
UCLA
UCLA Electronic Theses and Dissertations

Title
Biomarkers in CNS-originating Extracellular Vesicles for Parkinson’s disease and Multiple 
System Atrophy

Permalink
https://escholarship.org/uc/item/8kk115sp

Author
Taha, Hash Brown

Publication Date
2023
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/8kk115sp
https://escholarship.org
http://www.cdlib.org/


UNIVERSITY OF CALIFORNIA 

Los Angeles 

 

 

Biomarkers in CNS-originating Extracellular Vesicles for Parkinson’s disease and Multiple 

System Atrophy 

 

 

 

A thesis submitted in partial satisfaction of the requirements for the degree Master of Science in 

Physiological Science 

 

by 

 

 

Hash Taha 

 

 

 

 

 

 

2023



 

 ii 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
© Copyright by 

 
 

Hash Taha 
 
 

2023



 

 ii 

ABSTRACT OF THE THESIS 

Biomarkers in CNS-originating Extracellular Vesicles for Parkinson’s disease and Multiple 

System Atrophy 

by 

Hash Taha 

 

Master of Science in Physiological Science 

University of California, Los Angeles, 2023 

Professor Ketema N. Paul, Committee Co-Chair 

Professor Kacie Danielle Deters, Committee Co-Chair 

Synucleinopathies are a group of neurodegenerative diseases including Parkinson's disease (PD), 

dementia with Lewy bodies (DLB), and multiple system atrophy (MSA). These diseases are 

characterized by the aggregation and deposition of α-synuclein (α-syn) in Lewy bodies (LBs) in 

PD and DLB or as glial cytoplasmic inclusions in MSA. Current antemortem differential 

diagnosis of Parkinson’s disease (PD) and multiple system atrophy (MSA) is challenging due to 

the overlap of Parkinsonian symptoms, especially in the early stages. Analysis of biomarkers in 

CNS-originating extracellular vesicles (EVs) isolated from blood is a promising strategy for 

these diseases. EVs are released by all cell types and pass through the blood-brain barrier, 

providing a proxy of the brain’s biochemistry. We have shown previously that α-synuclein (α-

syn) concentration in neuronal- and oligodendroglial-EVs (nEVs and oEVs, respectively) 

isolated from the serum or plasma of healthy controls (HC), and patients with PD or MSA 

allowed separating MSA from both HC and PD with high sensitivity and specificity. In healthy 

brains, only ∼4% of α-syn is phosphorylated at Ser129 (pS129-α-syn), whereas >90% pS129-α-
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syn may be found in LBs, suggesting that pS129-α-syn could be a helpful biomarker for 

synucleinopathies. Further, tau is implicated in patients with PD but not MSA. Here, I describe 

the development of a novel electrochemiluminescence ELISA for the measurement of pS129-α-

syn in nEVs and oEVs based on the Meso Scale Discovery platform. Using this in-house assay 

and other commercial assays, we measured α-syn phosphorylated at Ser 129 (pS129-α-syn), total 

tau, and neurofilament light chain (NfL) in subsets of patients with PD, MSA or HCs to test if 

they improved the diagnostic power. 

The findings may suggest that a biomarker panel compromising nEVs α-syn, oEVs:nEVs α-syn, 

oEVs pS129-α-syn and exosome concentration may help distinguish patients with PD from 

MSA. However, many limitations currently exist with issues related to preanalytical variables, 

the need for independent validation and replication, differing postmortem diagnosis from the 

antemortem diagnosis, assay matrix effects, and issues with the L1CAM antibody, among others. 

Several notable limitations are associated with the current state of research in this area. These 

limitations encompass various factors such as preanalytical variables, the necessity for 

independent validation and replication, discrepancies between postmortem and antemortem 

diagnoses, assay matrix effects, challenges related to the L1CAM antibody, and other related 

issues. 
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ABSTRACT 

Synucleinopathies are a group of neurodegenerative diseases including Parkinson’s disease (PD), 

dementia with Lewy bodies (DLB), and multiple system atrophy (MSA). These diseases are 

characterized by the aggregation and deposition of α-synuclein (α-syn) in Lewy bodies (LBs) in 

PD and DLB or as glial cytoplasmic inclusions in MSA. In healthy brains, only ~4 % of α-syn is 

phosphorylated at Ser129 (pS129-α-syn), whereas > 90% pS129-α-syn may be found in LBs, 

suggesting that pS129-α-syn could be a useful biomarker for synucleinopathies. However, a 

widely available, robust, sensitive, and reproducible method for measuring pS129-α-syn in 

biological fluids is currently missing. We used Meso Scale Discovery (MSD)’s 

electrochemiluminescence platform to create a new assay for sensitive detection of pS129-α-syn. 

We evaluated several combinations of capture and detection antibodies and used semi-synthetic 

pS129-α-syn as a standard for the assay at a concentration range from 0.5 to 6.6 × 104 pg/mL. 

Using the antibody EP1536Y for capture and an anti-human α-syn antibody (MSD) for detection 

was the best combination in terms of assay sensitivity, specificity, and reproducibility. We tested 

the utility of the assay for the detection and quantification of pS129-α-syn in human cerebrospinal 

fluid, serum, plasma, saliva, and CNS-originating small extracellular vesicles, as well as in 

mouse brain lysates. Our data suggest that the assay can become a widely used method for 

detecting pS129-α-syn in biomedical studies including when only a limited volume of sample is 

available and high sensitivity is required, offering new opportunities for diagnostic biomarkers, 

progression, and quantifying outcome measures in clinical trials.  
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Introduction 

Synucleinopathies, including Parkinson’s disease (PD), dementia with Lewy bodies (DLB), and 

multiple system atrophy (MSA) are characterized clinically by a chronic and progressive decline 

in motor, cognitive, behavioral, and/or autonomic functions. Deposits of fibrillar α-synuclein (α-

syn) as Lewy bodies (LBs) and Lewy neurites in PD and DLB, or as glial cytoplasmic inclusions 

(GCIs) in MSA, are pathological hallmarks of these diseases [1, 2]. Differential diagnosis of 

synucleinopathies is difficult due to clinical symptoms overlap, especially in early disease stages 

[3]. Phosphorylated forms of α-syn, particularly at Ser129 (pS129-α-syn) are highly enriched in 

LBs and GCIs and are thought to be related to the disease process [4, 5]. Therefore, if pS129-α-

syn can be measured in bodily fluids of patients it could serve as a sensitive biomarker for 

improving diagnosis accuracy, measuring disease progression, and assessing therapeutic 

outcomes [6, 7].  

Currently, commercially available assays for quantifying pS129-α-syn are limited. Cell-based 

ELISAs are available from Abexxa (Cambridge, United Kingdom), Creative Diagnostics 

(Shirley, NY), and Aviva Systems Biology (San Diego, CA) yet based on the information 

provided by the companies, these assays are not optimized for detecting the recombinant protein 

in human samples available in limited quantities and suffer from intrinsically high variability, 

mainly due to the difficulty of plating the exact number of cells in each well, and to variation in 

cell proliferation rate and responsivity. A typical sandwich ELISA is sold by MyBioSource [8] 

yet the company’s website disclaims: “cross-reaction to other targets may potentially exist” and, 

“cross-reactivity could vary between sample type or species”. In addition, considering the low 

concentrations of pS129-α-syn in human biofluid samples, as reported in earlier studies [9, 10] the 
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sensitivity limit of the assay, 3.12 ng/mL, likely would not allow reliable measurement in human 

biofluids. 

Previously, several groups have reported assays for pS129-α-syn, which varied widely in 

sensitivity, and used them to measure the phospho-protein in human cerebrospinal fluid (CSF) 

[11-13], plasma [12-14], human cell culture lysates [13], human and rat brain lysates [13], and 

human erythrocytes [15]. The assays included traditional ELISA [6, 11, 14] and higher-

sensitivity methods, such as Singulex Erenna [12], Luminex [10] and AlphaLISA [13]. Recently, 

the Zhang group created a pS129-α-syn electrochemiluminescence ELISA (ECLIA) using 

biotinylated anti-pS129-α-syn (BioLegend, San Diego, CA) and anti-α-syn antibody clone 42 (BD 

Bioscience, CA) labeled with Sulfo-TAG. Applying this assay, they quantified the concentration 

of pS129-α-syn in the membrane and cytosolic fractions of erythrocytes isolated from blood 

samples of healthy controls (HC) and patients with PD [15].  Despite the importance of pS129-α-

syn as a potential biomarker for diagnosis and measuring progression of synucleinopathies, none 

of these assays has become mainstream. 

Three main issues likely have prevented the general use of the aforementioned assays. First, the 

specificity and reproducibility of the antibodies used varied and some of the antibodies were not 

readily available to other research groups.  Second, in most of the studies published to date, the 

standard curve was generated using recombinant α-syn phosphorylated in vitro by casein kinase 

II  [4, 6, 10, 11] or polo-like kinase 2 [13] raising concerns regarding the completion of the 

phosphorylation at Ser129 and possible phosphorylation of other sites, which might cross-react 

with the antibodies used in the assay or otherwise affect their binding to pS129-α-syn [16]. 

Third, most studies published to date focused on demonstrating the suitability of their assays 

only for a specific sample type, e.g., CSF [10, 11] but did not report testing of different antibody 



 

 5 

combinations, fine-tuning the protocol, or comparing the assay in different biofluids. To address 

these concerns, we have extensively researched publications on commercially available 

antibodies and used as a standard the semi-synthetic pS129-α-syn first reported by the Lashuel 

group [17] and made available by the Michael J. Fox Foundation via Proteos Inc. We have 

considered multiple factors in selecting the antibodies, tested several methodological approaches, 

and evaluated the suitability of our assay to quantify pS129-α-syn in several commonly analyzed 

biological sample types. A comparable study was published recently by Cariulo et al. in which 

they characterized different antibody combinations of anti-α-syn and anti-pS129 α-syn antibodies 

and measured total and pS129 α-syn in CSF and plasma using a Singulex Erenna immunoassay 

[12]. The novel ECLIA we describe here for measurement of pS129-α-syn detects pg/mL 

concentrations of pS129-α-syn and has a wide dynamic linear range and low intra- and inter-assay 

variability. It is suitable for use in multiple types of biological samples and thus provides a 

platform for measuring pS129-α-syn as a biomarker for a variety of clinical and research 

applications. 

Materials and Methods 

Materials 

Semi-synthetic pS129-α-syn was obtained from Proteos Inc. (Kalamazoo, MI). Anti-pS129-α-syn 

monoclonal antibody EP1536Y (ab209422) and anti-α-synuclein monoclonal antibody MJFR1 

(ab138501) were procured from Abcam (Cambridge, UK). Small-spot streptavidin-coated 96-

wells ELISA plates (L45SA), assay diluent (R50AM), recombinant human α-syn calibrator 

(C01WK), biotinylated anti-total α-syn antibody, SULFO-TAG anti-human α-syn antibody, 

GOLD SULFO-TAG NHS-Ester conjugation pack (R31AA) and read buffer (R92TC) were 

obtained from Meso Scale Discovery (Rockville, MD). Phosphate-buffered saline (PBS), Tris-
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buffered saline (TBS), and biotin quantitation kit were from Thermo Fisher Scientific (Waltham, 

MA). 

Biological samples 

Pooled human serum and pooled human plasma were procured from Innovative Research (Novi, 

MI). Cerebrospinal fluid samples were collected postmortem from deceased patients with 

synucleinopathies or controls without a neurological disease whose diagnosis was determined by 

a neuropathological examination. The samples were obtained from from the UCLA Division of 

Neuropathology (2 PD, 2 DLB, 3 MSA), UC Irvine Institute for Memory Impairments and 

Neurological Disorders (MIND, 7 healthy controls), and Banner Sun Health Research Institute 

(BHSRI), Sun City, AZ (1 PD). Protocols for CSF collection postmortem were similar in the 

three institutions with small variations. At UCLA and BHSRI, CSF was drawn into 30-mL 

polypropylene syringes using 8-cm long 18-gauge needles. UCI MIND used similar needles but 

20-mL syringes. At UCLA and BHSRI the CSF was transferred to 15-mL Falcon tubes and 

centrifuged at low speed to get rid of particulate matter. Then, the supernate was aliquoted into 

0.5-mL aliquots. AT UCI MIND, the collected CSF was placed on ice until processing and then 

aliquoted into 0.25-mL aliquots. The aliquots in all three institutions were stored at –80 °C until 

use. Mouse brain extracts were from PLP-α-syn mice, a model of experimental MSA, or wild-

type littermates, and were obtained as described previously [18]. All the biological samples were 

treated with 1X Halt™ Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific). 

Preparation of standard 

 The pS129-α-syn standard was prepared according to the protocol published previously by 

Cariulo et al. [12]. Briefly, the lyophilized protein was weighed and dissolved in 100% 

trifluoroacetic acid (TFA) purchased from Alfa Aesar (Haverhill, MA). One µL of TFA was 
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added per 25 µg of protein. The TFA was evaporated completely in a fume hood for 1 h and the 

protein then was dissolved in TBS (50 mM Tris, 150 mM NaCl, pH 7.4) at a concentration of 20 

µM. The solution was filtered through a 100-kDa cutoff filter from Pall (Show Low, AZ) and 

protein concentration was measured using a bicinchoninic acid (BCA) assay (Thermo Fisher 

Scientific). 1% (v/v) Tween-20 (Fisher BioReagents, Pittsburgh, PA) was added and the solution 

was aliquoted and stored at –80 °C. 

Biotinylation and sulfonation of antibodies 

For biotinylation of antibody EP1536Y, 40 µL of a 0.90-mg/mL solution of the antibody were 

incubated with 1.61 µL of 11 mM Sulfo-NHS-Biotin (50-fold molar excess) on ice for 2 h 

according to the manufacturer’s protocol (EZ-Link™ Micro Sulfo-NHS-LC-Biotinylation Kit, 

Thermo Fisher Scientific). Excess free biotin was removed using a 0.5-mL 7-kDa MWCO 

Zeba™ Spin Desalting Column (Thermo Fisher Scientific). Two hundred µL of ultra-pure water 

(purified using a Milli-Q system, Millipore, Burlington, MA) were added as a stacker volume for 

elution of the biotinylated EP1536Y antibody. Forty µL of 1.167-mg/mL solution of antibody 

MJFR1 were biotinylated using the same biotinylation kit. Biotinylation levels were evaluated 

using a fluorescence biotin quantitation kit (Thermo Fisher Scientific). For sulfonation, 40 µL of 

a 0.90-mg/mL of EP1536Y solution were incubated with SULFO-TAG NHS-Ester (MSD) 

according to the manufacturer’s instructions. The protein concentration of all antibody 

conjugates was determined using a Pierce BCA assay kit (Thermo Fisher Scientific). The 

antibody solutions were aliquoted and stored at 4 °C until use. 

Preparation of biological samples 

 CNS-originating extracellular vesicles (EVs) were isolated from the serum of HC, patients with 

PD, and patients with MSA as described previously [19]. For analysis of pS129-α-syn in the CSF 
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of deceased patients with different synucleinopathies and healthy controls, as well as in CNS-

originating EVs isolated from human serum, 15 µg total protein, determined using a BCA assay, 

in 25 µL of Diluent 49 (MSD) were analyzed. Saliva samples obtained from healthy volunteers 

were centrifuged briefly at 10,000 g for 10 min at 4 °C, the clear supernates were collected, and a 

final volume of 25 µL was used for analysis. Twenty-five µL of clear pooled human serum or 

plasma containing 1X Halt™ Protease and Phosphatase Inhibitor Cocktail  were loaded directly 

onto the wells. MSA or wild-type mouse brain lysates (5 µg total protein) were diluted in 25 µL 

Diluent 49 for ECLIA analysis. 

ECLIA 

The assay was developed using MSD gold 96-well small-spot streptavidin SECTOR ELISA 

plates. Capture and detection antibody concentrations were determined based on the information 

available on MSD’s website for validation of the human α-synuclein assay. We found that a 

concentration of 2 μg/mL antibody was sufficient for the capture antibody to saturate the wells of 

the streptavidin-coated plates (Table S5). Biotinylated-antibody stock solutions were diluted in 

1% (w/v) biotin-free bovine serum albumin (bf-BSA) in TBS containing 0.1% (v/v) Tween-20 

(TBS-T) to reach a concentration of 2 μg/mL EP1536Y, MJRF1, or MSD’s 1X anti-α-syn capture 

antibody. Dilutions of the semi-synthetic pS129-α-syn, recombinant human α-syn standards, and 

biological samples were made in Diluent 49 (MSD), which also was used as a “zero” calibrator 

(blank). One hundred fifty microliters of 3 % (w/v) bf-BSA in TBS-T were added to each well 

and the plates were incubated with shaking at 800 rpm at RT for 1 h. The blocking solution then 

was removed and 25 μL of 2 μg/mL or 1X biotinylated capture antibodies were added to each 

well. The plates were incubated with shaking at 800 rpm at RT for 1 h and then washed three 

times with 150 μL TBS-T per well. Subsequently, 25 μL of SULFO-TAG detection antibody and 
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25 μL of samples or standards were added to the wells and the plates were incubated further with 

shaking at 800 rpm at RT for 2 h. After washing three times with 150 μL TBS-T per well, 150 μL 

of 1X read buffer (MSD) were added to each well and the plates were read immediately using a 

Sector S600 reader (MSD). The data were analyzed using Discovery Workbench 4.0 software 

(MSD) and quantified with reference to freshly prepared standard curves. 

Spike recovery 

To test spike recovery, a human CSF (DLB) sample, polled serum, a PLP-α-syn mouse brain 

lysate, or Diluent 49 as a control, were spiked with 250 pg/mL (low spike), 500 pg/mL (medium 

spike) or 1,000 pg/mL (high spike) of the semi-synthetic pS129-α-syn standard. Twenty-five µL of 

each spiked or un-spiked sample were analyzed. The spike recovery rate was calculated as the 

ratio of the measured and the calculated concentration. 

Dilution linearity 

 To test the dilution linearity, all biological samples were serially diluted 2-folds four times in 

Diluent 49 (MSD). The final volume of each sample was 25 µL. Final concentrations were 

measured and compared to the calculated concentrations based on the appropriate dilution factor. 

Electrospray ionization-mass spectrometry (ESI-MS) 

 The standard protein was dissolved at 1 mg/mL in ddH2O, buffer-exchanged into 20 mM 

ammonium acetate, pH 6.8, using 10-kDa MWCO Amicon centrifugal filters (Millipore Sigma, 

Burlington, MA), and diluted to 10 µM in the same buffer. The solution was electrosprayed using 

pulled nanoESI needles onto a Bruker 15T Solarix Fourier-transform ion cyclotron mass 

spectrometry system. The capillary voltage was set to 800 V and the temperature to 180 °C. The 

deflector plate was set to 160 V, the capillary exit to 100 V, the funnel voltage to 90 V, and the 
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skimmer to 50 V. One hundred scans were collected to obtain the spectrum. The deconvolved 

spectrum was created using UniDec [20].  

SDS-PAGE and staining. 1, 0.5, 0.25, or 0.125 µg of pS129-α-syn and 1 µg of unphosphorylated 

α-syn were fractionated using Sure PAGE 4-20% gradient Bis-Tris gels (GenScript). Samples 

were prepared by mixing the protein solution with sample buffer (GenScript) and heated at 95 °C 

for 10 min. Gels were stained in 0.1% (w/v) Coomassie Brilliant Blue (Thermo Fisher Scientific) 

in 40% (v/v) methanol and 10% (v/v) acetic acid for 1 h at RT and then de-stained in the same 

solution excluding Coomassie Brilliant Blue. Silver-staining was performed using the 

SilverXpress Silver Staining Kit (Invitrogen) following the manufacturer’s protocol. 

Immunoblotting. Following SDS-PAGE fractionation, the proteins were transferred onto 

polyvinyl difluoride (PVDF) membranes (Thermo Fisher Scientific) for 1 h at 25 V on ice using 

XCell II Blot Modules (Invitrogen). The membranes were blocked using 5% (w/v) non-fat dry 

milk in TBS-T (blocking solution) for 1 hour at RT and then incubated with either MJFR1 or 

EP1536Y at a 1:1,000 dilution in blocking solution overnight at 4 °C with gentle agitation. The 

membranes then were washed in TBS-T thrice and incubated with HRP-conjugated goat anti-

rabbit antibody (Thermo Fisher Scientific) at 1:10,000 dilution in blocking solution for 1 h at RT, 

developed using SuperSignal West Pico PLUS Chemiluminescent Substrate (Life Technologies), 

and visualized using an Azure Biosystems c300 Gel Imager. 

Turbidity Assay. Twenty micromolar pS129 -α-syn was incubated for 0, 6, 12, or 24 h at 37 °C 

with agitation at 300 rpm. Two microliters of the protein were diluted in 48 µl of TBS and 

absorbance at 600 nm was recorded as a measure of turbidity (Ultrospec 2000, Pharmacia 

Biotech).  

Data processing and statistical analysis 
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The sensitivity and dynamic range of each antibody combination were evaluated by 

determination of the limit of blank (LoB), lower limit of detection (LLoD), lower limit of 

quantification (LLoQ), and upper limit of quantification (ULoQ). The applied definitions for the 

LoB, LLoD, LLoQ, and ULoQ are described in Table 2. Data were processed using MSD 

Discovery Workbench 4.0 software and Prism 9.4 (GraphPad, USA). Standard curves and 

sample concentrations were calculated using a four-parameter fit and plotted as the mean ± 

standard deviation of 4 replicates. The intra-assay coefficient of variation (CV) was calculated 

between standard concentrations measured on the same plate, whereas inter-assay CV was 

calculated in three independent experiments using different plates. Signal/background (S/B) and 

signal/noise (S/N) ratios were calculated as averages of three standard concentration points 

within the linear range of the assay for each antibody pair. Total percent error (TE %) was 

calculated as: ((calculated concentration – actual concentration) + 2 SD)/actual concentration) × 

100. Relative percent error (RE %) was calculated as ((calculated concentration – actual 

concentration)/actual concentration) × 100 (see Supporting Information). Standard error for the 

method of standard addition was calculated according to Bruce and Gill [21] using the formula: 

𝑺𝒙 =
𝑺𝒚
|𝒎|
$𝟏
𝒏
+ 𝒚(𝟐

𝒎𝟐 ∑(𝒙𝒊+𝒙()𝟐
  

Results 

Evaluation of capture and detection antibody pairs and cross-reactivity with unphosphorylated 

α-syn 

We chose to use the MSD ECLIA platform for the development of a pS129-α-syn assay as it offers 

high-sensitivity detection at a relatively affordable price and has become widely used in 

academic institutions, the biotechnology industry, and pharmaceutical companies. The detection 
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principle in this method is based on light emission from electrochemiluminescent labels 

conjugated to the detection antibody upon application of voltage to the printed electrodes on the 

back of the wells. The analyte is captured by biotinylated antibodies bound to a streptavidin-

coated plate surface. Having made this choice, we tested different combinations of capture and 

detection antibodies for the degree of sensitivity and reproducibility of the measurements. A 

number of antibodies with variable sensitivity and specificity have been developed for specific 

recognition of pS129-α-syn, some of which are commercially available [22]. 

A recent study comparing several such antibodies found that the rabbit monoclonal antibody 

EP1536Y had the highest sensitivity and specificity for pS129-α-syn [23], consistent with a 

previous study [24]. Some concerns about cross-reactivity of this antibody have been raised in a 

bioRxiv manuscript by Arlinghaus et al. [25] but were not reproduced in a recent, thorough 

characterization of six anti-pS129-α-syn antibodies by Lashuel et al. [22]. Therefore, we decided 

to use this antibody either for capture or for detection in combination with an antibody that 

recognizes α-syn regardless of its phosphorylation status. Reports in the literature and our own 

experience suggested that mAb MJFR1 [26] might be a good candidate for this task. In addition, 

we tested the anti-human α-synuclein antibody supplied with the commercial ECLIA kit sold by 

MSD. 

We tested three different combinations of capture and detection antibodies (Table 1). In two 

combinations, EP1536Y was used either as a biotinylated capture antibody paired with Sulfo-tag 

anti-human α-synuclein (MSD) as the detection antibody or as a sulfonated detection antibody 

combined with a biotinylated MSD anti-human α-synuclein capture antibody. In the third 

combination, biotinylated MJFR1 was used for capture, and Sulfo-tag EP1536Y for detection. 
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The sensitivity and reproducibility of each antibody combination were evaluated based on a 

standard curve generated using the semi-synthetic pS129-α-syn at concentrations ranging from 0.5 

to 66,167 pg/mL. Unphosphorylated α-syn standards were used to evaluate the specificity of the 

assay for the phosphorylated form. Each antibody combination was evaluated in at least five 

experiments performed in triplicate for each standard. Representative standard curves are shown 

in Figure 1. Comparison of the sensitivity of the assays using EP1536Y and the anti-human α-

synuclein (MSD) antibodies (Table 1) showed that when the former was used as capture and the 

latter for detection, the sensitivity was substantially higher (LLoD = 6 pg/mL, LLoQ = 14 

pg/mL) than the reciprocal configuration (LLoD = 15 pg/mL, LLoQ = 75 pg/mL). 

The two configurations had comparable signal-to-baseline (S/B) and signal-to-noise (S/N) ratios 

(Table S1). In comparison, when mAb MJFR1 was used for capture and EP1536Y for detection, 

the sensitivity was even lower – LLoD = 32 pg/mL, LLoQ = 97 pg/mL (Table 1), and the S/B 

and S/N values also were substantially lower than those of the two first antibody configurations 

(Table S1). Therefore, we did not test the reciprocal configuration. All three configurations 

showed excellent specificity for pS129-α-syn relative to its unphosphorylated form (Figure 1). Of 

note, the most sensitive configuration, using biotin-EP1536Y for capture and MSD’s anti-human 

α-synuclein antibody for detection, also had the best reproducibility compared to the other 

configurations. The intra- and inter-assay CV values were 3.9% and 7.2%, respectively, for this 

configuration, which also had the widest dynamic range. Thus, this configuration was chosen for 

subsequent experiments, in which we sought to demonstrate the utility of the assay for the 

analysis of biological samples. The calculated concentrations, total error (TE %), and relative 

error (RE %) for the three antibody configurations in Table 1 are given in Tables 3—5, 
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respectively. The use of a higher Biotin-EP1536Y capture antibody concentration of 5 µg/mL 

compared to 2 µg/µL did not affect the ECL signal intensity (Table S5). 

Determination of pS129-α-syn levels in biological samples 

We determined the concentration of pS129-α-syn in CSF samples from seven healthy control 

subjects as well as patients with synucleinopathies (3 PD, 2 DLB, 3 MSA). Due to an apparent 

moderate matrix effect seen in the CSF (see below), the measured values were corrected using 

the method of standard addition [27]. 

The pS129-α-syn concentration levels were variable (Figure 2A) and the small sample numbers 

did not allow meaningful comparison among the groups. In different samples of commercial, 

pooled, human serum we determined pS129-α-syn levels to be 58 ± 23 pg/mL whereas in human 

plasma the concentration was 7 ± 3 pg/mL, suggesting that the anticoagulants in the plasma 

might interfere with the assay. Measurement of pS129-α-syn concentrations in the saliva of two 

healthy control subjects yielded an average concentration of 15 ± 3 pg/mL (Figure 2A). The 

concentrations measured in plasma and saliva samples were mostly below the LLoQ and some 

were below the LLoD. The saliva results likely reflect the fact that samples from healthy people 

are expected to contain very low levels of pS129-α-syn, whereas those in the plasma suggest a 

matrix effect as discussed below. We also analyzed brain lysates from wild-type mice and PLP-α-

syn mice, a transgenic model of multiple system atrophy in which α-syn is overexpressed under 

the PLP promoter [18], leading to its accumulation in oligodendrocytes [28]. 

The concentration of pS129-α-syn in the soluble fraction of mouse brain extracts (5 μg of total 

protein) from the PLP-α-syn mice was 19,381 ± 13,173 pg/mL, > 50-fold higher than in brain 

extracts from wild-type mice (433 ± 120 pg/mL, Figure 2B). These findings are in agreement 

with the known accumulation of the phosphorylated protein in the brains of the MSA-model 



 

 15 

mice [29], demonstrating the utility of the assay for mouse experiments. Finally, we isolated 

neuronal EVs (nEVs) and oligodendroglial EVs (oEVs) from the serum of healthy controls, 

patients with PD, and patients with MSA, as described previously, and measured the pS129-α-syn 

levels in these samples. The analysis showed concentrations between 1.5 and 248.9 pg/mL in 

nEVs and between 2.2 and 379.9 pg/mL in oEVs. When the measurements of pS129-α-syn in the 

CNS-originating EVs were combined with the previous analysis of total α-syn [19], the 

separation improved among all the groups [30], demonstrating the importance and utility of the 

new assay. 

Dilution linearity and spike recovery 

Next, we tested the dilution linearity and spike recovery in biological samples, different from 

those used in the previous experiments, including human CSF from a patient with DLB 

(undiluted concentration 113 ± 14 pg/mL), pooled human serum (undiluted 39 ± 9 pg/mL), and a 

PLP-α-syn mouse brain lysate (undiluted 14,265 ± 457 pg/mL). Acceptable recovery rates were 

defined as 100 ± 20%. The experiments showed reasonable linearity in the CSF up to 1:8 (Figure 

3A) and in the serum up to 1:4 dilution (Figure 3B), likely reflecting the drop of the 

concentration at higher dilutions below the LLoQ. The dilution linearity was consistent for the 

PLP-α-syn mouse brain lysate samples (Figure 3C) thanks to the high concentration of pS129-α-

syn in these samples, maintaining the concentration well above the LLoQ at all dilutions. 

Spike recovery was tested in the same CSF, serum, and MSA mouse-brain extract samples at 

three concentrations – 250, 500, and 1,000 pg/mL. These concentrations were chosen to cover 

the lower end of the dynamic range, in view of the low concentrations we detected in the human 

samples (Figure 2). The recovery in CSF samples was low, particularly in the samples spiked 

with low concentrations (Figure 3D) suggesting that CSF components partially interfere with the 
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signal and therefore the concentrations measured in this medium might be an underrepresentation 

of the actual pS129-α-syn concentration. To address this issue, as described above, we used the 

method of standard addition to correct the pS129-α-syn concentrations measured in the CSF. Good 

recovery was observed in both the serum (Figure 3E) and mouse-brain extract (Figure 3F) 

samples. 

Evaluation of pS129-α-syn standard stability 

During the course of the work described above, we observed on multiple occasions deterioration 

of the signal of the pS129-α-syn standard within 1–2 weeks of storage, prompting a detailed 

investigation to identify the possible causes of this issue and potential solutions. We compared 

reconstitution of the protein in ddH2O or TBS, pH 7.4, with or without pre-treatment with 

trifluoroacetic acid (TFA), filtered through 10- or 100-kDa MWCO filters to remove pre-formed 

aggregates, and used 1.0 mg/mL or lower concentrations of the standard protein for the stock 

solution. In all cases, the solution was aliquoted into single-use aliquots and stored at -80 °C 

until it was used in the assay. When this solution was used immediately after preparation, the 

ECLIA signal for the highest-concentration standard, 100 ng/mL, was between 4 × 105 and 1.1 × 

106. This level of variability is similar to that reported by MSD for their total α-syn ECLIA kits. 

However, on multiple occasions, within 1–2 weeks of preparing the stock solution, the signal for 

this standard deteriorated by 10-20-fold, raising concern that the dynamic range of the assay 

would be too low for meaningful measurement and comparison among experiments would 

become difficult. 

In view of the observed signal deterioration during the storage of the diluted and aliquoted 

protein standard, we tested whether it might have lost the phosphate group on Ser129. 

Examination of the protein by ESI-MS revealed that it had the intact mass with the expected 
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phosphorylation (Figure 4), ruling out this option. Thus, we hypothesized next that the loss of 

signal could be due to oligomerization or aggregation of the protein during the preparation 

process, creating seeds that would promote further rapid aggregation, even when the protein is 

stored at -80 °C. Indeed, under most of the conditions we used, we observed high-molecular-

weight bands of pS129-α-syn using SDS-PAGE fractionation followed by Coomassie Blue 

staining (Figure 5A), silver-staining (Figure 5B), or western-blots probed with antibodies MJFR1 

(Figure 5C) or EP1536Y (Figure 5D). Unphosphorylated α-syn was used as a control in these 

experiments and migrated as a monomer only (Figure 5A–C). Changing the solution from ddH2O 

to TBS and filtering the stock solution did not resolve the issue. Reducing the concentration of 

the stock solution to 0.29 mg/mL, as recommended by Cariulo et al. [12] reduced the aggregation 

but the signal loss was still observed if the TFA used for the initial dissolution of the protein 

powder was not removed completely. 

EP1536Y has been used in immunohistochemistry studies to detect aggregated pS129-α-syn in 

LBs or GCIs [23]. Therefore, the interpretation of the signal loss in the ELICA assay as 

reflecting aggregation was counterintuitive. To further examine this idea, we incubated the 

protein with agitation for up to 24 h, monitored occasionally its aggregation using a turbidity 

assay, and measured the signal of the highest standard (100 ng/mL) at the same time points 

(Figure 5E). These experiments revealed that the protein indeed aggregated concomitant with a 

substantial decrease in the ECLIA signal.  

Following the protocol published by Cariulo et al. [12] precisely and ensuring that the TFA was 

removed completely, was necessary for preventing seed formation and allowing the protein to 

remain unaggregated for prolonged storage. Under these conditions, weekly repeated testing of 

the standard curve and positive control samples (MSA mouse-brain extract) yielded consistent 
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data over one month without apparent signal loss. Analysis of the protein prepared in this manner 

using SDS-PAGE followed by Coomassie Blue staining (Figure 6A), silver-staining (Figure 6B), 

or western blots probed with MJFR1 (Figure 6C) or EP1536Y (Figure 6D) showed an absence of 

the previously observed high-molecular-weight bands. 

Discussion 

High throughput measurement of disease-relevant, post-translationally modified forms of α-syn 

with high sensitivity currently is an unmet need for clinical and biomarker studies. To address 

this need, we developed a novel assay based on the MSD ECLIA platform that detects and 

quantifies pS129-α-syn at low pg/mL concentrations in various biological samples. The assay does 

not detect unphosphorylated forms of α-syn up to concentrations >10 ng/mL (Figure 1). The 

specificity and high sensitivity of the assay are achieved thanks to the use of monoclonal 

antibody EP1536Y for the capture of the analyte followed by detection by the Sulfo-Tag anti-α-

syn antibody provided in MSD’s total α-syn kit. Compared to the two other antibody 

combinations/configurations we attempted, this capture and detection combination provided not 

only the highest sensitivity but also the highest dynamic linear range and best reproducibility. In 

agreement with this finding, other groups showed that the EP1536Y antibody is highly specific 

for pS129-α-syn and could detect it robustly even in the presence of other post-translational 

modifications in close proximity to Ser129 compared to other evaluated anti-pS129-α-syn 

antibodies [15, 22-24]. 

However, interference of other post-translational modifications and phosphorylation at other sites 

of α-syn were not assessed in our assay. Lashuel and colleagues reported that EP1536Y does 

detect α-syn phosphorylated at both Tyr125 and Ser129 and does not detect pS129-α-syn truncated 

after residues 133 or 135. In addition, the antibody showed a reduced signal when tested for 
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binding of α-syn fibrils phosphorylated at Ser129 and nitrated at Tyr125, Tyr133, and Tyr136 

compared to fibrils of pS129-α-syn itself [22]. The contribution of these other post-translationally 

modified α-syn forms to the signal in the biological samples we tested here or to the levels of 

pS129-α-syn measured in previous studies currently is not known. 

When comparing the ECLIA platform described here with other published methods for 

quantifying pS129-α-syn in biological fluids, it is important to note the lack of consensus in the 

data from different groups. For example, Wang et al. reported pS129-α-syn concentrations of 58–

80 pg/mL in the CSF of patients with PD or MSA using a bead-based Luminex assay [10], 

whereas Majbour et al. found substantially higher pS129-α-syn concentration levels, 181–275 

pg/mL in the CSF of healthy individuals and 207–296 pg/mL in the CSF of patients with PD 

determined by a sandwich ELISA [11]. These assays used casein kinase II to phosphorylate 

recombinant α-syn, which was used as a standard, and Wang et al. diluted their samples by ¾, 

whereas Majbour et al. did not. The corrected pS129-α-syn concentrations we detected in CSF 

samples were between 32–191 pg/mL (Figure 2), in rough agreement with both studies. 

In contrast, a study by Cariulo et al. did not detect pS129 α-syn in pooled commercial CSF despite 

using a highly sensitive Singulex Erenna immunoassay with a LLoD of 0.15 pg/mL [12]. This 

apparent discrepancy may be explained in part by the differences between the particle-based 

digital single-molecule counting in the Singulex Erenna and the electrochemiluminescence signal 

measured by ECLIA, which allowed us to use a different sample preparation process that did not 

require transfer of beads multiple times to different tubes/plates, followed by the appropriate 

wash steps, which might have helped reduce the loss of signal by non-specific adsorption to 

surfaces. In addition, the antibody we used, EP1536Y, has been reported by to have higher 

sensitivity and specificity compared to the one used by Cariulo et al. MJF-R13 (8-8) [23], 
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presumably increasing further our ability to detect pS129-α-syn in the CSF. In contrast, using IP-

MS/MS, Lashuel and co-workers also did not detect pS129 α-syn in the CSF of patients with PD 

and healthy controls, highlighting the difficulty and inconsistency in measuring this α-syn 

species in CSF [23].  

To our knowledge, one previous study tested pS129-α-syn in serum using a modified paired-

surface plasma-wave biosensor and reported concentrations in the range 500 to 5,000 pg/mL in 

HC and 4,000 to 12,000 pg/mL in patients with PD [31]. The large differences between the 

technique used in that paper and the ECLIA used here make comparison with our data difficult. 

Our data suggest that plasma components may interfere with the assay (Figure 2). The plasma 

signal in our assay was an order of magnitude lower than the signal observed in serum samples. 

The two fluids differ mainly by the presence of anticoagulants in plasma, and possibly 

coagulation factors, e.g., fibrinogen, which may interfere with the assay. As both types of 

samples were commercial, pooled biofluids and not taken from the same persons, a direct 

comparison was not possible. Previous studies by Foulds et al. in two separate cohorts found 

200–600 ng/mL [6] and 143 ± 532 ng/mL pS129-α-syn [14] in control human plasma, several 

orders of magnitude above the concentrations we measured. However, these results also were 

over three orders of magnitude higher than the concentrations we found in serum, suggesting that 

assay differences likely were the main reason for these large discrepancies. In the study by 

Cariulo et al., pS129 α-syn levels in the range 480 – 1223 pg/mL were found for clinically 

obtained and commercially pooled plasma samples [12]. The large discrepancy in values may be 

attributed to the differences in the assays themselves, batch variation, sample source, sample 

processing, and the antibody pairs used, as discussed above. 
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The MSD ECLIA platform used for this assay is a highly sensitive, versatile, and widespread 

technology, and similar to the other platforms, allows duplexing of assays, for example for 

quantification of pS129 α-syn and unphosphorylated α-syn together. Creating such a duplex assay 

is outside the scope of the current work but we expect to develop it in the future. 

Notwithstanding the limitations discussed above, our results suggest that the pS129-α-syn ECLIA 

is an attractive tool for measuring pS129-α-syn in CSF, serum, saliva, potentially other biofluids, 

brain lysates, or other experimental systems, such as cell cultures and animal models. 

Nevertheless, cross-validation of our assay by other groups, thorough validation of the used 

antibodies, and strictly standardized sample preparation protocols are crucial for achieving 

reliable and reproducible results. We anticipate that future commercial kits will provide small 

aliquots of the standard that can be prepared freshly for single use. Until such assays become 

available, researchers interested in using the assay are advised to follow carefully the protocol 

published by Cariulo et al. [12] to ensure that the semi-synthetic pS129-α-syn, which currently is 

sold by Proteos only in 1-mg portions, is not lost due to aggregation shortly after its preparation. 

 

 

 

 

 

 

 

 

 

 

 



 

 22 

FIGURES 

 

 

Figure 1. Standard curves for pS129-α-syn (red) and unphosphorylated α-syn standards (blue) 
using different antibody configurations. A) Biotinylated EP1536Y used for capture and Sulfo-
tagged MSD’s anti-human-α-synuclein antibody for detection. B) Biotinylated MSD’s anti-
human-α-synuclein antibody used for capture and Sulfo-tagged EP1536Y for detection. C) 
Biotinylated mAb MJFR1 was used for capture and Sulfo-tagged EP1536Y for detection. 
Representative standard curves (Mean ± SD of two technical replicates) of at least five 
independent experiments are shown. 
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Figure 2. Measurement of pS129 α-syn in human and mouse samples. All measurements were 
performed using biotinylated EP1536Y for capture and MSD’s Sulfo-tagged anti-human-α-
synuclein antibody for detection. A) Measurement of pS129-α-syn in human CSF, serum, plasma, 
and saliva. HC – healthy control, PD – Parkinson’s disease, DLB – dementia with Lewy bodies, 
MSA – multiple system atrophy, LLoD – lower limit of detection, LLoQ – lower limit of 
quantitation. B) Comparison of pS129 α-syn concentrations in brain extracts from wild-type and 
MSA model mice. The data are shown as mean ± SD. 
 
 
 
 
 
 
 
 
 
 
 

Wild-type PLP-aSyn
0

500

1000

10000

20000

30000

40000

[p
S1

29
-

-s
yn

uc
le

in
] (

pg
/m

L)

Mouse Brain ExtractsA B

HC PD DLB MSA Serum Plasma Saliva
0

50

100

150

200

250

[p
S1

29
-

-s
yn

uc
le

in
] (

pg
/m

L)
Human Samples

CSF

LLoD
LLoQ

Healthy Control



 

 24 

 

Figure 3. Dilution linearity and spike recovery. A-C) Dilution linearity within a 2-fold dilution 
series in A) human CSF from a patient with DLB, B) pooled human serum, and C) extracts of 
PLP-α-syn mouse brain. The experiments were analyzed by repeated-measure one-way ANOVA 
with Tukey’s multiple comparisons test with a single pooled variance. D-F) Spike recovery rates 
after the addition of 250, 500, or 1000 pg/mL semi-synthetic pS129-α-syn to D) human CSF from 
a patient with DLB, E) pooled human serum, and F) extracts of PLP-α-syn mouse brain. The 
experiments were analyzed by ordinary one-way ANOVA with Tukey’s multiple comparisons 
test with a single pooled variance. The data are shown as mean ± SD. 
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Figure 4. Mass spectrometry analysis of the pS129 α-syn standard. An ESI mass-spectrum of 
pS129-α-syn. The inset shows the deconvoluted spectrum corresponding to a single protein 
species with the correct mass of pS129-α-syn.  
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Figure 5. The pS129-α-syn standard aggregates when prepared using non-optimized conditions. 
A-D) Different quantities of the semi-synthetic pS129-α-syn standard were fractionated and 
unphosphorylated α-syn was used as a control. A) Coomassie Blue staining shows the presence 
of oligomers, presumably tetramers, and larger aggregates of pS129-α-syn but not of 
unphosphorylated α-syn. B) Higher-sensitivity visualization of the same gel by silver staining. C) 
Western blot analysis probed with the anti-α-syn antibody MJFR1. D) Western blot analysis 
probed with the anti-pS129-α-syn antibody EP1536Y. The gel migration of molecular weight 
markers is shown on the left in each panel. E) 100 ng/mL pS129-α-syn were incubated at 37 °C 
for the indicated times, at which turbidity was measured as absorbance (scattering) at 600 nM 
and the electrochemiluminescence signal was measured as described in the Methods section. 
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Figure 6. SDS-PAGE and western-blot analysis of the pS129-α-syn standard prepared using 
optimized conditions. Different quantities of the semi-synthetic pS129-α-syn standard were 
fractionated and unphosphorylated α-syn was used as a control. A) Coomassie Blue staining 
shows an absence of oligomers of pS129 α-syn. B) Higher-sensitivity visualization of the same gel 
by silver staining shows minor bands of a putative dimer in the 0.5- and 1.0-μg pS129-α-syn 
lanes. Minor degradation products are also observed under the monomer band. Bands between 
50–60 kDa likely are keratin contamination and are not related to the analyzed proteins. C) 
Western blot analysis probed with the anti-α-syn antibody MJFR1 showing minor putative dimer 
bands in the 0.5- and 1.0-μg pS129-α-syn lanes. D) Western blot analysis probed with the anti-
pS129-α-syn antibody EP1536Y. The gel migration of molecular weight markers is shown on the 
left in each panel. 
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Table 1: Evaluation of antibody combinations for development of the pS129-α-synuclein 
electrochemiluminescence ELISA. 

Capture 
antibody 

Detection 
antibody 

LoB 
(pg/mL) 

LLoD 
(pg/mL) 

LLoQ 
(pg/mL) 

ULoQ 
(pg/mL) 

Intra-
assay 
CV 
(%) 

Inter-
assay 
CV 
(%) 

Biotin-
EP1536Y 
(anti-pS129-α-
syn) 

Anti-human 
α-syn-Sulfo 
tag (MSD) 

3.1 ± 0.6 6 ± 3 14 ± 10 66,167 3.9 7.2 

Biotin-anti-
human α-syn 
(MSD) 

EP1536Y-
Sulfo tag 11 ± 3 15 ± 8 75 ± 13 33,088 4.6 10.5 

Biotin-MJFR1 
(anti-human 
α-syn) 

EP1536Y-
Sulfo tag 11 ± 10 32 ± 10 97 ± 30 33,088 7.2 28.3 

Mean ± SD are shown for LoB, LLoD, and LLoQ. 
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Table 2: Definitions of assay parameters [32].  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

LoB Calculated concentration based on the mean zero calibrator signal + 1.645 × the 
standard deviation (SD) of the zero calibrators. 

LLoD Calculated concentration based on the signal + 1.645 × SD (lowest calibrator) above the 
LoB. 

LLoQ Calculated concentration based on the signal + 10 × SD (blank) above the zero 
calibrators. 

ULoQ Calibrator concentration at the upper limit of the linear range on a logarithmic scale. 
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Table 3: Signal/background (S/B) and signal/noise (S/N) ratios for pS129 α-syn and α-syn of 
the evaluated antibody pairs [33]. 

Capture 
antibody 

Detection 
antibody 

S/B (pS129 α-
syn) 

S/N (pS129 α-
syn) S/B (α-syn) S/N (α-syn) 

Biotin-
EP1536Y 
(anti-pS129-α-
syn) 

Anti-human 
α-syn-Sulfo 
tag (MSD) 

426 43674 1 86 

Biotin-anti-
human α-syn 
(MSD) 

EP1536Y-
Sulfo tag 651 49217 1 65 

Biotin-MJFR1 
(anti-human 
α-syn) 

EP1536Y-
Sulfo tag 37 2791 1 43 

The S/B and S/N ratios are averages of three standard concentration points within the linear 

range of the assay using each antibody pair. 
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Table 4: Calculated concentrations, total error (TE) [33] and relative error (RE) [34]  of 
pS129-α-syn ECLIA using EP1536Y for capture and anti-human α-syn antibody (MSD) for 
detection. 

pS129-α-syn 
(pg/mL) 

Assay 1 Assay 2 Assay 3 
TE (%) RE (%) 

1 2 1 2 1 
66176 77102 65766 68279 71620 66202 18.4 5.7 
33088 33119 31361 32100 33769 34979 10.9 3.2 
16544 14916 15799 14657 16233 15718 13.6 6.5 
8272 7836 8250 7690 7918 8151 8.6 3.7 
2068 2269 2148 2266 2244 2004 16.7 7.0 
517 613 571 604 605 550 23.2 13.8 
129 126 124 122 122 141 16.4 5.3 
32 18 23 26 21 32 54.8 25.0 
8 5.7 4.4 3.8 4.7 5.9 58.6 38.8 
2 1.7 4.0 2.1 2.5 0.8 146.3 41.0 
0.5 1.5 2.2 2.1 1.8 1.7 375.1 272.0 

TE (%) = ((calculated concentration – actual concentration) + 2 SD)/actual concentration) × 100; 

RE (%) = ((calculated concentration – actual concentration)/actual concentration) × 100. 
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Table 5: Calculated concentrations, total error (TE) [33] and relative error (RE) [34] of 
pS129-α-syn ECLIA using the Biotin-MJFR1 - EP1536Y-Sulfo tag antibody pair. 

pS129 α-syn 
(pg/mL) 

Assay 1 Assay 2 
TE (%) RE (%) 

1 2 1 2 
66176 60951 65118 64829 69720 13.6 4.2 
33088 33826 34340 32593 34348 7.2 2.8 
16544 16393 18542 15645 17102 18.4 5.4 
8272 9349 7820 7639 8187 22.9 6.8 
2068 1631 1791 2338 2130 39.5 12.6 
517 397 298 470 585 62.6 22.0 
129 468 751 108 97 618.6 196.4 
32 7.0 n.d. 15 10 86.8 66.7 
8 2.0 n.d. 8.2 28 384.4 108.5 
2 39 10 n.d. 17 2198.9 999.1 
0.5 0.6 n.d. 2.9 2.9 752.1 317.5 

n.d. – not determined 
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Table 6: ECL signal of pS129 α-syn standards using 2 or 5 µg/mL Biotin-EP1536Y capture 
antibody and MSD Sulfo-tag antibody for detection. 

pS129 α-syn (pg/mL) 2 µg/mL capture antibody 5 µg/mL capture antibody 
10000 107291 103256 
2500 17083 16278 
625 3529 3507 
156 957 902 
39 332 317 
9.8 152 135 
2.4 116 95 
0 96 91 
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ABSTRACT 

Background: Current antemortem differential diagnosis of Parkinson’s disease (PD) and multiple 

system atrophy (MSA) is challenging due to the overlap of parkinsonian symptoms, especially in 

the early stages of disease. Analysis of biomarkers in CNS-originating extracellular vesicles (EVs) 

isolated from blood is a promising strategy for these diseases. EVs are released by all cell types 

and pass through the blood-brain-barrier, providing a proxy of the brain’s biochemistry. We have 

shown previously that α-synuclein (α-syn) concentration in neuronal- and oligodendroglial-EVs 

(nEVs and oEVs, respectively) isolated from the serum or plasma of healthy controls (HC), and 

patients with PD or MSA allowed separating MSA from both HC and PD with high sensitivity and 

specificity. Here, we measured α-syn phosphorylated at Ser 129 (pS129-α-syn), total tau, and 

neurofilament light chain (NfL) in subsets of the original cohort to test if they improved the 

diagnostic power.  

Methods: pS129-α-syn and total tau were measured in nEVs and oEVs using 

electrochemiluminescence ELISA. NfL was measured directly in the serum or plasma using 

Simoa. A multinomial logistic regression with LASSO variable selection was used to select 

candidate variables to include in a receiver operating characteristic (ROC) analysis. Separation 

was assessed using the area under the curve in ROC analysis and prediction error was compared 

using the Akaike information criterion (AIC). 

Results: Levels of pS129-α-Syn in oEVs but not nEVs increased in the order of HC < PD < MSA 

similar to total α-syn. When oEV pS129-α-syn was added to the multivariable model, the AUC for 

the separation among all groups was higher, and the AIC suggested a better predictive ability, 

compared to the baseline model. Total tau was statistically significantly lower in both nEVs and 
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oEVs in MSA compared to PD and HC. The average NfL concentration was significantly lower 

in females in the PD and MSA groups compared to the HC group. 

Conclusion: Addition of pS129-α-syn to total α-syn measured in CNS-originating EVs may 

improve the differential diagnostic accuracy for synucleinopathies. pS129-α-syn and tau levels in 

the different groups provide insight into the pathological processes underlying these diseases. 
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Introduction 

Synucleinopathies are neurodegenerative diseases characterized by accumulation of misfolded α-

synuclein (α-syn) inclusions in neuronal and/or glial cells. Different synucleinopathies may affect 

different brain regions and cell types. In Parkinson’s disease (PD) and dementia with Lewy bodies 

(DLB), α-syn deposits predominantly in neuronal Lewy bodies (LBs) and Lewy neurites (LNs), 

whereas in multiple system atrophy (MSA), α-syn-rich glial cytoplasmic inclusions (GCIs) are 

found in oligodendrocytes [1, 2]. Despite differences in the underlying pathophysiology, 

synucleinopathies often are misdiagnosed, especially by non-experts in the early-stages, due to the 

overlapping clinical symptoms [3-6]. 

A definite diagnosis of synucleinopathies can only be determined through a neuropathological 

examination after death [7]. ~15% of patients diagnosed clinically antemortem with PD do not 

meet the pathological criteria for the disease [6]. The diagnostic accuracy was found to improve 

from just 53% at ≤ 5 years from symptom onset to 85% at 5–13 years after the initial diagnosis 

[4]. A 2016 meta-analysis concluded that clinical diagnosis accuracy for PD had not improved in 

the previous 25 years [8]. In rarer diseases, such as MSA, antemortem misdiagnosis rates are higher 

[5]. An autopsy study of 134 patients diagnosed with MSA found 71% accuracy in patients 

diagnosed with probable MSA and 60% in those diagnosed with possible MSA [9]. Thus, an urgent 

need exists for reliable, sensitive, specific, and minimally invasive biomarkers for 

synucleinopathies that will allow early diagnosis providing the opportunity to initiate experimental 

therapy at a meaningful stage of the disease and serve as a screening tool to ensure inclusion of 

the correct patient population in each clinical trial. 

Biomarker discovery using cerebrospinal fluid (CSF) and imaging modalities such as PET, 

SPECT, or MRI has been the state of the art for neurodegenerative diseases, including 
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synucleinopathies. However, these strategies are limited by their invasive and/or expensive nature, 

their low diagnostic power for synucleinopathies, lack of reproducibility among studies, and the 

need for high level of expertise and/or sophisticated technologies [10-14]. Skin biopsies are 

promising for distinguishing synucleinopathies from non-synucleinopathies with  overlapping 

symptoms [15, 16] yet are considered more invasive than a blood test and do not show sensitive 

and specific separation among synucleinopathies. Direct measurements of candidate diagnostic 

biomarkers for synucleinopathies in serum or plasma has not shown promising results [17-19]. A 

previous study [20] measured neurofilament light chain (NfL) in blood as a general biomarker for 

neurodegeneration [21] and showed significantly higher levels in patients with MSA compared to 

those with PD, suggesting that serum/plasma NfL could be part of a biomarker panel for 

distinguishing between these diseases. 

An alternative approach is the measurement of biomarkers in extracellular vesicles (EVs) 

originating in the CNS and isolated from the blood [19, 22]. EVs are small vesicles including 

exosomes, microvesicles, oncosomes and apoptotic bodies [23]. They carry proteins, 

carbohydrates, lipids and nucleic acids representing their cell of origin. Exosomes are the smallest 

and most abundant EVs, ranging in diameter between 30 and 200 nm and are thought to 

communicate cell-state-specific content (e.g., stimulated, differentiated, stressed) with both 

neighboring and distant cells [24]. In synucleinopathies and other neurodegenerative 

proteinopathies EVs carry pathological forms of the proteotoxic proteins, e.g., α-syn oligomers, 

presumably to remove them and protect the cells from further damage [25-27]. The EVs can cross 

the blood-brain-barrier (BBB) into the blood and protect candidate biomarkers from enzymatic 

degradation. Thus, measuring cell-state specific biomarkers in CNS-originating EVs isolated from 

the blood provides a useful window into the brain’s biochemistry [28]. 
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Several studies have demonstrated the utility of measuring α-syn in neuronal EVs (nEVs) as a 

diagnostic biomarker for PD [19, 29-31] and for distinguishing between PD and MSA [32-34]. 

Recently, our group has shown that α-syn measured in both nEVs and oligodendroglial EVs 

(oEVs) in the same samples, and in particular the oEV:nEV α-syn concentration ratio, yielded a 

discriminative formula distinguishing between PD and MSA with 89.8% sensitivity and 86.0% 

specificity and between healthy controls (HC) and MSA with 96.0% sensitivity and 84.3% 

specificity [35]. In contrast, the same formula offered moderate separation between PD and HC – 

71.4% sensitivity and 62.7% specificity. Here, using remaining samples from the previous study, 

we evaluated whether adding nEVs and oEVs pS129-α-syn, total tau, tau phosphorylated at Thr 

181 (pT181-tau), and/or serum/plasma NfL to the previously measured α-syn might improve the 

diagnostic power when added to the discriminative formula. To our knowledge, our study is the 

first to measure pS129-α-syn in nEVs and oEVs and the first to assess tau concentrations in these 

types of EVs from patients with MSA. Our results show that adding pS129-α-syn concentration 

levels to the previously reported biomarker panel improves the separation among the three groups, 

and addition of NfL improves the separation between HC and PD.  

Materials and Methods 

Patient samples 

All the samples used were subsets of those described previously [35]. The determination of 

diagnosis and methods of sample collection and preparation were described previously. 

Demographic and clinical characteristics and the number of samples analyzed per group for each 

biomarker are summarized in Tables 1–3. Due to the limited sample volumes available, for most 

samples we measured only one or two of the biomarkers and therefore each one was added to the 

discriminative formula separately. 
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EV isolation and immunocapture 

To remove intact cells and cell-debris, samples were centrifuged at 4 °C for 10 min at 3,400 g. 

Further isolation of nEVs and oEVs was done as described previously [35]. Experimenters were 

blinded to the diagnosis, demographic data, or any other identifying information. 

CD81 measurement 

The exosome concentration was estimated using the ExoELISA Ultra CD81 assay (System 

Biosciences) following the manufacturer’s instructions as described previously [35]. 

pS129-α-syn assay 

We used a new in-house-developed electrochemilumiscence ELISA (ECLIA) based on Meso 

Scale Discovery (MSD)’s platform. The assay has been described in detail in [36]. 

Total tau and pT181-tau measurement 

Total tau and pT181-tau were measured using S-PLEX Human Total Tau or pT181-tau kits, 

respectively (MSD). Briefly, 50 μL of biotinylated human tau or pT181-tau capture antibodies 

were added to single-small spot streptavidin-coated wells and incubated at room temperature (RT) 

with shaking for 1 h at 700 rpm. After washing the plate using 150 μL wash buffer (WB: 0.05% 

(v/v) Tween-20 in 1X PBS, pH 7.4) per well thrice, 25 μL of blocking buffer and either sample or 

calibrator were added to each well and allowed to incubate at RT for 1.5 h with shaking at 700 

rpm. The wells again were washed thrice using the WB, and 50 μL TURBO-BOOST human tau 

detection antibody was added to each well and incubated for 1 h with shaking at 700 rpm. The 

plate was washed thrice using the WB and incubated with 50 μL enhancing solution at RT for 30 

min with shaking at 700 rpm. Each well then was washed thrice with WB and 50 μL of TURBO-

TAG enhancing solution was added to each well and incubated at 27 °C for 1 h with shaking at 
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700 rpm. Lastly, the plate was washed thrice using WB, 150 μL of MSD Gold Read Buffer B was 

added to each well, and the plate was read immediately using a QuickPlex SQ 120 instrument. The 

data were analyzed using Discovery Workbench 4.0 and quantified with reference to freshly 

prepared total tau or pT181-tau standard curves. 

The reported lower limit of detection (LLoD) of the S-PLEX total tau kit is 0.012 pg/mL and that 

of the pTau181-tau kit is 0.077 pg/mL. In our hands, the experimental LLoDs were 0.014 and 

0.019 pg/mL, respectively, for these assays. The intra- and inter-assay coefficients of variation 

(CVs) for total tau measurements were 9.2% and 2.9%, respectively. We did not determine CVs 

for the pTau181-tau kit. 

NfL measurement by Single Molecule Array (Simoa) 

NfL was measured directly in the serum or plasma samples. Samples were thawed once for 

aliquoting before measurements, diluted 1:20 (20 μL) in PBS (380 μL) containing a protease and 

phosphatase inhibitor cocktail (HaltTM Protease and Phosphatase Inhibitor Cocktail, ThermoFisher 

Scientific), and analyzed by UCLA’s Immunogenetics Center using Simoa NfL kits (Quanterix) 

on an HD-X Analyzer (Quanterix). 

Statistical analysis 

One-way comparisons for the biomarkers between the groups were conducted using the Kruskal-

Wallis test. Sample concentrations that were below the LLoD of the assay were imputed as the 

minimum value divided by 2 [37]. Correlations across individual biomarkers or between 

biomarkers and clinical test scores were evaluated using Spearman’s method. A multinomial 

logistic regression model with Least Absolute Shrinkage and Selection Operator (LASSO) variable 

selection was used to select the best variables to include in logistic models followed by ROC 
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analysis. Sensitivity and specificity were estimated at the best threshold, defined as the value of 

the linear predictor in the logistic model which maximized the unweighted sum of the sensitivity 

and specificity using ROC models for each pairwise combination of groups (HC vs. PD, HC vs. 

MSA and PD vs. MSA). Prediction error was compared using the Akaike Information Criterion 

(AIC). Analyses were performed using Prism 9.4 (GraphPad) or R version 4.0.2 (Copyright © 

2020 The R Foundation for Statistical Computing). Most results are presented in the figures as 

log-transformed values to improve normalization and facilitate statistical analysis. Non-

transformed values are summarized in Table 4. 

Results 

pS129-α-syn 

The levels of pS129-α-syn in normal adult human brain are ~4% of total α-syn and may increase 

up to ~90% in LBs [38-40]. pS129-α-syn also is highly enriched in GCIs in the MSA brain, though 

to a lesser degree than in LBs [40]. These differences suggest that the pS129-α-syn concentrations 

in nEVs and/or oEVs may help distinguish among the groups. 

Measurement of pS129-α-syn in 32 HC, 46 PD, and 30 MSA samples showed that the 

concentrations in most cases were a small fraction of the total α-syn (Supplementary Fig. S1a). In 

the nEVs, the pS129-α-syn concentrations trended toward a decrease in the order HC > PD > MSA 

but the differences were statistically insignificant (Figure 1). In contrast, pS129-α-syn 

concentrations in oEVs increased in the same order, HC < PD < MSA, and were significantly 

higher in both disease groups compared to the HC group (Figure 1). These data suggest that EV-

mediated removal of pS129-α-syn from neurons is not affected by synucleinopathy, whereas in 

oligodendrocytes it is increased in MSA and in a subgroup of patients with PD compared to 

oligodendrocytes in normal, age-matched brains. 
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The oEV:nEV pS129-α-syn ratio showed a similar behavior, increasing in the order HC < PD < 

MSA (Supplementary Fig. S1b). In most patients with MSA this ratio was > 1, as reported 

previously for total α-syn [35]. However, in the PD group roughly equal numbers of samples were 

< 1 or > 1. Consequently, unlike the oEV:nEV total α-syn ratio, which strongly discriminated 

between PD and MSA, the same ratio of pS129-α-syn concentration only moderately separated the 

groups. 

Total tau and pT181-tau 

Although tau and hyperphosphorylated tau oligomerization and aggregation typically are thought 

of in the context of Alzheimer’s disease and other tauopathies, multiple genome-wide association 

and other studies investigating genetic risks for idiopathic PD revealed that polymorphisms in the 

MAPT gene are strongly linked to PD [41-46]. Abnormal tau has been shown in postmortem 

studies to be abundant in the striatum of patients with PD [47] and tau aggregates have been 

observed in ~50% of PD brains [48]. In contrast, brain hyperphosphorylated tau pathology only 

rarely has been reported in patients with MSA [49-51] and in those cases, it might have reflected 

a co-pathology of AD. Thr 181 is a common phosphorylation site in tau found in various 

pathological conditions [52-56] and CSF pT181-tau has been used as a biomarker for PD and 

atypical parkinsonian disorders [57-59]. 

Total tau was measured in 54 HC, 51 PD, and 41 MSA samples. One sample was excluded from 

the oEV MSA group because it was 39 standard deviations above the mean. The tau concentrations 

were approximately an order of magnitude lower than the α-syn concentrations (Table 4), below 1 

pg/ml in many of the samples. In a few samples, the signal was below the LLoD and was imputed 

as the minimum/2 value (Figure 2). The average concentration in both nEVs and oEVs was 

significantly lower for the MSA group compared to the HC and PD groups, in agreement with the 
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scarce observation of tau pathology in MSA brain. The HC and PD groups had similar tau 

concentrations in both nEVs and oEVs. The differences between nEVs and oEVs were statistically 

insignificant in all three groups (Figure 2), unlike the total α-syn [35] and pS129-α-syn results 

(Figure 1), suggesting that in contrast to α-syn, the oEV:nEV tau concentration was not useful for 

distinguishing MSA from HC or PD and that measurement of tau in one type of EV is sufficient. 

In our first attempt to measure pT181-tau we isolated nEVs an oEVs from 38 samples (9 HC, 17 

PD and 12 MSA). Unfortunately, pT181-tau levels were detectable only in 6 of the 76 EV lysates—

one PD and one MSA samples showing detectable pT181-tau concentrations in both nEVs and 

oEVs, whereas another MSA sample and one HC sample had detectable pT181-tau concentrations 

in oEVs only. These findings suggest that pT18- tau levels in CNS-originating EVs isolated from 

the samples used in our study were only a small fraction of the total tau concentration and 

demonstrate that at the present assay sensitivity levels this analyte is not useful for distinguishing 

among HC, PD, and MSA. 

NfL 

Increased concentrations of NfL in the CSF have emerged in recent years as a measure of 

neuroaxonal injury and neurodegeneration not specific to a particular disease [21, 60, 61]. Several 

studies have shown that plasma NfL concentrations correlate well with those in the CSF [62-64]. 

Previously, Hansson et al. reported significantly higher plasma NfL concentrations in patients with 

MSA compared to HC and patients with PD [20]. Therefore, we tested whether similar differences 

could be detected in our cohort. An important difference between our measurement and that of 

Hansson et al. was that they used plasma whereas the majority of our samples were serum. NfL 

concentrations in serum and plasma have been reported to be strongly correlated in patients with 
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multiple sclerosis (r = 0.95) [65]. We are not aware of similar side-by-side comparisons in patients 

with synucleinopathies. 

Because the volume needed for the direct measurement of NfL in each sample, 20 μL, is ~10% of 

the volume needed for EV isolation we could measure NfL in a larger number of samples – 88 

HC, 79 PD, and 74 MSA. Unlike the other biomarkers, which were measured using ECLIA, we 

used Simoa to quantify NfL to match most of the current literature. Our analysis showed a 

significantly lower average NfL concentration in the PD group compared to both the HC and the 

MSA groups. The lower concentration of NfL in PD compared to HC samples was in agreement 

with a recent paper by Chen et al. who reported similar findings in an Asian cohort [66]. Moreover, 

Chen et al. reported that the lower in NfL plasma concentration was statistically significant only 

in females. Therefore, we tested if the same phenomenon could be found in our cohort. Indeed, we 

found lower NfL concentrations in females but not in males, in the PD group, corroborating the 

findings of the previous study. In contrast to the report by Hansson et al., we did not find significant 

differences between HC and MSA when both sexes were analyzed together (Figure 3). When 

males and females were analyzed separately, the NfL concentration in female patients with MSA 

(270 pg/mL) was significantly lower than in the healthy females (326 pg/mL). 

Statistical models 

Previously, a multinomial logistic regression (MLR) model with LASSO variable selection 

performed the best out of four models examined and selected nEV α-syn concentration, the 

oEV:nEV α-syn concentration ratio, and total EV concentration to create a ROC model that best 

separated among the HC, PD, and MSA groups [35]. Here, we used the same approach to test 

whether pS129-α-syn, tau, or NfL might improve the separation when added separately to the 

previously selected parameters. The number of samples in which both pS129-α-syn and tau could 
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be measured was too small in the current study to allow meaningful evaluation of both together. 

NfL was measured in most of the samples and therefore we tested it in combination with pS129-

α-syn or tau. 

For the subset of samples with pS129-α-syn measurements, as might be expected based on the data 

presented in Figure 1, the MLR model selected to add oEV pS129-α-syn concentrations to the 

previous parameters in the ROC model. The addition of pS129-α-syn improved the model 

predictions compared to the model that did not include oEVs-pS129-α-syn (AIC 136.1 vs 138.7, 

respectively; AIC change = –2.6). The improved model separated the PD and HC groups with 

AUC = 0.874, MSA and HC group with AUC = 0.993, and the PD and MSA groups with AUC = 

0.936 (Figure 4a). Addition of NfL did not improve the separation in this subset of samples. 

For the subset of samples with total tau measurements, the model added oEV tau to the previously 

selected parameters. However, the addition of this parameter did not result in a significant 

improvement in the model predictions compared to the model that did not include oEV tau (Figure 

4b and Table 5). When NfL was added to oEV tau, there was a significant improvement in model 

predictions (AIC = 260.8 vs. 263.1; AIC change = –2.2) and the separation between the PD and 

HC groups in ROC analysis increased compared to tau alone from AUC = 0.633 to 0.720 (p = 

0.055). 

α-Syn concentration in both nEVs and oEVs in all the groups combined together correlated 

positively with oEV pS129-α-syn (rnEV = 0.38, roEV = 0.35; p < 0.0001) but not with nEV pS129-

α-syn. To assess the contribution of the different groups to these correlations we tested them in 

each group separately. In the control group, no significant correlation was found between nEVs or 

oEVs total α-syn and nEVs or oEVs pS129-α-syn indicating that this group did not contribute to 

the observed correlations. In the PD group, both nEVs and oEVs α-syn correlated positively with 
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oEVs pS129-α-syn (rnEV = 0.37, p = 0.010; roEV = 0.33, p = 0.025). Similarly, positive correlations 

were found also for the MSA group (rnEV = 0.38, p = 0.037; roEV = 0.38, p = 0.036). None of the 

biomarkers correlated with disease duration or disease progression as assessed by Unified 

Parkinson’s Disease Rating Scale-III (UPDRS-III), Unified Multiple System Atrophy Rating Scale 

(UMSARS), or Hoehn and Yahr scale (H&Y).  

Discussion 

Correct diagnosis of synucleinopathies is crucial for multiple reasons. Symptomatic treatment, 

e.g., dopaminergic replenishment with levodopa, is effective for managing the motor symptoms of 

patients with PD, especially in early stages [67], but not in patients with MSA and may worsen 

cognitive symptoms in DLB. MSA is a more aggressive disease compared to PD, leading to a rapid 

deterioration of motor and autonomic functions, and death on average eight years from symptom 

onset. Medical management of MSA differs from PD in medication adjustment, side-effect 

examination, and monitoring of potential common complications including urinary retention, sleep 

apnea, and aspiration. Thus, patients’ and caregivers’ emotional and practical responses to the 

diagnosis of MSA compared to PD differ substantially. Lifestyle decisions that depend on knowing 

the diagnosis, including diet and exercise, can have a major impact on disease course and quality 

of life [68-71] and accurate diagnosis and prognosis help patients manage their advanced care 

decisions. 

Early diagnosis will enrich recruitment of subjects for research studies, which is a major difficulty 

in MSA research. Critically, effective development of disease-modifying therapy for these diseases 

requires establishing inclusion and exclusion criteria for clinical trials based not only on the 

symptoms, which even in the best-controlled trials are highly variable, but also on the underlying 

pathology. Candidate biomarkers measured in CNS-originating EVs are attractive thanks to the 
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non-invasive nature of the needed blood test and the ability to compare the biomarkers in EVs 

from different cell types. 

Previously, we showed that α-syn concentration in nEVs and oEVs isolated from HC, PD, or MSA 

blood samples separated MSA from the HC and PD groups with high sensitivity and specificity. 

Here, using the same strategy, we found that pS129-α-syn further improves the predictions (Figs. 

1 and 4a, Table 5), most notably between HC and PD, suggesting that the combination of total and 

pS129-α-syn could be multiplexed in the future to create a test assisting clinicians in the differential 

diagnosis. To our knowledge, our study is the first to measure pS129-α-syn as a potential 

biomarker in CNS-originating EVs for the separation among HC, PD, and MSA, and tau in nEVs 

and oEVs in patients with MSA. Although total tau (Fig. 2) showed significant differences among 

the groups, the concentration distributions overlapped substantially and this biomarker did not 

improve the separation. When both NfL and  oEVs tau were added to the model, their combination 

improved the separation between the HC vs PD groups above the baseline model, though to a 

lower extent than pS129-α-syn. The concentrations of the fourth biomarker we tested, pT181-tau, 

were mostly below the detection limit of the assay we used, 0.019 pg/ml.  

Several studies have assessed the potential of pS129-α-syn measurements directly in the CSF or 

plasma as a potential biomarker for synucleinopathies [72-77]. The results were highly variable, 

and in particular, some of the studies did not detect pS129-α-syn in CSF [77, 78], likely because 

highly sensitive pS129-α-syn assays were not available commercially, resulting in multiple groups 

developing and using different assays for measuring this candidate biomarker. Like these groups, 

we used an in-house developed pS129-α-syn assay, which in our case was a new ECLIA [36]. 

pS129-α-Syn is known to be highly enriched in LBs and LNs, and to a lower extent in GCIs [79]. 
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Interestingly, we found the highest concentration of oEV-associated pS129-α-syn in patients 

diagnosed with MSA (Fig. 1). Although new studies have begun mapping α-syn proteoforms in 

different brain regions and different synucleinopathies [80, 81], how much pS129-α-syn exists in 

the brain of patients with MSA compared to those with PD currently is unknown. Thus, our 

findings might simply reflect an overall higher putative amount of this proteoform in MSA 

compared to PD, resulting in higher concentrations in the oEVs. Alternatively, if the amount of 

pS129-α-syn in the brain is similar in the two diseases or lower in MSA, the higher concentrations 

we found in the oEVs would suggest an increased secretion of this α-syn form by oligodendroglia 

in MSA compared to PD, in agreement with its lower abundance in MSA-brain deposits compared 

to those in the PD brain. 

In this context, the observation that the increase in pS129-α-syn was only in the oEVs and not in 

the nEVs is intriguing. In both diseases neurons are thought to use EVs to expel excess α-syn and 

pS129-α-syn to mitigate proteotoxic stress. However, whereas total α-syn concentration in nEVs 

increases significantly in the order HC < PD < MSA, pS129-α-syn shows an opposite trend. This 

phosphorylated form of α-syn has a substantially higher tendency to aggregate than the 

unphosphorylated protein and thus may be retained inside the cells, especially in LBs and LNs, 

and to a lower extent in GCIs. The significantly higher concentrations of pS129-α-syn in the oEVs 

from the patients, particularly those with MSA, compared to the HC group may result from the 

different cellular environment in oligodendrocytes compared to neurons [79] and/or the different 

α-syn strains formed in PD and MSA [82].  

Another putative explanation is that nEVs containing pS129-α-syn are taken up by glial cells, 

including oligodendrocytes, for processing and degradation. This process appears to work 
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efficiently in the healthy brain, but presumably fails in most patients with MSA (Figure 1), possibly 

due to reduced levels of Coq2, Coq7, and ATP [83]. 

Despite the strong PD risk associated with MAPT polymorphism and the frequent findings of tau 

aggregates in the same brain areas where Lewy bodies deposit, our data showed no difference 

between tau concentrations in nEVs or oEVs from HC and PD samples, but were significantly 

lower in the MSA group (Figure 2). The lack of difference between the HC and PD groups suggests 

that unlike α-syn, the PD brain does not sense tau accumulation as threatening and therefore neither 

the neurons nor the glia attempt to remove excess tau via EVs. In contrast, the lower concentrations 

in the CNS-originating EVs from patients with MSA suggest a possible disruption of tau 

expression and/or its trafficking into EVs in this disease. 

Tau co-pathology in MSA has been reported rarely. Giasson et al. probed the GCIs of 21 MSA 

brains using a polyclonal anti-tau antibody that recognizes all alternatively spliced forms of tau, 

independent of phosphorylation, and found tau only in a few GCIs [84]. Another clinico-

pathological study of seven MSA cases did not find tau inclusions in oligodendroglial GCIs, but 

rather found tau-positive GCIs in astrocytes [49]. A recent study using monoclonal antibody AT8 

in 14 patients with MSA found weak presence of granular positive tau-inclusions in five of these 

patients exclusively in the cerebral white matter [85]. These five patients were long-survivors of 

MSA, suggesting a link between tau co-pathology in MSA and longevity. These observations 

speak against retention of aggregated tau in the MSA brain as the reason for the reduced 

concentration in the CNS-originating EVs. 

The use of CNS-originating EVs to distinguish among parkinsonian disorders has focused mainly 

on α-syn [18, 33, 34, 86, 87], sometimes in combinations with other markers, e.g., Clusterin. CSF 

tau has been used as a biomarker in synucleinopathies primarily in the context of cognitive decline 
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[88, 89], yet a few studies also have assessed the use of tau as a biomarker in nEVs from patients 

diagnosed with PD. Shi et al. immunoprecipitated nEVs directly from the plasma of 91 patients 

with PD, 106 patients with AD, and 196 age- and sex-matched HC and measured tau 

concentrations using a Simoa assay [29]. They showed that the concentrations were higher in PD 

than in the AD and HC groups, though the separation between PD and HC was low (AUC = 0.607). 

In agreement with the lack of difference we found between patients with PD and HC in nEV tau, 

Blommer et al. isolated nEVs from 271 participants (103 PD, 81 PD with mild cognitive 

impairment (PD-MCI), 40 PD dementia (PDD), and 49 HC) and did not find differences between 

the groups in nEV-tau concentrations quantified using an EMD Millipore multiplexed magnetic 

bead assay [90]. In contrast to our findings, Blommer et al. reported higher pT181-tau 

concentrations in both cognitively impaired (MCI and PDD) and cognitively normal patients with 

PD compared to HC, and higher concentrations in the PD-MCI and PDD groups than in cognitively 

normal PD. ROC analyses revealed low-to-moderate separation among the groups using the 

combinations of pTau181, α-syn, Aβ42, pY-IRS-1, pmTOR and pSer312-IRS-1 (AUC range: 

0.57-0.71) [90].  

The most likely reason for Blommer et al.’s success in measuring pT181-tau as opposed to our 

work is the higher sample volume they used, 500 μL, compared to the 200-μL samples in our 

study, though the reported sensitivity of the magnetic-bead assay they used, 1.5 pg/mL was lower 

than that of the ECLIA in our study, 0.019 pg/mL. It is also possible that pT181-tau is more 

susceptible to degradation over time than the other biomarkers we measured and therefore we only 

detected it in a few samples. 

While these results may seem promising, they are limited by various factors (summarized in Fig. 

5). The results from our study [91] showed high overlap in the data, as can be seen in the error bars 
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in Fig 1a, with an approximately equal number of samples, which suggests that the results may not 

be significant [92]. Further, in another subset of samples, measured ~2.5 years later, pS129-α-syn 

in CNS-originating EV lysates resulted in signals below the lower limit of detection (LLoD) of the 

assay. This may suggest the protein had deteriorated over time but may also suggest that batch-to-

batch variability due to the 2.5-year gap between measurements led to confounding results as 

suggested by Lashuel et al. [93]. 

The pS129-α-syn measurements were conducted using an in-house ECLIA with an antibody highly 

specific for pS129-α-syn (EP1536Y) for capture and the SULFO-TAG anti-α-syn antibody 

provided by Meso Scale Discovery for detection. However, looking at Fig. 3 in Chapter 1, we 

observed poor dilution linearity and spike recovery results, indicating that the levels of pS129-α-

syn in patients with PD and MSA or HCs found in our study may have been due to a matrix effect. 

Although we have shown that the anti-pS129-α-syn EP1536Y antibody is highly specific for 

pS129-α-syn (as seen in Fig. 1; Dutta et al., 2023a), these findings suggest caution is needed when 

interpreting the results from the ECLIA assay which may work in serum samples only with the 

possibility of confounding matrix effects, but not plasma or CSF.  

Although pS129-α-syn is commonly targeted as a marker of synucleinopathies, α-syn is also prone 

to concomitant post-translational modifications and C-terminal truncations [93, 94]. This led the 

group of Lashuel et al. [93] to investigate how these issues may impact various antibodies specific 

for pS129-α-syn. Their findings suggest that the EP1536Y antibody is susceptible to cross-

reactivity with other proteins, fails to recognize pS129-α-syn truncated at either the 133 or 135 

residues, shows reduced signal for pS129/nY125/nY133/nY136-α-syn fibrils compared to pS129-

α-syn fibrils, and fails to robustly detect pS129-α-syn in Western blots. These findings suggest that 

the results seen with nEVs and oEVs pS129-α-syn in patients with PD, MSA, and HC are not 
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reliable until further characterization is done. Moreover, this particular antibody may react with 

the antibodies used for capturing nEVs and oEVs as seen with the α-synuclein antibody [95].  

We use a two-step procedure to capture CNS-originating EVs, first by using a polymer-based 

precipitation technique followed by immunocapture of nEVs or oEVs using the anti-L1CAM or 

anti-MOG antibody, respectively. Our group had not characterized pS129-α-syn levels directly in 

the serum/plasma or directly in the EV isolated bulk before immunocapture, limiting the 

interpretation of results. Lastly, it is unclear why the LASSO model selected oEVs pS129-α-syn 

to improve separation among the groups, especially patients with PD and MSA, given that it was 

not significantly different between the two diseases (p = 0.52), which is supported by a meta-

analysis [96]. 

On the other hand, tau has been linked to PD pathology. Thus, our team has attempted to measure 

nEVs and oEVs tau, and the findings did not suggest improved separation among the groups with 

high overlap and many samples being below the LLOD of the assay. As this is a commercial assay, 

we did not further characterize it in our laboratory. Similar to the above, we had not measured tau 

directly in serum/plasma or in bulk EVs isolated [91]. Furthermore, we obtained no signals for the 

measurements of pT181-tau in nEVs and oEVs of patients with PD, MSA and HCs as well as 

another subset of patients with tauopathies.   

Another critical point that we did not address is the control of the preanalytical variables and how 

they may impact the purity, property, number and content of EVs isolated. Many studies have 

shown that preanalytical variations such as the time from blood collection to the first centrifugation 

at various temperatures, centrifugation force and time, depletion of platelets, the number of 

freeze/thaw cycles before EV isolation, choice of anticoagulation agent mixed with plasma, the 

time of preparation, centrifugation methodology, the nature of transport, number of freeze/thaw 
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cycles, storage conditions, temperature and the type of collection tube have all been shown to 

influence the purity, property, number and content of EVs isolated [97-103]. None of these 

variables have been controlled in Taha et al., further indicating that the results might be due to 

chance which explains (see below) why other groups have failed to replicate these findings. 

Specifically, in Taha et al., we did not perform subgroup analyses by repository due to small n, 

even though different biobank repositories do indeed have different protocols. It is also important 

to note that the technique used here is of high cost and requires approximately 3 days to obtain 

lysates of CNS-originating EVs from the blood.  

Current efforts by ISEV [104] and others [105, 106] are aiming toward more rigorous 

standardization so that findings in EVs can be replicated successfully. All studies measuring 

biomarkers in CNS-originating EVs for parkinsonian disorders [29, 30, 107-115] are encouraged 

to keep detailed record of their methodology and handling steps through EVTRACK [116]. 

A technical limitation shared by most studies using CNS-originating EVs for biomarker analysis 

is that the minute amount of material often does not allow confirming the cellular origin of the 

EVs using independent markers. Two recent studies used the same antibody we did for the isolation 

of nEVs, anti-L1CAM clone 5G3 and corroborated the neuronal origin of the EVs by 

demonstrating enrichment of neuronal markers. Kluge et al. used large plasma volumes and 

demonstrated by western blots that the immunoprecipitated nEVs were enriched in synaptophysin 

and neuron-specific enolase [31]. Blommer et al. used fluorescence microscopy to visualize EVs 

double-immunolabelled for L1CAM and the neuronal marker Vamp2. Both studies support the 

enrichment of nEVs by immunoprecipitation using the 5G3 antibody [90]. 

Finally, there are three more critical points to take into consideration when interpreting the results. 

First, other groups have tried to replicate our findings and were not successful. Second, few of the 
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patients included in the original sample cohort have passed away, and neuropathological diagnosis 

showed a different diagnosis from the one obtained premortem. Third, the findings in the latest 

study [91] have not been validated in an independent cohort while no study to date replicated the 

findings in the original study [35], further weakening the appropriate interpretation of the results.  

orated the neuronal origin of the EVs by demonstrating enrichment of neuronal markers. Kluge et 

al. used large plasma volumes and demonstrated by western blots that the immunoprecipitated 

nEVs were enriched in synaptophysin and neuron-specific enolase [31]. Blommer et al. used 

fluorescence microscopy to visualize EVs double-immunolabelled for L1CAM and the neuronal 

marker Vamp2. Both studies support the enrichment of nEVs by immunoprecipitation using the 

5G3 antibody [90]. 

Current efforts by ISEV [104] and others [105, 106] are aiming toward more rigorous 

standardization so that findings in EVs can be replicated successfully. All studies measuring 

biomarkers in CNS-originating EVs for parkinsonian disorders [29, 30, 107-115] are encouraged 

to keep detailed record of their methodology and handling steps through EVTRACK [116]. 

Conclusion 

In a sample cohort we used previously for measuring α-syn in nEVs and oEVs, we tested whether 

the addition of nEV/oEV pS129-α-syn, total tau, pTau181-tau, or serum/plasma NfL could help 

distinguish among HC, PD, and MSA. We found that the addition of oEV pS129-α-syn to the MLR 

model improved the predictions among the groups. Tau concentrations in both types of EVs were 

significantly lower in MSA than in HC or PD but did not improve the predictions. The levels of 

pT181-tau were for the most part below the detection limit of the assay. NfL was statistically 

significantly lower in the PD group compared to the other groups. NfL on its own did not improve 

the separation, but when added to the model with oEVs tau, it improved the separation between 
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the HC and PD groups. Our initial findings need to be validated in larger cohorts and possibly 

combined with additional recently discovered biomarkers, such as Clusterin [34], amplified 

fibrillar α-syn [31, 118], and certain miRNAs [119-124]. Moreover, as parkinsonian symptoms are 

also present in patients with other synucleinopathies, i.e., DLB, and tauopathies, such as 

progressive supranuclear palsy and corticobasal syndrome, our results may contribute to the 

establishment of a biomarker panel for improved diagnosis of these disorders.  
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FIGURES 

Figure 1. pS129-α-syn concentrations in oEVs but not nEVs differ significantly among the 

groups. pS129-α-Syn concentrations were measured using ECLIA, log-transformed, and analyzed 

by a mixed-effect analysis with post-hoc Tukey test. Data are represented as mean ± SD. 
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Figure 2. Tau concentration in nEVs and oEVs is significantly lower in MSA than in HC or 

PD. Tau concentrations were measured using ECLIA, log-transformed, and analyzed by a mixed-

effect analysis with post-hoc Tukey test. Data are represented as mean ± SD. Values below the 

lower limit of detection (LLoD) were imputed as the minimum value divided by 2 [125]. 
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Figure 3. NfL concentration measured in serum/plasma. A) NfL concentrations were 
measured using Simoa, log-transformed, and analyzed by a one-way ANOVA with post-hoc 
Tukey test. Data are represented as mean ± SD. B) NfL concentrations are lower in the disease 
groups in females but not males.  
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Figure 4. ROC analyses of biomarker concentrations using a multinomial logistic 

regression model with LASSO variable selection. The model included nEVs α-syn 

concentration, oEVs:nEVs α-syn concentration ratio, total EV concentration in the sample and 

(a) oEV pS129-α-syn concentration or (b) oEVs tau concentration 
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Figure 5. Limitation of the current efforts for measuring biomarkers in CNS-originating EVs for 

the differential diagnosis of Parkinson’s disease and multiple system atrophy.  
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Supplementary Figure S1. Ratios between pS129-α-syn and total α-syn concentrations and 

between pS129-α-syn concentrations in oEVs and nEVs. a) Ratio between the concentrations 

of pS129-α-syn and total α-syn in each type of EV. P-values were calculated using a mixed 

model in Prism 9.4 (GraphPad). The apparent decrease in the order HC > PD > MSA reflects the 

fact that the differences in total α-syn concentration are larger than those in pS129-α-syn. b) 

Ratio between pS129-α-syn measured in oEVs and nEVs in each sample. P-values were 

calculated using a one-way ANOVA. 
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Table 1. Demographic and clinical characteristic of the patients whose samples were used for 
pS129-α-syn measurements. 

aMean ± SD. bAs — Asian; B — Black; H — Hispanic; HN — Hispanic non-White; NA — 
Native American; ND — non-disclosed; W — White. cKorea — 2; Philippines — 1; Taiwan — 
1; Vietnam —1; Undefined Asian — 3. dUPDRS — Unified Parkinson’s disease rating scale; 
H&Y —Höhn and Yahr rating scale; MMSE —Mini-Mental State Examination. eConverted 
from Montreal Cognitive Assessment (MoCA) according to Lawton et al.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Variable All Samples Control PD MSA (C:P) 
Total number 109 32 47 30 (26:4) 

Age (range)a 66.8 ± 11.6 (35-
90) 

60.2 ± 13.1(35-
84) 

71.6 ± 9.8 (37-
90) 

62.7 ± 8.2 (46-
79) 

Sex (male:female) 58:51 17:15 28:19 13:17 
Disease Duration 
(range)a   8.1 ± 5.0 

(0-19) 
4.4 ± 2.6 (0-

10) 

Race/ethncityb 

Asc - 8 As – 1 As – 0 As – 7 
B - 2 B - 0 B - 1 B - 1 
H - 1 H - 0 H - 0 H - 1 

HN - 14 HN - 6 HN - 8 HN - 0 
NA - 2 NA - 1 NA - 1 NA - 0 
ND - 1 ND - 0 ND - 0 ND - 1 
W - 81 W - 24 W - 37 W - 20 

UPDRSd (range)   25.1 ± 15.6 (0-
59)  

H&Yd (range) 2.7 ± 1.1 (1-5)  2.5 ± 1.0 
(2-5) 3.8 ± 1.0 (1-5) 

MMSEd (range) 26.4 ± 6.9 (0-
30)  26.3 ± 6.4 

(0-30)e 
26.5 ± 9.3 (0-

30) 
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Table 2. Demographic and clinical characteristic of the patients whose samples were used for 
total tau measurements. 
Variable All Samples Control PD MSA (C:P) 
Total number 153 54 51 48 (21:3) 

Age (range)a 67.1 ± 10.6 
(35-90) 

64.8 ± 11.0 
(35-88) 

71.1 ± 10.0 
(40-90) 

63.7 ± 8.6 
(47-79) 

Sex (male:female) 58:51 35:16 35:16 31:17 
Disease Duration 
(range)a   8.7 ± 4.6 (1-

20) 
5.7 ± 5.2 (1-

26) 

Race/ethncityb 

Asc - 4 As – 1 As – 1 As – 2 
B - 3 B - 0 B - 1 B - 2 

H - 15 H - 10 H - 5 H - 0 
HN - 8 HN - 4 HN - 4 HN - 0 
NA - 3 NA - 0 NA - 3 NA - 0 
ND - 4 ND - 4 ND - 0 ND - 0 
W - 92 W - 35 W - 37 W - 20 

UPDRSd (range)   12.6 ± 1.0 (0-
5)  

H&Yd (range) 2.78 ± 1.1 (0-5)  2.5 ± 1.0 (2-5) 4.5 ± 0.6 (4-5) 

MMSEd (range) 26.1 ± 5.7 (0-30)  26.3 ± 5.0 
(1-30)e 

24.9 ± 8.4 
(0-30) 

aMean ± SD. bAs — Asian; B — Black; H — Hispanic; HN — Hispanic non-White; NA — 
Native American; ND — non-disclosed; W — White. cKorea — 0; Philippines — 0; Taiwan — 
0; Vietnam —0; Undefined Asian — 4. dUPDRS — Unified Parkinson’s disease rating scale; 
H&Y —Höhn and Yahr rating scale; MMSE —Mini-Mental State Examination. eConverted 
from Montreal Cognitive Assessment (MoCA) according to Lawton et al.   
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Table 3. Demographic and clinical characteristic of the patients whose samples were used for 
neurofilament light chain (NfL) measurements. 
Variable All Samples Control PD MSA (C:P) 
Total number 241 88 79 74 (56:18) 

Age (range)a 67.0 ± 10.2 (35-
90) 

66.4 ± 10.0 
(35-88) 

72.0 ± 10.3 
(37-90) 

62.5 ± 7.7 
(46-79) 

Sex (male:female) 125:116 40:48 51:27 34:40 
Disease Duration 
(range)a 6.9 ± 4.4 (0-26)  8.6 ± 4.4 (0-

20) 
5.1 ± 3.7 (0-

26) 

Race/ethncityb 

Asc - 16 As – 2 As – 1 As –13 
B - 5 B - 0 B - 0 B - 5 

H - 24 H - 13 H - 9 H - 2 
HN - 10 HN - 4 HN - 6 HN - 0 
NA - 8 NA - 3 NA - 5 NA - 0 
ND - 7 ND - 5 ND - 0 ND - 2 
W - 171 W - 61 W – 58 W - 52 

UPDRSd (range)   24.4 ± 13.6 (0-
50)  

H&Yd (range) 2.9 ± 0.9 (0-5)  2.4 ± 0.8 (0-5) 3.6 ± 1.3 (1-5) 

MMSEd (range) 28.0 ± 3.4 (0-30)  27.0 ± 4.3 
(0-30)e 

28.3 ± 1.6 
(24-30) 

aMean ± SD. bAs — Asian; B — Black; H — Hispanic; HN — Hispanic non-White; NA — 
Native American; ND — non-disclosed; W — White. cKorea — 2; Philippines — 1; Taiwan — 
1; Vietnam — 1; Undefined Asian — 11. dUPDRS — Unified Parkinson’s disease rating scale; 
H&Y —Höhn and Yahr rating scale; MMSE —Mini-Mental State Examination. eConverted 
from Montreal Cognitive Assessment (MoCA) according to Lawton et al.  
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Table 4. Serum/plasma nEV and oEV biomarker measurements for the HC, PD, and MSA 
groups. All values are reported as median (CI). 
Serum/plasma 

Group HC PD MSA 

CD81 (particles/mL)  6.19 × 1010 (96.5%) 5.00 × 1010 (95.6%) 4.10 × 1010 (95.8%) 

NfL (pg/mL) 262 (95.8%) 85.7 (95.8%) 232 (96.6%) 
Neuronal EVs 

pS129-α-Synuclein 
(pg/mL) 6.06 (98.0%) 5.95 (96.0%) 5.72 (95.7%) 

Total tau (pg/mL) 0.46 (96.0%) 0.28 (97.1%) 0.30 (96.5%) 
Oligodendroglial EVs 

pS129-α-Synuclein 
(pg/mL) 5.17 (98.0%) 6.39 (96.0%) 10.7 (95.7%) 

Total tau (pg/mL) 0.37 (96.0%) 0.30 (97.1%) 0.15 (98.3%) 
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Table 5. Multinomial logistic regressions with LASSO variable selection for separation among 
the HC, PD, and MSA groups. AUC — area under the curve 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Control vs. PD Control vs. MSA PD vs. MSA 

 AUC Sensitivity Specificity AUC Sensitivity Specificity AUC Sensitivity Specificity 

Dutta et al. 
Acta 

Neuropathol. 
2021 – 

Discovery 
Cohort 

0.762 60.8% 85.7% 0.961 96.7% 89.8% 0.928 82.4% 93.3% 

Dutta et al. 
Acta 

Neuropathol. 
2021 – 

Validation 
Cohort 

 

0.610 71.4% 62.7% 0.962 96.0% 84.3% 0.902 89.8% 86.0% 

Addition of 
oEV pS129-α-

syn 
0.874 72.3% 90.3% 0.993 99.9% 96.8% 0.936 89.4% 90.0% 

Addition of 
oEV tau 0.633 47.1% 85.2% 0.924 88.9% 92.4% 0.882 94.1% 70.7% 

1The model was created based on the data in this cohort. New models were created using the previous total α-syn and total EV 
concentration results together with either oEV pS129-α-syn or oEV tau data. 
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Epilogue 
 
In Chapter 1, the research underscored the urgent need for a reliable and robust assay to detect 

and measure pS129-α-synuclein (pS129-α-syn). α-Synuclein (α-syn) is a protein that is thought 

to function in pre-synaptic vesicle release, however, when mutated or dysfunctional, clumps 

together to form Lewy bodies, aggregates found in the neurons of patients with Parkinson's 

Disease (PD) and other synucleinopathies such as Multiple System Atrophy (MSA). A 

phosphorylated form of this protein, pS129-α-syn, is considered a hallmark of these diseases and 

is significantly increased in α-syn aggregates found in postmortem studies. 

 

This highlights the importance of an assay that can accurately quantify pS129-α-syn, particularly 

if it could be derived from easily accessible body fluids such as blood or cerebrospinal fluid. 

Such an assay, which is not currently commercially available, may enable non-invasive 

monitoring of disease progression, early detection, and evaluation of therapeutic efficacy in 

clinical trials. It could also contribute to personalized treatment planning, thereby improving the 

overall management of these neurodegenerative diseases. Therefore, the focus of Chapter 1 was 

to develop and characterize such an assay.  

 

Building upon this necessity, Chapter 2 utilized this assay to measure pS129-α-syn in neuronal 

and oligodendroglial extracellular vesicles (nEVs and oEVs, respectively). Extracellular vesicles 

(EVs), which include nEVs and oEVs, are tiny particles released by cells. They carry a variety of 

cellular components, including proteins, lipids, and nucleic acids, mirroring their parent cell's 

status. As a result, these vesicles are considered promising candidates as potential biomarkers for 

a variety of diseases, including neurodegenerative disorders. 
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Previously, it was shown that the oEVs:nEVs α-syn ratio is >1 in most patients with MSA while 

<1 in most patients with PD. Building on these results, Chapter 2 aimed to investigate whether 

the addition of nEV/oEV pS129-α-syn, along with other biomarkers such as total tau, pTau181-

tau, and serum/plasma neurofilament light chain (NfL), could improve the diagnostic power 

among patients with PD, MSA, and healthy controls (HCs). 

 

The study discovered that the inclusion of oEV pS129-α-syn may improve the predictive 

differentiation among these groups. It was noted that although tau concentrations were 

significantly lower in MSA than in HC or PD in both nEVs and oEVs, they did not enhance 

prediction accuracy. Although NfL alone did not enhance the group separation, when added to 

the model with oEV tau, it improved the differentiation between the HC and PD groups, but not 

between PD and MSA, which is more clinically relevant.  

 

Despite these promising findings, I also highlighted some significant limitations and critical 

points for consideration. One of the major issues is the assay matrix effect that may exist in the 

developed pS129-α-syn assay. Other research groups attempting to replicate some of the 

previous findings were not successful, which raises questions about experimental reproducibility 

or potential methodology issues of using CNS-originating EVs. Additionally, there were some 

discrepancies between neuropathological diagnoses obtained postmortem and those obtained 

premortem, which cast doubts on the reliability of premortem diagnostic accuracy.  
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Furthermore, the study's findings were not independently validated, thus weakening their overall 

impact and generalizability. Other critical points include the issues with possible antibody cross-

reactivity as well as whether the isolated nEVs and oEVs do indeed originate from the brain. 

Most importantly, control of preanalytical variables that are known to affect the EV signature 

were not controlled for during the study, which weakens the results. These limitations highlight 

the critical need for further studies with larger cohorts and independent validation to consolidate 

these initial findings and help establish a more robust understanding of these biomarkers' 

potential.  

 

Efforts are ongoing, particularly by the International Society for Extracellular Vesicles (ISEV) 

and other bodies, to achieve more rigorous standardization of methodologies used in EV 

research. This could increase the chances of successful replication of findings and help build a 

more reliable database of EV-associated biomarkers. Finally, while our study focused on patients 

with PD and MSA only, other diseases such as Lewy Body Dementia, Progressive Supranuclear 

Palsy, and Corticobasal Syndrome may be fruitful to include in future studies. 




