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Abstract: Even though it is currently well-established that «x-synuclein aggregation is closely associ-
ated with the pathological events in Parkinson’s disease (PD) and several other neurodegenerative
disorders, collectively called synucleinopathies, the mechanistic link between x-synuclein aggregates
and the onset and progression of neurodegeneration in these diseases remain unclear. The process of
aggregation initiates from a structurally distorted monomer that gradually oligomerizes to generate
a repertoire of fibrillar and oligomeric multimers that deposit within diseased cells in the brain.
Total a-synuclein has been proposed as a potential biomarker in PD, but most of the studies do not
discriminate between distinct a-synuclein conformers. To correlate protein measurements to disease
pathology, we have developed a conformation-specific ELISA method that selectively detects fibrillar
and oligomeric forms of x-synuclein without cross-reacting with monomers. We have used this assay
to determine the levels of aggregated a-synuclein in human and mouse brain tissue as well as in CSF
and CSF-derived exosomes from patients with synucleinopathy and control subjects. Our results
verify the ability of the new assay to detect aggregated a-synuclein in complex matrices and support
the idea that the levels of these conformers are related to the age of onset in PD patients, while CSF
analysis showed that these species exist in low abundance in CSF and CSF-derived exosomes. Future
studies will be required to fully assess the diagnostic usefulness of this ELISA in synucleinopathies.

Keywords: x-synuclein; exosomes; CSF; Parkinson’s Disease; fibrils; ELISA; synucleinopathies

1. Introduction

A major pathological feature of Parkinson’s disease (PD) is the accumulation and
toxic gain of function of misfolded assemblies of a-synuclein gradually generating fibrillar
structures that deposit in the PD brain as intraneuronal inclusions called Lewy bodies
(LBs). Fibrillar a-synuclein has also been shown to accumulate in dementia with LBs
(DLB), and in glial cytoplasmic inclusions in multiple system atrophy (MSA), diseases
that are collectively termed synucleinopathies [1]. a-synuclein can exist in various forms,
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from an unfolded monomer that can bind to a cellular membrane or form tetrameric
multimers, to 3-sheet oriented fibrils that are thought to be the end point of a stepwise
aggregation process. Unlike the compact nature of fibrils, oligomers are soluble and
have the capacity to rapidly change conformation, forming a heterogeneous population
of conformers both in terms of size and structure [2]. There is compelling evidence to
suggest that aggregated forms of x-synuclein, especially newly formed oligomers, are
toxic to cells. It has also been shown that oligomeric assemblies of x-synuclein exhibit
prion-like properties and spread along interconnected neuronal networks [3]. There is an
urgent demand for biomarkers to diagnose such disorders, especially in their early stages
when diagnosis is most problematic. The link between «-synuclein and the development of
pathology in synucleinopathies, along with the identification of various o-synuclein species
in cerebrospinal fluid (CSF), suggest that «-synuclein levels in CSF might be a promising
biomarker that could differentially diagnose synucleinopathies [4].

A number of studies have investigated the levels of total a-synuclein in CSF; however,
they have reported inconsistent findings [5-8]. It is important to note that the use of
total a-synuclein levels as a biomarker for synucleinopathies diagnosis does not take into
account the conformation state of a-synuclein, and may thus lack specificity for differential
diagnosis. It is plausible that targeting such conformers might be of better diagnostic and
therapeutic potential. To this end, various studies have shown that oligomeric x-synuclein
levels and the ratio of oligomeric to total -synuclein are increased in PD patients compared
to controls [8-11]. Still, it should be mentioned that we do not have a clear understanding
of the exact nature of native oligomeric species, and we lack specific antibodies to detect
such species and differentiate them from other aggregated forms. One other aspect that
needs to be considered in this biomarker endeavor is the post-translational modified (PTM)
species of a-synuclein, considering that several x-synuclein PTMs have been identified
in the postmortem brain tissues of patients with PD and other synucleinopathies [12]. In
this respect, phosphorylated a-synuclein at 5129 has been shown to be the major species in
LBs [13].

a-synuclein has also been detected in CSF-derived extracellular vesicles, termed ex-
osomes, from both PD and DLB patients [14-17]. The notion that CSF exosomes contain
specific cargo, including amyloidogenic proteins indicative of brain pathophysiology, sug-
gests that such vesicles may be potential biomarkers for PD [18]. Given that oligomeric
species of a-synuclein have been detected in exosomes [16] and that PD-derived exo-
somes could aid the oligomerization of a-synuclein [16], one can argue that exosomal
a-synuclein species might serve as biomarkers in PD. To this end, lower levels of CSF
exosome-associated a-synuclein were observed in PD patients [16], which is consistent
with the low total x-synuclein levels reported. Shi et al. [19] demonstrated that plasma
levels of exosome associated-a-synuclein were higher in PD patients and correlated with
disease severity. In addition, it was recently reported that salivary exosomes isolated from
PD patients exhibited higher levels of a-synuclein oligomers; furthermore, the a-synuclein
oligomers/total x-synuclein ratio was elevated when compared with controls [20]. A recent
meta-analysis that included 13 studies related to exosomal a-synuclein suggested that the
levels of the protein in neuronal derived exosomes may indeed differentiate PD and healthy
controls [21].

In this study, we utilized conformation-specific antibodies for the development of a
sandwich Enzyme-Linked Immunoabsorbent Assay (ELISA) that selectively recognizes
o-synuclein fibrils and high-order oligomers without cross-reacting with monomers. The
new ELISA was applied for the measurement of these species in brain tissue, CSF samples,
and CSF-derived exosomes isolated from synucleinopathy patients. Our results verify the
ability of the new assay to detect aggregated x-synuclein in complex matrices and support
the idea that the levels of these conformers are related to the age of onset in PD patients.
Our CSF analysis showed that these species exist in low abundance in CSF and CSF-derived
exosomes; therefore, careful assessment and a large number of samples are required to
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conclude whether the detection of aggregated a-synuclein in CSF could be of diagnostic
usefulness for synucleinopathies.

2. Materials and Methods
2.1. Patients

A total of 22 patients were included for the purposes of this study. The synucleinopathy
group (n = 14) included six patients with a diagnosis of probable MSA, four patients with
a diagnosis of clinically established PD and four patients with a diagnosis of probable
DLB, according to established diagnostic criteria [22-24]. The neurological control group
included patients with a diagnosis of probable progressive supranuclear palsy (PSP) [25].
The two groups did not differ in their demographic, clinical or neuropsychological profiles
(Table 1).

Table 1. Demographic, clinical and neuropsychological profiles of the synucleinopathy group and
the neurological control group of the Eginition Hospital cohort. All data are presented as median
(25th—75th quartile). MMSE: Mini Mental State Examination; FAB: Frontal Assessment Battery;
UPDRS: Unified Parkinson’s Disease Rating Scale; *: x2 test; 1: Mann-Whitney U test.

. Neurological
Synucleinopathy Con tr(%ls p-Value
Gender (m/f) 6/8 6/2 0.145 *
Age (years) 64.5 (57-68) 68.5 (61-69) 0.368 £
Disease duration (months) 36 (30-60) 30 (24-36) 0.220
MMSE 28 (24-29) 25 (23-29) 0.607 £
FAB 14 (12-15) 11.5 (8-12) 0.066 1
UPDRS III 21 (0-51) 16.5 (10-26) 1.000

2.2. Human Brain Post-Mortem Samples

Tissue corresponding to the putamen and the caudate nucleus brain areas from 8 PD
patients and 8 non-PD control individuals were obtained from the PD UK Brain Bank. The
non-PD individuals had no life-threatening neurological conditions. The demographic and
clinical characteristics of the human post-mortem samples are described in Table 2.

Table 2. Characteristics of human brain samples.

Non PD PD
Age of death + STDEV 83+9 75+5
Sex (male) % 50 87.5
Disease duration (years) + STDEV - 14 £ 8 (range 5-26)
Age of onset (years) £ STDEV - 61 £ 11 (range 43-75)

2.3. Mice

Adult female and male homozygous A53T x-synuclein transgenic C57BI/C3H mice
(A53T Tg, line M83-RRID: IMSR_JAX:004479) and wild-type (Wt) age- and sex-matched
littermates were used [26]. Animals were housed in the animal facility of the Biomedical
Research Foundation of the Academy of Athens in a room with a controlled light-dark
cycle (12 h light-12 h dark) with continuous access to food and water. The brain was
excised, and cortices were dissected as previously described [27].

2.4. CSF Collection

CSF collection was performed as previously described [28]. Approximately 12 mL of
CSF was drawn from each subject and these were used for the experiments of this study
and routine diagnostic purposes. CSF was immediately centrifuged at 500x g for the
removal of cells, aliquoted and stored at —80 °C until analysis. Samples with more than
50 red blood cells as measured in the first tube were rejected.
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2.5. Isolation of Exosomes from CSF

Exosomes were isolated from pre-cleared concentrated CSF. CSF was pre-cleared
by sequential centrifugation at 4000x g at 4 °C for 10 min, followed by 10,000x g at
4 °C for 30 min. Pre-cleared CSF (1.6 mL) was concentrated 8 times using 3 kDa cut-off
filters (Amicon Ultra-4, Merck Millipore, Darmstadt, Germany) and used for exosome
isolation using the ExoQuick kit (System Biosciences, Palo Alto, CA, USA) according to the
manufacturer’s instructions. Briefly, 50 uL of Exosome Precipitation Solution was added to
200 pL concentrated CSF and exosomes were precipitated at 1500 g, for 30 min at 4 °C.
Residual solution was removed by an additional centrifugation at 1500x g, for 10 min
at 4 °C. The exosomal pellet was reconstituted in 20 pL sterile PBS. The enrichment of
the pellet in exosomes was confirmed by measuring the acetylcholinesterase activity as
previously described [29].

2.6. Generation of a-Synuclein Fibrils and Oligomers

The generation and characterization of recombinant a-synuclein pre-formed fibrils
(PFFs) have been described previously [30]. PFFs were prepared at a concentration of
5 mg/mL and used after their sonication according to established protocols [31]. PFFs
solutions used as ELISA calibrators were prepared in 10 mM Tris-Cl, pH 7.6, 100 mM NacCl,
0.1% Tween-20 and 1% BSA (TBS-T/BSA buffer) at a concentration of 50 ng/mL and stored
at —80 °C. After two cycles of freezing and thawing, PFF aliquots were discarded. The
production and characterization of the stable -synuclein oligomers in the presence of the
lipid peroxidation products, 4-oxo-2-nonenal (ONE oligomers) and 4-hydroxy-2-nonenal
(HNE oligomers), have been recently established [32].

2.7. ELISA for the Measurement of Aggregated a-Synuclein

For the measurement of a-synuclein aggregates, 96-well plates (Corning Costar, Glen-
dale, AZ, USA) were coated overnight at 25 °C with 1 ug/mL of the mouse monoclonal
antibody Syn-F2 (50 pL/well) in 100 mM NaHCOj3; (pH 9.6). The plates were washed three
times with wash buffer (50 mM Tris pH 7.4, 150 mM NacCl, 0.1% Tween-20). Standards and
samples were diluted in 10 mM Tris-Cl, pH 7.6, 100 mM NaCl, 0.1% Tween-20 and 1% BSA
(TBS-T/BSA buffer) and incubated for 2.5 h at 37 °C. After washing three times, the rabbit
monoclonal antibody MJFR-14-6-4-2 (Abcam, Cambridge, UK) was added at a concentra-
tion of 74 ng/mL and incubated for 1 h at 25 °C. The wells were washed again three times,
and the anti-rabbit IgG-HRP antibody (Agilent, Santa Clara, CA, USA) was applied at a
concentration of 16.7 ng/mL (1:15,000 dilution in TBS-T/BSA buffer) for 30 min at 4 °C. The
bound HRP was detected by adding 50 uL/well of HRP substrate (Luminata Crescendo
ELISA HRP chemiluminescent substrate, Merck Millipore), and the chemiluminescence
in relative light units was measured after 5 min in a Biotek Synergy H1 multimode reader
(Agilent, Santa Clara, CA, USA).

2.8. ELISA for the Measurement of Total a-Synuclein

The development of the ELISA method used to measure total x-synuclein has been
described in a previous study [28]. The assay has been previously validated both in cell cul-
ture systems [27] and in human biological samples (CSF, plasma, serum) [33,34]. The only
modification applied here was the replacement of rabbit polyclonal C-20 detection antibody
(Santa Cruz Biotechnology, Dallas, TX, USA), which was discontinued from production,
with the rabbit polyclonal PA5-85791 antibody Thermo Fisher Scientific, Waltham, MA,
USA) which again targets the C-terminus of x-synuclein. The C-terminal epitope binding is
extremely important to provide the steric hindrance required for the simultaneous binding
of the detection and Syn1 capture antibodies to the target protein, considering that Syn1
recognizes the 91-99 aa of the protein. The PA5-85791 antibody is also rabbit polyclonal
and shows high specificity for the detection of all a-synuclein conformers. Comparison
of the two sets of antibodies in our ELISA setup indicated that the PA5-85791 performed
similarly to C-20, retaining the analytical characteristics of the assay.
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2.9. Protein Extraction and Immunoblotting

Human brain tissues were homogenized with a Teflon glass homogenizer in 50 mM
Tris-HCl (pH 6.8), 1 mM EDTA supplemented with a mixture of protease and phosphatase
inhibitors (1 uM pepstatin A, 1 uM leupeptin and 0.15 uM aprotinin, phosphatase inhibitor
cocktail) (A32957, Roche, Basel, Switzerland). Protein extraction was accomplished by the
addition of 1% (w/v) 3-[(3-cholamidopropyl) dimethylammonio]-1-propane-sulphonate
(CHAPS) and incubation for 15 min on ice. Protein concentration determination was
performed according to the Bradford method (Biorad Laboratories, Hercules, CA, USA)
using BSA as a standard.

For protein extraction from cell lysates and mouse cortical tissue, samples were ho-
mogenized in a buffer containing 50 mM Tris/HCl (pH 7.6), 150 mM NaCl, 2 mM EDTA
supplemented with 1% Triton-X100. The cell lysate was incubated for 30 min at 4 °C
and centrifuged at 13,000 rpm for 30 min at 4 °C. The Triton-insoluble pellet was further
reconstituted in the same buffer supplemented with 1% SDS. Protein concentration deter-
mination was performed according to the DC protein assay (Biorad Laboratories, Hercules,
CA, USA) using BSA as a standard.

Homogenates were analyzed by denaturing gel electrophoresis (SDS-PAGE) in Tris-
glycine buffer followed by protein transfer to nitrocellulose membranes. Exosomes were
homogenized by brief sonication before being analyzed by SDS-PAGE. Primary antibod-
ies against o-synuclein (Syn-1, mouse monoclonal, 1:1000; BD Transductions, and C-20,
rabbit polyclonal, 1:1000; Santa Cruz Biotechnology), flotillin-1 (C-7, mouse monoclonal,
1:1000; Santa Cruz, sc-133153), TSG101 (EPR7130(B), rabbit monoclonal, 1:1000; Abcam,
ab125011) were applied for 16 h at 4 °C and detected following incubation with a peroxidase-
conjugated anti-mouse (1:10,000 dilution; ab205719, Abcam) or anti-rabbit (1:10,000 dilution;
ab205718, Abcam) secondary antibody for 1 h. Protein signals were detected using electro-
generated chemiluminescence (ECL) reagents according to the manufacturer’s recommen-
dations (Thermo Fisher Scientific Inc., Whaltham, MA, USA). GAPDH and y-tubulin were
used as loading controls for normalization.

2.10. Statistics

Data analysis was carried out using the GraphPad Prism 4 software. All measurements
were analyzed with descriptive statistics and results were presented as mean + Standard
Error of the Mean (SEM). Variables were normally distributed as tested by the Shapiro-Wilk
test (Shapiro—Wilk test, p > 0.05) and statistical analysis was performed by a two-tailed
Student’s ¢ test. The p-value threshold was set at <0.05.

3. Results
3.1. Development of a Novel ELISA for the Quantification of a-Synuclein Fibrillar and
Oligomeric Forms

To develop a conformation-specific immunoassay for aggregated «-synuclein, we used
the mouse monoclonal Syn-F2 antibody to capture fibrillar and oligomeric «-synuclein
assemblies. The Syn-F2 antibody has been extensively characterized by a variety of bio-
chemical techniques, including dot blot, immunohistochemistry and ELISA, and has been
shown to preferentially bind to mature amyloid fibrils and high molecular weight oligomers,
either prepared in vitro or found in post-mortem brain sections [30,32]. To ensure that
our immunoassay would selectively detect the aggregated «-synuclein species and not
monomeric a-synuclein, we used the aggregate-specific rabbit monoclonal antibody MJFR-
14-6-4-2 (Abcam) as the detection antibody. The new ELISA was optimized using sonicated
PFFs as calibrators. The optimal concentration of Syn-F2 capture antibody was determined
by measuring the signal over background ratio for 0.4, 2 and 10 ng/mL PFFs (Figure 1A).
Coating the surface of the well with 0.5, 1 or 2 ug/mL Syn-F2 showed similar results for all
three PFF concentrations used. In a similar fashion, the concentration of MJFR-14-6-4-2 was
optimized and a dilution of 1:10,000 was selected as optimal for all three PFF concentra-
tions tested (Figure 1B). Further, we found that the 1:15,000 dilution of IgG-HRP antibody
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showed the highest sensitivity for all three PFF concentrations (Figure 1C). Finally, we
tested whether changing the sample volume from 50 pL to 100 pL could result in increased
sensitivity, but found that the performance of the assay was better when using lower sample
volumes (i.e., 50 uL, Figure 1D).

A SynF2 concentration il B MJFR14 concentration - C 19G-HRP concentration
- 0.5 ug/mL - . - wann
1800 ng/m ok 1500, ™ 1:18,000 o 1500, W 1:20,000 et
- 1 pg/mL - 3 1:10,000 — o = 1:15,000 e
B 10007 mm 2ugmi - € 10007 g 1:6000 € 10007 140000 s -
° ] ]
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© 10: ® 10 ® 10
5 - 5 5
@ 5 & 5 @ 5
0 0 0
0.4 2 10 0.4 2 10 0.4 2 10
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407 == 50 ke 1,000,000
T 100 i @ o
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3 140 °
5 2E &
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10+ T T T n
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) T s
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0 ZI
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Figure 1. Optimization studies for the development of aggregated «-synuclein ELISA. (A) Selection
of the optimal concentration for the capture antibody. The ELISA was performed using 0.5, 1.0,
2.0 pg/mL SynF2 antibody and the signal-to-background ratio was assessed in 0.4, 2, 10 ng/mL of
PFFs. Statistics were performed comparing the results of the three SynF2 concentrations in each
concentration of PFFs using Two-way ANOVA followed by a Tukey’s multiple comparisons test.
Significant differences were found only in 10 ng/mL PFFs (*** p = 0.0007, **** p < 0.0001). (B) Selection
of the optimal concentration for the detection antibody. The ELISA was performed using 1:18,000,
1:10,000 and 1:6000 dilutions of MJFR14 antibody and the signal-to-background ratio was assessed as
previously. Statistics were performed as in (A). Significant differences were found only at 10 ng/mL
PFFs (** p = 0.0075, # p = 0.0010). (C) Selection of the optimal concentration for the IgG-HRP
antibody. 1:20,000, 1:15,000 and 1:10,000 dilutions of IgG-HRP were tested by assessing the signal-to-
background ratio as previously. Statistics were as in (A). Significant differences were found in 2 and
10 ng/mL PFFs (** p = 0.0041, *** p = 0.0001, **** p < 0.0001). (D) Two sample volumes, 50 and 100 puL,
were tested in 0.2, 0.4 and 0.8 ng/mL three concentrations of PFFs. Statistics were performed using
Two-way ANOVA followed by a Sidak’s multiple comparisons test (*** p = 0.0001, **** p < 0.0001).
(E) Generation of the standard curve for the new aggregated «-synuclein ELISA showing the linear
range and the sensitivity of the new assay. Error bars are too low to be depicted and are shown
separately in Figure S1. (F) Evaluation of the PFFs standard during 80 days using 0.4, 1.2 and
3.6 ng/mL PFFs. Statistics were performed comparing the results at 0 days with the rest time points
for a given PFF concentration using Two-way ANOVA followed by Tukey’s multiple comparison
test. No significant changes were observed for 0.4 ng/mL PFFs. Statistical significance for 1.2 and
3.6 ng/mL PFFs are denoted (* p = 0.0420, ** p = 0.0082, # p = 0.0007, # p < 0.0001). (G) Assessment of
the ability of the new ELISA to measure fibrillar (PFF) and oligomeric (ONE- and HNE-oligomers)

forms of x-synuclein.
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The analytical characteristics of the new ELISA method were determined using the
optimized protocol. As demonstrated by the standard curve (Figures 1E and S1), the
limit of quantitation was estimated by measuring serial dilutions of PFFs in the range of
0.4-292 ng/mL, providing a detection limit of 0.1 ng/mL with a signal-to-background ratio
of 2. The linear range of the assay extends up to 300 ng/mL. The intra-assay coefficient
of variance (CV) was <5% (average). The inter-assay CV was estimated by measuring
three different PFF concentrations (0.4, 1.2, and 3.6 ng/mL) every week over a period of
80 days (Figure 1F). We observed a significant reduction in the signal-to-background ratio
even after 2 cycles of freezing and thawing the PFF solution when measured four weeks af-
ter preparation. These results are in agreement with previous observations, suggesting the
removal of the MJFR-14-6-4-2 epitope from oligomerized x-synuclein upon repetitive freeze
and thaw cycles [35,36]. A day-to-day reproducibility of 8.8% was estimated from five inde-
pendent measurements of 0.4 ng/mL PFF standard during a period of 54 days. To calculate
the intra-assay CV, we compared triplicate measurements from two different PFF concen-
trations (1.2 and 3.6 ng/mL) in six different plates. The average intra-assay %CV was 4.2%
(range 1.1-8.4%). Finally, the ability of the new ELISA to detect oligomeric x-synuclein was
assessed using stable ONE- and HNE-oligomers in the range of 0.4-10.8 ng/mL (Figure 1G).
Our results indicated that the ELISA could readily detect both oligomeric assemblies. In fact,
measurement of HNE-oligomers resulted in high signal-to-background ratios, confirming
previous studies [32].

3.2. Validation of Fibrillar a-Synuclein ELISA

Several tests were performed to validate the specificity of the new ELISA. First,
we wanted to verify that the selected antibodies bind to aggregated x-synuclein con-
formers without detecting the monomeric protein. For this, we used the ELISA to mea-
sure 0.4-50 ng/mL PFFs or a-synuclein monomer (Figure 2A). The signal obtained for
monomeric x-synuclein did not exceed the background signal in all concentrations tested
except the highest concentration (50 ng/mL), which only exhibited a low signal, indicat-
ing that the configuration used was specific for the detection of fibrillar and oligomeric
a-synuclein. As a control, the commercially available mouse monoclonal antibody Syn1,
which is known to bind all a-synuclein conformers (fibrils, oligomers, monomers), was
found to detect both PFFs and monomeric «-synuclein (Figure 2B). To further confirm that
the ELISA is aggregation and conformational specific, we denatured PFFs using 8 M urea
for 3 h at room temperature. PFFs and urea-denatured PFFs were subsequently analyzed
by the ELISA (Figure 2C). Our results showed that pre-treatment with urea completely
abolished the signal obtained.

The new ELISA was also validated using brain tissue material from transgenic mice
and human post-mortem samples. We dissected the cortices from four adult A53T «-
synuclein transgenic mice (M83 line, A53T Tg mice) and four age-matched wild type
littermates (Wt mice). The A53T Tg mice express the human A53T mutated «-synuclein
under the control of the prion promoter and have been extensively characterized as a
mouse model for PD. The expression of the A53T transgene leads to the generation and
build-up of distinct oligomeric x-synuclein species of variable size and solubility. Tissue
proteins were serially detergent-extracted using first 1% Triton-X100 to collect the soluble
proteins, and then 1% SDS to obtain the more insoluble proteins. By using this protocol,
soluble a-synuclein is obtained in the Triton-X soluble fraction (Figures 2D and S2), whereas
aggregated x-synuclein is recovered in the SDS soluble fraction (Figures 2E and 52). We
measured x-synuclein in the Triton-soluble fractions with our in-house ELISA. The sam-
ples were prepared in a concentration of 3 mg/mL and assessed in a concentration of
0.15 mg/mL TBS-T/BSA buffer with the ELISA. The results indeed verified the increased
levels of aggregated x-synuclein in the A53T Tg mice compared with Wt mice (Figure 2F).
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Figure 2. Validation of the ELISA for aggregated a-synuclein. (A) The selectivity of the ELISA for
the fibrillar forms of a-synuclein was tested by measuring similar concentrations of monomeric
a-synuclein. Monomeric «-synuclein was undetectable at concentrations 0.4 and 2.0 ng/mL and
barely detectable (signals above background) at 10 and 50 ng/mL. Statistics for 10 and 50 ng/mL
were performed by multiple t-tests (* p = 0.0023 and ** p = 0.00036, respectively). (B) Monomeric x-
synuclein was efficiently measured when SynF2 antibody was replaced with Syn1, which recognizes
all forms of a-synuclein. Syn1 also recognized PFFs, although with lower sensitivity. Statistics, as in
(A), ** p=0.00952, *** p = 0.00039, **** p < 0.0001. (C) The conformation-dependent specificity was
assessed by measuring PFFs following urea treatment. Urea-treated samples showed non-detectable
chemiluminescence signals. (D,E) Cortex tissue from Wt and A53T transgenic mice (N = 4 per
genotype) was differentially fractionated using Triton-X100 and SDS. The Triton-soluble (25 ug per
sample) and the SDS-soluble (15 pg per sample) fractions were analyzed by Western blotting using
Syn1 antibody. GAPDH and y-tubulin were used as loading controls. (F) Aggregated a-synuclein
was measured in the SDS-soluble fractions from Wt and A53T cortical tissue homogenates (N = 3 for
Wt and N = 4 for A53T mice, depicted with black and red circles, respectively) using the new ELISA.
Statistics by Student’s t-test, ** p < 0.01.

3.3. Assessment of Aggregated a-Synuclein in Human Post-Mortem Brain Tissue

To further validate the ability of the new ELISA method to detect disease-related
a-synuclein aggregates, we analyzed post-mortem brain tissue corresponding to the cau-
date nucleus and putamen from eight PD patients and eight non-PD individuals. In this
case, proteins were extracted using the detergent CHAPS to retain the conformational
characteristics of the proteins. Immunoblotting analysis of these samples revealed the pres-
ence of insoluble high molecular weight aggregated a-synuclein only in the PD samples,
whereas the levels of monomeric «-synuclein remained unaltered between PD and non-PD
samples (statistical comparison between densitometric values of monomeric x-synuclein in
non-PD and PD samples was performed by Student’s t-test, p = 0.8613 and p = 0.4783, for
caudate nucleus and putamen, respectively) (Figure 3A). For the assessment of aggregated
a-synuclein in the caudate nucleus homogenates, 12.5 pg and 3 ug were used for the
non-PD and PD groups, respectively. For the putamen samples, 10 pug of tissue per well
were assessed. Measurement of human brain homogenates with our ELISA accurately re-
flected the significant increase in the levels of aggregated «-synuclein in the PD vs. non-PD
subjects in both brain areas tested (Figure 3B,C). Our data suggested that even though
aggregated a-synuclein was present in both brain regions analyzed, its levels were mostly
elevated in the putamen (7.38 &+ 3.03 vs. 25.19 £ 30.21 ng aggregated x-synuclein/mg
tissue in the caudate nucleus and putamen of PD patients, respectively). We only measured
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minimal levels of aggregated o-synuclein in the brain homogenates from non-PD individu-
als (1.46 &+ 0.15 and 3.37 + 1.34 ng/mg tissue in the caudate nucleus and putamen of PD
patients, respectively). Subsequent analysis did not show any correlation between the levels
of aggregated a-synuclein and disease duration (Figure 3D), but revealed a significant
negative correlation with the age of onset in the caudate nucleus (Figure 3E).
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Figure 3. Assessment of aggregated «-synuclein in human post-mortem tissue, CSF and CSF-derived
exosomes. (A) Tissue homogenates (30 g per sample) corresponding to the caudate nucleus and
putamen from PD patients and non-PD control individuals were analyzed for the detection of o-
synuclein species by Western blotting using C-20 antibody (N = 8 per group per brain area). GAPDH
was used as a loading control. (B,C) The same homogenates were analyzed by the new ELISA.
Statistics by Student’s t-test; *** p < 0.001. (D) Correlation analysis of the levels of aggregated o-
synuclein with disease duration in the caudate nucleus (R% = 0.3500) and putamen (R% = 0.08679).
(E) Correlation analysis of the levels of aggregated x-synuclein with the age of disease onset in the
caudate nucleus (R? = 0.5874) and putamen (R? = 0.3557). (F) Extracellular vesicles isolated from CSF
were analyzed by Western blotting for the presence of the exosome markers, flotillin-1 and TSG101.
A representative blot showing vesicles from two CSF samples is shown. (G,H) Total a-synuclein
was assessed in CSF exosomes and exosome-depleted CSF samples from control subjects (N = 4,
black circles) and patients with synucleinopathies (N = 7, red circles). Statistics by Student’s ¢-test;
ns: non-significant differences, solid lines indicates mean values.

3.4. Assessment of Aggregated and Total a-Synuclein in CSF and CSF-Derived Exosomes

Aggregated o-synuclein has been linked with the development of pathology in synu-
cleinopathies and has been explored as a potential biomarker for diagnosis and progression
status in these diseases. Although recent evidence supports that CSF total «-synuclein
is significantly increased in patients with tauopathies compared with patients with synu-
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cleinopathies, the CSF load of oligomeric o-synuclein in these patient groups showed
no differences. To understand whether the detection of aggregated x-synuclein in CSF
could have any clinical relevance, we used the aggregate-specific ELISA to assess the levels
of fibrillar and oligomeric x-synuclein in a small number of CSF samples from patients
with typical AD (N = 7), synucleinopathies such as PD, MSA, and DLB (N = 10) and
non-neurological control subjects (N = 7). The results are summarized in Table 3. For
the measurement in CSF samples, 45 puL of CSF per well were used, supplemented with
5 uL of 10x TBS-T/BSA buffer. Only 8 of the 24 CSF samples showed detectable signals
corresponding to aggregated o-synuclein, suggesting that these species are present in
extremely low levels. To exclude the possibility that the lack of signal in the majority
of the CSF samples was due to unsatisfactory assay sensitivity, we used a 3 kDa cut-off
filter to concentrate one CSF sample with undetectable levels of aggregated a-synuclein.
Assessment of the 4-times-concentrated CSF with the ELISA did not result in any signal,
further indicating the low abundance of aggregated «-synuclein in the CSE.

Table 3. Levels of aggregated and exosomal «-synuclein in CSF samples.

Non Neurological

CTLs AD Synucleinopathy
Aggregated a-synuclein 0.268 £ 0.013 0.414 £ 0.114 0.644 £ 0.183
(ng/mL) (N=2/7) (N=4/7) (N =2/10)
a-synuclein associated with 0.065 £ 0.011 ) 0.106 £ 0.017
CSF exosomes (pg/ ug) (N=4/5) (N=7/14)

We next wanted to investigate whether CSF exosomes, extracellular vesicles of en-
docytic origin, could carry aggregated «-synuclein. Intercellular communication through
exosomes is considered to be involved in the pathogenesis of various disorders, includ-
ing neurodegenerative diseases. High-order oligomeric conformers of a-synuclein are
found to localize in exosomes in cell culture systems [37], and brain-derived exosomal
a-synuclein has been proposed as a potential biomarker for PD [38]. To assess neuronal
exosome-associated x-synuclein, we isolated extracellular vesicles from CSF samples from
patients with synucleinopathies (PD, DLB and MSA, N = 14) and control individuals (N = 5)
using an ExoQuick kit, homogenized vesicles by sonication and measured aggregated and
total a-synuclein using our ELISA. CSF vesicles were enriched in exosomes, as indicated
by the presence of two exosome-specific markers, flotillin-1 and TSG101 (Figure 3F). To
measure aggregated «-synuclein with the ELISA, 5 pg of extracellular vesicles were used.
However, we could not detect aggregated o-synuclein in any of the exosome preparations
consistent with the low abundance of fibrillar and oligomeric species in the CSE. We used
all the exosomes isolated from 1.6 mL CSF (12-50 pug) and measured total a-synuclein
in 11 out of the 19 samples we tested, and did not find significant differences between
control subjects and synucleinopathy patients (Table 3 and Figure 3G). The levels of total
a-synuclein in the corresponding exosome-depleted CSF samples also followed a simi-
lar trend (11.85 =+ 2.01 and 22.36 + 4.07 pg/mL for control and synucleinopathy samples,
respectively) (Figure 3H).

4. Discussion

a-synuclein aggregation is closely linked with the pathological events in PD, PD
with dementia (PDD), MSA and DLB, collectively called synucleinopathies. Despite the
undeniable mechanistic connection between «-synuclein aggregation and neurodegen-
eration in PD, the nature of the aberrant conformers that mediate neurotoxicity in the
human brain is still unclear. Current diagnosis of synucleinopathies relies mostly on the
appreciation of the clinical symptoms in conjunction with neuroimaging, which could be
beneficial for some, but not all, occasions. Although much effort has been invested in
the discovery of CSF biomarkers for the improvement of disease diagnostic accuracy, no
reliable prognostic and/or diagnostic biomarkers are currently available to allow early and
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differential diagnosis at time points when pathology is relatively confined and possibly
more approachable to therapeutic interventions [4]. a-synuclein has been proposed as a
promising biomarker in PD, since a-synuclein aggregation is thought to reflect the pathobi-
ology of the disease in the CNS. In this respect, we have developed a new ELISA for the
selective detection of «-synuclein fibrils and oligomers. The chemiluminescent detection of
the assay is based on two conformation-specific well-characterized x-synuclein antibodies,
Syn-F2 and MJFR-14-6-4-2, that bind to fibrils and high-order oligomers, respectively. Even
though these conformation-specific antibodies have been previously established, this is the
first time that they have been used in combination, in a sandwich ELISA format, which
is why we have used the term “new” to describe this assay. We have validated the new
method using brain tissue from M83 transgenic mice, which over-express the A53T variant
of the human a-synuclein, and human post-mortem tissue from disease-affected brain
areas from PD patients. Finally, we analyzed CSF and CSF-derived exosomes from patients
with AD or synucleinopathies and control individuals to investigate whether we could
detect aggregated a-synuclein in these samples using the new ELISA.

Our results indicated that the new ELISA is selective for the detection of aggregated
a-synuclein, either in the fibrillar or the oligomeric state, and does not detect monomeric
a-synuclein. Denaturation of the fibrils used as calibrators resulted in complete loss
of the chemiluminescent signal, suggesting that the detection depends on a-synuclein
conformational properties. Using sonicated PFFs as calibrators, the estimated sensitivity
of the assay was 0.1 ng/mL, which is comparable to the oligomeric ELISAs developed in
other studies. The low intra-and inter-assay coefficients of variability (% CV < 5) indicated
high accuracy and consistency in the measurements between sample replicates, either in
the same plate or in different plates.

a-synuclein is an abundant protein in the normal brain; however, certain conditions
can locally promote its oligomerization and aggregation. The aggregates, which gradually
generate inclusion bodies, can compromise cellular homeostasis systems and propagate
pathology by a series of release-uptake events in synaptically connected brain areas. It is
well established that these high molecular weight conformers, but not the low molecular
or monomeric proteins, define disease pathology in PD and other synucleinopathies. In
support of this, previous studies in human post-mortem tissue report a significant increase
in insoluble a-synuclein fraction in PD patients compared to controls, whereas soluble
a-synuclein remains unaltered [39]. Our Western blotting analysis also confirmed this
idea, showing the presence of high-molecular SDS-insoluble conformers only in the brain
tissue from PD patients, whereas the levels of monomeric x-synuclein were similar between
non-PD and PD samples. Using the developed ELISA, we measured a significant increase in
the levels of aggregated o-synuclein in the caudate nucleus and putamen from PD patients
compared with non-PD subjects. This increase was more profound in the putamen. Brain
tissue samples from PD patients showed high variability (range: 4.8-97.1 ng/mg tissue
for the putamen), suggesting that the accumulation of aggregated a-synuclein probably
depends on multiple parameters, including age of onset and disease duration. In fact, we
found that the age of onset was negatively correlated with the levels of the aggregated
a-synuclein in the caudate nucleus. A similar trend was identified in the putamen, although
it did not reach statistical significance. Importantly, we discovered that brain tissue from
control individuals also contained fibrillar and oligomeric x-synuclein, albeit at very low
levels. Such basal levels in the control tissue were consistent and independent from the age
of the individuals.

We have also measured aggregated a-synuclein in CSF samples from patients with AD
and synucleinopathies, as well as from neurological control individuals. With our method,
aggregated x-synuclein could be detected only in 8 of the 24 samples analyzed. Even though
this indicates the low abundance of aggregated o-synuclein in the CSF, the low number of
samples limits safe comparisons between the groups. Our results are complementary to the
recent study of Constantinides et al. [7], in which CSF oligomeric «-synuclein was measured
at low pg levels and showed no differences between patients with synucleinopathies and
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tauopathies. In general, the assessment of CSF oligomeric x-synuclein levels has been
addressed by a limited number of studies, most of them showing higher concentrations of
oligomeric a-synuclein in PD compared with controls. However, the diagnostic accuracy
of oligomeric a-synuclein remains unsatisfactory for clinical use, even when the ratio of
oligomeric-to-total a-synuclein is considered. Importantly, only a few studies provided a
blood contamination cut-off which could account for the inconsistency observed among the
different studies. To overcome low abundancy and assay sensitivity issues, Majbour et al.
recently combined seed amplification assay (SAA) and oligomers-specific ELISA, providing
a multiplex test that could reflect disease severity in patients with PD [40]. SAAs, such as
Protein-Misfolding Cyclic Amplification (PMCA), Real-Time Quaking-Induced Conversion
(RT-QuIC), and HANdai Amyloid Burst Inducer, measure the amount of misfolded proteins
that exhibit a prion-like behavior in solution and have been used to assess x-synuclein
aggregates in CSF from patients with PD, MSA, DLB and AD, with remarkable diagnostic
accuracy [40-43]. The potential utility of these techniques in a clinical setting for early and
differential diagnosis of synucleinopathies is still under investigation.

Further, we have assessed the presence of fibrillar and oligomeric a-synuclein in
exosomes isolated from CSF from patients with synucleinopathies and control subjects. In a
recent study, CSF-derived extracellular vesicles from PD patients that carried increased lev-
els of x-synuclein were intranasally administered in healthy mice and induced «-synuclein
aggregation and PD-like symptoms in vivo, thereby suggesting that these vesicles can
mediate the transfer of a neurotoxic cargo [42]. In our study, no aggregated «-synuclein
could be detected in CSF exosomes, even though we cannot rule out the possibility that
their levels could have been too low to be captured by our assay in the number of vesi-
cles tested (5 pg). Assessment of a higher number of exosomes is required to allow safe
conclusions about the presence or absence of aggregated a-synuclein species in these vesi-
cles. The measurement of aggregated o-synuclein in CSF exosomes is also limited by the
low number of samples assessed, including only 5 controls and 14 synucleinopathy cases.
Accordingly, exosome-associated total x-synuclein was quantified in the majority of CSF
samples when a higher number of exosomes (30 ug) was used. The concentration of total
a-synuclein was higher in exosomes from patients with synucleinopathy compared with
control subjects, although this increase did not reach statistical significance. Importantly,
the total x-synuclein levels measured in the corresponding CSF samples showed a similar
trend for increase, suggesting that exosomes reflect the molecular composition of CSF, at
least regarding a-synuclein content.

In recent years, reliable methodologies that assess the pathology-linked aggregated
a-synuclein species have emerged. These include the direct detection of aggregates using
conformation-specific antibodies in sandwich ELISA configurations and seed amplification
assays that measure the amount of species exhibiting a high potential to act as seeds, thereby
templating aggregation. Aggregate-specific ELISAs, when applied to dilute clinical samples,
are limited by the low concentration of these conformers relative to the monomeric (or
low molecular weight) protein. Our work verifies this concept, since the ELISA proposed
here could not detect aggregated «-synuclein in CSF samples due to their low abundance.
Assessment of concentrated CSF samples could demonstrate the true concentration of these
aggregates and allow the optimization of our method, so as to achieve their quantification.
Another limitation of our study is the low number of clinical samples used; especially in
the case of CSF-derived exosomes, we found that a larger starting volume per CSF sample
is required to isolate EVs with the efficiency and reproducibility required for the clinical
application of this protocol.

In conclusion, we have developed an ELISA method of high sensitivity and repro-
ducibility for the selective detection of aggregated «-synuclein in human and mouse brain
tissue as well as in CSF and CSF-derived exosomes. An advantage of the assay is that it
targets both fibrillar and oligomeric forms of a-synuclein (herein termed as aggregated
a-synuclein), providing a means to assess both a-synuclein species considered to possess
neurotoxic activity in the context of human disease. Although our study is limited by the
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low number of clinical samples, our aim was to perform the measurement of aggregated
a-synuclein in the CSF with minimum interference in the sample, thus reflecting the protein
content as accurately as possible.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/diagnostics13132192 /51, Figure S1: Standard deviation of points in
the calibration curve of the assay. Figure S2: Triton- and SDS-soluble x-synuclein in A53T transgenic
mice (full blots).
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