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Abstract

Multiple system atrophy (MSA) is characterized by alpha-synuclein (aSyn) accumulation in glial
cytoplasmic inclusions (GCls) within oligodendrocytes. Under normal conditions, aSyn cannot be
detected in mature oligodendrocytes, thus supporting the prevailing hypothesis that the protein enters
oligodendrocytes from the extracellular space, following its release by neighboring neurons, the cells
physiologically expressing the protein. This can occur partly via the secretion of exosomes that act as
transporters to facilitate the transmission of aSyn-related pathology, at least in neurons. Exosomes are
small vesicles suggested to play a major role in the intercellular communication through the transport of
multilevel information and cell-to-cell spreading of toxic molecules. Herein, we aimed to illuminate the
contribution of oligodendroglial-derived exosomes in the development and spread of aSyn pathology in
MSA-like experimental models. In our experimental design, we performed a comprehensive biochemical
analysis of exosomes isolated from control OLN-93 rat oligodendroglial cell lines or cells stably
overexpressing human aSyn or TPPP/p25a. To recapitulate MSA-like pathology in vitro, we incubated
OLN cells for 48hours and 8 days with human PD amplified brain-derived fibrils and both intracellular
and exosome-related aSyn levels were assessed by western immunoblotting and confocal microscopy.
Our results indicate that both aSyn and TPPP/p25a can be released via oligodendroglial exosomes.
Notably, the overexpression of haSyn or TPPP/p25a accelerates the release of exosome-related aSyn
and the addition of PD-fibrils evoked the packaging of high molecular weight, possible aggregated, aSyn
species within exosomes. In addition, higher amounts of PD fibrils led to the phosphorylation of aSyn at
Ser129, a strong indicator of pathology, but only in haSyn-overexpressing cells, highlighting the
contribution of the intracellular aSyn protein load in disease development. This line of research is
important in uncovering the contribution of oligodendroglial-derived exosomes in the pathogenesis of
alpha-synucleinopathies in general and in pinpointing the factors that mediate cell-to-cell
communication, which may represent potential therapeutic targets.

Highlights

e PD patient-derived fibrils induce the formation of pathological aSyn assemblies within
oligodendrocytes, which incorporate the endogenous seeded protein.

e Phosphorylation of aSyn at Ser129 occurs only in OLN-AS7 cells when treated with relative high
amounts of PD-derived fibrils (detected at both 48 hours and 8 days post-fibril addition),
possibly indicating that this depends on intracellular aSyn protein load.

e Addition of human aSyn PD patient-derived fibrils accelerates the exosome-associated release
of aSyn in all OLN cell lines and affects p25a levels and distribution in cells stably overexpressing
the human p25a protein.
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Introduction

Multiple system atrophy (MSA) is an adult-onset, typically sporadic, fatal neurodegenerative condition
of undetermined etiology, marked by the progressive loss of the autonomic nervous system([1, 2]. The
onset of cerebral ataxia and dysautonomia as well as the occurrence of Parkinsonian symptoms are the
disease's clinical hallmarks. MSA, together with Parkinson’s Disease (PD), and Dementia with Lewy
Bodies (DLB) are collectively referred to as alpha-synucleinopathies, due to the abnormal deposition of
the misfolded neuronal pre-synaptic protein alpha-synuclein (aSyn)[3-8]. In particular, in PD and DLB
aSyn accumulates in the neuronal cell soma or neurites forming the Lewy bodies and Lewy neurites,
respectively, [5, 9lwhereas in MSA, the protein deposits primarily in the cytoplasm of oligodendrocytes,
forming glial cytoplasmic inclusions (GCls) [10-13] and less frequently in neurons, forming neuronal
cytoplasmic inclusions[14-16].

GCls, which are the histopathological hallmark of MSA, are fibrillar structures composed of various
aggregated proteins, with aSyn and tubulin polymerization—promoting protein p25a (TPPP/p25a) having
a profound role in disease pathogenesis [11, 13, 17]. A significant correlation between the density of
GClIs and neuronal demise has been reported, highlighting that GClIs are closely related to the
neurodegenerative  processes characterizing MSA [18].MSA is considered a primary
oligodendrogliopathy, following the observation that widespread myelin degeneration may be the initial
event in patient’s brain, implying that the pathogenesis of MSA is mainly regulated by oligodendroglial
malfunction [4, 8, 19]. Supporting evidence shows that oligodendrocytes of MSA brains have an
abnormal accumulation of p25a and are significantly bigger in cell size[20].p25a is an oligodendroglial-
specific phosphoprotein, physiologically facilitating myelination and stabilizing microtubule network
[21]. In normal human brains, it co-localizes with the myelin basic protein (MBP), but this co-localization
is lost in MSA [20]. The contribution of p25a in disease pathogenesis has been also highlighted by in
vitro studies. In particular, it has been suggested that there is a significant correlation between p25a and
aSyn, and p25a strongly stimulates the aggregation of aSyn in vitro[22, 23]. Moreover, p25a
overexpression has been shown to interfere with the autophagic degradation of aSyn by preventing the
fusion of autophagosomes with lysosomes and to enhance the secretion of aSyn via exophagy[24]. And
more recently, published data from the host laboratory have shown that upon addition of human aSyn
Pre-Formed Fibrils (PFFs) in primary mouse oligodendrocytes, p25a is redistributed from the
oligodendroglial processes to the cell body and accumulates with aSyn-positive inclusions, in cells
overexpressing human aSyn[25].

aSyn is physiologically localized at pre-synaptic terminals of neuronal cells[26] and is tightly associated
with synaptic vesicle membranes and SNARE complex assembly [27-30]. Mature oligodendrocytes are
not considered to express aSyn physiologically[31], thus the origin of aSyn within oligodendrocytes of
MSA patients still remains enigmatic. The two possible scenarios that have been proposed include that
under pathological conditions, oligodendrocytes either overexpress aSyn or internalize neuronally-
derived aSyn from their surrounding neurons[32-38]. In support to the first hypothesis, different groups
have reported the expression of the SNCA mRNA, encoding for aSyn, in oligodendrocytes, indicating the
presence of the endogenous protein within oligodendrocytes[31, 34, 39]. However, others were not
able to detect oligodendroglial SNCA mRNA expression in the brains of MSA patients [40, 41], or when
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detected, no differences were reported between healthy controls and MSA patients[32, 42]. Regarding
the second hypothesis, accumulating evidence suggests that aSyn can be secreted from healthy neurons
and can be found intracellularly [43, 44]. Neuronal cells can secrete different pathological conformations
of aSyn, varying from soluble monomers to insoluble fibrillar forms, which then propagate in a “prion-
like” manner, having detrimental effects on the recipient cells[45, 46].More specifically, following the
prion-like hypothesis, misfolded neuronal-secreted aSyn could be taken up by neighboring
oligodendrocytes, where it can template the seeding of the endogenous protein, promoting the
endogenous aSyn misfolding. Gradually, large insoluble aggregates are formed and other proteins are
also recruited, leading to the formation of GCIs[47]. In favor of this scenario, different studies have
indeed shown that exogenous recombinant monomers and higher order aSyn species, as well as
neuronally derived aSyn, can be internalized and accumulated by primary oligodendrocytes and
immortalized oligodendroglial cell lines[25, 33-38, 48, 49]. This cell-to-cell transmission maybe partly
mediated via extracellular vesicles, such as exosomes[50-53] and neuronally-secreted aSyn taken-up by
oligodendrocytes could potentially underlie the pathogenic mechanisms in MSA.

Exosomes are small extracellular nanovesicles with a diameter of 30-150nm of endocytic origin. Their
biogenesis results from the inward budding of the multivesicular bodies (MVBs) that leads to the
progressive accumulation of intraluminal vesicles (ILVs) inside MVBs. These MVBs can then take two
distinct routes: either fuse with lysosomes and degrade their content or fuse with the plasma
membrane and release their ILVs in the extracellular space, as exosomes[54]. Exosomes can be found in
different biological fluids, such as blood plasma and serum, breast milk, urine and cerebrospinal fluid
(reviewed in [55]), and their cargo, which relates to the origin cell, involves proteins, RNAs and lipids
that can be physiologically delivered to recipient cells[54, 56-61]. Different in vitro and in vivo studies
have shown that neurons, oligodendrocytes, astrocytes, and microglia are able to secrete exosomes[62-
65]. Physiologically, neuronal-derived exosomes play an important role in cell-to-cell communication
through the secretion of their content to neighboring and distant cells, of both neuronal and glial
origin[66-72], whereas glial-derived exosomes promote neuronal health [62, 73-75]. However,
exosomes are considered to be able to shuttle pathological misfolded proteins in the brain, making
them potential mediators of alpha-synucleinopathies (reviewed in [76]).Indeed, Emmanouilidou et al.,
proposed that secretion of aSyn is associated with membrane vesicles whose identity is compatible with
exosomes, in a calcium-dependent manner in a WT aSyn-Tet-off inducible SH-SY5Y cell culture model
[51]. In favor of this finding, another report showed that exosomes secreted from aSyn overexpressing
SH-SY5Y mediates aSyn transmission between neuronal cells and in combination with lysosomal
inhibition, higher levels of cellular aSyn content leading to an increase in exosomal- associated aSyn
release and greater transmission of the protein between cells is observed, thus further highlighting that
exosomal release may eventually influence aSyn protein load within cells [77]. Noteworthy, Danzer et al.
reported that exosome-related aSyn oligomers show a higher capacity of being taken up by surrounding
cells, as well as, having more toxic effects on recipient cells, compared to exosome-free forms of the
protein in primary neurons and neuronal cells, uncovering a key mechanism in the spread of aSyn in the
brain[52]. In accordance with previous observations, Grey et al. used a continuous Thioflavin T
fluorescence assay to investigate aSyn aggregation, and found out that exosomes provide an
environment that favors aSyn oligomerization process when mouse neuroblastoma cells (N2a) were
treated with low concentrations of aSyn fibrils [78]. To further support this notion, they analyzed the
molecular composition of released exosomes and showed that GM1 and GM2 ganglioside exosomal
lipids are sufficient to accelerate the protein aggregation. In vivo experiments also suggest that
misfolded and oligomeric aSyn seem to be rather associated with exosomes, thus supporting the
scenario that pathological aSyn species can be spread via their interaction with membrane vesicles[79,



80]. Nevertheless, injecting extracellular vesicles into the striatum of wild-type mice seems to mediate
the spread of human aSyn throughout the brain [81].

Collectively, exosomes are thought to be crucial mediators in the spread of pathology in alpha-
Synucleinopathies serving as "Trojan horses" for the spread of pathological forms of aSyn aggregates
between neurons and glial cells and for the promotion of neuroinflammation through the release of pro-
inflammatory cytokines by activated glial cells, both of which may eventually result in neuronal demise.
Exosomal research has drawn a lot of attention in the last decade mainly because of studies
demonstrating its role in neuron-glia communication. Additionally, the ability to isolate brain exosomes
from peripheral biological fluids suggests that exosomes may function as a potential window into
patients’ brains, allowing for the dynamic tracking of ongoing brain changes as the disease progresses.
However, research regarding the relationship between exosomes and MSA onset and development, has
been mostly limited to neuronal-derived exosomes. Herein, we seek to investigate the role of
oligodendroglial-derived exosomes in the development and spread of pathology in MSA-like
experimental models and examine the contribution of exosome-associated aSyn and p25a proteins in
MSA pathogenesis. Towards this end, a comprehensive biochemical analysis of exosomes isolated from
control immortalized rat oligodendroglial cells (OLN-93) or cells stably overexpressing human aSyn
(OLN-AS7) or TPPP/p25a (OLN-p25a), was performed. To recapitulate the pathological conditions in
vitro, we incubated the cells with human aSyn fibrils amplified from the brain of a PD patient. Our
results indicate that both aSyn and p25a can be released via oligodendroglial-derived exosomes and the
exosomal cargo of aSyn significantly increases compared to that of PBS-treated cells. Also, endogenous
oligodendroglial aSyn, which under normal conditions exists in minuscule, non-detectable amounts, is
recruited upon PD-derived fibril addition and is incorporated into pathology-related formations, thus
playing a central role in the establishment of the MSA pathology. Noteworthy, intracellular pathology-
related phosphorylation of aSyn in Ser129 highly depends on the intracellular aSyn protein load. Also,
TPPP/p25a network collapses when PD-fibrils are added to the cells. This line of research is important in
uncovering the contribution of oligodendroglial-derived exosomes in disease pathogenesis, which may
represent potential therapeutic targets for alpha-synucleinopathies.

Methods and Materials

Cell culture of Oligodendroglial cell lines

Three different immortalized rat oligodendroglial (OLN) cell lines, provided by Dr Poul Henning Jensen
(Aarhus University, Denmark), were used for this study: the immortalized control OLN-93 line, which
was derived from primary Wistar rat brain glial cultures [82], and the OLN-AS7 and OLN-p25 lines, which
were produced by transfecting the OLN-93 line with a pcDNA3.1 zeo(-) human a-Synuclein (haSyn) or a
pcDNA3.1 zeo(-) human p25a vector, respectively [83]. All cells were grown in Dulbecco’s modified
Eagle’s medium (D6429; Gibco, Invitrogen, Carlsbad, CA, USA), supplemented with 10% Fetal Bovine
Serum (10270; Gibco, Invitrogen, Carlsbad, CA, USA), 50 U/mL penicillin and 50 pg/mL streptomycin at
37 °C with 5% CO2 incubator. OLN-AS7 and OLN- p25a cells were maintained in 50 pug/mL Zeocin
(R25001; Thermo Fisher Scientific, Waltham, MA, USA).

Preparation of a-synuclein fibrils amplified from PD-patients (PD fibrils)
PD patient-derived fibrils were produced by Dr Markus Zweckstetter (University of Gottingen,
Germany),as previously described[84]. To amplify aSyn fibrils obtained from brain samples of two



distinct individuals whose pathology was verified with PD, the protein misfolding cyclic amplification
(PMCA) technique was used (PD1 and PD2 fibrils). Details about the patients' demographics are
presented in Table 1. Throughout the experiments, cells were treated with 1 or 6 ug/ml PD1 (patient
#1), PD2 (patient #2), or PBS as a control for 48 hours or 8 days. Following treatment, the cells were
either processed for immunocytochemistry and confocal microscopy or lysed and collected for western
blot analysis, while their cultured medium was used for exosome isolation as described below. Most of
the experiments included in this study were performed using the PD1 fibrils.

Negative Staining

Specimens were prepared by adsorbing 5-uL drops of fibrils onto 200 mesh formvar- carbon film-bearing
grids (Electron Microscopy Sciences, Hatfield, PA, USA), rinsing with water and staining with a 2% w/w
aqueous uranyl acetate solution for 2 min. The grids were examined in a Philips 420 transmission
electron microscope at an acceleration voltage of 60 kV and photographed with a Megaview G2 CCD
camera (Olympus SIS, Minster, Germany) and iTEM image capture software.

Proteinase-K digestion

Enzymatic digestion of PD patient-derived fibrils was performed using 3 pg/mL proteinase-K for 10 min
at 37 °C. The enzymatic activity was stopped by adding 1% SDS, followed by incubation for 10 min at 65
°C. Samples were then processed for immunoblottingas described below.

Preparation of exosome-depleted cell culture medium

Exosome-depleted cell culture media was used to differentiate between serum (contained in the culture
media)- and cell-derived exosomes[85]. In short, DMEM supplemented with 20% FBS and 1%
penicillin/streptomycin was ultracentrifuged for at least 16 hours, at 100.000 x g at 4 C. The supernatant
was collected, filtered using a 0.2 um filter, and stored at 4°C. OLN-cells treated either with PD-derived
fibrils or PBS, as a control, were cultivated in exosome-depleted cell culture medium diluted in DMEM
containing only 1% penicillin/streptomycin (2% FBS), for 48 hours.

Cell-derived exosome purification

For the isolation of exosomes released in the culture media, OLN-cell lines were cultured in 150 mm
dishes (Sarstedt, Cat. No. 83.3903) in DMEM containing 10% FBS and 1% penicillin/streptomycin. This
medium was replaced with exosome-depleted media, 48 hours prior to exosome isolation, according to
a previously published protocol by Théry et al. [85] Briefly, the exosome-depleted medium containing
the secreted cell-derived exosomes, was collected and centrifuged at 400 x g for 10 min at 4°C to
remove cellular debris. The supernatant was then ultracentrifuged at 100.000 x g for 2 hrs at 4°C and
the exosome-enriched pellet was finally resuspended in 50 ul PBS and stored at -80°C, until further use.

Micro-Bradford assay

A standard curve of known bovine serum albumin (BSA) values was primarily created with a
concentration range from 0 to 0.6 pg/uL, to assessthe total protein concentration in the exosomal
samples. Then, 2 ul of each sample were sequentially added to a flat, transparent 96-well microplate
(Greiner, Cat. No.: 655101) andincubated for 5 min at room temperature (in the dark) with 198ul of the
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Bradford reagent. By measuring their absorbance at 595 nm in a microplate reader (Tecan) and plotting
it against the BSA concentration, the total protein content of each samplewas estimated.

Acetyl-cholinesterase Enzyme (AchE) activity assay

The amount of exosomes was indirectly quantified by measuring the activity of acetylcholinesterase
(AchE), an enzyme that is specifically enriched in these vesicles, as previously described [86]. A
succession of AchE standards with concentration ranges between 0 and 0.64 ng/L were used to create a
standard curve. After that, 10uL of each 5-fold diluted sample and 240 uL of the reaction mixture, which
included 5,5'-dithiobis-[2-nitrobenzoic acid], acetylthiocholine, and PBS, was added to a flat transparent
96-well microplate in duplicate and incubated for 30 min at RT in the dark. To determine the AChE
activity in the exosomal samples and assess the number of exosomes in our preparations, the optical
density was measured at 405 nm, using a microplate reader (Tecan).

Subcellular fractionation

The cell pellets were homogenized in lysis buffers with progressively higher extraction strength, after
being washed with PBS. All of the buffers contained protease (Roche, 11836170001) and phosphatase
(Roche, 04406837001) inhibitors. Cells were first lysed with 1% Triton X-100-containing buffer (150
mMNaCl, 50 mMTris pH 7.6, 2 mM EDTA), placed on ice for 30 min, and then centrifuged at 13,000 g for
30 min at 4 °C. The supernatant was recovered to obtain the Triton-soluble fraction. After two PBS wash
cycles, the pellet was resuspended in a solution containing 1% SDS (150 mMNacCl, 50 mMTris pH 7.6, 2
mM EDTA), sonicated (75 pulses at 40% power) , and centrifuged at 13,000 x g for 30 min to extract the
SDS-soluble fraction. After two 5% SDS washes, the remaining pellet was finally solubilized in a solution
containing 8 M urea and 5% SDS. After being heated for 30 min at 45°C and centrifuged at 13,000 x g for
30 min to generate the Urea-soluble fraction.

For the exosomal lysates, sonication (50 pulses at 20% power) was performed prior to immunoblot
analysis.

Western immunoblotting

Samples of equal protein concentration were processed for protein electrophoresis in 12% SDS-PAGE
gels in Tris—glycine buffer. The proteins were subsequently transferred onto nitrocellulose membranes
and immunoblot analysis was performed using primary antibodies (Table 2a).Membranes were then
probed with horseradish peroxidase-conjugated secondary antibodies, visualized with Clarity Max ECL
Substrate (BIO-RAD), and exposed to Super RX film (Fuji Film). The immunoreactivity for each protein
band intensity within the linear range of detection was quantified with Imagel software. Differences in
protein expression levels were estimated following normalization of all measurements by B-actin or alix
as loading controls in case of total or exosomal protein levels, respectively. Between different primary
antibody stainings, mild stripping was performed (Glycine 2M, NaCl 5M).

Trypsinization for exosomal surface proteins

To reduce any contamination of our exosomal preparations with alpha-synuclein fibrils loosely attached
to exosomes,Trypsin (1 mg/ml) was added to exosomal samples (0.5 mg/ml) and the reaction was
stopped by adding a protease inhibitor (4 mg/ml, Roche; 11836170001), as previously described
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[87].Exosomes were again separated by centrifugation at 50.000 x g for 2 hours at 4°C and resuspended
in PBS.

Lysosomal inhibition

For the lysosomal pathway inhibition, the general lysosomal inhibitor NH4Cl was utilized. In particular,
OLN-cells were cultivated in 150 mm dishes (Sarstedt, Cat. No. 83.3903) in DMEM containing 10% FBS
and 1% penicillin/streptomycin. Cells were treated with PD-derived fibrils or PBS (as control) and
exosome-depleted medium was added, 48 hours prior to cell collection and exosome isolation, NH4Cl
(0.02M) was added in exosome-depleted medium for 16 hours prior to cell and exosome collection. Cell
pellets were collected and lysed and exosomes were isolated and processed for immunoblot analysis as
above.

Immunocytochemistry (ICC) and confocal microscopy

For the immunofluorescence analysis, OLN cells were seeded in 24-well plates at a density of 15,000
cells/well (for analysis up to 48 hours) or 6,000 cells/well (for up to 8 days) on poly-D-lysine-
coated(P7405; Sigma-Aldrich, St. Louis, MO, USA) coverslips. Following a 40-min fixation with 4%
Paraformaldehyde (PFA), the cells were blocked in 10% normal goat serum with 0.4% Triton X-100 at
room temperature for 1 hour prior to primary antibody addition (overnight incubation at 4 °C). Table
2a,b depicts the primary and fluorescent secondary antibodies utilized in the study. Antigen retrieval
was performed for the detection of phosphorylated aSyn with the EP1536Y antibody, where coverslips
were treated for 45 min with 0,05% Tween-20 in PBS that had been pre-heated to boiling point, prior to
blocking. Cell nuclei were stained with the dye 4-,6-diamidine-2-phenylindole dihydrochloride
(DAPI).Images were obtained using a Leica TCS SP5 confocal microscope combined with a dual (tandem)
scanner. All confocal images were obtained under equivalent conditions of laser power, pinhole size and
accumulation settings between the groups. Imagel) (v2.0.0) software was used to quantify relative
protein levels expressed as area coverage (Lm”2) or % area coverage, normalized to the total number of
cells/field (the number of DAPI-stained nuclei).

Sonication of PD-derived aSyn fibrils

PD-derived aSyn fibrils were sonicated using a probe tip sonicator as described previously (Cho, Nodet
et al. 2009). Briefly, PD-derived fibrils were sonicated with 60 pulses at 20% power, in sterile conditions.
The cells were incubated with 6 pg/ml of PD-derived fibrils (pre- and post-sonication) or PBS as a control
for either 48 hours or 8 days and processed for confocal microscopy, as described above.

Statistical analysis

All statistical analysis was performed utilizing GraphPad Prism 5. In particular, differences between or
within groups were assessed by unpaired t-test, one-way analysis of variance (ANOVA) with Tukey’s post
hoc test and two-way ANOVA followed with Bonferroni’s correction. Results are displayed as the mean *
standard error (SE), with a p value of < 0.05 considered as statistically significant. Results are based on
the analysis of at least three independent experiments.



Table 1: Demographics of donor brain from PD patients

Disease Postmortem delay Cause of death Disease duration
Age Gender
Type (hrs) (yrs)
PD1 79 Male 17 Acute myocardial infarction 7
PD2 82 Female 9 Pneumonia 8

Table 2a: Primary antibodies used either in western blotting (WB) or immunocytochemistry (1CC)

Working dilutions
Primary Antibodies Species
Against: Clone Cat. No. reactivity Company
WB ICC
4B12 GTX21904 | 1:1000 - mouse Gene Tex
Human aSyn
LB-509 807701 - 1:1000 mouse Biolegend
D10 Sc-515879 - 1:500 mouse Santa Cruz
Total aSyn 8D
SYN-1 610787 1:1000 - mouse .
Transductions
Rodent aSyn D37A6 4179 1:1000 1:400 rabbit Cell Signaling
pSer129 aSyn EP1536Y | ab51253 1:1000 1:100 rabbit Abcam
Oxidized/Nitrated | ¢\ 303 | 824301 ; 1:1000 | mouse Biolegend
asyn
MJFR- .
Aggregated aSyn ab209538 - 1:1000 rabbit Abcam
14-6-4-2
p25a 1:1000 1:400 | rabbit/ rat Home-made




B-actin TA309077 | 1:2000 - mouse OriGene
alix 2171 1:1000 - mouse Cell Signaling
Table 2b: Secondary antibodies and dyes used either in western blotting (WB)

immunocytochemistry (ICC)

or

Secondary Antibodies Working dilutions Species
Against: Cat. No. WB ICC reactivity Company
Goat Anti-Mouse 1gG- . . ,
HRP conjugated AP124P 1:5000 mouse Sigma Aldrich
Goat Anti-Rabbit IgG- . . .
132 1:2 -
HRP conjugated AP132P 000 rabbit Sigma Aldrich
20033 1:2000 rabbit Biotium
CF555 red 20030 1:2000 mouse Biotium
20096 1:2000 rat Biotium
20012 1:2000 rabbit Biotium
CF488A green
20010 1:2000 mouse Biotium
Cy5 115-175-146 1:500 mouse Jackson Imm.
DAPI 10236276001 1:3000 - Sigma Aldrich
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Results

In vitro characterization of human aSyn fibrils amplified from the brains of PD patients

To assess whether any conformational differences between the fibrils amplified from the two different
PD patients exist, we initially examined their structure by transmission electron microscopy. EM images
revealed a distinct architecture between the two fibril types, with fibrils derived from the brain of
patient 1 (PD1 fibrils) exhibiting a relative more elongated morphology compared to fibrils derived from
the brain of patient 2 (PD2 fibrils), that have a more fragmented morphology (Fig.1a). Besides EM
analysis, fibrils underwent proteolytic digestion with proteinase K (PK), to study potential differences in
their digestion profiles. Following PK digestion, higher levels of aSyn species resistant to digestion were
observed in PD2 fibrils, as compared to PD1 fibrils (Fig.1b). Finally, differences between the two
different PD fibril types, became more evident when we examined their seeding capacity to template
the endogenous rodent protein into the formation of potentially pathological species, when applied to
rat oligodendroglial (OLN-93) cells. Comparison of the fluorescent signal obtained with antibodies
specific for the human (LB-509) and the rodent (D37A6) aSyn revealed that the protein species
engendered in OLN-93 cells inoculated with PD1 fibrils were more elongated, whereas those in PD2
fibril-treated cells appeared much shorter and fragmented(Fig.1c). This structural variability could be
either due to an inherent heterogeneity of PD fibrils, related to the disparity of the demographic
characteristics of the two PD-patients(Table 1), or may arose from the fibrilpreparation procedure. For
the purposes of the current study we focused mostly on the effects attributed to PD1 fibrils, as

described below.

b c OLN-93 cells
PD1 PD2 Fibrils (1.5ug/ml)

kDa - 13 -1 3 Proteinase K (ug/ml) Rodent aSyn Human aSyn Merged

180- g
a.
Total aSyn
(sYN1)
25- '
=2
:
15 G- 5
-
[=]
a.

PD2 fibrils

Figure 1 |In vitro characterization of human aSyn PD-derived fibrils. (1a) Representative transmission electron
microscopy images of negatively stained PD1 (top) and PD2 (bottom) fibrils (Scale bar: 500nm).(1b)Western
Immunoblotting analysis showing the Proteinase K (1and 3ug/ml)digestion profile of PD1 and PD2 fibrils (1.5ug/ml)
using the SYN-1 antibody (recognizing both human and rodentaSyn). (1c)Representative immunofluorescence
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images demonstrating the morphological differences of aSyn species formed in OLN-93 cell-lines treated with
1ug/ml of PD1 (middle) or PD2 (bottom) fibrils or PBS as control, first) for 48 hours using antibodies against human
aSyn (green, LB-509) and endogenous rat aSyn (red, D37A6). DAPI staining is used as nuclear marker. Scale bar:
25um.

PD1 patient-derived fibrils evoke the formation of Triton-insoluble aSyn assemblies
intracellularly

To assess the ability of PD1 fibrils to act as a template for endogenous oligodendroglial aSyn to form
insoluble protein species, we utilized the immortalized rat OLN-93 cell line that expresses very low to
non-detectable levels of endogenous aSyn and p25a, as well as, the stable cell lines OLN-AS7 and OLN-
p25a that overexpress the human aSyn or p25a, respectively. All OLN-cells were treated with 1pug/ml
PD1 fibrils for 48 hours or 8 days and their cell pellet was sequentially fractionated using buffers with
increasing extraction strength (Triton-, SDS- and Urea-containing buffers). As shown inFig.2a, Triton-
solubleaSyn species were detected mostly in OLN-AS7 cells that run only as a monomer and did not
differ between the PBS and the PD-1 fibril-treated cells. On the contrary, aberrant aSyn species were
detected in SDS- and Urea- soluble fractions only in the fibril-treated cells (Fig.2a). In particular,
truncated aSyn species were detected only in the SDS-soluble fraction, whereas high molecular weight
(HMW) aSyn species were found in both SDS- and Urea-soluble fractions, possibly representing rather
insoluble aSyn species. In both SDS- and Urea-soluble fractions, the peak levels of all aSyn
conformations were detected at 48 hours that then declined following prolonged incubation in all
lines(Fig.2b,c). Interestingly, in OLN-AS7 and OLN-p25a cells aSyn levels remained relatively higher as
compared to OLN-93 control cells at 48 hours, thus highlighting the important role of aSyn and/or p25a
intracellular protein load on the establishment of MSA-like pathology. The same trend was also
observed following prolonged incubation (8 days) with PD1 fibrils, possibly indicating a relative
resistance to degradation of aSyn species generated in the cells that overexpress human aSyn or
p25a(Fig.2b,c).

Triton-soluble fraction SDS- soluble fraction Urea-soluble fraction

OLN-93 OLN-AS7 OLN-p25a OLN-93 OLN-AS7 OLN-p25a OLN-93 OLN-AS7 OLN-p25a
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Figure 2 | Low concentrations of PD-patient derived fibrils evoke the formation of insoluble aSyn assemblies

intracellularly. (2a)Representative immunoblots of the intracellular (Triton-, SDS-, UREA- soluble fraction)protein
levels of human(4B12 antibody) and total (SYN-1 antibody) aSyn(monomeric, truncated and high-molecular weight
species). All OLN cell lines were treated with 1 pg/ml PD1l-amplified fibrils for either 48hours or 8days.
(2b,c)Quantifications of the intracellular (SDS-, UREA- soluble fraction)protein levels of human(4B12 antibody) and
total (SYN-1 antibody) aSyn(monomeric, truncated and high-molecular weight species). Equal loading is verified by
the detection of B-actin (left). Data are expressed as the mean + SD of at least three independent experiments;
*p<0.05; **p<0.01; ***p<0.001, comparing PBS- and PD1 fibril-treated conditions within the same cell line and #
p<0.05; ##p<0.01; #p<0.001, comparing between the different OLN-cell lines, by two-way ANOVA with
Bonferroni’s-correction.
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PD1-patient derived fibrils recruit the endogenous rodent aSyn and evoke the formation of

pathological aSyn species intracellularly

To investigate the ability of patient-derived fibrils to recruit the endogenous oligodendroglialaSyn, we
used the rodent aSyn specific D37A6 antibody, in OLN-cells treated with 1pg/ml PD1 fibrils for 48 hours
or 8 days. Indeed, PD1 fibrils evoke the recruitment of the endogenous rodent aSyn, whereas in the
absence of fibrils (PBS), rodent aSyn is not detected (Fig. 3a).Noteworthy, this increased endogenous
aSyn signal is co-localized with the exogenously added human aSyn patient derived material (LB-
509)(Fig. 3a). Both rodent and human aSyn levels decrease over time in all OLN-cells, either due to the
effective clearance of the formed aSyn species or to the dilution of exogenous human aSyn due to cell
proliferation (Fig.3b). Interestingly, aSyn levels in OLN-AS7 cells at 48 hours were statistically
significantly increased compared to control OLN-93 levels, further underlying the importance of the
intracellular protein load of human aSyn on the seeding of pathology (Fig.3b). To further examine
whether the endogenous rodent aSyn is incorporated into pathological aSyn assemblies following the
addition of haSyn PD fibrils, we assessed the formation of pathological aSyn species (Fig.4a). Specifically,
we investigated the formation of oxidized/nitrated (SYN303) and aggregated (MJFR 14-6-4-2) aSyn
species in all OLN-cells following treatment with 1ug/ml PD1 fibrils for either 48 hours or 8 days. Indeed,
oxidized/nitrated aSyn was detected in all cells, with OLN-AS7 cells having statistically significant higher
levels at 48 hours (Fig. 4b). More importantly, co-localization of SYN303 with the rodent aSyn (D37A6)
antibody highlights the contribution of the endogenous OligodendroglialaSyn in the generation of
pathology—related species within oligodendrocytes (Fig.4a). This conclusion was further supported by
the complete co-localization of the conformation specific aSyn antibody (MJFR 14-6-4-2) with an
antibody recognizing both the human and rodent aSyn (D10), suggesting that endogenous rodent aSyn
is indeed a major component of the aggregated aSyn formations, as previously described [25] (Fig.4 a,b).
Overall, the increased aSyn protein load of OLN-AS7 seems to contribute to the formation of
pathological aSyn assemblies within oligodendrocytes to a greater extent as compared to the other OLN
cells, which also incorporate the endogenous seeded protein.
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Figure 3 | Low concentrations of PD1-patient derived fibrils evoke the recruitment of the endogenous rodent
asyn. (3a) Representative immunofluorescence images using antibodies against human aSyn (green, LB-509) and
endogenous rat aSyn (red, D37A6) in OLN- cell-lines treated with 1ug/ml of PD1 fibrils for 48 hours (left) or 8 days
(right). DAPI staining is used as nuclear marker. Cells treated with PBS, in the absence of fibrils, were used as
controls. Scale bar: 25um.(3b) Quantifications of endogenous rat and human aSyn protein levels in OLN-cells
expressed as area surface normalized to the total number of cells per image. Data are expressed as the mean + SD
of at least three independent experiments with triplicate samples/ condition within each experiment; *p<0.05;
**p<0.01; ***p<0.001, comparing fibril-treated conditions within the same cell line and # p<0.05; ##p<0.01;
#p<0.001, comparing between the different OLN-cell lines by two-way ANOVA with Bonferroni’s-correction.

15



PD1-fibrils 1ug/ml, 48h

PD1-fibrils 1ug/ml, 8days

S

arealcell (m*2)

Onidized/nitrated Merged Aggregated

Rodent aSyn asSyn Total aSyn Merged

&

PBS

OLN-93

2
g

OLN-93

OLN-AS7

xidized/ nitrated aSyn (SYN303) Aggregated aSyn (MJFR-14-6-4-2) Total aSyn (D10)

s0- M #i 25 #4
& o~ 20
T § BN OLN-93
3 E 1 OLN-AS7
3 = "
S 8 1w [ OLN-p25a
3 ]
4 2
L] E 5

o
Ef L Cof P A P L L
EYCIRCIR IS B B $LF o o o
1pg/mi PD1 1ug/mi PD1 1ug/mi PD1

16



Figure 4 | Low concentrations of PD1-patient derived fibrils evoke the formation of pathological aSyn species.
(4a) Representative immunofluorescence images using antibodies against oxidized/nitrated aSyn (green, SYN303,
first row), endogenous rodent aSyn (red, D37A6, second row), aggregated aSyn conformations (red, MJFR 14-6-4-
2, forth row) and total aSyn (human and rodent, green, D10, fifth row) staining in OLN-cells treated with 1ug/ml of
PD1 fibrils for 48 hours or 8 days. DAPI staining is used as nuclear marker. Scale bar: 25um.(4b) Quantifications of
oxidized/nitrated, aggregated and total aSyn protein levels in OLN-cells expressed as area surface normalized to
the total number of cells per image. Data are expressed as the mean + SD of at least three independent
experiments with triplicate samples/condition within each experiment; *p<0.05; **p<0.01; ***p<0.001,
comparing fibril-treated conditions within the same cell line and # p<0.05; ##p<0.01; #p<0.001, comparing
between the different OLN-cell lines by two-way ANOVA with Bonferroni’s-correction.

In vitro characterization of oligodendroglial-derived exosomes following treatment with
human PD1-derived fibrils

Having established the formation of intracellular pathological aSyn species within oligodendrocytes
following their inoculation with the PD-patient derived fibrils, we questioned whether such species may
be also released extracellularly and may mediate the propagation of pathology. Our approach focused
mostly on the contribution of exosomes, nanovesicles known to mediate aSyn release at least in
neuronal cells[54]. To this end, oligodendroglial exosomes were isolated from the conditioned medium
of OLN cells treated with PD1 fibrils (1 and 6 pug/ml for 48 hours or 8 days) and analyzed by EM and
immunoblot analyses. EM images revealed the characteristic cup-shaped particles enclosed by a
phospholipid bilayer enriched in our preparations(Fig. 5a) and immunoblot analysis verified the
presence of aSyn and p25aprotein in exosomes isolated from the OLN-AS7 and OLN-p25a cells,
respectively, under baseline conditions (data not shown). Using aSyn monomers of known
concentrations run side-by-side with our exosomal-enriched preparations, we roughly estimated the
quantity of monomeric human aSyn to be around 500nM, or even higher including the HMW
species(Fig. 5b).In order to verify that the aSyn positive signal obtained in immunoblotting represents
the protein species engendered within oligodendrocytes following treatment with the patient fibrils or
reflects the human aSyn PD material added to the cell culture that was stuck in the outer exosomal
membrane and sedimented with the exosomal pellet, we performed a series of control experiments. To
this end, we initially run 2and 5 ng of PD1 fibrils together with exosomal extracts isolated from OLN-AS7
cells treated with either PBS (as control) or PD1 fibrils for 48 hours(Fig. 5c). The differential pattern of
aSyn species obtained in the lanes where PD1 fibrils and exosomal samples were loaded, suggest that
the protein detected in the exosomal preparations represents aSyn produced within the cells (Fig. 5c). In
support of this notion, treatment of the exosomal preparations with trypsin to remove any residual
contamination with PD1 fibrils loosely attached to exosomes revealed similar protein patterns between
trypsinized and non-trypsinized samples, thus highlighting that the detected aSyn species are produced
within PD1 fibril-treated OLN cells and released via exosomes(Fig. 5d).
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Figure 5 |In vitro characterization of oligodendroglial-derived exosomes following treatment with human aSyn
PD-derived fibrils.(5a) Representative transmission electron microscopy images of negatively stained exosomes
derived from PD1-treated OLN-cells. Scale bar: 200nm.(5b) Representative immunoblots against the human aSyn
(4B12) of aSyn monomers (100, 200 and 500nM) and exosomal samples derived from OLN-cells treated with 1 or
6ug/ml PD1 fibrils for 48hours and 8days. (5¢) Representative immunoblots against human (4B12) and total (SYN1)
aSyn of PD1 fibrils (2 and 5ng) and exosomal samples derived from OLN-cells treated with 1ug/ml PD1 fibrils for
48hours. Brain lysate isolated from the PLP-haSyn transgenic mice (MSA model) was used as a positive control for
the detection of aSyn species. (5d) Representative immunoblots against human (4B12) and total (SYN1) aSyn of
both trypsinized and non-trypsinized exosomal samples, derived from OLN-cells treated with 1ug/ml PD1 fibrils for
48h. Equal loading is verified by the detection of the exosomal marker alix.
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Addition of PD1 patient derived fibrils enhances the exosome-associated release of aSyn

To examine the potential correlation between the cargo and the quantity of exosomes secreted from
oligodendroglial cells treated with PD1 patient-amplified aSyn fibrils with the manifestation of aSyn
pathology intracellularly, exosomes were isolated from the cell medium 48 hours and 8 days post fibril
addition and were purified by ultracentrifugation. Following their isolation, immunoblot analysis was
performed for the detection of human and total (human and rat) aSyn species (Fig. 6a).Interestingly,
oligodendroglial exosomes were found to carry both monomeric and HMW aSyn (Fig. 6a,b), and rarely
truncated aSyn species (data not shown). Quantitative analysis of the immunoblots revealed that the
levels of human and total monomeric and HMW aSyn peak at 48 hours and then decrease over time in
all OLN-cells. Importantly, in both OLN-AS7 and OLN-p25a cells aSyn protein levels released via
exosomes were found to be significantly higher as compared to the control OLN-93 cell line, in
agreement to the results obtained when the cell lysates were analyzed (Fig. 6b). Moreover, the quantity
of exosomes derived from PD1-treated OLN-cells indirectly assessed by measuring the activity of
acetylocholinesterase, an enzyme specifically enriched in these vesicles, revealed a trend for a
decreased exosomal number at 48 hours, which was subsequently increased at 8 days, detected in all
OLN-cells (Fig. 6c).
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the protein levels of human (4B12 antibody) and total (SYN-1 antibody) aSyn (monomeric and high-molecular
weight species). All OLN cell lines were treated with 1 pg/ml PD1-amplified fibrils for either 48hours or 8days.(6b)
Quantifications of the exosome-associated protein levels of human (4B12 antibody) and total (SYN-1 antibody)
aSyn. Equal loading is verified by the detection of the exosomal marker alix. Data are expressed as the mean + SD
of at least three independent experiments; *p<0.05; **p<0.01; ***p<0.001, comparing PBS- and fibril-treated
conditions within the same cell line and # p<0.05; ##p<0.01; #p<0.001, comparing between the different OLN-cell
lines, by two-way ANOVA with Bonferroni’s-correction (6c)Indirect quantification of the amount of the exosomal
vesicles derived from PBS- and PD1 fibril- treated OLN-cells by measuring the activity of acetylocholinesterase
enzyme normalized to the total protein load. Data are expressed as the mean * SD of at least three independent
experiments.

High concentrations of PD-patient derived fibrils evoke the formation of Triton-insoluble

aSyn assemblies intracellularly

Given that the experiments using 1ug/ml PD1 fibrils pinpointed the significance of the total (endogenous
and exogenously added) aSyn protein load present in OLN-cells for the formation of aberrant aSyn
species (both intracellularly and extracellulary), we aimed to examine the effects of higher fibril
concentrations in the seeding of pathology. To this end, OLN-AS7were incubated with 6pg/ml PD1 fibrils
for 48 hours or 8 days, and cell pellets were again lysed using detergents of increased extraction
strength (Triton-, SDS-, Urea- containing buffers). In contrast to what was observed in the lower fibril
concentration (Fig.2a), monomeric as well as HMW aSyn species were detected in the Triton-soluble
fraction at 48 hours post-fibril addition (Fig.7a).Similar findings were also observed in the SDS- and Urea-
soluble fractions, were higher levels of monomeric and HMW aSyn protein species were detected in PD1
fibril-treated cells at 48 hours, that decreased over time(Fig. 7a,b).
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Figure 7 | High concentrations of PD-patient derived fibrils evoke the formation of Triton-insoluble aSyn

assemblies intracellularly. (7a) Representative immunoblots of the intracellular (Triton-, SDS-, UREA- soluble
fraction) protein levels of human(4B12 antibody) and total (SYN-1 antibody) aSyn (monomeric and high-molecular
weight species).OLN-AS7 cells were treated with 6ug/ml PD1-amplified fibrils for either 48hours or 8days. Brain
lysate isolated from the PLP-haSyn transgenic mice (MSA model) was used as a positive control for the detection of
aSyn species. (7b) Quantifications of the intracellular (SDS-, UREA- soluble fraction)protein levels of human(4B12
antibody) and total (SYN-1 antibody) aSyn (monomeric and high-molecular weight species). Equal loading is
verified by the detection of B-actin. Data are expressed as the mean + SD of at least three independent
experiments; *p<0.05; **p<0.01; ***p<0.001, comparing PBS- and fibril-treated conditions within the same cell
line by unpaired t-test.

High concentrations of PD-patient derived fibrils template the misfolding of the endogenous

rodent aSyn into the formation of pathological aSyn species intracellularly

We then studied the ability of high concentrations of PD1 fibrils to also act as a template for the
seeding of the endogenous rodent aSyn in oligodendroglial cells, expressed in miniscule
amounts under basal conditions. Indeed, when PD1 fibrils were added to the cell medium,
successful recruitment of the endogenous aSyn was detected, manifested by the robust
increase of the fluorescent signal recognized by the rodent-specificaSyn antibody D37A6 (Fig.
8a). Once more, the peak levels were observed at 48 hours post-fibril addition in all OLN-cell
lines, with OLN-AS7 and OLN-p25a reaching statistically significant higher levels than the
control cell line, as previously reported using the lower fibril concentration of 1ug/ml (Fig. 8b).
In addition, both oxidized/nitrated and aggregated forms of aSyn were again detected within
the cytoplasm of all OLN cells treated with 6 pg/ml PD1 fibrils that followed a similar pattern
with the rodent aSyn — peak at 48 hours and then drop at 8 days. However, oxidized/nitrated
aSyn was particularly persistent following prolonged fibril incubation, in all OLN-cell lines (Fig.
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9a,b). Aggregated aSyn was significantly higher at 48 hours in both OLN-AS7 and OLN-p25a
cells, possibly indicating again the importance of the total intracellular protein load, either of
aSyn or p25a, respectively, for the formation ofaSyn pathology within oligodendrocytes (Fig.
9b).
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Figure 8 | High concentrations of PD1-patient derived fibrils seed the endogenous rodent aSyn. (8a)
Representative immunofluorescence images using antibodies against human aSyn (green, LB-509) and
endogenous rat aSyn (red, D37A6) in OLN-cell-lines treated with 6ug/ml of PD1 fibrils for 48 hours (left) or 8 days
(right). DAPI staining is used as nuclear marker. Cells treated with PBS, in the absence of fibrils, were used as
controls. Scale bar: 25um.(8b) Quantifications of endogenous rat and human aSyn protein levels in OLN-cells
expressed as area surface normalized to the total number of cells per image. Data are expressed as the mean + SD
of at least three independent experiments with triplicate samples/ condition within each experiment; *p<0.05;
**p<0.01; ***p<0.001, comparing fibril-treated conditions within the same cell line and # p<0.05; ##p<0.01;
#p<0.001, comparing between the different OLN-cell lines by two-way ANOVA with Bonferroni’s-correction.
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Figure 9 | High concentrations of PD1patient-derived fibrils evoke the formation of pathological aSyn species.
(9a) Representative immunofluorescence images using antibodies against oxidized/nitrated aSyn (green, SYN303,
first row), endogenous rodent aSyn (red, D37A6, second row), aggregated aSyn conformations (red, MJFR 14-6-4-
2, forth row) and total aSyn (human and rodent, green, D10, fifth row) staining in OLN cells treated with 6 pg/ml of
PD1 fibrils for 48 hours or 8 days. DAPI staining is used as nuclear marker. Scale bar: 25um.(9b) Quantifications of
oxidized/nitrated, aggregated and total aSyn protein levels in OLN-cells expressed as area surface normalized to
the total number of cells per image. Data are expressed as the mean + SD of at least three independent
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experiments with triplicate samples/ condition within each experiment; *p<0.05; **p<0.01; ***p<0.001,
comparing fibril-treated conditions within the same cell line and # p<0.05; ##p<0.01; #p<0.001, comparing
between the different OLN-cell lines by two-way ANOVA with Bonferroni’s-correction.

Addition of high concentrations of PD1 patient derived fibrils enhances the exosome-
associated release of aSyn in OLN-AS7 cells

We next assessed the aSyn cargo and the quantity of exosomes secreted from OLN-AS7 cells treated
with the higher fibril concentration as above. Oligodendroglial exosomes isolated from PD1 fibril-
inoculated OLN-AS7 cells were found to carry both monomeric and HMW aSyn(Fig. 10a) and, rarely,
truncated aSyn species. Quantification of the protein band detected in immunoblots revealed that the
levels of human and total monomeric aSyn peaked at 48 hours and then decreased over time.
Interestingly, HMW human aSyn species, remained at high levels in exosomes released from cells at 8
days post-fibril addition, possibly indicating that higher fibril concentration lead to the formation of
relative more insoluble aSyn species intracellularly (Fig. 10b).Moreover, the amount of exosomes again
measured by the acetylocholinesterase activity increased significantly at 48 hours post-fibril addition,
probably suggesting that higher concentrations of PD fibrils facilitates the generation of highly
aggregated protein species intracellularly, that the cell’s protein quality control cannot remove and are
then packed and secreted via exosomes (Fig. 10c).
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Figure 10 | Addition of high concentrations of PD1 patient-derived fibrils enhances the exosome-associated

release of aSyn. (10a) Representative immunoblots of the exosome-associated fractions demonstrating the
presence of both human (4B12 antibody) and total (SYN-1 antibody) aSyn (monomeric and high-molecular weight
species) protein within exosomes.OLN-AS7 cells were treated with 6 pg/ml PD1-amplified fibrils for either 48hours
or 8days.(10b) Quantifications of the exosome-associated levels of human (4B12 antibody) and total (SYN-1
antibody) aSyn. Equal loading is verified by the detection of the exosomal marker alix. Data are expressed as the
mean * SD of at least three independent experiments; *p<0.05; **p<0.01; ***p<0.001, comparing PBS- and fibril-
treated conditions within the same cell line by unpaired t-test .(10c)Indirect quantification of the amounts of the
exosomal vesicles derived from PBS- and PD1 fibril treated OLN-AS7 cells by measuring the activity of
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acetylocholinesterase enzyme normalized to the total protein load. Data are expressed as the mean £ SD of at least
three independent experiments.

High amounts of PD1 fibrils evoke the formation of Urea-soluble protein species of the

endogenous rodent aSyn within OLN-AS7 cells and enhance its exosome-associated release

To further examine the propagation of aSyn pathology following PD fibril incubation of OLN-AS7 cells,
we assessed the intracellular and exosome-associated levels of the seeded endogenous rodent aSyn,
which is not detected under basal conditions. Using the lower amounts of PD1 fibrils, we were unable to
detect any endogenous rodent aSyn in western immunoblotting, either intracellularly or extracellularly
(data not shown). Contrariwise, higher PD1 fibril concentrations allowed the detection of the
endogenous rodent aSyn, only in the Urea-soluble fraction, trapped in the stacking gel
(Fig.11a).Likewise, endogenous rodent aSyn was also detected in the stacking gel of the exosome-
associated fractions, thus suggesting that the oligodendroglial protein can be packed and secreted via
exosomes (Fig.11b).Both intracellularly and in exosomes, rodent aSyn signal was detected at higher
levels at 48 hours, compared to 8 days, post-fibril addition (Fig.11c,d).
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Figure 11 |The seeded endogenous oligodendroglialaSyn is detected in the Urea-soluble fraction intracellularly

and is partly released via exosomes, following inoculation of OLN-AS7 cells with high amounts of PD1 fibrils.
(12a) Representative immunoblots of the Urea-soluble fraction demonstrating the detection of the rodent
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aSyn(D37A6) protein in OLN-AS7 cells treated with 6 pg/ml PD1-amplified fibrils for either 48hours or 8days.(12b)
Representative immunoblots of the exosome-associated fraction demonstrating the presence of the endogenous
rodent aSyn (D37A6) in OLN-AS7 cells treated with 6 pg/ml PDl-amplified fibrils for either 48hours or
8days.(12c,d) Quantifications of the Urea-soluble and exosome-associated levels of the endogenous rodent aSyn
(D37A6). Equal loading is verified by the detection of the protein marker B-actin (for the Urea-soluble fraction) or
the exosomal marker alix. Data are expressed as the mean = SD of at least three independent experiments;
*p<0.05; **p<0.01; ***p<0.001, comparing PBS- and fibril-treated conditions within the same cell line by unpaired
t-test.

Addition of high amounts of PD fibrils in OLN-AS7 cells evokes the phosphorylation of aSyn at
Ser129 and enhances its exosome associated release

Considering that the presence of phosphorylated at Ser129 aSyn represents a pathology-related post-
translational modification widely used as a marker for alpha-synucleinopathies, we assessed pSer129
levels in OLN-AS7 cells treated with 6ug/ml PD1 fibrils for 48 hours and 8 days. Noteworthy, we were
able to detect pSer129 aSyn protein only in the Urea-soluble fraction at both time points and strikingly,
also in the exosome-associated fraction, detected at higher levels at 8 days post-fibril addition (Fig.
12a,b).Furthermore, immunofluorescence analysis, to all OLN-cell lines treated with high concentrations
of PD1 fibrils for 48 hours and 8 days, verified the presence of pathology-related pSer129 aSyn only in
cells with increased intracellular protein load (OLN-AS7 cells) both at 48 hours (data not shown) and 8
days (Fig. 12c).Finally, proof-of-concept analysis using sonicated fibrils was performed, as it has been
previously mentioned that shorter fibril length results in higher seeding activity [88]. However, in our
hands, sonication did not enhance the seeding capacity of the patient-derived fibrils as assessed by the
recruitment of the endogenous protein and the formation of pathological assemblies (Fig. 13).In
contrast, less immunofluorescence signal of endogenous seeded, aggregated and phosphorylated aSyn
was detected in cells treated with the sonicated fibrils.
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Figure 12 | Addition of high amounts of PD1 patient-derived evokes the pSer129 phosphorylation of aSyn and

enhances its exosomes-associated release. (12a) Representative immunoblots (left) and quantification (right) of
the Urea-soluble fraction demonstrating the presence of pSer129 aSyn (EP1536Y) in OLN-AS7 cells treated with 6
pg/ml PD1-amplified fibrils for either 48hours or 8days.(12b) Representative immunoblots (left) and quantification
(right) of the exosome-associated fraction demonstrating the presence of pSer129 aSyn (EP1536Y) in exosomes
released by OLN-AS7 cells treated with 6 pg/ml PD1-amplified fibrils for either 48hours or 8days. Equal loading is
verified by the detection of the protein marker B-actin (for Urea-soluble fraction) or the exosomal marker alix (for
exosome-associated fraction). In exosome-associated fraction results are normalized to the corresponding PBS
signal. PLP brain lysate was used as a positive control. Data are expressed as the mean * SE of at least three
independent experiments; *p<0.05; **p<0.01; ***p<0.001, comparing PBS- and fibril-treated conditions within
the same cell line by unpaired t-test. (12c) Representative immunofluorescence images using antibodies against
pSer129 (red, EP1536Y) and total aSyn (human and rodent, green, D10) proteins in OLN-AS7 cells treated with
6ug/ml of PD1 fibrils for 8 days. DAPI staining is used as nuclear marker. Scale bar: 25um.
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Figure 13 | Sonication of PD1 fibrils does not improve the seeding capacity of PD patient-derived fibrils.
Representative immunofluorescence images using antibodies against the endogenous rodent (red, D37A6), human
(green, LB-509), aggregated (red, MJFR 14-6-4-2), pSer129 (red, EP1536Y) and total aSyn (human and rodent,
green, D10) aSyn conformations in OLN-AS7 cells treated with 6ug/ml of PD1 fibrils for 48 hours or 8 days. DAPI
staining is used as nuclear marker. Scale bar: 25um.
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Effects of human PD1 patient-amplified fibrils on p25a levels and distribution over time

Finally, given the strong correlation of aSyn and TPPP/p25a interplay in the establishment of MSA-like
pathology, we examined p25a levels intracellularly and extracellularly, upon addition ofl pg/ml PD1
fibrils in OLN-p25a cells for 48 hours and 8 days. Interestingly, intracellular (Triton-, SDS-, Urea- soluble
fractions) p25a levels displayed a statistically significant drop at 48 hours post-fibril addition, followed
by a partial recovery at 8 days (Fig. 14a,b). Contrariwise, exosomal p25a levels increased upon fibril
addition, following both short and prolonged incubation, as compared to baseline conditions (Fig.
14a,b). This result probably indicates that the aSyn species produced in fibril-treated OLN-p25a cells
promote the degradation of the protein as a response to proteolytic stress and/or accelerate p25a
secretion, at least partly, via exosomes. To further examine whether indeed intracellular degradation
systems are responsible for the p25a drop at 48 hours, we used NH4CI, a general inhibitor of lysosomal
proteolysis (Fig. 14c). Strikingly, upon lysosomal inhibition p25a levels were restored intracellularly,
reaching baseline levels, suggesting that the lysosome is partly responsible for the protein degradation
under these conditions. Finally, we assessed the impact of PD fibrils addition on p25a levels and
distribution by immunofluorescence analysis. Noteworthy, we noticed that p25a network collapses
upon addition of PD1 fibrils, as the well-shaped p25a protein motif in PBS-treated cells, becomes not
only diffused but also punctuated in PD1 fibril-treated cultures (Fig. 14d). Interestingly, aberrant p25a
fibrillar-like conformations co-localized with the endogenous rodent and human aSyn, thus pinpointing
its incorporation in pathological aSyn assemblies.
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Figure 14 | Effects of human PD1 patient-amplified fibrils on p25a levels and distribution over time. (14a)
Representative immunoblots demonstrating the effects of aSyn PD1-patient amplified fibrils on intracellular
(Triton-, SDS- and UREA- soluble fractions) and exosome-associated p25a protein levels.(14b) Quantifications of
p25a levels intracellularly (Triton-, SDS-, Urea- soluble fractions) and in exosome-associated fraction. Data are
expressed as the mean + SD of at least three independent experiments; *p<0.05; **p<0.01; ***p<0.001,
comparing PBS- and fibril-treated conditions within the same cell line by unpaired t-test. Equal loading is verified
by the detection of the protein marker B-actin. (14c) Representative immunoblots demonstrating the effects of
NH4Cl, a known inhibitor of lysosomal proteolysis, to p25a levels in PD1-patient derived treated OLN-p25a cells (1
ug/ml, 48h).(14d) Representative immunofluorescence images depicting the redistribution of p25a (grey) and the
presence of human aSyn (green, LB-509) and endogenous rat aSyn (red, D37A6) signal in OLN-p25a cells treated
with 1pg/ml of PD1 fibrils for 48 hours. DAPI staining is used as nuclear marker. Cells treated with PBS, in the
absence of fibrils, were used as controls. Scale bar: 25um.
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Discussion

MSA is a debilitating, unique alpha-synucleinopathy, characterized by the presence of aSyn-positive
proteinaceous inclusions (GCls) within oligodendrocytes[7]. Interestingly, growing body of evidence
favors the idea of the existence of distinct aSyn strains present in neuronal (PD, DLB) and
oligodendroglial (MSA) synucleinopathies that underlie disease development and heterogeneity. In
particular, aSyn is often considered as a prion-like agent, able to self-propagate through seeding of the
endogenous protein and to acquire pathological conformations capable of cell-to-cell transmission of
pathology [89]. Indeed, MSA brain extracts containing pathological aSyn when intrastriatally inoculated
into mice expressing human wild-type aSyn lead to the formation of pathology-related aSyn species,
supporting the prion-like transmission of aSyn-related pathology in MSA [90]. Interestingly, emerging
evidence also favors the “strain hypothesis”, where distinct structural aSyn conformations could
underlie the presence of diseases with unique clinical and histopathological phenotypes, within alpha-
synucleinopathies[91-94]. In support of this scenario, recent studies also demonstrate that aSyn strains
exhibit distinct structural and biological characteristics and that oligodendroglial but not neuronal
milieu, transforms misfolded neuronally-derived aSyn into GCl-like species, which are more prone to
seed the pathology in primary neurons [95]. Additionally, several reports have pinpointed selective
conformational and biochemical differences within aggregates of aSyn derived from patients diagnosed
with distinct synucleinopathies[84, 93, 96-99].

The origin of aSyn in oligodendroglial cells raised fundamental questions, as initial studies showed that
mature oligodendrocytes do not normally express the protein. However, subsequent studies have
reported that the protein may be expressed in oligodendrocytes, albeit at significantly lower levels
compared to those observed in neurons, which are the cells that physiologically express the protein [31,
32, 40, 41]. Nevertheless, the prevailing hypothesis explaining the presence of neuronal aSyn in mature
oligodendrocytes, suggests that the protein is released from neurons and is subsequently taken up by
oligodendrocytes, present in their surroundings, even though the precise mechanisms still remain rather
ambiguous[33, 35, 36, 38]. Different preclinical studies have demostrated the ability of oligodendrocytes
to take-up exogenously added recombinant or neuronally-derived, cell produced, aSyn and to
incorporate it into intracellular GCl-like aggregates [35-38]. Once successful internalization of aSyn by
recipient cells has occurred, the exogenously-added material has been shown to seed the accumulation
of the endogenous protein [100, 101].

Herein, we report that human aSyn fibrils amplified from the brains of two PD patients can be taken up
by rodent oligodendroglial cells in vitro. Interestingly, structural differences between the two different
fibril types were observed (Fig.1), possibly reflecting the great variability of disease phenotypes present
in PD patients. This is in agreement with previous analyses on patient-derived fibrils that question the
correlation of a particular aSyn strain with a particular synucleinopathy [84]. Nonetheless, such
discrepancies could also be attributed to technical differences during the fibril preparation procedure.
However, to what extent these structural differences are also accompanied by distinct biological effects
remains to be proven. Our data also show that PD patient-derived fibrils, probably of neuronal origin,
induce the formation of pathological aSyn assemblies within oligodendrocytes that incorporate the
endogenous rodent aSyn, expressed at minute amounts under basal conditions, as previously reported
to occur when human recombinant PFFs were used as seeds [25]. Interestingly, using lower amounts of
patient-derived fibrils we were able to detect the endogenous rodent aSyn signal only via
immunofluorescence, and not by western immunoblotting, highlighting perhaps the differences in
methods’ sensitivity. Contrariwise, using higher fibril amounts, we detected the endogenous rodent
aSyn present only in the Urea-soluble fraction, probably reflecting its highly aggregated form. Regarding
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the human aSyn, Triton-soluble and —insoluble aSyn species were found to peak following short-term
incubation with PD fibrils. Interestingly, in OLN-AS7 and OLN-p25a cells human and total aSyn levels
remained relatively higher as compared to OLN-93 control cells at 48 hours and 8 days, thus highlighting
the important role of aSyn and/or p25a intracellular protein load on the establishment of MSA-like
pathology and possibly indicating a relative resistance to degradation of aSyn species generated in the
cells that overexpress human aSyn or p25a, respectively (Fig.2b,c, Fig.7a,b). Statistical analysis within
each cell line, pinpointed a significant reduction of aSyn levels at 8 days, as compared to the earlier
time-point (Fig.3, 8). This could be attributed to the dilution of the exogenously added human material
following cell proliferation or its effective clearance by the intracellular proteolytic mechanismes.

Release and uptake of aSyn between cells can occur through different mechanisms; however the role of
extracellular vesicles, especially exosomes, has recently gained significant interest [50, 51, 102]. Multiple
studies have shown that both neurons and glial cells are able to release and internalize exosome-related
aSyn[50, 51, 103]. Interestingly, this exosome-associated aSyn is reported to be more prone to
aggregation than cytosolic aSyn, and exosomes derived from the CSF of PD patients show higher seeding
potency compared to healthy controls [50, 104]. Except from CSF, aSyn has been also found in other
biological fluids including saliva, plasma and red blood cells [44, 102, 105-107] and tremendous focus
has been given into using extracellular aSyn as a biomarker for alpha-synucleinopathies, although more
research needs to be done, as results often appear contradictory [108-110]. Herein, we demonstrate
that aSyn species engendered within PD-fibril treated oligodendroglial cells, are released in the
extracellular environment via exosomes (Fig.5). In these isolated exosomes, we identified both
monomeric as well as HMW aSyn conformations (Fig.6). Interestingly, exosome-associated HMW human
aSyn levels derived from OLN-AS7 cells treated with high PD-derived fibril amounts, remained high, even
after 8 days post-fibril treatment, possibly reflecting the presence of relatively more aggregated, rather
insoluble, aSyn species intracellularly (Fig.10). Interestingly, not only the exogenously added human
protein but also the endogenous seeded rodent aSyn was also detected in exosomes released from OLN
cells treated with PD fibrils, suggesting that the oligodendroglial protein can be packed and secreted via
exosomes (Fig.11)

To further examine whether the endogenous rodent aSyn is incorporated into pathological aSyn
assemblies following the addition of PD patient-derived fibrils, we assessed the formation of
pathological aSyn species. The phosphorylation of aSyn both at Ser129 is widely considered as an
indicator of pathology, but contradictory studies on its actual effects is still under debate [111-118]. In
Lewy Bodies, the histopathological hallmark for PD, 90% of aSyn is found to be phosphorylated at
Ser129, but a significant amount of phosphorylated Ser129 aSyn is also detected in a soluble, rather
than in an aggregated state in PD brains [119], whereas only low levels of aSyn phosphorylation at
Ser129 is detected in the brains of healthy controls [120-122]. Still, in the majority of in vivo models
where aSynis overexpressed, the presence of pSer129 aSyn is mostly connected to neurotoxic, rather
than neuroprotective, effects. Ongoing comparative analysis in the host lab of the presence of Ser129
aSyn phosphorylation in oligodendroglial cells treated with either MSA or PD patient-derived fibrils,
further favors the notion that synucleinopathies are caused by different aSyn strains. Indeed, PD-fibrils
lead to the pSer129 aSyn only in OLN-AS7 cells(Fig.12), whereas, with MSA-fibrils we mostly observe
phosphorylation in OLN-p25a cells (data not shown). Such data may indicate that fibrils amplified from
PD patients which have a neuronal origin, tend to preferentially affect cells that overexpress aSyn (OLN-
AS7), whereas fibrils derived from MSA patients, that have an oligodendroglial origin, mostly aggregate
and become pathological in cells that overexpress p25a (OLN-p25a), the protein that together with aSyn
accumulate in GCls. Moreover, using PD fibrils we were able to detect intracellular positive pSer129
aSyn signal only in the Urea-soluble fraction of OLN-AS7 cells, whereas exosome-associated pSer129
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aSyn was also detected, mainly at 8 days, showing that this pathological protein conformations can
indeed be packed and secreted via extracellular vesicles, and probably transmit the pathology in
neighboring cells (Fig.12).

Beyond phosphorylation, aSyn nitration has been also associated to neurodegeneration, as proven by
experiments both in vitro and in vivo, as well as by human neuropathological studies[123-125], possibly
through its role in oxidative damage and disease progression [126]. In our experimental model, we
observed the formation of oxidized/nitrated aSyn in all OLN-cells treated with 1 or 6ug/ml PD-derived
fibrils that co-localized with the rodent protein, thus highlighting the contribution of the endogenous
oligodendroglial aSyn in the generation of pathology-related species intracellularly (Fig.4, 9).
Interestingly, following incubation with 6ug/ml PD fibrils, SYN303-positive signal recognizing the
oxidized/nitrated protein was particularly persistent at 8 days, even though the levels of the rodent-
specific protein decreased in all OLN-cell lines. This observation may indicate that the exogenously
added human patient-derived material becomes modified intracellularly. However, this cannot be tested
with a double immunostaining using the human-specific and oxidized/nitrated aSyn antibodies due to
the fact that both of them are mouse monoclonal. However, a time-course analysis incorporating earlier
time-points (1, 2, 8, 12 hrs post-fibril addition) may enable the mapping of aSyn pathology established
by the addition of PD fibrils in OLN cells, as previously performed in cells treated with PFFs [25].

Finally, aSyn truncation, especially in the carboxyl-terminal region, has been shown to have a critical
role in the pathological misfolding and subsequent seeding activity of the protein (review in [127]).
Indeed, 20% of aSyn is being C-terminally truncated within pathologic inclusion extracts[128-131]. The
effects of truncated aSyn in pathophysiological processes have been assessed in both preclinical models
and in patient-derived post-mortem samples. It is indeed evident that truncated aSyn is involved in the
formation of toxic aSyn aggregates[129, 132, 133]. The C-terminus of aSyn is associated with multiple
protective characteristics to limit aberrant misfolding and aggregation, and its loss through truncation
promotes in vitro oligomer and fibril formation, strikingly in higher levels than the full-length aSyn[50,
129, 133-142]. Moreover, it has been demonstrated that aSyn fibrils added in neuronal cells are quickly
transferred for lysosomal processing, where extensive truncation can easily occur[143-145]. Also,
different studies have shown that endogenous aSyn is mainly degraded through autophagy-related
pathways[146, 147], contrariwise to pathologic aSyn fibrils that are trafficked to lysosomes for
elimination by cathepsins[143-145, 148]. In both cases, proteases act on aSyn and can subsequently
lead to disease-related truncations. These proteases may be directly linked to pathology, as some of
them have been found to colocalize with LBs or GClIs[139, 149-151].Noteworthy, the vast majority of
studies focusing on truncation are implemented on PD and not MSA [119, 152]. In our study, we
detected truncated aSyn species both intracellularly and extracellularly, associated with exosomes, but
not consistently. Additional experiments are needed to further elucidate the presence of truncated aSyn
in our experimental set-up, as well as its potential role, if any, on the onset and progression of MSA-like
pathology.

Beyond aSyn, the oligodendroglial specific phosphoprotein TPPP/p25a is also found trapped in GCls and
it is hypothesized that the protein mislocalizes from the oligodendroglial processes to the abnormally
expanded cell soma, prior to aSyn accumulation [8, 19, 20, 23]. Indeed, in vitro experiments showed
that this protein regulates the aggregation of aSyn and interferes with its lysosomal degradation,
leading to enhanced levels of aSyn in the cell medium. However, direct evidence for the involvement of
TPPP/p25a in MSA onset and development still remains insufficient [23, 24]. Recently published work
from the host lab revealed a crucial role for TPPP/p25a in the recruitment and seeding of
oligodendroglial aSyn and in the formation of aberrant aSyn species within oligodendrocytes treated
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with human recombinant fibrils [25]. Herein, we demonstrate that PD-patient amplified aSyn fibrils
evoke a drop on intracellular p25a levels at 48 hours, which is restored upon lysosomal inhibition.
However, at the same time point exosomal p25a levels seem to increase, probably indicating that PD
fibrils promote the lysosomal degradation of the protein and its secretion partly via exosomes. Such
data may also indicate that p25a propagates from one cell to the other, thus facilitating the aggregation
of aSyn in recipient cells. In a recently published paper from the host lab where pharmacological and
molecular inhibition of both autophagic and proteasomal pathways was employed, it has been reported
that the endogenous oligodendroglial p25a is mostly degraded by the autophagy-lysosome pathway in
OLN cell lines and primary oligodendrocytes[153]. Previous studies have proposed that p25a is also
degraded via the proteasome [21, 154]. Further experiments utilizing proteasomal modulators may shed
light to the contribution of the proteasome on p25a protein degradation and release, following
treatment of oligodendroglial cells with PD patient-derived fibrils.

Collectively, our study reveals that inoculation of oligodendroglial cell lines with PD patient-derived aSyn
fibrils, recapitulated critical aspects of MSA pathogenesis. In particular, we showed the formation of
rather insoluble, pathological aSyn species intracellularly, incorporating the endogenous
oligodendroglial aSyn and the release of such pathology-related protein conformations partly via
exosomes. More importantly, this line of research highlights a critical correlation of oligodendroglial-
derived exosomes and aSyn and p25a cargoes upon PD fibril treatment, that up-to-now have been
narrowly explored. More experiments are needed to further elucidate the specific role of such
oligodendroglia-derived exosomes in the transmission of MSA pathology. Since currently,
synucleinopathy-related research on exosomes is targeted mostly in PD, it is highly important to
understand the contribution of exosomes on the initiation and progression of MSA-like pathology.
Corroboration of our hypothesis will provide valuable knowledge to better understand and attenuate
MSA disease progression. Moreover, targeting oligodendroglial-derived exosomes may open up new
ways to alter disease progression, since up-to-date there are no efficient disease-modifying therapies,
nor accurate disease-specific biomarkers.
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