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Innovative treatment targeting gangliosides aimed at blocking the formation of neurotoxic

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.

-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 -synuclein pore-like oligomers which trigger an increase of intracellular Ca 2+ . This Ca 2+ influx is responsible for a self-sustained cascade of neurotoxic events, including mitochondrial oxidative stress, tau phosphorylation, Ca 2+ release from the endoplasmic reticulum, Lewy body formation, and extracellular release -synuclein in exosomes. The first step of this cascade is the binding of -synuclein to lipid raft gangliosides, suggesting that PD should be considered as a ganglioside membrane disorder lipidopathy. Accordingly, blocking -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 -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 longawaited paradigm shift.

Neurological disorders are currently the leading source of disability around the world, and the fastest growing of these neurodegenerations is P D), which, although noninfectious, exhibits many of the characteristics of a pandemic [START_REF] Dorsey | The Parkinson Pandemic-A Call to Action[END_REF]. 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 [START_REF]Global, regional, and national burden of Parkinson's disease, 1990-2016: a systematic analysis for the Global Burden of Disease Study 2016[END_REF].

PD is characterized by a broad range of symptoms including postural instability, rigidity, tremor, gait and motor impairment, cognitive deficits and depression [START_REF] Charvin | Therapeutic strategies for Parkinson disease: beyond dopaminergic drugs[END_REF]. 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 [START_REF] Dorsey | The Parkinson Pandemic-A Call to Action[END_REF].

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 [START_REF] Charvin | Therapeutic strategies for Parkinson disease: beyond dopaminergic drugs[END_REF]. The shortcomings of such pharmacotherapies (dopamine agonists and Levodopa) include : i) their diminished effectiveness over time, ii) the development of medicationrelated 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 [START_REF] Charvin | Therapeutic strategies for Parkinson disease: beyond dopaminergic drugs[END_REF]. 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.

PD is a membrane disorder involving gangliosides

PD is characterized by a dysfunction of --syn), a membrane-interacting protein [START_REF] Jao | Structure of membrane-bound alpha-synuclein from site-directed spin labeling and computational refinement[END_REF] involved in several physiological functions including synaptic vesicle recycling, dopamine release, exocytosis, endocytosis, vesicular trafficking and lipid metabolism and transport [START_REF] Rawat | Membranes as modulators of amyloid protein misfolding and target of toxicity[END_REF][START_REF] Murphy | Synucleins are developmentally expressed, and alpha-synuclein regulates the size of the presynaptic vesicular pool in primary hippocampal neurons[END_REF][START_REF] Nemani | Increased expression of alpha-synuclein reduces neurotransmitter release by inhibiting synaptic vesicle reclustering after endocytosis[END_REF][START_REF] Golovko | The role of alpha-synuclein in brain lipid metabolism: a downstream impact on brain inflammatory response[END_REF]. Consistently, t -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) [START_REF] Bendor | -synuclein[END_REF]. In all these diseases, -syn forms various oligomeric protein aggregates that induce important perturbations of brain cell functions and eventually cell death [START_REF] Winner | In vivo demonstration that alpha-synuclein oligomers are toxic[END_REF]. Consistently, -syn oligomers are detected in postmortem brains of patients with PD [START_REF] Paleologou | Detection of elevated levels of soluble alpha-synuclein oligomers in post-mortem brain extracts from patients with dementia with Lewy bodies[END_REF] and in blood plasma [START_REF] El-Agnaf | Detection of oligomeric forms of alpha-synuclein protein in human plasma as a potential biomarker for Parkinson's disease[END_REF] and cerebrospinal fluid (CSF) of PD patients [START_REF] Park | -synuclein oligomer in the cerebrospinal fluid of drug-naïve patients with Parkinson's disease[END_REF]. The presence of -syn oligomers in extracellular body fluids is consistent with the extracellular propagation of these assemblies in brain tissues.

As a matter of fact, -syn has long been considered as an intracellular protein because it lacks a signal peptide sequence [START_REF] Lee | Intravesicular localization and exocytosis of alphasynuclein and its aggregates[END_REF]. However, this notion has been challenged by a number of in vitro and in vivo studies that converged to incriminate a paracrine effect of -syn in PD [START_REF] Vekrellis | Targeting intracellular and extracellular alpha-synuclein as a therapeutic strategy in Parkinson's disease and other synucleinopathies[END_REF][START_REF] Emmanouilidou | Exocytosis and Spreading of Normal and Aberrant -Synuclein[END_REF]. Using a highly sensitive ELISA in conjugation with in vivo microdialysis, Emmanouilidou et al. [START_REF] Emmanouilidou | Assessme -synuclein secretion in mouse and human brain parenchyma[END_REF] detected -syn in the interstitial fluid of human brain patients.

Danzer et al. [18]

-syn oligomers by neurons and their detrimental effect on neuronal survival. It has also been shown that -syn is transported in the brain through the blood-brain-barrier as a free protein [START_REF] Sui | Alpha synuclein is transported into and out of the brain by the blood-brain barrier[END_REF]. Moreover, extravasation of red bl -syn in the striatum of PD patients [START_REF] Gray | Striatal blood-brain barrier permeability in Parkinson's disease[END_REF]. Finally, soluble -syn and -syn oligomers may also be released by damaged neurons, which may intoxicate neighbor cells [START_REF] Trudler | -synuclein-antibody complexes activate the NLRP3 inflammasome in hiPSC-derived microglia[END_REF]. Taken together, these data suggest that -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 [START_REF] Valdinocci | Potential Modes of -Synuclein Transmission[END_REF]. Thus, it is time to consider -syn as a privileged target for PD treatment, providing that the molecular mechanisms linking -syn and PD are unraveled.

In this article, we review the literature incriminating plasma membrane gangliosides as critical partners that control the neurotoxicity of -syn oligomers in PD and related synucleinopathies.

-syn oligomers affect a broad range of cellular processes, including alterations of calcium signaling pathways due to plasma membrane permeabilization [START_REF] Pacheco | -synuclein alters synaptic transmission in brain neurons by perforating the neuronal plasma membrane[END_REF]. The aggregation of -syn has also been reported to induce major dysfunction of the ubiquitinproteasome system (UPS) and autophagy-lysosomal pathway (ALP), leading to impaired protein clearance resulting in its intracellular accumulation [START_REF] Koziorowski | Mechanisms of Neurodegeneration in Various Forms of Parkinsonism-Similarities and Differences[END_REF]. This self-sustained mechanism is triggered by changes in ganglioside and cholesterol content of lipid rafts which catalyze the formation of Ca 2+ -permeable neurotoxic oligomers in the plasma membrane of brain cells [START_REF] Scala | -synuclein[END_REF][START_REF] Scala | Broad neutralization of calcium-permeable amyloid pore channels with a chimeric Alzheimer/Parkinson peptide targeting brain gangliosides[END_REF][START_REF] Fantini | Molecular insights into amyloid regulation by membrane cholesterol and sphingolipids: common mechanisms in neurodegenerative diseases[END_REF] (Figure 1). Thus, PD and other synucleinopathies can be defined as both proteinopathies and lipidopathies -syn and membrane lipid partners, especially lipid rafts that can be considered as the actual triggers [START_REF] Fanning | Parkinson's disease: proteinopathy or lipidopathy?[END_REF][START_REF] Mori | Lipids: Key Players That M -Synuclein Toxicity and Neurodegeneration in Parkinson's Disease[END_REF][START_REF] Follett | Potassium depolarization -synuclein aggregates[END_REF][START_REF] Shrivastava | Physico-Pathologic Mechanisms Involved in Neurodegeneration: Misfolded Protein-Plasma Membrane Interactions[END_REF]. Most importantly, the composition of lipid rafts, -syn levels and thus the syn ratio are key parameters that control the balance between the physiological and pathological -syn [START_REF] Kiechle | The Role of Lipids in the I -Synuclein Misfolding[END_REF] (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 [START_REF] Mesa-Herrera | Lipid and Lipid Raft Alteration in Aging and Neurodegenerative Diseases: A Window for the Development of New Biomarkers[END_REF]. From a mechanistic point of view, lipid rafts may be considered as integrated molecular machines that concentrate -syn proteins and promote their oligomerization in Ca 2+ permeable amyloid pores [START_REF] Fantini | Molecular insights into amyloid regulation by membrane cholesterol and sphingolipids: common mechanisms in neurodegenerative diseases[END_REF][START_REF] Schmidt | Single-channel synuclein oligomers in lipid membranes[END_REF][START_REF] Quist | Amyloid ion channels: a common structural link for protein-misfolding disease[END_REF][START_REF] Bengoa-Vergniory | Alphasynuclein oligomers: a new hope[END_REF][START_REF]Prediction of Transmembrane Regions, Cholesterol, and Ganglioside Binding Sites in Amyloid-Forming Proteins Indicate Potential for Amyloid Pore Formation[END_REF][START_REF] Malchiodi-Albedi | Amyloid oligomer neurotoxicity, calcium dysregulation, and lipid rafts[END_REF][START_REF] Martinez | GM1 specifically interacts with alphasynuclein and inhibits fibrillation[END_REF]. The increase in intracellular Ca 2+ -syn oligomers induces a cascade of neurotoxic events [START_REF] Gallegos | Features of alphasynuclein that could explain the progression and irreversibility of Parkinson's disease[END_REF][41][START_REF] Ingelsson | Alpha-Synuclein Oligomers-Neurotoxic Molecules in Parkinson's Disease and Other Lewy Body Disorders[END_REF] including (according to the type of synucleopathy) mitochondrial oxidative stress [START_REF] Luth | Soluble, synuclein oligomers promote complex I-dependent, Ca2+-induced mitochondrial dysfunction[END_REF][START_REF] Abramov | Interaction of Oxidative Stress and Misfolded Proteins in the Mechanism of Neurodegeneration[END_REF], tau phosphorylation and dysfunction [START_REF] Pan | Tau in the Pathophysiology of Parkinson's Disease[END_REF][START_REF] Kawakami | Stimulator -synuclein on the tau-phosphorylation by[END_REF], Lewy body formation [START_REF] Ingelsson | Alpha-Synuclein Oligomers-Neurotoxic Molecules in Parkinson's Disease and Other Lewy Body Disorders[END_REF], and secretion of exosome--syn [START_REF] Danzer | Exosomal cell-to-cell transmission of alpha synuclein oligomers[END_REF][START_REF] Emmanouilidou | Cell-produced alpha-synuclein is secreted in a calcium-dependent manner by exosomes and impacts neuronal survival[END_REF] which ensures the extracellular propagation of -syn in the brain via a prion-like mechanism [START_REF] Tarutani | Prion--synuclein in neurodegenerative diseases[END_REF][START_REF] Quek | The role of extracellular vesicles in neurodegenerative diseases[END_REF]. The changes in Ca 2+ homeostasis [START_REF] Melachroinou | synuclein-induced neurotoxicity[END_REF] and the mitochondrial oxidative stress [START_REF] Abramov | Interaction of Oxidative Stress and Misfolded Proteins in the Mechanism of Neurodegeneration[END_REF] are further amplified by intracellular vesicular -syn oligomers localized at the endoplasmic reticulum-mitochondrial interface [START_REF] Guardia-Laguarta | Synuclein is localized to mitochondria-associated ER membranes[END_REF] and by the perforation of the mitochondrial membrane -syn [START_REF] Ghio | Cardiolipin Promotes Pore-Forming Activity of Alpha-Synuclein Oligomers in Mitochondrial Membranes[END_REF]. Moreover, intracellular Ca 2+ -syn oligomerization and aggregation [START_REF] Follett | Potassium depolarization -synuclein aggregates[END_REF][START_REF] Rcom-H'cheo-Gauthier | Calcium: Alpha-Synuclein Interactions in Alpha-Synucleinopathies[END_REF]. All these events induce neural dysfunction, neuroinflammation, neurodegeneration and eventually cell death [START_REF] Koziorowski | Mechanisms of Neurodegeneration in Various Forms of Parkinsonism-Similarities and Differences[END_REF]. 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 [START_REF] Kiechle | The Role of Lipids in the I -Synuclein Misfolding[END_REF][START_REF] Zakharov | Helical alpha-synuclein forms highly conductive ion channels[END_REF][START_REF] Angelova | Ca2+ is a key factor in -synuclein-induced neurotoxicity[END_REF][START_REF] Fantini | Brain lipids in synaptic function and neurological disease. Clues to innovative therapeutic strategies for brain disorders[END_REF].

-syn with lipid rafts is facilitated by the strong electropositive surface potential of the N-terminal region of the protein [START_REF] Runwal | The Membrane Interactions of Synuclein: Physiology and Pathology[END_REF] which is attracted by the electronegative charges of gangliosides (Figure 2), which account for 80% of all brain glycans [START_REF] Schengrund | Lipid rafts: keys to neurodegeneration[END_REF]. Lipid rafts of adult human brain neurons display 4 principal types of gangliosides: GM1, GD1a, GD1b, and GT1b [START_REF] Fantini | Brain lipids in synaptic function and neurological disease. Clues to innovative therapeutic strategies for brain disorders[END_REF]60]. Astrocytes, which are also involved in PD [START_REF] Lindström | -synuclein oligomers in astrocytes results in sustained intracellular deposits and mitochondrial damage[END_REF][START_REF] Phatnani | Astrocytes in neurodegenerative disease[END_REF], express chiefly GM3 [START_REF] Asou | Ganglioside composition of astrocytes[END_REF]. The link between PD and ganglioside levels [START_REF] Liu | The Membrane Interaction of Alpha-Synuclein[END_REF] is supported by quantitative analysis of ganglioside content in the substantia nigra of PD patients compared to healthy subjects: decrease of GM1, GD1a, GD1b and GT1b [START_REF] Seyfried | Sex-Related Abnormalities in Substantia Nigra Lipids in Parkinson's Disease[END_REF][START_REF] Huebecker | Reduced sphingolipid hydrolase activities, substrate accumulation and ganglioside decline in Parkinson's disease[END_REF] and increase of GM3 in the cerebrospinal fluid (CSF) [START_REF] Huebecker | Reduced sphingolipid hydrolase activities, substrate accumulation and ganglioside decline in Parkinson's disease[END_REF]. These data are in line with a similar shift from complex to simple gangliosides in aging brains [START_REF] Svennerholm | Membrane lipids of adult human brain: lipid composition of frontal and temporal lobe in subjects of age 20 to 100 years[END_REF]. Interestingly, physicochemical studies -syn can bind to several brain glycosphingolipids in the following order: GM3 > Gb3 > GalCer > GM1 > sulfatide > LacCer > GM4 > GM2 > asialo-GM1 > GD3, indicating a marked preference for GSLs with one, three, or five sugar units, such as GM3 and GM1 [START_REF] Fantini | Molecular basis for the glycosphingolipid-binding specificity of -synuclein: key role of tyrosine 39 in membrane insertion[END_REF]. Several reports confirmed the capacity of wild-type and mutant -syn to interact with lipid rafts and gangliosides [START_REF] Fantini | Molecular basis for the glycosphingolipid-binding specificity of -synuclein: key role of tyrosine 39 in membrane insertion[END_REF][START_REF] Gaspar | G synuclein amyloid formation[END_REF][START_REF] Perissinotto | GM1 Ganglioside role in the interaction of Alphasynuclein with lipid membranes: Morphology and structure[END_REF][START_REF] Pasquale | Altered ion channel formation by the Parkinson's-disease-linked E46K mutant of alphasynuclein is corrected by GM3 but not by GM1 gangliosides[END_REF]. A ganglioside binding domain (GBD) was identified in region 34--syn by peptide mapping analysis [START_REF] Fantini | Molecular basis for the glycosphingolipid-binding specificity of -synuclein: key role of tyrosine 39 in membrane insertion[END_REF].

The amino acid sequence of this motif (KEGVLYVGSKTK) fulfills the consensus criteria of classical GBD found in other ganglioside binding proteins: [START_REF] Fantini | Molecular basis for the glycosphingolipid-binding specificity of -synuclein: key role of tyrosine 39 in membrane insertion[END_REF][START_REF] Fantini | 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[END_REF][START_REF] Yahi | Deciphering the glycolipid code of Alzheimer's and Parkinson's amyloid proteins allowed the creation of a universal gangliosidebinding peptide[END_REF].

(K/R)-X1-5-(Y/F/W)-X1-5- (K/R)
-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 -syn is efficiently attracted by the electronegative field of brain lipid rafts. This region is a turn which links two -helix domains when -syn interacts with membrane lipids [START_REF] Zakharov | Helical alpha-synuclein forms highly conductive ion channels[END_REF]. The Cterminal part of -syn is a highly acidic disordered domain with a strong electronegative surface. This domain has been characterized as a Ca 2+ sensor [START_REF] Lautenschläger | C-terminal calcium binding -synuclein modulates synaptic vesicle interaction[END_REF].

As discussed above, the surface potential of -syn is important for determining which face of the protein interacts with lipid raft gangliosides. On this criterion, a typical orientation of -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 -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 [START_REF] Yahi | Deciphering the glycolipid code of Alzheimer's and Parkinson's amyloid proteins allowed the creation of a universal gangliosidebinding peptide[END_REF]. 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 34-45 loop is inserted deeply in the plasma membrane, until it emerges in the cytosol [START_REF] Fantini | 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[END_REF] (Figure 2C). At this stage, the 69-78 region of -syn, which has been characterized as a functional cholesterol binding domain (CBD) is available for an interaction with cholesterol in the outer leaflet [START_REF] Fantini | The fusogenic tilted peptide (67--synuclein is a cholesterol binding domain[END_REF]. The -syn oligomerization process leading to the formation of a Ca 2+ permeable oligomeric channel (amyloid pore) is controlled by membrane cholesterol [START_REF] Scala | -synuclein[END_REF][START_REF] Jakubec | Cholesterol-containing lipid nanodiscs promote -synuclein binding mode that accelerates oligomerization[END_REF][START_REF] Jakubec | Synuclein membrane binding mode that accelerates oligomerization[END_REF] 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 -syn (receptor function) but also in the structuration of membrane-bound -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 2+ influx. The difficulty of this strategy is to find molecules able to target the exact pool of gangliosides recognized by -syn without interfering with gangliosides associated with physiologically important membrane proteins [START_REF] Fantini | Brain lipids in synaptic function and neurological disease. Clues to innovative therapeutic strategies for brain disorders[END_REF]. 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 -syn [START_REF] Fantini | Brain lipids in synaptic function and neurological disease. Clues to innovative therapeutic strategies for brain disorders[END_REF]. The pool of gangliosides recognized by -syn not only has to be accessible but should also have the capability to form functional chalice-like dimers [START_REF] Yahi | Deciphering the glycolipid code of Alzheimer's and Parkinson's amyloid proteins allowed the creation of a universal gangliosidebinding peptide[END_REF][START_REF] Fantini | Progress toward Alzheimer's disease treatment[END_REF]. 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 -syn.

Ganglioside-centered therapies for PD

Besides -syn, other amyloid proteins associated with neurodegenerative diseases use plasma membrane gangliosides as primary binding sites during the course of oligomer formation [START_REF] Scollo | Amyloidogenic Intrinsically Disordered Proteins: New Insights into Their Self-Assembly and Their Interaction with Membranes[END_REF]. Indeed, --amyloid peptide (A ) share a common structural GBD with a central tyrosine residue flanked by two basic amino acids [START_REF] Yahi | Deciphering the glycolipid code of Alzheimer's and Parkinson's amyloid proteins allowed the creation of a universal gangliosidebinding peptide[END_REF]. This unique situation allowed us to decipher the biological code controlling the interaction of these amyloid proteins with cell surface gangliosides [START_REF] Yahi | Deciphering the glycolipid code of Alzheimer's and Parkinson's amyloid proteins allowed the creation of a universal gangliosidebinding peptide[END_REF]. 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 -syn and A neurotoxic oligomers by competition for ganglioside binding, including GM1 (Figure 3A) and GM3

(Figure 3B) [START_REF] Scala | -synuclein[END_REF][START_REF] Scala | Broad neutralization of calcium-permeable amyloid pore channels with a chimeric Alzheimer/Parkinson peptide targeting brain gangliosides[END_REF]. Most importantly, AmyP53 is able to prevent the formation of -syn pores formed by oligomers of wild-type and mutant forms including A30P, E46K and A53T that are associated with inherited forms of PD [START_REF] Scala | Broad neutralization of calcium-permeable amyloid pore channels with a chimeric Alzheimer/Parkinson peptide targeting brain gangliosides[END_REF]. This activity of AmyP53 is particularly promising since -syn mutations A30P and A53T were shown to promote an increased formation of neurotoxic oligomers [START_REF] Conway | 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[END_REF], 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 -syn pathology, including LBD and Lewy neurites (LN) in about 50% of AD brains [START_REF] Robinson | Neurodegenerative disease concomitant proteinopathies are prevalent, age-related and APOE4-associated[END_REF][START_REF] Hamilton | Lewy bodies in Alzheimer's disease: a neuropathological review of 145 cases using alpha-synuclein immunohistochemistry[END_REF][START_REF] Spires-Jones | Interactions of pathological proteins in neurodegenerative diseases[END_REF][START_REF] Lippa | Lewy bodies contain altered alpha-synuclein in brains of many familial Alzheimer's disease patients with mutations in presenilin and amyloid precursor protein genes[END_REF]. Overall, it is now known that pure neurodegenerative pathologies represent a minority of cases, the rule being mixed proteinopathies shared by several neurodegenerative diseases [START_REF] Compta | Neuropathological and Biomarker Findings in Parkinson's Disease and Alzheimer's Disease: From Protein Aggregates to Synaptic Dysfunction[END_REF]. From a therapeutic perspective, this situation underscores the difficulty to treat patients with neurodegenerative disorders with a single drug [START_REF] Kayed | -synuclein species in neurodegenerative diseases: Expression, spreading, and cross-talk[END_REF]. In this respect, the dual activity of AmyP53 against the formation of both -syn and A oligomers raises the remarkable possibility of a combination therapy -with one molecule -for two distinct neurodegenerative diseases (PD and AD).

Another therapeutic approach also based on gangliosides is to treat PD patients with intravenous injections of GM1 sodium salt solutions [START_REF] Schneider | A randomized, controlled, delayed start trial of GM1 ganglioside in treated Parkinson's disease patients[END_REF]. The rationale is that GM1 has general neurotrophic and neuroprotective effects [START_REF] Ledeen | The multi-tasked life of GM1 ganglioside, a true factotum of nature[END_REF], potentially through modulation of lipid raft/structure function [START_REF] Schneider | A randomized, controlled, delayed start trial of GM1 ganglioside in treated Parkinson's disease patients[END_REF]. Indeed, several PD-associated proteins such as LRRK2, parkin and PINK1 co-localize with GM1 in lipid rafts [START_REF] Fallon | Parkin and CASK/LIN-2 associate via a PDZ-mediated interaction and are co-localized in lipid rafts and postsynaptic densities in brain[END_REF][START_REF] Hatano | Leucine-rich repeat kinase 2 associates with lipid rafts[END_REF]. GM1 has also been shown to induce a functional improvement of dopaminergic neural functions [START_REF] Schneider | GM1 ganglioside rescues substantia nigra pars compacta neurons and increases dopamine synthesis in residual nigrostriatal dopaminergic neurons in MPTP-treated mice[END_REF]. Finally, a deficiency of ganglioside GM1 has been shown to correlate with PD [START_REF] Wu | Deficiency of ganglioside GM1 correlates with Parkinson's disease in mice and humans[END_REF]. Extracellular GM1 may also bind to -syn exosomes and inhibit both the prion-like propagation of -syn and the formation of Ca 2+ permeable oligomeric pores in brain cells. In this case, GM1 might be considered as a disease-modifying therapy for PD able to prevent -syn aggregation and promote its clearance [START_REF] Schneider | A randomized, controlled, delayed start trial of GM1 ganglioside in treated Parkinson's disease patients[END_REF][START_REF] Schneider | GM1 ganglioside rescues substantia nigra pars compacta neurons and increases dopamine synthesis in residual nigrostriatal dopaminergic neurons in MPTP-treated mice[END_REF][START_REF] Sipione | Gangliosides in the Brain: Physiology, Pathophysiology and Therapeutic Applications[END_REF].

The oligosaccharide derived from the glycone part of GM1 (oligo-GM1) is also being considered as a surrogate for ganglioside-based therapy of PD [START_REF] Chiricozzi | Parkinson's disease recovery by GM1 oligosaccharide treatment in the B4galnt1(+/-) mouse model[END_REF]. 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 [START_REF] Fazzari | The oligosaccharide portion of ganglioside GM1 regulates mitochondrial function in neuroblastoma cells[END_REF] and to cross the blood brain barrier more efficiently than GM1 [START_REF] Biase | GM1 Oligosaccharide Crosses the Human Blood-Brain Barrier In Vitro by a Paracellular Route[END_REF].

-syn Oligomer-centered therapies for PD Alternatively, one could try to block the formation or the Ca 2+ dependent neurotoxic activity of oligomers in PD by targeting these oligomers with small molecules [START_REF] Price | The small molecule alpha-synuclein misfolding inhibitor, NPT200-11, produces multiple benefits in an animal model of Parkinson's disease[END_REF][START_REF] Heras-Garvin | -synuclein oligomerization and prevents motor decline and neurodegeneration in a mouse model of multiple system atrophy[END_REF][START_REF] Limbocker | Trodusquemine displaces protein misfolded oligomers from cell membranes and abrogates their cytotoxicity through a generic mechanism[END_REF] or antibodies [100]. Trodusquemine (Figure 4) is an aminosterol derived from squalamine that has been shown to displace various neurot -syn) from the plasma membrane of neural cells [START_REF] Limbocker | Trodusquemine displaces protein misfolded oligomers from cell membranes and abrogates their cytotoxicity through a generic mechanism[END_REF]. NPT-200-11 (Figure 4) was designed from structure-based molecular modeling studies aimed at identifying the regions of -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 A 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 -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 -syn binding to GM3, which has a higher affinity for the protein than GM1 [START_REF] Fantini | Molecular basis for the glycosphingolipid-binding specificity of -synuclein: key role of tyrosine 39 in membrane insertion[END_REF]. In this respect, the accumulation of -syn aggregates and the PD-like symptoms in the B4GALNT1 model is not in contradiction with the crucial role of gangliosides for the neurotoxic insertion ofsyn into the plasma membrane. Then the protection conferred by oligo-GM1 in this model [START_REF] Chiricozzi | Parkinson's disease recovery by GM1 oligosaccharide treatment in the B4galnt1(+/-) mouse model[END_REF] 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 PDlike symptoms [114]. Again this effect is probably not directly linked to -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 [START_REF] Ledeen | The multi-tasked life of GM1 ganglioside, a true factotum of nature[END_REF]. Finally, Brekk et al. [115] reported that the upregulation ofhexosaminidase in the striatum of transgenic rats led to a modest local increase in GM3 levels that appeared to be protective in this human -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 [START_REF] Scala | -synuclein[END_REF][START_REF] Scala | Broad neutralization of calcium-permeable amyloid pore channels with a chimeric Alzheimer/Parkinson peptide targeting brain gangliosides[END_REF][START_REF] Price | The small molecule alpha-synuclein misfolding inhibitor, NPT200-11, produces multiple benefits in an animal model of Parkinson's disease[END_REF][START_REF] Heras-Garvin | -synuclein oligomerization and prevents motor decline and neurodegeneration in a mouse model of multiple system atrophy[END_REF][START_REF] Limbocker | Trodusquemine displaces protein misfolded oligomers from cell membranes and abrogates their cytotoxicity through a generic mechanism[END_REF]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, trophic factors, anti-inflammatory, and gene therapy based approaches aimed at restoring striatal dopamine production [START_REF] Charvin | Therapeutic strategies for Parkinson disease: beyond dopaminergic drugs[END_REF].

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 

Conclusion

A growing line of evidence suggest that an essential cause of PD is an overdose of Ca 2+ that enters brain cells through membrane-inserted -syn oligomers [121]. Intracellular Ca 2+ 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 [START_REF] Shrivastava | Physico-Pathologic Mechanisms Involved in Neurodegeneration: Misfolded Protein-Plasma Membrane Interactions[END_REF][START_REF] Kiechle | The Role of Lipids in the I -Synuclein Misfolding[END_REF]. 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 chimericsyn/A peptide, it is also the first therapeutic candidate that considers neurodegenerative diseases 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 [START_REF] Shrivastava | Physico-Pathologic Mechanisms Involved in Neurodegeneration: Misfolded Protein-Plasma Membrane Interactions[END_REF]122]. Several other strategies targeting -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 . 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). 

[

  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, 5mg 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 -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].
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  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].

-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 -syn [120].