
                                                                    

University of Dundee

Synucleinopathies

Brás, Inês Caldeira; Dominguez-Meijide, Antonio; Gerhardt, Ellen; Koss, David; Lázaro,
Diana F.; Santos, Patrícia I.
Published in:
Journal of Neurochemistry

DOI:
10.1111/jnc.14965

Publication date:
2020

Licence:
CC BY

Document Version
Publisher's PDF, also known as Version of record

Link to publication in Discovery Research Portal

Citation for published version (APA):
Brás, I. C., Dominguez-Meijide, A., Gerhardt, E., Koss, D., Lázaro, D. F., Santos, P. I., Vasili, E., Xylaki, M., &
Outeiro, T. F. (2020). Synucleinopathies: Where we are and where we need to go. Journal of Neurochemistry,
153(4), 433-454. https://doi.org/10.1111/jnc.14965

General rights
Copyright and moral rights for the publications made accessible in Discovery Research Portal are retained by the authors and/or other
copyright owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with
these rights.

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Download date: 05. Dec. 2023

https://doi.org/10.1111/jnc.14965
https://discovery.dundee.ac.uk/en/publications/d9a943cd-3a0d-49e1-9a17-71e36e17b728
https://doi.org/10.1111/jnc.14965


Journal of Neurochemistry. 2020;153:433–454.	﻿�    |  433wileyonlinelibrary.com/journal/jnc

 

Received: 7 November 2019  |  Revised: 7 January 2020  |  Accepted: 8 January 2020

DOI: 10.1111/jnc.14965  

R E V I E W

Synucleinopathies: Where we are and where we need to go

Inês Caldeira Brás1 |   Antonio Dominguez-Meijide1,2 |   Ellen Gerhardt1 |   David Koss3 |   
Diana F. Lázaro1 |   Patrícia I. Santos1 |   Eftychia Vasili1 |   Mary Xylaki1 |   Tiago 
Fleming Outeiro1,3,4

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.
© 2020 The Authors. Journal of Neurochemistry published by John Wiley & Sons Ltd on behalf of International Society for Neurochemistry

All authors contributed equally to this manuscript. 

This artic​le is relat​ed to the Speci​al Issue​ "Synuc​lein" 

Abbreviations: A30P, aSyn substitution of an alanine for a proline at position 30; A53E, aSyn substitution of an alanine for a glutamic acid at position 53; A53T, aSyn substitution of an 
alanine for a tyrosine at position 53; ALP, autophagy-lysosomal pathway; APLP1, Aβ precursor-like protein 1; aSyn, alpha-synuclein; BiFC, bimolecular fluorescence complementation; 
CMA, Chaperone-mediated autophagy; CNS, central nervous system; co-IP, co-immunoprecipitation; Cryo-EM, cryo-electron microscopy; CSF, cerebrospinal fluid; Cu, copper; DLB, 
dementia with Lewy bodies; E46K, aSyn substitution of a glutamic acid for a lysine at position 46; ENS, enteric nervous system; ER, endoplasmic reticulum; Fe, iron; FRET, fluorescence 
resonance energy transfer; G51D, aSyn substitution of a glycine for a aspartic acid at position 51; GBA1, gene encoding for glucoceribrosidase; GCase, glucoceribosidase; GCIs, glial 
cytoplasmic inclusions; GWAS, genome wide association studies; HSP10, heat shock protein 10; HSPG, heparan sulfate proteoglycan; IDP, intrinsically disordered protein; iPS, Induce 
pluripotent stem cells; LAG3, lymphocyte Activating 3; LBDs, Lewy bodies diseases; LBs, Lewy bodies; LNs, Lewy neurites; LRKK2, leucine-rich repeat kinase 2; MAM, mitochondria-
associated membranes; Mn, manganese; MPP+, 1-methyl-4-phenylpyridinium; MSA, multiple systems atrophy; NAC, amyloid component; Ni, nickel; NMR, nuclear Magnetic Resonance; 
PAF, pure autonomic failure; PBMC, peripheral blood mononuclear; PD, Parkinson's disease; PET, positron-emission tomography; PFFs, pre-formed fibrils; PLA, proximity ligation assay; 
PMCA, protein misfolding cyclic amplification; PRKN, Parkin RBR E3 ubiquitin protein ligase; PrPc, prion protein; PTM, posttranslational modifications; RBC, red blood cells; RBD, REM 
sleep behavior disorder; RT-QuiC, real time quaking induced complementation; S129, aSyn phosphorylation on serine 129; S87, aSyn phosphorylation on serine 87; SN, Substantia nigra; 
SNCA, gene enconding aSyn; VMAT2, vesicular monoamine transporter 2; WT, wild type; Y125, aSyn phosphorylation on tyrosine 125; Zn, zinc.

1Department of Experimental 
Neurodegeneration, Center for Biostructural 
Imaging of Neurodegeneration, University 
Medical Center Göttingen, Göttingen, 
Germany
2Laboratory of Neuroanatomy and 
Experimental Neurology, Department of 
Morphological Sciences, CIMUS, Faculty 
of Medicine, University of Santiago de 
Compostela, Santiago de Compostela, Spain
3Institute of Neuroscience, The Medical 
School, Newcastle University, Newcastle 
upon Tyne, UK
4Max Planck Institute for Experimental 
Medicine, Göttingen, Germany

Correspondence
Tiago Fleming Outeiro, Department 
of Experimental Neurodegeneration, 
University Medical Center Göttingen, 37073 
Göttingen, Germany.
Email: touteir@gwdg.de

Funding information
Deutsche Forschungsgemeinschaft, Grant/
Award Number: SFB1286; European Union's 
Horizon 2020, Grant/Award Number: 
721802

Abstract
Synucleinopathies are a group of disorders characterized by the accumulation of inclu-
sions rich in the a-synuclein (aSyn) protein. This group of disorders includes Parkinson's 
disease, dementia with Lewy bodies (DLB), multiple systems atrophy, and pure autonomic 
failure (PAF). In addition, genetic alterations (point mutations and multiplications) in the 
gene encoding for aSyn (SNCA) are associated with familial forms of Parkinson's disease, 
the most common synucleinopathy. The Synuclein Meetings are a series that has been 
taking place every 2 years for about 12 years. The Synuclein Meetings bring together 
leading experts in the field of Synuclein and related human conditions with the goal of 
discussing and advancing the research. In 2019, the Synuclein meeting took place in Ofir, 
a city in the outskirts of Porto, Portugal. The meeting, entitled "Synuclein Meeting 2019: 
Where we are and where we need to go", brought together >300 scientists studying 
both clinical and molecular aspects of synucleinopathies. The meeting covered a many of 
the open questions in the field, in a format that prompted open discussions between the 
participants, and underscored the need for additional research that, hopefully, will lead 
to future therapies for a group of as of yet incurable disorders. Here, we provide a sum-
mary of the topics discussed in each session and highlight what we know, what we do 
not know, and what progress needs to be made in order to enable the field to continue to 
advance. We are confident this systematic assessment of where we stand will be useful 
to steer the field and contribute to filling knowledge gaps that may form the foundations 
for future therapeutic strategies, which is where we need to go.
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1  | INTRODUC TION

1.1 | Synucleinopathies: from clinics to pathology

Synucleinopathies are a group of disorders characterized by the 
deposition of aggregated forms of alpha-synuclein (aSyn) in neuronal 
and non-neuronal cells in the brain. In Lewy body diseases, includ-
ing Parkinson's disease (PD) and dementia with Lewy bodies (DLB), 
aSyn typically accumulates in Lewy bodies (LBs) (Figure 1) and Lewy 
neurites (LNs) in neuronal cells. In multiple systems atrophy (MSA), 
aSyn typically accumulates in oligodendrocytes, in glial cytoplasmic 
inclusions (GCIs). aSyn deposits are also present in other diseases, 
such as Alzheimer's disease, pure autonomic failure, and in REM 
sleep behavior disorder.

aSyn is genetically associated with PD (Polymeropoulos et al., 
1997) and, since this discovery, it has been the subject of intense 
research in synucleinopathies.

In September 2019, the Synuclein Meeting brought together 
over 300 experts in the field in order to discuss current challenges 
and future goals in the field of synucleinopathies, in the hope of 
bringing new ideas that may pave the way for the development of 
future therapeutic strategies (Outeiro & Mestre, 2019).

We still face many challenges and open questions, but perhaps 
the hardest one to overcome is the need for maintaining an open 
mind, leaving biases aside and keeping hypothesis and theories as 
such, and not as dogmas that hinder progress. After all, a major 

question we still cannot completely discard in the field of synucle-
inopathies is: are aSyn inclusions (LBs, LNs, or GCIs) relevant or sim-
ply an epiphenomenon? Time will tell.

2  | WHAT DEFINES A LB AND WHAT IS ITS 
SIGNIFIC ANCE?

2.1 | What we know

LBs and LNs are the main histopathological hallmarks of PD and 
DLB. LBs were first identified by Fritz Jakob Heinrich Lewy as 
eosinophilic circular structures (Lewy, 1912). These circular le-
sions were initially found to be comprised of dense proteinaceous 
central cores surrounded by radially oriented filaments (Duffy 
& Tennyson, 1965; Roy & Wolman, 1969). Later, LBs were found 
to be highly enriched with ubiquitin (Kuzuhara, Mori, Izumiyama, 
Yoshimura, & Ihara, 1988; Lowe et al., 1988), although this is not a 
strict requirement, and with aSyn, which is said to be the main pro-
tein component of LBs (Figure 1) and LNs (Spillantini et al., 1997). 
LBs were then found to be enriched in aSyn phosphorylated on 
serine 129 (S129) (Anderson et al., 2006), but other posttransla-
tional modifications (PTMs) are known to occur in LBs (discussed 
below).

Additional studies on the composition of LBs resulted in the identi-
fication of an array of more than 90 different molecules (Wakabayashi 
et al., 2013), including synphilin-1 (Wakabayashi et al., 2000), Parkin 
(Schlossmacher et al., 2002), Tau (Ishizawa, Mattila, Davies, Wang, 
& Dickson, 2003), chaperone proteins (Outeiro et al., 2006), or leu-
cine-rich repeat kinase 2 (LRRK2) (Zhu et al., 2006), among many 
others. Very recently, the architecture of LBs was brought to the lime-
light through the use of powerful imaging techniques that suggest the 
presence of membranous components, including mitochondria and 
lysosomes, but with little aSyn fibrils (Shahmoradian et al., 2019).

Different neuropathological criteria have been proposed to cor-
relate the brain regions affected by LB pathology with PD and DLB 
symptomology (Beach et al., 2009; Braak et al., 2003; Leverenz et al., 
2008; McKeith et al., 2017). Intriguingly, the deposition of LBs is not 
widespread throughout the brain, but seems restricted to particular 
subsets of neurons. In the brainstem and midbrain, monoaminergic 
neurons, such as the dopaminergic neurons of the substantia nigra (SN), 
seem particularly prone to the formation of LBs (Braak, Ghebremedhin, 
Rub, Bratzke, & Tredici, 2004; Halliday et al., 1990). In contrast, in the 
limbic system and cortex, particularly in layers 3 and 5 of the neocor-
tex, the greatest frequency of LBs is observed in the glutamatergic py-
ramidal neurons (Bernstein et al., 2011; Marui, Iseki, Kato, & Kosaka, 
2003; Wakabayashi, Hansen, & Masliah, 1995), alongside the choliner-
gic neurons of the basal forebrain (Dugger & Dickson, 2010).

F I G U R E  1   Cortical Lewy Body and Lewy neurites. Visualization 
of cortical Lewy pathology in the entorhinal cortex of a dementia 
with Lewy bodies case. Fixed tissue section stained with pSer129 
aSyn antibody (EP1536Y, 1:500, Abcam) and Universal Polymer 
HRP kit (Menarini Diagnostics) with DAB chromogen and 
hematoxylin counterstain. Arrows point to LB and LN. Scale bar 
represents 10 µm

K E Y W O R D S

alpha-synuclein, dementia Lewy bodies, multiple system atrophy, neurodegeneration, 
Parkinson's disease, synucleinopathies, toxicity
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2.2 | What we do not know

Although Lewy pathology is used as a central pathological hallmark 
of PD and DLB, the precise molecular composition and architecture 
remains obscure. Despite much speculation, we still do not know 
whether LBs and LNs are toxic, inert, or even protective. Numerous 
studies have reported conflicting evidence associating LB burden 
with the severity of symptoms (Beach et al., 2009; Harding, Stimson, 
Henderson, & Halliday, 2002; Mattila et al., 2000), neuronal dysfunc-
tion (Bergeron, Petrunka, Weyer, & Pollanen, 1996; Katsuse, Iseki, 
Marui, & Kosaka, 2003; Kramer & Schulz-Schaeffer, 2007) and neu-
ronal cell death (Bernstein et al., 2011; Dijkstra et al., 2014; Fukuda, 
Takahashi, & Tanaka, 1999; Halliday et al., 1990; Marui et al., 2003; 
Milber et al., 2012). The lack of such agreement, may suggest that: (a) 
cells most vulnerable to LBs accumulation may die rapidly and disap-
pear without a trace, and that only those few LB-resistant neurons 
persist; (b) there may be subpopulations of LBs which are distinct in 
their composition and on the types of post-translationally modified 
aSyn they accumulate, rendering some more toxic than others; or 
(c) the active process of LBs formation is toxic rather than the final 
product, which would be consistent with the hypothesis that smaller 
aggregated forms of aSyn would actually be the culprits. This idea is 
supported by observations suggesting the absence of LB pathology 
in the brains of patients with certain familial forms of PD (Kalia et al., 
2015).

Why some neuronal populations form LBs and others not, likely 
depends on a variety of as of yet unidentified functional and bio-
chemical parameters. A high energy demand, a disproportional 
state of Ca2+ transients versus buffering capacity, and a high de-
pendence on protein clearance systems are generalized features 
of neuronal vulnerability to cell death across neurodegenerative 
diseases. However, the contribution of these pathways to the 
formation of LBs is not well established. We also do not under-
stand whether and how different types of pathology in the brain 
influence each other, for example, how tau pathology affects LB 
pathology.

Although aSyn aggregation has been observed in the gut and 
other peripheral tissues, we also still do not know in detail whether 
Lewy pathology can exist in other tissues besides the brain.

2.3 | What key experiments/tools are necessary?

We need to continue to investigate both the biochemical composi-
tion of LBs and their molecular architecture. This will require the use 
of highly selective and sensitive tools (such as antibodies and mass 
spectrometry), and of powerful imaging techniques, respectively.

In addition, we will need a greater understanding of factors mod-
ulating the formation of LBs (inhibitors and enablers), as these may 
prove useful for then testing the relevance of Lewy pathology in 
Lewy body diseases.

All these studies will require access to high-quality post-mortem 
human tissue, which in turn, requires high-quality brain banks.

A technical advance that should prove extremely important 
would be the development of aSyn ligands for positron-emission to-
mography (PET) imaging (Kotzbauer, Tu, & Mach, 2017). Such PET 
ligands would be extremely relevant for following Lewy pathology 
during disease progression and for establishing the its actual rele-
vance for disease.

From the therapeutic perspective, developing cell-based models 
capable of recapitulating the accumulation of LBs and LNs would be 
extremely important. Patient-derived induced pluripotent stem (iPS) 
cells and 3D culturing techniques offer hope, but it is still early to tell 
whether they will prove to be the ideal systems for studying Lewy 
pathology to the extent we still need.

3  | WHAT IS THE FUNC TION AND 
SUBCELLUL AR LOC ALIZ ATION OF A SYN?

3.1 | What we know

Synuclein was the name used to describe a protein that was found to 
occur in the synapse and nucleus (Maroteaux, Campanelli, & Scheller, 
1988). However, because of the connection with LBs and neurode-
generation (Spillantini et al., 1997) and also as a result of a predomi-
nant occurrence in the pre-synaptic compartment, the synaptic role 
of aSyn has been extensively investigated, in contrast to other roles 
it may play in the nucleus and in other subcellular compartments. 
aSyn is found in a fine equilibrium between a soluble cytosolic form, 
and in an insoluble membrane bound form (Fortin et al., 2004; Iwai 
et al., 1995). aSyn shows a high preference for binding lipid rafts with 
high content in unsaturated and polyunsaturated fatty acids (Fortin 
et al., 2004; Kubo et al., 2005) and displays a high specificity for 
membranes with high curvature. aSyn interacts with synaptic vesi-
cles and is involved in synaptic vesicle regulation (Chandra, Chen, 
Rizo, Jahn, & Sudhof, 2003). In addition, the identification of syn-
aptobrevin as an interacting partner implicated aSyn in SNARE com-
plex formation (Burre et al., 2010).

However, despite some controversy, aSyn is present in other 
organelles. Studies with post-mortem brain tissue from PD patients 
suggest aSyn is enriched in mitochondria in different brain regions 
such as striatum, SN, and cortex (Devi & Anandatheerthavarada, 
2010; Li et al., 2007). In particular, aSyn appears to associate with 
the inner mitochondrial membrane, because of the interaction with 
a specific mitochondrial lipid component called cardiolipin (Ghio, 
Kamp, Cauchi, Giese, & Vassallo, 2016; Zigoneanu, Yang, Krois, 
Haque, & Pielak, 2012). It also interacts with the mitochondrial outer 
membrane via direct binding to TOM20a, a subunit of the outer im-
port machinery (Di Maio et al., 2016).

aSyn is also associated with endoplasmic reticulum (ER) and Golgi 
membranes (Colla et al., 2012) and, over-expression of aSyn impairs 
the ER-Golgi trafficking and induces ER stress and Golgi fragmenta-
tion (Cooper et al., 2006; Mazzulli, Zunke, Isacson, Studer, & Krainc, 
2016; Oaks, Marsh-Armstrong, Jones, Credle, & Sidhu, 2013). It 
was recently demonstrated that a fraction of aSyn is localized in 
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mitochondria-associated membranes, a region mainly composed of 
intracellular lipid rafts, which interconnects the ER with mitochon-
dria (Grassi et al., 2018).

Lastly, since the initial description of aSyn in the nucleus, and de-
spite ongoing controversy, several studies have confirmed this finding 
(Goncalves & Outeiro, 2013; McLean, Kawamata, Ribich, & Hyman, 
2000; Pinho et al., 2019). In the nucleus, aSyn may interact with his-
tones and affect histone acetylation, thereby modulating gene ex-
pression (Goers et al., 2003; Kontopoulos, Parvin, & Feany, 2006). In 
addition, aSyn can bind DNA, induce DNA fragmentation, and modu-
late repair processes (Pinho et al., 2019; Schaser et al., 2019).

3.2 | What we do not know

Despite the existing evidence on the role aSyn plays in the synapse, 
the function aSyn plays in other cells/tissues (e.g., heart, blood, kid-
ney, gastro-intestinal tract, etc) remains unclear. Intriguingly, studies 
with knock out animals suggest aSyn, along with the other members 
of the synuclein family (beta-synuclein and gamma-synuclein), are 
not essential proteins.

An important aspect that is often overlooked is the fact that 
aSyn is present in blood cells, but what the protein does there is 
unclear. The major source of blood aSyn are red blood cells (>99%), 
and only minor amounts are founded in peripheral blood mono-
nuclear cell (0.05%), platelets (0.2%), and in the plasma (0.1%). 
However, platelets seem to contain the highest levels of aSyn 
(Barbour et al., 2008).

The dual nature of aSyn, as a cytosolic and membrane-bound 
protein, has been correlated with both physiological and pathologi-
cal conditions. The disruption of this equilibrium, by unclear mecha-
nisms, might affect aSyn homeostasis, and promote pathology.

In mitochondria, it is unclear whether certain lipids, such as car-
diolipin, drive the binding of aSyn to mitochondrial membranes, and 
affect its import into the lumen.

Another important issue, that further complicates our under-
standing of the function, is that aSyn may assemble into different 
oligomeric forms, some of which might be relevant in terms of its 
physiology.

Several studies have linked certain PD-associated mutations in 
aSyn (aSyn substitution of an alanine for a proline at position 30, 
aSyn substitution of a glycine for a aspartic acid at position 51, and 
aSyn substitution of an alanine for a tyrosine at position 53), and 
phosphorylation on S129, with increased nuclear localization (Fares 
et al., 2014; Kontopoulos et al., 2006; Lazaro et al., 2014; Pinho et 
al., 2019). How these aSyn variants are linked with toxicity or physi-
ological function in the nucleus remains unclear.

3.3 | What key experiments/tools are necessary?

Additional studies of the interactomes of aSyn in different com-
partments may provide additional insight into its normal function. 

In addition, novel, super-resolution imaging techniques may provide 
important information on the subcellular distribution of aSyn, and on 
the accumulation of specific types of aggregated species.

Studying the role of aSyn in mitochondria, nucleus, and other 
subcellular compartments, is very important, but we also need to 
investigate what the protein does in tissues besides the brain. We 
posit that studying aSyn in the blood may provide insight into its 
normal biology and, at the same time, as a biomarker.

4  | WHAT DO WE KNOW ABOUT THE 
STRUC TURE OF A SYN?

4.1 | What we know

aSyn is composed of three distinct domains: the N-terminal region 
contains four imperfect KTKEGV motif repeats that fold into am-
phipathic helices; the non-amyloid component domain is hydropho-
bic and is crucial for aSyn aggregation, and the C-terminal region, 
enriched in highly acidic and charged amino acids (Uversky, 2003). 
aSyn is classified as an intrinsically disordered protein that may 
exist, perhaps depending on the surrounding environment, as an un-
structured monomer. Upon membrane/lipid binding, the N-terminal 
region adopts alpha-helical structure, to promote membrane cur-
vature, and the protein may adopt other quaternary arrangements, 
forming tetramers (Bartels, Choi, & Selkoe, 2011; Chandra et al., 
2003; Eliezer, Kutluay, Bussell, & Browne, 2001). Furthermore, the 
conformation of aSyn may change from alpha-helical-rich to beta-
sheet-rich during the process of aggregation to oligomers, protofi-
brils, and amyloid fibrils (Caughey & Lansbury, 2003).

4.2 | What we do not know

Despite tremendous efforts over the years, the precise native 
structure(s) of aSyn is(are) still a matter of debate. In addition, the 
triggers that initiate the misfolding of aSyn into insoluble fibrillar 
aggregates, and the specific protein conformations that might be 
related to toxicity in different synucleinopathies are still unknown.

Very little is also known about the effects of PTMs on the struc-
ture and function of aSyn, or their role during disease progression 
and spreading of pathology.

4.3 | What key experiments/tools are necessary?

Investigating the conformation of aSyn in the context of different 
environments, such as lipids, membranes or pH, should provide in-
sight into the role it may play in different subcellular compartments. 
More detailed studies on the effects of mutations associated with 
familial forms of PD, and on the effects of different PTMs, would 
also inform on the role different regions of the protein play in biol-
ogy and pathobiology.
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Elucidating the native conformation of aSyn and that of patho-
genic species formed during disease would provide important insight 
into rationale drug development. To achieve this, we will need to 
continue to employ and develop techniques to study protein struc-
ture in situ, such as in cell nuclear magnetic resonance, cryo-electron 
microscopy (cryo-EM), or super-resolution microscopy techniques. 
These approaches would also provide important insight into the 
issue of pathological strains, shedding light into the molecular basis 
of different synucleinopathies.

5  | POST TR ANSL ATIONAL 
MODIFIC ATIONS, METAL S AND 
A SYN: C AUSE OR CONSEQUENCE OF 
PATHOLOGY?

5.1 | What we know

The primary amino acid sequence of aSyn reveals sites with distinct 
binding affinities to certain metal ions. This type of interactions 
can ultimately change the folding, aggregation, and membrane-
binding propensity of aSyn. One of the most physiologically rel-
evant metal interactions seems to be the binding of copper (Cu(I/
II)) to the N-terminal region (1MDVFMK6) of aSyn, and/or to histi-
dine 50 (H50). These Cu interactions can accelerate fibrilization 
in vitro at micromolar concentrations (Binolfi et al., 2006; Rasia et 
al., 2005).

Interactions with calcium (Ca(I/II)) became of interest because 
of recent data suggesting a role for aSyn in Ca-dependent vesicu-
lar transport (Lautenschlager et al., 2018). Ca(II) ions, as many other 
ions ((Fe(II), Fe(III), Ni(II), Zn(II), Mn(II), Cu(II)), bind preferentially to 
the C-terminus (119DPNEA125) of aSyn, leading to the destabilization 
of mono/dimeric aSyn, and the formation of various types of aSyn 
aggregates.

In addition, aSyn undergoes several PTMs that affect its struc-
ture, membrane binding, localization and, likely, its function. 
Phosphorylation on S129 is, by far, the most studied PTM of aSyn, 
but other phosphorylation sites are being identified and studied. The 
phosphorylation on S87 was reported to reduce aSyn fibrillization 
(Paleologou et al., 2010; Xiong & Yu, 2018).

Some PTMs may also affect the aggregation state of aSyn by 
modulating the binding of metal ions. For example, phosphorylation 
on tyrosine 125 (Y125) and on S129 may regulate ion metal binding, 
thereby influencing the structure and aggregation of aSyn.

Physiologically, aSyn is acetylated at the N-terminus, and this 
PTM stabilizes the binding of Cu(I) ions, and increases the alpha-he-
lical content and, therefore, the binding of aSyn to membranes 
(Abeyawardhane et al., 2018). Interestingly, acetylation was recently 
reported on lysines 6 and 10, and found to reduce aSyn aggregation 
and toxicity (de Oliveira et al., 2017).

Other PTMs, such as ubiquitination, nitration, and sumoylation, 
have also been reported, and appear to modulate the aggregation 
and biology of aSyn in ways that need to be further investigated.

5.2 | What we do not know

Most studies conducted thus far have used recombinant aSyn pro-
duced in bacteria. Without specific manipulation, the aSyn produced 
in bacteria lacks N-terminal acetylation, as well as other eukaryotic-
specific PTMs and, therefore, it is still unclear how the presence of 
this specific PTM affects the overall biology and aggregation of aSyn. 
In other words, some of the findings reported using non-acetylated 
aSyn need to further validated.

Another key question is how different PTMs talk to each other, 
and to metal binding, and how this affects the biology of aSyn. Do 
the interactions of aSyn with metals, such as Cu or Fe affect the 
oxidative stress status of the cell? Although this is highly likely, we 
also do not know whether different PTMs and different metal inter-
actions occur in different cell types, and how these would affect the 
aggregation and spreading of aSyn pathology.

A recent study showed that aSyn purified from blood or human 
brain tissue does not exhibit classical properties of a metalloprotein 
(Lothian et al., 2019), suggesting that additional studies, and more 
accurate model systems are necessary.

The levels and relevance of different PTMs, in the context 
of synucleinopathies and disease progression, are still unclear. 
Furthermore, whether measuring PTMs of aSyn in blood or cerebro-
spinal fluid (CSF) holds value as putative biomarkers is also unclear, 
and demands further attention.

5.3 | What key experiments/tools are necessary?

We are currently limited by the sensitivity and specificity of exist-
ing methods for detecting aSyn PTMs, such as mass spectrometry-
based, or antibody-based. Despite recent advances in both types of 
methods, they have limitations, and these will need to be overcome 
to enable us to tackle outstanding questions in the field. In addition, 
the generation of purified forms of aSyn carrying specific PTMs is 
essential, so that each of them can be studied in detail, and also in 
the presence of metals of interest. Another limitation pertains to the 
existing model systems available, which do not always enable the full 
modulation of PTMs and metal interactions.

6  | GENES,  PHENOT YPES,  AND 
TERMINOLOGY

6.1 | What we know

The three most common synucleinopathies are PD, DLB, and MSA. 
Despite some controversy, the clinical differences between the dif-
ferent diseases are documented. However, the factors leading to the 
various clinical phenotypes remain elusive.

Although the vast majority of synucleinopathies appear to be 
sporadic, genetic studies have been instrumental for our under-
standing of the underlying molecular mechanisms. Classical human 
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genetic studies have identified mutations in several genes that have 
been linked to either dominant or recessive forms of PD. Among 
these, mutations in the SNCA gene were the first to be identified. 
More recently, genome wide association studies have identified 
additional genetic variants in PD (Blauwendraat, Nalls, & Singleton, 
2019), DLB (Orme, Guerreiro, & Bras, 2018), and MSA (Katzeff, Phan, 
Purushothuman, Halliday, & Kim, 2019). These findings suggest a 
complex interplay between genetics, aging, and environmental fac-
tors in the various synucleinopathies.

6.2 | What we do not know

SNCA mutations and multiplications are very rare, and it is not clear 
why they would cause one synucleinopathy and not another.

Genetic forms of PD associated with mutations in LRRK2 and 
in Parkin RBR E3 ubiquitin protein ligase, seem to complicate the 
spectrum of synucleinopathies even further. LRRK2 variants are the 
most common cause of parkinsonism, but post-mortem analyses of 
some brains from carriers of those mutations showed pure nigral de-
generation and no Lewy pathology (Bardien, Lesage, Brice, & Carr, 
2011). Similarly, Parkin RBR E3 ubiquitin protein ligase variants are 
linked with early onset parkinsonism that is often evident without 
LBs (Poulopoulos, Levy and Alcalay, 2012).

The identification of GBA1 mutations as a risk factor for PD, 
DLB, and possibly MSA also shed light into a possible interplay 
between glucoceribrosidase and aSyn, suggesting autophagy im-
pairments as a mechanism that needs further investigation (Lwin, 
Orvisky, Goker-Alpan, LaMarca, & Sidransky, 2004; Sidransky et 
al., 2009).

6.3 | What key experiments/tools are necessary?

Overall, genetic studies in synucleinopathies should help define 
similarities and differences between them, and may point to under-
lying molecular mechanisms that may identify targets for therapeu-
tic intervention. Therefore, we need to couple genetic studies with 
neuropathological and mechanistic studies, using patient-derived 
material and improved models.

Genetics may also enable the definition of subtypes of each sy-
nucleinopathy, which may enable personalized therapies in the future.

Finally, the upcoming field of epigenetics, can provide valuable 
insights into disease-related players that are currently essentially 
unknown, and should also be further investigated.

7  | THE INTER AC TOME OF A SYN

7.1 | What we know

Interacting partners of aSyn have been extensively investigated in cells 
and brain extracts. Some examples of known aSyn interactors include, 

among many others, Synphilin-1 (Engelender et al., 1999), LRRK2 
(Guerreiro et al., 2013; Qing, Zhang, Deng, McGeer, & McGeer, 2009), 
p25alpha (Ejlerskov et al., 2013), DJ-1 (Zondler et al., 2014), ATP13A2 
(Gitler et al., 2009; Lopes da Fonseca, Pinho, & Outeiro, 2016), chaper-
ones (Nakhjavani et al., 2010; Outeiro et al., 2006), Rab proteins (Breda 
et al., 2015; Chutna et al., 2014; Masaracchia et al., 2018; Yin et al., 
2014), heparan sulfate proteoglycans (Ihse et al., 2017), and even his-
tones and DNA (Figure 2) (Pinho et al., 2019).

This vast panoply of putative interactors complicates our un-
derstanding of the normal function of aSyn, and suggests a lot still 
needs to be done, as this knowledge may impact on different as-
pects of synucleinopathies. For example, the mechanisms involved 
in the spreading of aSyn pathology, but the hypothesis of internal-
ization based on a receptor-mediated mechanism has gained trac-
tion with the identification of several putative receptors, including 
neurexin 1b, and Aβ precursor-like protein 1, lymphocyte activat-
ing 3 (Ferreira et al., 2017; Mao et al., 2016) 26,323,479. All these 
receptors might contribute to aSyn pathology, possibly by binding 
and guiding the internalizing aSyn. For example, lymphocyte acti-
vating 3 binds preferentially to aSyn, with only minimal to mono-
mers. In another study, the prion protein (PrPC) was found to act as 
a sensor of aSyn oligomeric species, leading to synaptic dysfunction 
(Ferreira et al., 2017).

aSyn associates with lipid membranes via the N-terminal region (Jo, 
McLaurin, Yip, St George-Hyslop, & Fraser, 2000), a process thought 
to be important in the context of aggregation, although it is still un-
clear how. In fact, aSyn associates with different membranes types, 
including synaptic vesicles (Maroteaux et al., 1988), axonal transport 
vesicles (Jensen, Nielsen, Jakes, Dotti, & Goedert, 1998), lipid droplets 
(Cole et al., 2002), yeast membranes (Outeiro & Lindquist, 2003), and 
lipid rafts (Fortin et al., 2004). Interestingly, several studies suggest 
that the PD-associated mutation aSyn substitution of an alanine for 
a proline at position 30 impairs membrane interactions, suggesting 

F I G U R E  2   aSyn interactors. Selected examples of known aSyn 
interactors, including proteins, organelles, and DNA
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this may be related to the pathogenesis of this particular mutant form 
of aSyn.

At the presynaptic terminal, aSyn can interact with a lot of pro-
teins, such as as Rab3 (Chen et al., 2013), SNARE proteins (Burre, 
Sharma, & Sudhof, 2012; Burre et al., 2010), synapsin III (Zaltieri et 
al., 2015), Vesicular monoamine transporter 2 (Guo et al., 2008), do-
pamine and serotonin transporters (Butler et al., 2015; Swant et al., 
2011; Wersinger, Rusnak, & Sidhu, 2006), piccolo (Scott et al., 2010), 
and tyrosine hydroxylase (Baptista et al., 2003; Perez et al., 2002; 
Yu et al., 2004).

Several observations have implicated mitochondria in the patho-
genesis of PD. Therefore, the possible connection between aSyn and 
mitochondria has been a topic of interest for several years, with sev-
eral studies suggesting aSyn may occur within mitochondria (Devi, 
Raghavendran, Prabhu, Avadhani, & Anandatheerthavarada, 2008; 
Martin et al., 2006; Shavali, Brown-Borg, Ebadi, & Porter, 2008). 
aSyn has also been shown to interact with mitochondrial proteins, 
such as heat shock protein 10 (Hsp10) (Szego et al., 2019).

7.2 | What we do not know

aSyn is an intrinsically disordered protein, enabling a panoply of 
conformations that may explain the various interacting partners, 
localizations, and functions. However, this also complicates our 
study of aSyn biology and pathobiology. Since our understanding 
of the localization and function of aSyn are limited, we may not 
have a complete understanding of all interacting partners, and of 
the consequences of such interactions, for example, as in the con-
text of aSyn aggregation and of the role membrane interactions 
play in this process.

7.3 | What key experiments/tools are necessary?

The identification and characterization of aSyn interactors is im-
portant for the identification of putative targets for therapeutic 
intervention, and for our understanding of putative side-effects 
associated with the disturbance of the normal function(s) of aSyn. 
Currently, the toolbox for assessing protein interactions is large, 
and includes classical assays such as co-immunoprecipitation or 
crosslinking, or more recent assays such as mass spectrometry, nu-
clear magnetic resonance, bimolecular fluorescence complementa-
tion, fluorescence resonance energy transfer, or proximity ligation 
assay, to name just a few. When selecting a particular approach, one 
needs to carefully consider their strengths and limitations, especially 
with respect to sensitivity and specificity. Ideally, an assay should 
(a) allow a screening approach to identify and validate interacting 
partners; (b) rely only on direct interactions between two proteins; 
(c) enable testing at endogenous levels of expression of the proteins, 
to avoid false results. It is also important to consider that all available 
models are only approximations to the real situation in the human 
brain.

Computational approaches also promise to assist us in this quest, 
as new information about protein structure and computational 
power become available, although they will still require experimen-
tal validation.

8  | A SYN AGGREGATION AND STR AINS: 
HOW DOES IT HAPPEN?

8.1 | What we know

By definition, synucleinopathies are characterized by changes in 
the typical pattern of aSyn distribution in the cell, resulting in its 
accumulation in aggregated species (Masuda-Suzukake et al., 2013; 
Peng et al., 2018; Prusiner et al., 2015). However, the type of aSyn 
aggregate varies depending on the synucleinopathy. Recently, aSyn 
was found to form different types of aggregated structures in vitro, 
coined as ribbons and fibrils, and these were hypothesized to repre-
sent different ‘strains’, in an analogy with the prion field (Figure 3) 
(Bousset et al., 2013; Guo et al., 2013). Accumulating evidence sug-
gests that the different conformational variants of aSyn differ in size, 
structure, toxicity, and lipid-binding efficacy, and they can be distin-
guished also based on their seeding capacity. Thus far, the factors 
triggering the formation of different types of aSyn aggregates (LBs, 
LNs, GCIs, etc) are unknown but, in vitro, salt concentration and pH 
determine the type of aggregate formed. In addition, the presence of 
natural pathogens, as bacterial endotoxins can also induce structural 
changes in aSyn fibrils (Kim et al., 2016).

In vivo studies in mice have shown that different aSyn strains 
lead to different biological effects. For instance, oligomers and rib-
bons have greater spreading potential than fibrils, but only ribbons 
lead to the accumulation of phosphorylated aSyn deposits.

Taken together, these data suggest that different strains of 
aSyn may explain the different clinical manifestations in different 
synucleinopathies.

8.2 | What we do not know

The studies described above demonstrate that recombinant aSyn is 
able to form different strains with distinct conformations and bio-
logical effects. Yet, the strain concept has not been validated in hu-
mans and, although it is appealing to think of this as the explanation 
for different pathologies and clinical outcomes, recent reports have 
even questioned the contribution of Lewy pathology to LBD (Moors 
et al., 2018; Shahmoradian et al., 2019). So, what could be the driv-
ing force for the heterogeneity of synucleinopathies? Could this be 
linked to PTMs, and not necessarily due to the occurrence of this 
type of strains? Phosphorylation, for instance, could be seen as a 
signal, to regulate aSyn aggregation. Truncations on the C-terminal 
of aSyn are present in the LBs, and are known to promote aSyn ag-
gregation. Another important aspect is the binding to membranes 
and lipids, since this seems to also modulate aSyn aggregation.
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Nevertheless, the concept of aSyn strains is important for the 
understanding of the molecular pathogenesis of synucleinopathies, 
and further studies are essential.

8.3 | What key experiments/tools are necessary?

An important aspect that needs to be considered when assessing 
strains formed by recombinant aSyn concerns the origin of the pro-
tein produced. Another aspect is whether the strains (aggregated 
forms) produced represent the same types of species formed in the 
human brain. Finally, another important aspect to consider is the 
variability in terms of aggregated forms of aSyn produced in dif-
ferent laboratories, using slightly different protocols, which may 
compromise direct comparisons. Therefore, specific guidelines are 
necessary to ensure the production and characterization of aggre-
gated aSyn strains is consistent and physiologically relevant. Cryo-
electron microscopy, and solid-state nuclear magnetic resonance are 
currently not only fashionable but very powerful techniques used to 
characterize protein aggregated species, and may prove instrumen-
tal for comparing human-derived with recombinantly produced aSyn 
aggregates. This requires the continued development of protocols 
for the extraction of aggregated aSyn from human brain tissue, to 
ensure minimal changes are induced during the extraction.

If distinct aSyn strains truly exist, the development of therapeu-
tic strategies targeting conformation-specific forms of aSyn might 
prove beneficial. However, one will face issues of cases with mixed 
pathology, where multiple types of proteins deposits accumulate in 
the brain, and may need to be targeted independently.

9  | ANIMAL MODEL S BA SED ON A SYN 
E XPRESSION

9.1 | What we know

Numerous animal models have been developed in order to model 
specific aspects of synucleinopathies, such as aSyn aggregation and/
or neuronal cell loss. These consist of the expression of wild-type or 
mutant forms of aSyn. Naively, we had thought that our understand-
ing of PD genetics would enable us to generate good animal models 
of PD based on genetic manipulation of animals. However, we now 
understand that, at best, the models developed only model specific 
aspects related to the gene being manipulated. In some cases, it is 
likely that those models are not even relevant in the context of any 
human disease yet, they provide important information about the 
protein and basic molecular mechanisms and pathways where the 
protein might be involved.

Several transgenic animals (worms, flies, mice, rats, etc) have 
been generated over the years. In these models, aSyn has been 
over-expressed under the regulation of different types of promot-
ers, enabling its expression in different tissues (Feany & Bender, 
2000; Kahle et al., 2000; Masliah et al., 2000; Olsen & Feany, 2019). 
Invertebrate models, including worms and flies, have enabled pow-
erful genetic and pharmacological screens, and are often used to 
bridge between cell-based and organism-based studies.

Another common approach for generating aSyn-based models is 
through the use of viral vectors (such as lentiviruses or adeno-asso-
ciated viruses), which can be used to transduce, for example, popula-
tions of neurons in the brain, upon stereotactical injections.

F I G U R E  3   aSyn strains/aggregates. It still unclear if/or which type of aSyn conformation (e.g., ribbons or fibrils) influence the clinical 
phenotype in each synucleinopathy
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More recently, models based on the injection of aggregated, possibly 
pathological forms of aSyn (known as pre-formed fibrils, PFFs), are used 
to study the spreading of pathology, as this is believe to correlate to the 
progression of PD and other synucleinopathies (Luk et al., 2012, 2009).

Importantly, all models offer advantages, but suffer also from 
disadvantages. It is essential to be aware of all of them, so that the 
correct animal is used to address the questions one is interested in 
studying.

9.2 | What we do not know

Although aSyn aggregation has been detected in several animal 
models, it is still unclear why the inclusions observed do not more 
closely resemble LBs. Several hypothesis have been put forward, but 
this will require additional investigation.

Another issue is that neurodegeneration is not often present in 
most of the transgenic mouse models, so the issue of selective vul-
nerability of the dopaminergic neurons from the SN is also unclear.

9.3 | What key experiments/tools are necessary?

Given the limitations of the current models, we still need to continue our 
efforts to refine and improve animal models, so we can mimic relevant 
aspects of synucleinopathies more closely. With CRISPR/Cas9 technol-
ogy, it is likely that we will be able to achieve this in the near future.

Given the recent findings with tau-based models, it will be es-
sential to characterize existing mouse models in much greater de-
tail, in order to avoid artifacts, such as those recently reported for a 
mouse model of tauopathy (Gamache et al., 2019), and to ‘humanize’ 
the models, using promoters and regulatory elements that will en-
sure we can maximize the chances of obtaining relevant phenotypes 
(Walsh et al., 2017).

Additionally, we will need to incorporate other biological aspects 
into animal models, such as expression profiles, PTMs, and inter-
acting partners, and we will need to develop novel knock-in models 
in non-human primates, as these may prove highly valuable for the 
study of specific brain circuits and physiological aspects.

10  | CELL MODEL S OF A SYN TOXICIT Y 
AND AGGREGATION

10.1 | What we know

Over the years, many cellular models have been developed for stud-
ying different aspects of aSyn pathology, such as aggregation and 
toxicity. Such models, despite the minimalistic approach, have been 
very useful for our understanding of specific aspects of aSyn biology 
and pathogenicity.

The available cellular models range from powerful yeast cells, 
to neuronal and non-neuronal mammalian cell lines (human and 

non-human), primary neuronal cultures and, more recently, pa-
tient-derived iPS cells, to name just a few (Delenclos et al., 2019; 
Marvian, Koss, Aliakbari, Morshedi, & Outeiro, 2019). Different 
aSyn expression systems have also been employed, enabling tran-
sient or stable expression of either wild-type or PD-associated mu-
tant forms of aSyn (Delenclos et al., 2019; Lazaro, Pavlou, & Outeiro, 
2017; Vasili, Dominguez-Meijide, & Outeiro, 2019). The use of cel-
lular models affords numerous advantages, such as the ease of use 
and manipulation, both genetically and pharmacologically, the low 
maintenance costs, and the reduced ethical constraints.

However, the use of single-cell model systems also faces import-
ant limitations that complicates extrapolations to more complex, bi-
ological systems.

Unlike other proteins prone to aggregate, aSyn over-expression 
does not necessarily result in the formation of inclusions. Therefore, 
additional insults have been used to ‘force’ the system. For example, 
1-methyl-4-phenylpyridinium, rotenone, paraquat, or proteasome in-
hibitor are used to increase the aggregation of aSyn (Lee, Shin, Choi, 
Lee, & Lee, 2002; McLean, Kawamata, & Hyman, 2001). Furthermore, 
the addition of extracellular PFFs in primary neuronal cultures showed 
that these are able to recruit endogenous aSyn into ubiquitinated, 
and hyperphosphorylation aggregates (Volpicelli-Daley et al., 2014). 
Fluorescently labeled PFFs have been useful for the study of aSyn in-
ternalization and transfer between cells (Freundt et al., 2012; Jiang, 
Gan, Yen, McLean, & Dickson, 2017; Karpowicz et al., 2017).

Cell models have enabled mechanistic studies of the relationship 
between aSyn and mitochondrial dysfunction, oxidative stress, im-
pairment of protein degradation pathways, etc (Klucken et al., 2012; 
Lazaro et al., 2014; Outeiro et al., 2008).

Cell models have also been useful for identifying surface pro-
teins interacting with aSyn (Mao et al. 2016; Ferreira et al., 2017).

Expression of aSyn in oligodendroglial cell lines has been useful 
to study molecular mechanisms involved in MSA. For example, glial 
degeneration has been studied in cells co-expressing of aSyn and 
p25alpha (Kragh et al., 2009).

Overall, cellular models are powerful tools that mimic certain as-
pects of PD, and enable detailed mechanistic studies, but they also 
suffer from inherent limitations that need to be acknowledged.

10.2 | What we do not know

We still do not understand in detail what are the cellular factors 
that affect aSyn aggregation and cytotoxicity. The current hypoth-
esis suggests that, during the process of aSyn assembly, soluble and 
cytotoxic oligomers may form and cause cell dysfunction and death 
(Conway et al., 2000; Outeiro et al., 2008; Villar-Pique et al., 2016).

In MSA, it is unclear how aSyn ends up accumulating in oligo-
dendrocytes, as these cells are thought to produce only low levels 
of aSyn. So how aSyn enters and accumulates in oligodendrocytes is 
still unclear (Abati, Fonzo, & Corti, 2018).

We also do not understand how certain proteins, such as syn-
philin-1 (Engelender et al., 1999; O'Farrell et al., 2001; Tanaka et al., 
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2004), and p25alpha (Ejlerskov et al., 2013; Lindersson et al., 2004) 
modulate the aggregation of aSyn in cell models. This suggests that, 
perhaps, other proteins/factors may also influence aSyn aggregation.

10.3 | What key experiments/tools are necessary?

Experiments in cell models rely a lot on the use of antibodies or fluo-
rescent protein tags for probing the biology and aggregation of aSyn. 
These methods offer several advantages, but also important limita-
tions that need to be considered. Therefore, we need to continue to 
develop antibodies that are more specific and capable of detecting 
relevant species of aSyn, and also epitope/fluorescent protein tags 
that do not affect the normal biology of aSyn.

It would also be important to develop cell models where typical 
LB inclusions accumulate. Thus far, these do not exist and, at best, 
we can talk about LB-like inclusions (Danzer et al., 2012; Outeiro et 
al., 2008).

We also need models that fully mimic the genetic environment 
of the disease that is being studied. iPS cells promise to help on this 
front, but reprogramming issues seem to affect the epigenetic land-
scape of the original cells, suggesting they are also not perfect mod-
els. Therefore, continued efforts and new tools will be necessary to 
improve the cell models we have currently available.

11  | SPRE ADING OF A SYN: RELE VANT OR 
EPIPHENOMENON?

11.1 | What we know

Recent studies suggest that aSyn pathology may spread between 
different brain regions, possibly converting normal aSyn into 

aggregated and/or pathological forms. Some authors believe this 
process occurs in a ‘prion-like’ manner, but this is still controversial.

Transmission of aSyn between cells and throughout the differ-
ent body tissues comprises different mechanisms, including aSyn 
diffusion through the cell membrane, secretion via extracellular 
vesicles or alternatively transfer via tunneling nanotubes (Figure 4) 
(Grozdanov & Danzer, 2018). aSyn may be internalized by micro-
pinocytosis, with aSyn fibrils binding to heparan sulfate proteo-
glycan chains in the plasma membrane (Holmes et al., 2013). This 
interaction between aSyn fibrils and the sulfated glycosaminogly-
can chains seems to be dependent on the aggregation state of aSyn 
and on the cell type. This uptake occurs, for example, in oligoden-
drocytes and in neurons (Ihse et al., 2017; Rodriguez, Marano, & 
Tandon, 2018).

Even though our knowledge of these processes is increasing, 
there are still a lot of uncertainties and questions to answer. One 
of the main points in which there seems to be full consensus is that 
spreading of aSyn is relevant and it is not an epiphenomenon, never-
theless. Additional advances are being made in our knowledge of the 
aforementioned cell-to-cell transmission mechanisms.

11.2 | What we do not know

A major point of current debate in the field is whether aSyn pa-
thology spreads in a ‘prion-like’ manner, and whether it should, 
therefore, be considered ‘prion’. A defining characteristic of pri-
ons is that they can be transmitted among individuals of the same, 
or even different species (Prusiner, 1991). Currently, we do not 
know whether aSyn can be transmitted between different indi-
viduals. The occurrence of aSyn pathology in cells grafted into 
the brains of PD patients suggests aSyn pathology may spread in 
the brain (Kordower, Chu, Hauser, Freeman, & Olanow, 2008; Li 

F I G U R E  4   Possible mechanisms 
involved in the cell-to-cell transfer of 
aSyn. aSyn can be released through 
tunnelling nanotubes, extracellular 
vesicles or can directly cross the 
plasma membrane, leading to protein 
release through passive diffusion. 
Afterward, uptake of aSyn can happen 
via endocytosis of the extracellular 
vesicles, receptor-mediated endocytosis, 
interaction with heparan sulfate 
proteoglycans, pores in the plasma 
membrane or passive uptake from the 
extracellular space
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et al., 2008). Several studies in animal models support this idea, 
but we still lack evidence confirming that aSyn pathology can 
spread when expressed at normal, endogenous levels (Killinger & 
Kordower, 2019).

We also have limited understanding of whether aSyn pathology 
can spread between different cell types in the human brain (e.g., 
neuron to glia, between different neuronal types, or between dif-
ferent glial types). This impacts on our understanding of the Braak 
staging, which might be because of selective vulnerability of specific 
neuronal populations (Killinger & Kordower, 2019).

Importantly, whether aSyn pathology spreads from the pe-
riphery to the brain, or vice-versa, has only been demonstrated in 
animal models, so we do not know whether this really happens in 
synucleinopathies.

Factors modulating the spreading of pathology, such as PTMs, 
are also under-studied at the moment, and we also do not know 
whether spreading of aSyn is a physiological phenomenon or, rather, 
an epiphenomenon that may bear little impact on the progression of 
PD and other synucleinopathies.

11.3 | What key experiments/tools are necessary?

We will need to refine our understanding of the biological processes 
and mechanisms associated with the possible spreading of aSyn pa-
thology, as this will also enable us to clarify whether synucleinopa-
thies are ‘prion’ disorders or, instead, simply disorders of protein 
aggregation. Therefore, we need to continue to improve and develop 
cell and animal models.

Furthermore, we will need to establish the mechanisms by which 
aSyn is released and taken up by cells, and whether PTMs or other 
factors affect these processes, as these may prove useful targets for 
therapeutic intervention.

12  | HOW IS A SYN CLE ARED FROM THE 
CELL?

12.1 | What we know

Different protein degradation pathways seem to degrade differ-
ent species of aSyn. These include chaperone-mediated autophagy 
(CMA), macroautophagy, and the ubiquitin–proteasome pathway. 
Impairments in the function/activity of these pathways may lead to 
the accumulation of aSyn, causing it to aggregate and accumulate in 
toxic species.

Macroautophagy is thought to be the most important pathway 
for the lysosomal degradation of higher order oligomeric and ag-
gregated species of aSyn, since CMA is unable to handle such large 
protein species (Martinez-Vicente et al., 2008; Salvador, Aguado, 
Horst, & Knecht, 2000). In turn, monomeric aSyn can be degraded 
by the ubiquitin–proteasome pathway (Liu, Corboy, DeMartino, & 
Thomas, 2003). Mutant versions of aSyn associated with familial 

forms of PD, for example, H50Q, aSyn substitution of a glycine for 
a aspartic acid at position 51, aSyn substitution of a glutamic acid 
for a lysine at position 46, and aSyn substitution of an alanine for a 
glutamic acid at position 53, are more effectively degraded by mac-
roautophagy than by CMA (Dahmene, Berard, & Oueslati, 2017; 
Fares et al., 2014; Khalaf et al., 2014; Vogiatzi, Xilouri, Vekrellis, & 
Stefanis, 2008; Yan, Yuan, Chu, Li, & Chen, 2018). Surprisingly, it was 
shown that intermediate, soluble, oligomeric aSyn can be partially 
degraded by the ubiquitin–proteasome pathway (Emmanouilidou 
et al., 2010).

Another mechanism by which cells can reduce the levels of aSyn 
is by secreting/releasing the protein (Ejlerskov et al., 2013).

The turnover of aSyn also seems to be modulated by PTMs, such 
as ubiquitination (Lee, Wheeler, Li, & Chin, 2008b; Nathan, Kim, 
Ting, Gygi, & Goldberg, 2013; Rott et al., 2008), sumoylation (Rott et 
al., 2017), glycation (Vicente Miranda, Szego, et al., 2017b), or phos-
phorylation (Oueslati, 2016; Tenreiro et al., 2014).

Only a few studies addressed the clearance of aSyn in vivo as 
animal models. Those suggested that the autophagy-lysosomal path-
way was important to regulate the accumulation of aSyn oligomers 
and aggregates (Cullen et al., 2009; Ebrahimi-Fakhari et al., 2011; 
Friedman et al., 2012; Mak, McCormack, Manning-Bog, Cuervo, & 
Monte, 2010; Qiao et al., 2008; Xilouri et al., 2016).

The degradation of aSyn can also affect its transmission. In pri-
mary neurons, lysosomes seem to be the primary destination of in-
ternalized aSyn (Karpowicz et al., 2017). Interestingly, internalized 
seeds may compromise the endosomal/lysosomal machinery and 
the templating of endogenous aSyn (Karpowicz et al., 2017; Sacino 
et al., 2017). However, the degradation capacity of aSyn in neurons 
is lower than that in astrocytes, suggesting a possible cooperation 
between different cell types in the clearance of aSyn species (Loria 
et al., 2017).

Proteases, such as calpains and metalloproteinases have also 
been proposed to play a role in both intracellular and extracellular 
clearance of aSyn.

12.2 | What we do not know

Despite the various possible mechanisms for degrading aSyn in the 
cell, we still do not know which is more relevant for different aSyn 
species, and whether some of them fail, or at least have reduced 
activity, during aging and disease. We also do not know how PTMs 
affect the clearance of aSyn, so a lot needs to be done on this 
front.

It is thought that increasing the activation of clearance pathways 
might be a promising strategy for therapeutic intervention in synu-
cleinopathies, but we need additional studies to rule out possible 
detrimental effects.

We also do not know whether and how certain types of cells in 
the brain, including microglia and astroglia, clear aSyn, which might 
bear important consequences not only during disease but also as tar-
gets for therapies.
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12.3 | What key experiments/tools are necessary?

Investigating the contribution of different pathways for the clear-
ance of aSyn will be essential. Live cell imaging methods might help 
us on this issue. We will also need to determine the role of different 
glial cell types on the clearance of aSyn. Better reporters and read-
outs for the activities of different clearance pathways would also be 
very important, and could then be used as readouts for the effects 
of possible therapeutic strategies.

13  | ANTIBODIES AGAINST A SYN: TOOL S 
AND THER APIES

13.1 | What we know

Antibodies are powerful tools, produced by the immune system, 
with multiple uses in basic research, such as in immunostainings, im-
munoblotting, or immunoprecipitation. Antibodies are also useful in 
clinical research, as diagnostic tools and, more recently, as biological 
therapies (Figure 5). Given their specificity, there has been a great 
interest, and hope, in developing and applying immunotherapy for 
the treatment of neurodegenerative diseases, such as Alzheimer's 

disease, PD, and other synucleinopathies (Vaikath et al., 2019). 
Antibodies have several key features such as strong binding to the 
antigen, a long half life because of the constant part of the immuno-
globulin, and the fact that they are occur naturally in the organism.

Recently, conformation-specific antibodies against aSyn have 
been developed, able to bind to aggregated forms of aSyn (Covell et 
al., 2017; Vaikath et al., 2015). These antibodies were tested in cell and 
animal models, yielding promising results that prompted ongoing clin-
ical trials (Figure 5) (El-Agnaf et al., 2017; Spencer et al., 2017, 2016).

13.2 | What we do not know

One of the major handicaps for use of antibodies as therapeutic tools is 
that we still require more knowledge regarding their mechanism of action, 
pharmacokinetics, and pharmacodynamics. The routes of administration 
and the biodistribution of antibodies in the organism need to be consid-
ered, because of their large size they do not easily cross membranes or 
barriers and, consequently, may not easily reach intracellular targets. If 
the antibodies differ too much from our own, they may be recognized 
by the immune system and elicit an undesired reaction that can lead to 
their neutralization. We are still trying to understand how can we over-
come these problems. These issues should be addressed before their use 

F I G U R E  5   Antibodies against aSyn. The formation of misfolded aSyn antibody–antigen complexes may block aSyn aggregation and 
endocytosis. Additionally, formation of the complexes may block the possible effects of aSyn on synaptic vesicle trafficking by blocking the 
uncoating processes. Finally, may block the spreading of misfolded aSyn
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become widespread. Additionally, most antibodies undergoing clinical tri-
als for PD bind to the C-terminus of the protein (Table 1). As mentioned 
before, truncation of aSyn at the C-terminus seems to be a common event 
that affects aggregation (Sahin et al., 2017). Additional PTMs will also 
need to be considered, as they may enable the specific targeting of certain 
forms of aSyn. Another issue that needs to be addressed is the fact that 
we can only be sure that conformation-specific antibodies do not bind to 
monomeric aSyn, but we still do not know exactly to which conformation 
(oligomers or fibrillary structures) they are binding. Importantly, we still 
do not fully understand the pathological implications of aSyn aggregation 
and whether we should target oligomeric or fibrillar forms.

13.3 | What key experiments/tools are necessary?

An important issue is to establish the exact pharmacodynamics and 
pharmacokinetics of the different aSyn antibodies. Likewise, ques-
tions like whether these antibodies are able to cross the blood-brain 
barrier and their ability to be internalized by the cells still need to be 
addressed. Determining the affinity and avidity of the antibodies, 
and further advances in developing smaller antibodies will also be 
important (Vaikath et al., 2019).

It will also be important to determine what forms of aSyn should be 
targeted by the antibodies (El-Agnaf et al., 2017; Spencer et al., 2017).

Humanizing the antibodies is also important, and progress is 
being done on this front as well (Table 1).

14  | IMMUNE RESPONSES AND 
MICROBIOME IN PD

14.1 | What we know

Post-mortem studies in PD brains revealed extensive microglio-
sis in brain regions affected by synuclein pathology, such as the 

SN, hippocampus, or cortex (Doorn et al., 2014; Iannaccone et al., 
2013; Imamura et al., 2003; Ouchi et al., 2005). This challenges 
the view that extensive microgliosis is simply a consequence of 
neuronal loss.

aSyn released by neurons triggers the initiate immune re-
sponses (Emmanouilidou et al., 2010) that involve microglia and 
macrophages in order to clear extracellular aSyn (Lee, Suk, Bae, & 
Lee, 2008a).

The aggregation state of aSyn impacts on both the uptake/inter-
nalization and clearance of aSyn (Hoffmann et al., 2016). As the disease 
progresses, it is thought that the aggregated forms of aSyn may become 
immunoreactive and trigger different immune responses. A sustained, 
long-term activation of microglia leads to a significant up-regulation of 
various pro-inflammatory components, thereby contributing to neu-
rodegeneration (Wang, Liu, & Zhou, 2015). In summary, it is currently 
thought that microglial cells may play a dual role in PD: participating in 
the phagocytosis of aggregated and toxic species of aSyn, in order to 
prevent damage to neurons, and also as pro-inflammatory agents, con-
tributing to neuroinflammation and, eventually, neuronal loss.

Recent studies demonstrated that PD patients exhibit an altered 
gut microbiome, accompanied by gastrointestinal inflammation, and 
that disease progression leads to a significant reduction in gut bac-
terial diversity (Heintz-Buschart et al., 2018; Hill-Burns et al., 2017; 
Keshavarzian et al., 2015; Li et al., 2017). In addition, intestinal aSyn 
is associated with increased intestinal permeability (Forsyth et al., 
2011). Thus, the interaction between the gut microbiota and aSyn 
aggregation is of great interest, and is receiving increased attention 
as a putative risk factor and/or disease modifier in PD and, possibly, 
in other synucleinopathies.

14.2 | What we do not know

Current hypotheses for the initiation site of aSyn pathology con-
sider it may occur outside the central nervous system (CNS), 

TA B L E  1   Anti-aSyn antibodies in clinical trials for PD

 
Prasinezumab PRX 
002 BIIB054 MEDI1341 Lu AFB2422 ABBV−0805

Company Prothena/Roche Biogen/Neurimmune AstraZeneca/Takeda Lundbeck/Genmab Abbvie/Bioartic

Stage Phase II Phase II Phase I Phase I Phase I

Isotype Humanized IgG1 Full human IgG1 Human IgG agly (Fc Null) Human IgG Humanized (IgG1?)

Epitope 115–126 1–10 102–130 112–117 121–127

Affinity 3 nM (Biacore) 100 nM (ITC) 7 nM (Biacore)
74 pM (Kinexa)

16 nM (Biacore) 50–120 nM 
(Biacore)

Aggregate 
binding

Affinity/avidity to 
aggregated aSyn is 
48 pM (Biacore)

Affinity/avidity to 
aggregated aSyn is 
120 pM (ELISA). IHC 
shows no binding to 
control brain sections

High affinity, high selectivity 
(claimed); demonstrate 
target engagement in the 
CNS of the antibody in 
preclinical species

100 fold selective 
for aggregated 
aSyn. Reduce or 
prevent spreading

200 fold selective 
for aggregated 
aSyn (claimed)

Posted Trial 
Completion 
Date

Feb 2021 Apr 2022 Nov 2019 Mar 2020  
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perhaps in the peripheral nervous system (gut or nasal epithelia) 
(Braak et al., 2003), implying that, probably, the peripheral im-
mune cells might be the first ones affected by aggregated forms 
of aSyn forms, with microglia activation occurring as a secondary 
event. This is supported by several lines of evidence such us the 
fact that phosphorylated aSyn aggregates are detected in the en-
teric nervous system of PD patients (Barrenschee et al., 2017) and 
that alterations in the gut microbiome can induce the accumula-
tion of aSyn aggregates in the enteric nervous system (Chen et al., 
2016). In addition, apendectomy (Killinger et al., 2018; Mendes et 
al., 2015), and vagotomy are associated with a decreased risk for 
PD in humans (Liu et al., 2017; Svensson et al., 2015) and experi-
ments in rats show that exogenous aSyn fibrils induce the forma-
tion of LB-like inclusions in the brain in a process that appears to 
involve propagation via the vagus nerve (Holmqvist et al., 2014; 
Kim et al., 2019). These findings raise the question of how brain 
and periphery cross-talk, and whether this is mediated by solu-
ble components. Furthermore, we also do not know what are the 
stimuli that mark the initiation of these events.

14.3 | What key experiments/tools are necessary?

Recent studies showed the appearance of LB-like structures, some pos-
itive for phosphorylation of S129, in microglial cells, suggesting a link 
between pathological alterations taking place in neurons and microglia. 
Since the development of pathology in neurons and microglia occurs 
in parallel, we cannot exclude the existence of transfer of aSyn species 
between neurons and microglia, so it will be important to investigate 
this. Also, it will be necessary to assess the fate of the microglial cells 
that bear aSyn inclusions: do they die or they clear the inclusions and 
stay alive and functional? Do microglia share a common mechanism for 
inclusion formation with neurons? If this is the case, why do inclusions 
look different in microglia, and also in oligodendrocytes in MSA? The 
tools currently available may not enable us to address all these ques-
tions in detail, but we also need better approaches to characterize the 
full spectrum of immune responses in model organisms and in patients. 
Ultimately, such advances may enable the development diagnostic ap-
proaches, and also the identification of targets for intervention.

15  | PD BIOMARKERS BA SED ON A SYN

15.1 | What we know

The diagnosis of PD is mostly based on clinical criteria that assess 
motor features. This means diagnosis is achieved once the disease 
is already established. A major limitation is that the typical motor 
features of PD overall with those present in other related synucle-
inopathies. Genetic testing is not a solution since the vast majority 
of synucleinopathies are sporadic. Therefore, there is a great need 
to identify markers that can aid in the diagnosis and in the monitor-
ing of disease progression. In this context, and since aSyn was found 

in the CSF, suggesting it is released from brain cells, hope has been 
built on the possibility that measuring the levels of aSyn might be 
used as a biomarker in synucleinopathies.

Several different assays to measure aSyn have been devel-
oped, and these try to measure different forms of aSyn present 
in body humors, such as the CSF, plasma, blood, saliva, or tear 
fluid (Maass, Schulz, Lingor, Mollenhauer, & Bahr, 2019). Currently, 
the most advanced studies are based on measurements in CSF 
samples (Eusebi et al., 2017; Fayyad et al., 2019; Mollenhauer, 
Bowman, et al., 2019a).

Other studies suggest that aSyn PTMs may also hold value as 
possible disease biomarkers. These measurements might be done in 
CSF, but also in blood (Porro, Panaro, Lofrumento, Hasalla, & Trotta, 
2019; Schmid, Fauvet, Moniatte, & Lashuel, 2013; Vicente Miranda, 
Cássio, et al., 2017a).

The ratio between different aSyn isoforms has also been pro-
posed as a sensitive and specific diagnostic tool for PD (Hansson et 
al., 2014; Parnetti et al., 2014; Tokuda et al., 2006).

15.2 | What we do not know

Although aSyn is regarded as a possible biomarker for PD, we do not 
know at what stage of the disease we should measure aSyn, on which 
biological fluid, and which form (monomeric, oligomeric or fibrillar). 
We also need more standardized assays to ensure that different 
laboratories in the world can measure aSyn and obtain comparable 
results (Mollenhauer, Caspell-Garcia, et al., 2019b).

We also need to establish whether certain aSyn PTMs can in-
deed be used as biomarkers of disease, but this requires additional 
knowledge of their effects (Magdalinou et al., 2017).

Finally, we also do not know whether Lewy pathology load cor-
relates well with disease progression, as we lack adequate tools to 
study this in vivo, with minimally invasive procedures, such as PET or 
other imaging-based techniques.

15.3 | What key experiments/tools are necessary?

As alluded above, we need highly sensitive and standardized assays 
to measure aSyn, and aSyn PTMs in various biological fluids. This 
may require improved antibodies and detection methods.

We will also need to develop PET-tracers that can detect aSyn, to en-
able longitudinal studies in patients, and even in individuals at risk (based 
on genetic factors, for example). Attempts to develop radioligands able 
to bind to different forms of aSyn are ongoing, but we still face major 
challenges such as selectivity, or blood–brain barrier penetration (Cairns 
et al., 2018; Merchant et al., 2019; Verdurand et al., 2018). However, the 
coming years may bring novel developments in this area.

One of the most promising techniques for the detection aggre-
gated, spreading competent forms of relies on the use of real time 
quaking induced complementation (RT-QuiC) and protein misfold-
ing cyclic amplification. These techniques are based on the ability 
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of amyloid structures to bind the fluorescent dye thioflavin T, re-
sulting in a characteristic emission spectrum. These assays, espe-
cially RT-QuiC, appears able to accurately detect PD in CSF samples. 
Therefore, it will be important to improve these methods further to 
ensure reproducibility and sensitivity, so they can be used as diag-
nostic tools (Manne et al., 2019; Saijo et al., 2019).

In summary, we need to develop, for example, (a) more specific 
tools, such as antibodies or mass spectrometry-based, (b) aSyn PET 
tracers, and (b) assays, such as RT-QuiC/protein misfolding cyclic 
amplification, for measuring aSyn in different samples and at differ-
ent stages of synucleinopathy.

16  | OUTLOOK

The Synuclein Meeting 2019 constituted a unique forum to discuss 
ideas, to recognize limitations and sources of controversy, and to set 
the stage for where the field needs to go. Despite the many chal-
lenges, it is undeniable we have come a long way. We need to continue 
to address many basic questions for which we lack complete answers 
and, importantly, we need to be humbled by the fact that there is still a 
lot to discover. This will ensure we will maintain the open-minded spirit 
that will enable us to work as a team, sharing resources and data, to get 
to where patients and families need us to go, which is to have novel 
tools to diagnose and treat the various synucleinopathies.
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