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ABSTRACT

Background: Currently, there is no established biomarker for Parkinson’s disease
(PD) and easily accessible biomarkers are crucial for developing disease-modifying

treatments.

Objective: To develop a novel method to quantify cerebrospinal fluid (CSF) levels of
a-synuclein protofibrils (a-syn PF) and apply it to clinical cohorts of patients with PD

and atypical parkinsonian disorders.

Methods: A cohort composed of 22 patients with progressive supranuclear palsy
(PSP), 49 with PD, 12 with corticobasal degeneration (CBD) and 33 controls (CT), that
visited the memory clinic but had no biomarker signs of Alzheimer’s disease (AD,
tau<350 pg/mL, amyloid-beta 42 (AB42)>530 pg/mL and phosphorylated tau (p-tau)<60
pg/mL) was used in this study. The CSF samples were analyzed with the Single
molecule array (Simoa) technology. Total a-synuclein (a-syn) levels were analyzed

with a commercial ELISA-kit.

Results: The assay is specific to a-syn PF, with no cross-reactivity to monomeric a-
syn, or the B- and y-synuclein variants. CSF a-syn PF levels were increased in PD
compared with controls (62.1 and 40.4 pg/mL, respectively, P=0.02), and CBD (62.1
and 34.2 pg/mL, respectively, P=0.01). The accuracy of predicting PD using a-syn PF
is significantly different from controls (area under the curve (AUC) 0.68, P=0.0097) with
a sensitivity of 62.8% and specificity of 67.7%. Levels of total a-syn were significantly
different between the CBD group and PD group (P=0.04), the CBD and CT group (P=

0.014) and between the PSP and CT groups (P= 0.023).



Conclusion: The developed method specifically quantifies a-syn PF in human CSF
with increased concentrations in PD, but with an overlap with asymptomatic elderly

controls.
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atypical parkinsonian disorders

INTRODUCTION

Parkinson’s disease (PD) is the second most common neurodegenerative disease in
the world with a significant unmet medical need. Worldwide, more than 4.6 million
individuals over the age of 50 suffer from PD, and it is estimated that the number will
more than double by the year 2030 [1]. The economic impact of the disease is
enormous with millions of euros spent annually on symptomatic treatment [2, 3]. There
is a huge need for treatments that slow or halt disease progression [4, 5]. Improved
patient outcomes could be achieved by early diagnosis and disease-modifying
treatment. To this end, we developed and validated a novel quantitative PD biomarker

assay that could be used to follow the underlying pathophysiology of the disease.

PD belongs to a large group of “parkinsonian disorders,” where the main clinical
symptoms are motor-related, manifested by resting tremor (specific for idiopathic PD),
bradykinesia, rigidity and postural instability [6]. The primary motor characteristics of
the disease are mainly due to the progressive degeneration of dopaminergic neurons
in the substantia nigra (SN) and projections to the caudate and putamen, with
subsequent decline in dopamine (DA) content [7]. Non-dopaminergic degeneration has
also been reported on multiple sites in the PD-affected brain and is primarily linked to

non-motor symptoms such as dementia, sleep disturbances, mood swings and severe



anxiety [8, 9]. The major component of Lewy bodies (LBs), the pathological hallmark
of PD, is aggregated a-syn [10], and studies on autopsy material from patients with PD
suggest that LBs are formed prior to the appearance of motor symptoms [11]. In
addition, point mutations and multiplications in the a-syn gene have been linked to
familial PD [12], and polymorphisms of the a-syn promoter have been associated to
increased risk of PD onset [13]. Increasing data suggest that the soluble oligomeric
form of a-syn is neurotoxic and may trigger neurodegeneration [14]. Together these
data strengthen the association between protein-misfolding and disease, where a-syn
plays a key role. As a result, targeting a-syn for the development of disease-modifying
drugs is a promising approach for fighting PD. Currently, several immunotherapies for
PD are in the early stages of clinical development. Some of the companies involved in
the development of these therapies are AbbVie/BioArctic with ABBV-0805; Affiris with
PDO1A and PDO3A; AstraZeneca with MEDI1341; BIOGEN  with
BlIIBO54/Cinpanemab; Lundbeck with Lu AF82422; ROCHE/PROTHENA with

Prasinezumab; Neuropore/UCB with NPT200-11/UCB0599, among other [15].

The differential diagnosis of PD is based on clinical features, and the gold standard
still remains neuropathological confirmation [16]. The detection of changes in a-syn
levels in CSF and blood of PD patients has been proposed as biomarker for diagnosis
of disease and severity (reviewed in [17]). Several studies have been published
evaluating monomeric a-syn as a potential diagnostic biomarker and most studies point
towards a slight overall decrease of a-syn in CSF [18-20]. Other studies also suggest
that a-syn oligomers are increased in PD CSF [21-23]. A relatively new technique
called protein misfolding cyclic amplification (PMCA) used to multiply minute quantities
of prion proteins [24] has been standardized to detect a-syn aggregates in various
synucleinopathies, suggesting that a-syn-PMCA may provide an efficient and non-
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invasive biochemical test for the diagnosis of PD [25]. Two recent studies applying the
real-time quaking-induced conversion of a-syn (a-syn RT-QulC) have provided the first
prototypes for ultrasensitive and specific detection of a-syn aggregates in CSF of

patients with PD and other synucleinopathies [26, 27].

The aggregated species of a-syn can form oligomers and protofibrils (PF). Oligomers
refer to smaller soluble aggregates that can be on the way of forming fibrils (on-
pathway) or fixed in a conformation that does not form fibrils (off-pathway) while PF
are larger soluble multimeric species that always form fibrils [28, 29]. Measuring
soluble aggregated proteins in the CSF of humans has been challenging due to the
very low levels of the protein aggregates, which are thought to be in the femtomolar
(fmol) range [30]. Most often, assay sensitivity is only good enough to measure
aggregates in brain tissue or in various matrices from pre-clinical disease models,
where the protein of interest many times is over-expressed, while levels in human CSF
are at or near the detection limit [31]. Although studies have been published indicating
CSF a-syn as a potential diagnostic biomarker, these findings have not yet been
clinically validated. Therefore, we have used an ultra-sensitive technology called
Single molecule array (Simoa) [32] to develop and validate a method capable of
guantifying levels of a-syn PF in clinical cohorts of patients with PD and other

parkinsonian disorders.

MATERIALS AND METHODS

Calibrator: recombinant a-syn- a-Syn PF (HNE-PF, BioArctic, Sweden) were used
as calibrator [33]. Briefly, to produce aldehyde-induced a-syn, HNE was added to the

a-syn samples to a molar ratio of 30:1 HNE:a-syn. The samples were then incubated



at 37°C for 18 hours, and unbound aldehyde was removed by a Zeba desalt spin
column (Thermo Fisher Scientific, USA) equilibrated with 20 mM Tris pH=7.4 and 0.15
M NaCl. Ready-to-use calibrators were prepared with the highest calibration point at
3500 pg/mL. Before each run, a 2-fold serial dilution down to 3.4 pg/mL (lowest

calibration point) was performed.

Antibodies-The antibody rec38FIl with high affinity and selectivity for a-syn PF
(BioArctic, Sweden) [34] was used as capture antibody, and a/B-synuclein antibody (F-
11, lot no. B1717, Santa Cruz Biotechnology, USA) was used as detection antibody

(Table 1).
Table 1

Single molecule array (Simoa™)- Magnetic homebrew carboxylated beads
(Quanterix, USA) were activated by adding 0.1 mg/mL of 1-ethyl-3-(3
dimethylaminopropyl)carbodiimide hydrochloride (EDC, Thermo Fisher Scientific,
USA) to a bead solution with 1.4x108 beads/uL. After incubating at room temperature
(RT) for 30 minutes (min), the beads were washed in a magnetic separator and 0.2
mg/mL of ice-cold capture antibody was added. The beads were incubated for 2 hours
(hrs) on an agitator (HulaMixer, Invitrogen, USA) at 4 °C. The beads were then washed
and a blocking solution was added. After additional washes, the conjugated beads
were re-suspended in corresponding bead diluent and stored at 4°C for future use. The
monoclonal detection antibody F-11 (200 pg/mL) was biotinylated by adding a 40X
biotin excess (EZ-Link™ NHS-PEG4-Biotin, Thermo Fisher Scientific, USA) followed
by 30 min incubation at RT. Free biotin was removed using an Amicon Ultra Centrifugal
Filter (Millipore, Germany) and the biotinylated antibody was stored at 4°C, as
described in [35]. Human CSF samples and HNE-PF standard (240 uL) were analyzed

in duplicates in the Simoa HD-1 Analyzer (Quanterix, Lexington, MA). In short, the
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HNE-PF standard was diluted in assay diluent pH=9.0 (50 mM Tris, 0.1% Tween, 5
mM EDTA, 2% BSA) to construct the calibration curve (as described above). Samples
and standard were plated on a 96-well plate (NUNC, Thermo Fisher Scientific, USA).
The conjugated beads were washed 2 times in bead diluent buffer and then re-
suspended in the corresponding volume of bead diluent along with 10 pg/mL blocking
solution (TruBlock™, Meridian Life Science, Inc., USA). The detector antibody was
diluted in assay diluent pH=9.0 to a final concentration of 0.3 pg/mL and the enzyme
SBG (streptavidin B-galactosidase, Quanterix, USA) was diluted in SBG Diluent to a
final concentration of 100 pM. Reagents, samples and calibrators were run in the HD-
1 Analyzer using a 3-step Assay Neat 2.0 protocol with 25 pL conjugated beads, 100
ML biotinylated antibody, 100 yL SBG and 25 uL Resorufin -D-galactopyranoside

(RGP, Quanterix, Lexington, MA) [35].

Immunoassay for total a-syn in CSF- An enzyme-linked immunosorbent assay
(ELISA) kit (catalog number: 844101, Legend Max, BioLegend, USA) was employed
to measure total a-syn levels in CSF samples. The analyses were performed as

described by the manufacturer.

Development and validation of Simoa a-syn PF assay

The assay was performed using the conditions obtained from the optimization,
technical qualification, and assay validation. The validation steps included: the
establishment of the limit of detection (LOD) and lower limit of quantification (LLOQ),
specificity, precision and accuracy, parallelism, dilution linearity, spike/recovery, and

stability [36].

Assay sensitivity was determined by analyzing sixteen blank samples run in duplicates,
and the LOD value was determined taking 2.5 SD above the blank. The LLOQ value

was determined taking 10 SD above the blank.
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The specificity for a-syn aggregates was tested by cross-reactivity to monomeric a-, -
and y-syn. Peptide concentrations up to 3500 pg/mL were tested. Additionally, one

CSF sample was spiked with 2, 20, and 200 ng/mL a-syn monomers and analyzed.

To confirm that the signal was derived specifically from CSF a-syn PF levels, two
representative CSF samples were immunodepleted using a cocktail of anti-a-syn
antibodies (Syn-1, BD Transduction Laboratories; rec38Fll, BioArctic; MJFR14, Abcam
and FL-140, Santa Cruz Biotechnology) according to the following protocol: protein
A+G beads were vortexed and transferred to new tubes. The beads were placed on a
magnet for 1 min, and the storage buffer was removed and the volume was recorded.
The beads were washed by adding 500 uL of 1% PBS-Tween, vortexed, spun and put
on a magnet to remove supernatant. Beads were then resuspended in an equal volume
of the storage buffer removed above. Antibodies or PBS (input control and protein A/G
samples) were added to 1100 pL of CSF spiked with Tween-20 to a final concentration
of 0.05% and incubated on a RotaMix at RT. After 10 min, protein A+G beads were
added to all samples (except input control) and incubated for another 40 min. The
samples were then spun shortly and placed on a magnet for 2 min and the
supernatants from the depleted CSF samples were subjected to Simoa analysis along-

side the non-depleted input CSF samples.

Precision and accuracy of the assay was determined using buffer spiked with
recombinant a-syn PF (QC1 = 3.7 pg/mL, QC2 = 14.3 pg/mL, QC3 =27.8 pg/mL) and
three individual human CSF samples (CSF1, CSF2, CSF3). Five duplicates of each of
these samples were analyzed at four independent occasions. The intra-assay
precision is presented as the mean CVr (%), and the inter-assay precision is presented

as the mean CVrw (%).



Parallelism was assessed using four individual CSF samples with varying
concentrations of endogenous a-syn PF levels. The CSF samples were analyzed
undiluted and after serial dilution 1:2, 1:4, 1:8, 1:16 and 1:32. Parallelism was
evaluated by determining the mean back-calculated concentrations with a deviation at

<20% as an indication of parallelism.

To test for dilution linearity, three human CSF samples and buffer were spiked with
700 pg/mL of a-syn PF and serially diluted 1:2, 1:4, 1:8, 1:16, and 1:32. The
interpolated value was multiplied by the dilution factor to obtain the initial a-syn PF

concentration.

a-Syn concentrations were measured in two CSF samples and buffer spiked with 7
pg/mL, 70 pg/mL and 700 pg/mL of a-syn PF. The concentration of the spiked samples
and the endogenous concentration of the CSF samples were measured

simultaneously. Recovery was calculated according to the following formula:

(Measured conc.spiked sampie ) — (Measured conc.peqt sampte )

%Recovery = x 100

Theoretical conc.gpieq

In order to test the stability of the a-syn PF at different storage conditions, ten fresh
CSF samples were divided into thirty aliquots (250 pL) and frozen according to the
following scheme: 10 aliquots were stored at -80°C for 2 months, 10 aliquots were
stored at -20°C for 2 months and the remaining 10 were stored at -80°C for 1 month

and then moved to -20°C for another month.
Clinical Study Populations

A cohort composed of 22 patients with progressive supranuclear palsy (PSP), 49 with
PD, 12 with corticobasal degeneration (CBD), and 33 age-matched non-PD controls
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(CT) was used in this study. The PD group was defined according to the clinical
diagnostic criteria of the United Kingdom Parkinson’s Disease Society Brain Bank [37].
The PSP group was defined according to the National Institute of Neurological
Disorders and Stroke and the Society for Progressive Supranuclear Palsy, Inc. clinical
criteria [38] and the CBD group was defined according to Lang et al. [39]. The control
samples came from patients who had visited the memory clinic but had no biomarker
signs of Alzheimer’s disease (AD): tau<350 pg/mL, amyloid-beta 42 (AB42)>530 pg/mL
and phosphorylated tau (p-tau)<60 pg/mL (Swedish BioFINDER cohort). The

descriptive details are presented in Table 2.

Table 2

Assays for tau, p-tau, ABs2, neurofilament light (NFL) and glial fibrillary acidic
protein (GFAp)- The analyses were performed in routine tests at Sahlgrenska

Univesity Hospital according to internal protocols.

Statistical Analyses- For statistical analyses, GraphPad Prism 8.1.0 and Stata/IC
15.1 were used. Since biomarker values did not follow a normal distribution, non-
parametric tests were used. Differences among groups were evaluated using Mann-

Whitney U-test and Kruskal-Wallis test. Statistical significance was set at P < 0.05.

RESULTS

Development of Simoa a-syn PF assay
The assay, including antibody pair rec38FII/F-11, was optimized according to the

scheme outlined in Figure 1.

Fig. 1
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After all the optimization steps were covered, the final assay conditions were selected
(Table 3).

Table 3

a-Syn PF assay validation

The theoretical LOD value, determined taking 2.5 SD above the blank, was 0.65 pg/mL
The concentration that corresponded to the LLOQ (10 SD above the blank) was 1.89

pg/mL. The upper limit of the curve was set to the highest calibrator point (3500 pg/mL).

After running a numerous amount of native CSF samples, we found that the actual
value for LLOQ corresponded to 6 pg/mL with an LOD of 1.9 pg/mL. These numbers
were obtained by introducing the signals from the native CSF samples and calibrator
into a simulating software (SIMOA_4PL_Assay Developer Tool February2018.xIsx,

Quanterix, USA). For specific data, refer to Supplementary Fig. S1.

The specificity for a-syn aggregates was tested by cross-reactivity tests to monomeric
a-, B- and y-syn. Peptide concentrations up to 3500 pg/mL were tested and did not
result in detectable concentrations, confirming the specificity of the assay for a-syn PF
(Figure 2). Moreover, a CSF sample was spiked with 2, 20, and 200 ng/mL a-syn
monomers and analyzed resulting in cross-reactivity of less than 0.006% for the

highest spiking concentration.

Fig. 2.

To confirm that the signal derives from endogenous CSF a-syn PF, two representative
human PD CSF samples were immunodepleted using a cocktail of anti-a-syn
antibodies (Syn-1, rec38Fll, MJFR14 and FL-140) and the supernatants from the

depleted CSF samples were subjected to Simoa analysis along-side the non-depleted

11



input CSF samples. The CSF a-syn PF levels were reduced to below LLOQ (6 pg/mL),
suggesting a reduction of more than 80%. As a control for non-specific bead reduction
non-antibody coated beads were used (protein A/G) and signals obtained were similar

to non-depleted CSF (Figure 3).

Fig. 3

Precision and accuracy of the assay was determined using buffer spiked with
recombinant a-syn PF (QC1 = 3.7 pg/mL, QC2 = 14.3 pg/mL, QC3 = 27.8 pg/mL) and
three individual human CSF samples (CSF1, CSF2, CSF3). Overall, the intra-assay
precision for QC samples and CSF samples was good, with CV values ranging
between 3.9-9.4% and 8.8-17.2%, respectively. The intermediate precision (CVmw) was
within the accepted range for the QC samples with a mean CV of 11.7% (10.2-13.0%).
However, for the CSF samples, the mean CV ranged between 23.4-34.4%. Table 4

presents the precision and accuracy of the method for QC samples and human CSF.

Table 4

Parallelism was assessed using four individual CSF samples with varying
concentrations of endogenous a-syn PF levels. CSF samples were serially diluted 1:2,
1:4, 1:8, 1:16 and 1:32. Parallelism was evaluated by determining the mean adjusted
concentrations and precision at <20% as an indication of parallelism. In three out of
four CSF samples analyzed, parallelism was within accepted criteria for dilutions 2-fold
from neat. For the higher dilutions, the endogenous signals measured were below

assay LLOQ. These data suggest that CSF can be analyzed undiluted.

To test for dilution linearity, three human CSF samples and buffer were spiked with
700 pg/mL of a-syn PF and serially diluted 1:2, 1:4, 1:8, 1:16, and 1:32. The

interpolated value was multiplied by the dilution factor to obtain the initial a-syn PF
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concentration. Results showed that the CSF samples did not follow linearity. However,

the buffer spiked with a-syn PF did follow linearity for all the dilutions (Figure 4).

Fig. 4

a-Syn concentrations were measured in two CSF samples and buffer spiked with 7
pg/mL, 70 pg/mL and 700 pg/mL a-syn PF. The concentration of the spiked samples
and the endogenous concentration of the CSF samples were measured
simultaneously. After subtraction of the endogenous a-syn concentration, the mean
recovery was estimated to 71.4% (36.6-95.3%) for the 7 pg/mL spike, to 79.1% (62.1-
96.4%) for the 70 pg/mL spike and 72.3% (50.7-104.2%) for the 700 pg/mL spike. The

spike recovery in CSF was lower compared to buffer, as shown in Table 5.

Table 5

To evaluate the effect that storage conditions can have on the a-syn PF concentration,
ten fresh CSF samples were stored at either -80°C or -20°C for two months. We show
that the concentration of the CSF samples is generally higher at -20°C suggesting that

this could be the optimal storage condition for CSF samples (Figure 5).

Fig. 5

Detection of a-syn PF levels in clinical cohorts

Having established that the rec38FII/F-11 Simoa PF assay is highly specific and can
detect endogenous levels in most CSF samples, an evaluation of the diagnostic and
prognostic value in a clinical cohort from the Sahlgrenska University Hospital was
assessed. This cohort comprised samples from patients with CBD, PSP, and PD. The
control samples came from patients who had visited the memory clinic but had no

biomarker signs of Alzheimer’s disease (AD) (tau<350 pg/mL, AB42>530 pg/mL and p-
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tau<60 pg/Ml). The CSF a-syn PF levels had concentration values between 6 and 208
pg/mL, with only 2 samples below the assay LLOQ of 6 pg/mL. In this cohort, we could
find significant differences between the CBD group and PD group (P= 0.01) and the
PD and CT group (P=0.02) for a-syn PF (Fig. 6a). For total a-syn, we could see
significant differences between the CBD group and PD group (P= 0.04), the CBD and
CT group (P=0.014) and between the PSP and CT groups (P= 0.03) (Fig. 6b). Finally,
the ratio between a-syn PF and total a-syn gave significant differences for the PD and

CT group (P=0.013) (Fig. 6¢).

Fig. 6

Additional statistical analyses on this cohort showed differences among groups for
several markers, including t-tau, AB42, p-tau, NFL and GFAp. In general, the PD group
showed lower concentrations of t-tau, p-tau, NFL and GFAp compared to the rest of

the groups (Table 6).

Table 6

DISCUSSION

In this study, we used the Simoa technology to develop a method capable of
quantifying CSF levels of a-syn PF and applied on a clinical cohort of patients with PD
and atypical parkinsonian disorders. We show that the assay is specific to a-syn PF
and has no crossreactivity with monomeric a-syn or to B-syn and y-syn. Several groups
have reported an increase in oligomeric a-syn in CSF of patients with PD [21-23, 40];
however, these groups report the increase measured in absorbance or relative
luminescence units (RLU). To our knowledge, we are one of the first groups to report
levels of a-syn PF in concentration units (pg/mL). After thorough optimization of the
assay, where introducing a wash step of beads prior to analyses improved the
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performance, we show that the concentration of a-syn PF is increased in patients with
PD compared with controls and CBD patients. We also show that our method can

discriminate with relatively high accuracy between PD and non-PD subjects.

Although studies have been published indicating CSF a-syn oligomers as a potential
diagnostic biomarker, these findings have not yet been clinically validated. We have
done a complete method validation to elucidate the efficacy of a-syn PF as potential
biomarkers for the diagnosis of PD. We show that the method has repeatability within
the accepted range (below 15% CV) and that CSF samples can be analyzed in a 2-
fold dilution from neat. We show that the intermediate precision for the CSF samples
is 28.6% CV, which indicates that it is not optimal to run a study on different days.
When recombinant PF were spiked into CSF samples, they do not follow linearity.
However, when PF were spiked into the buffer, they follow linearity, suggesting a
possible matrix effect in the CSF samples. Another explanation could be that the spiked
PF are very different from endogenous a-syn aggregates present in human CSF
samples, thereby explaining the lack of linearity when diluting. Additional confirmation
of a possible matrix effect in the CSF samples is that the spike recovery is lower
compared to spiked buffer samples. These findings highlight the challenge of

measuring aggregated forms of a-syn in CSF of humans.

Previous studies have failed to report limits of detection and quantification of the
methods probably due to the very low levels of the protein aggregates in human CSF
and/or to the lack of sensitivity of the assays. Using the Simoa technology, we were
able to establish an LLOQ for the assay of 6 pg/mL and show that all CSF samples are
guantifiable and above this limit. Another advantage of our assay is that we used a
biotinylated detection antibody with an N-terminal epitope in combination with a

capture antibody with a C-terminal epitope that has a very high specificity and affinity
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for a-syn PF and does not measure the monomeric form of the protein. This setup
increases the probability of the detection antibody to bind to the analyte since there is
no competition for the same binding site. Recently, Sehlin et al., confirmed that
heterophilic antibodies (HA) present in human body fluids (that recognize antibodies
from other species) might crosslink the capture antibody to the detection antibody and
lead to false-positive signals in oligomer ELISA assay [41]. To avoid this, we added an

HA blocker to the beads in a concentration of 10 pg/mL.

A very important finding we made is that storage conditions can have a major impact
on the concentration and/or stability of a-syn PF. Therefore, thorough care must be

taken when storing the samples avoiding thaw and freeze cycles.

Having established that the rec38FII/F-11 Simoa PF assay is highly specific and can
detect endogenous levels in most CSF samples, we assessed the diagnostic and
prognostic value in a clinical cohort. We show that there are significant differences
between PD patients, controls, and CBD patients. By washing the beads before
running the samples, we were able to get rid of the floating un-bound capture antibody
that could be binding to the detector antibody and possibly avoiding false-positive

signals.

Recently, two studies showed that the aggregated species of a-syn could be measured
in CSF with a sensitivity of 93% and specificity of 100% [27] and 92% sensitivity and
95% specificity [26] using the RT-QuIC technique. This method is able to discriminate
between a-synucleinopathies and non-a-synucleinopathies. Our method has a
sensitivity of 62.8% and specificity of 67.7% and it is also able to discriminate between
PD and other atypical parkinsonian disorders. Numerous studies have been published

evaluating monomeric a-syn as a potential diagnostic biomarker and most studies point
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towards an overall decrease of a-syn in CSF [18-20]. We show that there is a trend to
a decrease in the concentration of total monomeric a-syn in CSF of patients with PD.
We also observed an increase in the ratio between a-syn PF and total a-syn for the
PD group compared with controls. Mollenhauer et al. have reported a decrease in AB42
levels for patients with PD compared with controls [42]. This is confirmed in our study,
where there is a significant decrease in the concentration of AB4zin the PD group. We
report that the levels of t-tau and p-tau are significantly lower for the PD group
compared with the control group. This finding has previously been reported by Hall et
al. [43]. Several publications have reported that there are no significant differences in
the levels of NFL in CSF between controls and PD [43-45]. However, we see that the
control group has significantly higher levels of NFL than the PD group. An explanation
for this could be that there is a very large spreading in the control group with individuals
having very low levels of NFL and others having very high levels of the protein which
affects the mean value. It could be that the individuals with high levels of NFL might
have an underlying pathology (different from AD) that is reflected in the increase in

NFL.

In conclusion, in this study, we developed and validated a novel immunoassay that can
guantify soluble a-syn PF in human CSF. Analytically, the assay is both sensitive and
specific. The developed method quantifies a-syn PF in human CSF and CSF a-syn
PF concentrations are increased in PD, but with an overlap with asymptomatic elderly
controls. However, further studies including non-related neurological disorders and
other synucleinopathies, are needed to fully validate the use of a-syn PF as a

diagnostic biomarker.
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TABLES

Antibody IgG subclass Type Epitope Source and Cat. No.
rec38Fll 1gG2a Recombinant 113-123 BioArctic, N/A
F-11 19G2b Mouse monoclonal 2-24 Santa Cruz, sc-514908

Table 1: Description of the antibodies used.
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PSP (n=22) _ PD (n=49) CBD (n=12) CT (n=33)

Female 11 16 7 12
Male 11 33 5 21
Age 65 (52-78) 60 (27-87) 64 (46-75) 70 (37-86)
Disease duration 5.4 (1-16) 7.8(1-33) 3.9(1-7) NA
(years)
H&Y Stage 3.8(1-5) 2.5(1-5) 4.1(2-5) NA

Table 2: Descriptive details of the patient population used in this study. PSP: progressive
supranuclear palsy; PD: Parkinson’s disease; CBD: corticobasal degeneration; CT: Controls; H&Y

Stage: Hoehn-Yahr Stage.
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Assay conditions for rec38FII/F-11 a-syn PF Simoa assay

Antibody conjugation concentration: 0.2 mg/mL

EDC concentration: 0.1 mg/mL

Biotin excess: 40x

3-step protocol

Assay buffer: Tris buffer pH: 9.0

Detector concentration: 0.3 pg/mL
SBG concentration: 100 pM

No helper beads

Incubation times: 40:7:7 cadences (30:5.25:5.25 min)

Sample volume: 100 pL

Table 3: Assay conditions for rec38F/F-11 Simoa PF assay. SBG: Streptavidin p-galactosidase; EDC:

1-ethyl-3-(3 dimethylaminopropyl)carbodiimide hydrochloride.
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Name Mean Conc (pg/mL) Repeatability (CV,) % Intermediate precision (CVg,,) %

CSF1 11.7 17.2 34.4
CSF2 106 8.8 23.4
CSF3 276 9.0 28.2
Mean 11.66 28.6
Qc1 3.7 9.4 10.2
Qc2 14.3 57 1.9
QCc3 27.8 3.9 13.0
Mean 6.3 11.7

Table 4: Precision and accuracy for CSF and QC samples. Repeatability (CV:): Variation between

duplicates; Intermediate presicion (CVrw): Variation between runs.
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Spike

7 70 700
(pg/mL)
Name Recovery (%)
CSF1 95 79 51

CSF2 37 62 62
Buffer 82 96 104
Mean 71 79 72

Table 5: Spike recovery of CSF samples compared with buffer spiked with 7, 70 and 700 pg/mL of a-

syn PF.
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PSP (n=22) PD (n=48) CBD (n=12) CT (n=33) P-values

Female 11 15 7 12
Male 11 33 5 21 Lt
Age 65 (52-78) 60 (27-87) 64 (46-75) 70 (37-86) 0.003**
Disease dur. 5.4(1-16) 7.8(1-33) 3.9(1-7) NA 0.303
H&Y Stage 3.8(1-5) 2.5(1-5) 4.1(2-5) NA 0.0001***
t-asyn 1435 (758- 1251 (46-2571) 984 (443-1625) 1557 (685- 0.121
(pg/mL) 3666) 4462) ’
asyn PF 60.3(13.8-209) 62.1(20.3- 34.2(16-81) 40.4 (8.72- 0.0153*
(pg/mL) 211.5) 187)
asyn PF/t- 4.7(0.79-19.7) 5.31(0.97-13.9) 3.3(1.2-7.5) 3.02(0.36- 0.091
asyn (%) 7.84)
t-tau (pg/mL) 259(150-363) 176.2(90-382) NA 291 (92- 0.0004***
854)
p-tau 40.2(32-48) 32.24 (18-57) NA 48 (23-110) 0.0002***
(pg/mL)
AB142 586 (270-958) 555 (300-940) 490 (160-851) 846 (445- 0.0001***
(pg/mL) 1420)
NFL (pg/mL) 1340 (340- 472 .4 (250- NA 1589 (220- 0.0001***
2690) 1410) 6440)
GFAp 806 (380-1190) 477 (100-1270) NA NA 0.037*
(pg/mL)

Table 6: Properties of the Sahlgrenska University Hospital cohort including levels of several markers
for neurodegeneration. t-asyn: total a-synuclein; asyn PF: a-synuclein protofibrils; asyn PF/t-asyn:
ratio between protofibrilar and total a-synuclein; t-tau: total tau; p-tau: phosphorylated tau; ABi-42:
amyloid-beta 1-42; NFL: neurofilament light; GFAp: glial fibrillary acidic protein. Statistical significance

was achieved using a Kruskal-Wallis analysis.
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FIGURES
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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FIGURE LEGENDS

Figure 1. Schematic representation of the steps followed during the
development of the Simoa assay. SBG: Streptavidin -galactosidase; EDC: 1-ethyl-

3-(3 dimethylaminopropyl)carbodiimide hydrochloride.

Figure 2: Specificity test of the assay. Cross-reactivity to monomeric a-, - and y-
syn was assessed in concentrations up to 3500 pg/mL (0, 3.4, 6.8, 13.7, 27.3, 109,
875 and 3500 pg/mL). a-syn PF: a-synuclein protofiblis (calibrator); M-a-syn:
monomeric a-synuclein; B-syn: B-synuclein; y-syn: y-synuclein; AEB: average enzyme
per bead.

Figure 3: Immunodepletion of PD CSF samples with anti-a-syn antibodies. Two
CSF samples were immunoprecipitated using anti- a-syn antibodies and the
supernatants from the depleted CSF samples were subjected to Simoa analysis along-
side the non-depleted (input) CSF samples. As control for non-specific bead reduction
non-antibody coated beads were used (protein A/G beads). A-syn PF: a-synuclein
protofibrils; a-syn dep: a-synuclein depletion; Protein A/G dep: protein A/G depletion.

LLOQ: lower level of quantification

Figure 4: Dilution linearity of serially diluted CSF samples after spiking with a
high concentration of a-syn PF. The graph shows the linearity of three CSF samples
spiked with 700 pg/mL a-syn PF compared with a buffer solution spiked with the same

amount of PF. Neat: Spiked undiluted sample.

Figure 5. Graph showing the a-syn PF concentration at different storage

conditions. a-syn PF: a-synuclein protofibrils; Samp#: sample number.
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Figure 6: CSF a-syn concentrations in normal and different neurological disease
subjects from the Sahlgrenska University Hospital cohort analyzed neat in
duplicates. a) Levels of a-synPF. b) Concentrations of total a-syn. ¢) Ratios between
a-syn PF and total a-syn. Bars indicate mean with SD. Dashed line represents the
lower limit of quantification (LLOQ) for the assay (6 pg/mL). Samples below the LOD
and samples with CV>20% were removed from the graph. PSP (progressive
supranuclear palsy) n=22; PD (Parkinson’s disease) n=49; CBD (corticobasal
degeneration) n=12; CT (control group, age- and gender-matched to the PD group)

n=33. Statistical significance was achieved using a Mann-Whitney U-test.
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SUPPLEMENTARY MATERIAL

Supplementary Fig. S1: a) Table representing the real values for LOD and LLOQ for
the assay after running several native CSF samples. b) Calibration curve with native
CSF samples represented in orange. Dotted lines represent LLOQ and ULOQ. Orange
dotted line represents the top concentration calculated for the assay. ULOQ: upper

level of quantification.
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Supplementary Fig. S2: Receiver operating characteristic (ROC) curve for the levels
of a-syn PF in CSF of PD patients vs CT. AUC (area under the curve): 0.68; Sensitivity:

62.8% and Specificity: 67.7%. P = 0.0097.
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