, D.B.; Patel, S.; Oehler, A.; Lowe, ].K.; Kravitz,
S.N.; et al. Evidence for x-Synuclein Prions Causing Multiple System Atrophy in Humans with Parkinsonism. Proc. Natl. Acad.
Sci. USA 2015, 112, E5308-E5317. [CrossRef] [PubMed]

Woerman, A.L.; Oehler, A.; Kazmi, S.A.; Lee, J.; Halliday, G.M.; Middleton, L.T.; Gentleman, S.M.; Mordes, D.A.; Spina,
S.; Grinberg, L.T.; et al. Multiple System Atrophy Prions Retain Strain Specificity after Serial Propagation in Two Different
Tg(SNCA*A53T) Mouse Lines. Acta Neuropathol. 2019, 137, 437-454. [CrossRef] [PubMed]

Peng, C.; Gathagan, R.J.; Covell, D.].; Medellin, C.; Stieber, A.; Robinson, J.L.; Zhang, B.; Pitkin, RM.; Olufemi, M.E; Luk,
K.C; et al. Cellular Milieu Imparts Distinct Pathological o-Synuclein Strains in «-Synucleinopathies. Nature 2018, 557, 558-563.
[CrossRef]

Morgan, S.A.; Lavenir, I; Fan, J.; Masuda-Suzukake, M.; Passarella, D.; DeTure, M.A.; Dickson, D.W.; Ghetti, B.; Goedert, M.
a-Synuclein Filaments from Transgenic Mouse and Human Synucleinopathy-Containing Brains Are Major Seed-Competent
Species. . Biol. Chem. 2020, 295, 6652-6664. [CrossRef]

Stefanova, N. A Mouse Model of Multiple System Atrophy: Bench to Bedside. Neurotherapeutics 2022, 20, 117-126. [CrossRef]
Teil, M.; Dovero, S.; Bourdenx, M.; Arotcarena, M.-L.; Camus, S.; Porras, G.; Thiolat, M.-L.; Trigo-Damas, I.; Perier, C.; Estrada,
C.; et al. Brain Injections of Glial Cytoplasmic Inclusions Induce a Multiple System Atrophy-like Pathology. Brain 2022, 145,
1001-1017. [CrossRef]

Van der Perren, A.; Gelders, G.; Fenyi, A.; Bousset, L.; Brito, E; Peelaerts, W.; Van den Haute, C.; Gentleman, S.; Melki, R,;
Baekelandt, V. The Structural Differences between Patient-Derived «-Synuclein Strains Dictate Characteristics of Parkinson’s
Disease, Multiple System Atrophy and Dementia with Lewy Bodies. Acta Neuropathol. 2020, 139, 977-1000. [CrossRef]

Marotta, N.P; Ara, J.; Uemura, N.; Lougee, M.G.; Meymand, E.S.; Zhang, B.; Petersson, E.J.; Trojanowski, ].Q.; Lee, VM.-Y.
Alpha-Synuclein from Patient Lewy Bodies Exhibits Distinct Pathological Activity That Can Be Propagated In Vitro. Acta
Neuropathol. Commun. 2021, 9, 188. [CrossRef]

Uemura, N.; Marotta, N.; Ara, J.; Zhang, B.; Kameda, H.; Koike, M.; Luk, K.; Trojanowski, J.; Lee, V. Distinct Biological Activity of
Lewy Body «-Synuclein Strain in Mice. Res. Sq. 2023; Preprint. [CrossRef]

Holec, S.A.M.; Woerman, A.L. Evidence of Distinct x-Synuclein Strains Underlying Disease Heterogeneity. Acta Neuropathol.
2021, 142, 73-86. [CrossRef]

Peelaerts, W.; Bousset, L.; der Perren, A.; Moskalyuk, A.; Pulizzi, R.; Giugliano, M.; den Haute, C.; Melki, R.; Baekelandt,
V. a-Synuclein Strains Cause Distinct Synucleinopathies after Local and Systemic Administration. Nature 2015, 522, 340-344.
[CrossRef]

Liu, D.; Guo, J.-J.; Su, ].-H.; Svanbergsson, A ; Yuan, L.; Haikal, C.; Li, W.; Gouras, G.; Li, J.-Y. Differential Seeding and Propagating
Efficiency of a-Synuclein Strains Generated in Different Conditions. Transl. Neurodegener. 2021, 10, 20. [CrossRef]

Suzuki, G.; Imura, S.; Hosokawa, M.; Katsumata, R.; Nonaka, T.; Hisanaga, S.-1.; Saeki, Y.; Hasegawa, M. x-Synuclein Strains That
Cause Distinct Pathologies Differentially Inhibit Proteasome. eLife 2020, 9, e56825. [CrossRef] [PubMed]

Rey, N.L.; Bousset, L.; George, S.; Madaj, Z.; Meyerdirk, L.; Schulz, E.; Steiner, J.A.; Melki, R.; Brundin, P. -Synuclein
Conformational Strains Spread, Seed and Target Neuronal Cells Differentially after Injection into the Olfactory Bulb. Acta
Neuropathol. Commun. 2019, 7, 221. [CrossRef] [PubMed]

Lau, A.; So, RW.L,; Lau, HH.C,; Sang, J.C.; Ruiz-Riquelme, A.; Fleck, S.C.; Stuart, E.; Menon, S.; Visanji, N.P.; Meisl, G.; et al.
a-Synuclein Strains Target Distinct Brain Regions and Cell Types. Nat. Neurosci. 2020, 23, 21-31. [CrossRef] [PubMed]

Danzer, K.M.; Haasen, D.; Karow, A.R.; Moussaud, S.; Habeck, M.; Giese, A.; Kretzschmar, H.; Hengerer, B.; Kostka, M. Different
Species of a-Synuclein Oligomers Induce Calcium Influx and Seeding. J. Neurosci. 2007, 27, 9220-9232. [CrossRef]

Recasens, A.; Dehay, B.; Bové, ].; Carballo-Carbajal, I.; Dovero, S.; Pérez-Villalba, A.; Fernagut, P.O.; Blesa, J.; Parent, A.; Perier, C.;
et al. Lewy Body Extracts from Parkinson Disease Brains Trigger a-Synuclein Pathology and Neurodegeneration in Mice and
Monkeys. Ann. Neurol. 2014, 75, 351-362. [CrossRef]

Bourdenx, M.; Nioche, A.; Dovero, S.; Arotcarena, M.; Camus, S.; Porras, G.; Thiolat, M.; Rougier, N.P; Prigent, A.; Aubert, P,; et al.
Identification of Distinct. Pathological Signatures Induced by Patient-Derived a-Synuclein Structures in Nonhuman Primates. Sci.
Adv. 2020, 6, eaaz9165. [CrossRef]

Thomsen, M.B.; Ferreira, S.A.; Schacht, A.C.; Jacobsen, ]J.; Simonsen, M.; Betzer, C.; Jensen, P.H.; Brooks, D.].; Landau, A.M,;
Romero-Ramos, M. PET Imaging Reveals Early and Progressive Dopaminergic Deficits after Intra-Striatal Injection of Preformed
Alpha-Synuclein Fibrils in Rats. Neurobiol. Dis. 2021, 149, 105229. [CrossRef] [PubMed]

Luk, K.C.; Kehm, V.; Carroll, J.; Zhang, B.; O’Brien, P.; Trojanowski, ].Q.; Lee, VM.-Y. Pathological x-Synuclein Transmission
Initiates Parkinson-like Neurodegeneration in Nontransgenic Mice. Science 2012, 338, 949-953. [CrossRef] [PubMed]


https://doi.org/10.1038/s41467-022-34552-7
https://doi.org/10.1016/j.str.2022.11.013
https://www.ncbi.nlm.nih.gov/pubmed/36513068
https://doi.org/10.1101/2021.07.08.451588
https://doi.org/10.1073/pnas.1514475112
https://www.ncbi.nlm.nih.gov/pubmed/26324905
https://doi.org/10.1007/s00401-019-01959-4
https://www.ncbi.nlm.nih.gov/pubmed/30690664
https://doi.org/10.1038/s41586-018-0104-4
https://doi.org/10.1074/jbc.RA119.012179
https://doi.org/10.1007/s13311-022-01287-8
https://doi.org/10.1093/brain/awab374
https://doi.org/10.1007/s00401-020-02157-3
https://doi.org/10.1186/s40478-021-01288-2
https://doi.org/10.21203/rs.3.rs-2579805/v1
https://doi.org/10.1007/s00401-020-02163-5
https://doi.org/10.1038/nature14547
https://doi.org/10.1186/s40035-021-00242-5
https://doi.org/10.7554/eLife.56825
https://www.ncbi.nlm.nih.gov/pubmed/32697196
https://doi.org/10.1186/s40478-019-0859-3
https://www.ncbi.nlm.nih.gov/pubmed/31888771
https://doi.org/10.1038/s41593-019-0541-x
https://www.ncbi.nlm.nih.gov/pubmed/31792467
https://doi.org/10.1523/JNEUROSCI.2617-07.2007
https://doi.org/10.1002/ana.24066
https://doi.org/10.1126/sciadv.aaz9165
https://doi.org/10.1016/j.nbd.2020.105229
https://www.ncbi.nlm.nih.gov/pubmed/33352233
https://doi.org/10.1126/science.1227157
https://www.ncbi.nlm.nih.gov/pubmed/23161999

Int. . Mol. Sci. 2023, 24, 12134 20 of 23

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Bousset, L.; Pieri, L.; Ruiz-Arlandis, G.; Gath, J.; Jensen, P.H.; Habenstein, B.; Madiona, K.; Olieric, V.; Bockmann, A.; Meier,
B.H.; et al. Structural and Functional Characterization of Two Alpha-Synuclein Strains. Nat. Commun. 2013, 4, 2575. [CrossRef]
[PubMed]

Murazabal, T.T.; Van der Perren, A.; Coens, A.; Janer, A.B.; Camacho-Garcia, S.; Stefanova, N.; Melki, R.; Baekelandt, V.; Peelaerts,
W. «-Synuclein Strains Influence Multiple System Atrophy via Central and Peripheral Mechanisms. bioRxiv 2020. Preprint.
[CrossRef]

Fayard, A.; Fenyi, A.; Lavisse, S.; Dovero, S.; Bousset, L.; Bellande, T.; Lecourtois, S.; Jouy, C.; Guillermier, M.; Jan, C.; et al.
Functional and Neuropathological Changes Induced by Injection of Distinct Alpha-Synuclein Strains: A Pilot Study in Non-
Human Primates. Neurobiol. Dis. 2023, 180, 106086. [CrossRef]

Long, H.; Zheng, W.; Liu, Y.; Sun, Y.; Zhao, K; Liu, Z.; Xia, W.; Lv, S,; Liu, Z; Li, D.; et al. Wild-Type «-Synuclein Inherits the
Structure and Exacerbated Neuropathology of E46K Mutant Fibril Strain by Cross-Seeding. Proc. Natl. Acad. Sci. USA 2021, 118,
€2012435118. [CrossRef]

Zarranz, ].J.; Alegre, J.; Gomez-Esteban, J.C.; Lezcano, E.; Ros, R.; Ampuero, I.; Vidal, L.; Hoenicka, J.; Rodriguez, O.; Atarés, B.;
et al. The New Mutation, E46K, of a-Synuclein Causes Parkinson and Lewy Body Dementia. Ann. Neurol. 2004, 55, 164-173.
[CrossRef]

Courte, J.; Bousset, L.; Von Boxberg, Y.; Villard, C.; Melki, R.; Peyrin, ]. M. The Expression Level of Alpha-Synuclein in Different
Neuronal Populations Is the Primary Determinant of Its Prion-like Seeding. Sci. Rep. 2020, 10, 1-13. [CrossRef]

Tanudjojo, B.; Shaikh, S.S.; Fenyi, A.; Bousset, L.; Agarwal, D.; Marsh, J.; Zois, C.; Heman-Ackah, S.; Fischer, R.; Sims, D.; et al.
Phenotypic Manifestation of x-Synuclein Strains Derived from Parkinson’s Disease and Multiple System Atrophy in Human
Dopaminergic Neurons. Nat. Commun. 2021, 12, 3817. [CrossRef]

Chartier-Harlin, M.-C.; Kachergus, J.; Roumier, C.; Mouroux, V.; Douay, X.; Lincoln, S.; Levecque, C.; Larvor, L.; Andrieux,
J.; Hulihan, M.; et al. «-Synuclein Locus Duplication as a Cause of Familial Parkinson’s Disease. Lancet 2004, 364, 1167-1169.
[CrossRef]

Singleton, A.B.; Farrer, M.; Johnson, J.; Singleton, A.; Hague, S.; Kachergus, J.; Hulihan, M.; Peuralinna, T.; Dutra, A.; Nussbaum,
R.; et al. ®-Synuclein Locus Triplication Causes Parkinson’s Disease. Science 2003, 302, 841. [CrossRef]

Ibanez, P.; Bonnet, A.-M.; Débarges, B.; Lohmann, E.; Tison, F.; Agid, Y.; Diirr, A.; Brice, A.; Pollak, P. Causal Relation between
a-Synuclein Locus Duplication as a Cause of Familial Parkinson’s Disease. Lancet 2004, 364, 1169-1171. [CrossRef]

Eriksen, ].L.; Przedborski, S.; Petrucelli, L. Gene Dosage and Pathogenesis of Parkinson’s Disease. Trends Mol. Med. 2005, 11,
91-96. [CrossRef] [PubMed]

Choi, Y.R,; Park, S.J.; Park, S.M. Molecular Events Underlying the Cell-to-Cell Transmission of x-Synuclein. FEBS J. 2021, 288,
6593-6602. [CrossRef]

Lee, H.-J.; Suk, J.-E.; Bae, E.-].; Lee, J.-H.; Paik, S.R; Lee, S.-]. Assembly-Dependent Endocytosis and Clearance of Extracellular
Alpha-Synuclein. Int. ]. Biochem. 2008, 40, 1835-1849. [CrossRef] [PubMed]

Janda, E.; Boi, L.; Carta, A.R. Microglial Phagocytosis and Its Regulation: A Therapeutic Target in Parkinson’s Disease? Front.
Mol. Neurosci. 2018, 11, 44. [CrossRef] [PubMed]

Zhang, S.; Liu, Y.-Q.; Jia, C,; Lim, Y.-].; Feng, G.; Xu, E.; Long, H.; Kimura, Y.; Tao, Y.; Zhao, C.; et al. Mechanistic Basis for
Receptor-Mediated Pathological x-Synuclein Fibril Cell-to-Cell Transmission in Parkinson’s Disease. Proc. Natl. Acad. Sci. USA
2021, 118, €2011196118. [CrossRef]

Uemura, N.; Uemura, M.T.; Luk, K.C.; Lee, VM.Y.; Trojanowski, J.Q. Cell-to-Cell Transmission of Tau and «-Synuclein. Trends
Mol. Med. 2020, 26, 936-952. [CrossRef]

Mao, X.; Ou, M.T,; Karuppagounder, S.S.; Kam, T.I; Yin, X,; Xiong, Y.; Ge, P.; Umanah, G.E.; Brahmachari, S.; Shin, ].H.; et al.
Pathological a-Synuclein Transmission Initiated by Binding Lymphocyte-Activation Gene 3. Science 2016, 353, aah3374. [CrossRef]
Gu, H;; Yang, X.; Mao, X.; Xu, E.; Qi, C.; Wang, H.; Brahmachari, S.; York, B.; Sriparna, M.; Li, A.; et al. Lymphocyte Activation
Gene 3 (Lag3) Contributes to a-Synucleinopathy in x-Synuclein Transgenic Mice. Front. Cell Neurosci. 2021, 15, 656426. [CrossRef]
Emmenegger, M.; De Cecco, E.; Hruska-Plochan, M.; Eninger, T.; Schneider, M.M.; Barth, M.; Tantardini, E.; de Rossi, P.; Bacioglu,
M.; Langston, R.G.; et al. LAG3 Is Not Expressed in Human and Murine Neurons and Does Not Modulate A-synucleinopathies.
EMBO Mol. Med. 2021, 13, e14745. [CrossRef] [PubMed]

Holmes, B.B.; DeVos, S.L.; Kfoury, N.; Li, M.; Jacks, R.; Yanamandra, K.; Ouidja, M.O.; Brodsky, EM.; Marasa, J.; Bagchi, D.P; et al.
Heparan Sulfate Proteoglycans Mediate Internalization and Propagation of Specific Proteopathic Seeds. Proc. Natl. Acad. Sci. USA
2013, 110, E3138-E3147. [CrossRef] [PubMed]

Hudak, A.; Kusz, E.; Domonkos, I; Jésvay, K.; Kodamullil, A.T.; Szilak, L.; Hofmann-Apitius, M.; Letoha, T. Contribution of
Syndecans to Cellular Uptake and Fibrillation of x-Synuclein and Tau. Sci. Rep. 2019, 9, 16543. [CrossRef] [PubMed]

Leonova, E.I; Galzitskaya, O.V. The Role of Syndecan-2 in Amyloid Plaque Formation. Mol. Biology. Maik Nauka 2015, 49, 89-98.
[CrossRef]

Letoha, T.; Huddk, A.; Kusz, E.; Pettk6-Szandtner, A.; Domonkos, I.; Josvay, K.; Hofmann-Apitius, M.; Szildk, L. Contribution of
Syndecans to Cellular Internalization and Fibrillation of Amyloid-(3(1-42). Sci. Rep. 2019, 9, 1-17. [CrossRef]

Stopschinski, B.E.; Holmes, B.B.; Miller, G.M.; Manon, V.A.; Vaquer-Alicea, J.; Prueitt, W.L.; Hsieh-Wilson, L.C.; Diamond, M.L
Specific Glycosaminoglycan Chain Length and Sulfation Patterns Are Required for Cell Uptake of Tau versus a-Synuclein and
B-Amyloid Aggregates. J. Biol. Chem. 2018, 293, 10826-10840. [CrossRef]


https://doi.org/10.1038/ncomms3575
https://www.ncbi.nlm.nih.gov/pubmed/24108358
https://doi.org/10.1101/2020.10.16.342089
https://doi.org/10.1016/j.nbd.2023.106086
https://doi.org/10.1073/pnas.2012435118
https://doi.org/10.1002/ana.10795
https://doi.org/10.1038/s41598-020-61757-x
https://doi.org/10.1038/s41467-021-23682-z
https://doi.org/10.1016/S0140-6736(04)17103-1
https://doi.org/10.1126/science.1090278
https://doi.org/10.1016/S0140-6736(04)17104-3
https://doi.org/10.1016/j.molmed.2005.01.001
https://www.ncbi.nlm.nih.gov/pubmed/15760766
https://doi.org/10.1111/febs.15674
https://doi.org/10.1016/j.biocel.2008.01.017
https://www.ncbi.nlm.nih.gov/pubmed/18291704
https://doi.org/10.3389/fnmol.2018.00144
https://www.ncbi.nlm.nih.gov/pubmed/29755317
https://doi.org/10.1073/pnas.2011196118
https://doi.org/10.1016/j.molmed.2020.03.012
https://doi.org/10.1126/science.aah3374
https://doi.org/10.3389/fncel.2021.656426
https://doi.org/10.15252/emmm.202114745
https://www.ncbi.nlm.nih.gov/pubmed/34309222
https://doi.org/10.1073/pnas.1301440110
https://www.ncbi.nlm.nih.gov/pubmed/23898162
https://doi.org/10.1038/s41598-019-53038-z
https://www.ncbi.nlm.nih.gov/pubmed/31719623
https://doi.org/10.1134/S0026893315010082
https://doi.org/10.1038/s41598-018-37476-9
https://doi.org/10.1074/jbc.RA117.000378

Int. . Mol. Sci. 2023, 24, 12134 21 0f 23

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.
102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Shrivastava, A.N.; Redeker, V,; Fritz, N.; Pieri, L.; Almeida, L.G.; Spolidoro, M.; Liebmann, T.; Bousset, L.; Renner, M.; Léna, C.;
et al. a-Synuclein Assemblies Sequester Neuronal A3-Na+/K+-ATPase and Impair Na+ Gradient. EMBO J. 2015, 34, 2408-2423.
[CrossRef]

Dzamko, N.; Gysbers, A ; Perera, G.; Bahar, A.; Shankar, A.; Gao, J.; Fu, Y.H.; Halliday, G.M. Toll-like Receptor 2 Is Increased in
Neurons in Parkinson’s Disease Brain and May Contribute to Alpha-Synuclein Pathology. Acta Neuropathol. 2017, 133, 303-319.
[CrossRef]

Feng, Y.; Zheng, C.; Zhang, Y.; Xing, C.; Cai, W,; Li, R.; Chen, J.; Duan, Y. Triptolide Inhibits Preformed Fibril-Induced Microglial
Activation by Targeting the MicroRNA155-5p /SHIP1 Pathway. Oxid. Med. Cell Longev. 2019, 2019, 1-13. [CrossRef]

Xia, Y;; Zhang, G.; Kou, L.; Yin, S.; Han, C.; Hu, J.; Wan, E; Sun, Y.; Wu, J.; Li, Y.; et al. Reactive Microglia Enhance the Transmission
of Exosomal a-Synuclein via Toll-like Receptor 2. Brain 2021, 144, 2024-2037. [CrossRef]

Shrivastava, A.N.; Bousset, L.; Renner, M.; Redeker, V.; Savistchenko, J.; Triller, A.; Melki, R. Differential Membrane Binding and
Seeding of Distinct «-Synuclein Fibrillar Polymorphs. Biophys. ]. 2020, 118, 1301-1320. [CrossRef] [PubMed]

Neupane, S.; De Cecco, E.; Aguzzi, A. The Hidden Cell-to-Cell Trail of a-Synuclein Aggregates. J. Mol. Biol. 2023, 435, 167930.
[CrossRef] [PubMed]

Raghav, A.; Singh, M.; Jeong, G.B.; Giri, R.; Agarwal, S.; Kala, S.; Gautam, K.A. Extracellular Vesicles in Neurodegenerative
Diseases: A Systematic Review. Front. Mol. Neurosci. 2022, 15, 1061076. [CrossRef]

Meloni, M.; Agliardi, C.; Guerini, ER.; Zanzottera, M.; Bolognesi, E.; Picciolini, S.; Marano, M.; Magliozzi, A.; Di Fonzo, A.; Arighi,
A.; et al. Oligomeric x-Synuclein and Tau Aggregates in NDEVs Differentiate Parkinson’s Disease from Atypical Parkinsonisms.
Neurobiol. Dis. 2023, 176, 105947. [CrossRef]

Hernandez, S.M.; Tikhonova, E.B.; Karamyshev, A L. Protein-Protein Interactions in Alpha-Synuclein Biogenesis: New Potential
Targets in Parkinson’s Disease. Front. Aging Neurosci. 2020, 12, 72. [CrossRef]

Stephens, A.D.; Zacharopoulou, M.; Moons, R.; Fusco, G.; Seetaloo, N.; Chiki, A.; Woodhams, PJ.; Mela, I.; Lashuel, H.A; Phillips,
J.J.; et al. Extent of N-Terminus Exposure of Monomeric Alpha-Synuclein Determines Its Aggregation Propensity. Nat. Commun.
2020, 11, 2820. [CrossRef]

Landureau, M.; Redeker, V.; Bellande, T.; Eyquem, S.; Melki, R. The Differential Solvent Exposure of N-Terminal Residues
Provides “Fingerprints” of Alpha-Synuclein Fibrillar Polymorphs. J. Biol. Chem. 2021, 296, 100737. [CrossRef] [PubMed]

Stykel, M.G.; Humphries, K.M.; Kamski-Hennekam, E.; Buchner-Duby, B.; Porte-Trachsel, N.; Ryan, T.; Coackley, C.L.; Bamm,
V.V, Harauz, G.; Ryan, S.D. a-Synuclein Mutation Impairs Processing of Endomembrane Compartments and Promotes Exocytosis
and Seeding of x-Synuclein Pathology. Cell Rep. 2021, 35, 109099. [CrossRef] [PubMed]

Leitao, A.D.G.; Rudolffi-Soto, P.; Chappard, A.; Bhumkar, A.; Lau, D.; Hunter, D.J.B.; Gambin, Y.; Sierecki, E. Selectivity of Lewy
Body Protein Interactions along the Aggregation Pathway of a-Synuclein. Commun. Biol. 2021, 4, 1124. [CrossRef]

Joshi, N.; Raveendran, A.; Nagotu, S. Chaperones and Proteostasis: Role in Parkinson’s Disease. Diseases 2020, 8, 24. [CrossRef]
Ellis, C.E.; Schwartzberg, P.L.; Grider, T.L.; Fink, D.W.; Nussbaum, R.L. A-Synuclein Is Phosphorylated by Members of the Src
Family of Protein-Tyrosine Kinases *. J. Biol. Chem. 2001, 276, 3879-3884. [CrossRef] [PubMed]

Arawaka, S.; Wada, M.; Goto, S.; Karube, H.; Sakamoto, M.; Ren, C.H.; Koyama, S.; Nagasawa, H.; Kimura, H.; Kawanami, T.;
et al. The Role of G-Protein-Coupled Receptor Kinase 5 in Pathogenesis of Sporadic Parkinson’s Disease. |. Neurosci. 2006, 26,
9227-9238. [CrossRef] [PubMed]

Mahul-Mellier, A.L.; Fauvet, B.; Gysbers, A.; Dikiy, I.; Oueslati, A.; Georgeon, S.; Lamontanara, A.].; Bisquertt, A.; Eliezer, D.;
Masliah, E.; et al. C-Abl Phosphorylates a-Synuclein and Regulates Its Degradation: Implication for «-Synuclein Clearance and
Contribution to the Pathogenesis of Parkinson’s Disease. Hum. Mol. Genet. 2014, 23, 2858-2879. [CrossRef] [PubMed]
Burmann, B.M.; Gerez, J.A.; Mate¢ko-Burmann, I.; Campioni, S.; Kumari, P.; Ghosh, D.; Mazur, A.; Aspholm, E.E,; Sulskis, D.;
Wawrzyniuk, M.; et al. Regulation of a-Synuclein by Chaperones in Mammalian Cells. Nature 2020, 577, 127-132. [CrossRef]
[PubMed]

Wegmann, S.; Biernat, J.; Mandelkow, E. A Current View on Tau Protein Phosphorylation in Alzheimer’s Disease. Curr. Opin.
Neurobiol. 2021, 69, 131-138. [CrossRef]

Ishizawa, T.; Mattila, P; Davies, P.; Wang, D.; Dickson, D.W. Colocalization of Tau and Alpha-Synuclein Epitopes in Lewy Bodies.
J. Neuropathol. Exp. Neurol. 2003, 62, 389-397. [CrossRef]

Visanji, N.P,; Lang, A.E.; Kovacs, G.G. Beyond the Synucleinopathies: Alpha Synuclein as a Driving Force in Neurodegenerative
Comorbidities. Transl. Neurodegener. 2019, 8, 28. [CrossRef]

Waxman, E.A.; Giasson, B.I. Induction of Intracellular Tau Aggregation Is Promoted by «-Synuclein Seeds and Provides Novel
Insights into the Hyperphosphorylation of Tau. J. Neurosci. 2011, 31, 7604-7618. [CrossRef]

Guo, J.L,; Covell, D.J.; Daniels, ].P.; Iba, M.; Stieber, A.; Zhang, B.; Riddle, D.M.; Kwong, L.K.; Xu, Y.; Trojanowski, ].Q.; et al.
Distinct o-Synuclein Strains Differentially Promote Tau Inclusions in Neurons. Cell 2013, 154, 103. [CrossRef]

Pan, L,; Li, C.; Meng, L.; Tian, Y.; He, M.; Yuan, X.; Zhang, G.; Zhang, Z.; Xiong, ].; Chen, G.; et al. Tau Accelerates x-Synuclein
Aggregation and Spreading in Parkinson’s Disease. Brain 2022, 145, 3454-3471. [CrossRef]

Leitao, A.; Bhumkar, A.; Hunter, D.J.B.; Gambin, Y.; Sierecki, E. Unveiling a Selective Mechanism for the Inhibition of «x-Synuclein
Aggregation by 3-Synuclein. Int. J. Mol. Sci. 2018, 19, 334. [CrossRef] [PubMed]

Bisi, N.; Feni, L.; Peqini, K.; Pérez-Pefia, H.; Ongeri, S.; Pieraccini, S.; Pellegrino, S. a-Synuclein: An All-Inclusive Trip Around Its
Structure, Influencing Factors and Applied Techniques. Front. Chem. 2021, 9, 666585. [CrossRef] [PubMed]


https://doi.org/10.15252/embj.201591397
https://doi.org/10.1007/s00401-016-1648-8
https://doi.org/10.1155/2019/6527638
https://doi.org/10.1093/brain/awab122
https://doi.org/10.1016/j.bpj.2020.01.022
https://www.ncbi.nlm.nih.gov/pubmed/32059758
https://doi.org/10.1016/j.jmb.2022.167930
https://www.ncbi.nlm.nih.gov/pubmed/36566800
https://doi.org/10.3389/fnmol.2022.1061076
https://doi.org/10.1016/j.nbd.2022.105947
https://doi.org/10.3389/fnagi.2020.00072
https://doi.org/10.1038/s41467-020-16564-3
https://doi.org/10.1016/j.jbc.2021.100737
https://www.ncbi.nlm.nih.gov/pubmed/33933456
https://doi.org/10.1016/j.celrep.2021.109099
https://www.ncbi.nlm.nih.gov/pubmed/33979611
https://doi.org/10.1038/s42003-021-02624-x
https://doi.org/10.3390/diseases8020024
https://doi.org/10.1074/jbc.M010316200
https://www.ncbi.nlm.nih.gov/pubmed/11078745
https://doi.org/10.1523/JNEUROSCI.0341-06.2006
https://www.ncbi.nlm.nih.gov/pubmed/16957079
https://doi.org/10.1093/hmg/ddt674
https://www.ncbi.nlm.nih.gov/pubmed/24412932
https://doi.org/10.1038/s41586-019-1808-9
https://www.ncbi.nlm.nih.gov/pubmed/31802003
https://doi.org/10.1016/j.conb.2021.03.003
https://doi.org/10.1093/jnen/62.4.389
https://doi.org/10.1186/s40035-019-0172-x
https://doi.org/10.1523/JNEUROSCI.0297-11.2011
https://doi.org/10.1016/j.cell.2013.05.057
https://doi.org/10.1093/brain/awac171
https://doi.org/10.3390/ijms19020334
https://www.ncbi.nlm.nih.gov/pubmed/29364143
https://doi.org/10.3389/fchem.2021.666585
https://www.ncbi.nlm.nih.gov/pubmed/34307295

Int. . Mol. Sci. 2023, 24, 12134 22 0f 23

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

Song, Y.J.C,; Lundvig, D.M.S.; Huang, Y.; Wei, P.G.; Blumbergs, P.C.; Hojrup, P.; Otzen, D.; Halliday, G.M.; Jensen, PH. P25«
Relocalizes in Oligodendroglia from Myelin to Cytoplasmic Inclusions in Multiple System Atrophy. Am. J. Pathol. 2007, 171,
1291-1303. [CrossRef]

Ferreira, N.; Gram, H.; Sorrentino, Z.A.; Gregersen, E.; Schmidt, S.I.; Reimer, L.; Betzer, C.; Perez-Gozalbo, C.; Beltoja, M.; Nagaraj,
M.; et al. Multiple System Atrophy-Associated Oligodendroglial Protein P25« Stimulates Formation of Novel «-Synuclein Strain
with Enhanced Neurodegenerative Potential. Acta Neuropathol. 2021, 142, 87-115. [CrossRef] [PubMed]

Hawkes, C.H.; Del Tredici, K.; Braak, H. Parkinson’s Disease The Dual Hit Theory Revisited. Ann. N. Y. Acad. Sci. 2009, 1170,
615-622. [CrossRef] [PubMed]

Uemura, N.; Yagi, H.; Uemura, M.T.; Hatanaka, Y.; Yamakado, H.; Takahashi, R. Inoculation of «-Synuclein Preformed Fibrils into
the Mouse Gastrointestinal Tract Induces Lewy Body-like Aggregates in the Brainstem via the Vagus Nerve. Mol. Neurodegener.
2018, 13, 21. [CrossRef]

Gray, M.T.; Munoz, D.G.; Schlossmacher, M.G.; Gray, D.A.; Woulfe, ] M. Protective Effect of Vagotomy Suggests Source Organ for
Parkinson Disease. Ann. Neurol. 2015, 78, 834-835. [CrossRef]

Mendes, A.; Gongalves, A.; Vila-Cha, N.; Moreira, I.; Fernandes, J.; Damasio, J.; Teixeira-Pinto, A.; Taipa, R.; Lima, A.B.; Cavaco, S.
Appendectomy May Delay Parkinson’s Disease Onset. J. Mov. Disord. 2015, 30, 1404-1407. [CrossRef]

Lu, H.-T;; Shen, Q.-Y.; Xie, D.; Zhao, Q.-Z.; Xu, Y.-M. Lack of Association between Appendectomy and Parkinson’s Disease: A
Systematic Review and Meta-Analysis. Aging Clin. Exp. Res. 2020, 32, 2201-2209. [CrossRef]

Borghammer, P.; Hamani, C. Preventing Parkinson Disease by Vagotomy Fact or Fiction? Neurology 2017, 88, 1982. [CrossRef]
Challis, C.; Hori, A.; Sampson, T.R.; Yoo, B.B.; Challis, R.C.; Hamilton, A.M.; Mazmanian, S.K.; Volpicelli-Daley, L.A.; Gradinaru,
V. Gut-Seeded a-Synuclein Fibrils Promote Gut Dysfunction and Brain Pathology Specifically in Aged Mice. Nat. Neurosci. 2020,
23, 327-336. [CrossRef] [PubMed]

Van Den Berge, N.; Ferreira, N.; Gram, H.; Mikkelsen, TW.; Alstrup, A.K.O.; Casadei, N.; Tsung-Pin, P.; Riess, O.; Nyengaard,
J.R.; Tamgiiney, G.; et al. Evidence for Bidirectional and Trans-Synaptic Parasympathetic and Sympathetic Propagation of
Alpha-Synuclein in Rats. Acta Neuropathol. 2019, 138, 535-550. [CrossRef]

Veys, L.; Van Houcke, ].; Aerts, J.; Van Pottelberge, S.; Mahieu, M.; Coens, A.; Melki, R.; Moechars, D.; De Muynck, L.; De Groef, L.
Absence of Uptake and Prion-Like Spreading of Alpha-Synuclein and Tau after Intravitreal Injection of Preformed Fibrils. Front.
Aging Neurosci. 2021, 12, 614587. [CrossRef]

Ding, X.; Zhou, L.; Jiang, X.; Liu, H.; Yao, J.; Zhang, R.; Liang, D.; Wang, F.; Ma, M.; Tang, B.; et al. Propagation of Pathological
a-Synuclein from the Urogenital Tract to the Brain Initiates MSA-like Syndrome. iScience 2020, 23, 101166. [CrossRef] [PubMed]
Just, M.K.; Gram, H.; Theologidis, V.; Jensen, P.H.; Nilsson, K.P.R.; Lindgren, M.; Knudsen, K.; Borghammer, P.; Van Den Berge,
N. Alpha-Synuclein Strain Variability in Body-First and Brain-First Synucleinopathies. Front. Aging Neurosci. 2022, 14, 907293.
[CrossRef] [PubMed]

Lee, ].E; Sang, ].C.; Rodrigues, M.; Carr, A.R.; Horrocks, M.H.; De, S.; Bongiovanni, M.N.; Flagmeier, P.; Dobson, C.M.; Wales, D.J.;
et al. Mapping Surface Hydrophobicity of x-Synuclein Oligomers at the Nanoscale. Nano Lett. 2018, 18, 7494-7501. [CrossRef]
[PubMed]

Nimmo, J.T.; Verma, A.; Dodart, ].-C.; Wang, C.Y.; Savistchenko, J.; Melki, R.; Carare, R.O.; Nicoll, ].A.R. Novel Antibodies Detect
Additional a-Synuclein Pathology in Synucleinopathies: Potential Development for Inmunotherapy. Alzheimers Res. Ther. 2020,
12,159. [CrossRef]

Kumar, S.T.; Jagannath, S.; Francois, C.; Vanderstichele, H.; Stoops, E.; Lashuel, H.A. How Specific Are the Conformation-Specific
a-Synuclein Antibodies? Characterization and Validation of 16 a-Synuclein Conformation-Specific Antibodies Using Well-
Characterized Preparations of «-Synuclein Monomers, Fibrils and Oligomers with Distinct Structures and Morphology. Neurobiol.
Dis. 2020, 146, 105086. [CrossRef]

Rossi, M.; Candelise, N.; Baiardi, S.; Capellari, S.; Giannini, G.; Orru, C.D.; Antelmi, E.; Mammana, A.; Hughson, A.G;
Calandra-Buonaura, G.; et al. Ultrasensitive RT-QulC Assay with High Sensitivity and Specificity for Lewy Body-Associated
Synucleinopathies. Acta Neuropathol. 2020, 140, 49-62. [CrossRef]

Bongianni, M.; Ladogana, A.; Capaldi, S.; Klotz, S.; Baiardi, S.; Cagnin, A.; Perra, D.; Fiorini, M.; Poleggi, A.; Legname, G.; et al.
a-Synuclein RT-QuIC Assay in Cerebrospinal Fluid of Patients with Dementia with Lewy Bodies. Ann. Clin. Transl. Neurol. 2019,
6,2120-2126. [CrossRef]

Okuzumi, A.; Hatano, T.; Fukuhara, T.; Ueno, S.; Nukina, N.; Imai, Y.; Hattori, N. «-Synucleinx-Synuclein Seeding Assay Using
RT-QulCReal-Time Quaking-Induced Conversion (RT-QuIC). In Experimental Models of Parkinson’s Disease; Imai, Y., Ed.; Springer:
New York, NY, USA, 2021; pp. 3-16. [CrossRef]

Sidhu, A.; Vaneyck, J.; Blum, C.; Segers-Nolten, I.; Subramaniam, V. Polymorph-Specific Distribution of Binding Sites Determines
Thioflavin-T Fluorescence Intensity in «-Synuclein Fibrils. Amyloid 2018, 25, 189-196. [CrossRef] [PubMed]

Strohéker, T.; Jung, B.C.; Liou, S.-H.; Fernandez, C.O.; Riedel, D.; Becker, S.; Halliday, G.M.; Bennati, M.; Kim, W.S.; Lee, S.-].; et al.
Structural Heterogeneity of a-Synuclein Fibrils Amplified from Patient Brain Extracts. Nat. Commun. 2019, 10, 5535. [CrossRef]
[PubMed]

Jaunmuktane, Z.; Brandner, S. Invited Review: The Role of Prion-like Mechanisms in Neurodegenerative Diseases. Neuropathol.
Appl. Neurobiol. 2020, 46, 522-545. [CrossRef] [PubMed]


https://doi.org/10.2353/ajpath.2007.070201
https://doi.org/10.1007/s00401-021-02316-0
https://www.ncbi.nlm.nih.gov/pubmed/33978813
https://doi.org/10.1111/j.1749-6632.2009.04365.x
https://www.ncbi.nlm.nih.gov/pubmed/19686202
https://doi.org/10.1186/s13024-018-0257-5
https://doi.org/10.1002/ana.24501
https://doi.org/10.1002/mds.26311
https://doi.org/10.1007/s40520-019-01354-9
https://doi.org/10.1212/WNL.0000000000003969
https://doi.org/10.1038/s41593-020-0589-7
https://www.ncbi.nlm.nih.gov/pubmed/32066981
https://doi.org/10.1007/s00401-019-02040-w
https://doi.org/10.3389/fnagi.2020.614587
https://doi.org/10.1016/j.isci.2020.101166
https://www.ncbi.nlm.nih.gov/pubmed/32470898
https://doi.org/10.3389/fnagi.2022.907293
https://www.ncbi.nlm.nih.gov/pubmed/35693346
https://doi.org/10.1021/acs.nanolett.8b02916
https://www.ncbi.nlm.nih.gov/pubmed/30380895
https://doi.org/10.1186/s13195-020-00727-x
https://doi.org/10.1016/j.nbd.2020.105086
https://doi.org/10.1007/s00401-020-02160-8
https://doi.org/10.1002/acn3.50897
https://doi.org/10.1007/978-1-0716-1495-2_1
https://doi.org/10.1080/13506129.2018.1517736
https://www.ncbi.nlm.nih.gov/pubmed/30486688
https://doi.org/10.1038/s41467-019-13564-w
https://www.ncbi.nlm.nih.gov/pubmed/31797870
https://doi.org/10.1111/nan.12592
https://www.ncbi.nlm.nih.gov/pubmed/31868945

Int. . Mol. Sci. 2023, 24, 12134 23 0f 23

136. Hoppe, S.; Uzunoglu, G.; Nussbaum-Krammer, C. x-Synuclein Strains: Does Amyloid Conformation Explain the Heterogeneity
of Synucleinopathies? Biomolecules 2021, 11, 931. [CrossRef]

137. Fouka, M.; Mavroeidi, P.; Tsaka, G.; Xilouri, M. In Search of Effective Treatments Targeting x-Synuclein Toxicity in Synucle-
inopathies: Pros and Cons. Front. Cell Dev. Biol. 2020, 8, 559791. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/biom11070931
https://doi.org/10.3389/fcell.2020.559791

	Introduction 
	Parkinson’s Disease, Multiple System Atrophy, and Dementia with Lewy Bodies 
	Alpha-Synuclein: From Abundant Neuronal Protein to Major Neurodegenerative Culprit 
	Synuclein Aggregation as a Diagnostic Biomarker 

	Distinct Syn Strains Lie at the Core of PD, MSA & DLB 
	MSA and PD Syn Fibrils Are Structurally Different 
	PD, MSA and DLB-Derived Fibrils Induce Different Pathologies 
	Structurally Different Recombinant Syn Strains Lead to Distinct Pathologies 

	Strains and Pathology: The Role of the Environment 
	The Strain-to-Cell Connection 
	Cell-to-Strain Imprinting 

	Perspective: The Future of Strainotyping 
	Reproducibility and Quality Control 
	Diagnosis and Patients Stratification 
	Drug Development 

	Conclusions 
	References

