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ARTICLE INFO ABSTRACT

Keywords: The production of extracellular vesicles (EV) is a ubiquitous feature of eukaryotic cells but pathological events
Blood cells can affect their formation and constituents. We sought to characterize the nature, profile and protein signature of
Erythrocytes EV in the plasma of Parkinson's disease (PD) patients and how they correlate to clinical measures of the disease.

Extracellular vesicles

EV were initially collected from cohorts of PD (n = 60; Controls, n = 37) and Huntington's disease (HD) patients
Alpha-synuclein

(Pre-manifest, n = 11; manifest, n = 52; Controls, n = 55) - for comparative purposes in individuals with an-
other chronic neurodegenerative condition — and exhaustively analyzed using flow cytometry, electron micro-
scopy and proteomics. We then collected 42 samples from an additional independent cohort of PD patients to
confirm our initial results. Through a series of iterative steps, we optimized an approach for defining the EV
signature in PD. We found that the number of EV derived specifically from erythrocytes segregated with UPDRS
scores corresponding to different disease stages. Proteomic analysis further revealed that there is a specific
signature of proteins that could reliably differentiate control subjects from mild and moderate PD patients.
Taken together, we have developed/identified an EV blood-based assay that has the potential to be used as a
biomarker for PD.

1. Introduction

The last few years of research has seen our understanding of
Parkinson's disease (PD) change dramatically. One of the major
breakthroughs has been the realization that PD is a heterogeneous
disorder, which brings with it challenges for the development and
identification of useful biomarkers for diagnosis and disease progres-
sion, as well as the ability to track the successful translation of novel

treatments to the clinic. This new understanding of the different clinical
profiles seen in populations of PD patients has begun to translate into a
redefinition of PD, as is evidenced by new diagnostic criteria released
by the International PD and Movement Disorder Society (MDS) (Berg
et al., 2014). This task force has also pointed out the importance of
identifying reliable biomarkers for clinico-pathological diagnoses. In-
deed, the development of a biomarker that could serve as a diagnostic
tool, and/or a dependable predictor of disease course and evolution
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(and thus stratify populations of patients) as well as to assess treatment
efficacy is of critical importance and urgently needed.

The search for such biomarkers has recently included the in-
vestigation of extracellular vesicles (EV); small entities that carry in-
tracellular molecules and which mediate cell-to-cell communication in
both physiological and disease conditions (Quek and Hill, 2017). EV
encompass entities such exosomes stored in multivesicular bodies and
microvesicles derived from the plasma membrane. Based on the process
dictating their release, EV are subdivided into three major groups: 1)
exosomes are produced by exocytosis of multivesicular bodies (dia-
meter ranges =~50-150nm), 2) microvesicles, also termed micro-
particles or ectosomes, are generated by cytoplasmic membrane bud-
ding and fission (diameter ranges =100-1000nm) and 3) apoptotic
bodies are released by apoptotic cells (diameter ranges > 1000 nm)
(Marcoux et al., 2016). However, these definitions are still subject to
change given the facts that 250 nm in size exosomes have been de-
scribed, apoptotic cells can release exosome-like vesicles and there is no
specific markers of EV subtypes (El Andaloussi et al., 2013; Gyorgy
et al.,, 2011b; van der Pol et al., 2016). The International Society of
Extracellular Vesicles endorses EV as the term to use, as it more liber-
ally encompasses all vesicle types released by cells (Lotvall et al., 2014).

EV are composed of membrane proteins and lipids, as well as cy-
toplasmic components of the cell from which they originate, such as
mRNA and miRNA, organelles or infectious particles (e.g. prions, virus)
(Boilard, 2018; Porro et al., 2015). Their protein cargo, cell signature
and availability in bodily fluids make EV very attractive candidate
biomarkers and have already been studied in the blood, cerebrospinal
fluid (CSF), urine and brains of patients with PD (see Fig. S1) (Abd-
Elhadi et al., 2015; Alvarez-Erviti et al., 2011; Araki et al., 2016;
Barbour et al., 2008; Bartels et al., 2011; Danzer et al., 2012; El-Agnaf
et al., 2006; Emmanouilidou et al., 2010; Fauvet et al., 2012; Fraser
et al., 2013; Grey et al., 2015; Helferich et al., 2015; Ho et al., 2014;
Kong et al., 2014; Kunadt et al., 2015; Melachroinou et al., 2013; Nakai
et al., 2007; Nikam et al., 2009; Pretorius et al., 2014; Renella et al.,
2014; Shi et al., 2014; Stuendl et al.,, 2016; Sudha et al., 2003;
Tomlinson et al., 2015; Tsunemi et al., 2014; Wang et al., 2015). For
example, EV derived from the CSF contain a-synuclein (a-Syn), its as-
sociated pathogenic species as well as the LRRK2 protein (Fraser et al.,
2013). However, routinely collecting CSF presents a challenge given the
invasive nature needed to collect it while plasma is a very accessible
fluid that further allows real time monitoring, and which has conse-
quently been more extensively studied from a biomarker perspective.

One of the reasons that EV have become attractive for biomarker
development relates to advances in their isolation involving ultra-
centrifugation, centrifugation by density gradient, size exclusion using
membranes and columns, polymeric precipitation, capture by immune-
affinity and microfluidic approaches (Shevchenko et al., 1996). How-
ever, the bulk of the already published work on EV in bio-fluids relies
on using a series of differential centrifugations with or without size
filtration, for example gradient techniques that concentrate and purify
EV (Konoshenko et al., 2018; Willis et al., 2017). Techniques utilizing
solely the ultracentrifugation to perform EV counts are biased because
they favor aggregations of vesicles while co-isolating a number of
contaminants, such as proteins (Linares et al., 2015). Techniques to
isolate EV have therefore recently been developed with the goal of
maintaining the integrity and purity of the isolated entities
(Konoshenko et al., 2018). We sought to use these advances to develop
new approaches that would allow for the optimal analysis of EV in
blood, and therefore shed light on a more accurate picture of these
elements in PD with the hope that this could be used for biomarker
development. This work initially involved optimizing the FACS analysis
by stringent controls to unequivocally identify EV and their cell origin,
performing test-retest experiments to validate consistency of results
over time in the same patient and finally, using hemoglobin removal to
uncover the entire proteome of EV analyzed. This having been done, we
then sought to characterize the nature and profile of EV in the plasma of
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patients, and how they correlate to clinical measures of disease state as
well as defining the protein content in the subpopulations of EV. Fi-
nally, we sought to validate this whole approach using a second in-
dependent cohort of patients with PD.

2. Materials and methods
2.1. Ethics statement and participant recruitment

Institutional review boards approved this study (CHU de Québec,
#A13-2-1096; CHUM, #14.228; Cambridge Central Regional Ethics
Committee, REC #03/303 & #08/H0306/26; and Cambridge
University Hospitals Foundation Trust Research and Development de-
partment, R&D #A085170 & #A091246) in accordance with the
Declaration of Helsinki, and written informed consents were obtained
from all participants.

Blood samples were initially collected from 2 cohorts of patients
with a total of 60 PD [one in Cambridge UK; one in Quebec Canada] as
well as 37 age- and sex-matched healthy Controls (Table 1). For com-
parison, blood samples were also collected from a cohort of 52 Hun-
tington's disease (HD) individuals [collected in Montreal, Canada]
along with 55 age- and sex-matched healthy Controls (Table S1). Sub-
sequently, an additional and independent cohort of 42 PD patients was
collected to corroborate the results related to EV derived from ery-
throcyte (EEV) counts obtained from these first cohorts of patients
(Table S3). In the case of PD patients, the UK Parkinson's Disease So-
ciety Brain diagnostic criteria were used, which gives a diagnostic ac-
curacy of 98.6% when applied by movement disorder specialists
(Hughes et al., 2002; Massano and Bhatia, 2012). The patients, at the
time of bleeding, also underwent clinical evaluation which included the
Unified Parkinson Disease Rating Scale (UPDRS), the Hoehn and Yahr
(H&Y) scale, the Mini Mental State Examination (MMSE), the Adden-
brooke's Cognitive Examination (ACE) and the Beck Depression In-
ventory (BDI). UPDRS was obtained from the UK and Montreal cohorts
but not the Quebec cohort for logistical reasons. In the case of the HD
patients, their Unified Huntington Disease Rating Scale (UHDRS), Total
Functional capacity (TFC) and calculated values for burden of disease
(BDS) were all collected at the time of venepuncture and their diagnosis
was confirmed by genetic testing. Participants were further asked to fill
out a questionnaire related to health issues and medication and a full
blood count was performed in all patients on the day of blood sampling.
Comorbidities were determined from medical information reported by
the participant or caregiver. Cancer refers to a participant having suf-
fered from any cancer in the past. Medications were converted into
levodopa equivalent daily dose (LEDD) using common calculator tools.
It should be noted that blood sampling was conducted by the same team
of investigators, following identical procedures in both UK and Canada.

For the test-retest experiments, collection of blood samples was
performed on 25 healthy individuals with 2 samples per subject, taken
after a 2 h interval. This cohort included 11 men and 14 women with a
mean age of 29 + 5years with no clinical reports of co-morbidities or
medication intake. Note that fasting was not required prior to blood
samplings in any of the cohorts that were recruited for this study.
Calculation of coefficient of variation in percentage (%CV) of con-
centration measurements of EEV was performed using GraphPad
PRISMP® Version 6.0 (GraphPad Software, LaJolla, CA). CV is a measure
of the dispersion of data points around the mean, i.e. a ratio of the
standard deviation with the mean.

Given that 1) the material of blood tubes, 2) the extent of the time
the samples were frozen and 3) the number of times the samples were
frozen and thawed, are all recognized factors that may impact on re-
producibility, we consistently used polypropylene tubes, quantification
experiments were performed within 6 months of blood sampling and all
samples related to one type of analysis were conducted on the same day
and thawed for the same duration in the same conditions. Any of the
samples were not frozen nor thawed more than twice.
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Participant clinical information — PD cohort. Disease severity as measured using the H&Y scale (score): Mild (1-1.5);
Moderate (2-2.5); Severe (3-3.5). *p < .05 vs. CTRL. Statistical analyses were performed using a Kruskal Wallis test
followed by Dunn's multiple comparison test. Abbreviation: ACE, Addenbrooke's Cognitive Examination; BDI, Beck
Depression Inventory; CTRL, Control; H&Y, Hoehn and Yahr; MMSE, Mini-Mental State Examination; PD, Parkinson's
disease; UPDRS, Unified Parkinson's Disease Rating Scale.

PD cohort
n 37 7 12 33 8
Age 66.8 69.8 66.7 711 75.0* 0.04
Gender F (M) 18 (19) 1(6) 6 (6) 16 (17) 0(8) 0.05
Disease severity
Hoehn & Yahr (n) 1+0.3(12) 2+0.2(33) 3+0.5(8) <0.0001
UPDRS (n) 38+11(6) 52+19(17) 73+20(6) 0.02
MMSE (n) 29+2(7) 29+ 1 (19) 26 + 3 (6) 0.01
BDI (n) 3+2(6) 4+2(17) 1317 (4) 0.03
ACE (n) 96 + 4 (6) 92+7 (17) 84 + 14 (6) 0.13
Comorbidities
Depression 3 1 2 1 2 0.29
Cancer 5 0 8 4 1 0.64
Diabetes 2 0 0 1 2 0.10
Hypertension 10 1 2 10 3 0.76
Hypercholesterolemia 5 0 1 6 1 0.73
Asthma 3] 1 1 b 0 0.71
Allergies 2 0 2 6 2 0.28

2.2. Preparation of platelet-free plasma and EV labeling

Citrated blood (5 ml) was centrifuged twice for 15 min at 2500 g at
room temperature (BD Vacutainer®, 369714). Platelet-free plasma
(PFP) was harvested and stored at —80 °C within 2h of sampling fol-
lowing previously published guidelines (Lacroix et al., 2012).

For all experiments, diluted annexin-V buffer (BD Pharmingen,
Mississauga, ON, Canada) and phosphate buffered saline (PBS) were
filtered on 0.22pm pore size membranes (PALL, Mississauga, ON,
Canada). To quantify EV according to their cell of origin, the following
surface markers were used: CD235a + (erythrocytes) (5ul), CD31+/
CD41- (endothelial cells) (1pl), CD41+ (platelets) (5pl), CD45+
(leukocytes) (3ul), CD45 + CD14+ (monocytes) (10ul) and
CD45 + CD15+ (granulocytes) (2 pl). Given the recognized presence of
phosphatidylserine on a proportion of blood EV (Boilard et al., 2015),
fluorochrome-labeled annexin-V (5pl), which avidly binds exposed
phosphatidylserine, was also used as a labeling agent. PFP (5ul) was
incubated with Phenylalanyl-prolyl-arginyl Chloromethyl Ketone
(PPACK) 10 mM (Calbiochem, Etobicoke, ON, Canada) for 5min fol-
lowed by a 30 min incubation with antibodies and annexin-V in a final
PBS volume of 100 pl, all at room temperature. Finally, samples were
diluted to a final volume of 2 ml prior to FACS analysis. The following
antibodies were purchased from BD Pharmingen and used for all ana-
lyses: FITC-conjugated mouse anti-human CD235a (clone GA-R2
(HIR2), 1/20), PE-conjugated mouse anti-human CD31 (clone WM59,
1/100), V450-conjugated mouse anti-human CD41la (clone HIP8, 1/
20), V450-conjugated mouse anti-human CD45 (clone HI30, 1/33),
APC mouse anti-human CD14 (clone M5E2, 1/10), PE-conjugated
mouse anti-human CD15 (clone HI98, 1/50), V450- and PerCP-Cy™5.5-
conjugated annexin-V (1/20).

In all cases, the control samples came from healthy participants and
the blood was collected on the same day as for the PD and HD patients
in the UK and Canadian clinics. Every blood sample was processed
immediately to avoid release of non-physiological EV. For analyses
relating to EV in plasma, all blood samples were centrifuged twice at
2500g to enable PFP recovery. The plasma was fractionated into 3
aliquots per individual and frozen immediately following processing
(maximum of 2h following blood sampling). Blood samples from

Controls and PD were collected in parallel and laboratory analyses were
blinded to participant status.

2.3. Flow cytometry quantification

For EV quantification, we used a FACS Canto II Special Order
Research Product equipped with a forward scatter (FSC) coupled to a
photomultiplier tube (FSC-PMT) and a small particle option. Flow
cytometer performance tracking was carried out daily using the BD
cytometer setup and tracking beads (BD Biosciences, San Jose, CA,
USA). The size of the EV was determined using fluorescent silica beads
of 100, 500 and 1000 nm (Fig. S2). The settings for the EV detection
were determined as previously described using a threshold of 200 for
SSC (also see Fig. S2) (Rousseau et al., 2015). The acquisition of EV was
performed at low speed at an approximated rate of 10 pl/min. To de-
termine background noise levels, antibody mixes were incubated in the
absence of PFP sample and unlabeled PFP was used as a negative
control. Every sample was re-identified to ensure that the experimenter
was blind to clinical status.

2.4. Production and purification of EEV

Blood was collected in one 10 ml heparin tubes and centrifuged for
10 min at 282 g at room temperature (BD Vacutainer®, 367,880). Blood
cells were washed first in PBS-2%FBS, then with 0.9% sodium chloride
solution and centrifuged for 10 min at 750 g. To avoid leukocyte and/or
platelet contamination, the buffy coat and upper fraction of ery-
throcytes were removed. To preserve erythrocytes, two volumes of
glycerolyte 57 solution (57% glycerol, 142 mM sodium lactate, 1 mM
KCl, 25 mM sodium phosphate pH 6.8) were added to the pellet and
stored at —80 °C. For the in vitro generation of EEV, erythrocytes were
thawed and EV production was induced, as previously described
(Minetti et al., 2004).

For in vitro generation of EEV, 250 ul of erythrocytes were used, wa-
shed as previously described (Minetti et al., 2004) and erythrocyte pellet
activated with 3 volumes of calcium ionophore solution (150 mM NaCl;
10 mM Tris-HCl; 1 mM CaCl2; 5uM ionophore A23187 (Sigma, St Louis,
MO)) for 30 min at 37 °C. Calcium ionophore is key to EV biogenesis. It
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participates in the activation and inhibition of proteins and phospholipids
at the cell membrane. Calcium ionophore A23187 induces a change in the
concentration of calcium which leads to vesicle formation. In contrast to
water and freezing, which are frequently used to provoke the release of
EEV, calcium ionophores avoid the destruction of the erythrocyte mem-
branes (Nguyen et al., 2016). The activation was stopped by the addition
of 5mM EDTA. Remaining erythrocytes were pelleted at 15000g for
20 min. The EEV were centrifuged at 20000 g for 90 min and washed once
in PBS. The EV pellet was re-suspended in lysis buffer (Thermo Scientific™,
Pierce™ IP Lysis Buffer: 87788), proteins were quantified (90 ug per
sample) and frozen at — 80 °C until further analyses.

2.5. C-reactive protein, free hemoglobin and a-synuclein quantification

The concentrations of C-reactive protein (CRP) and free hemoglobin
were determined in the PFP of all donors using the RayBio Human CRP
ELISA Kit (RayBiotech, Norcross, GA, USA) and the hemolysis chart
described by Zhao et al., 2012. To quantify a-Syn within erythrocytes
and EEV, we used the human a-Syn ELISA kit (ThermoFisher Scientific,
Waltham, MA, USA). Absorbance values were measured at 450 nm
using a multi-detection microplate reader (Synergy HT; BioTek; Wi-
nooski, VT, USA). All ELISA tests were performed according to the
manufacturer's instructions.

2.6. Scanning electron microscopy

For the visualization by scanning electron microscopy, EEV were
prepared as previously described (Duchez et al., 2015). Preparations of
erythrocytes (5 pl) were fixed in 2% paraformaldehyde and 2.5% glu-
taraldehyde in PBS buffer at least 24 h before standard dehydration.
Samples were washed 3 times for 10 min with sodium cacodylate buffer
(0.1 M, pH7.3) and fixed with 1% osmium tetroxide in sodium caco-
dylate buffer for 90 min. Subsequently, samples were washed and
processed in 50%, 70%, 90% and 100% EtOH for dehydration (10 min/
step). Finally, samples were soaked in two subsequent baths of 100%
EtOH, for 40 min and 10 min, air-dried overnight and coated with
palladium. Observations were completed using a JEOL 6360LV scan-
ning electron microscope (JEOL, Peabody, MA, USA).

2.7. Transmission electron microscopy

For transmission electron microscopy, EEV were prepared and ob-
served, as previously described (Duchez et al., 2015). Preparations of EEV
(30 ul) and activated erythrocytes (5ul) were fixed in 2% paraformalde-
hyde at least 24 h before being dehydrated and sealed in LR white. Slices
of LR white were placed on a Formvar/carbon-coated grid and processed
for immunolabeling. The tissues mounted on grids were blocked in 0.5%
BSA-c (Aurion, Wageningen, The Netherlands) in Hank's Balanced Salt
Solution (HBSS) and incubated for 2h with rabbit anti-a-Syn antibody
(Abcam, Toronto, ON, Canada) or rabbit anti-a-Syn (phospho S129) an-
tibody (Abcam, Toronto, ON, Canada), both diluted at 1:250 in HBSS and
washed several times with distilled water. Finally, the grids were in-
cubated for 60 min with an anti-rabbit IgG conjugated to 6 nm gold par-
ticles (EMS, Hatfield, PA, USA) diluted at 1:200, washed several times
with distilled water and then fixed in 2.5% glutaraldehyde (EMS, Hatfield,
PA, USA) in HBSS for 15 min. For this last step, the grids were treated with
3% uranyl acetate-0.075 M oxalate (pH 7.0) (EMS, Hatfield, PA, USA) for
1 min, which was followed by several washes in distilled water. All
staining experiments included negative controls where the primary anti-
body was omitted from the incubation media. Observations were com-
pleted with a TECNAI Spirit G2 transmission electron microscope at 80 kV
(FEI, Hillsboro, OR, USA).

2.8. Mass spectrometry analysis and label free protein quantification

The initial proteomic analyses were performed on 3 pools of 3 blood
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samples of each group. Following this, we undertook a completely new
set of analyses to develop a method allowing us to isolate hemoglobin
and better investigate the EEV proteome. For this, EV from an addi-
tional 4 individuals per group (Control, mild PD and moderate PD)
were prepared as described above. For each individual, 25 ug of the
protein sample, according to Bradford protein assay, was migrated onto
an electrophoresis gel 4-12% Bis-Tris to separate hemoglobin from
higher proteins. Following gel staining using Sypro Ruby (Thermo
Fischer Scientific), the 12 kDa band corresponding to the hemoglobin
size was cut out and the remaining part of the gel further fractioned into
7 slices, exposed to trypsin digestion and peptide extraction on a
MassPrep liquid handling robot (Waters, Milford, USA) according to the
manufacturer's specifications and the protocol of Shevchenko et al. with
the modifications suggested by Havlis et al. (Havlis et al., 2003;
Shevchenko et al., 1996). The extracted peptides from the 7 slices of the
same individual were pooled and analyzed by nanoLC-MS/MS. The
excised hemoglobin gel slices were also analyzed in the same condi-
tions. One pg of each individual sample was injected on a Dionex Ul-
tiMate 3000 nanoRSLC system (Thermo Scientific) equipped with a
nanoviper Acclaim Pepmapl00, C18, 3um, 75um X 50 cm column
(Thermo Scientific) connected to the nanoelectrospray source of an
Orbitrap Fusion mass spectrometer (Thermo Scientific). The peptides
were eluted at 300 nl/min using an acetonitrile gradient of 90 min with
the mass spectrometer operating in the Data Dependent Acquisition
mode. Peptide masses were measured in MS spectra detected in the
orbitrap at 120 K resolution. MSMS fragmentation spectra of peptides
were generated by Higher energy Collisional Dissociation (HCD) and
detected in the ion trap. Spectra of peptides were searched against a
human protein database (Uniprot Complete Proteome, taxonomy Homo
sapiens — 83,512 sequences) using the Andromeda search engine in-
cluded in MaxQuant software version 1.5.5.1. (Cox and Mann, 2008).
MaxQuant was also used to validate proteins and peptides at a 1% False
Discovery Rate using a target/decoy database search as well as to un-
dertake a Label Free Quantification of the identified proteins using the
‘match between runs’ option.

2.9. Statistical analyses

Initial statistical analyses (unpaired t-tests when data followed
normal distribution according to Shapiro-Wilk test or Mann-Witney in
cases of non-normality) compared the number of each type of blood
cells (erythrocytes, platelets, leukocytes, neutrophils, monocytes, lym-
phocytes) in control groups and patients of all stages of the UK and the
Canadian cohorts. Comparison between each type of EV from every
cells, including erythrocytes, platelets, leukocytes, neutrophils, mono-
cytes, lymphocytes and endothelial cells were performed using Two-
Way ANOVA. This revealed no statistical differences between groups,
allowing us to pool cohorts for subsequent analyses. Statistical analyses
pertaining to EEV quantification were performed using The Statistics and
Machine Learning Toolbox provided by MathWorks™ under MATLAB™
platform using the MATLAB®R2015a version. Results obtained include
the scatter plots, classical least-square linear regressions, R-squared and
p values, as well as Pearson's goodness-of-fit. Interval cut-off values
were determined using a loop program developed in MATLAB™. Model
diagnostics, including residual behaviour and homoscedastivity, were
obtained using the same Toolbox. Further details on the statistical tests
chosen are described directly in the result section. For a-Syn quantifi-
cation, data were first tested for normality using the D'Agostino &
Pearson normality test. Comparisons between groups were obtained by
Mann-Whitney U test or Kruskal-Wallis ANOVA and performed using
Prism 6.0 (GraphPad Software, LaJolla, CA). For proteomic analyses,
the ‘Intensity values’ contained in the output ‘proteingroup.txt’ file of
MaxQuant were used to quantify each identified protein in each in-
dividual sample. The values were normalized by the median of each
column (all intensity values of proteins for one sample). The missing
values were imputed with a noise value corresponding to the 1-
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A Blood cell quantification
Erythrocytes 10%ml 35 4.75 0.61 56 4.56 0.47 0.049
Platelets 10%/ml 35 235 44 56 217 50 0.083
Leukocytes 10%/ml 35 6.91 1.62 56 6.53 1.97 0.347
Monocytes 10%/ml 35 0.56 0.14 56 0.53 0.18 0.308
Granulocytes 10%/ml 35 4.34 1.38 56 4.32 1.62 0.979
B Cell-derived EV quantification
CD235a+PS- 10% 36 182 465 59 320 363  0.04 - :
Erythrocytes  CD2352+PS+ 10%l 3 022 007 59 029 005 070 Diagnostic value
CD235a+ total 10% 36 184 470 59 323 367  0.04 c
EV CD235a+/erythrocyte 34 00039 0011 57 00069 0008 0.03
CD41+PS- 0% 37 7.88 168 59 103 133 027 D 20x103 p=0.0319 *
. CD41+PS+ 0% 37 152 320 59 17.9 253 0.5 < .
CD41+ total 10% 37 231 462 59 282 366 0.38 4}
EV CD41+/platelet 35 0106 0021 57 0.425 0016 0.49 S 5103 :
Endothelial _ CD317CD41-PS- 109 37 158 804 59 117 637 0.75 ;; :
e CD31+CD41-PS+ 0% 37 091 013 59 092 010 0.96 P .
CD31+CD41- total 109 37 167 8.03 59 126 636 0.75 w 5 o®
Leukocytes _ CD45+ total 0%l 37 104 221 59 138 175 0.6 S 1007 .
CD45-CD14+PS- 109 37 170 030 59 162 024 085 w s o2 .
CD45-CD14+PS+ 0% 37 120 400 59 58 317 050 po , %_.u.‘_
CD45+CD14+PS- 10% 37 046 004 59 014 003 074 O 5x107 1 .
Monocytes  op4s+cD14+PS+ 10 37 060 079 59 147 063 059 S —== s
CD14+ total 10% 37 366 488 59 906 387 0.0 ) e
EV CD14+/monocyte 35 708 199 57 916 156  0.41 (@) e
CD45-CD15+PS- 1094 37 123 7.96 59 167 630 0.92 CTRL PD
CD45-CD15+PS+ 103 37 221 077 59 139 061 047
Granulocytes  CD45+CD15+PS- 10% 37 055 036 59 145 029 0.20
CD45+CD15+PS+ 0% 37 101 030 59 125 024 056
CD15+ total 10% 37 160 883 59 206 699  0.91

Fig. 1. A. Blood cell quantification. Full blood counts performed in PD patients (n = 57) revealed no significant differences in the total number of any cell type
between patients and their respective healthy sex- and age-matched CTRL (n = 37), except for erythrocytes. Statistical analyses were performed using unpaired t-tests
when data followed normal distributions according to the Shapiro-Wilk test or Mann-Witney in cases of non-normality. B. Cell-derived EV quantification. The
quantification of EV in platelet-free plasma of PD patients and controls was performed by high-sensitivity flow cytometry. Phosphatidylserine was evaluated with
Annexin V binding. The complete blood count was obtained at the time of blood sampling for 35/37 Controls and 57/59 PD and was used to calculate the EV per cell
ratio. Statistical analyses were performed using a Two-Way ANOVA. * For erythrocyte-derived EV quantification, 1 outlier (determined using Grubbs' method with
alpha = .0001) was removed. C. Diagnostic Value. Distribution plots of CD235a + EV/total number of erythrocytes between PD and healthy sex- and age-matched
CTRL (PD, n = 42; CTRL, n = 24). Abbreviation: CD235a-45-41-31-15-14, cluster of differentiation; CTRL, Control; EV, extracellular vesicle; EEV, erythrocyte-
derived extracellular vesicle; PD, Parkinson's disease; PS, phosphatidylserine; UPDRS, Unified Parkinson's Disease Rating Scale.

percentile of each sample column. For each comparison between two
groups (Control, mild PD or moderate PD), proteins with too many
imputed values where considered not quantifiable (a minimum of three
not-imputed values in one of the 2 groups are required). A protein ratio
was calculated between the two groups using the average of intensity
values in each group. Finally, a statistical Welch's test was performed
between the two groups. The protein ratios were transformed into
log2(ratio) then centered by calculation of a z-score (z-score = (x - W)/
0). A protein was considered as variant if it fulfilled the following cri-
teria: minimum of 2 peptides quantified, Welch's test p value < .05 and
absolute value of z-score > 1.96 (corresponding to values outside of the
95% confidence interval). The Gene Ontology enrichment analysis on
the identified proteins was performed on the Cytoscape platform (v.
3.4.0) using the BinGO software version 3.0.3 against all human genes
with GO annotation (Uniprot-GOA generated 2015-06-22) (Maere
et al., 2005). Enrichment was calculated by a hypergeometric test and
Bonferroni Family-Wise Error Rate (FWER) was used to correct for
multiple testing. The data for the resulting 8 proteins was standardized,
hierarchically clustered and visualized as a heatmap by using the sta-
tistical framework R (R Core Team, 2014). The robustness of the nodes
was evaluated by computing Approximately Unbiased (AU) p values
using the R package pvclust (10,000 bootstraps, average method and
correlation-based dissimilarity matrix) (Suzuki and Shimodaira, 2006).

3. Results
3.1. Optimizing EV detection and reproducibility

While we performed EV analyses in plasma, we ensured that re-
producibility of EV identification and labeling was robust. For this, we
undertook a series of control experiments to properly set the EV gate
and fluorescent silica beads of 100nm (Red), 500 nm (Blue) and
1000 nm (Yellow) were acquired on a flow cytometer Canto II modified
with a FSC-PMT small particle option (Fig. S2A-C). The acquisition was
performed at low speed at an approximated rate of 10 pl/ml. The es-
tablished EV gate was used for all experiments. Serial dilutions of EEV
(1, 2, 4 and 10) were also undertaken to confirm the linearity of the
quantification. FSC-PMT/SSC gates of PFP stained with annexin V
fluorescent conjugate (a ligand of phosphatidylserine) and respective
fluorochrome-conjugated antibodies directed against erythrocyte
(CD235a+), endothelial (CD31 + /CD41-), platelet (CD41+) and leu-
kocyte (CD14+ /CD45+, monocytes; CD15+ /CD45+, granulocytes)
derived EV were carefully established.

We further completed numerous controls to ensure specific EV la-
beling. We first determined that treatment with the ion chelator EDTA
inhibited the binding of annexin V to phosphatidylserine. We observed
minimal background using antibodies in the absence of PFP.
Subsequently, EV sensitivity to 0.5% triton was assessed. Under these
conditions, the membrane of the EV is dissolved while protein ag-
gregates are left intact (Gyorgy et al., 2011a). Results show that vast
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majority of EV positive for their respective fluorochrome-conjugated
antibodies were eliminated by detergent (Fig. S3A-C). Finally, we
conducted a test-retest assay where two PFP samples per subject were
collected approximately 2 h apart in 25 healthy individuals. All samples
were tested in duplicate and minimal inter-sample variability was ob-
served (16% * 7%) (Fig. S4).

In addition to full blood count, and as a precautionary measure,
hematocrit, mean corpuscular hemoglobin and mean corpuscular vo-
lumes were evaluated and showed similar values between groups (Fig.
S5A). C-reactive protein quantifications were also obtained for all
participants and revealed no differences between groups (Fig. S5B). We
did, however, observe a significant increase in EEV concentration in the
PFP of individuals with diabetes and those suffering, or having suffered,
from cancer (data not shown) and thus these participants were excluded
from our analyses. PFP samples with elevated free hemoglobin (using
hemolysis chart), potentially due to hemolysis during blood sampling,
were also excluded from further EEV-related analyses, which account
for the small discrepancies between the total number of participants
initially recruited and those reported in each analysis.

3.2. Increase in erythrocyte-derived EV in PD patients is not a diagnostic
tool

Once all the controls were established and verified, we collected and
carefully analyzed blood samples from patients with PD (n = 60) along
with age/sex-matched healthy Controls (n = 37) (Table 1). Full blood
counts were performed on each sample but did not reveal any differ-
ences in the number of platelets, leukocytes, monocytes, granulocytes
except for erythrocytes, where a small significant difference (p = .049)
was seen between PD patients and Controls (Fig. 1A). We then labeled
each cell type as well as each EV population present in plasma to
generate accurate counts of EV by FACS. A series of specific labelings
highlighted a notable increase in the mean number of EEV in PD pa-
tients with respect to their age- and sex-matched healthy Controls
(p = .04; Fig. 1B-C). None of the EV derived from the other blood cell
populations showed differences between PD and Controls.

Based on this observation, we evaluated the diagnostic value of EV
for PD by taking a closer look at the data distribution. However, this
uncovered that only 5 patients were responsible for this significant
difference (Fig. 1C, red inset). Further investigation, using a diagnostic
accuracy test, revealed that the relevant proportion of the area under
the Receiver Operating Characteristic (ROC) curve was .508 (data not
shown), implying that the number of EEV could not be used as a dis-
criminant between PD patients and healthy Controls. This was also
confirmed by performing a Bayesian analysis of the data demonstrating
that the proposed predictor of the onset of PD would be correct in < 1%
of the cases (data not shown). We obtained a similar result when we
separated the patients into mild and moderate states according to their
UPDRS scores or by cohort (data not shown).

3.3. EV counts and clinical features

Despite the absence of a diagnostic difference in EEV counts, we
explored whether there could be a relationship between the number of
EEV and clinical measures such as H&Y stage, BDI, MMSE and ACE, but
we found no significant correlations (data shown for H&Y, Fig. 2A).
However, preliminary analyses revealed a correlation of R? = .37 with
a p value of .0056 when plotting EEV counts/erythrocytes according to
the UPDRS clinical rating scales (Fig. 2B). In depth statistical analyses
further revealed intriguing, but striking correlations between the
number of vesicles derived from the erythrocytes of PD patients and
their total UPDRS (Fig. 2C). Statistical linear regression analysis was
performed for each group and the R? values obtained demonstrated that
in both cases, at least 87% of the variation in the total number of EEV/
erythrocytes was due to the variation of the UPDRS (Fig. 2C). Moreover,
the results were significant with respect to the p values obtained for
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each fit as they fell below the 5% confidence level. This could not be
accounted for by medication, as there was no correlation with the pa-
tients LEDD (Fig. 2D-E). Importantly, these results were then corrobo-
rated in an independent cohort of 42 PD patients where the correlations
yielded an R*> = .05 and a p value of .15 when plotting EEV counts/
erythrocytes against scores obtained with the UPDRS clinical rating
scale (Fig. S6A). These results further validate, in a second cohort, that
EEV counts allow to segregate groups of patients by severity of disease
using the UPDRS scores (Mild: R? = .7881; p = .0444; Moderate:
R? = .5142; p < .0001; Severe: R? = .4929; p = .0236, Fig. S6B-D).
Moreover, these observations confirm that EEV levels do not correlate
with medication (Fig. S6E-F).

In contrast to PD, correlation analyses failed to reveal an association
between the number of EEV and HD stage using the UHDRS score (Fig.
S7) (Denis et al., 2018).

3.4. Proteomic signature of EEV in PD

Given that these correlations are based on a small number of pa-
tients (cohort 1; n = 19 and cohort 2; n = 42), we sought to corroborate
these results by examining the specific protein signature of EEV from
mild and moderate PD patients (with respect to their UPDRS scores)
and age-matched Controls. Given the significant amounts of he-
moglobin within erythrocytes that could mask the true nature of the
protein signature in EEV, we performed a label free quantitative pro-
teomic analysis by nanoLC/MSMS (Wither et al., 2016) using two dis-
tinct approaches: with and without hemoglobin (Fig. 3A-B). By re-
moving hemoglobin, we identified a total of 818 proteins in comparison
with 356 when we did not undertake this methodological step (refer to
Table S4 for complete list of proteins) — a modification which is clearly
needed to give a much more accurate evaluation of the protein content
of EEV. Additionally, a Gene Ontology enrichment analysis on the
‘Cellular Component’ ontology on the two sets of identified proteins in
comparison with the whole human proteome, revealed that our samples
are enriched with elements associated with ‘vesicles’ and ‘hemoglobin
complex’ (Fig. S8).

Out of the 818 proteins identified in the proteome of EEV, 8 had
expressions that were significantly different in patients with various
stages of PD (Fig. 4A). Hierarchical clustering, coupled to a heatmap,
allowed us to group individuals according to stages of disease (Control,
mild PD and moderate PD) and provided compelling evidence that the 8
proteins identified could also be grouped into three categories. Proteins
of group I were highly and predominantly expressed in Controls, pro-
teins of group II were highly and predominantly expressed in mild PD
patients and proteins belonging to group III were highly and pre-
dominantly expressed in moderate PD patients (Fig. 4B). This data set
was further confirmed by volcano plots (Fig. 5).

Finally, we assessed whether a-Syn — which is not only a prominent
component of Lewy bodies, one of the main pathological hallmark of
PD, but is highly expressed in most blood cells — was differentially
expressed in normal vs. diseased conditions. For this, we opted to use
scanning electron microscopy, but this did not reveal any morpholo-
gical changes between resting and activated erythrocytes in either
condition (Fig. 6A). We further used transmission electron microscopy
to quantify the number of EEV containing a-Syn and phosphorylated
(serine 129) forms of the protein, but again there were no significant
differences between PD patients and age- and sex-matched healthy
Controls (Fig. 6B-C). Quantified a-Syn levels in EEV from PD patients
and Controls using commercial ELISA Kkits corroborated these results
(Fig. 6D).

4. Discussion
The primary goal of our study was to provide an accurate descrip-

tion of EV in PD patients. In order to do this, we took into account all
relevant technical parameters and refined a number of approaches that
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Fig. 2. Relationship between EEV and clinical measures of PD. A. Absence of correlations between EEV/Erythrocyte counts and H&Y stage. B. Correlations between
EEV/Erythrocyte counts with total UPDRS scores. C. Robust correlations between the number of EEV/total number of erythrocytes and UPDRS scores (PD, n = 19,
from the UK cohort exclusively since the Quebec cohort did not have recent UPDRS scores available). D. EV/erythrocytes ratios, UPDRS scores and LEDD values for
all PD patients used in the correlation analyses. E. Absence of correlation between the number of EEV and LEDD. Correlations reported were determined using
Pearson's coefficient. Abbreviation: CD235a, glycophorin A; CTRL, Control; EEV, erythrocyte-derived extracellular vesicle; H&Y, Hoehn and Yahr; LEDD, Levodopa
equivalent daily dose; PD, Parkinson's disease; UPDRS, Unified Parkinson's Disease Rating Scale.

may have been contentious in previous publications. These technical
improvements included: 1) better methods to clearly identify EV when
using FACS; 2) specific labeling to determine, with precision, the cell
origin of the EV; 3) the demonstration of minimal test-retest variability
intra-patient; 4) the deletion of hemoglobin from the samples for pro-
teomic analyses which, as suspected, revealed numerous proteins which
currently remain unidentified and finally, 5) the development of a user-
friendly test which has the potential to be easily performed by western
blots or other convenient quantitative proteomic approaches in any
laboratory contexts using small quantities of blood. Once we had es-
tablished the protocols for EV characterization, the second objective of
this study was to explore the potential biomarker value of EV in PD. We
found that EEV counts did map to disease stage, a finding that was
corroborated by a unique protein signature in control subjects, mild and
moderate PD patients. Our observations were then confirmed in a
second independent cohort of PD patients, showing that our findings
are robust and thus could have widespread applicability for helping
stage PD patients in the future.

Blood counts were systemically performed in all patients, EV iden-
tification was replicated using the most accepted and standardized
methods of repetition, stringent controls (microbeads, antibodies ne-
gative control, EDTA and Triton) (Rousseau et al., 2015) and complex
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combinations of antibodies which allowed for the specific labeling of
vesicles. Standard techniques used to analyze EV (e.g. ultracentrifuga-
tion followed by immunoblotting) requires several days and a con-
siderable amount of cells to isolate EV. However, quantification by flow
cytometry takes only 1 day and requires a relatively small quantity of
plasma (Konoshenko et al., 2018). We further demonstrated minimal
test-retest variability. Sequential analyses of EV during the same day
from the same individual/sample (intra-assay variation) has been re-
ported to vary between 1 and 12% (Vestad et al., 2017). For example,
circadian rhythm has been reported to influence the activation of pla-
telets (Scheer et al., 2011) and therefore could influence the number of
EV derived from these cells. In recent studies, counts of microvesicles
derived from platelets across different flow cytometry platforms
showed an inter-laboratory variability ranging between 28% and 37%
(Vogel et al., 2016). In our hands, variability measures ranged between
1 and 30%, with an average at 16% = 7%, indicative of strong re-
producibility.

While proteomic studies of EEV have been previously reported, their
description was limited to 270 proteins (Bosman et al., 2008, 2012). We
herein report on an improved method to perform this type of analyses
in blood samples by removing hemoglobin; a large protein that can
easily mask others within a protein signature. Indeed, the high dynamic
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range of protein concentrations in erythrocytes and their EEV, due to
the abundance of hemoglobin, decreases the capacity of the mass
spectrometer to detect signals corresponding to low abundance pro-
teins. Analyzing hemoglobin separately from proteins of other mole-
cular weights, allowed us to go deeper into the EEV proteome, identi-
fying 129% more proteins than in the initial analysis. It is important to
reiterate that our proteomic analyses were performed using very
stringent parameters, which included a minimum of 2 peptides per
protein and p values of < .05 with an absolute z score of 1.96, corre-
sponding to values outside of the 95% confidence range. Finally, our
volcano plots and heatmap analyses revealed high specificity of the
identified proteins for each group with nodes ranging between 80 and
90%. With this, reproducibility of our proteomics data is high despite
the smaller sample size (analyses performed on 3 pools of 3 samples per
group and subsequently on 4 individual samples per group). Reports of
the role of these proteins in PD are rare. However of interest, QDPR has
been reported to be essential to the bisosynthesis of norepinephrin and
serotonin (Kaufman et al., 1975). ABHD14B have been shown to be
dysregulated in mice following a levo-dopa treatment (Charbonnier-
Beaupel et al.,, 2015) and mRNA for CNRIP1 are diminished in the
striatum of a rat model of PD (Zeng et al., 1999). Finally, genetic var-
iants of USP24 are associated to PD risk factors (Li et al., 2006) while
another study of blood genetic profile revealed that ATP5A1 is down-
regulated in idiopathic PD patients (Shamir et al., 2017).

A recent report has also described that exosomes expressing a-Syn,
which account for a subpopulation of EV, correlate with the UPDRS motor
scores of PD patients (Shi et al., 2014). However, in this study, the authors
examined exosomes from plasma and did not distinguish from which cell
type they originated. We analyzed EV from all blood cells with significant
results for a specific cell type: EV derived from erythrocytes. The bio-
marker that they suggested further relied on the presence of a-Syn,
whereas our biomarker relies on the number of EV derived from ery-
throcytes and protein signature. In fact, we have identified a whole new
set of proteins that seem to correlate with disease stages. Despite these
differences, our data does support the main findings reported by Shi and
colleagues (Shi et al., 2014) as well as corroborating those of others
(Tomlinson et al., 2015) demonstrating that the concentration of a-Syn is
not different in healthy subjects and PD patients.

Although staging of PD is often done using the H&Y clinical scale,
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Fig. 3. A-B. Proteomic analyses with and without he-
moglobin. To ensure the specificity of the protein signature
detected in EEV, we performed proteomic analyses using two
distinct methodologies. A. The first set of analyses by nanoLC-
MS/MS and Label Free Quantification was performed on the
complete proteome of the EEV, yielding 356 proteins. B. The
second set of analyses was also performed on the entire EEV
proteome but this time, isolating hemoglobin and quantifying
the proteins present in both fractions. This approach un-
covered 708 proteins in the EEV proteome with an additional
110 proteins in the hemoglobin fraction for a total of 818
proteins, indicating that removing hemoglobin provides a
much more accurate evaluation of the protein content of EEV.

Total of 708 proteins identified

“| Total of 110 proteins identified

we sought to use the UPDRS given its more comprehensive coverage of
disease features — an approach that has recently been validated
(Martinez-Martin et al., 2015). Using these scores in our initial study,
we found that mild PD patients — with a UPDRS score lower than 37 —
have an increased number of EV (correlations = .886); and that the
exact same pattern then repeats itself with patients who had UPDRS
scores between 37 and 75 (correlations = .873) with a marked resetting
of the number of EV between these two stages. In this study, which was
undertaken using patients in research clinics, patients with advanced
disease (> 75 UPDRS) were not recruited in large numbers because
they have difficulty making it to the clinics. In order to further validate
this finding, we undertook a second study in another 42 patients with
PD, which also included patients with more advanced disease. In this
additional independent cohort, we demonstrated that we obtain similar
results as in the first cohort. Namely, mild patients fell between the
UPDRS scores of 0-39, moderate patients between 29 and 57 and severe
patients (which we did not analyze in the first cohort), between 57 and
74 and that their EV changes paralleled that which we saw in our initial
study. The overlapping zone between stages is likely due to a number of
factors including the fact that 1) this new cohort was scored by a dif-
ferent clinician than our first cohort. Indeed, despite the fact that
neurologists are trained to score patients in a similar fashion, the
UPDRS remains a subjective measure that can vary between clinicians,
even when they are been validated as a rater using the MDS training
videos. 2) The FACS sorting apparatus we use to quantify EEV does
generate a small percentage of variability (around 8%) between runs
(data not shown). 3) We opted to test patients ON medication. It is
therefore possible that the patient tested in the morning, who has just
recently taken his/her medicine, scores slightly differently on the
UPDRS than the patient who has taken his/her medications in the
morning but is assessed late afternoon.

The bi-modal distribution revealed by the correlation analysis is
intriguing but it would be very difficult to establish a definite cut-off
between groups. The UPDRS is based on a questionnaire of > 70 dif-
ferent questions which are all based on a subjective assessment of the
patient. A patient falling at the border of mild and moderate stage PD
may be very difficult to categorize. We have already ruled out medi-
cation (in particular LEED) and a number of co-morbidities (depression,
cancer, diabetes, hypertension, hypercholesterolemia, asthma,
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Fig. 4. A-B. Specific protein signature of EEV in PD patients. A. NanoLC-MS/MS Label-free analysis of EEV in PD patients and healthy age-matched CTRL revealed a
total of 818 proteins, of which 8 had an expression that was significantly different as a function of PD stage. The proteins/genes have been further separated into 3
groups in relation to their variations in comparison to CTRL (Group I), mild PD (Group II) or moderate PD (Group III). B. Heatmap establishing correlations between
disease stages and the abundance of the variable proteins. Cold and hot colours represent low and high correlation levels, respectively. Changes in protein levels were
determined by Welch's test p value < 0.05 and *p < .05, **p < .01. Abbreviations: ABHD14B, alpha/beta hydrolase domain-containing protein 14B; AIDA, axin
interactor dorsalization-associated protein; AKR1A1, alcohol dehydrogenase NADP +; ATP5A1, ATP synthase subunit alpha mitochondrial; CNRIP1, cannabinoid
receptor-interacting protein 1; CTRL: Control; NADSYN1, glutamine-dependent NAD(+) synthetase; USP24, ubiquitin carboxyl-terminal hydrolase 24; PD,
Parkinson's disease; QDPR, Quinoid Dihydropteridine Reductase.

allergies) as contributing to this. It is important to note that, while the classical Pearson's chi-squared test. Further investigation with a larger
R? values are significant, the samples used for each group (cohort 1; cohort should therefore achieve more confident results, which we are
n =19 and cohort 2; n = 42) are undersized with respect to the doing now.
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Fig. 5. Confirmation of EEV proteins selectively modified in PD patients by Volcano plots. The protein ratios (log2(ratio)) of the three comparison (mild PD/CTRL,
moderate PD/CTRL and moderate PD/mild PD) were plotted over the corresponding Welch's test p value (—logl0(p-value)). The graphs display a V shape, as
expected, and only the proteins falling outside the limits of a p value < .05 and absolute value of z-score > 1.96 (identified by black lines) were considered as
variant proteins (red dots). Two variant proteins were excluded given that they were quantified using only one peptide. Abbreviations: ABHD14B, alpha/beta
hydrolase domain-containing protein 14B; AIDA, axin interactor dorsalization-associated protein; AKR1A1, alcohol dehydrogenase NADP +; ATP5A1, ATP synthase
subunit alpha mitochondrial; CNRIP1, cannabinoid receptor-interacting protein 1; CTRL: Control; NADSYN1, glutamine-dependent NAD(+) synthetase; USP24,
ubiquitin carboxyl-terminal hydrolase 24; QDPR, Quinoid Dihydropteridine Reductase.

5. Conclusion

Our study shed light on a potential biomarker indicative of disease
stage, which is derived from 2 measures: the number of EEV/ery-
throcytes and the expression of 8 different proteins. The biological
reasons as to why we find these correlations is still unresolved as is the
identified protein
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Nevertheless, our findings are robust, reproducible and unveil a new
biomarker with considerable potential for the stratification of patients,
for instance. While the EEV counts used a particular type of flow cyt-
ometer that is not necessarily accessible to all laboratories, the identi-
fication of specific proteins that match clinical stages of PD implies that
these could be more easily tested/detected in samples using simple and
less expensive techniques yet to develop. Indeed, once the proteins have

Fig. 6. Detection of normal and phos-
phorylated a-Syn in EEV. A. Representative
scanning electron photomicrographs of
resting and activated erythrocytes in both
PD patients and healthy sex- and age-mat-
ched CTRL. Scale bar: 2um. B.
Representative transmission electron mi-
croscopy images of immunogold labeling
for a-Syn and a-Syn pS129 in activated er-
ythrocytes and EEV (some examples deli-
neated by dotted lines). Arrowheads point
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or a-Syn pS129. Scale bar: 100nm. C.
Quantification of a-Syn in EEV as detected
by transmission electron microscopy and

expressed as the percentage of EEVs posi-

a-Syn concentrations

CTRL

Phosphorylated Ser129
Activated erythrocytes Activated erythrocytes

Mild PD

b o= = Moderate PD  tive for o-Syn/total number of EEV in
healthy sex- and age-matched CTRL and PD
patients (n = 100 erythrocytes sampled in
n=3 CITRL and n=3 PD). D.
Quantification of a-Syn in EEV by ELISA
am i_ assays in healthy sex- and age-matched
CTRL, mild and moderate stage patients

Erythrocytes EV

(n = 4 erythrocytes per group; n = 13 EEV
per group) showed no measurable changes
in a-Syn levels between PD and healthy sex-
and age-matched CTRL. Statistical analyses
were performed using a Mann-Whitney U
test (C) or a Kruskal-Wallis test (D).
Abbreviations: a-Syn, a-synuclein; o-Syn
pS129, a-synuclein phosphorylated Serine
129; CTRL, Control; EEV, erythrocyte-de-
rived extracellular vesicle; PD, Parkinson's
disease.
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been identified, it is easy to buy commercially available antibodies
against these proteins and to include them in quantitative assays. If
replicated in other studies, we would then have a biomarker that could
be easily tested in any laboratories or clinical context. The ability to
develop a biomarker that not only works as a diagnostic tool but a
predictor of disease stages/course would represent a major break-
through in the field, further opening up to new therapeutic opportu-
nities.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.nbd.2018.11.002.
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