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Abstract

Parkinson’s disease (PD) is a major neurodegenerative disorder which exhibits many of the
characteristics of a pandemic. Current therapeutic strategies are centered on the dopaminergic
system, with limited efficacy, so that a treatment that has a direct impact on the underlying
disease pathogenesis is urgently needed. Although a-synuclein is a privileged target for such
therapies, this protein has been in the past wrongly considered as exclusively intracellular, so
that the impact of paracrine neurotoxicity mechanisms in PD have been largely ignored. In
this article we review the data showing that lipid rafts act as plasma membrane machineries
for the formation of a-synuclein pore-like oligomers which trigger an increase of intracellular
Ca”*. This Ca?" influx is responsible for a self-sustained cascade of neurotoxic events,
including mitochondrial oxidative stress, tau phosphorylation, Ca>" release from the
endoplasmic reticulum, Lewy body formation, and extracellular release of a-synuclein in
exosomes. The first step of this cascade is the binding of a-synuclein to lipid raft
gangliosides, suggesting that PD should be considered as a ganglioside membrane disorder
lipidopathy. Accordingly, blocking a-synuclein-ganglioside interactions should annihilate the
whole neurotoxic cascade and stop disease progression. A pipeline of anti-oligomer molecules
is under development, among which an in-silico designed synthetic peptide AmyP53 which is
the first drug targeting gangliosides and thus able to prevent the formation of a-synuclein
oligomers and all downstream neurotoxicity. These new therapeutic avenues challenge the
current symptomatic approaches by finally targeting the root cause of PD through a long-

awaited paradigm shift.
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Parkinson’s disease: a pandemic

Neurological disorders are currently the leading source of disability around the world, and
the fastest growing of these neurodegenerations is Parkinson’s disease (PD), which, although
noninfectious, exhibits many of the characteristics of a pandemic [1]. The risk of developing
PD increases with age: the disease affects approximately 0.5% to 1% of people aged between
65 to 69, rising to 1% to 3% among persons 80 years of age and older, and it is about 1.4 times

more frequent in men than women [2].

PD is characterized by a broad range of symptoms including postural instability, rigidity,
tremor, gait and motor impairment, cognitive deficits and depression [3]. Accordingly, the
disease has a severely negative impact on the quality of life of patients and their caregivers. The
global burden of PD has been evaluated by the disability-adjusted life year (DALY) index,
which is an aggregate measure of years of life lost due to premature death, with 1 DALY

equating to 1 healthy year of life lost[1].

The current therapeutic proposal for PD patients is centered on the dopaminergic
system, which is quite logical given the typical loss of dopaminergic neurons in this disease
[3]. The shortcomings of such pharmacotherapies (dopamine agonists and Levodopa)
include : 1) their diminished effectiveness over time, ii) the development of medication-
related complications such as motor fluctuations and dyskinesia, iii) well-known side effects
such an impulse control disorders, sleepiness or sudden-onset sleep, and dopamine
dysregulation syndrome (addiction problems), iv) the absence of impact on stopping or even
slowing down disease progression [3]. Hence, targeting the dopaminergic system does no
longer seem to be a suitable approach. Clearly there is an urgent need for a treatment that
has a direct impact on the underlying disease pathogenesis. The development of such

treatment requires a good comprehension of the molecular mechanisms that trigger PD.
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PD is a membrane disorder involving gangliosides

PD is characterized by a dysfunction of a-synuclein (a-syn), a membrane-interacting
protein [4] involved in several physiological functions including synaptic vesicle recycling,
dopamine release, exocytosis, endocytosis, vesicular trafficking and lipid metabolism and
transport [5-8]. Consistently, the abnormal behavior of a-syn is the common cause of several
forms of PD and related disorders such as dementia with Lewy bodies (DLB) and multiple
systems atrophy (MSA) [9]. In all these diseases, a-syn forms various oligomeric protein
aggregates that induce important perturbations of brain cell functions and eventually cell
death [10]. Consistently, a-syn oligomers are detected in postmortem brains of patients with
PD [11] and in blood plasma [12] and cerebrospinal fluid (CSF) of PD patients [13]. The
presence of a-syn oligomers in extracellular body fluids is consistent with the extracellular
propagation of these assemblies in brain tissues.

As a matter of fact, a-syn has long been considered as an intracellular protein because it
lacks a signal peptide sequence [14]. However, this notion has been challenged by a number
of in vitro and in vivo studies that converged to incriminate a paracrine effect of a-syn in PD
[15, 16]. Using a highly sensitive ELISA in conjugation with in vivo microdialysis,
Emmanouilidou et al. [17] detected a-syn in the interstitial fluid of human brain patients.
Danzer et al. [18] have demonstrated the presence and uptake of secreted a-syn oligomers by
neurons and their detrimental effect on neuronal survival. It has also been shown that a-syn
is transported in the brain through the blood-brain-barrier as a free protein [19]. Moreover,
extravasation of red blood cells might also contribute to disseminate a-syn in the striatum of
PD patients [20]. Finally, soluble a-syn and a-syn oligomers may also be released by

damaged neurons, which may intoxicate neighbor cells [21]. Taken together, these data
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suggest that a-syn is indeed physiologically secreted and pathologically released in vivo by
brain neurons and that the interstitial pool of the protein plays a key role in PD pathology
[22]. Thus, it is time to consider extracellular a-syn as a privileged target for PD treatment,
providing that the molecular mechanisms linking extracellular a-syn and PD are unraveled.
In this article, we review the literature incriminating plasma membrane gangliosides as
critical partners that control the neurotoxicity of a-syn oligomers in PD and related
synucleinopathies.

a-syn oligomers affect a broad range of cellular processes, including alterations of
calcium signaling pathways due to plasma membrane permeabilization [23]. The
aggregation of a-syn has also been reported to induce major dysfunction of the ubiquitin-
proteasome system (UPS) and autophagy-lysosomal pathway (ALP), leading to impaired
protein clearance resulting in its intracellular accumulation [24]. This self-sustained
mechanism is triggered by changes in ganglioside and cholesterol content of lipid rafts
which catalyze the formation of Ca?-permeable neurotoxic oligomers in the plasma
membrane of brain cells [25-27] (Figure 1). Thus, PD and other synucleinopathies can be
defined as both proteinopathies and lipidopathies, with a main protein culprit, a-syn and
membrane lipid partners, especially lipid rafts that can be considered as the actual triggers
[28-31]. Most importantly, the composition of lipid rafts, a-syn levels and thus the lipid/a-
syn ratio are key parameters that control the balance between the physiological and
pathological functions of a-syn [32] (Figure 1). In line with this notion, it has been shown
that PD grey matter exhibited distinct patterns of raft lipids compared to age-matched
control subjects [33]. From a mechanistic point of view, lipid rafts may be considered as
integrated molecular machines that concentrate o-syn proteins and promote their
oligomerization in Ca?" permeable amyloid pores [27, 34-39]. The increase in intracellular

Ca®" triggered by a-syn oligomers induces a cascade of neurotoxic events [40-42] including
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(according to the type of synucleopathy) mitochondrial oxidative stress [43, 44], tau
phosphorylation and dysfunction [45, 46], Lewy body formation [42], and secretion of
exosome-associated a-syn [47, 48] which ensures the extracellular propagation of a-syn in
the brain via a prion-like mechanism [49, 50]. The changes in Ca** homeostasis [51] and the
mitochondrial oxidative stress [44] are further amplified by intracellular vesicular a-syn
oligomers localized at the endoplasmic reticulum-mitochondrial interface [52] and by the
perforation of the mitochondrial membrane by oligomeric pores of a-syn [53]. Moreover,
intracellular Ca?’ contributes to maintain this chain reaction by stimulating o-syn
oligomerization and aggregation [30, 54]. All these events induce neural dysfunction,
neuroinflammation, neurodegeneration and eventually cell death [24]. The interaction of a-
syn oligomers with the plasma membrane of brain cells is influenced by the lipid

composition which is a key modulator of the downstream cellular toxicity [32, 55-57].

The interaction of a-syn with lipid rafts is facilitated by the strong electropositive
surface potential of the N-terminal region of the protein [58] which is attracted by the
electronegative charges of gangliosides (Figure 2), which account for 80% of all brain
glycans [59]. Lipid rafts of adult human brain neurons display 4 principal types of
gangliosides: GM1, GD1a, GD1b, and GT1b [57, 60]. Astrocytes, which are also involved
in PD [61, 62], express chiefly GM3 [63]. The link between PD and ganglioside levels [64]
is supported by quantitative analysis of ganglioside content in the substantia nigra of PD
patients compared to healthy subjects: decrease of GM1, GDla, GD1b and GT1b [65, 66]
and increase of GM3 in the cerebrospinal fluid (CSF) [66]. These data are in line with a
similar shift from complex to simple gangliosides in aging brains [67]. Interestingly,
physicochemical studies revealed that a-syn can bind to several brain glycosphingolipids in

the following order: GM3 > Gb3 > GalCer > GM1 > sulfatide > LacCer > GM4 > GM2 >
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asialo-GM1 > GD3, indicating a marked preference for GSLs with one, three, or five sugar
units, such as GM3 and GM1 [68]. Several reports confirmed the capacity of wild-type and
mutant a-syn to interact with lipid rafts and gangliosides [68-71]. A ganglioside binding
domain (GBD) was identified in region 34-45 of a-syn by peptide mapping analysis [68].
The amino acid sequence of this motif (KEGVLYVGSKTK) fulfills the consensus criteria
of classical GBD found in other ganglioside binding proteins: (K/R)-Xi-5-(Y/F/W)-Xi.s-
(K/R) [68, 72, 73]. The organization of amino acid residues in a-syn34-45 is particularly
interesting. The electric net charge of the GBD at pH7 is +3, and the surface potential is
highly positive all over the domain, except for a membrane-repulsive electronegative spot
corresponding to the acidic E35 residue (Figure 2A). The combination of a strong
electropositive surface with an electronegative spot determines a functional orientation of
the GBD with respect to the membrane surface. Consequently, the 34-45 region of a-syn is
efficiently attracted by the electronegative field of brain lipid rafts. This region is a turn
which links two a-helix domains when a-syn interacts with membrane lipids [55]. The C-
terminal part of a-syn is a highly acidic disordered domain with a strong electronegative
surface. This domain has been characterized as a Ca>" sensor [74].

As discussed above, the surface potential of a-syn is important for determining which
face of the protein interacts with lipid raft gangliosides. On this criterion, a typical
orientation of a-syn bound to lipid rafts is shown in Figure 2. The electropositive GBD
(amino acids 34-45) looks like the upper jaw of a snake with the hooks biting the cell
surface (Figure 2A). The peculiarity of the a-syn-ganglioside interaction is that the GBD
finds its room between the extracellular glycone parts of two vicinal gangliosides in a
typical chalice-like organization [73]. Once bound to its ganglioside receptors, the central
tyrosine residue Y39 makes its way through the outer leaflet of the plasma membrane,

separating the ganglioside dimer in two monomers (Figure 2B). As a consequence, the 34-
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45 loop is inserted deeply in the plasma membrane, until it emerges in the cytosol [72]
(Figure 2C). At this stage, the 69-78 region of a-syn, which has been characterized as a
functional cholesterol binding domain (CBD) is available for an interaction with cholesterol
in the outer leaflet [75]. The a-syn oligomerization process leading to the formation of a
Ca?" permeable oligomeric channel (amyloid pore) is controlled by membrane cholesterol
[25, 76, 77] which forms an annular interface between the pore and surrounding membrane
lipids (Figure 2C).

In this process, gangliosides play a critical role in the initial binding of a-syn (receptor
function) but also in the structuration of membrane-bound a-syn (chaperone function). Thus,
blocking this critical step by targeting those gangliosides involved in oligomer formation
will prevent all downstream neurotoxic events caused by intracellular Ca?* influx. The
difficulty of this strategy is to find molecules able to target the exact pool of gangliosides
recognized by a-syn without interfering with gangliosides associated with physiologically
important membrane proteins [57]. The difference between these two categories of
gangliosides is essentially topologic. Gangliosides that control receptor function are masked
by the protein with which they interact and are thus inaccessible to extracellular proteins
such as a-syn [57]. The pool of gangliosides recognized by a-syn not only has to be
accessible but should also have the capability to form functional chalice-like dimers [73,
78]. We anticipate that these gangliosides are necessarily located at the periphery of lipid
rafts, where their glycone part has a maximal degree of freedom allowing the recruitment of

two adjacent gangliosides by extracellular a-syn.

Ganglioside-centered therapies for PD
Besides a-syn, other amyloid proteins associated with neurodegenerative diseases use

plasma membrane gangliosides as primary binding sites during the course of oligomer
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formation [79]. Indeed, a-syn and Alzheimer’s B-amyloid peptide (Ap) share a common
structural GBD with a central tyrosine residue flanked by two basic amino acids [73]. This
unique situation allowed us to decipher the biological code controlling the interaction of
these amyloid proteins with cell surface gangliosides [73]. A molecular modeling strategy
based on this study was then developed to design a synthetic peptide (now referred to as
AmyP53) with broad ganglioside recognition properties (Figure 3). At nanomolar
concentrations, AmyP53 efficiently prevents the formation of a-syn and AP neurotoxic
oligomers by competition for ganglioside binding, including GM1 (Figure 3A) and GM3
(Figure 3B) [25, 26]. Most importantly, AmyP53 is able to prevent the formation of a-syn
pores formed by oligomers of wild-type and mutant forms including A30P, E46K and A53T
that are associated with inherited forms of PD [26]. This activity of AmyP53 is particularly
promising since a-syn mutations A30P and AS53T were shown to promote an increased
formation of neurotoxic oligomers [80], which was suggested to be the pathophysiological
mechanism of early onset PD. Hence, AmyP53 is a potential therapy for any case of
synucleinopathies including the most aggressive sporadic and genetic forms of PD, DLB and
MSA. Moreover, there is now substantial evidence of a-syn pathology, including LBD and
Lewy neurites (LN) in about 50% of AD brains [81-84]. Overall, it is now known that pure
neurodegenerative pathologies represent a minority of cases, the rule being mixed
proteinopathies shared by several neurodegenerative diseases [85]. From a therapeutic
perspective, this situation underscores the difficulty to treat patients with neurodegenerative
disorders with a single drug [86]. In this respect, the dual activity of AmyP53 against the
formation of both a-syn and AP oligomers raises the remarkable possibility of a combination

therapy - with one molecule - for two distinct neurodegenerative diseases (PD and AD).



O Joy U WM

DO UGG OTOTOTE D DB BB D DD DNWWWWWWWWWWNNNRNNNNNNN R, R RRRFRR PR,
R WNRFROWOVWO-JONTRWNROW®®JIAOAURWNROWGWOW-JANOREWNRFROWOW®OW-JANTREWNRLOW®O-TI0 N WNR O W

10

Another therapeutic approach also based on gangliosides is to treat PD patients with
intravenous injections of GM1 sodium salt solutions [87]. The rationale is that GM1 has
general neurotrophic and neuroprotective effects [88], potentially through modulation of
lipid raft/structure function [87]. Indeed, several PD-associated proteins such as LRRK2,
parkin and PINK1 co-localize with GM1 in lipid rafts [89, 90]. GM1 has also been shown to
induce a functional improvement of dopaminergic neural functions [91]. Finally, a
deficiency of ganglioside GM1 has been shown to correlate with PD [92]. Extracellular
GMI1 may also bind to a-syn exosomes and inhibit both the prion-like propagation of a-syn
and the formation of Ca?" permeable oligomeric pores in brain cells. In this case, GM1
might be considered as a disease-modifying therapy for PD able to prevent a-syn

aggregation and promote its clearance [87, 91, 93].

The oligosaccharide derived from the glycone part of GM1 (oligo-GM1) is also being
considered as a surrogate for ganglioside-based therapy of PD [94]. In this case, the
rationale is to compensate the loss of neuronal regulating functions associated with
decreased GM1 levels by providing the portion of the ganglioside that is neuroprotective
instead of the whole molecule. Interestingly, oligo-GM1 has also been shown to regulate
mitochondrial functions [95] and to cross the blood brain barrier more efficiently than GM1

[96].

a -syn Oligomer-centered therapies for PD

Alternatively, one could try to block the formation or the Ca*" dependent neurotoxic
activity of oligomers in PD by targeting these oligomers with small molecules [97-99] or
antibodies [100]. Trodusquemine (Figure 4) is an aminosterol derived from squalamine that

has been shown to displace various neurotoxic oligomers (including a-syn) from the plasma
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membrane of neural cells [99]. NPT-200-11 (Figure 4) was designed from structure-based
molecular modeling studies aimed at identifying the regions of a-syn that are critical for
oligomer formation [101]. Anle138b (Figure 4) is an anti-aggregation drug with a broad
neutralization effect of amyloid pores formed by various amyloid proteins, including AP
[101]. Both drugs showed interesting anti-PD effects in animal models of PD, yet at
relatively high dosage (5mg/kg body weight daily for NPT-200-11, Smg per mice two times
per day for Anle138b) [97, 98]. However, these results should be taken with caution, since
in the past, promising drugs based on work in rodent models failed in clinical trials [102-
104]. While many animal models of PD and AD have been created, no single model, either
based on pesticides or genetically induced, has been able to recreate all the key features of
these neurodegenerative diseases [102, 105, 106]. Several a-syn transgenic mice have been
developed, but they fail to reproduce the combination of progressive and specific dopamine
cell loss, and the main neurological manifestations of PD, including movement disorders
and cognitive decline [106-110]. As a matter of fact, the classic scheme [in silico => in vitro
=> in vivo => clinical trials] has not been successfully applied for the neurodegenerative
domain, emphasizing the difficulty of translational neurosciences in this case. The problem
is that PD is a human specific disease which has not been observed in any other animal
species [111].

It should be noted that some rodent models of PD are based on an impairment of
ganglioside expression. For instance, the B4GALNT1 mouse model [112] partially
(heterozygous) or totally (homozygous) lacks all complex gangliosides (including GM1) due
to deficiency of B-1,4 N-acetylgalactosaminyltransferase 1, the enzyme that catalyzes the
addition of N-acetylgalactosamine to GM3 in the ganglioside biosynthetic pathway [113]. In
this case, the formation of neurotoxic oligomeric pores might still be possible through a-syn

binding to GM3, which has a higher affinity for the protein than GM1 [68]. In this respect,
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the accumulation of a-syn aggregates and the PD-like symptoms in the BAGALNT1 model
is not in contradiction with the crucial role of gangliosides for the neurotoxic insertion of a-
syn into the plasma membrane. Then the protection conferred by oligo-GM1 in this model
[94] may be due to the broad neuroprotective effect of this oligosaccharide, i.e. a
symptomatic instead of a disease-modifying effect.

In a non-genetic model (mice treated with MPTP), an intraventricular administration of
sialidase resulted in a local increase of GM1 in the plasma membrane (enzymatic conversion
of polysialogangliosides into GM1), which appeared to be partially protective against PD-
like symptoms [114]. Again this effect is probably not directly linked to a-syn, as according
to the authors of this study, increasing GM1 levels in the brain of PD patients may result in a
neuroprotective effect on the damaged nigrostriatal dopamine system, as also suggested by
other studies [88]. Finally, Brekk et al. [115] reported that the upregulation of -
hexosaminidase in the striatum of transgenic rats led to a modest local increase in GM3
levels that appeared to be protective in this human a-syn expressing rodent model. Given the
complexity of this virus-induced animal model, it is difficult to determine whether GM3 is
fully responsible for the observed effects.

Nevertheless, the pipeline of anti-oligomer therapeutic compounds (Figure 4) is now
under development with several molecules that target either gangliosides (AmyP53) or

neurotoxic oligomers [25, 26, 97-99, 101].

Other therapies
Several disease-modifying strategies have recently been tested in clinical trials, but with
unsuccessful results due to the extent and severity of PD symptoms. Such protocols include

anti-oxidant agents, dopamine agonists, monoamine oxidase type B (MAOB) inhibitors,
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trophic factors, anti-inflammatory, and gene therapy based approaches aimed at restoring

striatal dopamine production [3].

Deep brain stimulation (DBS) may transiently improve some motor symptoms, but has
a number of drawbacks and undesirable side effects such as dyskinesias, hypophonia, eyelid
apraxia and decreased memory, in addition with the adverse events related to general
neurological and surgical complications (cognitive decline, depression, peri-operative
confusion, hemorrhage and CSF leak) [116, 117]. Moreover, DBS is highly invasive without
a real appreciation of detrimental consequences on brain functional integrity, it cannot be
generalized to all patients, it remains not readily accessible for financial reasons [118].

Monoclonal antibodies against aggregated forms of a-syn are currently under trial
[100]. However, brain immunotherapies are associated with numerous side effects, including
severe brain inflammatory processes (Amyloid-Related Imaging Abnormalities, ARIA
syndrome) [119]. Besides toxicity, there is a specificity issue for such monoclonal

antibodies which may bind to monomeric, oligomeric and aggregated forms of a-syn [120].

Conclusion
A growing line of evidence suggest that an essential cause of PD is an overdose of Ca?* that
enters brain cells through membrane-inserted o-syn oligomers [121]. Intracellular Ca*>" then
triggers a self-sustained cascade of neurotoxic events, resulting in definitive loss of neurons.
Preventing this membrane damage process is of primary importance to develop an efficient
therapy for PD [31, 32]. The responsibility of gangliosides in this process places AmyP53 as the
first molecule ever able to prevent the formation of any calcium-permeable pores and thus all
disease-associated downstream neurotoxicity [121]. By its innovative design as a chimeric o-

syn/AP peptide, it is also the first therapeutic candidate that considers neurodegenerative diseases
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such as PD and AD as concomitant pathologies involving distinct amyloid proteins in brain
patients. By targeting for the first time lipid raft gangliosides, i.e. the machinery of oligomer
formation, it acts at an early step of the disease by preventing the oligomerization process. The
interplay between gangliosides, neurodegenerative diseases and therapeutic options relies on an
up growing scientific literature [31, 122]. Several other strategies targeting o-syn oligomers are
now emerging from the research pipeline, which indicates that the paradigm is changing, giving

a new hope for curing PD and related synucleinopathies .

Declaration of interests.

N. Y. and J. F. are co-inventors of the AmyP53 peptide (patent Application EP15709163.8A), currently
under development by AmyPore (France). H. C. is President of the Ethics and Scientific Committee of

AmyPore. C. D. is member of the Ethics and Scientific Committee of AmyPore.



O Joy U WM

DO UGG OTOTOTE D DB BB D DD DNWWWWWWWWWWNNNRNNNNNNN R, R RRRFRR PR,
R WNRFROWOVWO-JONTRWNROW®®JIAOAURWNROWGWOW-JANOREWNRFROWOW®OW-JANTREWNRLOW®O-TI0 N WNR O W

10.

11.

12.

13.

14.

15.

16.

17.

18.

15

References

Dorsey ER, Bloem BR: The Parkinson Pandemic-A Call to Action. JAMA Neurol
2018, 75:9-10.

Global, regional, and national burden of Parkinson's disease, 1990-2016: a
systematic analysis for the Global Burden of Disease Study 2016. Lancet Neurol
2018, 17:939-953.

Charvin D, Medori R, Hauser RA, Rascol O: Therapeutic strategies for Parkinson
disease: beyond dopaminergic drugs. Nat Rev Drug Discov 2018, 17:844.

Jao CC, Hegde BG, Chen J, Haworth IS, Langen R: Structure of membrane-bound
alpha-synuclein from site-directed spin labeling and computational refinement.
Proc Natl Acad Sci U S A 2008, 105:19666-19671.

Rawat A, Langen R, Varkey J: Membranes as modulators of amyloid protein
misfolding and target of toxicity. Biochim Biophys Acta Biomembr 2018,
1860:1863-1875.

Murphy DD, Rueter SM, Trojanowski JQ, Lee VM: Synucleins are developmentally
expressed, and alpha-synuclein regulates the size of the presynaptic vesicular
pool in primary hippocampal neurons. J Neurosci 2000, 20:3214-3220.

Nemani VM, Lu W, Berge V, Nakamura K, Onoa B, Lee MK, Chaudhry FA, Nicoll RA,
Edwards RH: Increased expression of alpha-synuclein reduces neurotransmitter
release by inhibiting synaptic vesicle reclustering after endocytosis. Neuron
2010, 65:66-79.

Golovko MY, Barcel6-Coblijn G, Castagnet PI, Austin S, Combs CK, Murphy EJ: The
role of alpha-synuclein in brain lipid metabolism: a downstream impact on
brain inflammatory response. Mol Cell Biochem 2009, 326:55-66.

Bendor JT, Logan TP, Edwards RH: The function of a-synuclein. Neuron 2013,
79:1044-1066.

Winner B, Jappelli R, Maji SK, Desplats PA, Boyer L, Aigner S, Hetzer C, Loher T,
Vilar M, Campioni S, et al: In vivo demonstration that alpha-synuclein oligomers
are toxic. Proc Natl Acad Sci U S A 2011, 108:4194-4199.

Paleologou KE, Kragh CL, Mann DM, Salem SA, Al-Shami R, Allsop D, Hassan AH,
Jensen PH, EI-Agnaf OM: Detection of elevated levels of soluble alpha-synuclein
oligomers in post-mortem brain extracts from patients with dementia with Lewy
bodies. Brain 2009, 132:1093-1101.

El-Agnaf OM, Salem SA, Paleologou KE, Curran MD, Gibson MJ, Court JA,
Schlossmacher MG, Allsop D: Detection of oligomeric forms of alpha-synuclein
protein in human plasma as a potential biomarker for Parkinson's disease.
Faseb j 2006, 20:419-425.

Park MJ, Cheon SM, Bae HR, Kim SH, Kim JW: Elevated levels of a-synuclein
oligomer in the cerebrospinal fluid of drug-naive patients with Parkinson's
disease. J Clin Neurol 2011, 7:215-222.

Lee HJ, Patel S, Lee SJ: Intravesicular localization and exocytosis of alpha-
synuclein and its aggregates. J Neurosci 2005, 25:6016-6024.

Vekrellis K, Stefanis L: Targeting intracellular and extracellular alpha-synuclein
as a therapeutic strategy in Parkinson's disease and other synucleinopathies.
Expert Opin Ther Targets 2012, 16:421-432.

Emmanouilidou E, Vekrellis K: Exocytosis and Spreading of Normal and Aberrant
a-Synuclein. Brain Pathol 2016, 26:398-403.

Emmanouilidou E, Elenis D, Papasilekas T, Stranjalis G, Gerozissis K, loannou PC,
Vekrellis K: Assessment of a-synuclein secretion in mouse and human brain
parenchyma. PLoS One 2011, 6:€22225.

Danzer KM, Ruf WP, Putcha P, Joyner D, Hashimoto T, Glabe C, Hyman BT,
McLean PJ: Heat-shock protein 70 modulates toxic extracellular a-synuclein
oligomers and rescues trans-synaptic toxicity. Faseb j 2011, 25:326-336.



O Joy U WM

DO UGG OTOTOTE D DB BB D DD DNWWWWWWWWWWNNNRNNNNNNN R, R RRRFRR PR,
R WNRFROWOVWO-JONTRWNROW®®JIAOAURWNROWGWOW-JANOREWNRFROWOW®OW-JANTREWNRLOW®O-TI0 N WNR O W

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

16

Sui YT, Bullock KM, Erickson MA, Zhang J, Banks WA: Alpha synuclein is
transported into and out of the brain by the blood-brain barrier. Peptides 2014,
62:197-202.

Gray MT, Woulfe JM: Striatal blood-brain barrier permeability in Parkinson's
disease. J Cereb Blood Flow Metab 2015, 35:747-750.

Trudler D, Nazor KL, Eisele YS, Grabauskas T, Dolatabadi N, Parker J, Sultan A,
Zhong Z, Goodwin MS, Levites Y, et al: Soluble a-synuclein-antibody complexes
activate the NLRP3 inflammasome in hiPSC-derived microglia. Proc Natl Acad
SciU S A 2021, 118.

Valdinocci D, Radford RA, Siow SM, Chung RS, Pountney DL: Potential Modes of
Intercellular a-Synuclein Transmission. Int J Mol Sci 2017, 18.

Pacheco CR, Morales CN, Ramirez AE, Mufioz FJ, Gallegos SS, Caviedes PA,
Aguayo LG, Opazo CM: Extracellular a-synuclein alters synaptic transmission in
brain neurons by perforating the neuronal plasma membrane. J Neurochem
2015, 132:731-741.

Koziorowski D, Figura M, Milanowski £ M, Szlufik S, Alster P, Madetko N, Friedman
A: Mechanisms of Neurodegeneration in Various Forms of Parkinsonism-
Similarities and Differences. Cells 2021, 10.

Di Scala C, Yahi N, Boutemeur S, Flores A, Rodriguez L, Chahinian H, Fantini J:
Common molecular mechanism of amyloid pore formation by Alzheimer's B-
amyloid peptide and a-synuclein. Sci Rep 2016, 6:28781.

Di Scala C, Yahi N, Flores A, Boutemeur S, Kourdougli N, Chahinian H, Fantini J:
Broad neutralization of calcium-permeable amyloid pore channels with a
chimeric Alzheimer/Parkinson peptide targeting brain gangliosides. Biochim
Biophys Acta 2016, 1862:213-222.

Fantini J, Yahi N: Molecular insights into amyloid regulation by membrane
cholesterol and sphingolipids: common mechanisms in neurodegenerative
diseases. Expert Rev Mol Med 2010, 12:e27.

Fanning S, Selkoe D, Dettmer U: Parkinson's disease: proteinopathy or
lipidopathy? NPJ Parkinsons Dis 2020, 6:3.

Mori A, Imai Y, Hattori N: Lipids: Key Players That Modulate a-Synuclein Toxicity
and Neurodegeneration in Parkinson's Disease. Int J Mol Sci 2020, 21.

Follett J, Darlow B, Wong MB, Goodwin J, Pountney DL: Potassium depolarization
and raised calcium induces a-synuclein aggregates. Neurotox Res 2013, 23:378-
392.

Shrivastava AN, Aperia A, Melki R, Triller A: Physico-Pathologic Mechanisms
Involved in Neurodegeneration: Misfolded Protein-Plasma Membrane
Interactions. Neuron 2017, 95:33-50.

Kiechle M, Grozdanov V, Danzer KM: The Role of Lipids in the Initiation of a-
Synuclein Misfolding. Front Cell Dev Biol 2020, 8:562241.

Mesa-Herrera F, Taoro-Gonzalez L, Valdés-Baizabal C, Diaz M, Marin R: Lipid and
Lipid Raft Alteration in Aging and Neurodegenerative Diseases: A Window for
the Development of New Biomarkers. Int J Mol Sci 2019, 20.

Schmidt F, Levin J, Kamp F, Kretzschmar H, Giese A, Botzel K: Single-channel
electrophysiology reveals a distinct and uniform pore complex formed by a-
synuclein oligomers in lipid membranes. PLoS One 2012, 7:e42545.

Quist A, Doudevski I, Lin H, Azimova R, Ng D, Frangione B, Kagan B, Ghiso J, Lal R:
Amyloid ion channels: a common structural link for protein-misfolding disease.
Proc Natl Acad Sci U S A 2005, 102:10427-10432.

Bengoa-Vergniory N, Roberts RF, Wade-Martins R, Alegre-Abarrategui J: Alpha-
synuclein oligomers: a new hope. Acta Neuropathol 2017, 134:819-838.

Venko K, Novi¢ M, Stoka V, Zerovnik E: Prediction of Transmembrane Regions,
Cholesterol, and Ganglioside Binding Sites in Amyloid-Forming Proteins
Indicate Potential for Amyloid Pore Formation. Front Mol Neurosci 2021,
14:619496.



O Joy U WM

DO UGG OTOTOTE D DB BB D DD DNWWWWWWWWWWNNNRNNNNNNN R, R RRRFRR PR,
R WNRFROWOVWO-JONTRWNROW®®JIAOAURWNROWGWOW-JANOREWNRFROWOW®OW-JANTREWNRLOW®O-TI0 N WNR O W

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

17

Malchiodi-Albedi F, Paradisi S, Matteucci A, Frank C, Diociaiuti M: Amyloid oligomer
neurotoxicity, calcium dysregulation, and lipid rafts. Int J Alzheimers Dis 2011,
2011:906964.

Martinez Z, Zhu M, Han S, Fink AL: GM1 specifically interacts with alpha-
synuclein and inhibits fibrillation. Biochemistry 2007, 46:1868-1877.

Gallegos S, Pacheco C, Peters C, Opazo CM, Aguayo LG: Features of alpha-
synuclein that could explain the progression and irreversibility of Parkinson's
disease. Front Neurosci 2015, 9:59.

Musteikyté G, Jayaram AK, Xu CK, Vendruscolo M, Krainer G, Knowles TPJ:
Interactions of a-synuclein oligomers with lipid membranes. Biochim Biophys
Acta Biomembr 2021, 1863:183536.

Ingelsson M: Alpha-Synuclein Oligomers-Neurotoxic Molecules in Parkinson's
Disease and Other Lewy Body Disorders. Front Neurosci 2016, 10:408.

Luth ES, Stavrovskaya IG, Bartels T, Kristal BS, Selkoe DJ: Soluble, prefibrillar a-
synuclein oligomers promote complex I-dependent, Ca2+-induced
mitochondrial dysfunction. J Biol Chem 2014, 289:21490-21507.

Abramov AY, Potapova EV, Dremin VV, Dunaev AV: Interaction of Oxidative
Stress and Misfolded Proteins in the Mechanism of Neurodegeneration. Life
(Basel) 2020, 10.

Pan L, Meng L, He M, Zhang Z: Tau in the Pathophysiology of Parkinson's
Disease. J Mol Neurosci 2021.

Kawakami F, Suzuki M, Shimada N, Kagiya G, Ohta E, Tamura K, Maruyama H,
Ichikawa T: Stimulatory effect of a-synuclein on the tau-phosphorylation by
GSK-3B. Febsj 2011, 278:4895-4904.

Danzer KM, Kranich LR, Ruf WP, Cagsal-Getkin O, Winslow AR, Zhu L, Vanderburg
CR, McLean PJ: Exosomal cell-to-cell transmission of alpha synuclein
oligomers. Mol Neurodegener 2012, 7:42.

Emmanouilidou E, Melachroinou K, Roumeliotis T, Garbis SD, Ntzouni M, Margaritis
LH, Stefanis L, Vekrellis K: Cell-produced alpha-synuclein is secreted in a
calcium-dependent manner by exosomes and impacts neuronal survival. J
Neurosci 2010, 30:6838-6851.

Tarutani A, Hasegawa M: Prion-like propagation of a-synuclein in
neurodegenerative diseases. Prog Mol Biol Transl Sci 2019, 168:323-348.

Quek C, Hill AF: The role of extracellular vesicles in neurodegenerative
diseases. Biochem Biophys Res Commun 2017, 483:1178-1186.

Melachroinou K, Xilouri M, Emmanouilidou E, Masgrau R, Papazafiri P, Stefanis L,
Vekrellis K: Deregulation of calcium homeostasis mediates secreted a-
synuclein-induced neurotoxicity. Neurobiol Aging 2013, 34:2853-2865.
Guardia-Laguarta C, Area-Gomez E, Rub C, Liu Y, Magrané J, Becker D, Voos W,
Schon EA, Przedborski S: a-Synuclein is localized to mitochondria-associated
ER membranes. J Neurosci 2014, 34:249-259.

Ghio S, Camilleri A, Caruana M, Ruf VC, Schmidt F, Leonov A, Ryazanov S,
Griesinger C, Cauchi RJ, Kamp F, et al: Cardiolipin Promotes Pore-Forming
Activity of Alpha-Synuclein Oligomers in Mitochondrial Membranes. ACS Chem
Neurosci 2019, 10:3815-3829.

Rcom-H'cheo-Gauthier AN, Osborne SL, Meedeniya AC, Pountney DL: Calcium:
Alpha-Synuclein Interactions in Alpha-Synucleinopathies. Front Neurosci 2016,
10:570.

Zakharov SD, Hulleman JD, Dutseva EA, Antonenko YN, Rochet JC, Cramer WA:
Helical alpha-synuclein forms highly conductive ion channels. Biochemistry
2007, 46:14369-14379.

Angelova PR, Ludtmann MH, Horrocks MH, Negoda A, Cremades N, Klenerman D,
Dobson CM, Wood NW, Pavlov EV, Gandhi S, Abramov AY: Ca2+ is a key factor in
a-synuclein-induced neurotoxicity. J Cell Sci 2016, 129:1792-1801.



O Joy U WM

DO UGG OTOTOTE D DB BB D DD DNWWWWWWWWWWNNNRNNNNNNN R, R RRRFRR PR,
R WNRFROWOVWO-JONTRWNROW®®JIAOAURWNROWGWOW-JANOREWNRFROWOW®OW-JANTREWNRLOW®O-TI0 N WNR O W

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

18

Fantini J, Yahi N: Brain lipids in synaptic function and neurological disease.
Clues to innovative therapeutic strategies for brain disorders. Elsevier Academic
Press, 2015.

Runwal G, Edwards RH: The Membrane Interactions of Synuclein: Physiology
and Pathology. Annu Rev Pathol 2021, 16:465-485.

Schengrund CL: Lipid rafts: keys to neurodegeneration. Brain Res Bull 2010,
82:7-17.

Kraéun |, Résner H, Cosovic C, Stavljeni¢ A: Topographical atlas of the
gangliosides of the adult human brain. J Neurochem 1984, 43:979-989.

Lindstrém V, Gustafsson G, Sanders LH, Howlett EH, Sigvardson J, Kasrayan A,
Ingelsson M, Bergstrom J, Erlandsson A: Extensive uptake of a-synuclein
oligomers in astrocytes results in sustained intracellular deposits and
mitochondrial damage. Mol Cell Neurosci 2017, 82:143-156.

Phatnani H, Maniatis T: Astrocytes in neurodegenerative disease. Cold Spring
Harb Perspect Biol 2015, 7.

Asou H, Hirano S, Uyemura K: Ganglioside composition of astrocytes. Cell Struct
Funct 1989, 14:561-568.

Liu C, Zhao Y, Xi H, Jiang J, Yu Y, Dong W: The Membrane Interaction of Alpha-
Synuclein. Frontiers in Cellular Neuroscience 2021, 15.

Seyfried TN, Choi H, Chevalier A, Hogan D, Akgoc Z, Schneider JS: Sex-Related
Abnormalities in Substantia Nigra Lipids in Parkinson's Disease. ASN Neuro
2018, 10:1759091418781889.

Huebecker M, Moloney EB, van der Spoel AC, Priestman DA, Isacson O, Hallett PJ,
Platt FM: Reduced sphingolipid hydrolase activities, substrate accumulation
and ganglioside decline in Parkinson's disease. Mo/ Neurodegener 2019, 14:40.
Svennerholm L, Bostrom K, Jungbjer B, Olsson L: Membrane lipids of adult human
brain: lipid composition of frontal and temporal lobe in subjects of age 20 to
100 years. J Neurochem 1994, 63:1802-1811.

Fantini J, Yahi N: Molecular basis for the glycosphingolipid-binding specificity of
a-synuclein: key role of tyrosine 39 in membrane insertion. J Mol Biol 2011,
408:654-669.

Gaspar R, Pallbo J, Weininger U, Linse S, Sparr E: Ganglioside lipids accelerate a-
synuclein amyloid formation. Biochim Biophys Acta Proteins Proteom 2018,
1866:1062-1072.

Perissinotto F, Rondelli V, Parisse P, Tormena N, Zunino A, Almasy L, Merkel DG,
Bottyan L, Sajti S, Casalis L: GM1 Ganglioside role in the interaction of Alpha-
synuclein with lipid membranes: Morphology and structure. Biophys Chem 2019,
255:106272.

Di Pasquale E, Fantini J, Chahinian H, Maresca M, Taieb N, Yahi N: Altered ion
channel formation by the Parkinson's-disease-linked E46K mutant of alpha-
synuclein is corrected by GM3 but not by GM1 gangliosides. J Mol Biol 2010,
397:202-218.

Fantini J, Yahi N: The driving force of alpha-synuclein insertion and amyloid
channel formation in the plasma membrane of neural cells: key role of
ganglioside- and cholesterol-binding domains. Adv Exp Med Biol 2013, 991:15-
26.

Yahi N, Fantini J: Deciphering the glycolipid code of Alzheimer's and
Parkinson's amyloid proteins allowed the creation of a universal ganglioside-
binding peptide. PLoS One 2014, 9:e104751.

Lautenschlager J, Stephens AD, Fusco G, Strohl F, Curry N, Zacharopoulou M,
Michel CH, Laine R, Nespovitaya N, Fantham M, et al: C-terminal calcium binding
of a-synuclein modulates synaptic vesicle interaction. Nature Communications
2018, 9:712.

Fantini J, Carlus D, Yahi N: The fusogenic tilted peptide (67-78) of a-synuclein is
a cholesterol binding domain. Biochim Biophys Acta 2011, 1808:2343-2351.



O Joy U WM

DO UGG OTOTOTE D DB BB D DD DNWWWWWWWWWWNNNRNNNNNNN R, R RRRFRR PR,
R WNRFROWOVWO-JONTRWNROW®®JIAOAURWNROWGWOW-JANOREWNRFROWOW®OW-JANTREWNRLOW®O-TI0 N WNR O W

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

87.

88.

89.

90.

91.

92.

19

Jakubec M, Barias E, Furse S, Govasli ML, George V, Turcu D, lashchishyn IA,
Morozova-Roche LA, Halskau &: Cholesterol-containing lipid nanodiscs promote
an a-synuclein binding mode that accelerates oligomerization. Febs j 2021,
288:1887-1905.

Jakubec M, Barias E, Furse S, Govasli ML, George V, Turcu D, lashchishyn I,
Morozova-Roche L, Halskau @: Cholesterol is a strong promotor of an a-
Synuclein membrane binding mode that accelerates oligomerization. bioRxiv
2019:725762.

Fantini J, Chahinian H, Yahi N: Progress toward Alzheimer's disease treatment:
Leveraging the Achilles’ heel of AB oligomers? Protein Sci 2020, 29:1748-1759.
Scollo F, La Rosa C: Amyloidogenic Intrinsically Disordered Proteins: New
Insights into Their Self-Assembly and Their Interaction with Membranes. Life
(Basel) 2020, 10.

Conway KA, Lee SJ, Rochet JC, Ding TT, Wiliamson RE, Lansbury PT, Jr.:
Acceleration of oligomerization, not fibrillization, is a shared property of both
alpha-synuclein mutations linked to early-onset Parkinson's disease:
implications for pathogenesis and therapy. Proc Natl Acad Sci U S A 2000,
97:571-576.

Robinson JL, Lee EB, Xie SX, Rennert L, Suh E, Bredenberg C, Caswell C, Van
Deerlin VM, Yan N, Yousef A, et al: Neurodegenerative disease concomitant
proteinopathies are prevalent, age-related and APOE4-associated. Brain 2018,
141:2181-2193.

Hamilton RL: Lewy bodies in Alzheimer's disease: a neuropathological review of
145 cases using alpha-synuclein immunohistochemistry. Brain Pathol 2000,
10:378-384.

Spires-Jones TL, Attems J, Thal DR: Interactions of pathological proteins in
neurodegenerative diseases. Acta Neuropathol 2017, 134:187-205.

Lippa CF, Fujiwara H, Mann DM, Giasson B, Baba M, Schmidt ML, Nee LE,
O'Connell B, Pollen DA, St George-Hyslop P, et al: Lewy bodies contain altered
alpha-synuclein in brains of many familial Alzheimer's disease patients with
mutations in presenilin and amyloid precursor protein genes. Am J Pathol 1998,
153:1365-1370.

Compta Y, Revesz T: Neuropathological and Biomarker Findings in Parkinson's
Disease and Alzheimer's Disease: From Protein Aggregates to Synaptic
Dysfunction. J Parkinsons Dis 2021, 11:107-121.

Kayed R, Dettmer U, Lesné SE: Soluble endogenous oligomeric a-synuclein
species in neurodegenerative diseases: Expression, spreading, and cross-talk.
J Parkinsons Dis 2020, 10:791-818.

Schneider JS, Gollomp SM, Sendek S, Colcher A, Cambi F, Du W: A randomized,
controlled, delayed start trial of GM1 ganglioside in treated Parkinson's disease
patients. J Neurol Sci 2013, 324:140-148.

Ledeen RW, Wu G: The multi-tasked life of GM1 ganglioside, a true factotum of
nature. Trends Biochem Sci 2015, 40:407-418.

Fallon L, Moreau F, Croft BG, Labib N, Gu WJ, Fon EA: Parkin and CASKI/LIN-2
associate via a PDZ-mediated interaction and are co-localized in lipid rafts and
postsynaptic densities in brain. J Biol Chem 2002, 277:486-491.

Hatano T, Kubo S, Imai S, Maeda M, Ishikawa K, Mizuno Y, Hattori N: Leucine-rich
repeat kinase 2 associates with lipid rafts. Hum Mol Genet 2007, 16:678-690.
Schneider JS, Kean A, DiStefano L: GM1 ganglioside rescues substantia nigra
pars compacta neurons and increases dopamine synthesis in residual
nigrostriatal dopaminergic neurons in MPTP-treated mice. J Neurosci Res 1995,
42:117-123.

Wu G, Lu ZH, Kulkarni N, Ledeen RW: Deficiency of ganglioside GM1 correlates
with Parkinson's disease in mice and humans. J Neurosci Res 2012, 90:1997-
2008.



O Joy U WM

DO UGG OTOTOTE D DB BB D DD DNWWWWWWWWWWNNNRNNNNNNN R, R RRRFRR PR,
R WNRFROWOVWO-JONTRWNROW®®JIAOAURWNROWGWOW-JANOREWNRFROWOW®OW-JANTREWNRLOW®O-TI0 N WNR O W

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

20

Sipione S, Monyror J, Galleguillos D, Steinberg N, Kadam V: Gangliosides in the
Brain: Physiology, Pathophysiology and Therapeutic Applications. Front
Neurosci 2020, 14:572965.

Chiricozzi E, Mauri L, Lunghi G, Di Biase E, Fazzari M, Maggioni M, Valsecchi M,
Prioni S, Loberto N, Pomé DY, et al: Parkinson's disease recovery by GM1
oligosaccharide treatment in the B4galnt1(+/-) mouse model. Sci Rep 2019,
9:19330.

Fazzari M, Audano M, Lunghi G, Di Biase E, Loberto N, Mauri L, Mitro N, Sonnino S,
Chiricozzi E: The oligosaccharide portion of ganglioside GM1 regulates
mitochondrial function in neuroblastoma cells. Glycoconj J 2020, 37:293-306.

Di Biase E, Lunghi G, Maggioni M, Fazzari M, Pomé DY, Loberto N, Ciampa MG,
Fato P, Mauri L, Sevin E, et al: GM1 Oligosaccharide Crosses the Human Blood-
Brain Barrier In Vitro by a Paracellular Route. Int J Mol Sci 2020, 21.

Price DL, Koike MA, Khan A, Wrasidlo W, Rockenstein E, Masliah E, Bonhaus D: The
small molecule alpha-synuclein misfolding inhibitor, NPT200-11, produces
multiple benefits in an animal model of Parkinson's disease. Sci Rep 2018,
8:16165.

Heras-Garvin A, Weckbecker D, Ryazanov S, Leonov A, Griesinger C, Giese A,
Wenning GK, Stefanova N: Anle138b modulates a-synuclein oligomerization and
prevents motor decline and neurodegeneration in a mouse model of multiple
system atrophy. Mov Disord 2019, 34:255-263.

Limbocker R, Mannini B, Ruggeri FS, Cascella R, Xu CK, Perni M, Chia S, Chen SW,
Habchi J, Bigi A, et al: Trodusquemine displaces protein misfolded oligomers
from cell membranes and abrogates their cytotoxicity through a generic
mechanism. Communications Biology 2020, 3:435.

Kreiser RP, Wright AK, Block NR, Hollows JE, Nguyen LT, LeForte K, Mannini B,
Vendruscolo M, Limbocker R: Therapeutic Strategies to Reduce the Toxicity of
Misfolded Protein Oligomers. Int J Mol Sci 2020, 21.

Wrasidlo W, Tsigelny IF, Price DL, Dutta G, Rockenstein E, Schwarz TC, Ledolter K,
Bonhaus D, Paulino A, Eleuteri S, et al: A de novo compound targeting a-
synuclein improves deficits in models of Parkinson's disease. Brain 2016,
139:3217-3236.

Cummings J: Lessons Learned from Alzheimer Disease: Clinical Trials with
Negative Outcomes. Clin Transl Sci 2018, 11:147-152.

Reardon S: Frustrated Alzheimer's researchers seek better lab mice. Nature
2018, 563:611-612.

Merchant KM, Cedarbaum JM, Brundin P, Dave KD, Eberling J, Espay AJ, Hutten SJ,
Javidnia M, Luthman J, Maetzler W, et al: A Proposed Roadmap for Parkinson's
Disease Proof of Concept Clinical Trials Investigating Compounds Targeting
Alpha-Synuclein. J Parkinsons Dis 2019, 9:31-61.

Melrose HL, Lincoln SJ, Tyndall GM, Farrer MJ: Parkinson's disease: a rethink of
rodent models. Exp Brain Res 2006, 173:196-204.

Geerts H: Of mice and men: bridging the translational disconnect in CNS drug
discovery. CNS Drugs 2009, 23:915-926.

Magen |, Chesselet MF: Genetic mouse models of Parkinson's disease The state
of the art. Prog Brain Res 2010, 184:53-87.

Bezard E, Yue Z, Kirik D, Spillantini MG: Animal models of Parkinson's disease:
limits and relevance to neuroprotection studies. Mov Disord 2013, 28:61-70.

Kin K, Yasuhara T, Kameda M, Date |: Animal Models for Parkinson's Disease
Research: Trends in the 2000s. /nt J Mol Sci 2019, 20.

Zeiss CJ, Allore HG, Beck AP: Established patterns of animal study design
undermine translation of disease-modifying therapies for Parkinson's disease.
PLoS One 2017, 12:e0171790.

Potashkin JA, Blume SR, Runkle NK: Limitations of animal models of Parkinson's
disease. Parkinsons Dis 2010, 2011:658083.



O Joy U WM

DO UGG OTOTOTE D DB BB D DD DNWWWWWWWWWWNNNRNNNNNNN R, R RRRFRR PR,
R WNRFROWOVWO-JONTRWNROW®®JIAOAURWNROWGWOW-JANOREWNRFROWOW®OW-JANTREWNRLOW®O-TI0 N WNR O W

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

21

Hadaczek P, Wu G, Sharma N, Ciesielska A, Bankiewicz K, Davidow AL, Lu ZH,
Forsayeth J, Ledeen RW: GDNF signaling implemented by GM1 ganglioside;
failure in Parkinson's disease and GM1-deficient murine model. Exp Neurol
2015, 263:177-189.

Wu G, Lu ZH, Seo JH, Alselehdar SK, DeFrees S, Ledeen RW: Mice deficient in
GM1 manifest both motor and non-motor symptoms of Parkinson's disease;
successful treatment with synthetic GM1 ganglioside. Exp Neurol 2020,
329:113284.

Schneider JS, Seyfried TN, Choi HS, Kidd SK: Intraventricular Sialidase
Administration Enhances GM1 Ganglioside Expression and Is Partially
Neuroprotective in a Mouse Model of Parkinson's Disease. PLoS One 2015,
10:e0143351.

Brekk OR, Korecka JA, Crapart CC, Huebecker M, MacBain ZK, Rosenthal SA,
Sena-Esteves M, Priestman DA, Platt FM, Isacson O, Hallett PJ: Upregulating B-
hexosaminidase activity in rodents prevents a-synuclein lipid associations and
protects dopaminergic neurons from a-synuclein-mediated neurotoxicity. Acta
Neuropathol Commun 2020, 8:127.

Planche V, Munsch F, Pereira B, de Schlichting E, Vidal T, Coste J, Morand D, de
Chazeron |, Derost P, Debilly B, et al: Anatomical predictors of cognitive decline
after subthalamic stimulation in Parkinson's disease. Brain Struct Funct 2018,
223:3063-3072.

Zarzycki MZ, Domitrz |: Stimulation-induced side effects after deep brain
stimulation - a systematic review. Acta Neuropsychiatr 2020, 32:57-64.
Valldeoriola F, Puig-Junoy J, Puig-Peiré R: Cost analysis of the treatments for
patients with advanced Parkinson's disease: SCOPE study. J Med Econ 2013,
16:191-201.

Sperling RA, Jack CR, Jr., Black SE, Frosch MP, Greenberg SM, Hyman BT,
Scheltens P, Carrillo MC, Thies W, Bednar MM, et al: Amyloid-related imaging
abnormalities in amyloid-modifying therapeutic trials: recommendations from
the Alzheimer's Association Research Roundtable Workgroup. Alzheimers
Dement 2011, 7:367-385.

Bittar A, Sengupta U, Kayed R: Prospects for strain-specific immunotherapy in
Alzheimer's disease and tauopathies. NPJ Vaccines 2018, 3:9.

Gonzalez-Garcia M, Fusco G, De Simone A: Membrane Interactions and Toxicity
by Misfolded Protein Oligomers. Front Cell Dev Biol 2021, 9:642623.

Magistretti PJ, Geisler FH, Schneider JS, Li PA, Fiumelli H, Sipione S: Gangliosides:
Treatment Avenues in Neurodegenerative Disease. Front Neurol 2019, 10:859.



O Joy U WM

DO UGG OTOTOTE D DB BB D DD DNWWWWWWWWWWNNNRNNNNNNN R, R RRRFRR PR,
R WNRFROWOVWO-JONTRWNROW®®JIAOAURWNROWGWOW-JANOREWNRFROWOW®OW-JANTREWNRLOW®O-TI0 N WNR O W

22

Figure legends.

Figure 1. Overview of the role of a-syn oligomers in PD.

Lipid raft composition (gangliosides and cholesterol) and lipid/a-syn ratio are key parameters
whose weight controls the balance between the physiological and pathological functions of a-
syn and may promote PD when that balance is upset. Key steps linking a-syn oligomerization,

intracellular Ca?* and neural dysfunction are indicated.

Figure 2. Lipid rafts as a machinery for a-syn oligomer formation.

A. Typical helical structure of a-syn bound to the membrane surface (in secondary structure and
surface potential reprepresentation).The snake-like hooks (residues Y39 and K45) in the
ganglioside-binding domain (GBD, blue disk) are highligthed. The electronegative spot due to
the negative charge of E35, the cholesterol-binding domain (CBD) and the C-ter domain of a-
syn are also inidicated. B. Molecular dynamics of a-syn GBD insertion driven by the OH group
of the aromatic side chain of Y39. C. Overview of the molecular mechanism of lipid raft

controled oligomerization of a-syn in Ca?* permeable amyloid pores.

Figure 3. Ganglioside binding properties of AmyP53.

A. Interaction of AmP53 with GM1. B. Interaction of AmyP53 with GM3. In both cases, the
models represent the approach of the electropositive surface of AmyP53 to the elecronegative
glycone part of the ganglioside (left panels), and the formation of the complex in electronegative
surface potential rendition (midde panels) or with AmyP53 amino acid residues represented

(right panels).

Figure 4. Pipeline of anti-oligomer molecules for PD treatment. For clarity, AmyP53 is
represented in a linear conformation. The other molecules are represented as chemical

strictures.
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Figure 2 Click here to access/download;Figure;Figure 2r1.tif
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Figure 3
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