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Abstract.

Background: Misfolded �-synuclein can be detected in blood samples of Parkinson’s disease (PD) patients by a seed

amplification assay (SAA), but the association with disease duration is not clear, yet.

Objective: In the present study we aimed to elucidate whether seeding activity of misfolded �-synuclein derived from

neuronal exosomes in blood is associated with PD diagnosis and disease duration.

Methods: Cross-sectional samples of PD patients were analyzed and compared to samples of age- and gender-matched

healthy controls using a blood-based SAA. Presence of �-synuclein seeding activity and differences in seeding parameters,

including fluorescence response (in arbitrary units) at the end of the amplification assay (F60) were analyzed. Additionally,

available PD samples collected longitudinally over 5–9 years were included.

Results: In the cross-sectional dataset, 79 of 80 PD patients (mean age 69 years, SD = 8; 56% male) and none of the healthy

controls (n = 20, mean age 70 years, SD = 10; 55% male) showed seeding activity (sensitivity 98.8%). When comparing

subgroups divided by disease duration, longer disease duration was associated with lower �-synuclein seeding activity (F60:

p < 0.001). In the longitudinal analysis 10/11 patients showed a gradual decrease of �-synuclein seeding activity over time.

Conclusions: This study confirms the high sensitivity of the blood-based �-synuclein SAA applied here. The negative

association of �-synuclein seeding activity in blood with disease duration makes this parameter potentially interesting as

biomarker for future studies on the pathophysiology of disease progression in PD, and for biologically oriented trials in this

field.
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INTRODUCTION

The possibility to detect misfolded �-synuclein (�-

syn) in different tissues and body fluids is currently

revolutionizing the diagnosis of Parkinson’s disease

(PD) and it is hoped that a more secure and much

earlier diagnosis will soon be possible. In this con-

text one of the most promising advances is the use

of �-syn seed amplification assays (SAA), utilizing

the seeding activity of pathological �-syn conformers

to introduce aggregation of recombinant �-syn [1].

Protein misfolding cyclic amplification and real-time

quaking induced conversion (RT-QuIC) assays have

been intensively investigated to detect pathological �-

syn conformers in the skin, olfactory mucosa, saliva

or cerebrospinal fluid (CSF) as a potential diagnos-

tic and prognostic biomarker [2–26]. CSF studies, in

particular, yielded high sensitivity and specificity in

individuals with PD and REM sleep behavior disorder

compared to healthy controls [2–10, 16–22].

We recently demonstrated that a SAA for the

detection of pathological �-syn in neuronal-derived

extracellular vesicles (NEs) purified from blood, dis-

tinguishes PD patients from healthy controls with

high sensitivity [27]. However, so far it remains

unclear, whether and if so how �-syn seeding activity

changes in the natural course of the disease, although

this aspect is of particular interest considering the

upcoming disease-modifying therapies targeting �-

syn. This study was thus set out to 1) confirm the

previously reported high sensitivity of this blood-

based SAA in a larger cohort of individuals with PD

and 2) additionally explore changes of �-synuclein

seeding in blood in the course of PD.

MATERIALS AND METHODS

Participants and biobanking

Between 2008 and 2022 individuals with PD vis-

iting the outpatient clinic or ward of the Department

for Neurodegeneration at the University Hospital

Tuebingen were asked to contribute to research

by providing clinical data and biosamples. Those

who agreed gave their written informed consent,

underwent a clinical assessment, and donated blood

samples. Spouses and volunteers without neurode-

generative diseases served as controls.

For the cross-sectional analysis individuals diag-

nosed with PD were selected from the Tuebinger

Biobank. Inclusion criteria for the PD cohort were

(i) PD diagnosis based on the United Kingdom

Brain Bank Criteria before 2015 and on the Move-

ment Disorder Society clinical diagnostic criteria for

Parkinson’s disease [28] after 2015, (ii) no diagnosis

of dementia, and (iii) sufficient blood sample mate-

rial to perform the SAA. Additionally, the PD cohort

was selected based on disease duration (years after

first motor symptom manifestation) and divided into

four age- and gender-matched groups: disease dura-

tion of (I) 1 to 4 years, (II) 5 to 9 years, (III) 10 to 14

years, (IV) 15-24 years. For the longitudinal analy-

ses, all available longitudinal samples drawn at three

different time points during a period of 5-9 years after

first motor symptom manifestation were used. Inclu-

sion criteria for the control cohort were: (i) no known

central nervous system disease, (ii) no diagnosis of

dementia, and (iii) sufficient blood sample material

to perform the SAA. The control cohort was selected

to be age and gender matched to the PD cohort.

The current analysis comprises basic demographic

and clinical data, collected in a standardized way

within a regular clinical visit: age at diagnosis, lev-

odopa equivalent daily dosage (LEDD), and cognitive

function assessed by Montreal Cognitive Assessment

(MoCA) and/or Mini Mental Status Examination

(MMSE) [29, 30]. If only a MMSE assessment had

been performed, MMSE scores were converted to

MoCA scores [31]. The clinical examination was per-

formed by an experienced physicians and included

an assessment of motor function using the Unified

Parkinson’s Disease rating scale part III (UPDRS-III

[32]) or since 2011 the revised Movement Disor-

der Society (MDS)-UPDRS-III [33]. For comparison

UPDRS-III values were converted to MDS-UPDRS

III values [34].

Standard protocol approvals, registrations, and

patient consents

Biobanking and data analysis were conducted in

accordance with the Declaration of Helsinki and

approved by the local ethical committee (Univer-

sity of Tuebingen). All participants gave their written

informed consent.

Amplification of pathological neuron-derived

α-synuclein

The isolation protocol of NEs and the detailed SAA

protocol is described in Kluge et al. [27]. Briefly, the

following steps were performed to isolate NEs and

amplify pathological �-syn.
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1) Isolation of NEs: As described in our previous

protocol, plasma samples and the correspond-

ing EV precipitation reagent (Thermo Fisher,

#4484450) were used. After an incubation of

10 min at room temperature Plasma tubes were

centrifuged at 2,500 x g for 10 min at 22◦C

(Eppendorf Centrifuge, 5417 R). Supernatants

were transferred to low binding tubes (Sarst-

edt, #72.706.600) and subsequently centrifuged

(2,000 x g, 20 min, 22◦C) to remove cells

and debris. Supernatants were again transferred

to new low binding tubes and centrifugated

at 10,000 x g for 20 min (22◦C). Phosphate–

buffered saline (PBS) was added in equal parts

to clarified plasma aliquots (500 �L). 150 �L

of the EV precipitation reagent (Thermo fisher,

#4478360) was added to each sample (500 �L

plasma + 500 �L PBS). Afterwards, samples

were incubated for 10 min at room tempera-

ture, before a next centrifugation step (10,000

x g, 5 min, 22◦C). EV–containing pellets were

resuspended in 300 �L PBS and incubated at

4◦C rotation overnight with 2 �g anti-neuronal

cell adhesion molecule L1 (NCAM-L1) anti-

body (Santa Cruz, #sc-514360). For each

sample 30 �L beads (Protein A/G PLUS–

Agarose, Santa Cruz, #sc-2003, lot nr. J0920)

were blocked in 2% bovine serum albumin

(BSA) and incubated at 4◦C rotation overnight.

Blocked beads were then washed three times

using 500 �L mild lysis buffer (40 mM HEPES,

7.4 pH, 120 mM NaCl, 1 mM EDTA, 0.3%

CHAPS, 10% glycerol). Afterwards 30 �L mild

lysis buffer/sample were added to the beads

before 30 �L of these beads were added to each

EV-resuspension for 4 h at 4◦C with rotation.

After centrifugation (1,000 x g, 5 min, 4◦C) pel-

lets were washed three times using 500 �L mild

lysis buffer. After the last centrifugation step

pellets were resuspended in Triton buffer (1%

Triton-X100, 10% glycerol, 150 mM NaCl,

25 mM HEPES at pH 7.4, 1 mM EDTA, 1.5 mM

MgCl2) containing 1% protease inhibitor cock-

tail (cOmplete Protease Inhibitor Cocktail,

Roche, #11836145001), 50 mM NaF, 2 mM

NaVO4 and 1 mM PMSF. Subsequently, sam-

ples were incubated for 30 min on ice before

ultracentrifugation was followed (100,000 x g,

30 min, 4◦C (Beckman OptimaTM TLX Ultra-

centrifuge, Instrument-Typ CO-TLX 120)).

Supernatants were used for seed amplification

assay. Protein concentrations were measured by

BCA (Pierce, #23227).

2) Amplification of �-syn: for the �-syn SAA

10 �g total protein of NEs were incubated with

500 ng of recombinant monomeric �-syn in a

total volume of 100 �l PBS in a non-binding

dark 96-well plate (Thermo Fisher Scientific,

#437111, 96 well black plate, non-treated sur-

faces, non-sterile). Differences to our previous

publication included: 1) use of commercially

available recombinant monomeric �-syn (rPep-

tide, #S-1001-2), 2) utilization of monomeric

�-syn in a higher concentration (500 ng vs.

100 ng) to avoid six rounds of SAA. These

optimized conditions were validated in several

re-analyses before, in which we could show

that markedly increased ThT signals can be

achieved in only one seeding round with a con-

centration of 500 ng compared to the previously

needed 6 rounds with 100 ng (Supplemen-

tary Figure 1). First, the plates were covered

with silicon lids (Thermo Fisher Scientific,

#AB0566), incubated at 37◦C and agitated at

1,000 rpm using a plate shaker. 1 �L Thioflavin

T (ThT) was added before each measurement

point, while the plates were shaken contin-

uously. For all samples and experiments the

same amount of ThT was used and the same

number of measurement timepoints were col-

lected (ThT starting concentration after first

measurement 0.01 mM, ending concentration

after last measurement 0.02 mM). ThT fluores-

cence was monitored over time at an excitation

of 410 nm and emission of 475 nm using a

microplate reader (Infinite® 200 PRO, Tecan),

measurements were stopped when ThT fluores-

cence signals plateaued. Recombined prepared

�-syn fibrils (10 �L of 0.68 ng/�L) and the

presence of 500 ng monomeric �-syn were

used as positive controls. As negative controls

500 ng monomeric �–syn and pre-formed fib-

rils (10 �L of 0.68 ng/�L; without monomeric

�-syn) were measured separately. Moreover,

the effect of pre-formed fibrils on control blood

samples can be seen in Supplementary Figure 2.

For all samples the �-syn-SAA was performed

in duplicates and mean values of both rounds

were calculated. The threshold defining a pos-

itive seeding was calculated as the average

of ThT signal raw values of the first 10 h of

recording of all control samples plus 5 standard

deviations. The area under the curve (AUC), the

peak of the fluorescence response (Fmax), the

ThT value measured at the end of SAA (F60),

the time to reach 50% of Fmax (T50) and the
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lag phase (time required to reach the threshold)

were determined on a linear interpolated data

using the ThT values per patient as inputs. Anal-

yses were performed with custom scripts using

a Python 3.10.11 environment. The key Python

packages used numpy v1.24.3 for numerical

computations, pandas v2.0.2 for data manip-

ulation and analysis, and scipy v1.10.1 for

scientific computations. Values of �-syn seed-

ing are displayed in arbitrary units (AU) and

hours (h). Isolation of NEs and the SAAs were

performed blinded to all demographic and clin-

ical data.

Statistical analysis

Statistical analysis was done using SPSS 27.0

(SPSS Inc., IBM). Variables were tested for nor-

mal distribution using the Kolmogorov–Smirnov test.

Normally distributed variables are presented as mean

(standard deviation), non-normally distributed vari-

ables as median (range). Differences between groups

were calculated using the student’s t-test/ANOVA

for normally distributed variables and Mann-

Whitney-U/Kruskal-Wallis-H-test for non-normally

distributed variables. Dichotomous variables were

compared using the Fisher’s Exact test. A p-

level of p < 0.05 was accepted for two-group

comparisons, multiple group comparisons were

Bonferroni-corrected. Spearman’s correlation (two-

handed) was applied for correlations.

RESULTS

Clinical characteristics

The PD cohort comprised n = 80 individuals who

fulfilled the inclusion criteria, consisting of n = 20

individuals for each disease duration group. Follow-

ing the �-syn seeding analysis, one PD individual

with a disease duration > 15 years was excluded from

further analysis (see below). After exclusion of this

patient, the four PD disease duration groups included

n = 79 individuals (mean age 69 years, standard devi-

ation = 8; 56% male). These PD groups differed

significantly regarding age at onset of first motor

symptoms, motor function and LEDD, with individu-

als with longer disease duration having a younger age

at the time of diagnosis, higher UPDRS-III scores and

higher medication dosages. Cognitive performance

was comparable in the four groups (Table 1). For

the healthy control cohort n = 20 age- and gender-

matched controls were identified (mean age 70 years,

standard deviation = 10, 55% male).

Cross-sectional α-synuclein seeding

All except one individual with PD had a positive

�-syn-SAA. In all patients with positive seeding both

replicates were positive. The individual with a nega-

tive �-syn-SAA (in both replicates) was in her 50 s,

with a disease duration of 17 years, UPDRS-III 8

points and a LEDD of 440 mg. We excluded this

individual from further analyses to not increase the

effect of disease duration on the analysis. None of

the healthy controls showed a positive �-syn seed-

ing (Table 1). In controls, sporadic auto-aggregation

of recombinant monomeric �-syn was seen after five

to six days, which is well known for �-syn-SAAs

and clearly distinct from the seeding of pathological

�-syn (Supplementary Figure 3).

Comparing the PD groups with different disease

durations highly significant statistical differences

were found between the groups regarding F60, Fmax,

AUC, and lag phase, with individuals with the

shortest disease duration showing the highest and

individuals with the longest disease duration the low-

est ThT-intensities and the longest lag phase (Table 1,

Fig. 1). Comparisons of T50 showed significant group

differences, but without a gradual decrease. F60 of

both replicates of all PD patients can be seen in Sup-

plementary Table 1.

Disease duration correlated inversely with �-syn

seeding in PD patients, which was highly significant

(Spearman correlation F60: –0.817, p < 0.001; Fmax: –

0.814, p < 0.001; AUC: –0.756; p < 0.001, Lag phase:

0.340; p = 0.002) (Fig. 1). An inverse correlation was

also seen between motor function (UPDRS-III) and

�-syn seeding (F60: –0.315, p = 0.005; Fmax: –0.320,

p = 0.004; AUC: –0.361, p = 0.001; lag phase 0.244,

p = 0.030). No correlation was seen between T50 and

disease duration or UPDRS-III.

Longitudinal α-synuclein seeding

Longitudinal blood samples were available for

n = 11 of the cross-sectional analyzed PD patients,

covering time periods of 5–9 years after first onset

of motor symptoms. Of these n = 10 PD patients

showed a gradual decrease of �-syn seeding (F60)

in the course of the disease. In one person, F60 ThT-

intensity decreased from visit 1 to visit 2 (seven to

eleven years after first onset of motor symptoms) but
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Table 1

Clinical characteristics

[I] PD 0-4 y [II] PD 5-9 y [III] PD 10-14 y [IV] PD > 15 y Controls pa pb

n = 20 n = 20 n = 20 n = 19 n = 20 PD vs. controls PD cohorts

Age (y) 70 (7) 70 (8) 70 (6) 68 (9) 70 (10) 0.94 0.83

Male sex 11 (55%) 11 (55%) 11 (55%) 11 (58%) 11 (55%) 0.99 0.99

Age at onset (y) 68 (47-80) 65 (49-76) 58 (49-72) 53 (31-64) n/a n/a <0.001

UPDRS-III (pts) 24 (4-41) 35 (11-68) 37 (10-60) 35 (17-53) n/a n/a 0.004

LEDD (mg) 139 (0-660) 611 (0-1889) 851 (0-2079) 1150 (385-2427) n/a n/a <0.001

MoCA (pts) 26.8 (2.6) 26.0 (2.0) 25.8 (2.8) 25.4 (3.1) n/a n/a 0.43

ThT Intensity

- F60 (AU) 207.9 189.0* 162.4**†† 142.5**††‡‡ 2.6 <0.001 <0.001

(162.5-225.4) (162.9-218.8) (71.9-196.1) (125.6-156.1) (1.4-4.6)

95% CI 197.6-211.4 95% CI 183.0-197.6 95% CI 145.2-169.9 95% CI 136.4-145.5 95% CI 2.2-3.0

- Fmax (AU) 207.9 189.0* 162.6**†† 143.0**††‡ 2.8 <0.001 <0.001

(162.9-225.4) (163.8-218.8) (73.1-196.8) (125.9-157.1) (1.7-4.6)

95% CI 205.9-207.9 95% CI 183.2-197.8 95% CI 145.6-170.1 95% CI 136.9-146.3 95% CI 2.5-3.2

- AUC (AU) 5536.3 4577.0** 4151.5**† 3871.8** 134.2 <0.001 <0.001

(4279.3-6162.7) (3457.7-5652.5) (2137.2-5746.9) (3381.7-4245.8) (78.2-212.4)

95% CI 5145.5-5607.4 95% CI 4378.7-4958.3 95% CI 3694.6-4356.6 95% CI 3696.4-3960.4 95% CI 125.6-158.0

T50 (h) 34.2 36.4 35.2 33.3‡‡ 33.9 0.67 <0.001

(31.5-37.0) (33.3-39.4) (32.1-37.6) (31.5-35.8) (0.0-60)

95% CI 33.7-35.1 95% CI 35.1-37.0 95% CI 34.3-35.7 95% CI 32.8-33.9 95% CI 22.0-39.7

Lag phase (h) 5.2 10.9** 11.8* 12.1* — — 0.001

(1.2-11.5) (4.2-23.0) (0.0-21.2) (2.4-22.4)

95% CI 4.3-7.3 95% CI 9.5-15.5 95% CI 8.2-13.5 95% CI 9.7-16.4

aComparison of all individuals with PD (n = 79) vs. Healthy Controls (n = 19). bComparison of individuals with PD and different disease duration (I-IV). *p ≤ 0.005, **p ≤ 0.001 compared to (I)

PD 0-4 years; †p < 0.005, ††p ≤ 0.001 compared to (II) PD 5–9 years; ‡p ≤ 0.001, ‡‡p ≤ 0.001 compared to (III) PD 10–14 years. Data are mean (SD), median (range) or number of individuals

(%). 95% CI, 95% confidence interval; AU, arbitrary units; AUC, area under the curve; F60, Thioflavin T signal intensity after 60 hours; Fmax, Maximum Thioflavin T signal intensity; h, hours;

MoCA, Montreal Cognitive Assessment; UPDRS, Unified Parkinson’s Disease Rating Scale Part III; Lag phase, time required to reach the threshold; LEDD, Levodopa equivalent daily dosage;

PD, Parkinson’s disease; pts, points; T50, time required to reach 50% of Fmax; ThT, Thioflavin T; y, years.
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Fig. 1. �-Synuclein seeding in Parkinson’s disease cohorts (n = 79). A) �-Synuclein seeding in Parkinson’s disease cohorts with different

disease duration (n = 79). The boxplots indicate the median (range) Thioflavin T signal intensity after 60 hours (in arbitrary units) of the

four different Parkinson’s disease duration groups. B) Scatter diagram showing the correlation of �-synuclein seeding (Thioflavin T signal

intensity after 60 hours) and disease duration in all analyzed individuals with Parkinson’s disease (n = 79). F60, Thioflavin T signal intensity

after 60 hours; PD, Parkinson’s disease.

Table 2

Longitudinal �-synuclein seeding

Visit 1 Visit 2 Visit 3

Case 1 Disease duration 6 10 13

F60 (AU) 196.8 (SD 0.2) 182.2 (SD 0.6) 177.0 (SD 2.0)

Case 2 Disease duration 8 11 13

F60 (AU) 174.4 (SD 0.2) 173.0 (SD 2.3) 166.8 (SD 0.6)

Case 3 Disease duration 13 15 20

F60 (AU) 140.2 (SD 0.0) 127.1 (SD 2.0) 125.6 (SD 0.5)

Case 4 Disease duration 12 15 19

F60 (AU) 182.2 (SD 1.0) 150.6 (SD 0.6) 147.5 (SD 2.2)

Case 5 Disease duration 5 8 10

F60 (AU) 158.2 (SD 0.0) 153.5 (SD 0.8) 143.2 (SD 0.5)

Case 6 Disease duration 10 13 15

F60 (AU) 153.3 (SD 1.6) 148.4 (SD 0.7) 137.9 (SD 1.0)

Case 7 Disease duration 5 8 10

F60 (AU) 217.6 (SD 2.5) 202.2 (SD 0.0) 196.1 (SD 4.0)

Case 8 Disease duration 8 11 14

F60 (AU) 183.8 (SD 2.4) 181.6 (SD 0.9) 177.3 (SD 1.0)

Case 9 Disease duration 7 11 15

F60 (AU) 154.1 (SD 0.5) 141.6 (SD 0.4) 144.2 (SD 0.5)

Case 10 Disease duration 7 12 16

F60 (AU) 200.4 (SD1.3) 154.4 (SD 0.6) 148.5 (SD 1.5)

Case 11 Disease duration 3 6 10

F60 (AU) 221.7 (SD1.3) 194.7 (SD 0.5) 179.0 (SD 1.4)

AU, arbitrary units; F60, Thioflavin T signal intensity after 60 hours; SD, standard deviation of

both replicates.

increased again in visit 3 (after 15 years) (Table 2,

Fig. 2). Examples of longitudinal SAAs are shown in

Fig. 3.

DISCUSSION

We here confirm the already reported [27] very

high sensitivity of this blood-based �-syn-SAA in

an independent larger cohort, with 79 of 80 PD

patients and none of the healthy controls showing

seeding activity (sensitivity 98.8%). Moreover, this

study demonstrates, to the best of our knowledge for

the first time, that �-syn seeding can be detected in the

blood up to 24 years after diagnosis and that the sig-

nal is strongly and negatively associated with disease

duration.

High accuracy of the blood-based α-syn-SAA for

PD diagnosis

There is still a major need for an easy to obtain,

quantifiable marker reflecting the ongoing neurode-

generative process in PD. So far, SAAs of the CSF

and skin yielded a high sensitivity for PD diagnosis,

making them promising candidates for a diagnostic



E. Schaeffer et al. / �-Synuclein Seeding in the Course of PD 673

Fig. 2. Longitudinal �-synuclein seeding of individuals with Parkinson’s disease. Presentation of longitudinal values of the �-synuclein

seed amplification assay in n = 11 individuals with Parkinson’s disease at three timepoints. �-Synucleins seeding is displayed as Thioflavin

T signal intensity after 60 hours (F60). Each colored line represents longitudinal values of one individual with Parkinson’s disease (mean of

both replicates, error bars indicate the standard deviation of both replicates). F60, Thioflavin T signal intensity after 60 hours.

and prognostic biomarker in PD [2–12, 14, 16–23,

26].

However, skin biopsies and lumbar punctures are

often viewed with reluctance by patients because

of the associated invasiveness or possible compli-

cations, and these methods involve more effort for

the person taking the sample than taking a blood

sample. A blood-based biomarker would therefore

be particularly attractive. Okuzumi et al. recently

published results of a serum-based SAA, using a

combined RT-QuiC/immunoprecipitation technique,

which reached a similar very high sensitivity for

PD vs. healthy controls of 94.6% [15]. Other stud-

ies have—similar to our approach—focused on NEs,

which can cross the blood brain barrier. Several of

these studies showed that �-syn can be detected

in plasma-derived NEs and that this technique can

distinguish PD from healthy controls, however, so

far with lower sensitivity and specificity compared

to the here presented blood-based marker [35–40].

In fact, these techniques, that enabled detection of

�-syn without amplification of the misfolded pro-

tein, allowed the differentiation of patient groups,

but so far, a clear separation of single patients

or control individuals has not been possible. The

here presented technique combines the advantages

of �-syn detection in plasma-derived NEs and the

use of a SAA to yield a high sensitivity on an

individual level. Taken together the here presented

blood-based SAA using NEs showed, similar to the

blood-based SAA protocol of Okuzumi et al. [15],

a higher sensitivity compared to other blood-based

approaches. These results are comparable to previ-

ously reported sensitivities of CSF SAAs ranging

from 86 to 96% [7, 10, 16, 17, 19, 20, 22], with

the additional advantage that the sensitivities are

reached with a blood-based and thus less invasive

approach.

Positive α-syn-SAA up to 24 years after onset of

first motor symptoms

Another strength of this study is the evaluation

of the SAA in PD patients with very long disease

duration. Most of the above-mentioned SAA studies

examined individuals in early disease stages, partially

following the purpose to validate the value of a SAA

as an early diagnostic and discrimination biomarker.

Brockmann et al. also included three individuals with

bi-allelic recessive genetic mutations and over 20

years disease duration in a CSF-SAA study. However,

these individuals (belonging to a specific subtype

of PD often not associated with nigrostriatal Lewy

bodies) did not show positive a-syn seeding. Hall et
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Fig. 3. Examples of longitudinal seeding in Parkinson’s disease. Both boxes show individual seeding curves of one individual with Parkinson’s

disease measured at three different timepoints (shown are both replicates). The x-axis displays the hours of the �-synuclein seed amplification

assay, the y-axis displays the increasing Thioflavin T signal intensity. hrs, hours; ThT, Thioflavin T.

al. compared individuals with Parkinson’s Disease

Dementia (PDD) and a mean disease duration of 16.8

years and found positive CSF seeding in 100% of

PDD and in 94% of PD individuals without demen-

tia [8]. Taken together, the here presented finding

of a positive SAA even in late stages of the disease

adds important knowledge on the potential use of a

blood-based SAA, as one of the individuals with long

disease duration did not show positive seeding. This

person had, despite a disease duration of 17 years, a

fairly low UPDRS-III (8 points) and LEDD (440 mg),

implying that the diagnosis of idiopathic PD may not

have been correct. Thus, the blood-based SAA might

in the future be helpful to reevaluate correct diagnoses

in clinical practice even years after diagnosis.

α-syn seeding activity decreases with disease

duration

Several of the previous SAA studies investigated

a possible correlation between CSF �-syn seeding

activity and clinical symptoms or disease duration,
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yet, with inconclusive results. While three cross-

sectional SAA studies found no or only a weak

association of �-syn seeding with disease duration or

UPDRS scores [10, 16, 17], two other cross-sectional

studies found a positive correlation between �-syn

seeding activity and Hoehn & Yahr score [21] or

UPDRS-III score [3], respectively. Russo et al. com-

pared different SAA techniques at baseline and at a

3 years follow-up and found in only 1/3 SAAs a sig-

nificant positive correlation between seeding activity

and disease duration or UPDRS-III score at base-

line [20]. With respect to peripheral tissue/body-fluid

studies, two cross-sectional studies found a positive

correlation to measures of disease progression with

SAA parameters, including a skin biopsy study (pos-

itive correlation with disease duration/Hoehn & Yahr

scores [12]) and a saliva study (positive correlation

with UPDRS-III scores [25]), whereas another skin

biopsy study could not confirm a significant associa-

tion [11]. Taken together, studies from CSF and skin

showed inconclusive results on changes in SAAs in

the course of the disease. If a change was found, it was

primarily a positive correlation. In contrast, the mea-

surement of neurofilament light chain (NfL) showed

promising results regarding a correlation with disease

duration and severity. Several studies confirmed that

higher CSF or serum NfL levels at baseline predicted

a faster deterioration of motor and non-motor symp-

toms as well as a greater reduction of the dopamine

transporter binding ratio assessed with DaTscan over

time. Moreover, NfL levels correlated positively with

a higher disease severity and increased longitudinally

in PD patients [41–48]. Thus, the quantification of

serum or CSF NfL levels seems to be the most mean-

ingful progression or predictive marker for PD, so far.

However, the main limitation of NfL as biomarker

for PD is its’ missing specificity for PD, as it is a

nonspecific biomarker for neuroaxonal damage in

neurodegenerative diseases [49]. Moreover, as many

pharmacological studies target �-syn, it would be par-

ticularly valuable to assess and potentially predict

longitudinal changes of �-syn during the course of

the disease.

We here show that measures of �-syn seeding

activity in the blood decrease in the course of the

disease in both the cross-sectional analysis of four

groups of PD patients with different lengths of dis-

ease duration and in the longitudinal SAA analysis in

individual patients, with follow-up data of 5-9 years.

So far, this study cannot explain the pathophysio-

logical processes behind this observation. However,

several hypotheses can be drawn: assuming that the

here presented SAA data shows changes in arbi-

trary units of SAA activity, it can be hypothesized

that spreading of �-syn is more pronounced in the

early stages of the disease, with many neuronal cells

being affected and pinching off NEs that contain

peripherally measurable �-syn. In later stages of the

disease, characterized by an already extensive loss

of neurons, less NEs may be secreted and less �-

syn seeding may be detected. It is also conceivable

that changes in �-syn structure during the spreading

process alters seeding activity when isolated from

NEs [50]. Another explanation was discussed by

Stuendl et al., who found a similar inverse correlation

between �-syn in plasma-derived NEs concentra-

tion and motor function. They concluded that the

decrease of peripheral �-syn might reflect a break-

down of central clearance pathways, which use NEs

to eliminate intracellular �-syn to compensate for

impaired other pathways of intracellular homeosta-

sis [37]. This might explain the contrasting results

to some of the above-mentioned CSF-SAA studies,

which found no correlation or even an increase of

�-syn seeding activity to clinical markers of disease

progression, reflecting the consistent high or increas-

ing load of �-syn in the CNS, while the secretion of

NEs decreases. However, as mentioned above, most

of the SAA studies performed so far have not included

individuals with long disease duration, limiting direct

comparisons.

Importantly, it needs to be acknowledged that the

here presented SAA technique uses the same amount

of recombinant monomer substrate for each indi-

vidual analysis, assuming that, once an SAA curve

reaches a plateau, all monomer substrates have been

fully consumed in the reaction. Thus, it remains

unclear how different plateaus (Thioflavin T inten-

sities) can be reached with the same amount of

monomer substrate. There is a possibility that other

mechanisms, such as different strains of �-syn seeds

occurring during the course of the disease, may

explain the observed differences of seeding plateaus

(and different Fmax/F60 values). To explore this ques-

tion future studies should investigate in detail the

end products of the SAA to clarify whether soluble

monomers remain after the reaction (in correlation to

lower plateaus of the SAA curve and potential differ-

ences in ThT intensity values) and compare potential

differences of structures or strains of �-syn using

electron microscopy.

Regarding the different measures of seeding activ-

ity, the strongest correlation between disease duration

and SAA values were seen for Fmax, F60 and AUC,
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while a weaker correlation was found for lag phase

and no correlation for T50, indicating that the latter

variables might be less relevant to describe changes

of seeding activity during the course of the disease.

Limitations

There was only sufficient sequential longitudi-

nal plasma available of 11 of the cross-sectionally

analyzed patients. Thus, future studies will need

to expand the group of longitudinally assessed PD

patients. Due to the limited amount of available

plasma material, we only performed duplicate anal-

ysis of the SAA, while many previously published

(CSF) SAAs performed quadruplicates. However, so

far our previous analyses showed no significant test-

retest-variability when we performed quadruplicates

and there have been several other SAA publications

using only two or three replicates [6, 10, 15, 22].

Thus, the use of duplicates can be considered suffi-

cient, but more replicates would be preferable. In this

respect, an additional important approach for quanti-

tation of seeding activity would be the performance of

serial end-point dilution assays of several replicates.

We also did not have other material like CSF to com-

pare with our findings in blood, these comparisons

will also be essential in the future. Moreover, further

studies should particularly include PDD individuals.

Regarding the one PD individual with a negative SAA

and a disease duration of 17 years, but only very mild

motor impairment and low dopaminergic medication

dose, one may speculate that the patient had not idio-

pathic PD, but instead, e.g., secondary parkinsonism

or a benign genetic form of PD. It should be noted

that—because of the long disease duration of this

individual—an inclusion would have even strength-

ened the results of our statistical analyses. Finally, it is

surprising that none of the healthy controls examined

showed positive seeding, which is exceptional com-

pared to other published data on various �-synuclein

SAAs. Validation in larger cohorts and comparison

with CSF-SAA results are needed to further evaluate

these differences in specificity.

We conclude that the here presented �-syn-SAA

provides an easy to obtain blood-based biomarker,

which can identify individuals with PD with high sen-

sitivity and can be applied even in very late stages

of the disease. Moreover, we could demonstrate a

highly significant inverse association of �-syn seed-

ing activity and disease duration, which might reflect

the ongoing neurodegenerative process in the natural

course of PD, including an extensive loss of neu-

rons and/or breakdown of clearance pathways in later

stages of the disease. Although findings of different

�-syn-SAA protocols in the course of the disease are

not conclusive, yet, we believe that the strong find-

ing of our cross-sectional and longitudinal analyses

deserves validation and further considerations. If the

decline in seeding activity in blood was confirmed, it

may influence further studies and our understanding

of disease progression. Moreover, impact on clinical

studies need to be considered especially regarding

antibody-based targeted treatments for PD.
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