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Abstract

Multiple system atrophy is a progressive neurodegenerative disease with prominent autonomic and
motor features. During early stages different subtypes of multiple system atrophy are distinguished by
their predominant parkinsonian or cerebellar symptoms reflecting the heterogeneous nature of the
disease. The pathognomonic feature of multiple system atrophy is the presence of a-synuclein (aSyn)
protein deposits in oligodendroglial cells. aSyn can assemble in specific cellular or disease environments
and form aSyn strains with unique structural features but the ability of aSyn strains to propagate in

oligodendrocytes remains elusive.

More recently, it was shown that multiple multiple system atrophy strains with related conformations
exist in the brain of patients. Here, we investigated if different aSyn strains can influence multiple
system atrophy progression in a strain-dependent manner. To. thissaim, we injected two recombinant
aSyn strains (fibrils and ribbons) in multiple system atrophy:transgenic mice and found that aSyn protein
strains determine disease severity in multiple system atrophy via host-restricted and cell-specific

pathology in vivo.

aSyn strains significantly impact disease progression in a strain-dependent way via oligodendroglial,
neurotoxic and immune-related mechanisms. Neurodegeneration and brain atrophy were accompanied
by unique microglial and astroglial responses and the recruitment of central and peripheral immune
cells. The differential activation of microglial cells correlated with the structural features of aSyn strains
both in vitro and inwivo. Spectral analysis showed that ribbons propagate oligodendroglial inclusions
that are structurally distinct from those of fibrils, with resemblance to oligodendroglial inclusions in

multiple system atrophy patient brain.

This study therefore shows that the multiple system atrophy phenotype is governed by both the aSyn
strain nature and the host environment and that by injecting aSyn strains in a multiple system atrophy

animal model a more comprehensive phenotype can be established.
Keywords: multiple system atrophy; neurodegeneration; a-synuclein strains; synucleinopathy

Abbreviations: AAV = adeno associated viral vector; aSyn = a-synuclein; BSA = bovine serum albumin;
CD = cluster of differentiation; DARPP = dopamine- and cAMP-regulated phosphoprotein; DIV = days in

vitro; DMEM = Dulbecco's Modified Eagle Medium; EM = electron microscopy; EU = endotoxin units;
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GCls = glial cytoplasmic inclusions; GFAP = glial fibrillary acidic protein; h-FTAA = hepta-formylthiophene
acetic acid; HLA = human leukocyte antigen; IL = interleukin; LCO = luminescent conjugated
oligothiophenes; PLP = proteolipid protein; PMCA = protein misfolding cycling amplification assay; MSA
= multiple system atrophy; MHC = major histocompatibility complex; OPCA = olivopontocerebellar
atrophy; SND = striatonigral degeneration; SNpc = substantia nigra pars compacta;TH<= tyrosine
hydroxylase; TLR = toll-like receptor; TNFa = tumor necrosis factor a; TMEM = transmembrane; WT=

wild type

220z Aeniga4 9| uo Jasn salieiqi] uaAna NM Aq 6/262S59/1900BME/UIRIG/SE0 L 01 /I0P/8]|0IB-80UBADPE/UIRIG/WOo dNo"olWepeoe//:sdiy Wolj papeojumod



0 N o u B~ W N

10
11
12
13
14
15
16
17
18
19
20

21
22
23
24
25
26
27
28
29
30

Introduction

Multiple system atrophy is a rare neurodegenerative syndrome of unknown etiology. It comprises a
group of neurological syndromes, including the Shy-Drager syndrome, olivopontocerebellar atrophy
(OPCA) and striatonigral degeneration (SND). Today, OPCA and SND are classified as multiple system
atrophy with predominant cerebellar ataxia or parkinsonism.' Several years before the appearance of
motor symptoms, autonomic features such as urogenital dysfunction or orthestatic hypotension
develop during a protracted and prodromal phase.™ These autonomic features-are-highly variable

between patients and underscore the heterogeneity of the disease.

Central to MSA pathology is the accumulation of a-synuclein (aSyn).protein in oligodendrocytes.’ aSyn is
invariably found in insoluble deposits in oligodendrocytes of paestmortem multiple system atrophy brain
and identification of glial cytoplasmic inclusions (GCls) is required:-for a definite diagnosis of multiple
system atrophy. aSyn-rich inclusions are also found in the brain of people with other synucleinopathies,
such as Parkinson’s disease and dementia with Lewy bodies, but the conformational properties of aSyn
aggregates were shown to be specific for multiple system atrophy.® The structure of MSA fibrils purified
from human brain analyzed by cryo-EM was found to be highly organized into B-sheet rich filaments that
bundle into a twisted fibrillar scaffold”. We and others showed that aSyn assemblies isolated, purified
and amplified from multiple system atrophy brain have different biological activities compared to those
isolated from the brain of people with Parkinson’s disease or dementia with Lewy bodies®™. This
indicates that a structure-function relationship exists within aSyn strains and that they might influence

disease phenotypes in different synucleinopathies.

Because of their.unique structural characteristics in different synucleinopathies, aSyn aggregates behave
as prion 'strains.. Multiple system atrophy strains are highly neurotoxic and amplify in vivo via seeded
templating.of soluble aSyn in oligodendrocytes. Even though it has been shown that MSA strains can
efficiently propagate in a permissive environment, it is not known if multiple system atrophy strains
characteristics are maintained within different cellular or disease environments where host restriction
might affect strain properties. In the case of human prion diseases, prion strains are not monoclonal.”*?
Instead, they comprise a cloud of assemblies often with a dominant strain that is maintained and
propagated under host selection.”® The conformation of aSyn within fibrillar aggregates purified from

multiple system atrophy patients brain homogenates displays subtle differences. The relative abundance

of the different polymorphs also varies in different tissues (e.g. the cerebellum and putamen). This
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suggests that an ensemble of multiple system atrophy strains might also exist in multiple system atrophy

brains.’

The diversity of aSyn strains in synucleinopathies raises the question if different strains might influence
oligodendroglial and neuropathology or inflammatory processes, which are central to multiple system
atrophy,™® but this has never been experimentally tested. We therefore asked if aSyn strains.can
determine MSA disease outcome. To that aim, we injected two well-characterized but structurally
distinct recombinant aSyn strains (fibrils and ribbons) in transgenic multiple systéem atrophy mice that
constitutively express aSyn in oligodendrocytes.” We found that in an multiple system atrophy disease
environment the two strains dictate distinct disease phenotypes. Fibrils.caused an aggressive and toxic
phenotype with severe myelin loss and neurodegeneration. Ribbons, however, caused a milder
neurotoxic phenotype but a distinct type of glial pathology reflected by conformationally distinct
oligodendroglial inclusions that resemble those of multiple system-atrophy. In addition, aSyn fibrils
caused a significant pro-inflammatory response and microglial activation with recruitment of peripheral
myeloid and leukocytic cells. Because of unique seeding capacities in the oligodendroglial milieu and the
pro-inflammatory features of aSyn strains, the introduction of fibrillar seeds into the multiple system

atrophy model resulted in a disease phenotypethat mimics to a higher extent the clinical condition.

Materials and Methods

Generation and labelling of aSyn assemblies

aSyn fibrils and.ribbons were generated and characterized by transmission electron microscopy and by

limited proteolysis profiling as previously described in detail.'

The nature of the aSyn assemblies used
was routinely assessed using a Jeol 1400 (Jeol Ltd, Peabody, MA) Transmission Electron Microscope after
adsorption.of the samples onto carbon-coated 200-mesh grids and negative staining with 1% uranyl
acetate.. The images were acquired with a Gatan Orius CCD camera (Gatan). The endotoxin levels were
guantified in all aSyn preparations as described previously.”” The endotoxin levels were below 0.02

endotoxin units/mg (EU/mg) based on the use of the Pierce LAL Chromogenic Endotoxin Quantification

Kit.
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Isolation of primary microglia

Primary microglia were derived from PO-P1 C57BL/6 mouse brain. Briefly, after removal of the
meninges, the brains were placed in tubes containing Hanks’ Balanced Salt solution (Sigma-Aldrich).
Next, they were incubated with 1% trypsin (Gibco-BRL, Life Technologies) for 10 min at 37°C. Following a
mechanical dissociation in DMEM supplemented with DNasel (Sigma-Aldrich), cells were collected by
centrifugation for 10 min at 1200 rpm and re-suspended in DMEM, 10% heat-inactivated FCS and 1%
Penicillin-Streptomicin and plated in a 75 cm? culture flask. On days 10-14, to collect microglial cells, the
microglia—astrocyte co-cultures were shaken on a rotary shaker at 400 rpm for 3 hours. Microglial cells
were plated at a density of 300 000 cells/well in a 12-well plate with coverslips. At DIV 14 cells were

treated with the different aSyn assemblies.
Recombinant aSyn administration and g-PCR

Cells were treated with the different aSyn assemblies at.a concentration of 1 puM. Untreated cells and
cells incubated with BSA as control. After 24 hours the total RNA was extracted from each well and 1 pg
of total RNA of primary microglial cells were reverse-transcribed using the High-Capacity cDNA Archive
kit (Applied Biosystems, Carlsbad, USA), according to manufacturer’s instructions. cDNA was used in
triplicates as template for g-PCR amplification with specific primers and probes for each microglial
marker as described in Supplementary table 1. Cycling conditions were 10 minutes at 95°C, followed by
50 cycles of 10 secondsat 95°C and 30 seconds at 55°C. The obtained mRNA levels were normalized to

the mRNA levels of HPRT housekeeping gene.
Animals and stereotactic injection

All animal ‘experiments were carried out in accordance with the European Communities Council
Directive of November 24, 1986 (86/609/EEC) and approved by the Bioethical Committee of the KU
Leuven (Belgium). Approximately 5 month old male and female transgenic (PLP-haSyn mice™) housed
under a normal 12-hour light/dark cycle with free access to pelleted food and tap water. All surgical
procedures were performed using aseptic techniques and ketamine (70 mg/kg intraperitoneal [i.p.],
Ketalar, Pfizer, Belgium) and medetomidine (1 mg/kg, Dormitor, Pfizer) anesthesia. Following
anesthesia, the rodents were placed in a stereotactic head frame (Stoelting, IL, USA), a midline incision

of the skin was made, and a small hole drilled in the skull at the appropriate location, using bregma as
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reference. Injections were performed with a 30-gauge needle and a 10uL Hamilton syringe. Animals
were injected with 2L containing 5ug of recombinant protein (BSA, fibrils or ribbons). Stereotactic
coordinates used for the dorsal striatum were anteroposterior, +0.5; lateral, -2.0; and dorsoventral, -3.3
calculated from the dura using bregma as reference. The injection rate was 0.25 puL/min and the.needle
was left in place for an additional 5 minutes before being retracted. Animals were sacrificed after
behavioral analysis 9 months post-stereotactic injection (number of animals injected with BSA = 9, fibrils

=12 and ribbons = 7).
Behavioral tests

To examine side bias in spontaneous forelimb use, mice were placed'individually inside a glass cylinder
(12 cm diameter, 22 cm height). A total of 30 contacts (with fully extended digits executed with both
forelimbs) were recorded for each animal. Video-recordings were.examined by an observer blinded to
the animal's identity to count the number of touches. The number of impaired forelimb contacts was
expressed as a percentage of total forelimb contacts. Non-lesioned control mice should score around
50% in this test. For the pole test, a wooden vertical pole with rope, 1.5 cm of diameter and 50 cm high
was used and placed in an open cage. Each mouse was placed with the head up at the top of the pole
and the time for turning downwards-(T=turn) as'well as the total time for climbing down the pole until
the mouse reached the floor with the four paws (T-total) was taken in 5 trials. We performed the test 3

times per test and the average of the 3 trials was used for statistical analysis.
Immunocytochemistry

Cells were washed'in PBS followed by a permeabilization step in a 0.1% Triton-X100 in PBS solution for 5
min. Next a blocking step of 20 minutes with 10% goat serum in PBS was performed. Cells were
incubated with'rat anti human aSyn 15G7 primary antibodies (Enzo Life Sciences, 1:500) and rabbit anti-
Ibal (Wako, 1:500) overnight at room temperature. The next day, after 3 washes with PBS cells were
incubated with secondary antibody (Alexa Fluor conjugated antibody, 1:500, Molecular probes,
Invitrogen) for 1 hour at room temperature. After being rinsed in PBS, coverslips were closed with
Mowiol (Calbiochem®, California, US) and DAPI (1:1000). Fluorescent stainings were visualized by
confocal microscopy with an LSM 510 unit (Zeiss, Belgium) or a Nikon-Maéarzhauser Slide Express
2 microscope in combination with a Plan Apo 10x objective (NA 0.45)was used. The setup was

controlled by NIS-Elements (5.21.03, Nikon Instruments Europe B.V.) .
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MSA patients

Paraffin-embedded human brain tissue from MSA subjects and age-matched control subjects were
obtained from the Institute Born-Bunge (IBB) NeuroBioBank (BB190113), Antwerp, Belgium (Table 1). All
MSA cases were examined and confirmed for oligodendroglial aSyn pathology. Protocols were reviewed

and approved by the Antwerp University and KU Leuven University Institutional Review boards.
Immunohistochemistry

Mice were anesthetized by intraperitoneal injection of pentobarbital (60 mg/kg, Nembutal, Ceva Sante
Animale) and perfused transcardially with saline followed by ice-cold 4% paraformaldehyde (PFA) in
phosphate buffered saline (PBS). Isolation and perfusion were followed by‘overnight fixation in 4 % PFA.
For DAB staining, free-floating sections were pretreated with 3 % hydrogen peroxide (Chem-Lab) in PBS
and 10% Methanol for 10 min and incubated overnight with the'primary antibody (Supplementary table
2) in PBS/T 0.1 with 10 % normal swine/ goat or rabbit serum (Dako). Second, a biotinylated swine anti-
rabbit, goat or rabbit (1:300, Dako) was used, followed by incubation with a streptavidin—HRP complex
(1:1000, Dako). Immunoreactivity was visualized using DAB (0.4 mg/ml, Sigma-Aldrich) or Vector SG
(Vector Laboratories) as a chromogen:-After a dehydration series, stained sections were mounted with

DPX (Sigma-Aldrich) and visualized with a light microscope (Leica Microsystems).

For fluorescent double or triple staining, sections were washed in PBS, pre-blocked with 10 % normal
horse serum in PBS/T-1% and incubated overnight with the primary antibodies in PBS/T 1 % with 10 %
donkey serum. After washing with PBS, sections were incubated for 2 h with donkey secondary
antibodies with different fluorescent tags (1:500, PBS/T 1 %). When staining with the luminescent
conjugated oligothiophene (LCO) h-FTAA, an additional staining step after secondary antibody labeling
was performed. The synthesis of h-FTAA has been published elsewhere.’® Slides were incubated with
1uM of h-FTAA for 45 minutes in PBS after which they are washed with PBS two times and one
additional time with 10% Mowiol in PBS for 10 minutes. Tissue slides were mounted with Mowiol. For
myelin detection, Fluoromyelin (ThermoFisher, F34651) was used. Sections were incubated in a
concentration of fluoromyelin of 1:300 in PBS Triton (1%) for 30 minutes in the dark and washed in PBS.
Fluorescence was detected either with Leica DM6 B automated upright microscope and images were

taken using the Leica DFC7000 T camera. Spectral analysis of h-FTAA was done by confocal microscopy
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with a Zeiss LSM 880 — Airyscan. (Cell and Tissue Imaging Cluster (CIC), Supported by Hercules
AKUL/15/37_GOH1816N and FWO G.0929.15 to Pieter Vanden Berghe, KU Leuven).

Human paraffin brain tissue was sectioned at 6 um. Slides were heated at 75°C in an oven for 20 min
and rehydrated via serial rehydration in xylene, 100% ethanol, 90% ethanol and 70% ethanol and
distilled water. Antigen retrieval was performed with the universal HIER antigen retrieval reagent
(Abcam) for 30 minutes in a steam cooker at 95-100°C. For immunofluorescent analysis, sections were
blocked with 10% donkey serum (Millipore-Sigma) in 0.1% Triton-X in PBS.for 30 min at room
temperature. For antigen detection, different concentrations of primary~antibodies are listed in
Supplementary table 2 and were used at 4°C overnight. Sections were triple washed in 0.1% Triton-X in
PBS and incubated with secondary antibody (Supplementary table 2) and 1:1000 DAPI for two hours at
room temperature after which the sections were washed again with 0.1% Triton-X in PBS. Slides were
incubated with 1uM of h-FTAA for 30 minutes in PBS after which they are washed with PBS two times
and one additional time with 10% Mowiol in PBS for 10 minutes. After drying, slides were treated with
Trueblack Lipofuscin Autofluorescent Quencher (Biotium) for 3 minutes. Slides were sealed with
Vectashield Antifade Mounting Medium (Vector Laboratories). For DAB immunoprecipitation and
antigen detection, samples were blocked with"10% goat serum for 1 h after which they were incubated
with primary antibody listed in Supplementary table 2 at 4°C overnight. Next day, slides were triple
washed with 0.1% Triton-X in PBS and incubated with 1:1000 biotinylated anti-rabbit antibody (Dako) for
2 hours at RT, triple washed. Immunoreactivity was visualized using DAB (0.4 mg/ml, Sigma-Aldrich) as a
chromogen. After a dehydration series, stained sections were mounted with DPX (Sigma-Aldrich) and

visualized with a light microscope (Leica Microsystems).
Stereological and image quantification

The number-of TH-positive cells in the SN was determined by stereological measurements using the
Optical fractionator method as described before™ (Stereolnvestigator; MicroBrightField, Magdeburg,
Germany). Every fourth section throughout the SN was analyzed, with a total of 6 sections for each
animal. The coefficient of error calculated according to the procedure of Schmitz and Hof (Schmitz and
Hof, 2005), varied between 0.05 and 0.10. For the fluorescent triple stereological quantifications, we
performed similar stereological measurements, using the same parameters mentioned above but we
made use of the software Stereologer®, SRC Biosciences (Stereology Resource Center, Inc.). We

quantified both the injected and non-injected SN (internal control). An investigator blinded to the
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different groups performed all the analyses. For image quantifications we used FlJI software. For
fluorescent analyses, we quantified the Mean Fluorescent Intensity (MFI) or the % positive area after
adaptive and unbiased thresholding. Threshold was set automatically using either Yen or Triangle
threshold. In this case we outline the area of interest and quantify the MFI or percentage of positive

area after threshold.
Spectral analysis of conformational variants in vivo

The emission spectra of h-FTAA were analyzed by confocal microscopy (Zeiss-LSM<880). Cell-specific h-
FTAA positive intracellular inclusions were analyzed with neuronal (NeuN), astrocytic (GFAP), microglial
(Iba-1) or oligodendroglial (Olig2) markers to determine the cell ‘type of the inclusion. For each
condition, 6 different areas in striatum or corpus callosum_ were scanned at 40x magnification. A
minimum of 100 cells were analyzed with the emitted spectrum collected from 7 animals of each
experimental group or 5 MSA patients and control subjects. Spectra were normalized to fluorescence
peak intensity and the relative peak intensity at 520. and 600 nm were used to quantify the

conformational state of h-FTAA-positive inclusions.
Spectral analysis of aSyn assemblies in vitro

asSyn fibrils and ribbons were generated.as previously described™ and diluted to 70 pM in PBS (10 mM
phosphate, 140 mM NaCl; 2.7 mM KCl, pH 7.4). The LCO h-FTAA was added to the samples at a final
concentration of 600.nM, and.the emission spectrum of the ligand bound to aSyn fibrils or ribbons was
collected using aTecan'Infinite M1000 Pro plate reader (Tecan) exciting h-FTAA at 480 nm. Monomeric

aSyn was included as a-negative control.
Statistical analysis

Statistical analysis was performed using GraphPad Prism 9 software. The type of analysis with post hoc
correction for multiple testing is indicated in the legend of each figure. Statistical levels were set at *p

<0.05, **p<0.01, ***p<0.001.
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Data availability

The data that support the findings of this study are available from the corresponding authors, upon

reasonable request.

Results

Transgenic PLP-aSyn mice (from here on referred to as ‘MSA mice’) express human aSyn in
oligodendrocytes and typically start showing aSyn-rich deposits as early as at‘2 months old.” Smaller
inclusions, that might represent oligomeric species of aSyn, develop /in neurons, astrocytes and
microglial cells but never to the same extent as the accumulation of aggresomal, GCl-like structures in
oligodendrocytes. Neuroinflammation, characterized by microglial. activation, is one of the earliest
features that develop in these MSA mice together with_non-motor features that include loss of
neurogenic control of the urinary bladder®® and REM sleep behavior disorder”’. Autonomic features
precede dopaminergic cell loss and motor deficits by.several months, which subsequently deteriorate in
a progressive manner."> Myelin loss is not typically found, suggesting that in this model demyelination is

one of the latest features and that it follows.neurocinflammation and neurodegeneration at later stages.

The MSA mouse model represents thus:several of the clinical features of multiple system atrophy, and
more specifically the parkinsonian form (MSA-P). These MSA mice exhibit many symptoms that occur
during both prodromal and late’stages of the disease as a result of oligodendrocytes and neurons
distress. The model is'therefore well suited to assess whether aSyn strains might affect disease
progression in thiscunique cellular environment. We unilaterally injected 2 pl, containing 5 pg, of the
aSyn strains fibrils or ribbons (Supplementary Fig. 1) in the dorsal striatum of 5 months old MSA mice.
As a control group, we injected 2 pl of BSA at a similar concentration. We allowed the MSA mice to age
for 9.months after injection and subjected them to different behavioral tests at 6 and 9 months post
injection (p.i.). At 6 months p.i., we did not observe any significant behavioral changes between the
different groups injected with the two strains or the control condition (Fig. 1a, b). However, at 9 months
p.i., we detected a significant worsening in the pole test in MSA mice injected with fibrils compared to
the ribbons and control groups (Fig. 1a, b). Fibrils injected MSA mice took significantly longer to turn and
descend during the pole test (Fig. 1b). The same conclusion was observed 9 months p.i. using the

cylinder test indicating progressive worsening of motor symptoms upon fibrils injection (Fig. 1c).

11
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It has been shown that motor changes assessed by the pole and cylinder tests reflect neurodegenerative
events in the striatonigral pathway. We therefore assessed via stereological quantifications if fibrils
could accelerate dopaminergic cell loss in substantia nigra pars compacta (SNpc). Compared to the BSA
control condition, we found that fibrils caused a significant reduction of tyrosine hydroxylase (TH)-
positive cells (Fig. 1d). Fibrils worsened pathology by 35%, whereas ribbons caused a non-=significant
reduction of TH cells by 17%. Fibrils also induced a significant loss of medium spiny neurons (DARPP-32*
cells) in the striatum (Fig. 1e) further reflected by a loss of neuronal cells (NeuN" cells) (Fig. 1f). The
neurotoxicity of fibrils was accompanied by a striking reduction of fluoromyelin signal throughout the
striatum (Fig. 1g). The strong loss of myelin was also apparent by severe brain atrophy and ventricle

enlargement. Fibrils but not ribbons or BSA caused loss of striatal volume of 1.6 mm® (Fig. 1h),

corresponding with a ventricular enlargement of 1.4 mm? (Fig. 1i, 1j).

To further characterize the pathological accumulation of aSyn, we performed staining for pSer129-aSyn
in combination with the conformation sensitive luminescent conjugated oligothiophene (LCO) h-FTAA.™
Since pSer129-aSyn does not strictly represent an aggregated state of aSyn, this fluorescent probe can
identify specific fibrillar aSyn assemblies. First, to test if h-FTAA binds glial cytoplasmic inclusions in
human brain, we performed double labeling of.pSer129-aSyn with h-FTAA in the putamen of multiple
system atrophy patients (Fig. 2a, b).In"control subjects, we detected no pSer129-aSyn deposits and no
h-FTAA signal. However, in multiple system atrophy brain, we found widespread pSer129-aSyn positive
cells that extensively overlap with'h-FTAA, showing that the probe can detect GCls in human brain tissue
(Fig. 2d, e). Interestingly, when performing pSer129-aSyn and h-FTAA double staining on tissue of BSA-
injected MSA mice;, we detected pSer129-aSyn positive cells but in large absence of h-FTAA (Fig. 2c).
Small, intra- or subcellular oligodendroglial inclusions could be detected in these control animals, but
these punctate inclusions were sparse (Fig. 2d, e and Supplementary Fig 2). This contrasts with animals
injected with the two strains where we detected pSer129-aSyn’/h-FTAA" double positive cells
throughout the injected area. Injection of ribbons and fibrils resulted in a significantly increased number
of pSer129-aSyn (Fig. 2f) and h-FTAA (Fig. 2g) inclusions with approximately 25% of double positive
pSer129-aSyn‘/h-FTAA" cells in both conditions (Fig. 2h). This indicates that in the control MSA mice,
pSer129-aSyn is mostly in a non-aggregated state, whereas after injection and seeding with ribbons and
fibrils, aSyn pathology changes with the appearance of insoluble pSer129-aSyn inclusions. In addition,
fibrils injected in the striatum also induced pSer129-aSyn positive neuritic inclusions formation in

dopaminergic neurons in the SN, whereas ribbons did not (Supplementary Fig. 3).
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The detection of h-FTAA" inclusions after injection of ribbons and fibrils as opposed to the low signal in
control MSA mice is indicative of active seeding by ribbons and fibrils in this model. To examine if
ribbons and fibrils can differentially imprint their structure within this environment, we further analyzed
the fluorescent emission spectrum of the conformation-sensitive probe h-FTAA. By labeling different
cells with cell type specific markers, we could identify h-FTAA" inclusions in oligodendrocytes, neurons,
microglia and astrocytes (Fig. 3a-c). From oligodendroglia-positive inclusions we measured the relative
fluorescent emission spectrum (Fig. 3d). The relative emission spectra of oligodendroglial inclusions,
indicative of their conformational state, differed significantly between the three experimental
conditions (Fig. 3e). Inclusions in oligodendroglia from the BSA-injected/MSA mice showed a highly
heterogeneous conformational state, reflected by the high variability of assemblies detected. Fibrils
caused a significant change in the aggregate conformation whereas ribbons showed a narrower
distribution that most closely resembled that of multiple system atrophy patients (Fig. 3e). This shows
that fibrils and ribbons restrict the conformational landscape and yield different conformational states
in oligodendrocytes in a strain-dependent manner. The conformational landscape in neurons, measured
via the relative h-FTAA emission spectra (Fig. 3f), shows that fibrils and ribbons also yield aggregates
with different conformations in neurons (Fig. 3g), and to a lesser extent in microglia (Fig. 3h, i), while no
differences were detected in astrocytes. (Fig. 3j, k). Collectively, these results show that aSyn ribbons
and fibrils with strain-specific <pathology have unique seeding capacities in distinct cellular

environments.

To further evaluate the pathogenicity of the two strains, we assessed if different strains of aSyn can
induce immune changes in MSA mice. Inflammation or microglial activation have been shown to be
early events in'this’in vivo model."” It is described that different strains of aSyn, including fibrils and
ribbons, can elicit .@ macrophagic response in human monocytes and that this might be strain-
dependent.” High molecular weight species of aSyn bind to TLR2 and TLR4 receptors, which recognize
pathogen-associated patterns, causing glia to become active and produce pro-inflammatory

272 |In our MSA transgenic mice, TLR4 is upregulated®® and microglial cells change from a

cytokines.
homeostatic to an active state with the release of pro-inflammatory markers before any detectable
neurodegenerative changes have occurred.” It is not exactly known what the role of macrophagic cells
is during the neurodegenerative process, but it is suggested that activated microglial cells might
aggravate multiple system atrophy pathology through the release of pro-inflammatory cytokines in
addition to clearing pathogenic aSyn strains through the establishment of F-actin dependent

25,27

intermicroglia networks. We therefore examined the effects of aSyn strains on the microglial
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immune response in vivo and in vitro. Via staining of Iba-1 in combination with the lysosomal marker
CD68 for activated microglia we observed strong Iba-1 and CD68 expression in both the fibrils and
ribbons conditions at 9 months post injection (Fig. 4a-c). Microglial cells were ramified and phagocytic
with no clear differences in |ba-1 expression between the two conditions (Fig. 4a-b). In contrast, we
found that microglial cells were significantly more active in the fibrils condition, as indicated by stronger
CD68 staining, whereas this was much less apparent in the ribbons condition (Fig. 4c)..Microglial cells
were sometimes found to engulf cell debris or pSer129-aSyn inclusions (Fig. 4d) and were furthermore
MHCII-positive, especially in the fibril condition (Fig. 4e,f) indicating that fibrils..are potentially
recognized as pathogens and that they can trigger antigen presentation by resident brain macrophages

as recently reported for astrocytes.”®

To better characterize the microglial inflammatory response with respect to the different recombinant
aSyn strains, we extended our analysis to primary mouse microglia.in vitro. We administered the two
different strains of aSyn to primary murine microglia cultures. Treatment with BSA was used as a
negative control. In order to assess uptake 'of different aSyn assemblies, we performed
immunocytochemistry for aSyn and the microglial marker lbal at 24 hours after administration. aSyn
ribbons and fibrils co-localized with primary=microglial cells (Fig. 5a). Microglial pro-inflammatory
response in reaction to different aSyn assemblies was further examined. The expression levels of pro-
inflammatory markers TNFa, IL1 and IL6 were strongly upregulated upon administration of aSyn fibrils
and to a lesser extent for ribbens (Fig. 5b-d). This again shows that aSyn strains, and more specifically
aSyn fibrils, can act as a‘direct inflammatory trigger and that the structure of the assembly type is crucial

for triggering the immune response.

Next to microglial cells, astrocytes take part in the innate immune response and also express different

24,27

types of TLRs that recognize misfolded aSyn. Extensive astrocytic activation is apparent during post-
mortem examination of human multiple system atrophy brain but is generally absent in the MSA mouse
model; suggesting that astrocytic activation might represent an event that occurs at later stages or that
the MSA model might require an additional trigger to activate astrocytic response. Astrocytes take up
misfolded aSyn via endocytosis as they try to degrade toxic protein via the lysosomal pathway.”**
Unsuccessful clearance of high molecular weight assemblies can sometimes result in protein
accumulation and in multiple system atrophy brain, astrocytic inclusions have been described in the
brain stem and the cerebellum of multiple system atrophy patients whereas others have described a

31,32

lack of inclusions in protoplasmic astrocytic in putamen and substantia nigra. It is not known if this
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could reflect a loss of astrocytes after aSyn uptake and pathological accumulation, or the absence
inclusions in reactive astrocytes in these areas. After injecting ribbons and fibrils in the striatum, we
found that both strains caused a strong increase of GFAP markers (Fig. 6a-c). Interestingly, even though
fibrils were most toxic in MSA mice, they did not cause more astrocytic activation in the striatum
compared to ribbons. In the ribbon condition, we detected a higher number of pSer129-aSyn inclusions
in astrocytes in the striatum, which was in large contrast to fibrils where significantly fewer_ inclusions
were detected (Fig. 6b, d). We tested if these inclusions were aggregated assemblies by staining with h-
FTAA and GFAP and found that astrocytes indeed accumulate aggregated aSyn (Fig./4b). This indicates
that astrocytes can take up aSyn strains but also accumulate pathogenic species probably as a result of

strain exposure or phagocytosis of dying cell debris.

Reactive astrocytes and microglia can upregulate cytokine production and release pro-inflammatory
mediators that cause neuronal and oligodendroglial damage. Such’a pro-inflammatory state could
potentially perpetuate the toxicity of aSyn via central but also peripheral immune cells.*®* To determine
whether the Iba-1 cells were resident brain microglial cells, we co-stained for the microgial marker
TMEM119 (Ibal’/Tmem119*), which is absent in peripheral macrophages (lbal’/Tmem119).%*
Surprisingly, we found significantly higher numbers of non-resident macrophages (Ibal'Tmem119) in
animals injected with ribbons and fibrils\(Fig. 7a, b). To further investigate the potential contribution of
peripheral cells, we stained for.CD45, a marker highly expressed in peripheral myeloid and leukocytic
cells but with low expression in microglial cells. In the atrophied striatum after injection with fibrils, we
found CD45 positive cells:throughout the affected area but more abundantly around the lateral
ventricles and blood vessels indicating that peripheral immune cells have infiltrated the affected area via
these sites (Fig'7c, d). This effect was much less pronounced in the ribbons condition and was absent in
the BSA control condition (Fig. 7c). Since we observed that in response to aSyn ribbons and fibrils glial
cells .became phagocytic and antigen presenting, we next asked how this might influence the
recruitment of T cells. Both in the fibrils and ribbons condition we detected positive staining for CD3
(Fig. 7 k)e, f) suggesting that in conjunction with the presence of MHCII-positive cells T cells might aid
microglial cells in the recognition and the clearance of pathogenic species of aSyn. CD3 positive T cells
were found throughout the striatum and much more abundant in the case of fibrils compared to

ribbons, whereas we did not find any positive cells in the control animals injected with BSA (Fig. 7e).
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Discussion

Recent studies have shown that aSyn strains might play an important role in multiple system atrophy
etiopathogenesis. Through their unique conformation, aSyn strains can cause multiple system atrophy-
like features in cells and in vivo.”"” Oligodendrocytes offer a unique intracellular environmentin which
monomeric aSyn forms highly infectious and toxic high molecular weight assemblies.® The evidence for a
role of strains in multiple system atrophy pathogenesis has mostly been studied via indirect methods
but recently it was shown via cryo-EM that aSyn filaments in the brain of multiple system atrophy
patients have defined structural characteristics.” Depending on the site of isolation, small variations exist

in the structure of the fibril of which the ratio varied between patients.

Multiple system atrophy pathogenic assemblies isolated from human brain, either as a crude
homogenate or amplified in vitro, cause unique neurodegenerative phenotypes upon injections into
animals but interestingly, propagation is dependent on the ‘animal model used.®**'***" To date, all
inoculation studies performed with multiple system atrophy strains in WT or transgenic Parkinson’s
disease mice did not reproduce a robust multiple system atrophy phenotype with significant
oligodendroglial pathology. Indeed, we have recently reported that aSyn strains derived from the brain
of multiple system atrophy patients, either as crude homogenates or upon amplification in vitro, while
inducing the most pronounced<disease phenotype in a Parkinson’s disease model as compared to
Parkinson’s disease or dementia with Lewy body strains, do not yield oligodendroglial inclusions.? There
thus appears to be a discrepancy between the disease strain, the host and the disease phenotype and

this prompted the question if strains can propagate oligodendrogliopathy.

In this study we therefore assessed whether different aSyn strains can propagate in an multiple system
atrophy model and if so, if different multiple system atrophy-like phenotypes, reflective of the multiple
disease types in multiple system atrophy, might develop. We injected two extensively characterized
aSyn:strains, ribbons and fibrils, in a well-established transgenic multiple system atrophy mouse model
(PLP=:aSyn or MSA mice).” We followed disease progression over multiple months by assessing motor
behavior. We found that behavioral motor symptoms appeared at 9 months after striatal injections with
fibrils, but not with ribbons. Multiple system atrophy mice injected with fibrils showed significant
pathology of both nigral and striatal neurons whereas toxicity was limited for the ribbons condition. We
also discovered strong demyelination and brain atrophy in relevant disease-associated regions, which

previously had only been described in a transgenic multiple system atrophy model based on
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overexpression of aSyn by the myelin basic protein promoter.®® These findings reflect the advanced
neuropathology of multiple system atrophy patients with the loss of striatal medium spiny neurons

(dopamine receptor expressing) and the loss of nigral neurons (dopamine producing).

We next examined how aSyn pathology develops in the absence or presence of the two aSyn strains.
The MSA mouse model is characterized by the expression of aSyn in oligodendrocytes that is post
translationally modified at position Ser129. First, we analyzed aSyn pathology in the .BSA injected MSA
mice and found that pSer129-aSyn positive cells were not positive for the aggregation sensitive probe h-
FTAA. Since h-FTAA can bind to early aggregated species not detected by conventional ligands®®, this
shows that the majority of aSyn is post translationally modified, likely.because of its relatively high
intracellular expression levels, but that it does not form high_molecular weight species in
oligodendrocytes. These immunohistochemical findings were in stark contrast with what we observed in
multiple system atrophy patient brain, where pSer129-aSyn” inclusions were co-stained by h-FTAA with
nearly perfect overlap between both markers. Previous work showed that sarkosyl insoluble aSyn could
be extracted from aged multiple system atrophy transgenic.mice with a shift in assembly states detected

via Western Blot™*

. This could indicate the presence of diffuse or low abundance oligomers that might
be undetectable with confocal microscopy orreflect the sparse and punctuate distribution of h-FTAA
inclusions in these mice. LCOs have-a“flexible conformation that reflect in their fluorescent emission
profiles®. This allows assessing the structural characteristics of the aggregates they bind to. The spectral
profiles of h-FTAA positive.inclusions revealed that the punctuate pSer129-aSyn-negative inclusions in
the MSA mice were heterogeneous. This suggests they are immature without a dominant conformation.
In the caudate putamen of multiple system atrophy patients the conformational state of the GCls
appeared more uniform reflecting a much more restricted conformational landscape. After injection of
ribbons and fibrils .in the mouse striatum, the total number of pSerl29-aSyn increased with the
detection of pSer129-aSyn’/h-FTAA" double positive inclusions. This increase in the number of cells
appeared similar for both ribbons and fibrils. However, the distribution and characteristics of the seeded
inclusions differed significantly. Ribbons triggered a conformational profile in oligodendrocytes
reminiscent of multiple system atrophy patients, with a narrower h-FTAA positive inclusions spectrum,
i.e. restricted assembly state, as compared to that observed for fibrils. Further illustrating the
importance of the cellular environment, is that upon incubation of the two aSyn strains with h-FTAA in
vitro, the emission spectra of the two strain largely overlap (Supplementary fig. 4) whereas in vivo the
spectra of the intracellular inclusion vary significantly. Interestingly, we also reported recently that

Parkinson’s disease and multiple system atrophy patient-derived aSyn strains obtained by PMCA
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significantly resembled ribbons, while those derived from dementia with Lewy body patients resembled
fibrils.? Therefore, the ability of the two strains to seed pathology with different conformational profiles
and associated pathological pattern indicates that the resulting pathology is not a reflection of an
accelerated phenotype inherent to the transgenic MSA mouse model but instead that the pathology is

the result of a new phenotype that is driven by both the strain conformation and the host background.

These results corroborate our previous work where we showed that aSyn strains can amplify distinct
structures with fibrils being the most toxic species in vivo and ribbons causing a distinct type of

inclusions.**

In this study we found more pSer129-aSyn pathology in astrocytes induced by ribbons
compared to fibrils, while in our previous study ribbons also induced sparce pSer129-aSyn pathology in
oligodendrocytes. These differences might be due to the chosen injection site (striatum instead of
substantia nigra) and/or to the different cellular milieu and aSyn expression levels (transgenic aSyn
overexpression in oligodendrocytes vs AAV-vector mediated overexpression in dopaminergic neurons).
The reason why fibrils might be more pathogenic than ribbons'can be multifold and is likely governed

1041 Along those

through the exposed strain surfaces that uniquely interact within their environment.
lines, neuroinflammation has been hypothesized to play an important role in multiple system atrophy.
Although its exact role is elusive, microglial activation is considered an early event in multiple system
atrophy etiopathogenesis and persists'While the disease progresses. In multiple system atrophy animals
a microglial response is one of the earliest disease events and administration of minocycline, a microglial
polarization and activation inhibitor, can ameliorate multiple system atrophy pathology in vivo.*?
Microglial activation accompanies aSyn pathology in human multiple system atrophy brain, not only in
late but also in earlier disease stages*® and PET tracers bind activated microglial cells in putamen and
pons of multiple system atrophy patients.” To determine whether aSyn strains could modulate
inflammation, we exposed primary microglial cells to fibrils or ribbons and observed that both strains
differentially interact with microglial cells in vitro. In contrast to ribbons, fibrils triggered a strong pro-
inflammatory response, with the release of II-1B, II-6 and TNF-a.. Similarly, we found that in vivo
exposure of fibrils caused severe inflammation in vivo with increased phagocytic activity of microglial

cells.””

Next to microglial cells, astrocytes can take up aSyn fibrils and target it for lysosomal degradation.*
Some studies have reported astrocytic inclusions of aSyn in multiple system atrophy, sometimes in
advanced stages of the disease. Phosphorylated aSyn inclusions in astrocytes were found in the

ventrolateral part of the spinal cord and brainstem® whereas another study reported astrocytic
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inclusions in the cerebellum®® but the presence of these inclusions in areas such as the nigra and
striatum remain more elusive.** Astrocytes can assist in the removal of protein aggregates release from
neurons and astrocytes are directly coupled via cell junctions to oligodendrocytes.”® Since a large
proportion of binding receptors for fibrils are unique for astrocytes and do not exist in neurons, this
raises the possibility that astrocytes might uniquely assist in the removal of defined aSyn assemblies that

%8 1n the injected MSA mice we found astrocytic inclusions of

are released from oligodendroglia.
PSer129-aSyn that were much more prominent in the ribbons group. We could speculate that ribbons
are taken up more efficiently in astrocytes, or alternatively, that fibrils cause rapid ‘loss of astrocytes.
Alternatively, a more efficient sequestration of ribbons in astrocytes or'a higher.ribbons astrocytic
degradation efficacy might further explain why ribbons have lower pathogenicity in this model

compared to fibrils.

Our in vitro and in vivo work therefore shows that aSyn strains can-be taken up by different types of
glial cells and trigger inflammation. Fibrils elicited strong expression of MHCII receptors on macrophagic
cells which is indicative of an active response towards non self-antigens of abnormal aSyn. Pathogenic
assemblies can be presented by resident antigen presenting cells to recruit lymphocytes. Alternatively,
or additionally, aSyn seeds can be secreted in the extracellular space into the CSF or the glymphatic and
lymphatic systems where they can-activate lymphocytes and elicit a humoral response in a more
systemic manner. It was shown that T-cells can be recruited in a model of experimental multiple system
atrophy, which was confirmed:inpost.mortem multiple system atrophy brain tissue.*® Cytokine profiling
from cerebrospinal fluid and brain tissue from patients showed that pro-inflammatory pathways are
upregulated.”®>* Elevated numbers of CD3* and CD4" cells have also been found in the periphery during
earlier disease stages,>*.and blood transcriptomics showed prominent enrichment of gene sets related
to immunity and infllmmation.> In this study, we now find that aSyn strains can differentially trigger an
adaptive immune response resulting in the recruitment of peripheral lymphocytes adding an additional
mechanism by which aSyn strains can contribute to multiple system atrophy pathology. Given that
multiple system atrophy-specific strains exist in patient brain and cause pathology via multiple
mechanisms, targeting these disease-related assemblies via peripheral or central routes could therefore

be a valuable therapeutic strategy.

Since strains can propagate oligodendrogliopathy in vivo but only in the presence of oligodendroglial
aSyn the question now remains how such an environment might arise. Oligodendroglia express

relatively low levels of aSyn and impose a protective counter-amplification barrier that preserves their
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integrity. It has been proposed that multiple system atrophy could be triggered by an external event but

what such a trigger could be is currently unknown.>**

In the PLP-aSyn mouse model, external stressors,
such as oxidative stress, mitochondrial dysfunction®” and proteasome disruption,*® contributed to
pathology. Infections can transiently impair protein clearance and trigger aSyn aggregation in vivo.*
Host genetic susceptibility and exogenous or environmental triggers might be more closely related than
previously appreciated and immune triggers could have such a role as multiple system atrophy patients

60-62

often experience frequent infections in the gut, lungs or urinary tract. An altered humoral response

has been described in Parkinson’s disease via association of MHC alleles, which/confers increased

51,63
k.

disease ris Peptides of post-translationally modified aSyn can elicit an unwanted response from

cytotoxic and helper T-cells in Parkinson’s disease patients that are recognized. by specific MHC alleles.®*
This work now suggests that the innate and adaptive immune systems can be involved in multiple
system atrophy pathogenesis via exposure to aSyn strains. Further investigation will need to establish
whether an HLA haplotype might exist for multiple system.atrophy and whether disease relevant strains
derived from multiple system atrophy brain could aggravate disease differently, as opposed to

Parkinson’s disease strains.

In conclusion, this study demonstrates that.multiple system atrophy is the consequence of an
interaction between defined aSyn strains and cellular environments. Our data also show that injection
of aSyn strains can trigger oligodendrogliopathy and neuronal pathology with inflammation thus yielding

a unique animal model that.more'closely mimics the human multiple system atrophy condition.
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Figures

Figure 1. aSyn strains cause distinct behavioral and neuronal pathology with demyelination and
brain atrophy in MSA mice. Transgenic PLP- aSyn mice injected with fibrils, not BSA or ribbons,
present progressive motor deficits 9 months post injection (p.i.). (A) Fine motor skills were
assessed by the pole test and the time for animals to climb down the pole and (B) time to turn (n
=7-12, mean £ s.e.m., two-way ANOVA with Tukey’s correction for multiple testing, *P.< 0.05, **
< 0.01). (C) Detection of unilateral motor deficits using the cylinder test at 9 p.i.shows.a decrease
in motor behavior for the fibril condition (n = 7-12, mean + s.e.m., t and Wilcoxon test against a
hypothetical mean of 50% with Bonferroni correction for multiple testing, *P < 0.05). (D)
Neurodegeneration is also more prominent in the fibrillar condition with significant TH" cell loss in
the substantia nigra compared to control MSA mice (n = 7-12, mean # s.e.m., one-way ANOVA
with Tukey’s correction for multiple testing, *P < 0.05). Fibrils cause significant loss of (E) striatal
medium spiny neurons (DARPP-32) and (F) neurons (NeuN) measured by a loss of total number of
cells in a coronal section of the anterior striatum (n = 7-12, mean + s.e.m., one-way ANOVA with
Tukey’s correction for multiple testing, **P.< 0.01 and ***P < 0.001). Oligodendrogliopathy was
assessed by measuring myelination in the striatum of MSA mice. (G) Animals injected with fibrils
exhibit severe oligodendroglial pathology whereas animals injected with ribbons or BSA do not (n
= 7-12, mean * s.e.m., two-way ANOVA with Tukey’s multiple comparison test, *** P < 0.001).
Note the absence of fluoromyelin® signal in the corpus collosum and striatum in the fibril
condition. Oligodendroglial- and neuropathology in response to the fibrillar strain is further
shown by brain.atrophy of the (H) striatum and (l) ventricular enlargement measured (n = 7-12,
mean * s.e.m., two-way ANOVA with Tukey’s multiple comparison test, *** P < 0.001). (J)
Representative images showing the extent of brain atrophy and myelin loss in MSA mice injected

with BSA, ribbons or fibrils.

Figure 2. aSyn strains-induced h-FTAA-positive inclusions in vivo. (A) Detection of aSyn deposits
in the putamen of a healthy individual and an MSA patient. Staining for pSer129-aSyn shows
widespread glial cytoplasmic inclusions in the putamen of MSA patient brain (high and low
magnification shown, scale bar 100 um). (B) Immunofluorescent analysis with the luminescent
conjugated oligothiophene (LCO) h-FTAA shows the absence of aggregates in healthy controls and
abundant inclusions in MSA patients. Signal from h-FTAA significantly overlaps with that of
pSer129-aSyn (scale bar 40 um). (C) Control MSA mice injected with BSA show pSer129-aSyn
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positive cells in the striatum but signal from h-FTAA is largely absent. The absence of h-FTAA in
pSer129-aSyn-positive cells indicates that pSer129-aSyn within these cells is either not in an
aggregated form or that the aggregates are immature. In contrast, injection of aSyn ribbons or
fibrils, results in pSer129-aSyn*/h-FTAA" double positive glial inclusions. Quantification of the two
pathological markers shows a similar distribution of (D) pSer129-aSyn and (E) h-FTAA inMSA
human brain (n = 5, mean % s.e.m., one-tailed unpaired t-test ** P < 0.01). MSA mice injected
with different strains showed increased (F) pSer129-aSyn and (G) h-FTAA positive cells (n =7-12,
mean * s.e.m., two-way ANOVA with Tukey’s multiple comparison test, ** P <0.01): (H).Analysis
of pSer129-aSyn’/h-FTAA" double positive cells shows that fibrils and ‘ribbons yield h-FTAA
positive aggregates with approximately 25% of pSer129-aSyn® cells whereas in.MSA patient brain
most cells containing pSer129-aSyn” are also h-FTAA" (n = 7-12, mean + s.eim., two-way ANOVA
with Tukey’s multiple comparison test, ** P < 0.01). Note that in graph (1) statistical comparison
was performed between experimental groups but not with-human samples due to differences in

tissue processing and staining methods.

Figure 3. Ribbons and fibrils yield cell-specific inclusions that are structurally distinct. Detection
of conformationally distinct assemblies in vivorthrough the use of the conformation sensitive LCO
probe h-FTAA. (A) To detect aggregate-bearing oligodendendrocytes, neurons, microglia or
astrocytes, double labeling with.the cell specific markers Olig2, NeuN, Iba-1 or GFAP and h-FTAA
was performed (scale bar is 10 um). (B) Confocal image showing GFAP with h-FTAA staining with
(C) fluorescent intensity 'of the two emission spectra h-FTAAsg0 (magenta) and h-FTAA; s, (green)
as a visual representation of the conformational variation in MSA mouse striatum injected with
aSyn fibrils (scale bar'is. 50 um). Double labeling with GFAP identifies h-FTAA-positive astrocytic
inclusions“with aggregates also shown in (B) and (C) and are indicated by white arrows. (D)
Spectral "analysis of oligodendroglial inclusions shows the normalized average fluorescent
emission spectra obtained from h-FTAA inclusions in MSA control animals, MSA animals injected
with ribbons or fibrils and MSA patients brain homogenates. (E) The h-FTAA emission spectra
between different experimental conditions vary significantly. A wide distribution of h-FTAAz600/520
was detected for the control BSA condition reflecting large heterogeneity of assemblies and the
absence of a dominant conformation in this group. Upon seeding with fibrils or ribbons, the
relative distribution of h-FTAAe0/520 changes significantly indicative of an altered aggregated state
with lower conformational freedom (n = 7, one-way ANOVA with Bonferroni’'s multiple

comparison test, ****p < 0.0001). Note that the spectrum of the oligodendroglial inclusions
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triggered by MSA patients brain homogenates is shown as a reference but that statistical
comparison with the experimental groups was not performed due to differences in tissue
processing. (F) Spectra obtained from neuronal inclusions and (G) comparison of fluorescent
emission spectra in neurons shows that fibrils and ribbons propagate structurally distinct
aggregates (E) with unique conformational distributions measured via h-FTAAsg0/520- (H) Spectra
obtained from microglial cells i) show that different types of aggregates are <«detected
intracellularly (n = 7, unpaired two-tailed t-test, *P < 0.05), (J) but not in astrocytes (K) where
ribbons and fibrils-mediated intracellular inclusions exhibit similar conformational distributions (n

=7, unpaired two-tailed t-test).

Figure 4. Strain-specific microglial activation in MSA mice. (A) aSyn ribbons and fibrils
trigger significant microglial activation in vivo. Activation was measured via Ibal fluorescent
positive area after adaptive triangle thresholding (n = 7-12, mean % s.e.m., one-way ANOVA with
Tukey’s multiple comparison test, *** P < 0.001). (B) Representative images of Ibal and CD68
staining in the injected striatum in the three experimental conditions (scale bar is 100 um). (C) The
microglial lysosomal marker CD68 is significantly upregulated in MSA mice injected with fibrils
and ribbons and is indicative of a differential. microglial response between the two strain conditions
(n=7-12, mean + s.e.m., one-way ANOVA Tukey’s multiple comparison test, *** P < 0.001). (D)
Phagocytic Ibal® microglial cells engulfing pSer129-aSyn inclusions (scale bar is 25 pm). (E) The
microglial response is accompanied-by activation and antigen presentation with MHCII expression.

(F) Fibrils induce strong MHCI1 expression in the striatum and corpus callosum.

Figure 5. Characterization of the pro-inflammatory response in primary microglia upon
treatment with different aSyn assemblies. (A) Immunofluorescent staining for human aSyn (red)
and Ibal (green) of primary microglia treated with different aSyn strains for 24 hours. Scale bar
represents 50 um. Quantification of MRNA levels of (B) IL-1p, (C) IL6 and (D) TNFa, in murine
primary microglia upon administration of the two different fibrillar aSyn forms (1 uM). Compared
to all. other tested conditions, aSyn fibrils trigger a more significant pro-inflammatory phenotype.
Untreated cells and cells treated with BSA (1 pM) were included as negative controls. Results
shown as mean + s.e.m., with three unique cell culture experiments at different time points with

different assemblies (*P < 0.05, for one-way ANOVA with Tukey’s post-hoc analysis; n = 3).

Figure 6. Astrocytic activation and intracellular inclusion formation by aSyn strains. (A)
Striatal injection of ribbons and fibrils in MSA mice cause significant activation of astrocytes (n =

7-12, mean + s.e.m., two-way ANOVA Tukey’s Multiple Comparison test, ***P < 0.001). (B)
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Ribbons induce significantly more pSer129-aSyn inclusions in astrocytes compared to the fibrils
condition (n = 7-12, mean = s.e.m., two-way ANOVA Tukey’s Multiple Comparison test, ¥***P <
0.001). (C) Representative images of GFAP expression of the different experimental and control
conditions. (D) Colocalization of pSer129-aSyn and GFAP shows intracellular glial accumulation

of aSyn (scale bar is 25 pm).

Figure 7. Widespread infiltration of peripheral immune cells in MSA mice after aSyn fibrils
injection. (A) The specific microglial marker Tmem119 allows distinguishing brain from
peripheral macrophages. Co-labeling with Ibal shows that in the control MSA mice, Tmem119
exclusively colocalizes with Iba-1 (n = 7-12, mean £ s.e.m., one-way ANOVA with Tukey’s
multiple comparison test, ***P < 0.001). In animals injected with fibrils and ribbons, Tmem119
expression is absent in a subpopulation of Iba-1 cells, suggesting that these macrophages are non-
resident immune cells. (B) Representative images of Ibal and Tmem119 in the different conditions
showing resident (Tmem119) and peripheral macrophages (Tmem119°, white arrows) (scale bar =
50um). (C) Peripheral immune cells, detected via the marker CD45, which is highly expressed in
all hematopoietic cells, are detected throughout the brain in.the fibril condition but are absent in
other conditions (n = 7-12, mean £ s.e.m., one-way ANOVA with Tukey’s multiple comparison
test, **P < 0.01, ***P < 0.001). (D) CD45" cells.infiltrate the brain via blood vessels in the corpus
callosum and the striatum. Arrows in“the middle panel indicate blood vessels and CD45" cells
aligned along the vessels. The right panel shows a higher magnification of infiltrating peripheral
immune cells. (E) Quantification'of CD3" T cells (n = 7-12, Mean + SEM, one-way ANOVA
Tukey’s multiple comparison test, *P < 0.05, ****P < 0.0001) and f) representative images for

infiltrating T cells.
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Table | Brain tissue from controls and multiple system atrophy cases used in this study

Case Gender Age Region

Control Male 70 Putamen
Control Male 50 Putamen
Control Male 6l Putamen
Control Female 60 Putamen
Control Female 69 Putamen
MSA-P Female 60 Putamen
MSA-P Female 74 Putamen
MSA-P Male 63 Putamen
MSA-P Male 65 Putamen
MSA-P Male 51 Putamen
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Figure'd
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Figure 6
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Figure 7
126x153 mm (4.7 x DPI)
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