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ABSTRACT: Background: Parkinson’s disease
is characterized by intraneuronal α-synuclein aggrega-
tion. Currently there is no α-synuclein-based blood
test in clinical practice.
Objectives: Our aim was to assess by means of fur-
ther testing and analysis whether α-synuclein mea-
surements in serum L1CAM-immunocaptured
exosomes can differentiate Parkinson’s disease from
related movement disorders.
Methods: We used poly(carboxybetaine-methacrylate)-
coated magnetic beads to isolate L1CAM-positive
exosomes and triplexed electrochemiluminescence to
measure exosomal α-synuclein, clusterin, and syntenin-1
from 267 serum samples. Combined analysis of our cur-
rent and previously published data from the Oxford, Kiel,
Brescia, and PROSPECT cohorts consisting of individuals
(total n = 735) with Parkinson’s disease (n = 290), multiple

system atrophy (MSA, n = 50), progressive supranuclear
palsy (n = 116), corticobasal syndrome (n = 88), and
healthy controls (n = 191) was done using 2-stage (training
vs validation) receiver operating characteristic analysis.
Results: We established that α-synuclein level in
L1CAM-immunocaptured exosomes above 14 pg/mL is
a robust biomarker across cohorts that distinguishes
Parkinson’s disease from MSA (AUC, 0.90 vs 0.98) or
4-repeat tauopathies (AUC, 0.93 vs 0.94). We confirmed
that exosomal clusterin is elevated in subjects with
4-repeat tauopathy, and when combined with α-syn-
uclein, it improved the performance of the assay in dif-
ferentiating Parkinson’s disease from 4-repeat
tauopathies to AUC, 0.98 versus 0.99. Correction for
the generic exosomal protein syntenin-1 did not consis-
tently improve the performance of the assay.
Conclusions: α-Synuclein and clusterin in L1CAM-
immunocaptured serum exosomes is a validated
blood test for the molecular stratification of neuronal
α-synucleinopathy (ie, Lewy body pathology) versus
phenotypically related neurodegenerative movement
disorders. © 2021 The Authors. Movement Disorders
published by Wiley Periodicals LLC on behalf of Inter-
national Parkinson and Movement Disorder Society
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Parkinson’s disease (PD) is the commonest movement
disorder characterized by intraneuronal α-synuclein
aggregation into Lewy bodies or neurites. In contrast,
predominantly oligodendroglial α-synuclein accumulation
is the primary neuropathological feature of multiple sys-
tem atrophy (MSA), a life-limiting condition character-
ized by extrapyramidal, cerebellar, and autonomic
symptoms.1,2 Although the diagnostic accuracy for idio-
pathic PD is high in a specialist movement disorders
clinic,3 this is not always the case in the early stages of
the disease, when atypical parkinsonism, principally
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MSA and sometimes progressive supranuclear gaze palsy
(PSP) or corticobasal syndrome (CBS) can mimic idio-
pathic PD.4 Previous clinicopathological studies showed
that approximately 30% of patients with pathologically
proven MSA seen in movement disorders clinics and up
to 50% of cases diagnosed in a general neurology clinic
carry the incorrect diagnosis at death.5-7

We have recently reported that the content of
α-synuclein in L1CAM-immunocaptured serum exosomes
is elevated from the prodromal phase of PD and could be
used in the differential diagnosis of neuronal α-synuclein
pathology seen in PD from other proteionopathies.8 Here
we aimed to validate our earlier findings using additional
samples from the Kiel PD cohort9 (n = 60) and the PROS-
PECT cohort10 (n = 207), which is a UK-wide prospective
cohort of patients with atypical parkinsonian syndromes
and controls, followed by combined analysis with our
previous data,8 comprising a total of 4 cohorts consisting
of patients with PD (n = 290), MSA (n = 50), PSP
(n = 116), and CBS (n = 88) and healthy controls
(n = 191). To the best of our knowledge, this constitutes
the largest study of exosomal α-synuclein in PD and
related disorders that tested and confirmed specific cutoff
measurements for the molecular stratification of parkinso-
nian syndromes.

Methods
Patient Populations

A total of 735 subjects were included in this study
(Table 1). Serum samples and clinical data were col-
lected from patients with PD (n = 290), MSA (n = 50),
PSP (n = 116), and CBS (n = 88) and healthy controls
(HC, n = 191). Patients and controls were recruited
from 4 centers: the Oxford Parkinson’s Disease Discov-
ery cohort,11 the Kiel-PD cohort,9 the Brescia cohort,12

and the UK-wide PROSPECT cohort, which consists of
7 UK study sites (University College London, Oxford,
Cambridge, Newcastle, Brighton, Newport, and Man-
chester).10 Diagnostic criteria were uniformly applied
across cohorts for PD,13 MSA,14 probable PSP,15 and
CBS.16 Healthy controls were recruited from patients’
partners without a history of neurological or psychiat-
ric disease or family history of PD.

Ethical Approval
Written informed consent was obtained from all partic-

ipants. These patient studies were approved by the
corresponding local hospital ethics committee: the
Oxford Discovery cohort by the South Central Oxford A
Research Ethics Committee (IRAS 188167), the PROS-
PECT cohort by the London-Queen Square Research
Ethics Committee (IRAS 149695), the Kiel-PD cohort by
the Ethics Committee of Kiel University (AZ:D:477/11),

and the Brescia cohort by the Spedali Civili Hospital
Ethics Committee (NP1471 and NP2189).

Exosome Immunocapture
Our isolation protocol and its validation followed

MISEV2018 recommendations as described in Jiang
et al.8 Briefly, blood samples from the 4 centers were
collected during patient assessment, the serum was iso-
lated by centrifugation at 2000g for 10 minutes,
aliquoted, and frozen at −80�C until further use. All
samples were sent on dry ice, blindly coded, and
processed in Oxford. All samples went only 1 freeze–
thaw cycle. For exosome isolation, a sequential spin
(300g for 10 minutes, 2000g for 20 minutes, and
10 000g for 30 minutes) was used to remove cellular
debris, protein aggregates, and fatty material in the
serum. The 0.25 mL of supernatant, that is, precleared
serum, was transferred to protein low-binding tubes
(Eppendorf) for immunocapture using anti-L1CAM
antibodies (ab80832, Abcam) preconjugated to
poly(carboxybetaine methacrylate)-coated beads that
reduce nonspecific adsorption.17 The immunobeads
were incubated at 4�C overnight on a rotating mixer,
and bead-exosome complexes were collected by a mag-
netic rack and washed successively with 0.05% Tween-
20 in phosphate-buffered saline and phosphate-buffered
saline (PBS). Isolated exosomes were lysed in 50 μL of
1% triton X-100 in PBS containing 4% protease inhibi-
tors for 15 minutes at room temperature, and the lysate
was collected for exosomal protein quantification after
magnetic separation of the beads. Exosomes were
extracted in batches with disease and control samples dis-
tributed into each batch followed by sample blinding.

Detection of Exosomal Proteins
Electrochemiluminescence (ECL) was performed in

96-well Meso Scale Discovery (MSD) U-Plex plates that
enable multiplexing of markers in the same exosome
preparation. All steps were performed at room temper-
ature. Three unique linkers for the selected markers
(syntenin-1, clusterin, and α-synuclein) were used
according to the manufacturer’s protocol. After
3 washes, detection antibodies with Sulfo-TAG labeling
were incubated for 1 hour. Following washes and the
addition of MSD Read buffer, the plates were read
using the MSD-ECL platform (QuickPlex SQ 120),
and data were analyzed with the MSD Discovery
Workbench 3.0 Data Analysis Toolbox. Antibody
pairs for clusterin and α-synuclein were provided by
MSD and preconjugated with biotin and ruthenium
tag. Additive-free anti-syntenin-1 goat polyclonal anti-
body (PAB7132, Abnova) and anti-syntenin-1 rabbit
monoclonal antibody (ab236071, Abcam) were conju-
gated with biotin and ruthenium and used as capture
and detection antibodies, respectively. For combined
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exosomal α-synuclein, clusterin, and syntenin-1, we
used a triplex MSD that we previously demonstrated
to specifically detect these markers in immunocaptured
exosomes.8

Statistical Analysis
For multiple comparisons we performed nonpara-

metric statistical testing, as the data were not normally
distributed (Kruskal–Wallis 1-way analysis of variance
with the Dunn test for post hoc comparison between
individual pairings) using Prism 8 Graphpad (San
Diego, CA). Relationships between exosome markers
and disease duration, MoCA score, and UPDRS motor
score were analyzed with bivariate correlation using
Pearson’s correlation coefficients. To assess the perfor-
mance of the biomarker across cohorts, we used a
2-stage model with 2 cohorts used as training and
2 separate cohorts for validation. Data from these
groups were analyzed using receiver operating charac-
teristics. The “optimum” cutoff point was determined
by Youden’s index, that is, the value associated with
the maximal value of sensitivity + specificity −
1. Values with P < 0.05 were regarded as significant.
Logistic regression analysis was used to determine the
best combination of different protein markers (clusterin
and α-synuclein) for discriminating between diagnostic
groups or sets of subgroups. The robust regression and
outlier removal method was applied to test for
outliers.

Data Availability
Anonymized individual participant data and the

study protocol will be shared with qualified parties on
request to the corresponding author.

Results

We previously developed and extensively validated an
assay for the immunocapture of L1CAM-positive
exosomes from serum using polymer-coated antifouling
magnetic beads that reduce non-specific binding of free
α-synuclein and other abundant serum proteins.8,17 Using
this method we blindly isolated L1CAM-positive
exosomes from 250 μL of serum from patients with PD
(n = 60), MSA (n = 36), PSP (n = 81), and CBS (n = 43)
and from HC (n = 47). We then used a triplex MSD
detection platform that we previously established8 to mea-
sure the content of α-synuclein, clusterin, and syntenin-1
in the isolated L1CAM-positive exosomes. First, we con-
firmed (data shown as mean � SD) that α-synuclein con-
tent in L1CAM-positive exosomes is elevated in PD
(22.5 � 4.8 pg exo α-synuclein/mL serum) by ~2-fold
when compared with controls (10.8 � 4.5 pg exo α-syn-
uclein/mL serum), MSA (8.7 � 2.8 pg exo α-synuclein/
mL serum), or other tauopathies (11.3 � 3.4 pg exo

α-synuclein/mL serum), as shown in Figure S1A. Second,
we confirmed our previous observation that exosomal
(exo) clusterin is elevated in PSP (20.0 � 7.2 ng exo
clusterin/mL serum) and CBS (21.2 � 9.6 ng exo
clusterin/mL serum), compared with PD (12.1 � 4.8 ng
exo clusterin/mL serum) or HC (13.0 � 5.2 ng exo
clusterin/mL serum), as shown in Figure S1B. Syntenin-1,
which is a generic exosome cargo protein, was not consis-
tently elevated in any disease (Fig. S1C).
We then combined these measurements with our pre-

viously published data as shown in Table 1 and per-
formed further analysis to assess the consistency and
reproducibility of the assay across cohorts. We included
PD patients without cognitive deficit based on a previ-
ously defined MoCA test > 21.18 We applied a 2-stage
design model with training and validation groups from
different cohorts to robustly identify the best combina-
tion of markers that stratify parkinsonian syndromes.
We found that measuring the amount of α-synuclein in
L1CAM-immunocaptured exosomes per milliliter of
serum is the most consistent biomarker in differentiat-
ing PD from MSA or PSP + CBS across cohorts, as
shown in Figure 1. For PD versus MSA, we used a
training group of n = 251 (ie, 215 PD vs 36 MSA sub-
jects from Kiel + PROSPECT) to identify a cutoff value,
which was then applied to an independent validation
group of n = 89 subjects (ie, 75 PD vs 14 MSA from
Oxford + Brescia). This showed that exosomal
α-synuclein at 14.1 pg/mL serum, exhibited a consistent
performance (training vs validation), with an AUC of
0.98 versus 0.90, sensitivity of 0.87 versus 0.82, and
specificity of 0.97 versus 0.86. A similar comparison
between PD and HC showed an AUC of 0.86 versus
0.84, sensitivity of 0.77 versus 0.82, and specificity of
0.74 versus 0.74. For tauopathies (PSP and CBS), we
used a training group of n = 339 (ie, 215 PD vs
124 PSP + CBS subjects from Kiel + PROSPECT) to
identify a cutoff value, which was then applied to an
independent validation group of n = 155 (ie, 75 PD
vs. 80 PSP + CBS subjects from Oxford + Brescia). We
found that with a cutoff at 14.0 pg/mL, exosomal
α-synuclein also differentiated PD from 4 repeat
tauopathies with an AUC of 0.94 versus 0.93, sensitiv-
ity of 0.87 versus 0.82, and specificity of 0.84 versus
0.85. Because exosomal clusterin is elevated in
tauopathies, the ratio of α-synuclein to clusterin
improved the diagnostic value of the test specifically in
differentiating neuronal synucleinopathy from tauopathy
across cohorts with an AUC of 0.98 versus 0.99, sensi-
tivity of 0.93 versus 1, and specificity of 0.98 versus
0.95 when using a cutoff of (α-Syn/Clu) × 1000 = 1.1.
Based on our collective data in these clinically rather
than neuropathologically diagnosed cohorts, a person
with parkinsonian symptoms and a positive test (defined
as exosomal α-synuclein > 14.1 pg/mL) would be cor-
rectly identified as having PD in 88% of cases (positive
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predictive value), whereas a person with a negative test
would be correctly identified in 82% of cases as having
atypical parkinsonism (negative predictive value).

α-Synuclein in L1CAM-positive exosomes was simi-
larly elevated in male (29.9 � 18.7 pg/mL) and female
(29.0 � 17.5 pg/mL) participants with PD and did not

TABLE 1 Summary of demographics, clinical scores, and biomarker concentrations (mean � SD) from the 4 cohorts used in this study

Sites PD MSA HC PSP CBS

Oxford Number of individuals 48 14 31 — —

Male/female 36/12 10/4 22/9 — —

Age 62�8 � 9.3 68.1 � 10.8 66.3 � 8.8 — —

Duration of disease (years) 5.4 � 3.4 4.9 � 2.6 na — —

UPDRS 32.9 27.7 na — —

MoCA 27.1 27.3 na — —

exo α-Synuclein (pg/mL) 22.4 � 9.5 10.7 � 4.5 12.5 � 5.1 — —

exo Clusterin (ng/mL) 7.9 � 3.6 6.8 � 3.2 11.3 � 2.6 — —

exo Syntenin-1 (ng/mL) 43.3 � 21.6 14.8 � 5.8 33.4 � 15.9 — —

Brescia Number of individuals 27 — — 35 45

Male/female 17/10 — — 18/17 27/18

Age 65.0 � 9.4 — — 68.0 � 7.5 61.1 � 7.2

Duration of disease (years) na — — 2.8 � 1.8 1.9 � 1.3

UPDRS 20.1 — — 24.5 22.3

MoCA 26.8 — — 21.4 22.5

exo α-Synuclein (pg/mL) 25.6 � 19 — — 9.2 � 4.9 9.93 � 3.7

exo Clusterin (ng/mL) 7.6 � 5.8 — — 18.4 � 8.8 16.2 � 6.1

exo Syntenin-1 (ng/mL) 23.0 � 10 — — 44.3 � 23 54.7 � 25

Kiel Number of individuals 215 — 113 — —

Male/female 136/79 — 72/41 — —

Age 67.6 � 4.8 — 59.0 � 4.8 — —

Duration of disease (years) 9.4 � 2.8 — na — —

UPDRS 24.6 — na — —

MoCA 26.5 — na — —

exo α-Synuclein (pg/mL) 30.1 � 17.9 — 12.7 � 6.1 — —

exo Clusterin (ng/mL) 11.3 � 6.3 — 8.1 � 5.2 — —

exo Syntenin-1 (ng/mL) 22.7 � 13.5 — 18.8 � 12.0 — —

PROSPECT Number of individuals — 36 47 81 43

Male/female — 25/11 17/30 54/27 14/29

Age — 66.1 � 9.1 68.0 � 6.8 71.0 � 6.4 68.2 � 7.1

Duration of disease (years) — 5.6 � 2.7 na 4.2 � 2.5 4.7 � 2.7

UPDRS — 37.6 49.9

MoCA — 24.8 27.1 22.7 19.3

exo α-Synuclein (pg/mL) — 8.7 � 2.8 10.8 � 4.5 11.1 � 2.9 11.4 � 3.9

exo Clusterin (ng/mL) — 12.2 � 7.0 13.0 � 5.2 20.0 � 7.2 21.2 � 9.6

exo Syntenin-1 (ng/mL) — 16.9 � 6.0 24.5 � 13.6 39.6 � 15.7 37.7 � 15.2

PD, Parkinson’s disease; MSA, multiple system atrophy; HC, healthy controls; PSP, progressive supranuclear gaze palsy; CBS, corticobasal syndrome; UPDRS, Unified
Parkinson’s Disease Rating Scale; MoCA, Montreal Cognitive Assessment; na, not applicable.
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correlate with UPDRS or MoCA scores (R2 = 0.0059
and 0.0047, respectively; Figure S2), age, or disease
duration (R2 = 0.0061 and 0.0013, respectively;
Figure S2). Clusterin did not correlate with UPDRS or
MoCA scores in tauopathies (R2 = 0.0022 and 0.0245,
respectively; Figure S2). We also assessed whether

correcting for the generic marker syntenin-1 improved
the diagnostic yield. Although the ratio of exosomal
α-synuclein/syntenin-1 slightly improved the differentia-
tion of PD from tauopathies (AUC, 0.96) compared
with α-synuclein, this was not seen consistently in PD
versus MSA or PD versus HC.

FIG. 1. (A) Receiver operating characteristic (ROC) analysis was performed to evaluate the biomarker in distinguishing between PD and HC, between
PD and MSA, and between PD and PSP + CBS using α-Syn, Clu, and α-Syn/Clu. We used a 2-stage design model with discovery (Kiel + PROSPECT)
and validation (Oxford + Brescia) cohorts to assess consistency across patient populations. (B) Summary of assay performance following ROC analysis
across 2 groups training (blue) and validation (light brown) for each biomarker. Only the most significant (AUC > 0.80) are displayed. AUC, area under
curve; Sens, sensitivity; Spec, specificity. [Color figure can be viewed at wileyonlinelibrary.com]
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Discussion

We performed the largest sample analysis to date to
evaluate the role of α-synuclein measurements in
L1CAM-positive exosomes as a blood-based biomarker
in PD. Our validation across 4 cohorts showed that as
a single cross-sectional measurement, a concentration
of exosomal α-synuclein above 14 pg/mL consistently
distinguishes PD from MSA or PSP + CBS with an AUC
of 0.90–0.98. To the best of our knowledge, our assay
offers the most accurate blood-based test to stratify
patients presenting with motor symptoms into those
with a neuronal synucleinopathy (ie, Lewy-like pathol-
ogy) versus patients with a glial synucleinopathy or
tauopathy. Although we have not estimated the accu-
racy of our assay in PD and MSA cases with postmor-
tem diagnosis, exosomal α-synuclein outperforms total
CSF α-synuclein as a biomarker19,20 but is currently
fractionally less sensitive than CSF RT-QuIC (sensitiv-
ity, ~95%).21 α-synuclein analysis in L1CAM-
immunocaptured exosomes involves a less invasive pro-
cedure than CSF-based measurements, and importantly,
it can be multiplexed to further enhance its diagnostic
accuracy. The latter is best exemplified by the improved
separation of neuronal synucleinopathy from tauopathy
to an AUC of 0.98–0.99 with the additional measure-
ment of clusterin. It is noteworthy that correction for
the generic exosomal cargo protein syntenin-1 did not
consistently improve the assay, which may be because
of the heterogeneity in exosome biogenesis among
patients or across disease states. It is currently unclear
how neurodegenerative diseases influence the biogenesis
or composition of subpopulations of exosomes and
other extracellular vesicles.22,23 We therefore propose
measuring generic proteins to confirm successful
exosome isolation rather than to correct for disease-
associated proteins.
A key technical innovation that enabled the reproduc-

ibility and improved performance of our assay is the use
of poly(carboxybetaine-methacrylate)-coated magnetic
beads, which resist nonspecific fouling to immunocapture
L1CAM-positive exosomes.8,17,24 This is important
because polymer coating prevents the nonspecific binding
of serum macromolecules that may interfere with exo-
somal L1CAM–antibody interactions on the surface of
the beads and resists the nonspecific binding of free α-syn-
uclein, which is ~1000-fold more abundant (ng/mL
range)25 compared with exosome-associated α-synuclein
(pg/mL) potentially flooding the readout.
L1CAM is primarily a neuronal antigen expressed in

brain and peripheral nerves.26 Therefore, L1CAM-
immunocaptured exosomes most likely reflect altered
processing of neuronal α-synuclein. In this context, our
finding in MSA serum samples that did not exhibit an
increased α-synuclein similar to PD raises 2 interesting
possibilities: One explanation is that in MSA α-synuclein

is not released by neurons in L1CAM-positive exosomes
because it accumulates primarily in oligodendrocytes in
the brain. Alternatively, MSA pathology is confined to
the central nervous system, whereas Lewy body pathol-
ogy also affects the enteric or other autonomic neurons
early in PD.1,2 Therefore, it is possible that α-synuclein in
L1CAM-positive serum exosomes may arise primarily
from neurons outside the brain. Either of these explana-
tions adds credence to L1CAM-immunocaptured
exosomes as a means of developing a selective biomarker
for neuronal α-synucleinopathy.
In summary, α-synuclein in L1CAM-immunocaptured

exosomes from serum, could be used in association with
other clinical assessments to improve recruitment of
patients with motor symptoms in clinical trials, especially
those targeting neuronal α-synuclein pathology.
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ABSTRACT: Background: Dysphagia is a com-
mon symptom of progressive supranuclear palsy
often leading to aspiration pneumonia and death.
Objective: The aim of this study was to examine how
impairments of the oral and pharyngeal phases of the
swallow and airway incursion during liquid swallows
relate to gray and white matter integrity.
Methods: Thirty-eight participants with progressive
supranuclear palsy underwent videofluorographic
swallowing assessment and structural and diffusion
tensor head magnetic resonance imaging. Penalized
linear regression models assessed relationships
between swallowing metrics and regional gray matter
volumes and white matter fractional anisotropy and
mean diffusivity.
Results: Oral phase impairments were associated
with reduced superior parietal volumes and abnormal
diffusivity in parietal and sensorimotor white matter,
posterior limb of the internal capsule, and superior
longitudinal fasciculus. Pharyngeal phase impairments
were associated with disruption to medial frontal lobe,
corticospinal tract, and cerebral peduncle. No regions
were predictive of airway incursion.
Conclusions: Differential patterns of neuroanatomical
impairment corresponded to oral and pharyngeal
phase swallowing impairments. © 2021 International
Parkinson and Movement Disorder Society

Key Words: swallow; MRI; DTI; PSP

Progressive supranuclear palsy (PSP) is a neurodegen-
erative tauopathy1,2 characterized by oculomotor dys-
function, postural instability and falls, akinesia, and
cognitive dysfunction.3 Bulbar symptoms often present
early, can be severe,4,5 and are an independent predic-
tor of survival,4,6,7 presumably because physiological
swallowing deficits lead to increased risk for aspiration
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